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“It is pointless trying to know where the way leads. 
Think only about your first step, the rest will come.”
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Surgical aortic valve replacement in the era of transcatheter aortic valve replacement

1
Aortic valve disease is the most common valvular disorder in the Western world, with 
an ever-increasing incidence of aortic stenosis (AS). Surgical aortic valve replacement 
(SAVR) was performed in the 1960s has been the gold standard for severe aortic stenosis 
for the last decades.1 The introduction of transcatheter-based therapies for treating aor-
tic valve disease was a major step forward.2,3 The latest revolution in treating aortic valve 
replacement was the introduction of transcatheter aortic valve replacement (TAVR) in 
the early 2000s.4 Attractive for its less-invasiveness, TAVR quickly became an established 
treatment modality for patients with severe AS having high or intermediate surgical 
risk.5,6 Results from recently published clinical trials have even challenged the role of 
SAVR in low-risk AS patients and resulted in increased adoption of TAVR in the United 
States figure 1.7,8

On the other hand, developments, technical and procedural refinement, and con-
tinuous peri-procedural care improvement resulted in substantial improvement of SAVR 
outcomes over the last decades.9 New therapies question the status quo and require 
stringent evaluation. If not evaluated, patients could have been subject to suboptimal 
treatment. The long-term results of TAVR are highly wanted. These results forecast a 
new era in treating aortic valvular pathology, where optimal treatment allocation will 
become increasingly important.

figure 1 - Trends in transcatheter aortic valve replacement in the United States of America through 
2011-2019 (Reprinted with permission from Carroll DJ et al.)
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Aim

This thesis aims to appraise the current evidence regarding surgical aortic valve replace-
ment in patients with aortic valvular disease, especially in light of the expanded indica-
tions for transcatheter aortic valve replacement.

outline

In chapter 2 we describe the current trends of SAVR in the current population with 
aortic valvular disease over a 30-year period, hereby highlighting the patient-related 
changes over time. We further depict the long-term relative survival as a method of 
comparison with the general population. chapter 3 elaborates the technical standard 
for SAVR through an interrupted suture techniques in the aortic valvular position. In 
chapter 4, we give an outline on the current state of mechanical and bioprosthetic 
valves. chapter 5 is focused on the current state of the mechanical valves, especially 
for patients receiving an On-X type of valve. chapter 6 is concentrated on the newer 
less-invasive therapy modality, TAVR, in low-risk patients. In chapter 7, we go in-depth 
on the current bicuspid aortic valve population and the future potential of TAVR in this 
population. This has been elaborated to patients receiving concomitant aortic surgery 
with bicuspid valves in chapter 8, which were excluded in chapter 7. In chapter 9, we 
further describe problems related to the implication of possible coronary artery disease 
in the future TAVR population within our current SAVR population. Male-female differ-
ences in surgery for aortic valve disease are discussed in chapter 10. We further describe 
the current asymptomatic severe AS population. We give an overview of all the current 
evidence regarding early intervention in asymptomatic patients with severe AS in chap-
ter 11. We further elaborate on the natural history in the aforementioned patients, i.e., 
when these patients turn symptomatic and how intervention during follow-up and the 
timing of intervention impacts the survival of this population in chapter 12. A general 
overview is presented in chapter 13. A summary is presented in chapter 14.
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cEnTRAl mESSAGE

In a large SAVR cohort, relative survival is close to 90% at 10-years. This excellent long-
term result reinforces the role of SAVR, especially in younger low-risk patients with long 
life expectancy.

PERSPEcTIVE STATEmEnT

These excellent long-term results, especially in the younger low-risk patient population 
with long life expectancy and lower operative risk, reinforce the role of SAVR in the treat-
ment of aortic valve disease and serve as a benchmark for future dedicated long-term 
TAVR studies.
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AbSTRAcT

objective: To analyze temporal changes in baseline and procedural characteristics and 
long-term survival of patients undergoing surgical aortic valve replacement (SAVR) over 
a 30-year period.
methods: A retrospective analysis of patients undergoing SAVR between 1987 and 2016 
in the Erasmus MC (Rotterdam, the Netherlands) were conducted. Patient baseline and 
procedural characteristics were analyzed in periods according to the date of SAVR (peri-
od A: 1987-1996; B: 1997-2006; C: 2007-2016).  Survival status was determined using the 
Dutch National Death Registry. Relative survival was obtained by comparing the survival 
after SAVR to the survival of the age-, sex- and year-matched general population.
Results: Between 1987 and 2016, 4404 patients underwent SAVR. From period A to C, 
the mean age rose from 63.9±11.2 to 66.2±12.3 years (p<0.001), and the prevalence of 
diabetes mellitus, hypertension, hypercholesterolemia, previous myocardial infarction, 
and previous stroke at baseline increased (p-values for trend for all <0.001). The preva-
lence of concomitant procedures increased from 42.4% in period A to 48.3% in period C 
(p=0.004). Bioprosthesis use increased significantly (18.8% in period A versus  67.1% in 
period C, p<0.001). Mean survival after SAVR was 13.8 years. Relative survival at 20-year 
in the overall cohort was 60.4% (95%CI: 55.9-65.2%), and 73.8% (95% CI: 67.1-81.1%) in 
patients undergoing isolated primary SAVR.
conclusions: The patient complexity is continuously increasing over the last 30 years, 
yet long-term survival after SAVR remains high compared to the age-, sex- and year-
matched general population.
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InTRoDUcTIon

Invasive treatment of aortic valve disease is continuously evolving since the first surgical 
aortic valve replacement (SAVR) was performed in the 1960s.1 Technical and procedural 
refinements, continuous prosthesis development, and peri-procedural care improve-
ment resulted in a substantial improvement of SAVR outcomes over the last decades.2 
Concurrently, patient characteristics have changed considerably, and the comorbidity 
burden is increasing.2,3

The latest revolution in treating aortic valve replacement was the introduction of 
transcatheter aortic valve replacement (TAVR) in the early 2000s.4 Attractive for its less-
invasiveness, TAVR quickly became an established treatment modality for patients with 
aortic stenosis (AS) having high or intermediate surgical risk.5,6 More recently, clinical 
trial results have even challenged the role of SAVR in low-risk AS patients.7,8 These results 
forecast a new era in treating aortic valvular pathology, where optimal treatment alloca-
tion will become increasingly important.

Detailed analysis of patient and procedural characteristics, especially long-term sur-
vival after SAVR, is inevitable for informed treatment decisions. This study aimed was to 
assess the trends in patient and procedural characteristics and the long-term survival in 
SAVR in a high-volume tertiary center over the last three decades.

mETHoDS

Study design and data collection

Adult patients undergoing SAVR between 1987 and 2016 at the Erasmus Medical 
Center (Erasmus MC), Rotterdam, The Netherlands, were analyzed. Patients receiving 
bioprosthetic or mechanical aortic valve prosthesis with or without concomitant cardiac 
procedures were included. Patients younger than 18 years of age and patients receiving 
valved conduits were excluded. Baseline and procedural characteristics were collected 
retrospectively from electronic medical records. Survival status was obtained through 
the Dutch National Death Registry.

This study was conducted according to the privacy policy of the Erasmus MC and 
regulations for the appropriate use of data in patient-oriented research, which are based 
on international regulations, including the Declaration of Helsinki (Institutional MEC 
number: MEC-2019-0721) and patient informed consent was waived.  All the authors 
vouch for the validity of the data and adherence to the protocol.
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Endpoints and definitions

The primary endpoint was the differences in baseline and procedural characteristics in 
the overall and primary isolated SAVR cohort, in three, 10-year time periods according to 
the date of SAVR (period A: 1987-1996; B: 1997-2006; C: 2007-2016). The survival in the 
overall and primary isolated SAVR cohort was analyzed and compared to the survival of 
the matched general population (relative survival). SAVR within 24 hours of establish-
ing the indication was classified as urgent. SAVR after 24 hours was classified as (semi-) 
elective. Left ventricular function was classified as normal if the left ventricular ejection 
fraction (LVEF) was >50%, as reduced if the LVEF was 30-50% and as severely reduced if 
the LVEF was less than 30%, as measured or estimated by a trained echocardiographer. 
Low-, intermediate-, and high-risk patients are defined as logistic EuroSCORE of ≤10, 
10-20, and ≥20, respectively.

Statistical analysis

Categorical variables are presented as numbers, percentages, or proportions and com-
pared with either the χ2 test or the Fisher Exact test, where appropriate. Continuous vari-
ables are presented as means ± standard deviation (SD) or median with the interquartile 
range (IQR) and compared with either the two-sample t-test or Wilcoxon rank-sum test 
where appropriate. Patients were classified into 10-year time periods based on surgery 
date (period A: 1987-1996; period B: 1997-2006; period C: 2007-2016). Trend analysis 
was performed with the χ2 test for trend. Two-sided p-values <0.05 were considered to 
be statistically significant.

The relative survival can be used as an estimate of cause-specific mortality. It is de-
fined as the ratio between the observed survival and the expected survival in the gen-
eral population.9 The Human Mortality Database was used to obtain the age-, sex- and 
year-matched expected survival data of the general population of the Netherlands.10 
The Human Mortality Database is continuously updated and includes mortality data 
from the Netherlands up until 2016. Relative survival is estimated through the Ederer II 
method.11,12 Data management and statistical analyses were performed using SPSS 25.0 
(SPSS Inc, Chi cago, Illinois) and R software, version 3.5 (R Foundation, Vienna, Austria).

RESUlTS

baseline characteristics

Between 1987 and 2016, a total of 4404 patients underwent SAVR with a biological 
(n=2301) or mechanical (n=2103) valve prosthesis. No patients were lost to follow-up 
for survival, with a mean follow-up of 13.8 years. Mean age was 65.5 ± 12.1 and 38.2% 
(n=1683) were female. A total of 46.3% (n=2041) required concomitant procedures and 
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5.6% (n=247) had redo SAVR. The indication for operation was aortic stenosis (AS) or 
combined AS and aortic regurgitation (AR) in most cases (83.9%). The most common 
comorbidities included hypertension (35.1%, n=1545), atrial fibrillation (17.6%, n=775) 
and diabetes mellitus (14.9%, n=656). The median logistic EuroSCORE (LES) (available 
since 2003; n=2605) was 5.0%, with 18.8% (n=480) of the patients having a LES of ≥10% 
and 6.0% (n=153) a LES of ≥20%. Further baseline characteristics are shown in Table 1 
for the overall cohort and in Table S1 and S2 for the isolated SAVR and for the SAVR with 
concomitant CABG cohort.

Table 1. baseline characteristics over three decades in the overall cohort

All patients

(n=4404)

Period A
1987-1996
(n=911)

Period b
1997-2006
(n=1627)

Period c
2007-2016
(n=1866)

χ2 p-value

Age at operation (mean ± SD)
<40
40-49
50-59
60-69
70-79
≥80

65.5 ± 12.1
180 (4.1)
302 (6.8)
649 (14.7)
1330 (30.2)
1641 (37.3)
303 (6.9)

63.9 ± 11.2
33 (3.6)
74 (8.1)
157 (17.2)
326 (35.8)
297 (32.6)
24 (2.6)

65.5 ± 12.3
67 (4.1)
121 (7.4)
239 (14.7)
448 (27.5)
641 (39.4)
111 (6.8)

66.2 ± 12.3
80 (4.3)
107 (5.6)
253 (13.6)
556 (29.8)
703 (37.7)
168 (9.0)

<0.001
0.427
0.006
0.013
0.012
0.041
<0.001

female 1683 (38.2) 338 (37.1) 679 (41.7) 666 (35.7) 0.134

Indication (n=4370)
- AS
- AR
- combined AS+AR

2894 (66.2)
771 (17.6)
705 (16.1)

499 (55.4)
163 (18.1)
239 (26.5)

1086 (66.9)
277 (17.1)
260 (16.0)

1309 (70.9)
331 (17.9)
206 (11.2)

<0.001
0.966
<0.001

bicuspid Aortic Valve 697 (15.8) 234 (25.7) 255 (15.7) 208 (11.2) <0.001

Endocarditis 292 (6.6) 67 (7.4) 95 (5.8) 130 (7.0) 0.983

logistic EuroScoRE (n=2073)
(median (IQR))
-  ≥10
-  ≥20

5.0 (2.9-8.4)

480 (18.8)
153 (6.0)

N/A 5.0 (2.7-8.1)

127 (18.4)
36 (5.2)

5.1 (2.9-8.4)

353 (18.9)
117 (6.3)

0.188

0.772
0.320

Previous cardiac operation
- SAVR

553 (12.6)
247 (5.6)

146 (16.0)
74 (8.1)

200 (12.3)
72 (4.4)

207 (11.1)
101 (5.4)

<0.001
0.023

creatinine ≥2mg/dl 132 (3.0) 25 (2.7) 36 (2.2) 71 (3.8) 0.020

Previous hemodialysis 32 (0.7) 5 (0.5) 10 (0.6) 17 (0.9) 0.240

Atrial fibrillation 775 (17.6) 160 (17.6) 258 (15.9) 357 (19.1) 0.134

Diabetes mellitus 656 (14.9) 69 (7.6) 205 (12.6) 382 (20.5) <0.001

cardiac decompensation 728 (16.5) 210 (23.1) 259 (15.9) 259 (13.9) <0.001

Hypertension 1545 (35.1) 186 (20.4) 456 (28.0) 903 (48.4) <0.001

Hypercholesterolemia 720 (16.3) 47 (5.2) 207 (12.7) 466 (25.0) <0.001

Previous myocardial infarction 507 (11.5) 92 (10.1) 178 (10.9) 237 (12.7) 0.030

Previous PcI 306 (6.9) 27 (3.0) 82 (5.0) 197 (10.6) <0.001

coPD 455 (10.3) 72 (7.9) 157 (9.6) 226 (12.1) <0.001

History of cancer 314 (7.1) 27 (3.0) 111 (6.8) 176 (9.4) <0.001

History of stroke 398 (9.0) 45 (4.9) 132 (8.1) 221 (11.8) <0.001
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changes in patient profile over three decades

During the 30-year observation period, the annual number of patients undergoing SAVR 
per period increased, from an annual average of 91 in period A, to 187 in period C (Figure 
1). The mean age rose from 63.9 ± 11.2 years in period A to 66.2 ± 12.3 years in period 

Table 1. baseline characteristics over three decades in the overall cohort (continued)

All patients

(n=4404)

Period A
1987-1996
(n=911)

Period b
1997-2006
(n=1627)

Period c
2007-2016
(n=1866)

χ2 p-value

Arterial disease
- Peripheral
- carotid

195 (4.4)
170 (3.9)
32 (0.7)

21 (2.3)
20 (2.2)
1 (0.1)

59 (3.6)
51 (3.1)
12 (0.7)

115 (6.2)
99 (5.3)
19 (1.0)

<0.001
<0.001
0.010

lVEf (n=4026)
- Good
- Reduced
- Severely reduced

3147 (78.2)
729 (18.1)
150 (3.3)

577 (77.4)
120 (16.1)
48 (6.4)

1185 (79.3)
264 (17.7)
46 (3.1)

1385 (77.5)
345 (19.3)
56 (3.1)

0.771
0.046
0.001

Values are presented as n (%) or as mean ± SD or median (interquartile range) if otherwise stated.
AR = aortic regurgitation; AS = aortic stenosis; COPD= chronic obstructive pulmonary disease; LVEF = left 
ventricular ejection function; IQR = interquartile range;  N/A = not available; PCI = percutaneous coronary 
intervention; SAVR = surgical aortic valve replacement

figure 1. Age at the operation and the annual number of patients undergoing SAVR over 30 years.
Over 30-years, the percentage of elderly patients and the annual number of patients undergoing SAVR in-
creased considerably; A) Annual average of patients undergoing SAVR, according to the type of surgery. Y-
axis represents the absolute number of patients, B) Age distribution of patients at the time of SAVR. Results 
are reported according to the time of SAVR (Period A: 1987-1996; B: 1997-2006;  C: 2007-2016).
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C (p<0.001). The proportion of patients aged 70 years or more increased from 35.2% 
in period A to 46.7% in period C (p<0.001). Between period A and C, the prevalence 
of diabetes mellitus in the study population increased from 7.6% to 20.5% (p<0.001), 
hypercholesterolemia from 5.2% to 25.0% (p<0.001), and COPD from 7.9% to 12.1% 
(p<0.001). The percentage of patients with previous cardiac operations (p<0.001) and 
redo SAVR decreased (p=0.023). Further changes in baseline characteristics are shown 
in Table 1 for the overall cohort and in Tables S1-2 for the primary isolated SAVR and the 
primary SAVR with concomitant CABG cohort.

Trends in procedural characteristics and prosthesis use

During the study period, 46.3% (n=2041) of the SAVR patients underwent concomi-
tant procedures (Table 3), with a significant increase from 42.4% in period A to 48.3% 
in  period C (p=0.004).  Most commonly, concomitant CABG was performed (n=1433, 
32.5%). Among patients undergoing concomitant CABG, 41.2% (n=590) had single ves-
sel disease and 58.8% (n=843) had multiple vessel disease. The proportion of patients 
requiring concomitant CABG for single vessel disease remained constant during the 
30-year observation period (p=0.412). Patients with concomitant CABG were older com-
pared to patients not requiring revascularization (70.1 ± 8.3 versus 65.0 ± 12.0; p<0.001). 
From period A to period C, the incidence of concomitant tricuspid and aortic proce-
dures increased. The proportion of patients receiving bioprosthetic valves increased 
significantly, from 18.8% in period A, to 67.1% in period C (p<0.001, Figure 2). Detailed 
trends regarding changes in procedural characteristics and concomitant procedures are 
provided in Table 2.

Trends in 30-day mortality and long-term survival

The 30-day mortality in the overall cohort decreased from 2.7% in period A to 1.8% 
in period C (p=0.003). The 30-day mortality across three decades decreased, non-
significantly, from 1.9% to 0.9% (p=0.190) for primary isolated SAVR, and from 4.1% to 
3.0% (p=0.384) for primary SAVR with CABG (Table S3). The 10-year survival was 59.8% 
in the overall cohort, 65.5% in the isolated SAVR cohort and 51.1% in the SAVR with 
concomitant CABG group (Table 3).

From period A to C, 10-year survival did not change in the overall cohort and patients 
receiving isolated SAVR from 62.8% to 60.3% (p=0.051) and 66.9% to 67.2%, respectively 
(Table 3). Further trends in 10-year survival in various subgroups are also displayed in 
Table 3 and Figures S1-3.
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figure 2. mechanical and bioprosthetic valve use across three decades.
Absolute number of bioprosthetic and mechanical valves implanted according to patient age and the time 
of SAVR (Period A: 1987-1996; B: 1997-2006;  C: 2007-2016). The X-axis represents the age at SAVR.
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Relative survival

In the overall cohort, relative survival at 1-, 5-, 10-, and 20-years was 95.7% (CI: 95.0%-
96.5%), 95.4% (CI: 94.1%-96.8%), 85.8% (CI: 83.5%-88.1%) and 60.4% (CI: 55.9%-65.2%), 
respectively (Figure 3). In the cohort undergoing primary isolated SAVR, the relative 
survival was 98.1% (CI: 97.3%-99.0%), 99.9% (CI: 98.3%-101.6%), 92.4% (CI: 89.4%-95.6%) 
and 73.8% (CI: 67.1%-81.1%) at 1-, 5-, 10-, and 20-years, respectively (Figure 4). In patients 
undergoing primary SAVR with CABG the relative survival was 94.8% (CI: 93.2%-96.4%), 
94.3% (95% CI: 91.6%-97.3%), 83.4% (95% CI: 78.5%-88.4%) and 41.6% (95% CI: 33.4%-
52.0%), at 1-, 5-, 10-, and 20-years respectively (Figure 5).  Long-term actual and relative 
survival in the overall cohort is shown in Figure 6.

Table 2. Procedural characteristics over three decades in the overall cohort

All patients
(n=4404)

Period A
1987-1996
(n=911)

Period b
1997-2006
(n=1627)

Period c
2007-2016
(n=1866)

χ2 p-value

Urgency (n=3763)
- (Semi-)elective (>24h)
- Urgent (<24h)

98.0
2.0

97.6
2.4

98.0
2.0

98.0
2.0

0.640

concomitant cardiac procedure
- cAbG
•	 1VD
•	 2VD
•	 3VD
- mV procedure
- TV procedure
- mV and TV procedure
- Ascending aorta / arch 
replacement

46.3
32.5
41.2
29.2
29.7
10.5
2.6
1.8

3.0

42.4
32.8
45.2
30.4
24.4
10.0
1.0
0.9

0.3

46.3
34.0
39.1
30.0
30.9
10.4
2.1
1.5

2.6

48.3
31.1
41.1
27.7
31.2
10.9
3.8
2.6

4.5

0.004
0.226
0.412
0.362
0.060
0.465
<0.001
0.001

<0.001

Prosthesis type
- mechanical
- biological

47.8
52.2

81.2
18.8

46.1
53.9

32.9
67.1

<0.001

Prosthesis size
- 19
- 21
- 23
- 25
- 27
- 29

23.6 ± 2.4
3.9
22.6
32.7
24.9
12.1
3.5

23.9 ± 2.2
1.6
19.3
34.3
28.1
12.6
3.6

23.7 ± 2.5
3.0
21.8
31.6
24.2
13.2
5.8

23.3 ± 2.3
5.8
24.9
32.9
23.9
10.9
1.4

<0.001
<0.001
0.001
0.630
0.029
0.106
<0.001

Values are presented as percentages.
CABG = coronary artery bypass grafting; MV = mitral valve; TV = tricuspid valve; VD= vessel disease
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Table 3. 10-year survival after primary SAVR over three decades

10-year survival

All patients Period A
1987-1996

Period b
1997-2006

Period c
2007-2016

p-value

overall cohort 59.9 61.8 58.7 60.5 0.243

Isolated SAVR 65.5 66.9 63.7 67.2 0.312

SAVR + cAbG 51.1 54.9 49.3 50.3 0.352

SAVR + mV procedure 64.4 65.1 59.3 70.2 0.253

Isolated SAVR

≥70 year 48.8 49.7 47.5 50.2 0.772

60-69 years 70.6 70.6 67.7 76.3 0.323

50-59 years 81.3 76.4 80.9 85.6 0.294

mechanical 74.6 69.3 75.2 83.6 0.001

biological 55.7 56.6 53.6 58.7 0.450

female 66.7 66.7 65.7 66.8 0.676

male 64.6 67.0 62.0 67.8 0.287

High risk patients (lES ≥20) 40.0 N/A 45.5 30.6 0.727

Intermediate risk patients (lES 10-20) 47.3 N/A 42.2 54.2 0.418

low risk patients (lES <10) 70.4 N/A 71.5 69.5 0.671

SAVR with cAbG

≥70 years 41.0 40.2 39.2 44.5 0.447

60-69 years 61.3 63.7 59.9 59.8 0.909

50-59 years 75.5 80.6 77.8 62.6 0.293

mechanical 57.9 55.4 62.3 54.4 0.381

biological 46.8 53.3 43.2 49.5 0.124

female 48.0 51.4 45.6 49.3 0.700

male 52.6 56.6 51.0 50.7 0.484

High risk patients (lES ≥20) 23.6 N/A 20.0 24.6 0.814

Intermediate risk patients (lES 10-20) 46.1 N/A 37.6 52.4 0.322

low risk patients (lES <10) 55.2 N/A 58.2 52.2 0.412

Values are presented as percentages.
CABG = coronary artery bypass graft; LES = logistic EuroSCORE; MV  = mitral valve; N/A= not available; SAVR 
= surgical aortic valve replacement
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figure 3. long term survival after SAVR.
Actual survival of patients in the overall SAVR cohort (red line) and relative survival compared to the age-, 
gender- and year-matched Dutch population (blue line).

figure 4. long term survival after primary isolated SAVR.
Actual survival (red line) and relative survival compared to the age-, gender- and year-matched population 
(blue line).

figure 5. long-term actual and relative survival after primary SAVR with concomitant cAbG.
Actual survival (red line) and relative survival compared to the age-, gender- and year-matched population 
(blue line).
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DIScUSSIon

In this study, while the age, frequency of comorbid conditions and complexity of pa-
tients undergoing SAVR increased over a 30-year period, the trends in 10-year survival 
remained stable or improved. Relative survival after SAVR was 85.8% (CI: 83.5%-88.1%) at 
10 years. In patients undergoing primary isolated SAVR, the relative survival was 92.4% 
(CI: 89.4%-95.6%) and 73.8% (CI: 67.1%-81.1%) at 10- and 20-years, respectively. These 
excellent long-term results reinforce the role of SAVR in the treatment of aortic valve 
disease, especially in the younger low-risk patient population with long life expectancy 
and lower operative risk.

In our cohort, we saw a continuous increase in the number of patients undergoing 
SAVR. This increase is parallel to the growing number of SAVRs performed annually in 
Europe and in the United States over the last decades13, and is most likely a result of a 
combination of factors. The ageing of the population led to an increase in the prevalence 
of AS in the Western countries14,15, and improvements in imaging might have led to an 
increase of patients being referred for SAVR.16 Simultaneously, expanding indications 
for SAVR and practice-related changes had a positive effect on the number of SAVRs 
performed.5,17 Of note, this trend might be halted by the growing use of TAVR in elderly 
patients, which can eventually lead to a decrease in the annual number of SAVRs, a 
recent trend already observed in some countries.18,19

The increasing frequency of comorbidities in our patient population is in accordance 
with the previously described changes in the profile of patients undergoing cardiac 
surgery.20 The prevalence of diabetes mellitus, hypercholesterolemia and hypertension 
have at least doubled during the 30-year observation period. Diabetes is associated with 

figure 6. long-term actual and relative survival in the overall cohort.
Long-term survival after SAVR. Actual survival of patients in the overall SAVR cohort (red line) and relative 
survival compared to the age-, gender- and year-matched Dutch population (blue line).
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worse outcomes in patients undergoing cardiac surgery.21 Further, 31.1% of the patients 
in this study underwent concomitant CABG. Hypercholesterolemia and hypertension 
are well known to be associated with coronary artery disease. Coronary artery disease is 
present in up to 40% of the patients with AS undergoing SAVR, and in up to 50% in SAVR 
patients aged 70 years or more.22,23 Patients with concomitant CABG reflect a population 
with more advanced heart disease, diminished life expectancy due to higher short- and 
long-term mortality compared to those undergoing isolated SAVR.24 Similarly, patients 
requiring complex or multivalvular surgery represent a group with higher risk.24-26 These 
patients should be carefully selected and directed to high-volume centers.25

Prosthesis choice is an important element of treatment decisions in aortic valve 
disease. Both mechanical and bioprosthetic valves are associated with inherent risks.27 
Mechanical valves require lifelong anticoagulation associated with bleeding events and 
bioprosthetic valves are prone to degeneration, necessitating a second intervention in 
the long term.28 In our study, a fourfold increase in bioprosthetic valve use was observed 
over the last three decades, mimicking a worldwide trend.28 The shift from mechanical 
to bioprosthetic valves was most prominent in patients aged between 60 and 70 years.29 
Additionally, the age profile of SAVR patients changed considerably, with an increas-
ing number of elderly patients undergoing SAVR. These patients form the bulk of the 
contemporary SAVR population and received almost exclusively a bioprosthetic valve. 
Although the first randomized controlled trial comparing bioprosthetic and mechanical 
valves showed better survival in patients receiving mechanical valves30, recent literature 
supports the benefit of bioprosthetic valves compared to mechanical valves in patients 
aged 60 and older.28,31  While younger patients might also benefit from bioprosthetic 
valves, caution is warranted.32 Valve-in-valve TAVR in prospect might be an option when 
considering bioprosthetic valves in younger patients.33,34

Despite the increasing patient age and complexity, the 30-day mortality decreased or 
remained stable over the 30-year observation period in the different cohorts. This may 
reflect advances in surgical technique and perioperative care over the last decades.35 
While long-term actual survival after SAVR is influenced by the competing risk of mortal-
ity due to other factors, relative survival provides a good estimate of the disease- and 
intervention-related risks, as it compares the survival of the investigated population to 
the survival of the matched general population.36 Glaser et al. reported a relative survival 
of 97% and 88% at 5- and 10-years after SAVR, respectively37, while Kvidal et al. described 
a 74.9% relative survival at 15-years in a large SAVR cohort.23 In our study, the relative 
survival after isolated SAVR was similar to that of the age-, sex- and year-matched 
Dutch population at 5-years, was above 90% at 10 years, indicating an excellent long-
term result. However, the decrease afterwards in relative survival is not negligible and 
emphasizes the impact of disease- and intervention-related hazards in the extended 
long-term.38
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The growing use of TAVR challenges the traditional role of SAVR in the treatment 
of aortic valve stenosis. In the light of recent trial results, the elderly SAVR population 
might have overlapping indications for both TAVR and SAVR in the future.39,40 The cur-
rent 5-year data regarding intermediate-risk patients with severe symptomatic aortic 
stenosis, there was no difference between the incidence of the composite endpoint of 
mortality and disabling stroke in patients receiving TAVR and SAVR, 47.9% and 43.4%, 
respectively.41 The added value even translated to the low-risk population. Patients 
classified as low-risk had non-inferior outcomes regarding the composite endpoint of 
mortality and disabling stroke at 2-years of follow-up, 5.3% and 6.7% in TAVR and SAVR, 
respectively.40 Further research regarding the long-term durability of TAVR, and the use 
of TAVR in specific patient groups such as patients with high anatomical risk, including 
bicuspid morphology, dilated aortic root, heavy annular calcification, and expected 
future coronary access, remain warranted. Regular formal heart team discussions are 
recommended by the clinical guidelines.5,6 These meetings allow for informed decisions 
in a multidisciplinary setting, where the preferred intervention can be discussed based 
on the individual patient profile, local resources and expertise, and the evidence avail-
able on procedure-related risks and long-term results.42

limitations

The results presented herein are based on data from a single center in the Netherlands. 
As with all retrospective studies, inherent shortcomings related to data capture are pres-
ent. In addition, our study evaluated only survival as a long-term clinical outcome, as 
other important clinical outcomes (such as quality of life, structural valve dysfunction or 
valve-related thromboembolic and bleeding events) were not captured in our database. 
The amount of patients with newer-generation valves such as sutureless valves is very 
low, which might yield different outcomes. Other potential limitations include selective 
outcome reporting.

conclUSIonS

The present study demonstrates the patient-related changes over time in patients 
receiving SAVR and the excellent SAVR related outcomes over the last three decades. 
Isolated SAVR has proven itself with excellent long-term relative survival (73.8% at 20 
years in our study). The existing SAVR cohort overlaps with the expected future TAVR 
cohort, and therefore, our findings may serve as a benchmark for future TAVR population 
studies.
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SUPPlEmEnTARY mATERIAl

Table S1. baseline and procedural characteristics over three decades in patients undergoing primary 
isolated SAVR

All patients
(n=2198)

Period A
1987-1996
(n=477)

Period b
1997-2006
(n=827)

Period c
2007-2016
(n=894)

χ2 p-value

Age at operation (mean ± SD)
<40
40-49
50-59
60-69
70-79
≥80

65.0 ± 12.0
3.6
7.6
15.8
31.4
35.0
6.6

63.7 ± 10.7
2.9
8.4
16.8
39.0
31.0
1.9

65.1 ± 12.4
3.9
8.1
15.5
28.4
36.9
7.3

65.5 ± 12.3
3.8
6.6
15.7
30.1
35.3
8.5

0.029
0.474
0.188
0.646
0.004
0.197
<0.001

female 41.1 38.8 45.6 38.1 0.387

Indication (n=2198)
- AS
- AR
- combined

68.2
13.5
18.1

56.8
13.2
29.8

67.2
14.6
18.1

75.3
12.6
11.7

<0.001
0.606
<0.001

bicuspid Aortic Valve 20.9 35.2 20.4 13.8 <0.001

Endocarditis 5.4 4.8 4.5 6.5 0.120

log_EuroScoRE (n=1239) (median (IQR))
- log EuroScore ≥10 n (%)
- log EuroScore ≥20 n (%)

4.2 (2.4-7.0)
12.7
3.0

N/A 4.2 (2.2-7.2)
16.2
3.2

4.2 (2.4-6.9)
11.3
2.9

0.965
0.019
0.795

Previous cardiac operation 6.3 6.5 7.0 5.6 0.400

creatinine ≥2mg/dl 2.3 2.1 1.9 2.7 0.400

Previous Hemodialysis 0.7 0.4 0.6 0.9 0.287

Atrial fibrillation 12.9 13.8 13.3 12.1 0.325

Diabetes mellitus 12.3 7.8 8.9 17.9 <0.001

cardiac decompensation 14.2 23.1 12.7 10.9 <0.001

Hypertension 34.4 22.4 28.4 46.4 <0.001

Hypercholesterolemia 15.2 5.0 12.3 23.3 <0.001

Previous myocardial infarction 5.6 5.5 4.4 6.7 0.187

Previous PcI 5.7 1.9 4.2 9.2 <0.001

coPD 11.2 9.0 11.1 12.5 0.051

History of cancer 6.7 2.1 7.3 8.7 <0.001

Stroke 8.4 4.0 8.0 11.1 <0.001

Arterial disease
- Peripheral
- carotid

3.0
2.6
0.5

1.0
1.0
0

2.5
2.3
0.4

4.5
3.8
0.8

<0.001
0.002
0.035

lVEf (n=2006)
- Good
- Reduced
- Severely reduced

81.8
14.9
3.3

78.4
15.1
6.5

82.8
14.7
2.5

82.4
14.8
2.8

0.161
0.933
0.005
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Table S1. baseline and procedural characteristics over three decades in patients undergoing primary 
isolated SAVR (continued)

All patients
(n=2198)

Period A
1987-1996
(n=477)

Period b
1997-2006
(n=827)

Period c
2007-2016
(n=894)

χ2 p-value

Urgency (n=1942)
- (Semi-) Elective (24h>)
- Urgent (<24h)

98.7
1.3

98.6
1.4

1.3
98.7

1.3
98.7

0.910

Prosthesis type
- mechanical
- bioprosthetic

48.8
51.2

82.0
18.0

46.9
53.1

32.9
67.1

<0.001

Prosthesis size
- 19
- 21
- 23
- 25
- 27
- 29

23.6 ± 2.4
3.9
22.5
32.0
24.9
11.9
4.4

24.0 ± 2.3
1.5
17.9
32.8
30.5
12.2
5.0

24.0 ± 2.5
2.3
20.7
30.7
24.8
13.9
7.0

23.1 ± 2.3
6.7
26.7
32.7
22.1
10.0
1.6

<0.001
<0.001
<0.001
0.884
0.001
0.106
<0.001

Values are presented as n (%) or as mean ± SD or median (interquartile range) if otherwise stated.
AR = aortic regurgitation; AS = aortic stenosis; CABG = coronary artery bypass graft; COPD= chronic ob-
structive pulmonary disease; LVEF = left ventricular ejection function; IQR = interquartile range; MV = mitral 
valve; N/A = not available; SAVR = surgical aortic valve replacement; TV = tricuspid valve; VD= vessel disease
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Table S2. baseline and procedural characteristics over three decades in in patients undergoing iso-
lated SAVR + cAbG

All patients
(n=1264)

Period A
1987-1996
(n=275)

Period b
1997-2006
(n=490)

Period c
2007-2016
(n=499)

χ2 p-value

Age at operation (mean ± SD)
40-49
50-59
60-69
70-79
≥80

70.1 ± 8.3
2.5
9.2
29.9
48.1
10.3

68.5 ± 8.0
1.8
13.1
35.3
44.4
5.5

70.0 ± 8.5
3.3
9.4
26.1
52.7
8.6

71.0 ± 8.2
2.2
6.8
30.7
45.7
14.6

<0.001
0.938
0.004
0.376
0.897
<0.001

female 30.1 33.5 32.0 26.3 0.023

Indication (n=1264)
- AS
- AR
- combined

80.2
8.8
10.9

 (70.2
 (9.1
 (20.4

80.8
9.2
10.0

85.2
8.2
6.6

<0.001
0.632
<0.001

bicuspid Aortic Valve 10.5 19.3 9.0 7.2 <0.001

Endocarditis 1.5 2.2 1.6 1.0 0.186

log_EuroScoRE (n=697) (median (IQR))
- log EuroScore ≥10 n (%)
- log EuroScore ≥20 n (%)

5.3 (3.3-8.7)
19.1
5.6

N/A 5.5 (3.7-8.4)
17.7
5.1

5.3 (3.2-8.9)
19.6
5.8

0.977
0.552
0.694

Previous cardiac operation 5.5 8.7 6.3 2.8 <0.001

creatinine ≥2mg/dl 2.8 2.5 2.7 3.0 0.686

Previous Hemodialysis 0.9 1.1 0.6 1.0 0.984

Atrial fibrillation 12.5 13.1 12.0 12.6 0.911

Diabetes mellitus 21.2 8.0 20.0 29.7 <0.001

cardiac decompensation 15.6 18.5 16.3 13.2 0.043

Hypertension 41.2 22.5 31.4 61.1 <0.001

Hypercholesterolemia 21.8 6.9 17.8 34.1 <0.001

Previous myocardial infarction 24.4 20.0 24.7 26.7 0.046

Previous PcI 10.2 5.8 7.3 15.4 <0.001

coPD 9.9 7.3 8.6 12.6 0.010

History of cancer 7.5 3.3 6.1 11.2 <0.001

Stroke 9.3 4.7 8.2 12.8 <0.001

Arterial disease
- Peripheral
- carotid

8.4
7.2
1.5

5.8
5.5
0.4

6.5
5.7
1.4

11.6
9.6
2.2

0.002
0.016
0.044

lVEf (n=1185)
- Good
- Reduced
- Severely reduced

75.7
20.5
3.8

75.8
17.8
6.4

76.8
19.7
3.5

74.5
22.6
2.9

0.589
0.114
0.033

Urgency (n=1104)
- (Semi-) Elective (24h>)
- Urgent (<24h)

98.6
1.4

 99.4
 0.6

98.5
1.5

98.5
1.5

0.536
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Table S2. baseline and procedural characteristics over three decades in in patients undergoing iso-
lated SAVR + cAbG (continued)

All patients
(n=1264)

Period A
1987-1996
(n=275)

Period b
1997-2006
(n=490)

Period c
2007-2016
(n=499)

χ2 p-value

Prosthesis type
- mechanical
- biological

36.1
63.9

 74.9
 25.1

32.2
67.8

18.4
81.6

<0.001

Prosthesis size
- 19
- 21
- 23
- 25
- 27
- 29

23.5 ± 2.2
3.8
21.6
35.5
26.3
10.9
1.5

23.6 ± 2.1
2.2
20.0
38.9
24.7
12.7
1.5

23.7 ± 2.3
2.4
21.8
34.5
24.9
13.5
2.2

23.2 ± 2.1
6.0
22.2
34.7
28.7
7.4
0.8

0.003
0.003
0.495
0.296
0.181
0.008
0.307

Abbreviations as in Table S1.
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Table S3. 30-day mortality after primary SAVR over three decades

30- day mortality

All patients Period A
1987-1996

Period b
1997-2006

Period c
2007-2016

p-value

overall cohort 2.7 (4157) 2.7 (837) 3.7 (1555) 1.8 (1765) 0.003

Isolated SAVR 1.5 (2198) 1.9 (477) 1.8 (827) 0.9 (894) 0.190

SAVR + cAbG 3.9 (1264) 4.1 (275) 4.7 (490) 3.0 (499) 0.384

SAVR + mV procedure 4.8 (235) 3.8 (57) 7.7 (92) 2.3 (86) 0.220

Isolated SAVR

≥70 years 2.5 (914) 3.8 (157) 3.0 (365) 1.5 (392) 0.224

60-69 years 0.1 (690) 0.5 (186) 0 (235) 0 (269) 0.258

50-59 years 1.7 (348) 2.5 (80) 1.6 (128) 1.4 (140) 0.811

mechanical 1.7 (1073) 2.1 (391) 2.1 (388) 0.7 (294) 0.293

biological 1.3 (1125) 1.2 (86) 1.6 (439) 1.0 (600) 0.700

female 1.3 (903) 2.2 (185) 1.9 (377) 0.3 (341) 0.104

male 1.5 (1295) 1.7 (292) 1.8 (450) 1.3 (553) 0.776

High risk patients (lES ≥20) 8.3 (37) N/A 9.1 (11) 7.9 (26) 0.936

Intermediate risk patients (lES 10-20) 2.5 (120) N/A 2.2 (45) 2.7 (75) 0.873

low risk patients (lES <10) 0.7 (1082) N/A 1.1 (289) 0.5 (793) 0.302

SAVR with cAbG

≥70 years 4.8 (738) 5.2 (137) 5.3 (300) 4.0 (301) 0.719

60-69 years 2.7 (378) 3.2 (97) 3.9 (128) 1.3 (153) 0.380

50-59 years 0.9 (116) 0 (36) 2.2 (46) 0 (34) 0.467

mechanical 4.6 (456) 4.9 (206) 4.5 (158) 4.3 (92) 0.975

biological 3.5 (808) 1.4 (69) 4.8 (332) 2.7 (407) 0.184

female 4.8 (380) 4.4 (92) 5.1 (157) 4.6 (131) 0.957

male 3.5 (884) 3.9 (183) 4.5 (333) 2.5 (368) 0.325

High risk patients (lES ≥20) 12.8 (39) N/A 10.0 (10) 13.8 (29) 0.742

Intermediate risk patients (lES 10-20) 5.4 (94) N/A 4.0 (25) 5.9 (69) 0.725

low risk patients (lES <10) 2.1 (564) N/A 3.1 (163) 1.8 (401) 0.323

Values are given in percentages with (number of patients).
CABG = coronary artery bypass graft; LES = logistic EuroSCORE; MV  = mitral valve; N/A = not available; SAVR 
= surgical aortic valve replacement
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Table S4. 1-year survival after primary SAVR over three decades

1-year survival

All patients Period A
1987-1996

Period b
1997-2006

Period c
2007-2016

p-value

overall cohort 93.5 94.4 92.0 94.4 0.012

Isolated SAVR 95.7 95.7 94.7 96.6 0.154

SAVR + cAbG 91.5 91.7 90.8 92.1 0.727

SAVR + mV procedure 89.9 94.3 83.2 94.1 0.026

Isolated SAVR

≥70 years 93.5 92.3 92.0 95.4 0.133

60-69 years 98.2 98.9 97.4 98.5 0.484

50-59 years 95.9 94.8 96.1 96.4 0.831

mechanical 95.9 95.3 95.6 97.3 0.376

biological 95.5 97.6 94.0 96.3 0.131

female 95.9 94.5 94.6 98.2 0.027

male 95.6 96.5 94.8 95.7 0.574

High risk patients (lES ≥20) 89.0 N/A 90.9 88.1 0.797

Intermediate risk patients (lES 10-20) 94.2 N/A 93.3 94.7 0.780

low risk patients (lES <10) 97.3 N/A 97.9 97.1 0.491

SAVR with cAbG

≥70 years 89.4 89.3 88.3 90.6 0.639

60-69 years 94.1 93.6 93.7 94.7 0.913

50-59 years 96.6 97.2 97.8 94.1 0.647

mechanical 91.3 90.5 93.0 90.2 0.659

biological 91.6 95.6 89.7 92.6 0.185

female 91.7 92.1 93.6 89.2 0.432

male 91.5 91.6 89.5 93.2 0.215

High risk patients (lES ≥20) 76.9 N/A 90.0 72.4 0.282

Intermediate risk patients (lES 10-20) 89.2 N/A 91.8 88.3 0.628

low risk patients (lES <10) 94.1 N/A 93.8 94.2 0.841

Abbreviations as in Table S3.
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Table S5. 5-year survival after primary SAVR over three decades

5-year survival

All patients Period A
1987-1996

Period b
1997-2006

Period c
2007-2016

p-value

overall cohort 82.4 84.5 80.9 82.9 0.059

Isolated SAVR 86.8 86.9 85.8 87.8 0.454

SAVR + cAbG 77.5 79.7 75.3 78.4 0.301

SAVR + mV procedure 79.3 82.8 73.0 84.6 0.143

Isolated SAVR

≥70 years 81.2 79.9 80.3 82.6 0.624

60-69 years 89.6 91.4 87.8 89.8 0.471

50-59 years 91.4 86.9 91.3 94.0 0.210

mechanical 89.7 87.2 89.2 93.9 0.019

biological 84.0 85.6 82.9 84.7 0.618

female 88.8 86.0 87.3 92.1 0.049

male 85.5 87.4 84.6 85.1 0.546

High risk patients (lES ≥20) 75.6 N/A 81.8 71.5 0.559

Intermediate risk patients (lES 10-20) 78.7 N/A 80.0 78.0 0.766

low risk patients (lES <10) 89.1 N/A 89.0 89.2 0.928

SAVR with cAbG

≥70 years 71.9 72.4 69.2 74.4 0.343

60-69 years 84.1 84.1 84.1 84.1 >0.999

50-59 years 90.3 94.4 88.9 87.4 0.596

mechanical 81.2 80.2 83.2 79.7 0.716

biological 75.3 78.3 71.5 78.1 0.097

female 80.0 81.3 80.7 78.2 0.813

male 76.4 79.0 72.7 78.5 0.120

High risk patients (lES ≥20) 50.4 N/A 40.0 54.7 0.694

Intermediate risk patients (lES 10-20) 73.1 N/A 66.8 75.3 0.431

low risk patients (lES <10) 81.0 N/A 81.3 80.8 0.947

Abbreviations as in Table S3.
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figure S1. long-term survival after SAVR in the overall cohort according to period operated.
Actual survival of patients in the overall SAVR cohort. Patients operated between 1987-1996 (period A) are 
shown with the red line; patients operated between 1997 and 2006 (period B) are shown with the blue line; 
and patients operated between 2007 and 2017 (period C) are shown with the orange line. Comparison 
within periods is done for 10-years of follow-up and shown as p-value.

figure S2. long-term survival after primary isolated SAVR according to period operated.
Actual survival of patients with primary isolated SAVR. Patients operated between 1987-1996 (period A) 
are shown with the red line; patients operated between 1997 and 2006 (period B) are shown with the blue 
line; and patients operated between 2007 and 2017 (period C) are shown with the orange line. Comparison 
within periods is done for 10-years of follow-up and shown as p-value.
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figure S3. long-term actual after primary SAVR with concomitant cAbG according to period oper-
ated.
Actual survival of patients with primary SAVR and concomitant CABG. Patients operated between 1987-
1996 (period A) are shown with the red line; patients operated between 1997 and 2006 (period B) are 
shown with the blue line; and patients operated between 2007 and 2017 (period C) are shown with the 
orange line. Comparison within periods is done for 10-years of follow-up and shown as p-value.
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AbSTRAcT

The introduction of the first surgical prosthetic heart valves in the early 1960’s made 
effective treatment of aortic valve disease possible. The goal of surgical aortic valve 
replacement (SAVR) is to replace the diseased aortic valve with a properly functioning, 
large enough prosthesis, while avoiding intraoperative complications such as conduc-
tion disturbances, coronary artery occlusion or paravalvular leaks. Although most 
commonly, non-everting pledgeted mattress sutures are used to implant the prosthesis 
during SAVR, the use of interrupted single sutures without pledgets can be a useful 
alternative especially in patients with a small tissue annulus, since it theoretically maxi-
mizes the orifice available for flow. This tutorial discusses the surgical technique of SAVR 
using interrupted single annular sutures.
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InTRoDUcTIon

The introduction of the first surgical prosthetic heart valves (SHVs) to the daily practice 
in the early 1960’s made effective treatment of aortic valve disease possible.1  Although 
transcatheter aortic valve replacement (TAVR) has recently challenged the ultimate role 
of surgical aortic valve replacement (SAVR)2,3, SAVR remains the treatment of choice for 
many patients with severe aortic valve stenosis or regurgitation.

During SAVR, the diseased aortic valve is completely excised and replaced by a SHV, 
which is fixed to the patient tissue annulus with sutures. The goal of SAVR is to replace 
the diseased valve with a properly functioning, large enough prosthesis, while avoiding 
intraoperative complications such as conduction disturbances, coronary artery occlu-
sion or paravalvular leaks.  Besides other factors, suturing technique can have an impor-
tant effect on outcomes.4 During SAVR, both everting and non-everting mattress sutures 
with or without pledgets, figure-of-eight, continuous or interrupted single sutures can 
be used.

Although most commonly non-everting mattress sutures with pledgets are used, 
SAVR with interrupted single sutures can be performed safely and it can be a useful al-
ternative especially for patients with a small tissue annulus, as it theoretically maximizes 
the orifice available for flow in the left ventricular outflow tract.4,5 Additionally, avoiding 
the use of pledgets can make eventual later reoperations easier. This tutorial discusses 
the surgical technique of aortic valve replacement using interrupted single sutures.

SURGIcAl TEcHnIQUE

1. Exposure and excision of the aortic valve and annular debridement

After cardioplegia is administered and complete diastolic arrest is achieved, left vent 
suction is resumed and a transverse aortotomy is performed approximately 1 cm above 
the sinotubular junction. In case of a transverse aortotomy, ½ - ⅔ of the total circumfer-
ence of the aorta is incised to expose the aortic valve. Stay sutures are placed at the top 
of the commissures to facilitate exposure.

After adequate exposure is achieved, the valve is excised. Valve excision starts at the 
right coronary (RC) – noncoronary (NC) commissure, to remove the RC cusp first. Valve 
excision is typically performed with scissors, applying counter-traction on the corre-
sponding leaflet with heavy forceps. Alternatively, scalpel can be used. It is important 
to avoid excessive manipulation of the cusps as it can cause particles to fracture and 
embolize to the left ventricle or the coronary ostia. During valve excision or annular 
debridement, wall suction can be used to remove small mobile particles and to protect 
the coronary ostia.
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After the bulk of the cusps are excised, annular debridement is performed to remove 
residual calcium deposits from the aortic annulus. These can be removed by twisting 
with heavy forceps, or with a rongeur or a scalpel. The surgeon’s finger can be used to 
confirm complete annular debridement. If calcium deeply penetrates in the annulus, 
annular reconstruction might be necessitated. When valve excision is completed, the 
left vent is stopped, and the LV cavity is irrigated with physiological saline to remove any 
debris or calcium particles from the operative field.

2. Implanting the prosthesis, interrupted single suture technique

After annular debridement, the annulus is sized to select the SHV that fits the patient. 
Besides sizing with the valve-related tubular sizer, replica sizing is recommended to 
verify the final position and fit of the SHV. If the predicted effective orifice area (EOA) of 
the largest fitting SHV is not satisfactory to fulfill the patient’s circulatory requirements, 
annular enlargement should be considered.6,7

Typically, 2/0 non-absorbable braided sutures (e.g. Ethibond, Ethicon Inc., Bridge-
water, NJ, US) are used to implant the prosthesis. With the interrupted single suture 
technique, sutures are often placed in the sewing ring of the SHV directly after passing 
them through the aortic annulus. This method can speed up the implantation, avoids 
the need of a suture organizer and facilities exposure of the aortic root when suturing.

Suturing starts at the LC cusp (LCC) sector, starting at the LC-RC commissure and work-
ing towards the LC-NC commissure (counter-clockwise). In the LCC sector, sutures are 
passed through the sewing ring first (from the aortic to the ventricular side, forehand) 
and the annulus second (from the ventricular to the aortic side, starting in backhand at 
the commissure and finishing in forehand from the LCC nadir). When suturing, attention 
should be paid for the correct distance (approximately 2-3 mm) and sequence of the 
sutures, and that sutures are not crossed. The assistant should apply a gentle tension on 
both ends of the sutures to facilitate exposure.

Suture placement is continued at the RC cusp (RCC) sector, starting at the LC-RC com-
missure, working towards the RC-NC commissure (clockwise). In the RCC sector, sutures 
are passed through the annulus first (from the aortic to the ventricular side, forehand) 
and the sewing ring second (from the ventricular to the aortic side, forehand).

Finally, suturing is completed in the NC cusp (NCC) sector. Suturing starts at the RC-NC 
commissure, working towards the LC-NC commissure. At the NCC sector, sutures are 
passed through the sewing ring first (from the aortic to the ventricular side, forehand) 
and the annulus second (from the ventricular to the aortic side, forehand).

After finishing each sector, a mosquito clamp is placed on the sutures, and the needles 
are removed. When all sectors are finished, the SHV is parachuted down into the aortic 
annulus. Before tying the annular sutures, the proper suture order and the position of 
the SHV should be verified. The SHV holder is removed taking care to completely remove 
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all holding sutures.  Annular sutures are tied with 5 square knots and cut, taking care not 
to touch or damage the prosthetic leaflets. Commissural stay sutures are removed and 
the final position of the SHV, absence of annular defects and patency of the coronary 
ostia is verified. If correct positioning of the SHV is confirmed, rewarming is started.
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AbSTRAcT

Mechanical valves used for aortic valve replacement (AVR) continue to be associated 
with bleeding risks because of anticoagulation therapy, while bioprosthetic valves are 
at risk of structural valve deterioration requiring reoperation. This risk/benefit ratio of 
mechanical and bioprosthetic valves has led American and European guidelines on val-
vular heart disease to be consistent in recommending the use of mechanical prostheses 
in patients younger than 60 years of age. Despite these recommendations, the use of 
bioprosthetic valves has significantly increased over the last decades in all age groups. 
A systematic review of manuscripts applying propensity-matching or multivariable 
analysis to compare the usage of mechanical versus bioprosthetic valves found either 
similar outcomes between the two types of valves or favourable outcomes with me-
chanical prostheses, particularly in younger patients. The risk/benefit ratio and choice 
of valves will be impacted by tevelopments in valve designs, anticoagulation therapy, 
reducing the required International Normalized Ratio, and transcatheter and minimally 
invasive procedures. However, there is currently no evidence to support lowering the 
age threshold for implanting a bioprosthesis. Physicians in the Heart Team and patients 
should be cautious in pursuing more bioprosthetic valve use until its benefit is clearly 
proven in middle-aged patients.
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InTRoDUcTIon

Aortic valve replacement (AVR) has been performed since the 1950s.1 Since then, the 
surgical procedure has been optimized to reduce the risk of procedure-related complica-
tions. In addition, technical advances in the design of valves have significantly improved 
long-term prognosis. After the initial use of mechanical ball-caged valves, numerous 
monoleaflet and bileaflet valves have been introduced and evaluated.2 Moreover, 
bioprosthetic valves came on the market in the 1960s as an alternative to mechanical 
valves.

Besides the overwhelming number of AVRs that are performed each year3, surgical 
techniques in which there is no need to implant a prosthetic valve have also been de-
veloped. In younger patients, the Ross operation is an alternative to mechanical valve 
replacement.4, 5 In selected patients with aortic valve regurgitation, isolated aortic valve 
repair or in combination with replacement of a dilated aortic root maintains the native 
aortic valve.6-8 However, these highly specialized operations with specific indications are 
often only performed in exclusive centers. In Germany through 2015 there were 21,120 
aortic valve procedures, which included only 92 Ross procedures, 124 isolated aortic 
valve repairs, and 603 David or Yacoub valve-sparing aortic root procedures.9

The main question for patients that require AVR remains whether a mechanical or bio-
prosthetic valve should be implanted.10 This review provides an overview of (i) the risks 
and benefits of mechanical and bioprosthetic valves, (ii) data on the use of mechanical 
and bioprosthetic valves, (iii) results of studies comparing mechanical versus biopros-
thetic valves, (iv) new developments in mechanical and bioprosthetic valves, and (v) 
alternatives to conventional surgical mechanical or bioprosthetic valve use.

RISKS AnD bEnEfITS

Because of thrombogenicity of materials used in mechanical valves, high shear stress 
around the hinge points, and backflow jets that damage blood and activate clotting-
pathways, patients require lifelong anticoagulation therapy to avoid blood clot formation. 
Bioprosthetic valves are generally made of either bovine pericardium or porcine aortic 
valves, but may also be produced from equine or porcine pericardium. The advantage 
of these bioprosthetic valves is that they do not require anticoagulation. On the other 
hand, the use of tissue does introduce the possibility for ‘wear and tear’ and degenera-
tion of the valve, which is virtually non-existent in mechanical valves. As a result of these 
features, certain risks are related to the use of mechanical and bioprosthetic valves.

The primary risks of mechanical valves are related to anticoagulation therapy, and 
this is often reported by physicians as well as patients to be the reason to refrain from 
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choosing a mechanical prosthesis. Patients not taking anticoagulation have a high risk of 
developing valve thrombosis (Figure 1A), and even with the use of anticoagulation this 
risk is apparent when the International Normalized Ratio (INR) is outside the range of the 
targeted 2.0-3.0 for valves in the aortic position. On the other hand, higher than normal 
INR ranges introduce the risk of spontaneous bleeding (e.g. gastrointestinal bleeding) or 
trauma-related bleedings (e.g. subdural hematoma), which cause considerable mortal-
ity and morbidity.11 Even in dedicated patients aiming at INR ratios in perfect range, 
severe fl uctuations are observed that increase the risk of bleeding or thromboembolic 
events and even survival.12, 13 The major benefi t of mechanical valves, however, is that 
structural valve deterioration (SVD) is rare. There are cases reported of leafl et escape 14, 
but since Björk-Shiley valves in the 1980s were associated with strut fractures and were 
taken of the market, these are extremely rare. There are causes for reoperation beyond 
SVD, e.g. non-structural valve deterioration like pannus growth, endocarditis, and valve 
thrombosis, but the rate of repeat aortic valve procedures is low.15

The primary risk related to bioprosthetic valves is that of reoperation due to limited 
durability of bioprosthetic valves as a result of SVD (Figure 1B). The average lifespan of a 
bioprosthetic valve is estimated at 15 years in elderly patients, but this risk increases sig-
nifi cantly in younger patients in whom SVD is accelerated due to a more pronounced im-
munologic response of the body to the valve and enhanced calcifi cation of the valve.16-18 
In addition, older patients generally have shorter anticipated survival during which they 
are at risk for requiring replacement of a deteriorated bioprosthetic valve. Most patients 
that require reoperation have this need as the result of SVD, as risks of non-structural 
valve deterioration are considered to be equally low to that of mechanical valves. Par-
ticularly important is the risk of prosthetic valve endocarditis (Figure 1C); a devastating 
diagnosis that often requires the need for reoperation. Rates of major bleeding, stroke 
and valve thrombosis are considered to be low with bioprosthetic valves, although 
recent reports have questioned previous rates of thrombosis by showing that multislice 
computed tomography (MSCT) during follow-up identifi ed 7% of patients after AVR to 
have reduced leafl et motion as the result of thrombosis.19

clInIcAl GUIDElInES

The risk/benefi t ratio of mechanical and bioprosthetic valves has led American and 
European guidelines on valvular heart disease to be consistent in recommending the 
use of mechanical aortic valve prostheses in patients younger than 60 years of age 
(Figure 2).20, 21 Recommendations for using a bioprosthetic valve are above the age of 
65 in European guidelines and above the age of 70 in American guidelines. The span 
of 5-10 years in between represents an area of uncertainty in which both mechanical 
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or bioprosthetic valves can be used, depending on the surgeons’ and patients’ prefer-
ence as well as certain patient characteristics. A class of recommendation and level of 
evidence IIa B and IIa C support these recommendations in, respectively, American and 
European guidelines.

The ESC/EACTS guidelines list the following reasons for choosing a specifi c valve: (i) 
life expectancy; (ii) the estimated risk of a potential reoperation in the future; (iii) bleed-
ing risk, which may be higher because of specifi c comorbidities, compliance concerns, 
or geographic, lifestyle and occupational conditions; (iv) comorbidities, such as atrial 
fi brillation (AF), peripheral vascular disease, a hypercoagulable state, or other conditions 
that require use of oral anticoagulation; (v) the risk of structural valve deterioration that 
may be accelerated in patients with hyperparathyroidism or renal failure; (vi) the wish of 
a patient to become pregnant; and (vii) patient preferences.20 American guidelines add 

Eur Heart J, Volume 38, Issue 28, 21 July 2017, Pages 2183–2191, https://doi.org/10.1093/eurheartj/ehx141
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Figure 1 Examples of structural and non-structural valve 
deterioration.

figure 1. Examples of structural and non-structural valve deterioration.
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the expected hemodynamics for a specifi c valve type and size as an important factor 
when considering the type of prosthesis.21

USE of mEcHAnIcAl AnD bIoloGIcAl VAlVES

Despite guideline recommendations, the use of bioprosthetic valves has signifi cantly 
increased over the last decades. Dunning and coauthors reported from the Great Britain 
and Ireland National Database that the use of bioprosthetic valves increased from 65.4% 
to 77.8% between 2004-2009.22 Remarkably, patients in age categories of <55 and 55-60 
year of age showed a similar increase to patients in older age categories (Figure 3). An 
analysis of the Netherlands Cardiac Surgery National Database showed an increase in 
bioprosthetic valve use between 1995-2010, particularly in age categories of patients 
55-65, 65-70 and 70-100 but not in patients aged 18-55.23 The use of bioprostheses 
between 1999-2011 in the United States increased largest in patients aged 55-64.24

The change in use of bioprosthetic and mechanical valves is somewhat counterintui-
tive for two reasons. First, it is well recognized that bioprosthetic valve deterioration is 
accelerated in younger patients.16 Now that the general population is living in better 
health up to an older age, elderly patients can potentially experience faster valve 
deterioration. Second, a continuously improving life expectancy exposes patients to a 
higher risk of (multiple) reoperation(s) by increasing the necessary implantation time of 
prosthetic valves.

Eur Heart J, Volume 38, Issue 28, 21 July 2017, Pages 2183–2191, https://doi.org/10.1093/eurheartj/ehx141
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Figure 2 Guideline recommendations for the use of mechanical and 
bioprosthetic prostheses for aortic valve ...

figure 2. Guideline recommendations for the use of mechanical and bioprosthetic prostheses for 
aortic valve replacement. Recommendations from the North American AHA/ACC and European ESC/
EACTS guidelines.69,70
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mEcHAnIcAl VERSUS bIoloGIcAl VAlVES

Initial Randomized Trial Data

Two large randomized trials in the 1970s and ‘80s compared valve replacement using 
mechanical versus bioprosthetic valves.25, 26 The Veterans Aff airs (VA) trial in the United 
States randomly assigned 394 male patients undergoing AVR that were followed to 
a 15-year endpoint, and found that survival was signifi cantly improved in patients 
whom received a mechanical prosthesis as opposed to those with a bioprosthesis (34% 
versus 21%, P=0.02).25 As expected, reoperation rates were signifi cantly higher with a 
bioprosthesis (10% versus 29%, respectively; P=0.004) but bleeding complications were 
signifi cantly higher with a mechanical valve (51% versus 30%, respectively, P=0.0001). 
Stroke, endocarditis, and valve thrombosis occurred at similar rates.

The Edinburgh trial randomly assigned 211 patients that were followed for 20 years.26 
Survival was 31.3% for patients with a bioprosthesis versus 28.4% for patients with a 
mechanical valve (P=0.57). Secondary endpoints showed similar results as those of the 
VA trial: reoperation rates were signifi cantly higher with a bioprosthesis (56.2% versus 
7.4%, respectively; P<0.0001); major bleeding events occurred signifi cantly more often 
with a mechanical valve (32.0% versus 37.8%, respectively; P=0.021); and rates of throm-
boembolisms and endocarditis were comparable between the groups.

Eur Heart J, Volume 38, Issue 28, 21 July 2017, Pages 2183–2191, https://doi.org/10.1093/eurheartj/ehx141
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Figure 3 Percentage of aortic valve replacements with biological 
prostheses in Great Britain and Ireland. Data from ...

figure 3. Percentage of aortic valve replacements with biological prostheses in Great britain and 
Ireland. Data from Dunning and coauthors.71
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Recent Randomized Trial Data

After the initial large randomized trials, only a single trial has been performed to compare 
long-term outcomes.27 Stassano and coauthors randomly assigned 310 patients aged 
55-70 to either receive a mechanical or bioprosthetic valve. In a patient population that 
averaged ~64 years-of-age, survival was comparable between the groups after a mean 
follow-up of nearly 9 years. A multivariate model identified that the type of valve was 
not an independent predictor of late mortality: hazard ratio associated with a mechani-
cal valve = 0.73, 95% confidence interval 0.45-1.20 (P=0.2). Bioprostheses showed to 
have a higher linearized rate of valve failure (P=0.0001) and higher rates of reoperation 
(P=0.0003), while there was a trend towards higher rates of bleeding with mechanical 
valves (P=0.08).

Data from observational Studies

There are no randomized trials that include results from contemporary valves, however 
numerous observational studies have been performed comparing mechanical and bio-
prosthetic valves. A PubMed search (Appendix) was performed in September 2016 to 
systematically identify studies that included multivariate analysis to adjust for baseline 
differences or applied propensity-matching to allow for a more substantiated compari-
son between mechanical and bioprosthetic prostheses. A check of reference lists was 
also completed to identify articles missed with the PubMed search. A total of 11 studies 
reported results from propensity-matched cohorts, and an additional 8 studies reported 
results from multivariable analysis (Table 1).

Two recent large, propensity-matched studies have reported conflicting results. 
Chiang and coauthors in a statewide analysis out of New York found that among 1001 
matched pairs, aged 50-69 years, survival at 15-year follow-up was 60.6% versus 62.1% 
in the bioprosthetic versus mechanical valve groups, respectively (P=0.74).28 Glaser and 
coauthors performed a similar analysis with data from the Swedish national registry. 
They were able to propensity-match 2198 patients aged 50-69 years and reported that 
15-year survival was significantly improved in patients with a mechanical prosthesis 
(59% versus 50% with a bioprosthesis; P=0.006).29 An important subgroup analysis ac-
cording to age produced that the benefit of a mechanical over a bioprosthetic valve 
was only evident in patients aged 50-59 (P=0.03) but not in those aged 60-69 (P=0.54). 
Chiang and coauthors in an additional requested analysis were unable to confirm these 
findings by reporting comparable adjusted survival in age groups 50-59 and 60-69 
between prosthesis types.11, 30

Data from the Society of Thoracic Surgeons database in the United States recently 
confirmed the importance of age in the prediction of long-term survival with different 
prostheses. Brennan and coauthors analyzed nearly 40,000 patients aged ≥65 years out 
of 605 hospitals.31 Long-term survival was significantly improved with mechanical ver-
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sus bioprosthetic valves in a propensity-score adjusted analysis, although the difference 
was only marginal (HR associated with bioprosthesis = 1.04, 95% CI 1.01-1.07). There 
was, however, a significant interaction between age and prosthesis type that showed 
a stepwise increase in the risk of mortality associated with a bioprosthesis in younger 
age groups. The hazard ratio associated with a bioprosthesis was 1.23 (95% CI 1.16-1.31) 
in patients aged 65-69, 1.04 (95% CI 0.99-1.09) in patients aged 70-74, and 0.95 (95% CI 
0.90-0.99) in patients aged 75-79.

It should be noted that none of the analyses reported a significantly improved survival 
rate with bioprosthetic over mechanical prostheses. However, there were several studies, 
specifically those that included younger patients, which found a significant benefit of 
mechanical over bioprosthetic valves. Based on the currently available data, there does 
not seem to be sufficient evidence to support lowering the age cut-off for implanting 
bioprosthetic valves below the age of 60 years to improve long-term survival. In terms of 
quality of life, numerous studies have reported comparable scores with mechanical and 
bioprosthetic valves, although results have also been conflicting.32-37

SElEcTED PATIEnT coHoRTS

The presence of specific comorbidities or risk factors may alter the decision-making pro-
cess between mechanical and bioprosthetic valves. These patient characteristics should 
be considered when determining which prosthesis should be favoured (Table 2). Never-
theless, no single factor should be decisive and the risk/benefit of both valves should be 
established for each particular patient to select the most appropriate prosthesis.

Atrial fibrillation or other conditions Requiring Anticoagulation Therapy

There are no studies that evaluated outcomes explicitly of patients already on oral 
anticoagulation because of AF or other vascular conditions, but in theory the benefit of 
bioprostheses in such patients may be diminished. For patients on vitamin K antagonist 
anticoagulation, the recommended INR range for a mechanical prosthesis is similar or 
even lower than for AF (2.0-3.0 versus 2.0-3.0 or higher, respectively) and thus a mechani-
cal prosthesis does not increase the risk of bleeding events. Surgeons should therefore 
consider implanting a mechanical valve irrespective of the patients’ age. However, an 
argument for bioprostheses is that patients on non-vitamin K antagonist anticoagula-
tion (NOAC) agents can continue this treatment that is recommended over vitamin K 
antagonists for stroke prevention in AF but is not recommended as anticoagulation for 
mechanical prostheses.38

End-stage Renal Disease Including Dialysis

Patients with end-stage renal disease have long been considered not to be candidates 
for bioprostheses because of assumed progression of calcification causing SVD. Indeed, 
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a meta-analysis of early studies reported a trend towards improved survival with me-
chanical over bioprosthetic valves (HR = 1.34, 95% CI 0.96-1.86; p=0.086), although this 
analysis consisted mainly of small studies and did not selectively include patients under-
going AVR.39 The largest study to date from Herzog and coauthors included 5858 dialysis 
patients undergoing heart valve replacement of whom 3415 underwent isolated AVR; 
survival was only 39% at 2-year follow-up without a difference between mechanical and 
bioprosthetic valves.40 Even in more recent reports, survival of patients on dialysis was 
generally short and therefore patients are not expected to outlive their bioprosthesis.41 
As a result, a bioprosthesis may be favoured to avoid the use of anticoagulation. No data 
exists on differences between valve types in patients with mild or moderate renal failure 
who also have increased calcium metabolism but a longer life-expectancy.

Atherosclerotic Risk

Although contradictory results have been reported, evidence supporting accelerated 
bioprosthetic SVD in patients with a less healthy lifestyle prone to atherosclerotic risk 
is available from numerous studies: (i) smoking has been identified as an independent 

Table 2. considerations for implanting a mechanical or bioprosthetic aortic valve

Patient characteristic consider favouring
mechanical valve

consider favouring 
bioprosthetic valve

Age <60 X

Age 60-70 Unclear Unclear

Age >70 years X

Age <60 but life expectancy <10 years X

Age <60 but pregnancy wish X

Age <60 but hazardous occupation (e.g. sports, mining, 
stunt(wo)man, etc)

X

Preoperative lifelong anticoagulation indication (e.g. Af, PVD, 
hypercoagulable state)

X

Reoperations for valve thrombosis because of compliance 
failure or inadequate InR regulation

X

High bleeding risk X

contra-indication for anticoagulation treatment X

End-stage renal failure on dialysis X

metabolic syndrome X

Hyperparathyroidism X

Small aortic annulus X

These factors should be weighted and could potentially lean towards performing mechanical or biopros-
thetic valve implantation. Presence of any of these factors does not exclude the opportunity to perform 
valve replacement with another type of valve.
AF = atrial fibrillation; INR = International Normalized Ratio; PVD = peripheral vascular disease; TAVI = trans-
catheter aortic valve implantation
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predictor of reoperation for SVD 42, 43; (ii) different measures of cholesterol have been 
linked with valve calcification44 and failure45; (iii) an Italian multicenter study reported 
that diabetes was the strongest predictor of bioprosthetic valve degeneration in a 
propensity-matched study including 2226 patients46; and (iv) metabolic syndrome 
accelerated SVD during annual echocardiographic follow-up of 217 patients who un-
derwent AVR in a study by Briand and coauthors.47 Because of the increased risk of SVD, 
a mechanical valve may be favoured in patients at high risk of atherosclerosis.

coronary Artery Disease

Approximately 40% of patients who undergo AVR require concomitant CABG, which 
has a significant impact on long-term prognosis.48 Only little evidence is available 
from studies comparing valve types in patients undergoing combined procedures. In 
a microsimulation study, differences in life-expectancy and event-free life-expectancy 
between mechanical and bioprosthetic valves were comparable whether male patients 
underwent isolated AVR or AVR+CABG, with a cut-off for implanting a bioprosthesis 
around 60 years of age.49 The decision to opt for a mechanical or bioprosthetic valve in 
patients requiring a combined AVR+CABG procedure should not be different than for 
patients undergoing isolated AVR.

Small Aortic Annulus

Prosthesis-patient mismatch (PPM) occurs when the effective orifice area (EAO) of a 
prosthetic valve is too small for the body surface area of the patient.50 Although its im-
pact on long-term outcomes has long been debated, a meta-analysis found that survival 
was significantly improved in patients with no PPM as compared with moderate PPM 
(HR = 1.19, 95% CI 1.07-1.33) or severe PPM (HR = 1.84, 95% CI 1.38-2.45).51 For patients 
with a small aortic annulus the EOA is crucial to optimize hemodynamic performance of 
the valve and thus avoid PPM. Small-size mechanical valves generally have larger EOAs 
than small-size bioprosthetic valves.52 In some instances, patients with a small annulus 
may therefore benefit from a mechanical valve. However, a root enlargement to allow 
implantation of a larger bioprosthesis may also be an option to avoid PPM.53, 54

Root Replacement Procedures

A number of studies have compared outcomes after bioprosthetic and mechanical com-
posite grafts among patients requiring AVR with root replacement because of bicuspid 
valves or root aneurysms.55 Conflicting results have been reported from studies apply-
ing varies methods of adjustment for baseline differences, although generally a small 
number of patients were included in single-center studies and thus the generalizability 
is limited.55-58 Therefore, if valve-sparing operations cannot be performed58, the indica-
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tion for a bioprosthetic or mechanical composite graft is similar to that of isolated AVR 
procedures with respect to age cut-offs.

Aortic and mitral Valve Replacement/Repair

In patients with a mechanical mitral valve already in place, implanting a mechanical aor-
tic valve that has a lower INR target range than the mitral valve (2.0-3.0 versus 2.5-3.5, re-
spectively) would not add significant long-term risks. However, for the 5-10% of patients 
that require combined aortic and mitral valve operations, the most appropriate strategy 
remains a matter of debate. Studies have been controversial on whether mitral valve 
repair should be preferred over valve replacement in combination with AVR.59, 60 Leavitt 
and coauthors reported that survival of patients younger than 70 years was comparable 
between those with two mechanical valves and those with a bioprosthetic aortic valve 
and mitral repair but significantly lower among those with two bioprosthetic valves.61 
These studies and the differences in oral anticoagulation regimens after valve proce-
dures impact on the decision to use a mechanical or bioprosthetic valve in the aortic 
position: (i) no long-term oral anticoagulation is mandatory after mitral valve repair 
and thus the choice of valve in the aortic position should depend on recommendations 
for isolated AVR; (ii) if the mitral valve requires replacement, clinical guidelines recom-
mend the use of a mechanical valve in the mitral position up to the age of 65 and thus 
a mechanical aortic valve is advisable; (iii) a mechanical aortic valve is recommended if 
primary a mechanical mitral valve is chosen because of the INR target ranges.

Endocarditis

The presence of active infection poses the risk of early recurrent endocarditis because 
a foreign body is implanted in an infected area. It has been suggested that a biopros-
thesis may be favoured because it is less susceptible to reinfection and better to treat 
when reinfection does occur.62 Indeed, the use of bioprostheses has increased also in 
active endocarditis.63 However, mechanical valves have shown excellent performance 
and low rates of recurrent endocarditis  similar to that of bioprosheses.64, 65 In fact, ad-
justed 5-year mortality has been found to be significantly lower with mechanical valves 
among patients younger than 65 years old with active endocarditis (HR = 4.14, 95% CI 
1.27-13.45), while survival was similar in patients older than 65 years (HR = 1.45, 95% 
CI 0.35-5.97).66 Most recent date from the International Collaboration on Endocarditis 
Prospective Cohort Study (ICE-PCS) reported that implantation of a bioprosthesis inde-
pendently predicted one-year mortality.67 Therefore, there is no evidence to specifically 
support use of bioprostheses in patients with active endocarditis irrespective of age.
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DEVEloPmEnTS In fAVoUR of mEcHAnIcAl VAlVES

non-vitamin K Antagonist Anticoagulation with mechanical Valves

Numerous NOAC agents have been developed to replace vitamin K antagonists. In stud-
ies of patients with atrial fibrillation, rivaroxaban, apixaban, edoxaban, and dabigatran 
showed to be noninferior for stroke prevention with significantly lower rates of bleed-
ing.38 Translation of these results to NOAC use in patients with a mechanical prosthesis 
would show a drastic improvement in outcomes. In the RE-ALIGN trial, however, the 
use of dabigatran as compared with warfarin was associated with an increase in the 
composite of death, stroke, systemic embolism, and myocardial infarction (8% versus 
2%, respectively; P=0.11), as well as bleeding complications (27% versus 12%, respec-
tively; P=0.01), which is why the trial was stopped prematurely.68 The small, pilot, phase 
2 CATHAR trial investigated the safety and efficacy of rivaroxaban use in mechanical 
prostheses but had to suspend enrollment (clinicaltrials.gov number: NCT02128841). No 
large randomized trials on the use of NOACs in mechanical valves are currently ongoing.

lower InR Ranges and Self-control and Self-management with mechanical 
Valves

Before positive results from NOAC trials are available, patients are still sentenced to vita-
min K antagonist anticoagulation therapy, which has several disadvantages that result in 
INR values outside the targeted range: (i) food interactions, (ii) drug interactions, and (iii) 
regular laboratory monitoring. However, the risk of bleeding events can be significantly 
reduced with vitamin K antagonists if the targeted INR could be lowered. Koertke and 
coauthors performed a randomized trial in which 2673 patients undergoing AVR were 
randomized to anticoagulation with a target INR of 1.8-2.8 versus 2.5-4.5.69 After 2-year 
follow-up, the rate of thromboembolic events in the low-dose versus conventional dose 
groups was not significantly different at 0.24 versus 0.46% per patient-year, respectively, 
while the rate of bleeding was 1.42 versus 1.78% per patient-year, respectively. In a more 
recent randomized trial among 33 centers in North America investigating the On-X 
mechanical valve (On-X Life Technologies, Austin, Texas, United States), 375 high-risk 
patients were randomized at 3 months post-AVR to receive aspirin with anticoagulation 
for a targeted INR of 1.5-2.0 or 2.0-3.0.70 Over the course of 5-year follow-up, rates of 
bleeding were significantly lower for patients in the low INR group (P=0.002), without 
significant increases in thromboembolic events (P=0.13). Although it is evident that 
lower INR ranges are beneficial in terms of bleeding events, it remains unclear to what 
extend the INR target can be lowered to be considered safe for the prevention of valve 
thrombosis and stroke.

Even if vitamin K antagonists remain necessary, the inconvenience associated with 
regular outpatient INR checks can safely be avoided. In a meta-analysis of 11 random-
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ized trials comparing self-monitoring and self-management of anticoagulation with 
outpatient management in primary care or anticoagulation clinics found that among 
6417 participants with 12800 patient-years of follow-up, there was a significant decline 
in the self-monitoring group in the rate of thromboembolic events (HR = 0.51, 95% CI 
0.31-0.85; P=0.01) with similar rates of bleeding (HR = 0.88, 95% CI 0.74-1.06; P=0.18) and 
death (HR = 0.82, 95% CI 0.62-1.09; P=0.18).71 Subgroup analyses found that the reduc-
tion of thromboembolic events with self-monitoring was seen particularly in patients 
with a mechanical valve as opposed to those with atrial fibrillation (P for interaction = 
0.032), and in patients that not only self-tested but also self-managed anticoagulation 
dosing (P for interaction = 0.002).

A recent randomized trial attempted to combine the benefits of low-dose INR and 
self-management, by randomizing 1571 patients, of which 1304 had AVR, to low-dose 
INR self-control with a target range of 1.8-2.8 and weekly INR checks, very low-dose 
INR with a target range of 1.5-2.1 and weekly INR checks, and very low-dose INR with 
a target range of 1.5-2.1 and twice weekly INR checks over the course of 2 years.13 Even 
though patients in the very low-dose INR groups were significantly longer outside the 
targeted INR range, a risk-adjusted analysis with the low-dose INR group as reference 
showed that major bleeding rates were significantly lower in patients in the very low-
dose twice-weekly INR check (HR=0.27, 95% CI 0.09-0.84; P=0.02) as well as for those 
with a very low-dose weekly INR check (HR=0.38, 95% CI 0.15-0.99; P=0.046). There were 
comparable rates of major thrombotic events in the very low-dose INR twice-weekly 
(HR=1.22, 95% CI 0.32-4.61; P=0.77) and weekly checks (HR=0.24, 95% CI 0.03-2.18; 
P=0.21). Remarkably, even though death rates were low in all groups (range 97.1-98.9%), 
as compared with the low-dose INR group there was a significantly higher risk-adjusted 
mortality rate in the very low-dose INR group with twice-weekly checks (HR=3.15, 
95% CI 1.20-8.29; P=0.02) but not in the very low-dose INR group with weekly checks 
(HR=1.36, 95% CI 0.46-4.12; P=0.58). These data still need to be replicated since the trial 
was stopped prematurely.

mechanical Valve Design

At the moment, 3-D printed mechanical valves are being used to test new valve designs 
in prototypes to optimize design and materials associated with less thrombogenicity 
and better flow patterns. Studies with the use of a 3-D printed mechanical valve found 
a much lower thrombogenicity potential index when compared with other mechanical 
valves and which was similar to that of bioprosthetic valves.72 In theory, such valves 
would be able to function without the need for anticoagulation. To our knowledge, cur-
rently no 3-D valve is being developed for use in the near future.

The On-X valve was designed to be safe with only antiplatelet therapy in some low-risk 
patients.70 Its design with a smoother surface of pure carbon without silicon, 90-degree 
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opening leaflets, a flared valve inlet, and stasis-free pivots reduce turbulence and throm-
bogenicity. Data on the use of aspirin and/or clopidogrel instead of anticoagulation 
treatment with the On-X valve are underway from the PROACT trial (clinicaltrials.gov 
number: NCT00291525).

The Lapeyre-Triflo FURTIVA valve (Triflo Medical Switzerland, Neuchâtel, Switzerland) 
is a trileaflet instead of bileaflet mechanical valve which combines the hemodynamic 
excellence of trileaflet native or bioprosthetic aortic valves but with mechanical valve 
durability. Oral anticoagulation may potentially be omitted because the design reduces 
high-velocity backflow jets that damage blood and activate thrombus formation, elimi-
nates low flow areas, and lowers shear stress and turbulence through pivots.73

Anticoagulation with bioprosthetic Valves

The incidence of leaflet thrombosis with surgical bioprostheses regained interest after 
findings of reduced leaflet motion on MSCT following transcatheter aortic valve im-
plantation (TAVI).19, 74 These data have triggered further analyses of bioprosthetic valve 
thrombosis.75 Although it is not easy to derive the true incidence from these small stud-
ies, the risk factors they had in common were no or inadequate anticoagulation therapy, 
while initiation of anticoagulation resolved valve thrombosis in the majority of cases. 
Indeed, evidence supporting a recommendation for routine anticoagulation therapy 
after AVR with a bioprosthesis has been conflicting.76, 77 Early reports have reported no 
difference between warfarin and aspirin treatment.78 However, two recent studies found 
an indication for warfarin treatment. In elderly patients, Brennan and coauthors showed 
in a propensity-score adjusted analysis that warfarin in addition to aspirin treatment 
within the first 3 months after receiving a bioprosthesis significantly reduced rates of 
death (RR=0.80, 95% CI 0.66-0.96) and embolic events (RR=0.52, 95% CI 0.35-0.76) when 
compared to aspirin treatment alone, although at the cost of higher rates of bleed-
ing (RR=2.80, 95% CI 2.18-3.60).79 A Danish nation-wide study investigated whether 
anticoagulation beyond the first 3 months was associated with improved outcomes 
by identifying 4075 patients that underwent AVR between 1997 and 2009 and were 
discharged with warfarin treatment. Continuing warfarin during follow-up produced 
favourable outcomes of stroke and cardiovascular death. Remarkably, rates of bleeding 
events were also reduced significantly; although from the data it is not clear whether 
patients discontinued warfarin before bleeding occurred or as a result of bleeding, and 
therefore these results should be interpreted with caution.80

At the moment there is not enough evidence to support recommendations for routine 
anticoagulation therapy after bioprosthetic valve implantation, but future studies on 
this topic may significantly alter the debate on mechanical versus bioprosthetic valves. 
It will be crucial to determine whether (i) anticoagulation indeed improves outcomes 
with bioprosthetic valves, (ii) the duration that anticoagulation therapy is necessary, and 
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(iii) how outcomes of bioprosthetic valves with concomitant anticoagulation therapy 
compare with patients with a mechanical valve.

DEVEloPmEnTS In fAVoUR of bIoloGIcAl VAlVES

bovine or Pericardial bioprosthetic Surgical Valves

At short-term, several small randomized trials and prospective studies have found bo-
vine valves to have significantly better hemodynamic results with lower valve gradients 
and larger aortic valve areas.81-84 Whether these results translate into improved survival 
remains conflicted. The largest study to date from Hickey and coauthors included nearly 
40000 patients and found that the 10-year survival rate was comparable between the 
bovine and porcine valves (49.0% versus 50.3%, respectively; P=0.77), which was 
confirmed by several recent smaller studies.85-88 Moreover, the authors of an overview 
on porcine versus bovine studies clearly summarized that “variability between valve 
manufacturers, study designs, study period and patient population in studies impose 
limitations to the comparisons of valve types.”84

Because of the assumed improved outcomes with bovine pericardial valves, newer 
bioprostheses generally contain bovine tissue leaflets. Newer bioprostheses may lead 
to improved outcomes because of improved designs with better hemodynamic perfor-
mance.3 For example, the Trifecta valve (St. Jude Medical, Saint Paul, Minnesota, United 
States) established superiority over Objective Performance Criteria (OPC) and showed 
excellent hemodynamic performance with lower gradients and higher aortic valve 
areas.89-92 Registry data on the Perigon (Medtronic Inc, Minneapolis, Minnesota, United 
States, clinicaltrials.gov number: NCT02088554) and Resilia (Edwards Lifesciences, Irvine, 
California, United States, clinicaltrials.gov number: NCT01757665) valves are currently 
underway. Before these valves lead to even more implantation of bioprosthetic valves in 
younger patients, they should be compared to mechanical prostheses.

Transcatheter Valves

Over the last decade since the introduction of transcatheter heart valves (THVs), nu-
merous randomized trials have shown TAVI to be non-inferior if not superior to AVR in 
selected patients that are at intermediate- or high-risk for surgical mortality or morbid-
ity.93-97 Numerous THVs have been produced, all of which are bioprosthetic valves; there 
is a need to crimp the valve to fit a sheath for a predominant transfemoral approach of 
implantation. Some concerns have been raised about crimping, since this can damage 
the leaflet tissue.

Although TAVI is currently mostly reserved for elderly patients, the low complication 
rate of the procedure opens the door to implanting THVs in younger patients. The 
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reduced invasiveness and faster recovery time as compared with AVR could tip the 
scale in favour of TAVI with a bioprosthetic valve as opposed to AVR with a mechanical 
valve, if long-term results are at least non-inferior.98 Especially now that valve-in-valve 
procedures have emerged as a valuable option in patients with degenerated (surgical) 
bioprostheses.99, 100 Particularly in patients aged 60-70 in which both mechanical and 
bioprosthetic valves are valuable options according to clinical guidelines, implanting 
a bioprosthesis with a subsequent valve-in-valve in prospect may alter the decision in 
this particular age group. However, experience with valve-in-valve procedures remains 
relatively limited, is selectively used in high-risk patients, and long-term follow-up is 
scarce.101 Moreover, PPM is not infrequent after valve-in-valve procedures and has a 
detrimental impact on long-term outcomes.51, 101, 102

Sutureless Valves

Transcatheter heart valve technology has been paralleled by similar developments 
in surgical AVR with the advent of sutureless, also named rapid-deployment valves. 
Comparable to THVs, sutureless technology includes only bioprosthetic valves as these 
are compressed to a certain degree, although attempts have been made to develop 
sutureless mechanical valves that were tested in pigs.103 The patient population that 
can benefit from sutureless valves is yet unclear, particularly considering the excellent 
results with TAVI in the intermediate- to high-risk patient population and its expansion 
to an all-comers population that includes those at low-risk.104 However, with a growing 
interest in minimally invasive procedures, sutureless technology could be adopted more 
now that such procedures are considerably less technically challenging with a sutureless 
technique. Upcoming trials randomizing patients between sutureless or conventional 
AVR, like the PERSIST-AVR trial (clinicaltrials.gov number: NCT02673697), are underway.

TISSUE-EnGInEERED VAlVES

The need for mechanical and bioprosthetic valves could potentially be omitted in the 
future with the development of tissue-engineered heart valves. Constructed valves 
disrupt, although only marginally, the native size and shape of the aortic annulus, alter-
nate hemodynamic flow, and are susceptible to cloth formation and endocarditis due 
to the presence of a foreign body. In contrast, tissue-engineered valves mimic natural 
blood flow through the left ventricular outflow tract and coronary arteries due to their 
natural structure, may have the possibility for self-repair and remodeling as opposed to 
degeneration of bioprosthetic valves, and provide no additional risk related to a trig-
gered reaction as the result of a foreign body. Moreover, tissue-engineered valves have 
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the potential to grow, allowing them to be implanted in pediatric patients without the 
obvious need for a reoperation when they would have outgrown their prosthesis.

Early concepts of tissue-engineering technology have focused on developing valves 
with the use of a matrix that is in-vitro seeded with harvested cells. Since then, many 
methods have been tested to overcome technical, logistical and fi nancial hurdles and 
potentially introduce an ‘off -the-shelf’ valve for routine use.105 At the moment, these 
diff erent concepts are being tested in sheep.106, 107 Their clinical application still requires 
additional feasibility studies and a fi rst-in-man application, but it remains a promising 
prospect.108

HEART TEAm

Multidisciplinary Heart Team decision-making is becoming more important for the treat-
ment of aortic valve disease because of an increasing overlap of indications for AVR and 
TAVI. Clinical guidelines therefore recommended regular, formal Heart Team meetings. 
If a patient is a better candidate for AVR, these meetings furthermore provide the op-
portunity to discuss in a Heart Team whether a mechanical or bioprosthetic valve should 
be preferred based on the patient profi le. Given the complex decision-making that relies 
on numerous comorbidities, expected hemodynamic performance of a prosthetic valve, 
and long-term secondary prevention that is directed by the cardiologist, these decisions 
may be more appropriate than when made by surgeons alone.

Eur Heart J, Volume 38, Issue 28, 21 July 2017, Pages 2183–2191, https://doi.org/10.1093/eurheartj/ehx141
The content of this slide may be subject to copyright: please see the slide notes for details.

Figure 4 Advancements in therapy related to mechanical and 
bioprosthetic valves that may change the cut-off for ...

figure 4. Advancements in therapy related to mechanical and bioprosthetic valves that may change 
the cut-off  for implanting a bioprosthesis. Adapted from Head and coauthors.59
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conclUSIonS

The main reason to opt for a bioprosthesis is to avoid the indication for lifelong antico-
agulation, which has resulted in a clear increase in the use of bioprosthetic as opposed 
to mechanical aortic valve replacement, particularly in middle-aged patients of 50-70 
years old. However, there is currently no evidence to support lowering the age threshold 
below 60 years for implanting a bioprosthesis. New developments in the field of antico-
agulation therapy and management and in both mechanical and bioprosthetic valve 
design and indications can potentially significantly alter the risk/benefit ratio associ-
ated with either prosthesis and change the decision-making process (Figure 4). Future 
randomized studies should investigate these developments. Until then, physicians and 
patients should be cautious in pursuing more bioprosthetic valve use until its benefit is 
clearly proven in middle-aged patients.
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Pubmed search

“aortic valve replacement AND mechanical [tiab] AND (biologic [tiab] OR biological 
[tiab] OR bioprosthetic [tiab] OR bioprosthesis [tiab] OR tissue [tiab]) AND (propensity 
[tiab] OR multivariate [tiab] OR multivariable [tiab] OR random* [tiab] OR adjust* [tiab] 
OR independent [tiab])”
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Anticoagulation management after mechanical prosthetic heart valve (PHV) implanta-
tion should find the delicate balance between effectively preventing valve-related 
thromboembolic events while not substantially increasing the risk of bleeding.1 Me-
chanical PHVs traditionally require lifelong anticoagulation with vitamin K antagonists 
(VKAs). VKAs have a narrow therapeutic range, a delayed on- and offset of action, and 
their effect is influenced by dietary vitamin K intake and numerous drug interactions, 
which necessitates high patient compliance and lifelong monitoring of the International 
Normalized Ratio (INR).2 Moreover, there is a considerable life-time bleeding risk associ-
ated with VKAs, especially considering that the time spent in the therapeutic range (TTR) 
might be as low as 50% in some cases.3 The wish to avoid long-term anticoagulation 
is reflected in the recent trends of PHV utilization, favoring biological over mechanical 
valves despite their inferior long-term durability.4 However, efforts are made to reduce 
the intensity and burden of anticoagulation after mechanical heart valve implantation5-7 
or to completely replace VKAs with alternative antithrombotic therapy in patients that 
do require a mechanical valve.8 Another potential advancement that could completely 
eliminate the use of VKAs would be the development of novel mechanical heart valves 
not requiring anticoagulation.9,10 The On-X valve (Cryolife, Kennesaw, GA, US) is designed 
with the intention to promote physiological blood flow and low thrombogenicity after 
mechanical PHV implantation by using a silicon-free pyrolytic carbon and allowing for 
90-degrees leaflet opening.11

In a recent article, Puskas and colleagues reported long-term follow-up of the PROACT 
(Prospective Randomized On-X Anticoagulation Clinical Trial) study, which investigated 
the non-inferiority of a lowered target INR (range 1.5 to 2.0) combined with low-dose 
acetylsalicylic acid (“high-risk arm”) or dual antiplatelet therapy (DAPT, “low-risk arm”) 
over standard anticoagulation with warfarin in patients undergoing mechanical aortic 
valve replacement (AVR) with the On-X valve.11 The investigational therapy commenced 
3 months after surgery, following a period of formal anticoagulation. PROACT enrolled 
576 participants (n=375 in the high-risk arm and n=201 in the low-risk arm) and the 
primary endpoint of the study was the composite of major and minor bleeding, throm-
boembolic events, and valve thrombosis. Interim results of the PROACT high-risk arm 
were already published in 20145, and played a major role in the regulatory approval of 
the lowered target INR range labeling claim by On-X. These results were also incorpo-
rated in the most recent American clinical practice guidelines on the management of 
valvular heart disease.12 This final report includes extended follow-up of the high-risk 
patients, and reports outcomes of the low-risk arm.

In the high-risk arm, the incidence of the combined primary endpoint was 5.50% 
per patient-year (%/py) versus 9.35%/py (p=0.002) in patients receiving reduced and 
standard intensity anticoagulation, respectively. The incidence of bleeding was lower 
with reduced versus standard intensity warfarin (2.86%/py versus 7.43%/py, respec-
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tively; p<0.001), without affecting the incidences of valve thrombosis (0.21%/py versus 
0.18%/py; p=0.90), stroke (0.74%/py versus 0.64%/py; p=0.80), transient ischemic 
attack (1.27%/py versus 1.01%/py; p=0.60), peripheral thromboembolism (0.42%/py 
versus 0.09%/py; p=0.20) or all cause-mortality (1.38%/py versus 1.56%/py; p=0.70) in 
patients with reduced and standard anticoagulation, respectively. We performed ad-
ditional analyses to calculate the incidence rate and rate ratio of all the thromboembolic 
events (neurological events, peripheral thromboembolic events, and valve thrombosis 
combined) in the high-risk arm: the incidence of thromboembolic events was 2.64%/py 
versus 1.92%/py (rate ratio: 1.37, 95% CI 0.77-2.45; p=0.28) in patients receiving reduced 
and standard intensity anticoagulation, respectively. In the low-risk arm, the incidence 
of thromboembolic events was significantly higher in patients receiving DAPT versus 
standard anticoagulation (4.86%/py versus 0.29%/py, respectively; p=0.02), while no 
difference in the incidence of bleeding between the two groups was noted (3.82%/py 
versus 3.49%/py, respectively; p=0.80).

This report reinforces the safety of lowered INR ranges after mechanical AVR with 
the On-X valve. However, we cannot exclude the possibility that the safety of a lowered 
INR range after mechanical AVR might also apply to other modern bileaflet mechanical 
PHVs. Indeed, there are no studies comparing thromboembolic risk between different 
modern bileaflet mechanical PHVs. Nevertheless, several studies have been published 
supporting this notion.6,7,13,14 Recently, a post-hoc analysis of the LOWERING-IT (LOWER-
ing the INtensity of oral anticoaGulant Therapy in patients with bileaflet mechanical 
aortic valve replacement) trial that focused on 292 patients receiving LivaNova Bicarbon 
mechanical aortic valves (LivaNova, London, United Kingdom) concluded that a lowered 
INR target (range 1.5–2.5 n=148) was equally safe in terms of thromboembolic compli-
cations when compared to standard anticoagulation (range INR 2.0–3.0; n=144), while 
significantly less bleeding events occurred in the low INR group.13 In the ESCAT III (Early 
Self-Controlled Anticoagulation Trial) study, a lower INR target (range 1.6-2.1) with self-
management was found to be superior when compared to standard anticoagulation 
(INR target 1.8-2.8) in terms of bleeding risk, and comparable in terms of thrombotic risk 
in a large cohort undergoing mechanical AVR, mostly receiving St Jude valves (Abbott, 
Chicago, IL, US).7

Despite these positive findings in the high-risk arm, the results for the low-risk arm 
were less assuring. Although previous data suggested that thromboembolic events after 
mechanical PHV implantation are linked to platelet activation15 and might be prevented 
with the use of DAPT16, the PROACT low-risk arm that investigated DAPT versus standard 
anticoagulation had to be terminated due to an excess in thromboembolic events in the 
DAPT group without a benefit in terms of bleeding rates. Of note, the previous CAPTA 
(Clopidogrel and Aspirin in the Prevention of Thromboembolic Complications After Me-
chanical Aortic Valve Replacement) study, enrolling 200 patients to compare DAPT with 
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warfarin in mechanical AVR, was stopped prematurely due to similar reasons.17 Even 
though the design of the On-X valve is believed to be less thrombogenic as compared 
with many other valves used in the CAPTA trial11, exclusive antiplatelet therapy with 
aspirin and clopidogrel still does not appear to be safe after mechanical AVR with the 
On-X valve. Of note, novel antiplatelet drugs – ticagrelor and prasugrel – have proven 
to be more effective when compared to clopidogrel in patients with coronary artery 
disease18,19, and it needs to be determined whether these more potent P2Y12-inhibitors 
in combination with aspirin may potentially have a role as antithrombotic therapy in a 
population of patients with mechanical PHVs.

The PROACT study has some aspects to consider when interpreting the result. Firstly, 
due to the relatively low number of participants and the choice of the composite end-
point (grouping two clinical events that move in opposite directions, e.g. bleeding 
and thrombosis), the design and statistical power of the study have been questioned.5 
Secondly, in the high-risk arm, 22 patients (12%) in the lowered INR group suffered a 
thromboembolic event that required cross-over to standard anticoagulation. In real-
world clinical practice, it will be imperative to identify which patients are at risk of a 
thromboembolic event with a lower INR range before reducing the intensity of antico-
agulation. Thirdly, in the PROACT high-risk arm, a combination of warfarin and aspirin 
was tested and not a lowered dose of warfarin alone. Therefore, it is unclear whether 
the findings of PROACT would also be applicable for lowered warfarin dosage alone. 
Finally, all patients assigned to receive warfarin in the PROACT study received an INR 
testing device for weekly self-monitoring.7,20 This set-up is ideal to optimize INR control 
and increase patient comfort21, but makes it difficult to extrapolate the study results to 
a population that does not monitor INR at home since self-monitoring might have an 
additional protective effect by increasing patients’ consciousness and compliance with 
the anticoagulation therapy.

In conclusion, the PROACT study adds to the growing body of evidence of the feasibil-
ity of a lowered INR range in high-risk patients undergoing mechanical AVR with the 
On-X valve. However, these lower INR targets are safe in a strategy with concomitant 
aspirin therapy and with self-monitoring INR values, and it is imperative to note that 
new studies are required before the 1.5-2.0 INR range can be adopted without aspirin 
therapy or with less rigorous INR-monitoring. Further studies will add to the growing 
knowledge of the feasibility of a lowered target INR range after mechanical AVR other 
than the On-X valve (clinicaltrials.gov identifier: NCT03636295). However, it appears that 
eliminating anticoagulation completely is not safe and is not an acceptable strategy, 
even in low-risk patients.
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GRAPHIcAl AbSTRAcT

Key question: compare the incidence of all-cause mortality after transcatheter and 
surgical aortic valve replacement.
Key findings: transcatheter aortic valve replacement has higher incidence of all-cause 
mortality during long-term follow-up.
Take-home message: SAVR should be considered in all low-risk patients with severe AS.

AbSTRAcT

objectives: Although the standard of care for patients with severe aortic stenosis (AS) 
at low surgical risk has included surgical aortic valve replacement (SAVR) since the 
mid-1960s, many clinical studies have investigated whether transcatheter aortic valve 
implantation (TAVI) might be a better approach in these patients. Because no individual 
study has been powered to detect the difference in mortality between these two treat-
ment strategies, we did a reconstructive individual patient data analysis to study the 
long-term difference of all-cause mortality.
methods: Randomized clinical trials (RCTs) and propensity score matched (PSM) stud-
ies that included low-risk adult patients with severe AS undergoing either SAVR or TAVI 
and with reports on the mortality rates during follow-up were considered. The primary 
outcome was all-cause mortality up to 5 years.
Results: In the reconstructed individual patient data analysis, there was no statistically 
significant difference in all-cause mortality between TAVI and SAVR at 5-year of follow-up 
(30.7% versus 21.4%, HR 1.19, 95% CI 0.96-1.48, P=0.104). However, landmark analyses in 
patients surviving up to 1-year of follow-up show significant higher all-cause mortality 
at 5-years of follow-up (27.5% vs 17.3%, HR 1.77, 95% CI 1.29-2.43, P<0.001), in patients 
undergoing TAVI compared to patients undergoing SAVR, respectively.
conclusions: This reconstructed individual patient data analysis in low-risk patients 
with severe AS demonstrates that 5-year all-cause mortality rates are higher after TAVI 
compared with SAVR, driven by markedly higher mortality rates between 1- and 5-years 
of follow-up in the TAVI group. The present results call for caution in expanding TAVI 
procedure as the treatment of choice for the majority of all low-risk patients until long-
term data from contemporary RCTs are available.



97

Low-risk aortic stenosis: SAVR versus TAVR

6

InTRoDUcTIon

Since the mid-1960s, surgical aortic valve replacement (SAVR) is the gold standard of 
care for treatment of patients with severe symptomatic aortic stenosis (AS) who are at 
low-risk for surgical mortality with year-by-year improvements in both short- and long-
term outcomes.1 In 2002, the first successful transcatheter aortic valve implantation 
(TAVI) was performed in an inoperable patient with calcified AS presenting with cardio-
genic shock.2 Rapidly, the beneficiary results of TAVI over medical therapy in inoperable 
patients3 led toward the expansion of TAVI approach to high-risk patients.4,5 Comparable 
results from randomized controlled trials (RCTs) and prospective registries in those at 
high-risk led to further expansion of TAVI toward patients who are at intermediate-risk 
for surgical mortality.6,7 Moreover, this interventional approach is now widely indicated 
in the European and American Guidelines for the management of symptomatic AS as 
class I for high-risk and class IIa for intermediate risk patients.8,9

Recently published up to 2 years of follow-up results from the two large multicenter 
RCTs have enraged the debate of conducting TAVI as the first line treatment procedure in 
the majority of patients with severe AS irrespective of surgical risk.10,11 Controversy exists 
whether available data is robust enough to justify further TAVI expansion to the low-risk 
population, which represents the vast majority of all AS cases (75-80%).12 To date, the 
evidence is inconclusive on hard clinical outcomes, including all-cause mortality, due 
to the fact that all published studies lacked statistical power to detect differences in 
individual outcomes between TAVI and SAVR. Therefore, we performed a reconstructed 
individual patient data meta-analysis of RCTs and propensity-score matched (PSM) stud-
ies to compare the risk of all-cause mortality up to 5 years after TAVI and SAVR in low-risk 
symptomatic patients with severe AS.

mETHoDS

The reporting of this study complies with the Preferred Reporting Items for Systematic 
reviews and Meta-Analyses (PRISMA-P) and Meta-analysis Of Observational Studies in 
Epidemiology (MOOSE) Guidelines (Table S1).13,14

Search strategy and study inclusion

The MEDLINE, Embase and Cochrane databases were searched from their inception 
to March 13th, 2020, for full-length, English-language, RCTs or PSM cohort studies that 
reported on low-risk patients with severe AS who were treated with either SAVR or 
transfemoral TAVI. The search strategy is provided in the Supplementary Material, Table 
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S2. Because the data sharing statements indicate confidentiality, the authors were not 
contacted for studies if data was unclear.

Two investigators (M.C. and A.P.D.) independently screened the search result in dupli-
cate for eligibility. In case of disagreement, consensus was reached through discussion. 
Firstly, the title and abstract were reviewed, after which the remaining articles were 
reviewed in-depth. Relevant articles identified by cross-referencing were added manu-
ally to ensure no relevant studies were missed.

Study inclusion consisted of the following criteria: i) comparison of TAVI to SAVR, ii) 
inclusion of adult patients with severe AS quantified by at least an aortic valve area 
(AVA) of <1.0 cm2 or an indexed AVA (iAVA) <0.6 cm2/m2, a jet velocity of >4.0 m/s, or a 
mean gradient of >40 mmHg; iii) inclusion of patients with  low-risk, defined as the mean 
society of thoracic surgery [STS] score <4% or the logistic European System for Cardiac 
Operative Risk Evaluation [EuroSCORE] <10%; and iv) reporting at least the event based 
on valve replacement approach during follow-up .

Data extraction

After relevant articles were identified, two investigators (M.C. and A.P.D.) indepen-
dently extracted clinically relevant data and those necessary for inclusion of the study 
in the present meta-analysis. Consensus was reached through discussion, in case of 
any disagreements. Study description data that was extracted included the location of 
the study, design of the study, the number of included patients, time span of patient 
inclusion, used transcatheter system, TAVI approach, whether the study used the VARC-II 
definition, and the primary objective of each study. As baseline characteristics data was 
extracted consisted of age, gender, left ventricular ejection fraction (LVEF) and used risk 
scores to assess the risk of surgical mortality was extracted as patient characteristics. 
Further, we did extract the amount of patients with diabetes mellitus, coronary artery 
disease, previous CVA, previous MI, peripheral vascular disease, atrial fibrillation, pre-
existing pacemaker and proportion of patients in NYHA III/IV. Given the primary end-
point for the present analysis we extracted the total follow-up time, mean or median 
time of follow-up, and the number of events that occurred during this follow-up for 
our endpoint of interest. Furthermore, hazard ratios (HRs) with 95% confidence intervals 
(CI) were estimated from Kaplan-Meier (KM) survival curves. Risk of bias assessment 
was independently performed by two investigators (M.C. and M.M.M). Consensus was 
reached through discussion, in case of any disagreements. The Revised Cochrane Risk of 
Bias Tool for Randomized Controlled Trials versions 2.0 was used to assess the bias in the 
randomized trials15, and the ROBIN-1 Risk of Bias Tool for Non-Randomized Controlled 
trials was used to assess the bias in observational studies.16
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Statistical analyses

Descriptive statistics were summarized as mean ± SD or crude numbers with percent-
ages, where appropriate. The primary endpoint of this study was all-cause mortality at 5 
years of follow-up. Due to the fact that the two largest RCTs used a ‘modified intention-
to-treat’ principle in their study design which was virtually equal to ‘as-treated’ principle, 
the analysis was performed on an “as-treated” basis, whenever possible.

All-cause mortality following TAVI versus SAVR was compared using aggregated re-
constructed individual patient data. Kaplan-Meier survival data was extracted per study 
with DigitizeIt (http://digitizeit.de). Per study extracted data was then reconstructed and 
visually compared with the original published data and the estimated KM curves did not 
demonstrate major graphical differences. If possible, reconstructed HRs were compared 
with the originally published estimates and their corresponding 95% CI.

Data was then reconstructed from the published Kaplan-Meier curves as previously 
described.17,18 The reconstructed data was then used to obtain pooled cumulative in-
cidences of all-cause mortality and Cox regression HRs with its corresponding 95% CI. 
Visual inspection of the Kaplan-Meier curves suggested a violation of the proportional-
ity assumption. The proportional hazard assumption for the overall group was assessed 
based on the scaled Schoenfeld residuals, which was violated (p=0.042). Therefore, land-
mark analyses was used to describe the occurrence of all-cause mortality in time, within 
1 year, and through 1 to 5-years. The hazards proportionality was further tested in the 
landmark subgroups, within the first year (p=0.017), and between 1- and 5-years (0.83).  
Further, a fully parametric model was used to obtain time-dependent HR (Royston-
Parmar). In addition, a study level meta-analysis was performed using a random-effects 
model. Data analyses were performed using Stata (version 16.1, StataCorp, College Sta-
tion, Texas, USA) and R software, version 3.5 (R Foundation, Vienna, Austria).

RESUlTS

Description of included studies

We screened 2029 studies, of which 14 were judged potentially eligible during screen-
ing of titles and abstracts (Figure 1). The search strategy is added in the Supplementary 
Material, Table S2. Six studies met our inclusion criteria10,11,19-22, including, 3 RCTs, and 
3 PSM cohort studies. One study was evaluated per intention-to-treat basis21, whereas 
the other 5 studies were analyzed per as-treated basis.10,11,19,20,22 An overview of qual-
ity assessment is presented in Table S2 and S3. Most patients were male (60.5%) and 
aged above 70 years (Table 2 ). The transfemoral access was the most frequently used 
approach for TAVI. All RCTs reported perioperative procedural risk of mortality using 
STS-PROM at 30 days and in addition, 2 studies reported the logistic EuroSCORE (LES). 
The mean STS-PROM scores ranged from 1.9% to 3.0%.
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figure 1. flow-chart of systematic literature search and study inclusion.
A total of 2029 potentially relevant articles were screened of which 6 were finally eligible for this study. PSM, 
propensity score matched; RCTs, randomized controlled trials.
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mortality

Our secondary pooled Kaplan-Meier analyses for the all-cause mortality showed signifi-
cant difference in the rate of all-cause mortality at 30 days (1.1% vs. 1.8%, HR 0.59, 95% 
CI 0.35-0.99, P=0.048) in favour of TAVI. However no significant difference in the rate of 
all-cause mortality  between TAVI and SAVR were noted at 1-year of follow-up (4.4% vs. 
5.0%, HR 0.85, 95% CI 0.64-1.14, P=0.28), at 3-years of follow-up (18.7% vs. 12.4%, HR 
1.17 95% CI 0.91-1.43, P=0.26), and at 5-year of follow-up (30.7% vs. 21.4%, HR 1.19, 
95% CI 0.96-1.48, P=0.10) (Figure 2, respectively). At landmark analyses with patients 
surviving up to 1 year, the 5-year mortality was significantly higher after TAVI vs. SAVR 
(HR 1.77, 95% CI 1.29-2.43, P<0.001) (Figure 2). The early hazard was in favor of TAVI, 

figure 2. A reconstructed pooled individual patient cumulative incidence of all-cause mortality in 
patients with low surgical risk undergoing either TAVI or SAVR. A) shows the overall curve, B) shows a 
landmark analysis, HRs are given for 1-year, 3-year, and 5-year.
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while over time this favor diminished and mortality was higher in TAVI. The crossover 
starts at approximately the first half year, significantly favoring SAVR after 24 months 
(Figure 3). In addition, a study-level meta-analysis on all-cause mortality was performed. 
Early mortality showed a trend in favour of TAVR (HR 0.73, 95% CI 0.37-1.44), while there 
was a trend in favour of SAVR at 5-years of follow-up (HR 1.53, 95% CI 0.89-2.62)

DIScUSSIon

This reconstructed individual patient data analyses from 3 RCTs randomized and 3 
PSM cohort studies is the first large-scale study performed to estimate the long-term 
all-cause mortality following TAVI and SAVR in low-risk patients. The main findings of 
the present study are as follows: (1) all-cause mortality at 30-days tends to be lower in 
patients treated with TAVI compared to SAVR, (2) comparable outcome is seen at 1-year, 
and (3) at 5-year follow-up, the incidence of mortality is markedly higher after TAVI 
compared to SAVR.

The initial comparable outcomes between TAVI and SAVR in patients at intermediate-
to-high surgical risks led to further expansion of the TAVI approach across the risk spec-
trum of patient population. The Food and Drug Administration (FDA) approved certain 
TAVI devices to be used in the low risk patient in November 2019. It is expected that this 
will increase the use of TAVI irrespective of surgical risk worldwide, given the fact that 
already 10% of European TAVI centers has performed routine TAVI in the low-risk patient 
even before the FDA announcement.23

Our results confirm the benefit of TAVI over SAVR in the early post-procedural phase. 
While the in-hospital outcomes after SAVR are linked to the need for more invasive treat-
ment with cardiopulmonary bypass and general anesthesia, it carries a natural higher 
likelihood of early interventional hazard compared with TAVI itself.24,25 On the other 

figure 3. Time-varying hazard ratio for all-cause mortality with a fully parametric generalized sur-
vival model. HR is given as all-cause mortality after index procedure. HR below 1.0 is in favor of SAVR, while 
an HR above 1.0 is in favor of TAVI. Abbreviations as in Figure 2.
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hand, the less invasive character of TAVI and continuous improvements such as treat-
ment under analgo-sedation only and with shorter hospital stay, certainly lowers the 
complications rates and subsequent early mortality.26 With increasing operator27, hos-
pital28, and international experience, very low hospital mortality rates are achieved.29,30 
Moreover, the newer generation devices used in contemporary practice showing in-
hospital mortality at historically low levels.31,32

The early favorable nature of TAVI is reflected by low post-procedural mortality 
rates, while this might not fully reflect the difference of treatment effect in the long-
term. Again, SAVR is linked to a natural higher likelihood of early interventional hazard 
compared to TAVI due to its nature. To avoid this early bias, the non-proportionality of 
the effects of the treatment, we did use an approach, wherein patients surviving up to 
1-year were selected in a landmark approach. However, using an additional landmark 
approach might inherently i) lead to omission of events which could be important and 
occur early on, and ii) loss of power.33 However, choosing an early point for landmarking 
minimizes these risks.

Recently published results of the meta-analysis summarizing the mortality rates of 
available RCTs irrespective of surgical risk up to 2-years, shows a significant reduction 
of all-cause mortality with TAVI over SAVR.34 However, additional analyses accounting 
for the non-proportionality across the studies nullifies this assumption. A divergence in 
all-cause mortality favoring SAVR during long-term follow-up is noted. There is an earlier 
onset of this divergence when climbing down the risk ladder. The 5-year results in high-
risk patients show similar survival rates with nearly equal  or even a crossover of survival 
rates after 60 months favoring SAVR in the long-term35, while in the intermediate-risk 
patients this crossover is expected with an earlier onset.7

There are a number of concerns for extrapolating the favorable TAVI results to the 
younger population. Firstly, the global average life expectancy (LE) increased by 5.5 
years between 2000 and 2016, and continues to increase markedly, leading to sub-
stantially higher risk for re-intervention during life-span. Secondly, low-risk does not 
automatically mean “younger”, since the mean age of our analyses were 76 years of age. 
As younger age is associated with less mortality36, one expects a multiplier effect for the 
TAVI in the young low-risk patient, for its non-invasive character. Thirdly, a high need 
for pacemaker implantation is likely to impair quality of life in active patients. Finally, 
given the unknown long-term mortality results and durability of these valves, caution 
is necessary offering TAVI to the younger low-risk patients with LE exceeding 10 years. 
Especially, after noting an earlier onset of crossover and divergence of mortality in favor 
of SAVR while climbing down the risk ladder. We therefore await the long-term data from 
the younger population with bicuspid morphology (NCT02701283) and the three RCTs 
(PARTNER 3, Evolut R Low Risk and NOTION 2) in younger low-risk patients, which are 
recently completed and will be presenting follow-up up to 10 years.10,11
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future outlook

Given the data from recently published RCTs, surgical risk is not anymore, the single 
determinant for eligibility of patients and other important variables, including anatomy 
and comorbidities should lead patient allocation. Multidisciplinary Heart Team decision-
making is becoming more important for the treatment of aortic valve disease because 
of an increasing overlap of indications for SAVR and TAVI. Formal Heart Team meetings 
are recommended to assess patients and allocate patients accordingly. Nevertheless, we 
need to be cautious and await long-term data from RCTs before changing the current 
standards of care.

limitations

It is important to emphasize that this study has several limitations. Firstly, this meta-
analysis includes both RCTs and PSM cohort studies. While, both types of studies ac-
count for baseline characteristics, a difference in magnitude of effect size can be noted.37 
However, differences in effect estimates are not significantly different and consistency is 
shown.37,38 Secondly, for the definition of surgical risk, we were very strict on risk adopt-
ing only the STS surgical risk score. The STS score accurately predicts SAVR outcomes39,40, 
yet overestimates 30-day mortality in TAVI patients. The lack of TAVI risk scores need to 
be issued in the future.41 Thirdly, it was impossible to perform a network meta-analysis to 
indirectly compare transfemoral and transapical approach because of the low number 
of studies comparing SAVR to transapical TAVI procedure, which will become the proce-
dure of choice only for highly selected patients. Finally, the most important limitation of 
the present study is the limited follow-up period of the two largest RCTs.

conclUSIonS

In this reconstructed individual patient data analyses of studies comparing AS patients 
at low surgical risk who had undergone either a surgical or an interventional procedure, 
the present data showed that 5-year mortality did not significantly differ  in patients 
receiving either TAVI and SAVR. In particular, the benefit of SAVR over TAVI was shown in 
patients surviving up to 1 year after the index procedure. Longer follow-up from well-
conducted RCTs and large national registries are warranted to better define mortality 
differences between these two complementary procedures.
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 SUPPlEmEnTARY mATERIAl

Table S1 - PRISmA-P checklist 2015 1,2

Section/topic # checklist item
Information
reported line number(s)
Yes no

ADmInISTRATIVE InfoRmATIon

Title

 Identification 1a
Identify the report as a protocol of a 
systematic review

 Update 1b
If the protocol is for an update of a 
previous systematic review, identify as 
such

Registration 2
If registered, provide the name of the 
registry (e.g., PROSPERO) and registration 
number in the Abstract

Authors

 Contact 3a

Provide name, institutional affiliation, 
and e-mail address of all protocol 
authors; provide physical mailing 
address of corresponding author

1-23

 Contributions 3b
Describe contributions of protocol 
authors and identify the guarantor of 
the review

Noted within Editorial 
Manager under: “Order 
of Authors (with 
Contributor Roles):”

Amendments 4

If the protocol represents an amendment 
of a previously completed or published 
protocol, identify as such and list 
changes; otherwise, state plan for 
documenting important protocol 
amendments

Support

 Sources 5a
Indicate sources of financial or other 
support for the review

11

 Sponsor 5b
Provide name for the review funder and/
or sponsor

11

  Role of sponsor/
funder

5c
Describe roles of funder(s), sponsor(s), 
and/or institution(s), if any, in developing 
the protocol

11

InTRoDUcTIon

Rationale 6
Describe the rationale for the review in 
the context of what is already known

81-105

objectives 7

Provide an explicit statement of the 
question(s) the review will address with 
reference to participants, interventions, 
comparators, and outcomes (PICO)

94-105
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Section/topic # checklist item
Information
reported line number(s)
Yes no

mETHoDS

Eligibility criteria 8

Specify the study characteristics (e.g., 
PICO, study design, setting, time frame) 
and report characteristics (e.g., years 
considered, language, publication status) 
to be used as criteria for eligibility for 
the review

111-117

Information 
sources

9

Describe all intended information 
sources (e.g., electronic databases, 
contact with study authors, trial registers, 
or other grey literature sources) with 
planned dates of coverage

111-117

Search strategy 10

Present draft of search strategy to be 
used for at least one electronic database, 
including planned limits, such that it 
could be repeated

Table S2.

STUDY REcoRDS

 Data management 11a
Describe the mechanism(s) that will 
be used to manage records and data 
throughout the review

111-117

 Selection process 11b

State the process that will be used for 
selecting studies (e.g., two independent 
reviewers) through each phase of the 
review (i.e., screening, eligibility, and 
inclusion in meta-analysis)

118-120 and 132-135

  Data collection 
process

11c

Describe planned method of extracting 
data from reports (e.g., piloting forms, 
done independently, in duplicate), any 
processes for obtaining and confirming 
data from investigators

118-122 and 132-148

Data items 12

List and define all variables for which 
data will be sought (e.g., PICO items, 
funding sources), any pre-planned data 
assumptions and simplifications

132-148

outcomes and 
prioritization

13

List and define all outcomes for 
which data will be sought, including 
prioritization of main and additional 
outcomes, with rationale

132-148

Risk of bias in 
individual studies

14

Describe anticipated methods for 
assessing risk of bias of individual 
studies, including whether this will be 
done at the outcome or study level, or 
both; state how this information will be 
used in data synthesis

148-153; Supplementary 
tables 3-4
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Section/topic # checklist item
Information
reported line number(s)
Yes no

DATA

Synthesis

15a
Describe criteria under which study data 
will be quantitatively synthesized

155-161

15b

If data are appropriate for quantitative 
synthesis, describe planned summary 
measures, methods of handling data, 
and methods of combining data 
from studies, including any planned 
exploration of consistency (e.g., I 2, 
Kendall’s tau)

155-182

15c
Describe any proposed additional 
analyses (e.g., sensitivity or subgroup 
analyses, meta-regression)

169-182

15d
If quantitative synthesis is not 
appropriate, describe the type of 
summary planned

169-182

meta-bias(es) 16

Specify any planned assessment of 
meta-bias(es) (e.g., publication bias 
across studies, selective reporting within 
studies)

confidence 
in cumulative 
evidence

17
Describe how the strength of the body of 
evidence will be assessed (e.g., GRADE)
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Table S2 – search strategy

embase.com (1971-) 1396 1365

Medline ALL Ovid  (1946-) 1536 540

Cchrane CENTRAL register of trials (1992-) 293 124

Total 3225 2029

embase.com (1971-march 13, 2020) 1396
(‘transcatheter aortic valve implantation’/exp OR (((transcatheter* OR trans-catheter* OR percutan* OR 
per-cutan* OR trans-femoral* OR transfemoral*) NEAR/3 aortic-valv* NEAR/3 (implantat* OR replace*)) OR 
tavr OR tavi):ab,ti) AND (surgery/de OR ‘open heart surgery’/de  OR ‘open surgery’/de  OR ‘heart surgery’/
de OR ‘heart valve surgery’/de OR ‘heart valve replacement’/de OR ‘surgical aortic valve replacement’/de 
OR ‘aortic stenosis’/dm_su OR ‘surgical approach’/de OR ‘surgical risk’/de OR (((open OR replace* OR ap-
proach*) NEAR/6 (surger* OR surgical*)) OR conventional* OR savr):ab,ti) AND (‘Controlled clinical trial’/exp 
OR ‘Crossover procedure’/de OR ‘Double-blind procedure’/de OR ‘Single-blind procedure’/de OR (‘propen-
sity score’/de AND ‘cohort analysis’/de) OR (random* OR factorial* OR crossover* OR (cross NEXT/1 over*) 
OR placebo* OR ((doubl* OR singl*) NEXT/1 blind*) OR assign* OR allocat* OR volunteer* OR trial OR groups 
OR (propensity-score* AND cohort*)):ab,ti,kw) NOT ([animals]/lim NOT [humans]/lim) NOT ([Conference Ab-
stract]/lim) NOT (‘case report’/de OR ‘case report’:ab,ti) AND [english]/lim
medline All ovid  (1946- march 13, 2020) 1536
(Transcatheter Aortic Valve Replacement / OR (((transcatheter* OR trans-catheter* OR percutan* OR per-
cutan* OR trans-femoral* OR transfemoral*) ADJ3 aortic-valv* ADJ3 (implantat* OR replace*)) OR tavr OR 
tavi).ab,ti.) AND (Surgical Procedures, Operative/ OR Conversion to Open Surgery/  OR Thoracic Surgery/ 
OR Cardiac Surgical Procedures/ OR Aortic Valve Stenosis/su OR Heart Valves/su OR (((open OR replace* OR 
approach*) ADJ6 (surger* OR surgical*)) OR conventional* OR savr).ab,ti.) AND (Exp Controlled clinical trial/ 
OR “Double-Blind Method”/ OR “Single-Blind Method”/ OR “Random Allocation”/ OR (random* OR facto-
rial* OR crossover* OR cross over* OR placebo* OR ((doubl* OR singl*) ADJ blind*) OR assign* OR allocat* 
OR volunteer* OR trial OR groups).ab,ti,kf.) NOT (exp Animals/ NOT Humans/) NOT (news OR congres* OR 
abstract* OR book* OR chapter* OR dissertation abstract*).pt. NOT (case reports/ OR case report.ab,ti.) AND 
english.la.
cchrane cEnTRAl register of trials (1992- march 13, 2020) 293
((((transcatheter* OR trans-catheter* OR percutan* OR per-cutan* OR trans-femoral* OR transfemoral*) 
NEAR/3 aortic-valv* NEAR/3 (implantat* OR replace*)) OR tavr OR tavi):ab,ti) AND ((((open OR replace* OR 
approach*) NEAR/6 (surger* OR surgical*)) OR conventional* OR savr):ab,ti)
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Table S3 – Revised cochrane Risk of bias Tool for Randomized controlled Trials 2.0 3

Study PARTnER 3 EVolUT noTIon

Bias due to randomization process SC SC SC

Bias due to deviations from intended interventions SC SC LR

Missing outcome data HR LR LR

Bias in measurement of the outcome HR LR LR

Bias in selection of the reported result LR LR LR

Overall HR SC SC

lR, low risk of bias; Sc, some concerns of bias; HR, High risk of bias

Table S4 – RobIn-1 Risk of bias Tool for non-Randomized controlled trials 4

Study Schaefer Virtanen Rosato

Bias due to confounding SC SC SC

Bias in selection of participants into the study HR HR SC

Bias in classification of interventions LR LR LR

Bias due to deviations from intended interventions SC SC SC

Bias due to missing data SC SC SC

Bias in measurement of the outcome LR LR LR

Bias in selection of the reported result LR LR LR

Overall HR HR SC

lR, low risk of bias; Sc, some concerns of bias; HR, High risk of bias
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figure S1. forest plot of all-cause death in patients undergoing TAVI or SAVR during 30-days, 1-year, 
and 5-years of follow-up. HR below 1.0 is in favor of TAVI, while an HR above 1.0 is in favor of SAVR.

figure S2. comparison of estimated data with reported data
Data reported in the trial and data estimated data with individual patient data extractions
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AbSTRAcT

background: Patients with bicuspid aortic valve (BAV) encompass a substantial portion 
of patients undergoing surgical aortic valve replacement (SAVR). To quantify the preva-
lence of BAV in the current SAVR ± CABG population, assess differences in cardiovascular 
risk profiles and assess differences in long-term survival in patients with BAV compared 
to patients with tricuspid aortic valve (TAV), this study was performed.
methods: Patients who underwent SAVR with or without concomitant CABG and having 
a surgical report denoting the valvular anatomy were eligible and included. Prevalence, 
predictors and outcomes for patients with BAV were analyzed and compared to patients 
with TAV. Matched patients with BAV and TAV were compared using a propensity score 
matching strategy and an age-matching strategy.
Results: A total of 3723 patients of whom 3145 (mean age 66.6 ± 11.4 years, 37.4% 
female) had an operative report describing the aortic valvular morphology, underwent 
SAVR ± CABG between 1987 and 2016. The overall prevalence of patients with BAV was 
19.3% (607). Patients with BAV were younger compared to patients with TAV (60.6 ± 
12.1 versus 68.0 ± 10.7, respectively). In the age-matched cohort patients with BAV 
were less likely to have comorbidities, amongst others diabetes (p=0.001), hypertension 
(p<0.001), and hypercholesterolemia (p=0.003), compared to patients with TAV. Twenty-
year survival following the index procedure was higher in patients with BAV (14.8%) 
compared to TAV (12.9%) in the age-matched cohort, p=0.015.
conclusions: Substantial differences in cardiovascular risk profile exist in patients with 
BAV and TAV. Long-term survival after SAVR in patients with BAV is satisfactory.

GRAPHIcAl AbSTRAcT

Key question: What are the long-term outcomes of patients with bicuspid aortic valve 
undergoing surgical aortic valve replacement?
Key findings: BAV patients have better survival in an age-matched cohort, p=0.008
Take-home message: These satisfactory long-term results reinforce the role of surgical 
aortic valve replacement (SAVR) in the bicuspid aortic valve population
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InTRoDUcTIon

Bicuspid aortic valve (BAV) disease is the most prevalent congenital heart defect, with a 
prevalence between 0.5 and 2.0% in the general population.1,2 Compared to the patients 
with tricuspid aortic valve (TAV), patients with BAV are younger at the time of surgery.3 
Patients with a BAV present with a different cardiovascular risk profile than patients with 
a TAV and have a higher incidence of aortic stenosis, aortic regurgitation, aortopathy 
and related complications.4 BAV and TAV both have anatomical and procedural differ-
ences at the time of surgical intervention.5

Studies comparing the clinical profiles and outcomes of patients with BAV and TAV 
undergoing surgical aortic valve replacement (SAVR) are scarce, especially in an era 
where indications for transcatheter aortic valve implantation (TAVI) are expanding and 
becoming an alternative treatment for younger patients with low surgical risk and even 
for asymptomatic patients.6 Therefore, the purpose of this study was to (1) describe the 
prevalence of BAV in the current SAVR population, (2) describe similarities and differ-
ences in patients with BAV and TAV and (3) compare the long-term survival and predic-
tors of survival in patients with BAV and TAV.

mETHoDS

Study design

Adult (≥18 years) patients who underwent SAVR with or without a coronary artery by-
pass graft (CABG)  between 1987 and 2016 at the Erasmus Medical Centre, Rotterdam, 
The Netherlands were included. Patients with concomitant surgical procedures other 
than CABG were excluded. Patients who did not receive a biological or mechanical aorta 
valve prosthesis were excluded. Patients with previous aortic valve replacement were 
likewise excluded. Baseline patient and procedural characteristics were collected from 
electronic medical records. Survival status was obtained through the National Civil 
Registry. Patients were classified according to the number of cusps treated during the 
operation. Valvular morphology was defined by the surgeon in the operative report. 
Functional BAV, such as having an obstructed or incomplete commissure in an originally 
tricuspid valve, was classified as TAV.

This study was conducted according to the privacy policy of the Erasmus Medical 
Centre and the Erasmus Medical Centre regulations for the appropriate use of data in 
patient-oriented research, which are based on international regulations, including the 
Declaration of Helsinki (MEC-2020-0454). All the authors vouch for the validity of the 
data and adherence to the protocol.
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End points and definitions

The primary end point was to assess the prevalence of BAV and the differences in pa-
tient characteristics between BAV and TAV in the SAVR population. An additional end 
point was the difference in survival between patients with BAV and TAV. To assess for 
the prevalence of BAV within the surgical cohort, patients were classified across 6 age 
groups (group 1: patients younger than 40; group 2: patients between 40 and 49; group 
3: patients between 50 and 59; group 4: patients between 60 and 69; group 5: patients 
between 70 and 79; and group 6: patients aged or older than 80). The primary indication 
for an operation (aortic stenosis [AS], aortic regurgitation [AR] or combined AS and AR) 
was determined based on the initial echocardiogram and on the clinical guidelines in 
use at the time of the operation, corresponding to the current European and American 
valvular guidelines.7,8 In general, SAVR within 24 h of establishing the indication was 
classified as an emergency procedure. Renal failure was defined as a creatinine level 
≥2.0 mg/dl. Left ventricular function was classified as normal if the left ventricular ejec-
tion fraction (LVEF) was >50%, as mildly reduced if the LVEF was 40-49%, as moderately 
reduced if the LVEF was 30-39% and as severely reduced if the LVEF was less than 30%, 
as assessed by a trained echocardiographer.9

Statistical analyses

Discrete variables are presented as numbers, percentages or proportions and compared 
with either the χ2 test or the Fisher exact test, where appropriate. Continuous variables 
are presented as means ± standard deviation or median with the interquartile range 
if there was evidence of skewed data according to the Kolmogorov-Smirnov test and 
compared with either the two-sample t-test or the Wilcoxon rank-sum test, where ap-
propriate.

Non-parsimonious logistic regression was used to estimate each patient’s probability 
of being in the bicuspid aortic valve group. Propensity scores were calculated for each 
group with the following covariates: age, gender, previous cardiac operation, atrial 
fibrillation, diabetes mellitus, decompensation, hypercholesterolaemia, hypertension, 
myocardial infarction, previous percutaneous coronary intervention, chronic obstructive 
pulmonary disease, endocarditis, history of cancer, stroke/transient ischaemic attack, 
arterial disease, indication for surgery, concomitant CABG and size and type of valve 
implanted. The balance between treatment groups was assessed with the use of stan-
dardized mean differences. A standardized mean difference of 0.1 or less was deemed to 
be the ideal balance, and a standardized difference of 0.2 or less was deemed to be an 
acceptable balance.10 The relative survival can be used as an estimate of cause-specific 
mortality. It is defined as the ratio between the observed survival rates and the expected 
survival rates in the general population.11 Further, the proportional hazard assumption 
for the overall group was assessed with the corresponding test for correlation of the 
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Schoenfeld residuals over time. Nonetheless, the restricted mean survival time at 10 
years of follow-up was calculated to substantiate the overall between-group treatment 
effect in the overall cohort, the propensity score matched cohort and the age-matched 
cohort.

The Human Mortality Database is used to obtain the age-, sex- and calendar year- 
matched expected survival data of the general population in the Netherlands.12 The Hu-
man Mortality Database is continuously updated and includes mortality data from The 
Netherlands through 2016. Relative survival is estimated using the Ederer II method.13,14 
Predictors of mortality were identified in a Cox proportional hazards model. Significant 
variables on univariable analyses were included in a multivariable Cox proportional haz-
ards model. Sensitivity analysis were performed for isolated SAVR. Two-sided p-values 
<0.05 were considered to be statistically significant. Data analyses were done using 
SPSS 25.0 (SPSS Inc, Chi cago, IL USA) and R software, version 3.5 (R Foundation, Vienna, 
Austria). Figures were generated using Microsoft Excel (Microsoft, Redmond, WA USA) 
and R software, version 3.5 (R Foundation).

RESUlTS

characteristics of patients with bicuspid aortic valves

A total of 3723 patients underwent SAVR with or without CABG, 3145 of whom had a 
surgeon’s report on the valvular anatomy, with 607 BAV (19.3%) and 2538 TAV (80.7%). 
A total of 48 patients with BAV were excluded due to concomitant aortic surgery; dif-
ferences in characteristics between included and excluded patients are shown in Table 
S1. The prevalence of bicuspid aortic morphology according to age group was 36.2%, 
35.0%, 28.0%, 19.3%, 10.1% and 3.2% in patients aged <40, 40-49, 50-59, 60-69, 70-79, 
and 80≥ years, respectively (Fig. 1). The prevalence of bicuspid aortic morphology 
for those operated after the year 2000 is shown in Figure S1. Patients with BAV were 
younger than patients with TAV at the time of the operation (mean age 60.6 ± 12.1 years 
vs 68.0 ± 10.7 years; p< 0.001) and were less often women (32.9% vs 38.5%; p=0.013). 
The prevalence of BAV decreased from 43.8% to 16.2% between 1987 and 2016. The 
prevalence of hypertension (24.7% vs 39.6%), hypercholesterolaemia (10.0% vs 18.6%) 
and diabetes (7.7% vs 17.2%) was lower in patients with BAV than in those with TAV 
(all p-values <0.001) (Table 1). These differences persisted after age matching. Further 
characteristics in the overall cohort, the propensity score matched cohort and the age-
matched cohort are shown in Table 1. Subanalyses on the characteristics of patients 
operated on after 2000 are shown in Table S2 and Figure S2.
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Procedural characteristics

The indication for surgery was mainly AS (75.0%), followed by AR (7.7%) or AS and AR 
combined (17.1%). Concomitant CABG surgery was performed in 21.9% of the patients, 
less often in patients with BAV compared to those with TAV (p<0.001); this difference 
persisted after age matching (p=0.004). The incidence of mechanical valve implantation 
was higher in the BAV group compared to the TAV group in the overall cohort (61.4% vs 
39.2%; p<0.001) and in the age-matched cohort (63.1% vs 57.5%; p=0.05). The diameter 
of the implanted prosthesis was higher in patients with BAV than in those with TAV in the 
overall cohort (24.4 ± 2.4 vs 23.4 ± 2.3; p<0.001) and in the age-matched cohort (24.4 ± 
2.4 vs 23.7 ± 2.4; p<0.001).

36.2
35.0

28.0

19.3

10.1

3.2

<40 40-49 50-59 60-69 70-79 80≥

Prevalence

figure 1. Prevalence of bicuspid aortic valve.
The percentage of patients with bicuspid aortic valves decreases considerably with increasing age. Results 
are reported as percentages.
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long-term outcomes after surgery

A total of 1728 patients died during the follow-up period (309 patients with BAV and 
1419 patients with TAV; p=0.03). Survival was 75.1% versus 57.4% and 40.5% versus 
17.8% at 10  and 20 years of follow-up in the overall cohort for patients with BAV and 
TAV, respectively (p<0.001) (Fig. 2A). The survival was 75.1% versus 69.9% and 40.0% 
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figure 2. long term survival after SAVR ± cAbG.
Survival in overall cohort, B) Survival in propensity matched cohort. Blue line represents patients with bicus-
pid aortic valve and red line represents patients with tricuspid aortic valve, C) Survival in age-matched cohort. 
Blue line represents patients with bicuspid aortic valve and red line represents patients with tricuspid aortic valve.
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versus 33.7% at 10 and 20 years of follow-up in the propensity score matched cohort for 
patients with BAV and TAV, respectively (p=0.02) (Fig. 2B). The survival was 74.4% versus 
69.1% and 40.0% versus 32.5% at 10 and 20 years of follow-up in the age-matched co-
hort for patients with BAV and TAV, respectively (p=0.015) (Fig. 2C). Similar results have 
been noted for patients operated on after 2000 (Fig. S3). In age-, sex- and year-matched 
Dutch controls, the relative survival in patients with BAV was 102.6%, 98.6%, 95.5% and 
89.0%, at 5, 10, 15 and 20 years of follow-up, respectively (Fig. 3A). The relative survival in 
patients with TAV was 97.0%, 87.5%, 70.2% and 52.9%, at 5, 10, 15 and 20 years of follow-
up, respectively (Fig. 3B). Patients with BAV had 7 months survival benefi t compared to 
those with TAV at 20 years of follow-up in the overall cohort (Table 2), which diminished 
after propensity score matching. Further survival benefi ts according to diff erent match-
ing methods and age groups are shown in Table 2.
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figure 3. long term survival in overall cohort.
A) Actual survival (red line) in the bicuspid aortic valve cohort and relative survival compared to the age-, 
gender-, and year-matched population (blue line), B) Actual survival (red line) in the tricuspid aortic valve 
cohort and relative survival compared to the age-, gender-, and year-matched population (blue line).
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Table 2. between-group differences in survival among patients in the overall, propensity score 
matched, and age-matched cohort, divided by age at index procedure.

overall cohort

Restricted mean survival time at 10 year (95% CI) years 95% CI p-value

Difference – years 0.242 0.116-0.369 <0.001

Difference – years (50-59 years) 0.168 -0.036 – 0.373 0.11

Difference – years (60-69 years) 0.141 0.019-0.262 0.023

Difference – years (70-79 years) 0.210 0.082-0.339 0.001

Restricted mean survival time at 20 year (95% CI) 95% CI p-value

Difference – years 0.592 0.305-0.880 <0.001

Difference – years (50-59 years) 0.440 -0.020-0.901 0.06

Difference – years (60-69 years) 0.343 0.060-0.627 0.018

Difference – years (70-79 years) 0.506 0.214-0.798 0.001

Propensity score matched cohort

Restricted mean survival time at 10 year (95% CI) 95% CI p-value

Difference – years 0.062 -0.100-0.223 0.45

Difference – years (50-59 years) 0.067 -0.163-0.298 0.57

Difference – years (60-69 years) 0.033 -0.111-0.178 0.65

Difference – years (70-79 years) 0.070 -0.096-0.236 0.41

Restricted mean survival time at 20 year (95% CI) 95% CI p-value

Difference – years 0.212 -0.156-0.579 0.26

Difference – years (50-59 years) 0.224 -0.297-0.744 0.40

Difference – years (60-69 years) 0.141 -0.199-0.480 0.42

Difference – years (70-79 years) 0.221 -0.156-0.598 0.25

Age matched cohort

Restricted mean survival time at 10 year (95% CI) 95% CI p-value

Difference – years 0.127 -0.045-0.298 0.15

Difference – years (50-59 years) 0.191 -0.081-0.464 0.17

Difference – years (60-69 years) 0.188 0.011-0.365 0.037

Difference – years (70-79 years) 0.129 -0.045-0.303 0.15

Restricted mean survival time at 20 year (95% CI) 95% CI p-value

Difference – years 0.291 -0.096-0.678 0.14

Difference – years (50-59 years) 0.451 -0.155-1.057 0.14

Difference – years (60-69 years) 0.399 -0.001-0.800 0.051

Difference – years (70-79 years) 0.281 -0.111-0.673 0.16
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factors associated with survival during follow-up in the age-matched 
population

In multivariable analyses, the presence of cardiovascular risk factors such as increasing 
age (p<0.001), atrial fibrillation (p<0.001), previous myocardial infarction (p=0.05) and 
concomitant CABG (p<0.001) were predictors of mortality in the age-matched BAV 
population (Table 3). In the age-matched TAV population, increasing age (p<0.001), 
diabetes (p=0.003), COPD (p=0.01) and concomitant CABG (p=0.01) were independent 
predictors of mortality (Table 3). Sensitivity analysis for patients with isolated SAVR is 
shown in Table S3.

Table 3. predictors of survival after SAVR in overall age matched cohort of bAV and TAV.

Age-matched bAV population Age-matched TAV population

characteristics Univariable HR
(95% cI);
p-value

multivariable HR
(95% cI);
p-value

Univariable HR
(95% cI);
p-value

multivariable HR
(95% cI);
p-value

Age 1.07 (1.06-1.09);
p<0.001

1.07 (1.05-1.09);
p<0.001

1.07 (1.05-1.08);
p<0.001

1.05 (1.03-1.07);
p<0.001

Sex (female) 1.0 (0.7-1.2); p=0.76 1.0 (0.8-1.3); p=0.97

AS 2.3 (1.3-4.2); p=0.007 1.0 (0.5-1.9); p=0.97 1.5 (1.1-2.2); p=0.014 1.1 (0.8-1.6); p=0.62

Hypertension 1.2 (0.9-1.6); p=0.16 1.1 (0.9-1.5); p=0.35 1.3 (1.0-1.6); p=0.08 1.0 (0.8-1.3); p=0.97

Hypercholesterol-
emia

1.0 (0.8-1.1); p=0.29 0.9 (0.6-1.3); p=0.54

Diabetes mellitus 1.4 (0.9-2.1); p=0.14 0.9 (0.6-1.5); p=0.77 2.1 (1.5-3.0); p<0.001 1.7 (1.2-2.3); p=0.003

Arterial disease 1.4 (0.6-3.1); p=0.44 2.3 (1.3-4.1); p=0.003 1.6 (0.9-2.8); p=0.13

Renal failure 1.3 (0.6-3.0); p=0.49 3.4 (1.8-6.4); p<0.001 3.6 (1.8-7.1); p<0.001

Previous mI 1.6 (1.1-2.4); p=0.013 1.5 (1.0-2.2); p=0.05 1.8 (1.3-2.5); p=0.001 1.2 (0.8-1.7); p=0.34

Previous PcI 1.1 (0.6-2.1); p=0.74 1.2 (0.8-2.0); p=0.41

Decompensated 
heart failure

1.8 (1.3-2.5); p<0.001 1.5 (1.1-2.0); p=0.023 1.6 (1.2-2.1); p=0.003 1.3 (1.0-1.8); p=0.08

lVEf <50% 0.9 (0.5-1.8); p=0.86 0.9 (0.5-1.5); p=0.56

Atrial fibrillation 2.1 (1.5-3.0); p<0.001 2.0 (1.4-2.8); p<0.001 1.9 (1.3-2.6); p<0.001 1.4 (1.0-2.0); p=0.06

Previous stroke 
or TIA

1.2 (0.7-2.0); p=0.47 1.3 (0.9-1.9); p=0.24

coPD 1.9 (1.3-2.8); p=0.002 1.9 (1.3-2.9); p=0.002 1.7 (1.1-2.5); p=0.01 1.7 (1.1-2.5); p=0.01

concomitant cAbG 1.6 (1.3-2.1); p<0.001 1.4 (1.1-1.8); p=0.008 2.2 (1.7-2.8); p<0.001 1.5 (1.1-2.0); p=0.01

Emergent SAVR 
versus non-
emergent

1.3 (0.4-4.0); p=0.67 1.1 (0.3-4.5); p=0.87

mechanical 
prosthesis

0.5 (0.4-0.6); p<0.001 0.9 (0.7-1.3); p=0.67 1.7 (1.1-2.5); p=0.01 0.9 (0.6-1.2); p=0.40

AS, aortic stenosis; CABG, coronary artery bypass grafting; CI, confidence interval; COPD, chronic obstruc-
tive pulmonary disease; HR, hazard ratio, MI, myocardial infarction; TIA, transient ischemic attack; LVEF, left 
ventricular ejection fraction; SAVR, surgical aortic valve replacement
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DIScUSSIon

This study describes the association of aortic valve morphology, patient characteristics 
at the time of SAVR and the subsequent long-term survival. We found that (1) younger 
patients had a higher prevalence of BAV at the time of the index procedure; (2) patients 
with BAV had fewer cardiovascular risk factors; (3) this difference in cardiovascular risk 
factors remained after adjusting for age; (4) long-term survival is comparable in patients 
with BAV and TAV after adjusting for baseline characteristics and (5) the long-term sur-
vival after SAVR is exceptionally high in patients with BAV compared to the age, sex and 
calendar matched Dutch population.

In an era where TAVI indications are expanding and becoming an alternative treatment 
for younger patients with low surgical risk, the knowledge regarding the prevalence of 
bicuspid valvular morphology in the current SAVR population is of utmost importance. 
The prevalence of bicuspid morphology in patients undergoing SAVR is higher than that 
of the general population.3,15 An echocardiographic evaluation of a Chinese population 
showed a negative correlation of age and prevalence of bicuspid aortic valves; increas-
ing prevalence with decreasing age (1.16% in patients aged 0-20; 0.18% in patients 
aged 60-83).15 A similar trend was noted in a Western cohort undergoing SAVR and 
reporting a prevalence of 76% for quinquagenarians, 60% for sexagenarians and 42% for 
septuagenarians3, which was notably higher than in our cohort. The included patients 
underwent isolated SAVR and only had aortic valvular problems, whereas our cohort 
also included a proportion of patients with concomitant CABG. Of note, the currently 
observed prevalence of BAV in a surgical cohort is higher than the current incidence in 
the TAVI population, even after reviewing an age-matched TAVI population16, reflecting 
the current relative contraindications for patients with BAV to undergo TAVR.

Patients with BAV more often have (pure) AS and fewer cardiovascular risk factors 
compared to patients with TAV. To account for the difference in age and the association 
of age with cardiovascular risk factors17, we additionally analysed an age-matched group. 
Yet, the difference in systemic cardiovascular risk factors remained in the age-matched 
cohort, which reflects the congenital component in aberrant morphology in those with 
BAV.18,19 This difference in AS is also partly explained by an accelerated calcification 
process compared to patients with TAV20, whereas the calcification mechanism is the 
same.21 Cardiovascular risk factors such as diabetes, hypertension and hypercholester-
olaemia occur less frequently in patients with BAV compared to TAV, highlighting the 
difference in the disease process.22 The aortic prosthesis was larger in patients with BAV 
(24.4 vs 23.4; p<0.001). This difference persisted in the age-adjusted population (24.4 vs 
23.7; p<0.001). Bicuspid morphology is associated with increased prevalence of aortic 
root dilatation and ascending aortic aneurysms19, even in patients without valvular 
dysfunction, such as or AR, due to BAV.23 However, even after excluding patients with 
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concomitant procedures due to dilating annulopathy or ascending aorta, we might 
notice beginning dilating annulopathy.

In our population, patients with BAV had better survival even after propensity score 
matching; this difference did not disappear after adjusting for age only.  This finding 
could be explained by the lower prevalence of the cardiovascular risk profile of those 
patients, again reflecting the systemic component of the disease, which could be related 
to factors not captured in our cohort, such as higher body mass index in patients with 
TAV18, which might affect survival24, especially because small prosthesis implants were 
more prevalent in those undergoing SAVR with TAV. Crude survival alone does not adjust 
for death due to other, nonintervention related causes. Relative survival is a comparison 
of the investigated population to the survival of the general population, proving an 
estimate of the disease-related risk.25 In patients with BAV, the relative survival in the 
age-, sex- and calendar year-matched Dutch population was historically high after 20 
years of follow-up (89.0%), which is close to that in the general population.

future outlook

Bicuspid valvular aortic disease has systematically been excluded from the pivotal TAVI 
trials.26,27 Initial experience with early generation TAVR devices in bicuspid anatomy lead 
to high incidences of PVL and high PPM28, which is decreasing with newer generation 
devices. Patients with BAV who have TAVI have a higher risk of short-term mortality and 
morbidity compared to patients with tricuspid AS.29 Until long-term data from well-
conducted randomized trials with new-generation TAVI devices in patients with bicus-
pid aortic valves are available, surgery remains a feasible and well-accepted strategy for 
those with bicuspid aortic valves.

limitations

Our study has multiple limitations. First, because our study is retrospective and single-
centre, it has the inherent shortcomings related to data capture, changes in definitions 
of comorbidities and patients being lost to follow-up, especially with a 30-year follow-
up. Second, we did not base the final decision of aortic valve morphology on echocar-
diographic or CT findings but on surgical reports, wherein the prevalence of BAV differs 
from that in population studies. Third, our study evaluated the patient characteristics 
and long-term mortality as outcomes. Other aspects of clinical outcome and specific 
valve-related outcomes, including symptom improvement, quality of life and structural 
valve dysfunction at long-term follow-up, were not assessed and should be studied in 
further trials.
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conclUSIon

Patients with BAV compared to those with TAV have fewer cardiovascular risk factors and 
exhibit excellent survival rates after SAVR. Additional studies are needed to examine the 
exact effect of differing cardiovascular risk profiles on other end points such as quality 
of life and risk of structural valvular dysfunction and the relation to the expected burden 
of TAVR.
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SUPPlEmEnTARY mATERIAl

Table S1. baseline and procedural characteristics stratified according to included bAV cohort and 
excluded bAV cohort due to aortic surgery.

bAV with 
concomitant 
aortic surgery
(n=48)

bAV without 
concomitant aortic 
surgery
(n=607)

p-value SmD

Age at operation 58.7 ± 13.2 60.6 ± 12.1 0.29 0.152

Gender (female) 16 (33.3) 200 (32.9) 0.96 0.008

Indication
- AS
- AI
- combined

30 (62.5)
9 (18.8)
9 (18.8)

455 (75.0)
47 (7.7)
104 (17.1)

0.06
0.06
0.009
0.78

0.350
0.271
0.329
0.042

Previous cardiac operation 6 (12.5) 31 (5.1) 0.033 0.263

creatinine
- ≥2mg/dl

0.93 (0.86-1.07)
0

0.95 (0.82-1.10)
10 (1.7)

0.69
0.37

0.095
0.183

Atrial fibrillation 5 (10.4) 54 (8.9) 0.72 0.051

Diabetes mellitus 2 (4.2) 47 (7.7) 0.37 0.152

Decompensation cordis 4 (8.3) 64 (10.5) 0.63 0.076

Hypertension 15 (32.1) 150 (24.7) 0.32 0.146

Hypercholesterolemia 5 (10.4) 61 (10.0) 0.94 0.012

Previous.myocardial infarction 3 (6.2) 48 (7.9) 0.68 0.065

Previous PcI 1 (2.1) 21 (3.5) 0.61 0.084

coPD 1 (2.1) 44 (7.2) 0.17 0.247

Endocarditis 2 (4.2) 26 (4.3) 0.97 0.006

History of cancer 3 (6.2) 26 (4.3) 0.52 0.088

Stroke/TIA
- Stroke
- TIA

2 (4.2)
1 (2.1)
2 (4.2)

35 (5.8)
17 (2.8)
21 (3.5)

0.64
0.77
0.80

0.074
0.046
0.037

Arterial disease
- carotid
- Peripheral

3 (6.2)
1 (2.1)
2 (4.2)

14 (2.3)
1 (0.2)
13 (2.1)

0.10
0.02
0.37

0.196
0.183
0.116

concomitant cAbG 8 (16.7) 133 (21.9) 0.40 0.133

Valve size 24.8 ± 2.3 24.4 ± 2.4 0.26 0.173

Urgency
Emergent
not emergent

3 (6.6)
42 (93.4)

6 (1.2)
490 (98.8)

0.003 0.563

lVEf
- Preserved
- mildy reduced
- moderately reduced
- Severely reduced

35 (76.1)
3 (6.5)
6 (13.0)
2 (4.3)

445 (81.8)
31 (5.7)
48 (8.8)
20 (3.7)

0.78
0.34
0.82
0.34
0.82

0.151
0.141
0.034
0.136
0.034

Valve (mechanical) 29 (60.4) 389 (64.1) 0.61 0.076

AS, aortic stenosis; AR, aortic regurgitation, CI, confidence interval; COPD, chronic obstructive pulmonary 
disease; MI, myocardial infarction; TIA, transient ischemic attack; LVEF, left ventricular ejection fraction; 
SMD= standardized mean difference
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figure S1. Prevalence of bicuspid aortic valve in patients operated after 2000.

figure S2. Density of propensity scores in (A) unmatched and (b) matched cohort in patients oper-
ated after 2000.
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figure S3. Survival in patients operated after 2000.
Survival in the overall cohort, B) propensity score matched cohort, C) age-matched cohort
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AbSTRAcT

background: Bicuspid aortic valve (BAV) is the most common congenital cardiac 
malformation associated with aortopathy. The current study provides surgical clinical 
data on patient characteristics and long-term survival of this less common adult purely 
BAV population undergoing surgical aortic valve replacement (SAVR) with concomitant 
aortic surgery.
methods: Adult patients with purely BAV who underwent SAVR and concomitant aortic 
surgery were included. Prevalence, predictors of survival, and outcomes for this patient 
population were analyzed.
Results: A total of 48 patients (mean age 58.7 ± 13.2 years, 33% female) with purely BAV 
underwent SAVR and concomitant aortic surgery between 1987 and 2016. The majority 
(62%) of the patients had pure aortic stenosis (AS). A total of 12 patients died. Survival 
was 92%, 73%, and 69% at 1-, 5- and 20-years of follow-up. At 15 years of follow-up, the 
survival is close to that of the Dutch population, with a relative survival of 77%.
conclusions: Adult patients with a purely bicuspid aortic valve morphology undergo-
ing SAVR and concomitant aortic root and/or ascending aorta present with excellent 
survival.
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InTRoDUcTIon

Bicuspid aortic valve (BAV) disease is the most prevalent congenital heart defect with a 
prevalence of approximately 1% in the general population.1,2 A classification system for 
BAV from 304 surgical specimens, shows an incidence of only 7% purely BAV in an autop-
sied population.3  Although much data is present in patients with BAV and a raphe, data 
in patients with the less common purely bicuspid aortic valves,is still relatively limited.3

BAV is associated with aortopathies that lead to clinical manifestations such as aortic 
dilation, aneurysm, and dissection.4 In the adult population, BAV patients undergoing 
aortic valve surgery are younger compared to the tricuspid aortic valve population. 
Patients with BAV present earlier with aortic stenosis (AS) and tend to undergo more 
frequent concomitant aortic surgery due to aortopathy.5

Studies assessing the clinical profiles of BAV patients with a purely bicuspid aortic 
valve undergoing surgical aortic valve replacement (SAVR) and concomitant aortic 
surgery remain scarce. Therefore, the purpose of this study is to (i) describe the clinical 
characteristics of the purely BAV patientsundergoing SAVR with concomitant aortic 
surgery and (ii) assess the long-term survival and predictors of survival in this subpopu-
lation of BAV patients.

mETHoDS

Study design

Patients older than 18 years of age undergoing SAVR between 1987 and 2016 at the 
Erasmus Medical Centre, Rotterdam, were included. In this SAVR population (total 
n=4404), 16% of the patients who have undergone SAVR had purely BAV (n=711) and 
only 7% of these purely BAV patients underwent concomitant aortic surgery (n=48, 
as shown in Figure 1). Patients without pure BAV were excluded (Sievers 0).3 Likewise, 
patients without concomitant aortic surgery were excluded. Patients who did not re-
ceive biological or mechanical aorta valve prosthesis were also excluded. The valvular 
morphology was classified during the operation and defined by the attending surgeon. 
Electronical medical records were used to obtain patient and procedural characteristics. 
For inclusion in this study, bicuspid aortic valve was classified as purely bicuspid aortic 
valve according to Sievers classification (Sievers 0) . All the authors vouch for the validity 
of the data and adherence to the protocol.
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Goals and defi nitions

The primary aim was to assess the characteristics of patients with purely BAV requiring 
surgery. A further aim was to assess the survival after surgery of patients with purely 
BAV. The primary indication for operation (AS, aortic regurgitation (AR) or combined 
AS and AR) was determined based on the initial echocardiogram and according to the 
clinical guidelines in use at the time of the surgery.

Statistical analysis

Discrete variables are presented as numbers, percentages or proportions, and compared 
with either the Chi Square test or the Fisher Exact test, where appropriate. Continuous 
variables are presented as means ± standard deviation or median with the interquartile 
range (IQR) if there was evidence of skewed data according to the Kolmogorov-Smirnov 
test, and compared with either the two-sample t-test or Wilcoxon rank-sum test, where 
appropriate.

The relative survival can be used as an estimate of cause-specifi c mortality. It is defi ned 
as the ratio between the observed survival rates and the expected survival rates in the 
general population.6 The Human Mortality Database was used to obtain the age, sex and 
calendar year matched expected survival data of the general population in The Nether-
lands.7 The Human Mortality Database is continuously updated and includes mortality 
data from The Netherlands up until 2016. Relative survival was estimated through the 

 

Patients receiving prosthetic  aortic valve 
at Erasmus MC (1987-2016) (n=4404) 

Purely 
bicuspid 
(n=711) 

Patients with purely 
bicuspid aortic valves & 

concomitant aortic 
surgery (n=48) 

figure 1. flow-chart of the patients included.
A total of 4404 patients underwent surgical aortic valve replacement (SAVR) with a prosthetic valve, 711 
patient had purely bicuspid aortic valve (BAV) of who 48 had purely BAV with concomitant aortic surgery.
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Ederer II method.8,9 Predictors of mortality were identifi ed in a Cox proportional hazards 
model. Signifi cant variables on univariable analyses were included in a multivariable 
Cox proportional hazards model. Sensitivity analysis was performed for isolated SAVR. 
Two-sided p-values <0.05 were considered to be statistically signifi cant. Data analyses 
were done using SPSS 25.0 (SPSS Inc, Chi cago, Illinois) and R software, version 3.5 (R 
Foundation, Vienna, Austria). Figures were generated using Microsoft Excel (Microsoft, 
Redmond, WA, USA) and R software, version 3.5 (R Foundation, Vienna, Austria).

RESUlTS

characteristics of patients with purely bicuspid aortic valves

A total of 48 purely BAV patients underwent SAVR with concomitant aortic surgery 
(Figure 2). The mean age of operated patients was 58.7 ± 13.2, with 9 patients younger 
than 50, and 10 patients being 70 or older. The prevalences of comorbidities such as 
hypertension (32%), hypercholesterolemia (10%), and diabetes mellitus (4%) are shown 
in Table 1.

Procedural characteristics

The indication for surgery was mainly AS (62%), followed by AR (19%) or combined AS 
and AR (19%). Type of aortic surgery was aortic root replacement in 21% of the patients 
and supracoronary ascendens replacement in 79% of the patients. Additionally, in 13 
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figure 2. long-term survival after SAVR with aortic surgery.
Survival in overall cohort. Shaded area represents the 95% confi dence interval.
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patients (27%), on top of the root- and/or ascending aorta, concomitant (hemi-)arch 
replacement was performed. Further concomitant surgery included CABG in 17% of 
the patients. The diameter of the implanted valve prosthesis was 24.8 ± 2.3. Further 
concomitant surgeries and characteristics are shown in Table 1.

Table 1. baseline and procedural characteristics in the overall cohort

overall cohort (n=48)
Age at operation 58.7 ± 13.2

Gender (female) 16 (33%)

Indication
- AS
- AR
- combined

30 (62%)
9 (19%)
9 (19%)

Previous cardiac operation
- Previous aortic valve operation

6 (13%)
0

creatinine
- ≥2mg/dl

0.93 (0.86-1.07)
0

Atrial fibrillation 5 (10%)

Diabetes mellitus 2 (4%)

Decompensation cordis 4 (8%)

Hypertension 15 (32%)

Hypercholesterolemia 5 (10%)

Previous myocardial infarction 3 (6%)

Previous PcI 1 (2%)

coPD 1 (2%)

Endocarditis 2 (4%)

History of cancer 3 (6%)

Stroke/TIA
- Stroke
- TIA

2 (4%)
1 (2%)
2 (4%)

Arterial disease
- carotid
- Peripheral

3 (6%)
1 (2%)
2 (4%)

concomitant cAbG 8 (17%)

Aortic surgery
- Aortic root replacement
- Supracoronay ascendens replacement
- Ascendens + Hemi(arch)

10 (21%)
38 (79%)
13 (27%)

Valve size 24.8 ± 2.3

Urgency
Emergent
not emergent

3 (7%)
42 (93%)

lVEf
- Preserved
- mildy reduced
- moderately reduced
- Severely reduced

35 (76%)
3 (7%)
6 (13%)
2 (4%)

Prosthetic valve (mechanical)
Prosthetic valve (biological)

29 (60%)
19 (40%)



149

SAVR in bicuspid aortic valve with aortopathy

8

long- term outcomes after surgery

A total of 12 patients died during follow-up. Survival was 92%, 90%, 83%, 73% and 68% 
at 1- , 2-, 5-, 10- and 20-years of follow-up in the overall cohort for patients with purely 
BAV (Figure 1). In age-, sex- and year- matched Dutch control the relative survival in 
patients with purely BAV was 99%, 96% 86%, 79%, and 77%, at 1-, 2-, 5-, 10-, 15-years of 
follow-up, respectively (Figure 3).

factors associated with survival during follow-up in the age-matched 
population.

In univariable analyses, the presence of COPD was a predictor of survival (p=0.02). 
However, cardiovascular risk factors such as increasing age (p=0.20), atrial fi brillation 
(p=0.80), and concomitant CABG (p=0.64) were not predictors of survival (Table 2).
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figure 3. long-term relative survival after SAVR with aortic surgery compared to the Dutch popula-
tion.
Relative survival compared to the age-, gender-, and year-matched population in the overall cohort. Shad-
ed area represents the 95% confi dence interval.
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DIScUSSIon

This study describes the characteristics and outcomes clinical characteristics of of 
patients with purely bicuspid aortic valves that underwent aortic root-, ascendens and 
arch replacement as concomitant surgery to SAVR as well as the long-term survival 
and predictors of survival in this population. We found that the purely BAV population 
requiring SAVR and concomitant aortic surgery (i) mostly consists of young patients, ii) 
has  few cardiovascular risk factors, that were not found predictive for their survival , and 
(iii) has excellent long-term survival.

The mechanisms leading to development of BAV and the associated aortopathies is a 
matter of ongoing discussion. Adriana C. Gittenberger-de Groot and her team have per-
formed an extensive amount of indispensable studies on the spectrum of BAV disease 
and associated aortic anomalies over the past three decades. This contribution includes 
several developmental, histopathological and anatomical studies on animal as well as 
human tissue such as meticulous explanation of cardiac development in congenital mal-
formations10, anatomical description of BAV and the aortic root11, contribution of several 
cell lineages to the development of BAV and the associated aortic root anomalies.12-14 

Table 2. predictors of survival after SAVR with concomitant aortic surgery

characteristics Univariable HR (95% cI);
p-value

Age 1.04 (1.00-1.10); p=0.20

Sex (female) 1.7 (0.5-5.4); p=0.37

AS 1.7 (0.4-6.1); p=0.44

AR 0.2 (0.01-3.3); p=0.25

Hypertension 1.1 (0.3-3.7); p=0.86

Hypercholesterolemia 1.0 (0.8-1.1); p=0.29

Diabetes mellitus 1.4 (0.9-2.1); p=0.14

Arterial disease 2.3 (0.3-18.4); p=0.44

Renal failure 1.3 (0.6-3.0); p=0.49

Previous mI 3.1 (0.7-14.3); p=0.14

Previous PcI 1.1 (0.6-2.1); p=0.74

Decompensated heart failure 0.8 (0.1-6.1); p=0.82

lVEf <50% 1.8 (0.5-6.2); p=0.35

Atrial fibrillation 0.7 (0.1-6.0); p=0.80

Previous stroke or TIA 2.0 (0.2-15.3); p=0.52

coPD 1.9 (1.3-2.8); p=0.002

concomitant cAbG 1.4 (0.4-5.1); p=0.64

Emergent SAVR versus non-emergent 1.7 (0.2-13.5); p=0.62

mechanical prosthesis 1.0 (0.2-4.3); p=0.97
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In addition, other groups described that patient specific factors such as aortic valve 
stenosis (AS) in combination with specific leaflet morphology (the type of BAV) and the 
resulted shear stress were associated with dilatation of the aorta.15,16

Our cohort consisted of relatively young patients with purely BAV; a minority of the 
BAV population.3,17 Our patients often presented with aortic stenosis, yet the incidence of 
aortic regurgitation was close to 40%. This prevalence of aortic regurgitation was higher 
than the standard surgical aortic valve replacement population, which could be partly 
due to aortic root or proximal aorta dilatation.4 Bicuspid aortic valve indicates abnormal 
leaflet modeling, subsequently leading to turbulence downstream and upstream of  the 
aortic valve.18 This turbulence increases the aortic wall shear stress and abnormal helical 
flow in the ascending aorta as shown with previous 4D magnetic resonance imaging.19,20 
In addition, increased matrix metalloproteinases activity in the aorta of BAV patients can 
affect the structural flexibility by altered elastin, collagen and smooth muscle composi-
tion of the elastic laminae (aortic media) and therefore lead to reduced compliance and 
increased aortic stiffness.4,21 Therefore, BAV is associated with increased prevalence of 
aortic root dilatation and ascending aortic aneurysms22, even in patients without yet 
developed valvular dysfunction.23 Moreover, gender differences in aortic dimension of 
patient with BAV were associated with aortopathy. Male patients more often present 
with larger aortic annulus and sinotubular junction dimensions.24 The majority of our 
patients, (two-third) described in this study, were male. This finding is similar to previous 
studies.4 Patients with bicuspid valves also present with less cardiovascular risk factors 
compared to patients with tricuspid aortic morphology and at an earlier age. This is 
partly due to accelerated calcification.25 Aside from aortopathy and subsequent aortic 
dissection, endocarditis was prevalent in 4% of our cohort, this rate is lower than the 
previously noted higher prevalence.26

In our cohort, the majority of the patients received mechanical valvular prosthesis. 
Mechanical prosthesis are undoubtedly superior regarding long-term durability and 
survival in the younger population27, however, mechanical prosthesis might affect the 
quality of life of the patient due to anticoagulant medication and known bleeding risks, 
especially in an aging population.28,29 Yet, the overall survival in our cohort was excep-
tionally high, with 68% of the population surviving at 20-years of follow-up. The relative 
survival of this population (79%) is close to that of the Dutch general population. This 
could be partly explained due to lower prevalence in cardiovascular risk profile of those 
patients.

limitations

Given its retrospective and nonrandomized nature our study could be subject to short-
coming related to data capture and inherent confounders. Second, our study evaluated 
the patient characteristics and long-term mortality as outcomes. Other aspects of clinical 
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outcome and specific valve-related outcomes, including symptom improvement, qual-
ity of life, structural valve dysfunction at long-term follow-up were not assessed, and 
should be assessed in further studies. In our study we only included patients with purely 
BAV (Type 0) to create a homogenous BAV morphology, however, we are missing the 
other BAV types with associated raphe and the comparison with our population and 
TAV population in prevalence of aortopathy, clinical patient characteristics and survival.

conclUSIon

Patients with purely BAV undergoing SAVR with concomitant aortic surgery present with 
excellent survival rates. Additional studies are needed to examine the exact effect of 
intervention on other endpoints such as quality of life.
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AbSTRAcT

objective: It remains unclear how often coronary revascularization is necessary after 
aortic valve interventions, either by SAVR or transcatheter aortic valve replacement 
(TAVR). However, these data are relevant for treatment and prosthesis choice. The au-
thors sought to analyze the incidence and characteristics of coronary revascularization 
after surgical aortic valve replacement (SAVR) during follow-up.
methods: Of 2256 patients undergoing isolated SAVR between 1987 and 2015, 420 
patients (mean age 56.9±15.5 years, 66.9% male) were followed at the Erasmus Medi-
cal Center. Incidence, predictors and characteristics of coronary revascularization were 
analyzed. Cumulative incidence of revascularization was assessed using a competing 
risk approach.
Results: Mean follow-up after SAVR was 17.2 years (total of 4,541 patient-years). A total 
of 24 patients underwent 28 procedures of revascularization. The cumulative incidence 
of revascularization after SAVR was 0.5%, 2.2%, 4.1%, and 6.9% at 1, 5, 10, and 20 years, 
respectively. The linearized rate of revascularization was 6.2 per 1,000 patient-years. PCI 
was the most common revascularization method (64%; N=18/28). Revascularization 
before SAVR (N=36/420; of whom 27 PCI) was an independent predictor of revasculariza-
tion during follow-up (Hazard Ratio: 6.6, 95% confidence interval: 2.6-17.1; P<0.001).
conclusions: After SAVR, the rate of coronary revascularization was 6.9% (N=24/420) 
at 20-year follow-up. Patients were at particular risk if they had undergone previous 
revascularization prior to SAVR. These data may furthermore be relevant to the TAVR 
population.

cEnTRAl mESSAGE

In a large SAVR cohort, the rate of coronary revascularization was 6.9% after 20-year 
follow-up. Previous revascularization was an independent predictor of revascularization 
after SAVR during follow-up.

PERSPEcTIVE STATEmEnT

Coronary revascularization rates after SAVR can be used to predict the need for revascu-
larization after TAVR, should TAVR further expand into younger, lower-risk populations. 
Dedicated studies are required to address the incidence, predictors, and feasibility of 
revascularization after TAVR.
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InTRoDUcTIon

Transcatheter aortic valve replacement (TAVR) is now recommended for patients with 
severe aortic valve stenosis (AS) at intermediate and high surgical risk1,2, adding more 
evidence to the already on-going increase in the number of performed TAVR procedures 
in North America and Europe.3,4 Recent trials that included low-risk patients have reported 
non-inferiority or even superiority of TAVR versus surgical aortic valve replacement (SAVR).5,6

Reports have suggested that access to the coronary arteries may be difficult to estab-
lish after TAVR as a result of the positioning of the transcatheter valve.7 When indication 
expand towards low-risk patients, who often are younger, the need for coronary revas-
cularization after TAVR may increase. However, due to the advanced age and presence 
of multiple comorbidities of patients in current TAVR trials and the relatively short-term 
follow-up available the incidence of coronary revascularization has been difficult to 
determine. The probability of coronary revascularization after TAVR may increase in 
patients with longer life expectancies, with potential implications for procedure and 
prosthesis choices.

Surgical aortic valve replacement (SAVR) has been the standard of care for AS over the 
past 50 years. Therefore, long-term follow-up is available to determine the incidence 
of coronary revascularization after SAVR, in low-risk patients. Since the historical SAVR 
patient population overlaps with current and future TAVR patient populations, data of 
revascularization after SAVR can provide insights into determining which surgical or 
transcatheter prostheses may be more appropriate in specific patients. The aim of this 
study was to assess the incidence and risk factors of coronary revascularization during 
long-term follow-up after SAVR.

mETHoDS

Study design

This observational, retrospective study consisted of adult (≥18 years) patients who un-
derwent isolated SAVR with a mechanical or bioprosthetic valve between 1987 and 2015 
at the Erasmus Medical Center (Erasmus MC), Rotterdam, The Netherlands. To ensure 
that all coronary revascularization procedures during follow-up were captured, only pa-
tients followed up at the outpatient clinic of the Erasmus MC were included in this study 
(figure 1). Patients undergoing concomitant procedures or with active endocarditis 
were excluded. Coronary artery disease (CAD) was routinely assessed before SAVR by 
coronary angiography, and patients with CAD underwent concomitant coronary artery 
bypass grafting (CABG) according to the recommendations of clinical guidelines in use 
at the time of surgery, and were excluded.
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The study was approved by the local institutional review board and patient informed 
consent was waived. All the authors assured for the validity of the data and adherence 
to the protocol.

Data collection and follow-up

Baseline patient and procedural characteristics were collected from electronic medical 
records. Survival status was obtained through the National Death Registry.

After SAVR, patients returned to their referring cardiologist at Erasmus MC for routine, 
regular outpatient clinic visits at 3 and 6 months postoperatively and (bi-)annually 
thereafter. If CAD was diagnosed and revascularization was deemed necessary, patients 
underwent either percutaneous coronary intervention (PCI) or coronary artery bypass 
grafting (CABG) at the Erasmus MC.

Endpoints and definitions

The primary endpoint was coronary revascularization either by percutaneous coronary 
intervention (PCI) or coronary artery bypass grafting (CABG). SAVR within 24 hours of 

figure 1. flowchart of patient inclusion
A total of 4,228 patients underwent SAVR at the Erasmus MC between 1987 and 2015 of whom a total of 420 
patients were eligible for the study. SAVR = surgical aortic valve replacement.
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establishing the indication was classified as urgent, between 24 hours and 3 days as 
semi-elective, and after 3 days as elective. Left ventricular function was classified as nor-
mal if the left ventricular ejection fraction (LVEF) was >50%, as mildly reduced if the LVEF 
was 40-50%, as moderately reduced if the LVEF was 30-40% and as severely reduced if 
the LVEF was less than 30%, as measured or estimated by a trained echocardiographer.

Statistical analyses

Discrete variables are presented as numbers, percentages or proportions, and compared 
with either the Chi Square test or the Fisher Exact test, where appropriate. Continuous 
variables are presented as means ± standard deviation or median with the interquartile 
range (IQR) if there was evidence of skewed data according to the Kolmogorov-Smirnov 
test, and compared with either the two-sample t-test or Wilcoxon rank-sum test, where 
appropriate.

Probabilities of the occurrence of revascularization and mortality were visualized 
using cumulative incidence curves with their according 95% confidence intervals. The 
cumulative incidence based on Kaplan-Meier estimates do not reflect the competing 
risk of death and the occurrence of revascularization, and therefore overestimate the 
remaining lifetime risk of revascularization when the competing risk is high.8 To account 
for this overestimation, competing risk survival analysis was performed by means of 
nonparametric methods using the cumulative incidence competing risk method.9,10 
Post-hoc subgroup analyses were performed according to whether revascularization 
had taken place prior to the SAVR procedure, age at time of SAVR (aged <65 or ≥65 
years), history of hypercholesterolemia, history of diabetes mellitus, indication of SAVR 
(AS, AR, or combined disease), and type of implanted valve (mechanical or biopros-
thetic). Competing risk survival analyses in subgroups were compared with the Fine and 
Gray test.11 Furthermore, the linearized rate of revascularization was calculated per 1,000 
patient-years of follow-up.

Predictors of revascularization after SAVR were identified in a Cox proportional hazards 
model. Significant variables on univariable analyses were included in a multivariable 
Cox proportional hazards model. Two-sided p-values <0.05 were considered to be sta-
tistically significant. Data analyses were performed using SPSS 24.0 (SPSS Inc, Chi cago, 
Illinois) and R software, version 3.4 (R Foundation, Vienna, Austria).

RESUlTS

baseline and procedural characteristics

From 4228 patients who underwent SAVR between 1987 and 2015, 420 patients un-
derwent isolated SAVR and were followed up at the Erasmus MC and were included in 
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this study (Figure 1). The mean age of the patients at the time of SAVR was 56.9 ± 15.5 
years and 66.9% (281/420) were male. The primary indication for SAVR was pure AS in 
52.1% (219/420). A total of 8.6% (36/420) had previous revascularization. Mechanical 
valve prostheses were used in 66.7% (280/420).  The rates of survival were 98.3%, 96.4%, 
87.4%, 71.8%, 58.6%, and 47.4%; at 30-days, and 1, 5, 10, 15, and 20 years of follow-up, 
respectively (Figure 2). Detailed baseline and procedural characteristics are provided in 
Table 1. Patients excluded from our study were older (66.1 ± 11.1 versus 56.9 ± 15.5 years, 
p<0.001), had undergone more redo SAVR procedures (16.7% versus 4.3%, p<0.001), 
more often underwent SAVR with an urgent indication (4.0% versus 0.4%, p<0.001) 
and had less frequent implantation of mechanical valve prosthesis (66.7% versus 48.0% 
p<0.001) compared to the included patients. Further detailed characteristics of patients 
excluded from our study are provided in Table 2.

figure 2. mortality and coronary revascularization after SAVR
Competing risk cumulative incidences of mortality and coronary revascularization during 20-year follow-
up according to: Blue line presents the cumulative incidence of all-cause mortality competing with the 
risk of revascularization in our cohort. Red line presents the cumulative incidence of revascularization with 
either PCI or CABG competing with the risk of revascularization in our cohort.
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Table 1. baseline and procedural characteristics

All patients
(n=420)

no revascularization
(n=396)

Revascularization
(n=24)

P-value

Age 56.9 ± 15.5 (420) 56.8 ± 15.7 (396) 58.5± 11.6 (24) 0.592

male sex 66.9 (281/420) 67.2 (266/396) 62.5 (15/24) 0.637

Primary indication
- AS
- AR
- combined AS+AR

52.1 (219/420)
25.5 (107/420)
22.4 (94/420)

52.3 (207/396)
25.5 (101/396)
22.2 (88/396)

50.0 (12/24)
25.0 (6/24)
25.0 (6/24)

0.950

bicuspid aortic valve 24.0 (101/420) 24.0 (95/396) 25.0 (6/24) 0.910

Previous cardiac operation
- SAVR
- cAbG
- other

28.6 (120/420)
16.7 (70/420)
2.6 (11/420)
9.3 (39/420)

28.8 (114/396)
16.7 (66/396)
2.3 (9/396)
9.3 (39/396)

25.0 (6/24)
16.7 (4/24)
8.3 (2/24)
0

0.690
>0.999
0.071
0.107

Hypertension 29.8 (125/420) 29.8 (118/396) 29.2 (7/24) 0.948

Hypercholesterolemia 12.4 (52/420) 11.1 (44/396) 33.3 (8/24) 0.001

Diabetes mellitus 9.3 (39/420) 8.8 (35/396) 16.7 (4/24) 0.199

Arterial disease
- Peripheral
- carotid

3.6 (15/420)
3.6 (15/420)
0.5 (2/420)

3.3 (13/396)
3.3 (13/396)
0.5 (2/396)

8.3 (2/24)
8.3 (2/24)
0

0.195
0.195
0.727

Renal failure 2.6 (11/420) 2.5 (10/420) 4.2 (1/24) 0.625

Previous myocardial infarction 4.3 (18/420) 4.0 (16/396) 8.3 (2/24) 0.313

Previous revascularization
- Previous PcI
- Previous cAbG

8.6 (36/420)
6.4 (27/420)
2.6 (11/420)

7.3 (29/396)
5.6 (22/396)
2.3 (9/396)

29.2 (7/24)
20.8 (5/24)
8.3 (2/24)

<0.001
0.003
0.071

Previous decompensated heart failure 16.9 (71/420) 16.4 (65/396) 25.0 (6/24) 0.276

left ventricular function
- Preserved
- mildly reduced
- moderately reduced
- Severely reduced

77.6 (287/370)
7.6 (28/370)
9.2 (34/370)
5.7 (21/370)

77.6 (273/370)
8.0 (28/370)
8.8 (31/370)
5.7 (20/370)

77.8 (14/18)
0
16.7 (3/18)
5.6 (1/18)

0.460

Atrial fibrillation 13.3 (56/420) 13.4 (53/396) 12.5 (3/24) 0.902

Previous neurological event
- cVA
- TIA

10.5 (44/420)
4.8 (20/420)
7.1 (30/420)

11.1 (44/396)
5.1 (20/396)
7.6 (30/396)

0
0
0

0.084
0.259
0.162

coPD 8.3 (35/420) 8.3 (33/396) 8.3 (2/24) >0.999

liver disease 1.4 (6/420) 1.5 (6/396) 0 0.544

History of malignancy 8.1 (34/420) 8.1 (32/396) 8.3 (2/24) 0.965

Urgency
- Elective
- Semi-elective
- Urgent

49.3 (173/351)
46.7 (164/351)
4.0 (14/351)

49.4 (165/334)
46.7 (156/334)
3.9 (13/334)

47.1 (8/17)
47.1 (8/17)
5.9 (1/17)

0.610

logistic EuroScoRE 5.7 ± 6.2 (204) 5.5 ± 6.1 (193) 8.8 ±7.3 (11) 0.085

mechanical prosthesis 66.7 (280/420) 66.7 (264/396) 66.7 (16/24) >0.999
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Table 1. baseline and procedural characteristics (continued)

All patients
(n=420)

no revascularization
(n=396)

Revascularization
(n=24)

P-value

Year of operation
- 1987-1994
- 1995-2001
- 2002-2008
- 2009-2015

24.5 (103/420)
23.3 (98/420)
26.7 (112/420)
25.5 (107/420)

23.7 (94/396)
24.0 (95/396)
26.8 (106/396)
25.5 (101/396)

37.5 (9/24)
12.5 (3/24)
25.0 (6/24)
25.0 (6/24)

0.383

Data is presented as % (n/N) and mean ± SD or median (IQR). AR = aortic regurgitation, AS = aortic stenosis, 
AVR = surgical aortic valve replacement, CABG = coronary artery bypass grafting, CVA = cerebrovascular ac-
cident, COPD = chronic obstructive pulmonary disease, TIA= transient ischemic attack, PCI = percutaneous 
coronary intervention.

Table 2. baseline and procedural characteristics 

Pt followed-up in 
Erasmus mc

Pt not followed-up in 
Erasmus mc

P-value

Age 56.9 ± 15.5 (420) 66.1 ± 11.1 (1782) <0.001

male sex 66.9 (281/420) 57.4 (1023/1782) <0.001

Primary indication
- AS
- AR
- combined AS+AR

52.1 (219/420)
25.5 (107/420)
22.4 (94/420)

69.8 (1243/1782)
12.7 (226/1782)
17.3 (308/1782)

<0.001
<0.001
0.015

bicuspid aortic valve 24.0 (101/420) 19.2 (343/1782) 0.027

Previous cardiac operation 
- SAVR
- cAbG
- other

28.6 (120/420)
16.7 (70/420)
2.6 (11/420)
9.3 (39/420)

8.6 (154/1782)
4.3 (76/1782)
3.7 (66/1782)
2.4 (43/1782)

<0.001
<0.001
0.276

<0.001

Hypertension 29.8 (125/420) 34.3 (612/1782) 0.073

Hypercholesterolemia 12.4 (52/420) 14.8 (264/1782) 0.201

Diabetes mellitus 9.3 (39/420) 12.2 (218/1782) 0.091

Arterial disease
- Peripheral
- carotid

3.6 (15/420)
3.6 (15/420)
0.5 (2/420)

2.6 (47/1782)
2.4 (42/1782)
0.3 (5/1782)

0.298
0.159
0.522

Renal failure 2.6 (11/420) 2.3 (33/1782) 0.312

Previous myocardial infarction 4.3 (18/420) 5.6 (99/1782) 0.297

Previous revascularization
- Previous PcI
- Previous cAbG

8.6 (36/420)
6.4 (27/420)
2.6 (11/420)

7.8 (139/1782)
5.1 (90/1782)
3.7 (66/1782)

0.599
0.257
0.276

Previous decompensated heart failure 16.9 (71/420) 13.7 (245/1782) 0.097

left ventricular function
- Preserved
- mildly reduced
- moderately reduced
- Severely reduced

77.6 (287/370)
7.6 (28/370)
9.2 (34/370)
5.7 (21/370)

82.5 (1348/1633)
6.3 (103/1633)
8.3 (136/1633)
2.8 (46/1633)

0.026
0.376
0.592
0.006

Atrial fibrillation 13.3 (56/420) 13.5 (241/1782) 0.918

Previous neurological event 
- cVA
- TIA

10.5 (44/420)
4.8 (20/420)
7.1 (30/420)

8.0 (142/1782)
3.5 (62/1782)
5.1 (91/1782)

0.096
0.212
0.099
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Revascularization after SAVR

The mean follow-up after SAVR was 17.2 years, with a total follow-up accumulating to 
4541 patient-years. During follow-up, 24 patients underwent coronary revascularization, 
with three patients requiring a second and one patient requiring a third revasculariza-
tion procedure. In the time-to-first event competing risk analysis with mortality, the 
rates of revascularization were 0.5%, 0.5%, 2.2%, 4.1%, 5.3%, and 6.9%; at 30-days and, 
1, 5, 10, 15, and 20 years of follow-up, respectively (Figure 2). The mean time to the first 
revascularization was 8.9 ± 7.4 (range 0 to 26.9 years). The linearized rate of revascular-
ization was 6.2 per 1000 patient-years.

characteristics of revascularization

More patients underwent PCI than CABG, accounting for 64.2% of revascularization pro-
cedures (n=18/28). Three patients (12.5%) needed urgent revascularization due to acute 
myocardial infarction (treated with PCI in all cases). Single-vessel disease was present in 
16 patients (67%) and multivessel disease was present in 8 patients (33%). Four patients 
had lesions in both the left and right coronary artery. Characteristics of revascularization 
are displayed in Table 3.

Table 2. baseline and procedural characteristics  (continued)

Pt followed-up in 
Erasmus mc

Pt not followed-up in 
Erasmus mc

P-value

coPD 8.3 (35/420) 11.5 (205/1782) 0.061

liver disease 1.4 (6/420) 0.2 (4/1782) 0.001

History of malignancy 8.1 (34/420) 6.1 (109/1782) 0.139

Urgency
- Elective
- Semi-elective
- Urgent

49.3 (173/351)
46.7 (164/351)

4.0 (14/351)

62.0 (975/1573)
37.6 (591/1573)

0.4 (7/1573)

<0.001
0.001

<0.001

logistic EuroScoRE 5.7 ± 6.2 (204) 5.8 ± 5.8 (970) 0.740

mechanical prosthesis 66.7 (280/420) 48.0 (855/1782) <0.001

Year of operation
- 1987-1994
- 1995-2001
- 2002-2008
- 2009-2015

24.5 (103/420)
23.3 (98/420)

26.7 (112/420)
25.5 (107/420)

16.3 (290/1782)
25.4 (452/1782)
28.2 (502/1782)
30.2 (538/1782)

<0.001
0.387
0.536
0.056

Data is presented as % (n/N) and mean ± SD or median (IQR). AR = aortic regurgitation, AS = aortic stenosis, 
AVR = surgical aortic valve replacement, CABG = coronary artery bypass grafting, CVA = cerebrovascular ac-
cident, COPD = chronic obstructive pulmonary disease, TIA= transient ischemic attack, PCI = percutaneous 
coronary intervention.
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Subgroup analysis and predictors of revascularization after SAVR

The incidence of revascularization at 15-years of follow-up was significantly higher in 
patients with previous revascularization, than in patients without previous revascu-
larization (22.1% versus 3.7%, P<0.001), respectively. Further, the incidence of revas-
cularization was higher in patients with hypercholesterolemia compared to patients 
without hypercholesterolemia (14.2% versus 4.1%, P=0.002), respectively. There were 
no differences in revascularization rates during follow-up in subgroups according to 
age (4.9% for patients aged <65 versus 5.9% for patients aged ≥65, P=0.42), diabetes 
mellitus (8.8% for patients with a history of diabetes mellitus versus 5.0% for no diabetes 
mellitus, P=0.24) primary indication for SAVR (5.6% for AS versus 7.9% for AR versus 2.2% 
for combined disease, P=0.36), or type of valve used (6.8% for biological versus 4.4% for 
mechanical, P=0.16) (Figures 3 and 4).

factors associated with coronary revascularization during follow-up

Patients that underwent coronary revascularization during follow-up more often had 
hypercholesterolemia at baseline (8/24 versus 44/396, P=0.001) and undergone revas-
cularization before the index procedure (7/24 versus 29/396, P<0.001) than patients that 
did not undergo revascularization during follow-up (Table 1). In multivariable analyses, 
the presence of revascularization, hypercholesterolemia and diabetes mellitus before 
the index procedure were the only independent predictor of revascularization during 
follow-up (Table 4).

figure 3. Revascularization after SAVR in various patient subgroups
Competing risk cumulative incidences of revascularization after SAVR in subgroups according to:
A) With and without previous revascularization, B) Age at SAVR below or above 65 years., C) With and with-
out a history of hypercholesterolemia.
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figure 4. Revascularization after SAVR in various patient subgroups
Competing risk cumulative incidences of revascularization after SAVR in subgroups according to:
A) With and without a history of diabetes mellitus, B) Primary indication for SAVR, C) Mechanical or biologi-
cal prosthesis received. Blue line shows the use of a biological valve

Table 4. Predictors of revascularization after SAVR

characteristics Univariable HR (95% cI);
P-value

multivariable HR (95% cI); 
P-value

Age 1.0 (1.0-1.1); P=0.16

Sex (female) 1.5 (0.6-3.4); P=0.35

Indication AS 1.1 (0.5-2.5); P=0.79

Indication AR 1.1 (0.4-2.7); P=0.90

Indication AS+AR 0.8 (0.3-2.1); P=0.68

Hypertension 1.2 (0.5-2.9); P=0.68

Hypercholesterolemia 5.0 (2.1-11.7); P<0.001 3.4 (1.3-8.6); P=0.010

Diabetes mellitus 3.2 (1.1-9.7); P=0.037 2.1 (0.7-6.5); P=0.214

Arterial disease 3.7 (0.9-15.9); P=0.08

Renal failure 3.9 (0.5-29.1); P=0.19

Previous mI 2.7 (0.6-11.7); P=0.17

Previous revascularization 8.2 (3.3-20.2); P<0.001 6.6 (2.6-17.1); P<0.001

Decompensated heart failure 1.8 (0.7-4.6); P=0.20

lVEf <50% 1.2 (0.4-3.6); P=0.76

Atrial fibrillation 1.0 (0.3-3.4); P=0.97

Previous stroke or TIA 0.0 (0.0-18.5); P=0.31

coPD 1.7 (0.4-7.3); P=0.49

Urgent SAVR versus non-urgent 1.6 (0.2-12.2); P=0.64

log EuroScoRE 1.1 (1.0-1.1); P=0.078

mechanical prosthesis 0.5 (0.2-1.3); P=0.18

AS, aortic stenosis; AR, aortic regurgitation, CI, confidence interval; COPD, chronic obstructive pulmonary 
disease; HR, hazard ratio, MI, myocardial infarction; TIA, transient ischemic attack; LVEF, left ventricular ejec-
tion fraction; SAVR, surgical aortic valve replacement
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DIScUSSIon

In this cohort of 420 patients who underwent isolated SAVR, 24 (5.7%) patients under-
went a total of 28 revascularization procedures. The cumulative incidence of revascular-
ization was 6.9% at 20-year follow-up, with a linearized rate of 6.2 per 1000 patient-years. 
In the current study, concomitant CABG was generally performed in patients with sig-
nificant coronary stenosis. The risk of requiring coronary intervention during follow-up 
after SAVR in patients with no significant coronary stenosis at the time of intervention 
appears to be low as 6.9% at 20-year follow-up (Figure 5).

The incidence of revascularization was higher than that of the general population. 
Subgroup analyses showed that patients who had undergone previous revasculariza-
tion before SAVR and patients with a history of hypercholesterolemia had significantly 
higher rates of revascularization during follow-up. Clearly patients with already es-
tablished CAD, but non-significant at the time of SAVR, carry a risk of progression of 
CAD to a severity requiring intervention. Other risk factors of CAD, like hypertension 
and diabetes, were not associated with revascularization in our multivariable analysis, 
although this may be the result of a relatively low sample size in our study.

Of the patients that underwent revascularization 16 patients had single-vessel disease 
and 8 patients two-vessel disease. There were no patients with left main or three-vessel 
disease. Considering the current guidelines for revascularization, the majority of pa-
tients would be referred for PCI on the basis of the complexity of coronary disease.12 
Eight patients with more complex coronary disease underwent CABG during follow-up.

figure 5. cumulative competing risk incidence of revascularization presented as a graphical abstract
Competing risk cumulative incidence of coronary revascularization during 20-year after surgical aortic 
valve replacement. Coronary revascularization either done with coronary artery bypass grafting or percu-
taneous coronary intervention. Percutaneous coronary intervention is encircled
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These data are important in the era of expanding indications for TAVR. Recently, two 
randomized controlled trials showed significant benefit of TAVR compared with SAVR in 
the low-risk population.5,6 Revascularization with PCI after TAVR can be associated with 
multiple technical challenges related to transcatheter heart valve platform, coronary ac-
cess, with potential consequences of 1) damaging the prosthetic heart valve, 2) dissect-
ing the coronary artery, 3) acute kidney injury related to increased contrast usage, and 4) 
an unsuccessful procedure.13 Because CAD is present in 40-75% of patients undergoing 
TAVR14, algorithms on obtaining coronary access have already been developed from ex-
periences during concomitant or staged TAVR and PCI procedures.7 The presence of CAD 
in the younger population undergoing TAVR is not well known as studies mostly consists 
of elderly patients. Therefore, this study is the first to systematically assess the long-term 
rate of revascularization after aortic valve intervention in low risk patients without CAD. 
Although our population consists exclusively of isolated SAVR procedures, it provides 
evidence on rates of revascularization that may be extrapolated to an overall TAVR 
population of low- to high-risk patients. Yet, literature also suggests that a proportion of 
patients might benefit from revascularization in the setting of acute coronary syndrome 
post-TAVR, and therefore higher incidences of revascularization could be expected in 
patients which initially would have been treated with medical therapy, when TAVR will 
expand towards the younger population.15

Of note, the mean age of our population was 57 years old as opposed to the current 
TAVR population with an advanced age, but a subgroup analysis according to age showed 
that the long-term rate of revascularization was comparable in patients younger or older 
or equal to 65 years. Expanding indication to lower risk patients may have consequences 
for valve choice, given the younger age, and considering that coronary access is more 
challenging with a supra-annular TAVR than an intra-annular TAVR.7

limitations

This is a retrospective study that has inherent shortcomings related to data collection, 
changes in definitions of comorbidities, and patients being lost to follow-up. However, 
we included only patients who were followed after SAVR at our own outpatient clinic 
to minimize this risk. The multivariable analyses to identify predictors of revasculariza-
tion may have been underpowered due to the small number of patients that needed a 
revascularization procedure and the unavailability of all known risk factors for coronary 
artery disease. Furthermore, although the decision was made not to include patients 
undergoing SAVR with concomitant CABG in this cohort, we did not have any informa-
tion on the presence and degree of non-significant CAD that may increase the risk of 
coronary revascularization during follow-up as a result of progression of disease.
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conclUSIon

In this retrospective analysis of patients that underwent isolated SAVR, the rate of requir-
ing coronary revascularization at 20-year follow-up was relatively low. However, the rate 
was higher in patients who had undergone previous revascularization at the time of 
SAVR. These data provide some insights into requirements for coronary revasculariza-
tion that may be relevant for the TAVR population. Future, larger studies are required 
on surgical and transcatheter cohorts to provide more insights into which patients are 
at particular risk of requiring coronary revascularization after aortic valve intervention.
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AbSTRAcT

background: Gender does have an effect on disease perception and outcomes after 
cardiac surgery.
objectives: Quantify the differences in cardiovascular risk profiles within an age-
matched cohort and assess the long-term survival differences in males and females 
who underwent surgical aortic valve replacement (SAVR) with or without concomitant 
coronary artery bypass surgery (CABG).
methods: All-comers patients who underwent SAVR with or without CABG for aortic 
stenosis (AS) were included. Characteristics, clinical features, and survival up to 20 years 
were compared between female and male patients. Propensity matching using propen-
sity scores were used to find matched patients from a comparison group.
Results: During the total study period between 1987 and 2017, there were 3462 patients 
(mean age 66.8 ± 11.1 years, 37.1% female) who underwent SAVR with or without CABG 
at our institution. In general, female patients were older than male patients (69.1 ± 10.3 
versus 65.5 ± 11.3, respectively). In the age-matched cohort, female patients were less 
likely to have multiple comorbidities and undergo concomitant CABG. Twenty-year sur-
vival following the index procedure was higher in age-matched female patients (27.1%) 
compared to male patients (24.4%) in the overall cohort), p=0.018.
conclusions: Substantial sex differences in cardiovascular risk profile exist. However, 
when SAVR with or without CABG is performed, extended long-term mortality is compa-
rable between males and females. More research regarding sex-dimorphic mechanisms 
of aortic stenosis and coronary atherosclerosis would promote more awareness in terms 
of sex- and gender-specific risk factors after cardiac surgery and contribute to more 
guided personalized surgery in the future.
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InTRoDUcTIon

Aortic valve disease is an emerging health care problem worldwide due to the dramatic 
increase in life expectancy and subsequently exponentially increasing prevalence.1 The 
85 plus population is projected to increase 351% between 2010 and 2050. Fortunately, 
there have been significant advances in both surgical and percutaneous treatments of 
moderate-to-severe forms of aortic stenosis (AS) over the last decade.2-5 Still, despite 
massive improvements in catheter-based techniques, surgical AVR remains the gold 
standard for the vast majority of patients with AS or aortic regurgitation (AR).6

Recent interest has focused on gender differences in preoperative and postoperative 
outcomes of patients undergoing coronary artery bypass grafting (CABG).7-9 Female 
patients undergoing CABG have higher risk profiles and subsequently, being female is 
an independent predictor for worse outcomes. Besides, female patients are less likely 
and at a later stage to undergo CABG.10 This underdiagnosis and undertreatment is also 
noted in valvular surgery.11 Although women and men share similar incidence of severe 
AS, there are important gender-related differences regarding risk profiles referred for 
surgical aortic valve replacement. Females present with a distinct risk profile such as the 
smaller body size and older age, which poses unique challenges for the surgical team.12

Most studies on gender differences regarding cardiac surgery were performed with 
short-term outcomes.13 Nevertheless, male-female differences in characteristics and 
long-term outcomes after SAVR remain scarce. In an era where TAVI indications are ex-
panding toward younger patients  preoperative gender-related differences have shown 
an association with short-term outcomes in patients undergoing TAVI.14 Therefore, the 
characteristics of patients undergoing SAVR with or without coronary revascularization 
and the associated differences due to gender have become a focus in AVR studies. 
The purpose of this study is to (i) describe the differences in male and female patients 
undergoing SAVR with or without CABG, (ii) describe the differences in baseline after 
adjusting for age, and (iii) compare the long-term survival and predictors of survival in 
males and females.

mETHoDS

Study design

Patients who underwent SAVR between 1987 and 2016 at the Erasmus University Medical 
Centre in the Netherlands are included. Patients who did not undergo bioprosthetic or 
mechanical aortic valve prosthesis were excluded. Electronic medical records were used 
to retrieve patient and procedural characteristics. Survival status was obtained through 
the Death Registry, which is held nationally. This study was conducted according to the 
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privacy policy of the Erasmus Medical Centre and to the Erasmus Medical Centre regula-
tions for the appropriate use of data in patient-oriented research (MEC-2019-0721).

Endpoints and definitions

The primary endpoint is to assess the prevalence of female patients and the difference 
of patient characteristics regarding gender in the SAVR population. Further endpoints 
were noted as difference in survival between female and male patients. The primary 
indication for operation (AS, AR or combined AS and AR) was determined based on the 
initial echocardiogram and according to the clinical guidelines in use at the time of the 
surgery, corresponding to the current European and American valvular guidelines.6,15

Statistical analysis

Continuous variables are presented as means ± standard deviation or median with the 
interquartile range (IQR, and compared with either the two-sample t-test or Wilcoxon 
rank-sum test. Discrete variables are presented as numbers, percentages or proportions, 
and compared with either the Chi Square test or the Fisher Exact test Trend analysis is 
performed with the χ2 test for trend (linear-by-linear association test).

Logistic regression was used to estimate each patient’s probability of being female. 
Balance between treatment groups was assessed with the use of standardized mean 
differences. A standardized mean difference of 0.1 or less was deemed to be the ideal 
balance, and a standardized difference of 0.2 or less was deemed to be an acceptable 
balance.16 The relative survival can be used as an estimate of cause-specific mortality. 
It is defined as the ratio between the observed survival rates and the expected survival 
rates in the general population.17 The Human Mortality Database is used to obtain the 
age, sex and calendar year matched expected survival data of the general population in 
the Netherlands.18 The Human Mortality Database is continuously updated and includes 
mortality data from the Netherlands up until 2016. Relative survival is estimated through 
the Ederer II method.19,20 Two-sided p-values <0.05 were considered to be statistically 
significant. Data analyses were done using SPSS 25.0 (SPSS Inc, Chi cago, Illinois) and R 
software, version 3.5 (R Foundation, Vienna, Austria).

RESUlTS

characteristics of female patients

A total of 3462 patients underwent SAVR with or without CABG. The incidence of female 
patients in the overall cohort according to the age was 26.3%, 28.8%, 26.1%, 31.5%, 
43.9%, and 52.0% for patients aged <40, 40-49, 50-59, 60-69, 70-79, and 80≥, respectively 
(Figure 1), prevalence of female patients operated after 2000 or undergoing isolated 
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SAVR is presented in figures S1 and S2. Female patients were older than male patients 
at the time of surgery (mean age 61.1 ± 10.3 years vs. 65.5 ± 11.3 years, p< 0.001). The 
prevalence of hypertension (42.5% vs. 33.6%), diabetes mellitus (17.3% vs. 14.5%) and 
isolated AS (77.5% vs. 69.8%) were significantly higher in female patients compared to 
male patients (all p-values <0.05). Female patients had lower prevalence of myocardial 
infarction (7.6% vs. 15.3%) and previous PCI (5.0% vs. 8.8%), p<0.001. This difference 
persisted after accounting for age. Further the left ventricular ejection fraction at the 
time of surgery was better in female patients, with 86.3% of the patients having a LVEF 
of ≥50%, compared to 75.6% of the males (p<0.001). After adjustment for age, the differ-
ences in indication for surgery, hypertension, concomitant CABG, and preoperative left 
ventricular function remained. Detailed characteristics of the overall cohort, propensity-
score matched cohort, and age-matched cohorts are shown in Table 1. Subanalyses on 
the characteristics of patients operated after 2000 and patients undergoing isolated 
SAVR are shown in Supplementary Table S1 and S2, respectively.

figure 1. Incidence of female patients
Incidence of female patients according to different age categories in the overall cohort. Values given in 
percentages.
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Procedural characteristics of female patients

The indication for surgery was AS (77.5%), AR (7.8%). or combined AS and AR (14.7%). 
Concomitant CABG was performed less often compared to male patients (29.6% versus 
40.6%, p<0.001), this difference remained after age-matching (p<0.001). The use of bio-
prosthetic valve was lower in female than in male patients (42.8% vs. 46.1%, p=0.002), 
after accounting for age, female patients were more likely to receive bioprosthetic 
valves (37.6% vs. 31.8%, p=0.007). The diameter of the implanted prosthesis was smaller 
in female patients compared to male patients in both unmatched (21.9 ± 1.8mm vs. 
24.6 ± 2.1mm, p<0.001) and age-matched population (21.9 ± 1.8mm vs. 24.4 ± 2.0mm, 
p<0.001).

long- term outcomes after surgery

A total of 1941 patients died during follow-up (1185 male and 756 female patients, 
p=0.009). Survival according gender was 86.2% vs. 81.8% at 5-year, 61.1% vs. 59.7% at 
10-year, 18.9% vs. 25.4% at 20-years of follow-up (p=0.09), in male and female patients 
respectively, (Figures 2A-C). The difference did not persist after propensity score match-
ing (p=0.17) and reverted after age-matching. In age-, gender-, and year- matched Dutch 
control, the relative survival in female patients was 109.9%, 111.4%, 107.9%, and 96.9%, 
at 5-, 10-, 15-, 20-years of follow-up, respectively (Figure 3B). The relative survival in male 
patients was 96.8%, 89.0%, 76.5%, and 66.0% at 5-, 10-, 15-, and 20-year of follow-up, 
respectively (Figure 3A). Survival for patients operated after 2000 are shown in figures 
S3 and S4.

factors associated with survival during follow-up in the age-matched 
population.

In multivariable analyses, the presence of cardiovascular risk factors such as increasing 
age (p<0.001), diabetes mellitus (p<0.001), previous MI (p=0.013), and the presence 
of decompensation (p=0.002), fibrillation (p<0.001), previous stroke (p=0.016) and 
the need for concomitant CABG (p=0.001) were predictors of mortality in the age-
matched female population (Table 2).  In the age-matched male population, increasing 
age (p<0.001), diabetes (p=0.004), hypercholesterolemia (p=0.001), decompensation 
(p=0.011) and COPD (p=0.04) were independent predictors of mortality. Further predic-
tors are shown in table 2 and in tables S3 and S4 for patients operated after 2000 and 
patients undergoing isolated SAVR, respectively.
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figure 2. Survival after SAVR ± cAbG
A) Survival in the overall cohort, B) Survival in the propensity matched cohort, C) Survival in the age 
matched cohort.
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figure 3. Survival in male and female patients and the relative age, and calendar-year matched pop-
ulation in the overall cohort.
A) Survival in the male cohort, B) Survival in the female cohort. Red line represents actual survival in female 
patients.
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DIScUSSIon

The observed male-female differences in presentation, procedural characteristics, and 
treatment outcomes in patients undergoing SAVR ± CABG highlight the importance of 
understanding the gender-related differences in patients undergoing SAVR. In this study 
we identified four major findings of interest (i) female patients had fewer cardiovascular 
risk factors at presentation, (ii) the difference in cardiovascular risk factors remained 
after age-matching, (iii) long-term survival rates are comparable between female and 

Table 2. Predictors of survival after SAVR in age- matched female and male cohort.

Age-matched female population Age-matched male population

Characteristics Univariable HR
(95% CI);
P-value

Multivariable HR
(95% CI); 
P-value

Univariable HR
(95% CI);
P-value

Multivariable HR
(95% CI); 
P-value

Age 1.06 (1.05-1.08);
P<0.001

1.06 (1.04-1.07);
P<0.001

1.08 (1.07-1.09);
P<0.001

1.07 (1.06-1.09);
P<0.001

Indication AS 1.3 (1.1-1.6); P=0.005 1.0 (0.8-1.3); P=0.97 1.4 (1.2-1.8); P<0.001 0.8 (0.7-1.1); P=0.21

Indication AR 0.6 (0.4-0.8); P=0.002 0.9 (0.6-1.3); P=0.49 0.6 (0.4-0.8); P<0.001 0.8 (0.5-1.1); P=0.13

Indication 
AS+AR

0.9 (0.7-1.1); P=0.41 0.9 (0.7-1.1); P=0.38

Hypertension 1.1 (0.9-1.2); P=0.53 1.2 (1.0-1.5); P=0.031 1.1 (0.9-1.3); P=0.37

Hypercholester-
olemia

1.0 (0.8-1.2); P=0.70 0.8 (0.7-1.0); P=0.10 0.7 (0.5-0.8); P=0.001

Diabetes 
mellitus

1.9 (1.5-2.3); P<0.001 1.5 (1.2-1.9); P<0.001 1.5 (1.2-1.9); P<0.001 1.4 (1.1-1.8); P=0.004

Arterial disease 1.6 (1.1-2.5); P=0.024 1.5 (1.0-2.4); P=0.054 1.7 (1.2-2.4); P=0.002 1.5 (1.1-2.1); P=0.023

Renal failure 5.7 (3.1-10.8); P<0.001 6.7 (3.5-12.8); P<0.001 1.9 (1.0-3.6); P=0.043 1.3 (0.7-2.5); P=0.43

Previous mI 1.8 (1.4-2.5); P<0.001 1.5 (1.1-2.0); P=0.013 1.5 (1.3-1.9); P<0.001 1.1 (0.9-1.4); P=0.35

Previous PcI 1.1 (0.8-1.6); P=0.60 1.3 (0.9-1.7); P=0.13 1.2 (0.9-1.6); P=0.29

Decompensated 
heart failure

1.9 (1.5-2.3); P<0.001 1.5 (1.1-1.8); P=0.002 1.5 (1.2-1.9); P=0.001 1.4 (1.1-1.8); P=0.011

lVEf <50% 1.3 (1.0-1.6); P=0.038 1.0 (0.8-1.3); P=0.80 1.2 (1.0-1.5); P=0.09 1.3 (1.0-1.6); P=0.03

Atrial fibrillation 2.1 (1.7-2.6); P<0.001 1.6 (1.2-2.0); P<0.001 1.8 (1.5-2.3); P<0.001 1.3 (1.1-1.7); P=0.014

Previous stroke 
or TIA

1.4 (1.0-1.9); P=0.052 1.5 (1.1-2.0); P=0.016 1.2 (0.9-1.5); P=0.30

coPD 1.3 (0.9-1.7); P=0.12 1.3 (1.0-1.7); P=0.09 1.8 (1.4-2.3); P<0.001 1.4 (1.1-1.8); P=0.04

Urgent SAVR 
versus non-
urgent

0.5 (0.1-2.0); P=0.32 1.0 (0.5-2.0); P=0.89

mechanical 
prosthesis

0.5 (0.4-0.6); P<0.001 0.9 (0.7-1.1); P=0.31 0.5 (0.4-0.5); P<0.001 1.0 (0.8-1.3); P=0.96

cAbG 1.8 (1.5-2.2); P<0.001 1.3 (1.1-1.6); P=0.001 1.5 (1.3-1.8); P<0.001 1.1 (0.9-1.3); P=0.33

Abbreviations as in Table 1. CI, confidence interval; HR, hazard ratio; MI, myocardial infarction.
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male patients, and (iv) the long-term survival after SAVR is exceptionally higher in female 
patients than the age-, sex- and calendar matched Dutch population.

Males and females differ psychologically, based on, amongst others, biological en-
dowments, effects of gender-related hormones, and physical activity.21 Women tend 
to develop cardiovascular disease later on in life compared to men, which is explained 
by differences in the distribution of baseline risk factors and age-related changes of 
aforementioned; subsequently, the prevalence of comorbidities is higher in males than 
females.22 Men are also more likely to have had a history of myocardial infarction or 
percutaneous coronary revascularization, which is in line with current evidence regard-
ing patients undergoing CABG.23 Female patients present at a later stadium of disease, 
as shown in a cohort from Toronto24, and are more likely to present in urgent settings, 
with worse left ventricular function and more often do need concomitant CABG. Female 
patients also present with a higher transaortic valve gradients, lower effective aortic 
valve orifice areas, and a higher prevalence of cardiac decompensation at the time of re-
ferral.25 While heart disease seems to be equally prevalent in men and women1, late pre-
sentation subsequently leads to surgical undertreatment of cardiovascular patients.26,27

To account for the difference in age and the association of age with cardiovascular 
risk factors28, we accounted for age as variable and exactly matched on age to perform 
analysis on an age-matched group. However, the perceived differences in less prevalent 
systemic cardiovascular risk factors remained in the age-matched cohort, highlighting 
the gender-related differences in male and female patients undergoing SAVR with or 
without CABG, despite being of the same age. Female patients aged 50 or above tend to 
have higher incidences of hypertension than male patients but have a lower incidence 
of coronary artery disease and subsequent interventions. Females also have a higher 
risk of stroke in general at a given age than males, and a cumulative higher incidence of 
stroke, most commonly due to their longer life expectancy.29

Postoperative short- and long-term survival seems to be in favour of men.30 Generally, 
female patients do have a more prolonged overall survival general survival, general 
cardiac surgery as well as CAGB. The comparable survival in female patients was consis-
tent throughout the 20-year study period. This is particularly surprising because female 
patients presented with a worse risk profile, including older age, and more advanced 
severity of AS, displayed by decompensation and urgency of surgery. This finding, how-
ever, may be explained by the demographic background of the general population in the 
Netherlands. Whereas the mean life expectancy of men currently is 80 years, it is 83 years 
for women. Female patients live longer in general and the patients’ longevity might be 
better after alleviating the valvular problem. As seen in the initial period after operation, 
relative survival compared to the Dutch-matched population seems excellent.

In multivariable analyses, the presence of cardiovascular risk factors such as increasing 
age, diabetes, hypertension, hypercholesterolemia, arterial disease, and AF were predic-
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tors of mortality in the age-matched female population.31 Further, in our cohort, female 
patients received smaller prostheses. Prosthesis-patient mismatch is also a known pre-
dictor of mortality following SAVR.32,33 Prosthesis-patient mismatch is also a well-known 
problem after TAVI. Kodali et al. reported that at 30 days after TAVI women higher aortic 
mean gradients after intervention (9.76 mmHg versus 8.91 mmHg; p<0.001) and aortic 
valve areas (1.57 cm2 versus 1.83 cm2; p<0.001) and, while this difference disappeared 
after indexing for body size (0.96 cm2 versus 0.96 cm2; p=0.80).34 This might influence 
the cardiac index and the subsequent associated mortality with prosthesis-patient 
mismatch in male patients.

Current emerging data is demonstrating superior outcomes of TAVI in women com-
pared to men.35 A large report from the ACC/TVT registry examined sex differences 
among 11 808 patients who underwent TAVI and found no difference in in-hospital mor-
tality in women versus men after TAVI but significantly better 1-year survival in female 
patients versus male patients (adjusted hazard ratio: 0.73; 95% CI, 0.63–0.85; P<0.001).35 
Similarly, in a patient-level meta-analysis including 11 310 patients, women had similar 
mortality compared with men at 30 days but had significantly better long-term survival 
(adjusted hazard ratio: 0.79; 95% CI, 0.73–0.86; P=0.001), despite higher rates of in-hos-
pital complications36, which is in line with earlier meta-analysis.37 However, the  earlier 
demonstrated survival  benefit associated with  female  gender  identified  in  previous 
studies might diminish, due to the recent availability of larger valves (e.g. the 29-mm 
size), and the lack of standardization for pre-procedural multidetector CT imaging both 
subsequently leading to paravalvular leakage and unsuitable valve sizes associated with 
increased mortality.38

limitations

Our study has multiple limitations. Our study is retrospective and single-center, which 
has its inherent shortcomings related to data capture, changes in definitions of co-
morbidities, and patients being lost to follow-up, especially with a 30-year follow-up. 
Secondly, female patients tend to present later, we did not have data regarding initial 
presentation for the aortic valvular pathology and timing of AVR between female and 
males. Further, other aspects of clinical outcome and specific valve-related outcomes, 
including symptom improvement, quality of life, structural valve dysfunction was not 
uniformly assessed, and need to be investigated in prospective settings.

conclUSIon

Women undergo less surgical aortic valve replacement than men. Women also have a 
distinct risk profile, which poses unique challenges for surgical treatment of the diseased 
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valve. Nevertheless, despite our data shown that women tend to be older and have more 
comorbidities than men, women tend to have similar mortality rates and benefit from 
these procedures. Although posthoc analyses suggest the superiority of TAVI in female 
patients compared male patients, appropriateness criteria for the mode of intervention 
should be affected by gender, and female patients should be treated appropriately.
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figure S1. Incidence of female patients undergoing the index procedure after 2000.
Incidence of female patients according to different age categories for patients operated after 2000. Values 
given in percentages.

figure S2. Incidence of female patients undergoing isolated SAVR.
Incidence of female patients according to different age categories for patients undergoing isolated SAVR. 
Values given in percentages.
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figure S3. Survival in patients undergoing the index procedure after 2000.
A) Survival in the overall cohort, B) Survival in the propensity matched cohort, C) Survival in the age 
matched cohort.
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SAVR: male versus female

10

figure S4. Survival in male and female patients undergoing isolated SAVR.
Survival in the overall cohort, B) Survival in the propensity matched cohort, C)Survival in the age matched 
cohort
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AbSTRAcT

objectives: The exact timing of aortic valve replacement (AVR) in asymptomatic pa-
tients with severe aortic stenosis (AS) remains a matter of debate. Therefore, we describe 
the natural history of asymptomatic patients with severe AS and the effect of AVR on the 
long-term survival.
methods: Asymptomatic patients who were found to have  severe AS between June 
2006 and May 2009 were included. Severe aortic stenosis was defined as peak aortic jet 
velocity Vmax ≥4.0 m/s or aortic valve area (AVA) ≤1cm2. Development of symptoms, 
and the incidence of AVR, and all-cause mortality were assessed.
Results: A total of 59 asymptomatic patients with severe AS were followed with a mean 
follow-up of 8.9 ± 0.4 years. Total of 51 (86.4%) patients developed AS related symptoms, 
subsequently 46 patients underwent AVR. The mean 1-year, 2-year, 5-year and 10-year 
overall survival rates were higher in patients receiving AVR compared to those who 
did not undergo AVR during follow-up (100%, 93.5%, 89.1%, and 69.4% versus 92.3%, 
84.6%, 65.8% and 28.2% respectively; p<0.001). Asymptomatic patients with severe AS 
receiving AVR during follow-up showed an incremental benefit of survival of up to 31.9 
months compared to conservatively managed patients (p=0.002).
conclusions: The majority of asymptomatic patients turn symptomatic during follow-
up. AVR during follow-up is associated with better survival in asymptomatic severe AS 
patients.
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InTRoDUcTIon

Aortic stenosis (AS) is the most common valvular heart disease, with a prevalence of 
approximately 5% in adults above the age of 65 years.1 The prevalence is expected to 
grow exponentially within the next decades due to an aging population in developed 
countries.2 Patients with symptomatic severe AS currently hold class IB recommenda-
tion for surgical aortic valve replacement (SAVR) treatment due to the dismal prognosis 
once symptoms are present.3,4 Yet, up to 50% of the patients with severe AS report no 
symptoms at initial diagnosis.5

Due to the low risk of sudden cardiac death, which is believed to be approximately 1%, 
conservative approach is currently the treatment of choice in the asymptomatic popu-
lation. New evidence challenges this belief and the incidence of sudden death might 
be higher than previously expected.6 In addition, majority of these patients develop 
AS related symptoms and require intervention within the first 2 years of follow-up.7 
In the present study, we aimed to study the natural history of a cohort of consecutive 
asymptomatic patients with severe AS and evaluating the implications of aortic valve 
intervention (AVR) on long-term survival.

mETHoDS

Patient population

This retrospectively analyzed, prospective multicenter study enrolled asymptomatic 
adult (≥18 years) patients diagnosed with severe AS at seven Cardiology clinics in the 
Rotterdam area between June 2006 and May 2009. Patients were deemed asymptomatic 
if they had no cardiac symptoms at baseline visit (angina, shortness of breath or syn-
cope). In accordance with the European Society of Cardiology and American College of 
Cardiology/American Heart Association Guidelines for the Management of Patients With 
Valvular Heart Disease, severe AS was defined as aortic jet maximal velocity Vmax ≥4.0 
m/s or aortic valve area (AVA) ≤1 cm2.8,9 Patients had a normal left ventricular ejection 
fraction (≥50%). After inclusion in the present cohort, asymptomatic patients were 
invited for exercise testing at baseline. A positive exercise test was defined according 
to the ACC/AHA guidelines.10 The study was approved by the medical ethics committee 
of Erasmus University Medical Center and patient informed consent was waived. All the 
authors vouch for the validity of the data and adherence to the protocol.
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Endpoints and definitions

The primary endpoint was all-cause mortality. The secondary endpoints were the de-
velopment of AS related symptoms and the need of AVR with either SAVR or TAVI. SAVR 
within 24 hours of establishing the indication was classified as urgent.

Statistical analysis

Discrete variables are presented as numbers, percentages or proportions. Continuous 
variables are presented as means ± standard deviation, and presented as median with 
the interquartile range (IQR) if there was evidence of skewed data according to the 
Kolmogorov-Smirnov test. Discrete variables were compared with either the Chi Square 
test or the Fisher Exact test, where appropriate. Continuous variables were compared 
with either the two-sample t-test or Wilcoxon rank-sum test, where appropriate.

Cumulative incidence were assessed using Kaplan-Meier curves to estimate the prob-
ability of i) symptom development, ii) AVR,  iii) all-cause mortality in the overall cohort, 
and iv) all-cause mortality in patients separated by whether they underwent AVR dur-
ing follow-up. The incidence of AVR during follow-up was calculated and expressed as 
number of AVRs per 1,000 patient-years.

Predictors of i) all-cause mortality and ii) AVR were identified in a Cox proportional 
hazards model. Significant variables on univariable analyses were included in a multi-
variable Cox proportional hazards model. Further, the restricted mean survival time at 
10-years of follow-up was calculated to substantiate the overall treatment effect. Two-
sided p-values <0.05 were considered to be statistically significant. Data analyses were 
performed using SPSS 25.0 (SPSS Inc, Chi cago, Illinois) and R software, version 3.4 (R 
Foundation, Vienna, Austria).

RESUlTS

baseline characteristics

The final study population consisted of 59 asymptomatic patients with severe AS (Figure 
S1). The mean age of the patients was 68.2 ± 10.7 years. Patients receiving AVR during 
follow-up were younger compared to patients with a conservative approach, 66.5 ± 10.6 
versus 74.1 ± 8.9; p=0.022, respectively. Asymptomatic patients with AVR during follow-
up had a trend toward being more female (30.4% versus 7.7%, p=0.096) and had less 
diabetes mellitus (13.0% versus 46.2%, p=0.009). No difference in baseline severity of AS 
was noted, based on AVA (0.85 ± 0.27 versus 0.80 ± 0.30, p=0.536) and Vmax (4.23 ± 0.68 
versus 4.28 ± 0.70, p=0.823). Further baseline characteristics for the overall cohort and 
patients undergoing AVR and no AVR during follow-up are shown in Table 1.
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Table 1. baseline characteristics of the asymptomatic population

All (n=59) conservative 
treatment (n=13)

AVR
(n=46)

P-value

Age (years) 68.8 ± 10.6 74.1 ± 8.9 66.5 ± 10.6 0.345

female 15 (25.4) 1 (7.7) 14 (30.4) 0.096

bmI 27.1 ± 3.7 27.5 ± 3.9 26.9 ± 3.7 0.661

bSA 1.93 ± 0.20 2.00 ± 0.12 1.91 ± 0.21 0.226

Previous cAbG 2 (3.4) 0 2 (4.3) 0.444

Smoking 42 (71.2) 10 (76.9) 32 (69.6) 0.605

Atrial fibrillation 4 (7.0) 2 (15.4) 2 (4.5) 0.179

carotid disease 1 (1.7) 1 (7.7) 0 0.058

coronary artery disease 4 (6.8) 0 4 (8.7) 0.271

coPD 6 (10.2) 2 (15.4) 4 (8.7) 0.481

Diabetes 12 (20.3) 6 (46.2) 6 (13.0) 0.009

Hyperlipidemia 29 (49.2) 8 (61.5) 21 (45.7) 0.312

Hypertension 29 (49.2) 5 (38.5) 24 (52.2) 0.383

myocardial infarction 4 (6.8) 0 4 (8.7) 0.271

Peripheral arterial disease 5 (8.5) 0 5 (10.9) 0.214

Stroke 12 (20.3) 3 (23.1) 9 (19.6) 0.781

nT-probnP (pmol/l) 32.0 (18.0-97.0) 33.0 (12.8-149.3) 32.0 (18.0-89.0) 0.976

baseline positive stress test 15 (25.4) 4 (30.8) 11 (24.4) 0.646

logistic EuroScoRE 4.0 (2.1-6.9) 4.7 (3.2-8.1) 3.9 (2.1-5.5) 0.485

STS score 3.8 (2.0-6.0) 5.2 (2.2-8.6) 3.6 (2.0-5.0) 0.403

no medication 13 (22.0) 2 (15.4) 11 (23.9) 0.512

Diuretics 11 (18.6) 3 (23.1) 8 (17.4) 0.642

Ace Inhibitor 14 (23.7) 4 (30.8) 10 (21.7) 0.499

A2 antagonist 11 (18.6) 5 (38.5) 6 (13.0) 0.038

b blocker 15 (25.4) 1 (7.7) 14 (30.4) 0.096

calcium antagonist 8 (13.6) 2 (15.4) 6 (13.0) 0.828

Digoxine 4 (6.8) 0 4 (8.7) 0.271

Echocardiographic parameters

Vmax (m/s) 4.24 ± 0.68 4.28 ± 0.70 4.23 ± 0.68 0.823

AVA (cm2) 0.85 ± 0.28 0.80 ± 0.30 0.85 ± 0.27 0.536

iAVA (cm2/m2) 0.44 ± 0.15 0.41 ± 0.16 0.44 ± 0.14 0.423

mAG (mmHg) 42.8 ± 15.0 44.3 ± 17.4 42.3 ± 14.4 0.684

PAG (mmHg) 73.2 ± 23.6 75.3 ± 24.1 72.6 ± 23.7 0.720

AR grade I/II 29 (50.0) 6 (46.2) 23 (51.1) 0.753

mR grade I/II 12 (20.7) 4 (30.8) 8 (17.8) 0.308

lVEf 62.5 ± 5.9 61.1 ± 5.9 62.7 ± 5.7 0.374

lf/lG AS (%) 5 (8.5) 0 5 (10.9) 0.214

lVH (%) 14 (25.5) 2 (16.7) 12 (27.9) 0.429
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natural course of asymptomatic severe stenosis

Forty-seven out of the 59 patients underwent an exercise stress test at baseline. Of 
these 47 patients, 15 (32%) tested positive and 32 (68%) patients tested negative. The 
other twelve patients were unable to undergo an exercise stress test. Nearly half of the 
patients had their symptoms unmasked by baseline exercise test or eventually develop 
symptoms within the first year after initial diagnosis (n=26; 44%), but the vast majority 
of patients had symptoms (n=51/59, 86.4%) before AVR or death (Figure 1A). Mean time 
to symptom onset was 2.6 ± 0.4 years. During follow-up, 46 patients required AVR of 
whom 11 (24.4%) had a positive exercise test at baseline. Three patients underwent TAVI 
. Eight patients died before undergoing AVR. Cumulative incidence of AVR was 13.6% 
and 91.4% at 1-year and 10-years, respectively (Figure 1B). The linearized incidence rate 
of AVR was 95.5 per 1000 patient-years. Baseline characteristics of patients who did not 
undergo AVR according to survival status is shown in Table S1.

Table 1. baseline characteristics of the asymptomatic population (continued)

All (n=59) conservative 
treatment (n=13)

AVR
(n=46)

P-value

TAPSE (mm) 25.1 ± 3.7 23.6 ± 2.8 25.5 ± 3.9 0.104

lVEDD (mm) 49.0 ± 6.0 49.6 ± 5.1 25.5 ± 3.9 0.687

lVESD (mm) 31.4 ± 6.2 30.3 ± 5.7 31.7 ± 6.4 0.466

lVfS (%) 36.1 ± 8.8 38.6 ± 11.0 35.4 ± 8.1 0.248

lA (mm) 41.3 ± 6.4 42.2 ± 6.8 41.0 ± 6.3 0.563

IVSd (mm) 12.6 ± 2.7 12.5 ± 2.0 12.6 ± 2.9 0.834

IVcd (mm) 17.4 ± 3.6 16.4 ± 2.7 17.7 ± 3.8 0.252

PWd (mm) 10.8 ± 2.0 11.5 ± 1.7 10.7 ± 2.1 0.161

E’ (cm/s) 79.5 ± 23.6 69.1 ± 29.9 82.0 ± 21.4 0.103

A’ (cm/s) 89.9 ± 37.2 104.2 ± 59.9 86.0 ± 27.9 0.134

E’A’ ratio 1.0 ± 0.57 0.8 ± 0.5 1.1 ± 0.6 0.120

lVET (ms) 322.1 ± 32.2 312.6 ± 43.9 324.8 ± 28.4 0.296

DT (ms) 239.4 ± 63.3 217.5 ± 52.6 245.3 ± 65.2 0.198

values are presented as mean ± SD or n (%)
A’, peak velocity of diastolic mitral annular motion; AR, aortic regurgitation; AVA, aortic valve area; BMI, body 
mass index; BSA, body surface area; COPD, chronich obstructive pulmonary disease; DT, deceleration time; 
iAVA , indexed aortic valve area; E’, peak velocity of early diastolic mitral annular motion; E’A’ ratio, ratio of E’ 
to A’; IVCd, inferior vena cava dimension; IVSd, interventricular septum dimension; LA, left atrium; LF/LG AS, 
low-flow/low-grade AS; LVEDD, left ventricular end diastolic diameter; LVEF, left ventricular ejection fraction; 
LVESD, left ventricular end systolic diameter; LVET, left ventricular ejection time; LVFS, left ventricular fractional 
shortening; LVH, left ventricular hypertrophy; MAG , mean aortic gradient; MR, mitral regurgitation; PAD, pe-
ripheral arterial disease; PAG, peak aortic gradient; PWd, posterior wall dimension, TAPSE, tricuspid annular 
plane systolic excursion; Vmax, maximal velocity
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Survival

During a mean follow-up time 8.9 ± 0.4 years, 35 patients (59.3%) died. Early (30-day) 
mortality after AVR occurred in 0 patients. The incidence of all-cause mortality was 
38.9% at 10-years in the overall cohort (Figure 1C). The mean 1-year, 2-year, 5-year and 
10-year overall survival rates was higher in patients receiving AVR compared to conser-
vatively managed patients (100%, 93.5%, 89.1%, and 69.4% versus 92.3%, 84.6%, 65.8% 
and 28.2% respectively; p<0.001) (Figure 2). Patients receiving AVR during follow-up had 
a survival benefit of 31.9 months (95% confidence interval [CI]: 13.27-58.44, p=0.002) 
compared to conservatively managed patients (Table 2).

Predictors of outcome

In univariable analyses, being older (HR 1.11, 95% CI 1.06-1.17), having higher NT-proBNP 
levels (HR 1.002, 95% CI 1.001-1.004), having diabetes mellitus (HR = 4.57, 95% CI 1.91-
10.96), atrial fibrillation (HR 4.98, 95% CI 1.40-17.72), and AVR during follow-up (HR 0.24, 
95% CI 0.10-0.58) were predictors of all-cause mortality (Table 3). Age remained the only 
predictor after multivariable analysis (HR 1.08, 1.01-1.16, p=0.026). Univariate predictors 
of AVR in asymptomatic patients is shown in Table S2.

figure 1. cumulative incidence rates in the overall cohort
A) symptom development, (B) aortic valve replacement (either surgical or transcatehter) and (C) all-cause 
mortality. Shaded region represents the 95% confidence interval.

Table 2. between-group differences in mortality among treatment strategies (conservative versus 
AVR)

overall cohort

Restricted mean survival time at 10 years 95% CI p-value

Difference – months 31.85 13.27-58.44 0.002

Ratio 1.51 1.11-2.05 0.008

Ratio of restricted mean time lost 0.28 0.13-0.60 0.001

AVR, aortic valve replacement; CI, confidence interval.
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figure 2. Survival during follow-up.
Actual survival of asymptomatic patients according to having received AVR during follow-up. Blue line rep-
resents patients who did undergo AVR during follow-up. Red line represents patients who did not undergo AVR 
during follow-up. Shaded region represents the 95% confidence interval. AVR, aortic valve replacement.



209

Intervention on asymptomatic severe aortic stenosis

11DIScUSSIon

This study describes the natural history of asymptomatic patients with severe AS and 
the impact of intervention in this patient population. We found that (i) the majority of 
the patients eventually develop AS related symptoms, (ii) subsequently requiring AVR, 
and (iii) patients who did receive AVR have a survival benefit of close to three years 
compared to conservatively managed patients.

Adriana C. Gittenberger-de Groot and her team have performed an extensive number 
of indispensable studies on the spectrum of aortic valvular disease over the past de-
cades, including histopathological, anatomical and developmental studies on animal as 
well as human tissue.10

Table 3. Predictors of all-cause mortality in asymptomatic patients during follow-up

Univariable HR (95% cI), p-value multivariable HR (95% cI), p-value

Age 1.11 (1.06-1.17), p<0.001 1.08 (1.01-1.16), p=0.026

Gender (female) 0.43 (0.16-1.37), p=0.125

Atrial fibrillation 4.98 (1.40-17.72), p=0.013 3.10 (0.68-14.26), p=0.146

coronary artery disease 0.62 (0.08-4.59), p=0.639

coPD 1.60 (0.48-5.39), p=0.446

Diabetes mellitus 4.57 (1.91-10.96), p<0.001 2.36 (0.87-6.44), p=0.094

Hyperlipidemia 1.65 (0.72-3.78), p=0.234

Hypertension 1.50 (0.66-3.37), p=0.332

myocardial infarction 1.14 (0.27-4.86), p=0.862

Peripheral arterial disease 1.58 (0.46-5.34), p=0.466

Stroke 2.11 (0.90-.492), p=0.086

Exercise test (positive) 0.74 (0.27-1.98) p=0.543

nT-probnP 1.002 (1.001-1.004) p<0.001 1.002 (1.00-1.003), p=0.053

STS score 1.06 (0.99-1.14), p=0.098

logistic EuroScoRE 1.22 (1.09-1.35), p<0.001 0.98 (0.81-1.18), p=0.830

AVR 0.24 (0.10-0.58) p=0.002 1.17 (0.31-4.36), p=0.820

lVEf 0.96 (0.90-1.04), p=0.315

Vmax 0.95 (0.53-1.70), p=0.851

AVA 0.19 (0.03-1.11), p=0.065

iAVA 0.05 (0.00-1.141), p=0.078

mAG 1.01 (0.99-1.03), p=0.460

PAG 1.00 (0.98-1.10), p=0.817

AVA, aortic valve area; AVR, aortic valve replacement; COPD: chronic obstructive pulmonary disease; iAVA, 
indexed aortic valve area; LVEF, left ventricular ejection fraction; MAG, mean aortic gradient; PAG, peak aortic 
gradient; STS, Society of Thoracic Surgery; Vmax, maximal jet velocity.
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Majority of asymptomatic patients develop symptoms within the first 3 years after 
initial diagnosis11, with up to 86.4% at 10-years in our cohort. The asymptomatic patient 
might be ‘falsely’ labelled as asymptomatic. In our cohort 79.7% underwent exercise 
stress testing at baseline, of whom 31.9% of the patients had a positive test. Abnormal 
exercise test is associated with impaired 2-year event-free survival12-14, and is clear indi-
cation for AVR.3,4 Especially, in elderly patients who are subconsciously adapting their 
exercise to their tolerance and underrepresent their symptoms. It is still concerning 
that relatively few asymptomatic patients in practice undergo routine stress testing.15 
Several difficulties of exercise testing exists in the elderly population, including 1) its 
lower predictive value compared to a younger population, 2) limited exercise capability 
in the elderly due to non-cardiac conditions limiting mobility, and 3) the differences 
in exercise protocol and definition of an abnormal exercise test.16,17 The relevancy and 
accuracy of exercise testing is therefore still a debated topic.

The majority of the asymptomatic population with severe AS who develop symptoms 
underwent AVR (91.4%). Our rate is higher in comparison with earlier reports, wherein 
approximately 57% of the patients underwent AVR at 10-years of follow-up.11 This dis-
crepancy could be caused due to the recommendation of the physician. The current 
asymptomatic patient with severe AS does not have a formal indication for interven-
tion, unless the patient has 1) depressed LVEF, or 2) is undergoing concomitant cardiac 
surgery.3,4 Yet, it is expected that the degree of AS will gradually increase, and the initially 
asymptomatic patient eventually will develop symptoms due to disease progression  
subsequently requiring guideline recommended AVR. The upfront gain obtained by 
delaying surgery might not outweigh the risk of AVR being delayed with conservative 
treatment. This is  especially the case in patients who are older and subsequently have 
increased operative risk.18 In those patients the long-term hemodynamic consequences 
might outweigh the positive outcomes of an early interventional strategy.19,20

Asymptomatic patients with severe AS undergoing AVR during follow-up had better 
survival compared to conservatively managed patients. In the first randomized con-
trolled trial, a total 145 asymptomatic patients with very severe AS were randomized to 
early surgery (n=73) and conservative care (n=72).21 Early surgery resulted in improved 
survival at 8-years of follow-up compared to patients treated with a conservative ap-
proach (90% versus 74%, p=0.003, respectively). However, the this study only provides a 
perspective on patients with very severe AS. Initial data in asymptomatic patients with 
severe AS on all-cause mortality at 5-year from the CURRENT AS registry indicates a 
survival benefit for patients undergoing surgery within 3-months compared to conser-
vative treatment, 26.4% vs. 15.4%; P=0.009, respectively.20 While pre-emptive strategy 
seems superior in those with (very) severe AS21, the exact timing and benefit of AVR in 
asymptomatic patients with severe AS remains to be defined. Conservative treatment is 
a solution that almost nobody still considers with the advent of TAVI. The role of mini-
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mally invasive techniques in the asymptomatic cohort with severe AS will need to be 
substantiated in the future (NCT03094143 and NCT03042104, Table S3).

limitations

Several limitations need to be acknowledged. First, this is an ambispective study with 
its inherent shortcomings. Second, the number of patients and subsequent events are 
relatively low with its shortcomings related to overfitting of multivariable analyses. 
Given the fact that patients were not randomized into the early surgical management 
and conservative treatment, potential selection bias cannot be eliminated, wherein the 
older patient was more unlikely to undergo AVR, as the indication for treatment was left 
to the discretion of the treating physician.

conclUSIon

The vast majority of asymptomatic patients with severe AS develop symptoms during 
follow-up and subsequently require intervention. Intervention during follow-up is asso-
ciated with better long-term survival, and early intervention is likely to improve survival. 
Close clinical follow-up is warranted for all patients, and pre-emptive elective aortic 
valve procedures may be considered in selected elderly patients at low procedural risk. 
Further results from the currently ongoing clinical trials will give us more insight on the 
role of early intervention in asymptomatic patients with severe AS.
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SUPPlEmEnTARY mATERIAl

Table S1 – baseline characteristics of patients who did not undergo AVR during follow-up

no AVR during
follow-up
(n=13)

Died (n=8) Alive (n=5) P-value

Age (years) 74.1 ± 8.9 78.0 ± 7.7 67.8 ± 7.6 0.039

female 1 (7.7) 0 1 (20.0) 0.188

bmI 27.5 ± 3.9 25.6 ± 2.0 30.4 ± 4.7 0.027

bSA 2.00 ± 0.12 2.0 ± 0.1 2.0 ± 0.1 0.572

Previous cAbG 0 0 0 >0.999

Smoking 10 (76.9) 7 (87.5) 3 (60.0) 0.252

Atrial fibrillation 2 (15.4) 1 (12.5) 1 (20.0) 0.715

carotid disease 1 (7.7) 1 (12.5) 0 0.411

coronary artery disease 0 0 0 >0.999

coPD 2 (15.4) 1 (12.5) 1 (20.0) 0.715

Diabetes 6 (46.2) 5 (62.5) 1 (20.0) 0.135

Hyperlipidemia 8 (61.5) 6 (75.0) 2 (40.0) 0.207

Hypertension 5 (38.5) 4 (50.0) 1 (20.0) 0.279

myocardial infarction 0 0 0 >0.999

Peripheral arterial disease 0 0 0 >0.999

Stroke 3 (23.1) 2 (25.0) 1 (20.0) 0.835

nT-probnP (pmol/l) 33.0 (12.8-149.3) 100.5 (19.0-971.5) 35.0 (31.0-50.0) 0.425

baseline positive stress test 4 (30.8) 3 (37.5) 1 (20.0) 0.506

logistic EuroScoRE 4.7 (3.2-8.1) 7.1 (4.4-10.5) 3.0 (2.1-5.7) 0.121

STS score 5.2 (2.2-8.6) 5.8 (3.4-9.6) 3.4 (2.4-6.0) 0.845

no medication 2 (15.4) 1 (12.5) 1 (20.0) 0.715

Diuretics 3 (23.1) 2 (25.0) 2 (40.0) 0.835

Ace Inhibitor 4 (30.8) 3 (37.5) 1 (20.0) 0.506

A2 antagonist 5 (38.5) 5 (62.5) 0 0.024

b blocker 1 (7.7) 1 (12.5) 0 0.411

calcium antagonist 2 (15.4) 2 (25.0) 0 0.224

Digoxine 0 0 0 >0.999

Echocardiographic parameters

Vmax (m/s) 4.28 ± 0.70 4.28 ± 0.85 4.28 ± 0.45 >0.999

AVA (cm2) 0.80 ± 0.30 0.70 ± 0.26 0.95 ± 0.32 0.149

iAVA (cm2/m2) 0.41 ± 0.16 0.36 ± 0.14 0.48 ± 0.17 0.190

mAG (mmHg) 44.3 ± 17.4 47.1 ± 21.9 39.7 ± 4.8 0.476

PAG (mmHg) 75.3 ± 24.1 76.1 ± 29.4 74.0 ± 15.4 0.885

AR grade I/II 6 (46.2) 4 (50.0) 2 (40.0) 0.725

mR grade I/II 4 (30.8) 3 (37.5) 1 (20.0) 0.506
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Table S1 – baseline characteristics of patients who did not undergo AVR during follow-up (continued)

no AVR during
follow-up
(n=13)

Died (n=8) Alive (n=5) P-value

lVEf 61.1 ± 5.9 59.9 ± 6.4 63.1 ± 5.1 0.376

lf/lG AS (%) 0 0 0 >0.999

lVH (%) 2 (16.7) 2 (100.0) 0 0.190

TAPSE (mm) 23.6 ± 2.8 23.0 ± 2.6 24.6 ± 3.3 0.345

lVEDD (mm) 49.6 ± 5.1 48.4 ± 6.1 51.6 ± 1.8 0.288

lVESD (mm) 30.3 ± 5.7 32.7 ± 4.7 26.4 ± 5.2 0.044

lVfS (%) 38.6 ± 11.0 32.2 ± 6.6 48.9 ± 9.0 0.002

lA (mm) 42.2 ± 6.8 44.9 ± 6.4 37.9 ± 5.4 0.072

IVSd (mm) 12.5 ± 2.0 13.0 ± 2.1 11.6 ± 1.5 0.231

IVcd (mm) 16.4 ± 2.7 15.9 ± 3.1 16.5 ± 5.0 0.542

PWd (mm) 11.5 ± 1.7 11.3 ± 1.1 12.0 ± 2.4 0.448

E’ (cm/s) 69.1 ± 29.9 69.1 ± 33.9 69.0 ± 21.6 0.997

A’ (cm/s) 104.2 ± 59.9 88.0 ± 33.1 136.6 ± 92.2 0.198

E’A’ ratio 0.8 ± 0.5 0.9 ± 0.6 0.6 ± 0.4 0.377

lVET (ms) 312.6 ± 43.9 321 ± 29.5 300 ± 63.0 0.491

DT (ms) 217.5 ± 52.6 228.4 ± 55.7 188.3 ± 34.8 0.283

values are presented as mean ± SD or n (%)
A’, peak velocity of diastolic mitral annular motion; AR, aortic regurgitation; AVA, aortic valve area; BMI, body 
mass index; BSA, body surface area; COPD, chronich obstructive pulmonary disease; DT, deceleration time; 
iAVA , indexed aortic valve area; E’, peak velocity of early diastolic mitral annular motion; E’A’ ratio, ratio of E’ 
to A’; IVCd, inferior vena cava dimension; IVSd, interventricular septum dimension; LA, left atrium; LF/LG AS, 
low-flow/low-grade AS; LVEDD, left ventricular end diastolic diameter; LVEF, left ventricular ejection fraction; 
LVESD, left ventricular end systolic diameter; LVET, left ventricular ejection time; LVFS, left ventricular fractional 
shortening; LVH, left ventricular hypertrophy; MAG , mean aortic gradient; MR, mitral regurgitation; PAD, pe-
ripheral arterial disease; PAG, peak aortic gradient; PWd, posterior wall dimension, TAPSE, tricuspid annular 
plane systolic excursion; Vmax, maximal velocity
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Table S2. Predictors of AVR in asymptomatic patients during follow-up

Univariable HR (95% cI), P value

Age 0.98 (0.95-1.01), p=0.125

Gender (female) 1.52 (0.80-2.90), p=0.200

lVEf 1.01 (0.97-1.06), p=0.556

Atrial fibrillation 0.51 (0.12-2.15), p=0.362

coronary artery disease 1.15 (0.41-3.27), p=0.790

coPD 0.88 (0.31-2.46) p=0.806

Diabetes mellitus 0.57 (0.24-1.36) p=0.206

Hyperlipidemia 0.68 (0.38-1.23) p=0.205

Hypertension 1.25 (0.70-2.23) p=0.457

myocardial infarction 2.07 (0.73-5.85), p=0.172

Peripheral arterial disease 1.33 (0.52-3.38), p=0.553

Stroke 0.80 (0.39-1.67), p=0.557

Exercise test (positive) 1.24 (0.62-2.48), p=0.540

nT-probnP 1.00 (1.00-1.00) p=0.182

STS 1.00 (0.92-1.08), p=0.938

logistic EuroScoRE 0.97 (0.88-1.07), p=0.593

lVEf 1.01 (0.97-1.06), p=0.556

Vmax 1.52 (0.99-2.32), p=0.056

AVA 0.51 (0.17-1.50), p=0.219

iAVA 0.38 (0.05-2.85), p=0.344

mAG 1.02 (1.00-1.03), p=0.093

PAG 1.01 (1.00-1.02), p=0.100

AVA, aortic valve area; AVR, aortic valve replacement; COPD: chronic obstructive pulmonary disease; iAVA, 
indexed aortic valve area; LVEF, left ventricular ejection fraction; MAG, mean aortic gradient; PAG, peak aortic 
gradient; STS, Society of Thoracic Surgery; Vmax, maximal jet velocity.

Table S3. current on-going RcTs in the asymptomatic population

name study Source SAVR or TAVR

REcoVERY (https://clinicaltrials.gov/ct2/show/NCT01161732) SAVR

AVATAR (https://clinicaltrials.gov/ct2/show/NCT02436655) SAVR

ESTImATE (https://clinicaltrials.gov/ct2/show/NCT02627391) SAVR

EVolVeD (https://clinicaltrials.gov/ct2/show/NCT03094143) SAVR/TAVR

EARlY TAVR (https://clinicaltrials.gov/ct2/show/NCT03042104) TAVR



217

Intervention on asymptomatic severe aortic stenosis

11

figure S1. flowchart of the patients during follow-up
A total of 59 asymptomatic patients with severe AS were included. Total of 51 patients did develop symp-
toms and 8 did not. Of whom who did develop symptoms underwent 42 AVR, and 15 patients died after 
AVR. Of whom who did not develop symptoms 3 underwent AVR, and 1 died after AVR. Five patients died 
after symptoms without undergoing AVR. Four patients died with no symptoms without undergoing AVR.
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KEY PoInTS

Question: What is the natural history of asymptomatic severe aortic stenosis (AS), which 
variables predict prognosis, and can early intervention improve outcomes?
findings: In this meta-analysis, the rate of all-cause death was 5 per 100 conservatively 
treated patients per year, of which 3 and 1 were of cardiac and sudden cause, respec-
tively. Twenty per 100 patients per year developed an indication for intervention. Early 
intervention was significantly associated with improved survival.
meaning: Many patients with asymptomatic severe AS develop indication for inter-
vention while experiencing deaths that are mostly cardiac, but not only sudden. Early 
intervention is associated with improved survival.
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AbSTRAcT

Importance: Whether intervention should be performed in patients with asymptomatic 
severe aortic stenosis (AS) remains debated.
objective: Meta-analyze the natural history of asymptomatic severe AS and examine 
the association of early intervention on survival.
Data sources: PubMed, Embase and Cochrane databases were searched on February 
1st, 2020.
Study selection: Observational studies of adult patients with asymptomatic severe AS .
Data extraction and synthesis: Two investigators independently extracted study and 
patient characteristics, follow-up time and events, and prognostic indicators of events. 
Random-effects model were used to derive pooled estimates.
main outcomes: The meta-analysis on natural history was performed on the primary 
end point of all-cause death occurring during a conservative treatment period, with sec-
ondary end points consisting of cardiac death, death due to heart failure, sudden death, 
development of symptoms, development of an indication for aortic valve intervention, 
and aortic valve intervention. The primary end point for the meta-analysis of early inter-
vention versus a conservative strategy was all-cause death during long-term follow-up. 
Finally, we performed a meta-analysis on the association of prognostic indicators with 
the composite of death or aortic valve intervention found in multivariable models.
Results: We included 30 studies with 4075 patients with 11901 years of follow-up. 
Pooled rates per 100 patients per year were 4.8 (95% CI 3.6-6.4) for all-cause death, 
3.0 (95%CI 2.2-4.1) for cardiac death, 2.0 (95%CI 1.3-3.1 for death due to heart failure, 
1.1 (95%CI 0.6-2.1) for sudden death, 17.5 (95%CI 12.8-24.0) for an indication for aortic 
valve intervention, 17.9 (95%CI 13.1-24.3) for development of symptoms, and 19.2 
(95%CI 15.5-23.8) for aortic valve intervention. Early intervention was associated with a 
significant reduction in long-term mortality (HR 0.38, 95%CI 0.25-0.58). Factors associ-
ated with worse prognosis were severity of AS, low-flow AS, left ventricular damage, and 
atherosclerotic risk factors.
conclusions and relevance: Data from observational studies and a recent randomized 
trial suggests that many patients with asymptomatic severe AS develop an indication 
for aortic valve intervention while experiencing deaths that are mostly cardiac, but not 
only sudden. Other endpoints besides sudden death should be considered during the 
decision to perform early intervention that are associated with improved survival.
Keywords: asymptomatic; severe aortic stenosis; symptoms; surgery; intervention; 
aortic valve replacement; transcatheter aortic valve replacement; transcatheter aortic 
valve intervention; death; sudden death; heart failure; early intervention; review; meta-
analysis



Chapter 12

222

InTRoDUcTIon

Patients with symptomatic severe aortic stenosis (AS) have an indication for surgical aor-
tic valve replacement (SAVR) or transcatheter aortic valve replacement (TAVR). The role 
of intervention is less clear in patients with asymptomatic severe AS. North American 
and European guidelines agree on a class I indication for SAVR in patients with a reduced 
left ventricular ejection fraction (LVEF <50%), but are inconsistent for patients with other 
disease or comorbid factors.1,2,3

Studies suggest that as many as 50% of patients with asymptomatic severe AS prog-
ress to a symptomatic status and require surgery within the first 2 years of follow-up4, 
and that this waiting period increases the risk of sudden cardiac death and congestive 
heart failure.5,6 In light of these results, the concept of early intervention has raised 
increasing interest.5,7 However, advocators of a conservative approach argue that the 
procedural risk does not balance against the potential benefits of early intervention, 
and that many patients will never become symptomatic.8 Such arguments come mainly 
from single-center observational studies with few patients and based on events that 
occur infrequently.1

The natural history should be better quantified to improve our understanding of 
potential benefits and harms of intervention versus conservative treatment. Moreover, 
risk factors of a poor prognosis should be identified to evaluate which patients are at 
highest risk and may particularly benefit from early intervention. Therefore, we have 
performed a systematic review and meta-analysis of studies evaluating the natural his-
tory of patients with asymptomatic severe AS and determined whether early interven-
tion improves long-term survival.

mETHoDS

This study complies with the Meta-analysis Of Observational Studies in Epidemiology 
(MOOSE) guidelines.9

Search strategy and study inclusion

The PubMed, Embase and Cochrane databases were searched from their inception to 
February 1st, 2020, for full-length, English-language, observational studies that reported 
on patients with asymptomatic severe AS who were initially treated conservatively. We 
searched among titles and abstracts using the keywords “asymptomatic” AND “aortic” 
AND “stenosis”. No search software was used. Authors were not contacted for studies 
that did not fulfill inclusion criteria or if data were unclear.
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Two investigators (S.J.H. and M.C.) independently reviewed the search result in dupli-
cate. In case of disagreement, consensus was reached through discussion. The title and 
abstract were reviewed during the first stage, after which the remaining articles were 
reviewed in-depth during the second stage. Reference lists of potentially valid studies 
and review articles were checked to ensure no relevant studies were missed. Abstracts 
from meetings were not considered.

Studies were included if they fulfilled the following criteria: i) the study included adult 
patients with severe AS quantified by at least an aortic valve area (AVA) of <1.0 cm2 or 
an indexed AVA (iAVA) <0.6 cm2/m2, a jet velocity of >4.0 m/s, or a mean gradient of >40 
mmHg; ii) patients were considered to be asymptomatic if reported as such, which was 
left to the discretion of the physicians and investigators of the individual studies and 
performance of exercise testing was not considered mandatory to confirm absence of 
symptoms; and iii) at least the event of death during follow-up, and the mean/median 
duration of follow-up, was reported. Studies with a combined inclusion of patients with 
moderate and severe AS were excluded unless results were separately reported for 
patients with severe AS. In case there was overlap in the patient populations in different 
studies from the same center, we included only the study with the longest follow-up or 
largest patient cohort. A list of excluded papers is available upon request.

Data extraction

Two investigators (S.J.H. and M.C.) independently extracted and cross-checked clinically 
relevant data and data necessary for study inclusion and meta-analysis (Supplementary 
Text 1). Inconsistencies were resolved by discussion.

Endpoints

For the meta-analysis on the natural history, the primary end point was all-cause death. 
Secondary end points consisted of cardiac death, sudden death, death due to conges-
tive heart failure, the development of an indication for aortic valve intervention, the 
development of symptoms, and aortic valve intervention by either SAVR or TAVR. For 
the meta-analysis of early intervention versus conservative treatment, the primary end 
point was all-cause death. For the meta-analysis of predictors, the primary endpoint 
consisted of the composite of all-cause death and aortic valve intervention (or develop-
ment of symptoms), but allowing for studies to include hospitalization or congestive 
heart failure as additional end point in the composite.

Statistical analyses

We calculated the log rate of events per 100 patients per year of observation time and 
the corresponding standard error within studies, and then used a DerSimonian and Laird 
random-effects model to derive pooled estimates and corresponding limits of the 95% 
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CI10 and back transformed pooled estimates and limits of the 95% CI to rates per 100 
patient-years throughout. If the total amount of follow-up time was not reported, this 
was calculated by multiplying the number of patients by the mean follow-up time. In 
case of zero events, we derived the upper end of the 95% confidence interval (CI) of the 
rate as described by Hanley and Lippman-Hand, adding a continuity correction of 0.01 
to the numerator, and a continuity correction of 0.01 multiplied by the average follow-
up time to the denominator to derive rates.11 We explored heterogeneity across studies 
using the DerSimonian and Laird between-study variance τ2 statistic,12 and calculated 
95% prediction intervals for the pooled rates in addition to conventional confidence in-
tervals taking into account the between study variance to reflect residual uncertainty.13 
Our analysis on the natural history consisted of pooling the studies that reported events 
occurring only during a period of time in which patients were asymptomatic and no 
aortic valve intervention took place. Pre-specified subgroup analyses were restricted to 
the 26 studies with follow-up until aortic valve intervention, investigating heterogeneity 
by: study design (prospective versus retrospective), year of initiation of patient recruit-
ment (before 1999 versus 1999 or later), number of patients included in the study (<100 
versus ≥100 patients), length of average follow-up time (<2 versus ≥2 years), length of 
accumulated follow-up patient-time (<200 versus ≥200 patient-years), and whether or 
not good left ventricular ejection fraction (defined as  ≥50%, ≥55%, or “normal”) was 
an inclusion criterion of the study. Subgroup analyses were accompanied by a test for 
interaction from random-effects meta-regression.

For the comparison of all-cause mortality following early intervention versus conser-
vative treatment, we included studies that did not censor patients at the time of in-
tervention and evaluated long-term mortality. We pooled studies using the study-level 
HRs in a random-effects model with Knapp-Hartung modification of the variance as the 
number of cohort studies that reported HRs for this comparison was low.

For the pooling of the effect of prognostic indicators on events, whenever two or more 
studies reported the HRs of the association between prognostic indicators and events 
during follow-up, we pooled them across studies using a random-effects Bayesian meta-
analysis. Details are provided in Supplementary Text 2. Analyses were performed in Stata 
version 14.2 (StataCorp, College Station, TX, USA) and WinBUGS version 14.

RESUlTS

Study inclusion

The literature search yielded 2,370 studies that were potentially relevant for inclusion 
in the meta-analysis, and 30 studies were included in our meta-analysis on the natural 
history (Supplementary Figure 1). All studies were observational. A total of 4,075 pa-



225

Natural history of asymptomatic severe aortic stenosis

12

tients with a median follow-up of 2.3 years (interquartile range (IQR), 1.6-3.3 years) were 
included in the natural history analysis (Table 1). In addition, 9 studies were included in 
our meta-analysis comparing an early surgical treatment strategy with watchful waiting, 
of which 1 was a randomized controlled trial (Supplementary Figure 1). A total of  3,904 
patients with a median follow-up of  5.0 years (IQR, 3.7-5.7 years) were included in our 
analyses comparing an early surgical treatment strategy with watchful waiting (Table 1).

meta-analysis on death

Mortality
The rate of all-cause death was 4.8 (95% CI 3.6-6.4) per 100 patients per year in 21 stud-
ies with 3,041 patients with a median follow-up of 2.3 years (IQR, 1.7-3.4 years) (Figure 
1A). Cardiac death occurred at a rate of 3.0 (95% CI 2.2-4.1) per 100 patients per year in 
18 studies with 2,813 patients with a median follow-up of 2.1 years (IQR, 1.4-2.9 years) 
(Figure 1B). The rate of death due to congestive heart failure was 2.0 (95% CI 1.3-3.1) per 
100 patients per year in 11 studies with 1,809 patients with a median follow-up of 2.3 
years (IQR, 1.9-2.9 years) (Figure 1C). Sudden death occurred at a rate of 1.1 (95% CI 0.6-
2.1) per 100 patients per year in 12 studies with 1,767 patients with a median follow-up 
of 2.3 years (IQR, 1.7-3.1 years) (Figure 1D).

Progression to aortic valve intervention
An indication for aortic valve intervention was reported in 11 studies with 1,754 patients 
with a median follow-up of 2.3 years (IQR 1.8-3.2) and occurred in 18.1 (95% CI 12.8-25.4) 
per 100 patients per year (Figure 2A). There were 16 studies with 2,234 patients and 
median follow-up of 1.9 years (IQR 1.3-3.1) that reported the number of patients that 
developed symptoms, with a pooled rate of 18.5 (95% CI 13.4-25.5) per 100 patients 
per year (Figure 2B). Aortic valve intervention was performed in 19.2 (95% CI 15.5-23.8) 
per 100 patients per year (21 studies with 3,494 patients with a median follow-up of 2.3 
years (IQR 1.7-3.0) (Figure 2C).

Subgroup analyses
Supplementary Table 1 shows results of subgroup analyses. Studies with shorter total 
follow-up were associated with higher rates of all-cause death. Studies with shorter mean 
and total follow-up were associated with higher rates of symptom development and 
aortic valve interventions. Rates of an indication for aortic valve intervention (p=0.022) 
and development of symptoms (p=0.007) were markedly higher in prospective versus 
retrospective studies. There were no interactions with subgroups by LVEF.
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figure 1. meta-analysis of studies on death.
A. All-cause death

b. cardiac death
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c. Death due to heart failure

D. Sudden death
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figure 2. meta-analysis of studies on progression to aortic valve intervention.
A. Indication for aortic valve intervention

b. Development of symptoms
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c. Aortic valve intervention

figure 3. meta-analysis on all-cause mortality of surgery versus an initial conservative treatment 
strategy.
CI = confidence interval; IV = inverse variance; SE = standard error
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Adverse events
Fifteen studies performed a multivariable analysis on the composite of death or aortic 
valve intervention. Outcomes were largely associated with measurements of the severity 
of AS and left ventricular dysfunction, with clinical factors being limited to atherosclerotic 
risk factors (Supplementary Table 2). There was inconsistency in how variables and cut-
offs were used in multivariable models, but pooling consistent variables with 2 or more 
results in multivariable analyses resulted in a set of independent variables (Table 2). Het-
erogeneity was low for all pooled analyses. Results were consistent in sensitivity analyses 
using different assumptions for the prior distribution of τ (Supplementary Table 3).

meta-analysis on the impact of early intervention

There were 9 studies that compared patients who underwent early intervention versus 
an initial conservative treatment strategy, which included a combined 3904 patients with 
a median follow-up of  5.0 years (IQR of 3.7-5.7)  (Supplementary Table 4).5,39,43,47-49 All but 
one randomized trial used either propensity-score matching or multivariable models to 
adjust for differences in baseline characteristics between treatment groups. Interven-
tion consisted of surgery in the vast majority of cases. Our meta-analysis indicates that 
intervention was associated with a significant reduction in all-cause mortality during 
follow-up (HR 0.38, 95% CI 0.25-0.58), with moderate heterogeneity (τ2=0.21) (Figure 3).

Table 2. factors associated with death or aortic valve intervention

characteristic HR (95% crI) τ2 (95% crI) References

Peak pressure gradient, per 10mmHg 1.22 (1.03 to 1.44) 0.002 (0.000 to 0.067) 28,33

Peak aortic jet velocity ≥ 4.0 m/s 1.93 (1.17 to 3.18) 0.006 (0.000 to 0.131) 19,29

Aortic valve area ≤ 0.6 cm2 1.68 (1.13 to 2.53) 0.010 (0.000 to 0.146) 20,34

Aortic valve calcification ≥ grade 3 2.65 (1.71 to 4.25) 0.006 (0.000 to 0.115) 28,19,42

female gender 0.97 (0.72 to 1.33) 0.006 (0.000 to 0.113) 34,42

Hypertension 0.66 (0.48 to 0.93) 0.005 (0.000 to 0.089) 18,21,42

Dyslipidemia 1.45 (1.09 to 1.93) 0.006 (0.000 to 0.097) 18,19,34,42

Diabetes 1.64 (1.09 to 2.41) 0.044 (0.000 to 0.272) 33,18,34,42

coronary artery disease 1.32 (0.90 to 1.91) 0.012 (0.000 to 0.161) 18,34,42

Global longitudinal strain on speckle 1.12 (1.02 to 1.28) 0.002 (0.000 to 0.049) 28,22,30

Valvulo-arterial impedance 1.35 (1.03 to 1.76) 0.005 (0.000 to 0.100) 28,22

left ventricular mass Index, per 10 units 1.1 (0.87 to 1.39) 0.004 (0.000 to 0.089) 23,33

CrI, credible interval; HR, hazard ratio
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DIScUSSIon

In this systematic review and meta-analysis of 30 studies on the natural history of patients 
with asymptomatic severe AS, we found that there were overall 5 deaths per 100 patients 
per year during a conservative treatment strategy, with a high rate of progressing to a 
symptomatic state and developing an indication for aortic valve intervention. Particular-
ly patients with more severe AS, abnormal LV characteristics, and atherosclerotic clinical 
factors were at a higher risk of death or an indication for intervention. Moreover, among 
another 9 studies that investigated performing early intervention, consisting of surgery 
in the majority of cases within these studies, was associated with a significant reduction 
in all-cause death during follow-up. While it has been argued that many patients do not 
develop an indication for intervention and that the risk of death is low during conserva-
tive treatment, the results of the current meta-analysis suggest otherwise. Indeed, most 
studies focus on sudden death, but this meta-analysis demonstrates that sudden death 
accounts for only part of cardiac deaths that occur in asymptomatic patients with severe 
AS, and that the risk of death may therefore be underestimated. These data suggest that 
early intervention may need to be considered in a greater proportion of patients with 
asymptomatic severe AS.

Currently, the largest and only available randomized controlled trial on asymptomatic 
patients with severe AS analysed 145 patients and found that initial surgery versus an 
initial conservative treatment significantly reduced the all-cause death and operative 
or cardiovascular death, even when 74% of patients in the conservative group required 
SAVR during follow-up.43 This study is pivotal in the debate on treating asymptomatic 
patients, but it only provides a perspective on patients with very severe AS, applying 
inclusion criteria of an AVA of ≤0.75 cm2 with either a jet velocity of ≥4.5 m/s or a mean 
gradient of ≥50 mm Hg, while lacking evidence on the much broader patient population 
with asymptomatic AS. Further data from observational studies as summarized in the 
current meta-analysis provides these additional insights.  The largest available observa-
tional study analyzed 291 propensity-matched pairs and found that early surgery versus 
an initial conservative treatment significantly reduced the 5-year rates of all-cause death 
and hospitalization for heart failure, even when 41% of patients in the conservative 
group required SAVR during follow-up.5 When pooling multiple studies on the impact 
of intervention on survival, we found that intervention versus conservative treatment 
was associated with significantly improved survival with a HR of 0.38. While this may be 
a true impact, considering the high rates of death and progression to an indication for 
aortic valve intervention (e.g. symptoms or left ventricular dysfunction) among conser-
vatively treated patients in this meta-analysis, most of the observational studies may be 
biased because physicians could have opted for a conservative treatment strategy for 
patients due to a high risk for surgery, as was often the case before the introduction of 
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TAVR, when most of these studies were performed.50 Moreover, not all studies specifi-
cally evaluated the impact of intervention within a short (for example, 3 months) period 
after the diagnosis of severe AS. Patients that went on to have intervention at a later 
follow-up time are inherently a selected group with a better prognosis, since the highest 
risk patients may have died within the early follow-up period. Indeed, Le Tourneau and 
coauthors39 found that the point estimate of the HR in favor of surgery was much larger 
if conservative treatment was compared with surgery being performed within 1 year of 
presentation as opposed to surgery at any time during follow-up (HR = 0.58 versus HR 
= 0.39). Data from the RECOVERY trial are consistent with that of these observational 
studies,43 but additional results from ongoing randomized trials comparing an early 
interventional treatment strategy and a conservative strategy in asymptomatic patients 
with severe AS will add significant knowledge and provide important insight to substan-
tiate the role of early intervention (Supplementary Table 5).

The decision to undergo early intervention should depend on a critical assessment of 
symptoms and careful and individualized consideration of potential benefits and harms. 
Cardiac magnetic resonance to detect LV damage furthermore helps identify patients 
that may benefit from early intervention.51 Apart from LV dysfunction as an indication 
to perform SAVR in patients with asymptomatic severe AS, current clinical guidelines 
provide several additional recommendations to consider intervention in patients with 
asymptomatic severe AS.1 Our meta-analysis of variables associated with mortality 
related outcomes, indicate that prognosis is significantly worse if global longitudinal 
strain or valvulo-arterial impedance is present even with a preserved LV function22,23,28,33, 
if AS is more severe as measured by higher valve gradient and lower valve area, and 
if atherosclerotic risk factors, such as dyslipidemia or diabetes are present. These ad-
ditional disease and comorbid characteristics are not considered in current guidelines or 
are inconsistently recognized in North American and European guidelines. We therefore 
suggest that cardiologists and surgeons take these additional factors into account when 
deciding to perform early intervention or initiate a conservative treatment strategy. Of 
note, our subgroup analysis could not confirm that LVEF was associated with worse 
outcomes, which is most likely related to the criteria used in the individual manuscripts; 
almost all studies included patients with preserved LVEF.

Strengths and limitations

An important strength is that a large number of studies could be pooled in a random-
effects model with moderate statistical heterogeneity, increasing the validity of the 
results. The included studies consisted exclusively of patients with asymptomatic severe 
AS, unlike many other studies and reviews that have not stratified results according to 
the severity of AS in asymptomatic patients.7,52 Lastly, using Bayesian methods for meta-
analyses of a low number of studies allowed a more reliable estimation of between-trial 
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variance and its uncertainty to identify particular disease and patient factors that impact 
the prognosis of asymptomatic severe AS. This resulted in identifying several variables 
that are currently not included in clinical guidelines.

This is a meta-analysis of observational studies, which is dependent on the quality 
of the individual studies that were included. Many of the studies were single-center, 
retrospective, and it may therefore have been difficult to adjudicate events related 
to the development of symptoms and indications for intervention during follow-up. 
Secondly, only a few studies routinely performed stress testing in patients with asymp-
tomatic severe AS, and we were therefore not able to determine whether all patients 
in these studies were truly asymptomatic. In addition, studies mainly reported that 
patients with severe AS referred to their clinic were included, but did not clarify whether 
patients already had severe AS a certain time before primarily being evaluated in the 
clinic (e.g. prevalent cases) or had mild or moderate AS when primarily being evaluated 
and progressed to severe AS just before a later check (e.g. incident cases). Nevertheless, 
there was considerable heterogeneity in our meta-analyses of event rates. Although 
subgroup analyses to detect heterogeneity within meta-analyses of observational stud-
ies should be interpreted with caution, our subgroup analyses revealed that the type 
of study (prospective versus retrospective) and the duration of follow-up (short versus 
long mean and total follow-up time) were associated with differences in event rates. This 
may have been the result of more closely monitoring of patients that were prospectively 
followed, with earlier recognition of symptoms and timely referral for intervention, as 
opposed to a less strict follow-up regimen in retrospective studies. Moreover, the higher 
rates of symptom development, (an indication for) aortic valve intervention, all-cause 
death and sudden death in studies with a shorter mean and total length of follow-up 
of a conservative strategy is most likely related to shorter follow-up due to the occur-
rence of these events, and publication bias may also play a role. Lastly, the effect of 
the associations between variables from multivariable analysis of several studies could 
not be pooled due to different definitions or cut-offs used in the models. Initiatives like 
the Valve Academic Research Consortium can further standardize studies to improve 
meta-analyses.53

conclUSIonS

In this meta-analysis, asymptomatic severe AS was associated with a high rate of devel-
oping an indication for aortic valve intervention, while all-cause, cardiac, and sudden 
death occurred in respectively 4.8, 3.0, and 1.1 of 100 patients per year during a con-
servative strategy. It is therefore important to consider not only sudden death but also 
cardiac death due to heart failure or other causes. Patients with higher severity of AS, 
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low-flow AS, evidence of left ventricular damage, and atherosclerotic risk factors are at 
particular high risk of death or requiring intervention. Moreover, our meta-analysis also 
suggested that surgery versus an initial conservative treatment strategy is associated 
with long-term survival. Although existing guidelines provide some guidance on when 
to perform SAVR in patients with asymptomatic severe AS, this meta-analysis provides 
additional data to support a recommendation to consider early intervention in patients 
at high risk of adverse events. Further results from the ongoing randomized trials are 
required to substantiate the role of early intervention in patients with asymptomatic 
severe AS.
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Supplementary Table 2. Predictors from multivariable analyses.

characteristic Hazard
ratio

confidence 
interval

Study
reference
number

comment

Peak aortic jet velocity

Continuous HR not reported (p=0.004) 1 HR with CI not reported

HR 1.82 95% CI 1.13-2.90 2

> 4.0 m/s HR 2.58 95% CI 1.15-5.78 3

≥ 4.0 m/s HR 1.65 95% CI 0.94-2.86 4

≥ 4.5 m/s RR 1.1 95% CI 0.7-1.9 5 RR instead of HR

≥ 5 m/s HR 1.93 95% CI 1.16-3.23 6

≥ 5.5 m/s HR 1.88 95% CI 1.19-2.96 7

First-year progression ≥ 0.22 
m/s/year

HR 1.85 95% CI 1.07-3.21 4

Rate of progression HR 9.75 95% CI 2.24-42.39 8

Aortic valve area

Continuous HR 1.08 95% CI 0.24-4.92 6

RR 1.48 9 RR instead of HR; CI and 
p-value not reported

Per 0.1 cm2 HR 1.17 95% CI 1.06-1.29 10

≤ 0.6 cm2 HR 2.22 95% CI 1.41-3.52 10

HR 1.25 95% CI 0.77-2.02 7

< 0.75 cm2 HR 1.48 95% CI 0.79-2.79 3

> 0.6 - ≤ 0.8 cm2 HR 1.38 95% CI 0.93-2.05 10

Indexed, < 0.6 cm2/m2 HR 2.62 95% CI 1.09-6.33 3

Pressure gradient

Mean, continuous HR 1.02 95% CI 1.00-1.04 11

Peak, continuous HR 1.02 95% CI 1.01-1.04 12

HR 1.02 95% CI 1.01-1.03 13

Aortic valve calcification

Continuous HR 1.10 95% CI 0.54-2.24 6

≥ 3 HR 2.23 95% CI 1.22-4.17 4

HR 2.63 95% CI 1.27-5.44 12

RR 4.6 95% CI 1.6-14.0 5 RR instead of HR

4 HR 2.51 95% CI 1.42-4.44 13

Age

Continuous RR 1.16 9 RR instead of HR; CI and 
p-value not reported

> 70 years HR 1.04 95% CI 0.66-1.62 7

> 50 years HR 1.1 95% CI 0.5-2.6 5

female gender HR 1.14 95% CI 0.72-1.81 7

RR 0.9 95% CI 0.7-1.2 5 RR instead of HR
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Supplementary Table 2. Predictors from multivariable analyses. (continued)

characteristic Hazard
ratio

confidence 
interval

Study
reference
number

comment

Hypertension HR 0.71 95% CI 0.40-1.27 6

HR 0.70 95% CI 0.43-1.15 7

RR 0.6 95% CI 0.4-1.1 5 RR instead of HR

Dyslipidemia HR 1.42 95% CI 0.85-2.37 6

HR 1.81 95% CI 1.09-3.06 4

HR 1.68 95% CI 1.02-2.75 7

RR 1.0 95% CI 0.6-1.7 5 RR instead of HR

Diabetes HR 0.68 95% CI 0.35-1.33 6

HR 4.34 95% CI 2.15-8.76 13

HR 1.84 95% CI 1.24-2.73 7

RR 1.3 95% CI 0.7-2.5 5 RR instead of HR

coronary artery disease HR 2.15 95% CI 1.29-3.60 6

HR 0.94 95% CI 0.55-1.55 7

RR 1.1 95% CI 0.6-1.9 5 RR instead of HR

Smoking HR 1.67 95% CI 0.98-2.80 4

Hemodialysis HR 2.28 95% CI 0.90-5.10 4

Systolic blood pressure 
(continuous)

HR 1.01 95% CI 0.992-1.030 14

left ventricular mass

Continuous HR 0.99 95% CI 0.97-1.07 14

Index, continuous HR 1.01 95% CI 0.99-1.03 11

HR 1.01 95% CI 0.98-1.04 13

Inappropriately high (> 110% 
measured of predicted)

HR 3.08 95% CI 1.65-5.73 13

Strain

Global longitudinal strain on 
speckle strain

HR 1.49 95% CI 1.11-2.01 14

HR 1.13 95% CI 1.03-1.25 12

HR 1.06 95% CI 0.96-1.17 2

2D global longitudinal strain HR 1.10 95% CI 0.99-1.23 11

3D global longitudinal strain HR 1.41 95% CI 1.21-1.66 11

3D global radial strain HR 0.93 95% CI 0.85-1.02 11

Valvulo-arterial impedance HR 1.35 95% CI 0.87-2.10 14

HR 1.35 95% CI 1.08-1.67 12

left atrial reservoir HR 1.04 95% CI 0.95-1.14 14

left atrial stiffness HR 0.06 95% CI 0.01-1.80 14

Stroke volume HR 0.90 95% CI 0.79-1.03 14

E/e’ HR 1.42 95% CI 1.01-1.98 14
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Supplementary Table 2. Predictors from multivariable analyses. (continued)

characteristic Hazard
ratio

confidence 
interval

Study
reference
number

comment

STS predicted risk of mortality HR 0.95 95% CI 0.90-1.00 12

left ventricular end-diastolic 
volume

HR 1.01 95% CI 1.01-1.02 2

left ventricular end-systolic 
volume

HR 1.01 95% CI 0.98-1.03 2

mitral A wave HR 1.33 95% CI 0.62-2.84 2

left atrial area index HR 1.13 95% CI 1.06-1.20 2

low flow (< 35 ml/m2) HR 1.70 95% CI 1.01-2.90 2

low gradient (< 40 mmHg) HR 2.30 95% CI 1.30-4.00 2

lVEf (continuous) HR 0.953 95% CI 0.925-0.982 15

HR not reported (p=0.013) 1 HR with CI not reported

Positive exercise test HR 7.43 9 CI and p-value not reported

CI, confidence interval; HR, hazard ratio; LVEF, left ventricular ejection fraction; RR, relative risk

Supplementary Table 3. Sensitivity analysis of predictors of death or aortic valve intervention ac-
cording to a half-normal prior distribution of τ.

characteristic HR (95% crI) τ2 (95% crI) References

Peak pressure gradient, per 10mmHg 1.22 (1.02 to 1.46) 0.004 (0.000 to 0.070) 12,13

Peak aortic jet velocity ≥ 4.0 m/s 1.93 (1.16 to 3.23) 0.009 (0.000 to 0.107) 3,4

Aortic valve area ≤ 0.6 cm2 1.68 (1.14 to 2.52) 0.013 (0.000 to 0.118) 7,10

Aortic valve calcification ≥ grade 3 2.68 (1.69 to 4.21) 0.009 (0.000 to 0.099) 4,5,12

Female gender 0.97 (0.72 to 1.34) 0.009 (0.000 to 0.096) 5,7

Hypertension 0.67 (0.48 to 0.93) 0.007 (0.000 to 0.087) 5-7

Dyslipidemia 1.44 (1.08 to 1.93) 0.008 (0.000 to 0.098) 4-7

Diabetes 1.65 (1.14 to 2.37) 0.041 (0.000 to 0.193) 5-7,13

Coronary artery disease 1.32 (0.92 to 1.89) 0.016 (0.000 to 0.129) 5-7

Global longitudinal strain on speckle 1.12 (1.01 to 1.3) 0.003 (0.000 to 0.052) 2,12,14

Valvulo-arterial impedance 1.35 (1.03 to 1.79) 0.007 (0.000 to 0.090) 12,14

Left ventricular mass Index, per 10 units 1.11 (0.87 to 1.41) 0.006 (0.000 to 0.084) 11,13

CrI, credible interval; HR, hazard ratio
In many situations, the available data makes it difficult to estimate the between study heterogeneity, which 
is captured by the standard deviation τ. As a consequence, the result for the posterior distribution of τ may 
be sensitive to the choice of the prior distribution for τ. Thus, we conducted the analyses using two different 
weakly informative prior distributions for τ. Recommendations exist to use plausible priors for τ that put a 
small probability (e.g., 5%) on scenarios that are basically equivalent to assuming no relationship among the 
study specific parameters (16, 17).16,17 Therefore, we used two different versions of weakly informative priors 
for τ. In version one, we used a beta distribution for τ with shape parameters 1 and 8. In version two, we used 
a half-normal distribution with a mean of 0 and a standard deviation of 0.15. We report the results of version 
one in the main body of text and tables. Results of version two are reported here. Results of this sensitivity 
analysis shows that results, and thus conclusions, are similar between the two different priors for τ.
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Supplementary Table 4. Additional information on studies comparing early surgery versus conser-
vative treatment strategy.

Study, year Patients Interval that 
intervention was 
performed

Hazard ratio adjusted for potential 
confounders

Pai, 200618 Entire cohort of 
338 patients

Mean of 232 days; 4 
patients had delay of 
2 to 3 years

Multivariable Cox model adjusted for 
variables significantly different in univariable 
analyses: age,  chronic renal insufficiency, 
aspirin use and mitral regurgitation grade 3 
or 4. Additional variables (beta-blocker use, 
statin use, digoxin use, LVEF, and AVA) were 
tested but not included in the multivariable 
model due to a lack of an association in 
univariable analysis.

Kang, 20108 104 propensity-
matched patients

< 3 months No adjustment, but comparable groups 
based on propensity matching.

Le Tourneau, 201019 Entire cohort of 
674 patients

< 1 year Multivariable Cox model, variables used for 
adjustment were not reported.

Taniguchi, 201520 582 propensity-
matched patients

All patients within 
±8 months, >90% of 
patients within ±4 
months; >70% within 
3 months

Within propensity-matched groups where 
there were some statistically significant 
differences among baseline characteristics, 
a multivariable Cox model adjusted for age, 
dyslipidemia, malignancy currently under 
treatment, EuroSCORE II, and STS score.

Masri, 201621 Entire cohort of 
533 patients

Median duration after 
stress test was 147 
days, and within 60 
days if the test was 
abnormal.

Multivariable Cox model adjusted for STS 
score, % age-sex-predicted METs, and 
heart rate recovery. Additional variables 
(peak rate-pressure product, indexed LV 
mass, resting mean aortic valve gradient, 
moderate or more than moderate resting 
aortic regurgitation, ischemic LV response 
to stress, resting right ventricular systolic 
pressure) were tested but not included in 
the multivariable model due to a lack of an 
association in univariable analysis.

Bohbot, 201822 Entire cohort of 
439 patients

< 3 months Multivariable Cox model adjusted for 
age, sex, body surface area, hypertension, 
coronary artery disease, atrial fibrillation, 
Charlson Comorbidity Index, AVA, peak aortic 
jet velocity, LVEF, and LV mass.

Kim, 201923 Entire cohort of 
468 patients

Median of 49 (IQR 
12-581) days; 58.8% 
within 3 months.

Multivariable Cox model adjusted for age, 
body mass index, anemia, severe chronic 
kidney disease, previous stroke, coronary 
artery disease, previous malignancy, left 
atrium diameter, left ventricular mass 
index, peak tricuspid regurgitation pressure 
gradient. Additional variables (hypertension, 
diabetes, atrial fibrillation, peripheral arterial 
disease, previous PCI, rheumatic etiology, 
significant mitral regurgitation, significant 
tricuspid regurgitation) were tested but not 
included in the multivariable model due to a 
lack of an association in univariable analysis.
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Supplementary Table 4. Additional information on studies comparing early surgery versus conser-
vative treatment strategy. (continued)

Study, year Patients Interval that 
intervention was 
performed

Hazard ratio adjusted for potential 
confounders

Campo, 201924 Entire cohort of 
265 patients

Intervention at 1 year 
was 90.2% of patients 
in the intervention 
group versus 11.7% 
in the watchful 
waiting group.

Multivariable Cox model adjusted for age, 
LVEF, and renal failure. Additional variables 
(not all variables reported) were tested but 
not included in the multivariable model 
due to a lack of an association in univariable 
analysis.

Kang, 202025 Entire cohort of 
145 patients

Median of 23 (IQR 
10-36) days.

No adjustment, but comparable groups 
based on randomized controlled design.

AVA, aortic valve area; AR, aortic regurgitation; IQR, interquartile range; LV, left ventricular; LVEF, left ven-
tricular ejection fraction; METs, metabolic equivalents; PCI, percutaneous coronary intervention
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Studies retrieved for more detailed 
evaluation (n=290) 

Search on February 1, 2020, using keywords “aortic”, 
“stenosis”, “asymptomatic”; limited to “English”  

MEDLINE 
(n=1174) 

EMBASE 
(n=2211) 

Potentially relevant studies 
screened for retrieval on basis of 

title and abstract (n=2370) 

Studies excluded (n=2080) 
- Not on aortic stenosis (n=684) 
- No original contribution (n=1396) 

Studies excluded (n=244) 
- Not regarding severe aortic stenosis, 

asymptomatic patients, or no long-
term mortality (n=225) 

- Not natural history (n=19) 
-  

Potentially appropriate studies to 
be included (n=46) 

Studies included and analyzed in 
the meta-analysis (n=30) 

Relevant articles from reference 
lists or previous reviews (n=0) 
 

Studies excluded because of overlap with 
other papers or insufficient data (n=16) 
 

Cochrane 
(n=128) 

Duplicates removed (n=1143) 

Supplementary figure 1. flow-chart of systematic literature search and study inclusion.
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Supplementary Text 1. Details on data extraction
Study description data that was extracted included the location of the study, design of the study, the num-
ber of included patients, and time span of patient inclusion. For the assessment of the severity of AS and 
truly asymptomatic status we extracted data on the criteria used to define severe AS, cut-offs of the LVEF 
for inclusion in the study, percentage of patients that underwent stress evaluation either through exercise 
testing or stress echocardiography, and the results of stress evaluation. Mean age and mean LVEF were 
extracted as patient characteristics. For the analysis we extracted the total follow-up time, mean or me-
dian time of follow-up, whether patients were censored at the time of aortic valve intervention during 
follow-up, and the number of events that occurred during this follow-up for our endpoints of interest. We 
then extracted the results of multivariable analyses to identify predictors of these events. For studies that 
compared groups of early intervention with a conservative treatment, we furthermore extracted the hazard 
ratio (HR) with 95% confidence intervals (CI) of the comparison between treatments and methods of adjust-
ing for potential differences in baseline characteristics between treatment groups.

Supplementary Text 2. Details on bayesian meta-analysis of prognostic indicators.
A Bayesian approach was used as it appropriately takes into account the uncertainty around τ^2 when only 
a scarce number of studies are available for the analysis, as was the case.27 Monte-Carlo Markov Chain simu-
lation methods were used to obtain posterior distributions of the HRs of interest and of τ^2. Pooled HRs 
were estimated from the median of the respective posterior distributions,28 with 95% credible intervals (CrI) 
obtained from the 2.5th and the 97.5th percentile of the posterior distribution, which can be interpreted 
similarly to a conventional 95% confidence interval. We conducted sensitivity analyses according to type 
of prior distribution for the between-study standard deviation τ (Supplementary Table 3). Between-study 
heterogeneity in HRs may be considered low if the median of the posterior distribution of τ^2 is 0.04; τ^2 
estimates of 0.16 may be interpreted as a moderate and 0.36 as a high degree of heterogeneity between 
studies.29 Results were obtained after a burn-in of 30000 iterations, retaining every 20th out of 200000 
iterations to address problems with auto-correlation observed in some of the analyses. Model convergence 
was assessed visually using the trace plots and using Gelman-Rubin plots. For all posterior distributions 
of parameters of interest we report the median, and the 2.5th and the 97.5th percentile of the posterior 
distribution.
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 1. Supplementary figure 1. flow-chart of systematic literature search and study inclusion.
 2. Supplementary Table 1. Subgroup analyses.
 3. Supplementary Table 2. Predictors from multivariable analyses.
 4. Supplementary Table 3. Sensitivity analysis according to prior distribution of τ.
 5. Supplementary Table 4. Additional information on studies comparing a conservative treat-

ment strategy versus surgery.
 6. Supplementary Table 5. ongoing randomized trials evaluating early intervention versus 

conservative treatment.
 7. Supplementary Text 1. Details on data extraction.
 8. Supplementary Text 2. Details on bayesian meta-analysis of prognostic indicators.
 9. References in Supplement.
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Aortic stenosis

The prevalence of aortic stenosis (AS) increases due to the aging of the population and 
is considered the most common valve disease requiring intervention. Calcific disease 
of the normal trileaflet valve is the most common cause of AS in adults and accounts 
for 80% of cases in the United States and Europe, with patients mostly presenting after 
the sixth decade of life.1 The majority of the remaining cases are due to bicuspid aortic 
valves. These patients present are often younger at the time of presentation.2 Aortic ste-
nosis is characterized by the abnormal flow through the aortic valve and mainly a slowly 
progressive disease associated with dismal outcomes after symptom development.3 
Symptomatic severe aortic stenosis has a poor prognosis after the development of 
symptoms.4 Aortic valve replacement for the treatment of severe AS has been associated 
with increased survival and reduced symptoms.5,6 Guidelines recommend intervention 
for patients with severe high-gradient aortic stenosis (mean transaortic gradient ≥40 
mmHg or peak velocity ≥4 m/s, Class I recommendation) and severe low-flow, low-
gradient aortic stenosis (<40 mmHg) with reduced ejection fraction (Class I).

Surgery was the only effective treatment strategy for severe AS for decades.7 However, 
transcatheter aortic valve implantation (TAVR) has emerged as an effective alternative 
to surgical aortic valve replacement (SAVR). The first TAVR was implanted in 2000 in a 
critically ill patient by Professor Alain Cribier.8 Increasing global expansion, experience, 
and technological advances in TAVR, the technique has been simplified and become a 
low-risk therapeutic option, even for patients classified as low-risk. TAVR demonstrated 
short- and mid-term outcomes comparable to SAVR regardless of the surgical risk of 
the patients in isolated studies. In the last 15 years, more than 350,000 procedures have 
been performed in approximately 70 countries, with over 275,000 only in the United 
States.9 Major issues regarding the clinical practice in patients with severe AS remain to 
be discussed: (i) the undertreatment of symptomatic and asymptomatic patients with 
severe AS, and (ii) the right effective treatment modality for patients with severe AS.

current undertreatment of aortic stenosis

Degenerative valve disease is the most prevalent heart valve disease in the western 
population.10 However, the Euro Heart survey shows that 68.2% of the patients with 
severe symptomatic AS undergo intervention. Exercise stress testing is underutilized in 
asymptomatic patients, which is performed in up to 7.9% of the total population with 
asymptomatic AS. The undertreatment of aortic stenosis in the U.S. is severe, driven by 
deep-rooted racial and sex disparities and a disconnect between patients and their clini-
cians, leading to treatment delay.11

Aortic stenosis is diagnosed from cardiological referral for echocardiography, often 
triggered by symptoms. However, comorbidities such as diabetes mellitus, hyperten-
sion, tobacco abuse, and obesity may mask these symptoms and the symptoms may be 
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misattributed, potentially delaying diagnosis and management. Further, patient refusal 
and social demographics play a significant role in patient presentation and treatment. 
Especially in countries with low insurance rates, such as the U.S., Hispanic and Asian 
patients tend to have higher uninsured rates than white non-Hispanic patients, leading 
to less treatment due to the associated cost of aortic valve replacement (AVR).12 On the 
other hand the number of patients with severe aortic stenosis is projected to increase.13

In a large retrospective database, 366.909 patients hospitalized for aortic valve disease 
between 2012 and 2016 were analyzed for the evolving management of aortic valve 
disease.14 In this analysis, the likelihood of patients receiving TAVR increased by 4.57 
(relative risk ratio) relative to SAVR and 4.41 relative to medical management. Patients 
admitted to large academic and urban teaching hospitals were more likely to receive 
SAVR. Patients in urban nonteaching and rural hospitals and not-for-profit hospitals 
were more likely to receive TAVR. This may be due to the price of TAVR. The treatment 
cost of aortic valve stenosis is estimated to be 10.2$ billion in 2016 and is expected to 
increase toward 2025 due to the expanded indication of TAVR.15 While the replacement 
of the valve may lead to higher upfront costs, medical therapy leads to higher delayed 
costs due to readmission and ongoing medical care.

Sociodemographic factors such as income, education level, and language barrier 
have been shown to influence access to health care in the United States and Europe.16,17 
Patient-specific factors related to the presentation, comorbidities, and disease percep-
tion, and social determinants often result in a lower incidence of aortic valve replace-
ment rates in the underserved minorities. This may have implications for underserved 
minorities and rural patients, as rural Americans have shown similar challenges.18 The 
inequitable distribution of aortic valve replacement, should be addressed.

The changing landscape

The number of patients hospitalized for aortic valve disease nearly doubled from 57,516 
in 2012 to 85,165 in 2016 in the USA.14 The incidences of SAVR and increased from 24,568 
in 1989 to 31,380 in 201119 and the incidence of TAVR from 4,627 in 2012 to 24,808 in 
2015, with 418 centers participating, respectively.20 Currently, the incidence is TAVR is 
increasing while the incidence of SAVR is stable. The incidence of patients treated medi-
cally is decreasing.

In chapter 2, we noted an increase of reported comorbidities comorbidity in the 
SAVR patients during the last decades. Patients undergoing SAVR had an increased 
frequency of comorbidities in the patient population.21 The prevalence of diabetes mel-
litus, hypercholesterolemia, and hypertension have at least doubled during the 30-year 
observation period. These factors are known to be adversely associated with outcomes 
in patients undergoing cardiac surgery.
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Prosthesis choice is an essential element of treatment decisions in aortic valve disease. 
Mechanical and bioprosthetic valves are associated with inherent risks. The incidence of 
bioprosthetic valve use is increasing22, the incidence of bioprosthetic valves is increas-
ing, and this shift is most prominent between patients aged 60 and 70 years of age, and 
further initiates the discussion of TAVR.

Asymptomatic aortic stenosis

Aortic stenosis is an insidious disease with a long latency (asymptomatic) period. 
Rapid progression ensues after the onset of symptoms. The mortality rate is up to 50% 
within the first two years after developing symptoms.23 Syncope and heart failure are 
the most significant predictors of mortality.4 The sudden cardiac mortality is higher than 
previously anticipated.24-27 In the current era, conservative treatment for asymptomatic 
patients with severe aortic stenosis is therefore, a solution that almost nobody still con-
siders, especially with the advent of TAVR.

The first randomized controlled trial by Kang et al.28 shows the importance of early 
treatment in patients with asymptomatic very severe AS. The study included 145 pa-
tients with very severe aortic stenosis defined as an aortic-valve area of ≤0.75 cm2 with 
either an aortic jet velocity of ≥4.5 m per second or a mean transaortic gradient of ≥50 
mm Hg to either preemptive surgery or watchful waiting. The primary outcome was a 
composite of mortality during follow-up. Other assessed endpoints included death by 
any cause and hospitalization for heart failure. The survival was significantly better in 
patients treated with early intervention, persisting up to 8 years of follow-up compared 
to patients receiving conservative care (90% versus 68%).

The largest asymptomatic AS registry, the CURRENT AS registry, is a multicentre, ret-
rospective registry enrolling consecutive patients with asymptomatic severe AS among 
27 centers (an on-site surgical facility in 20 centers) in Japan between 2003 and 2011.29 
Patients with severe AS (peak aortic jet velocity (Vmax)>4.0 m/s, mean aortic pressure 
gradient (PG)>40mm Hg, or aortic valve area (AVA) <1cm2) were included.29 A total of 
3813 patients were included, of whom 1808 were asymptomatic. A total of 291 patients 
were assigned to the initial treatment group, with all of the patients receiving surgical 
aortic valve replacement, due to TAVR not yet been approved in Japan. Initial AVR was 
defined as AVR within three months after diagnosis. The all-cause mortality was higher 
in the conservatively treated patient than patients receiving immediate AVR (26.4% 
versus 15.4%, p=0.009). This difference disappeared after comparison of initial SAVR and 
receiving SAVR during follow-up after turning symptomatic. The 5-year overall survival 
was 86.0% and 84.1% (p=0.34) in patients with AVR within three months and AVR during 
follow-up, respectively.

In chapter 11 we display that the myriad of patients develop symptoms and therefore 
require aortic valve intervention. In the next chapter (chapter 12), we present the risk 



Chapter 13

262

of sudden death is underestimated and accounts for only a part of cardiac mortality 
occurring in asymptomatic patients with severe AS. The all-cause incidence of death is 
4.8 per 100 patients per year.

Although the trial by Kang emphasizes the importance of early treatment in patients 
with very severe AS, direct correlation with patients with severe AS cannot be made 
through extrapolation. It only provides a perspective on patients with very severe AS, 
applying inclusion criteria of an AVA of ≤0.75 cm2 with either a jet velocity of ≥4.5 m/s 
or a mean gradient of ≥50 mm Hg, while lacking evidence on the much broader patient 
population with asymptomatic AS. Further randomized trials assessing early surgi-
cal and transcatheter treatment are required. The AVATAR (NCT02436655), EVOLVED 
(NCT03094143), ESTIMATE (NCT02627391), and the EARLY TAVR (NCT03042104) are 
warranted.

Heart failure due aortic stenosis

Asymptomatic patients with severe AS present with better left ventricular function. 
These patients present with a lower degree of combined valve disease.30 However, the 
incidence of heart failure and mortality due to heart failure is higher than previously 
anticipated under conservative management.27 In the CURRENT AS registry, the prog-
nosis of patients with severe AS complicated by acute heart failure (AHF) is poor, with 
extremely high rates of all-cause death and hospitalization due to heart failure.31 AHF is 
associated with an increased risk of mortality compared to patients with chronic heart 
failure, even after aortic valve replacement.31 TAVR was associated with a relative risk re-
duction of 54% of all-cause mortality compared to watchful waiting32,33 and a significant 
decrease in the incidence of hospitalization due heart failure.

In Chapter 14, we describe that the rate of congestive heart failure associated mortal-
ity is 2.0 per 100 patients per year.24 Early intervention may therefore be considered in 
a greater proportion of patients with asymptomatic severe AS. Early treatment was as-
sociated with a 3x increase of survival (Hazard ratio of 0.38), yet a caveat may be placed 
at patients treated conservatively might have been assessed as inoperable, which was 
most often the case before the introduction of TAVR.1

Heart valve team

The Heart Team concept is introduced in 2010 and integrated into the European Society 
of Cardiology revascularization guidelines.34 Since then, the Heart Team has expanded 
toward structural and valvular heart diseases. The most recent American College of Car-
diology and European Society of Cardiology on coronary revascularization and valvular 
guideline recommend Heart Team consultation (Class IC).3,35-37 Patients for aortic valve 
surgery need careful assessment to help determine the operative risk.38,39 Operative 
risk is affected by underlying comorbidities and might even affect the symptoms and 
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long-term outcome more than the underlying valvular disease. The assessment of 
operative risk has been facilitated by scoring systems to estimate the risks of cardiac 
surgery, e.g., the Society for Thoracic Surgeons Predicted Risk of Mortality (STS-PROM) 
and EuroSCORE II risk scoring systems. However, although these are accurate in identify-
ing higher-risk patients, it has been argued that these scores overestimate mortality for 
patients requiring TAVR.40 Newer scores have been developed to predict outcomes after 
TAVR, but widespread use and validation remain warranted.41-43

A recent consensus report has emphasized the importance of a multidisciplinary Aor-
tic Heart Valve Team based within a heart valve center for the management of patients 
with aortic valve disease.44 TAVR is now recommended in an ever-growing population. 
The majority of patients discussed in the Heart Team undergo TAVR.45 Bicuspid anatomy 
favors SAVR, as TAVR shows suboptimal, non-circular valve expansion in those patients.46 
Patients with pure bicuspid aortic valves are currently considered for SAVR, yet special-
ized transcatheter systems are developed and are currently investigated (NCT02732704). 
Further points to discuss within the Heart Team are patients with small aortic annulus 
might require annuloplasty and therefore have permanent pacemaker implantation 
post-TAVR and are better off with initial SAVR.47 In addition, patients with heavy annular 
and LVOT calcification are associated with increased annular rupture, increased rate of ≥ 
moderate PVL, and stroke due to calcium embolization.48-51

newer surgical approaches

The SAVR devices are improving promptly. The advent of minimally invasive procedures 
requires diligent technical improvements, i.e., the Perceval sutureless valve and rapid 
deployments valves have changed the landscape of surgical aortic valve pathology 
treatment.52-57 The minimal invasive character of the intervention is expected to improve 
the patient’s quality of life. Further comparative trials comparing minimally invasive 
surgery such as transcatheter aortic valve replacement remains warranted due to the 
increasing adoption of both techniques.

Minimal invasive and rapid deployment aortic valves
The minimal invasive AVR consists of either an upper mini-sternotomy or a limited right 
anterior thoracotomy through the second intercostal space. Patients are discharged ear-
lier and have a better quality of life.58,59 However, minimal invasive AVR is associated with 
increased complexity, and the main obstacles to the wide adoption of minimal invasive 
AVR are i) increased operative times, ii) technical difficulty, iii) and steep learning curves. 
Rapid-deployment (also known as sutureless aortic valve prostheses) is specially devel-
oped to facilitate minimally invasive surgery and reduce cardiopulmonary bypass time. 
This valve can be implanted without the need for circumferential sutures. Currently, 
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there are two rapid-deployment valves in use: the Perceval (self-expandable; LivaNova) 
and INTUITY (balloon-expandable; Edwards Lifesciences).

In a large cohort with 22062 from the German Aortic Valve Registry (GARY) between 
2011 and 2015, rapid deployment valves had lower procedural, cardiopulmonary bypass 
and cross-clamp time, and decreased incidence of postoperative bleeding and atrial 
fibrillation, yet resulted in an increased risk of permanent pacemaker implantation, with 
an incidence of up to 9.1%60-62, worse than standard AVR (3.0%), paravalvular leakage63, 
and more importantly an increased risk of disabling stroke.64-66 Other significant compli-
cations include neurological events (transient ischemic attack or disabling stroke), myo-
cardial infarction, kidney failure, and surgical site infections67,68, which counterattacks the 
purpose of competing with TAVR.66 Specific patient populations may benefit from rapid 
deployment valves, such as patients with a small aortic root or with calcified homograft, 
avoiding the need for annular decalcification and patients undergoing multiple cardiac 
surgical procedures.69-74 An International Expert Consensus Panel recommends suture-
less valves as the first choice of valve prosthesis for patients who require concomitant 
procedures or who have a small aortic annulus and might be recommended in patients 
requiring redo operation.75

New generation mechanical valves with lower-intensity coagulation
Specially designed valves, such as the on-x, to support low-intensity anticoagulation 
and subsequently reducing the risk for bleeding in patients is developed. The PROACT 
(Prospective Randomized On-X Anticoagulation Clinical Trial) assessed the safety of 
dual antiplatelet therapy or reduced anticoagulation therapy for patients with an On-
X® AVR.76 This study investigated the non-inferiority of a lowered target INR (range 1.5 
to 2.0) over standard anticoagulation with warfarin in patients undergoing mechanical 
aortic valve replacement (AVR) with the On-X valve. The incidence of bleeding was lower 
with reduced versus standard intensity warfarin (2.86%/py vs. 7.43%/py  respectively; 
P<0.001) without affecting the incidences of valve thrombosis (0.21%/py vs. 0.18%/py; 
P=0.90), stroke (0.74%/py vs. 0.64%/py; P=0.80), transient ischemic attack (1.27%/py vs. 
1.01%/py; P=0.60), peripheral thromboembolism (0.42%/py vs. 0.09%/py; P=0.20) or all 
cause-mortality (1.38%/py vs. 1.56%/py; P=0.70) in patients with reduced and standard 
anticoagulation, respectively. The recent newer Further PROACT Xa trial (NCT04142658) 
might improve further usage if beneficial results are yielded for the apixaban group.  
Currently, this is the only aortic valve prosthesis the Food and Drug Administration has 
approved with a lower INR goal of 1.5-2.0. If lower INR targets can be achieved, patients 
with a contraindication for anticoagulation, who receive bioprosthetic valves, may 
receive a mechanical substitute.
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 Transcatheter aortic valve replacement

Patients considered inoperable were historically rejected therapy, with the prevalence 
being up to ¼ of the patients. The inoperable patient initially benefitted from transcath-
eter aortic valve implantation (TAVR). However, with advanced technology and TAVR 
being simplified, TAVR is now an alternative treatment strategy for patients at low- and 
intermediate-surgical risk.52-56

Recent advancements of the TAVR devices lead to gradual improvements in survival, 
hemodynamic performance, and a better safety profile.77 The improvement of survival is 
partly caused by i) patient selection, ii) increasing operator experience, iii) improvement 
in devices and iv) lower-risk patients receiving TAVR.78 Subsequently, this led to decreased 
risk and incidence of TAVR related complications, amplifying and easing the expansion 
of TAVR. A recent meta-analysis summarizing data within randomized controlled trials 
regarding mortality showed decreased incidence of mortality in patients receiving TAVR 
compared to SAVR.79 Additional analyses show the significant favor of TAVR over SAVR 
is limited to the first year after implantation due to the minimally invasive nature of the 
intervention.80 However, the time-varying effect of TAVR on the all-cause mortality is 
evident during follow-up in patients at high-risk, showing a hazard ratio of 1.32 (1.03-
1.70, p=0.03) in the interval of 40 and 60 months. TAVR remains a feasible option in the 
high-risk population, with the 5-year outcomes showing an all-cause mortality of 55.3% 
and 55.4% for TAVR and SAVR, respectively.81 In this population, the incidence of major 
stroke was 12.3% and 13.2%, respectively.

In contrast, emerging evidence shows the disadvantages of TAVR at 5 years in real-
world practice in low- and intermediate-risk patients.82 Barbanti and colleagues report 
5-year all-cause mortality in low- and intermediate-risk patients with severe symptom-
atic aortic stenosis of 35.8% versus 44.5% (HR 1.38 [95% CI 1.12-1.69], p=0.002) in SAVR 
and TAVR, respectively. This was also noted in major adverse cardiac and cardiovascular 
events during follow-up, with 42.5% and 54.0% (HR 1.35 [95% CI 1.11-1.63], p=0.003) 
patients having MACCE in SAVR and TAVR, respectively. Our meta-analysis (chapter 6), 
consisting of all to date data regarding low-risk populations, found an incidence for 
mortality of 30.7% versus 21.4% for patients receiving TAVR and SAVR at 5-years follow-
up, respectively (hazard ratio 1.19 [95% CI 0.96-1.48]), P=0.104). These results emphasize 
the importance of caution while aggressively expanding the indications of TAVR for 
younger low-risk patients.

Further expansion of TAVR is limited due to the occurrence of cerebrovascular events, 
affecting both the morbidity and mortality of patients post-TAVR. The occurrence of 
cerebrovascular events is multifactorial and includes embolic debris liberated from the 
native aortic valve and manipulation of the valve.83 These events most often occur very 
shortly after TAVR. Yet, the new generation valves have a yearly incidence as low as 1% 
at one year.84 Cerebrovascular protection devices even further decrease the incidence of 
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cerebrovascular events and have become increasingly important.85,86 Research regard-
ing the effects of silent ischemia, only detectable by brain magnetic resonance imaging, 
on cognitive function has to be cleared.87

Proponents of TAVR in the younger population have argued for future Valve in Valve 
TAVR as a novel, less invasive approach for the treatment of bioprosthetic aortic valve 
degeneration and even lowering the age of surgical bioprosthetic valve use, especially 
in patients deemed high surgical risk for reoperation.88,89 Data from the valve in valve in-
ternational data (VIVID) registry show the feasibility of implantation of TAVR in patients 
with high risk after previous SAVR. The 30-day all-cause mortality was 5.3%, and the 
30-day cardiovascular death was 4.8%.90 The overall 1-year survival is 83.2% and is lower 
in patients with previous small valve implantation and those with degeneration due 
to aortic stenosis.91 At 3-years of follow-up, TAVR for degenerated bioprosthetic valves 
resulted in a survival of 67.3% and a very low repeat aortic valve intervention of 1.9% at 
3-years. Acceptable post-intervention gradients are noted.

Patients with bicuspid aortic valves

Patient with bicuspid aortic valves requiring aortic valve intervention may benefit 
from SAVR until long-term data regarding TAVR is available. The incidence of bicuspid 
aortic valves (BAV) is higher in the younger population requiring aortic valve interven-
tion. This younger population with BAV also presents with a better cardiovascular risk 
profile (chapter 7). BAV is also three times more prevalent among men than women.92 
Anatomical men have more frequently type 1 BAV with a fusion between left and right 
coronary cusp than women, 81.5% vs. 69.0, p=0.03, respectively. Female patients tend to 
have more right and noncoronary cusp fusion (31.0% vs 18.5%, p=0.03). No differences 
were noted in patients with type 2 BAV.93

Furthermore, patients with bicuspid aortic valves tend to have a higher incidence 
of aortopathy, with male preponderance.94 Male patients tend to have greater aortic 
dimensions than female patients, even after adjusting for age and BSA. Aortic disten-
sibility and elasticity can affect aortic dilatation in the BAV population.95 In cardiac MRI 
studies, women had higher aortic distensibility than men.96 The higher frequency of 
aortic complications among men with BAV compared with women suggests the need 
for close control of aortic dimensions over time.

In an era where TAVR indications are expanding and becoming an alternative treatment 
for younger patients with low surgical risk, the knowledge regarding the prevalence of 
bicuspid valvular morphology in the current SAVR population is of utmost importance. 
Patients with BAV more often have (pure) AS and fewer cardiovascular risk factors than 
patients with tricuspid aortic valves. Yoon and colleagues include in BAV patients with 
severe AS, TAVR 1034 patients were included.97 During a follow-up of 360 days, 86 patients 
had died in the overall cohort. The all-cause mortality at 2-years was 12.5%. Patients 
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with type 1 calcified raphe had higher 2-year mortality than patients with noncalcified 
raphe or type 0 Sievers patients (17.7% vs. 9.3 vs. 2.4, p=0.001). Therefore, anatomical 
risk should be further assessed, and the excellent outcomes of the recent low-risk TAVR 
clinical trials should not be extrapolated to the whole bicuspid aortic valve population.

conclUSIon

This dissertation gives an overview of the knowledge regarding the clinical outcomes 
following surgical aortic valve replacement in symptomatic and asymptomatic patients 
with severe aortic stenosis. We further identified predictors for early and very long-term 
mortality following SAVR. In addition, we showed that early surgical intervention at 
asymptomatic stage did not increase the risk for morbidity and mortality and even did 
result in a decrease of sudden death during follow-up. We present data comparing SAVR 
and TAVR in low-risk patients with follow-up and show critical research worthy areas 
before further allocating and expanding TAVR indications. High expectations are being 
set for future SAVR and TAVR devices. It is anticipated that these advancements will also 
further improve the distribution and subsequent outcomes in SAVR patients.
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chapter 1 is a general introduction and gives an overview and outline of this thesis. 
chapter 2 provides an overview of the current results after surgical aortic valve replace-
ment (SAVR). In this study, 4404 consecutive patients undergoing surgical aortic valve 
replacement were included. In a cohort with ever-increasing comorbidity and complex-
ity over the last 30 years, the trends of short- and long-term survival improved. chapter 
3 introduces the technical aspect of aortic valve surgery. In this multimedia tutorial, we 
describe surgical aortic valve implantation using single interrupted annular sutures, 
the most used technique worldwide. Surgical aortic valve replacement is the standard 
treatment for patients with aortic valve disease. The choice of valve type translates to 
postoperative valve function. chapter 4 provides an overview of the current rationale 
for valve choice for aortic valve surgery. This overview discusses the risks and benefits of 
mechanical and bioprosthetic aortic valves, the current data on the use of mechanical 
and bioprosthetic valves, and the new developments in aortic valve replacement. One 
of the complications of aortic valve replacement is postoperative bleeding. chapter 
5 highlights the importance of anticoagulation-related complications after mechani-
cal aortic valve replacements and the need for newer valves with decreased need for 
anticoagulation. Surgical aortic valve replacement is the standard treatment for patients 
with aortic stenosis. The advent of transcatheter aortic valve replacement led to patients 
being treated which were initially conservatively treated, and the indications for trans-
catheter aortic valve replacement are expanding. The expanding indications have led to 
an increase in allocation of TAVR for patients considered low-risk, yet long-term results 
remain scarce regarding this topic. This is investigated in chapter 6. The increased inci-
dence of younger patients receiving transcatheter aortic valve replacement has resulted 
in a patient population with an increased bicuspid prevalence to undergo transcatheter 
aortic valve replacement. The long-term results of patients with bicuspid aortic valves 
(BAV) undergoing surgical aortic valve replacement is elaborated in chapter 7. Patients 
with BAV were younger at the time of surgery (59.1 vs. 68.1 years, p<0.001) and present 
with a better cardiovascular risk profile, which even persisted after accounting for age. 
In patients with BAV, the relative survival in the age-, sex- and calendar year-matched 
Dutch population is 89.0% after 20-years of SAVR, which is close to that of the general 
Dutch population. We further elaborate on the specific patient BAV patient population 
with concomitant aortic surgery in chapter 8. The positive results of the randomized 
trials lead to widespread enthusiasm around transcatheter aortic valve replacement. 
However, coronary access post transcatheter aortic valve replacement may be difficult 
due to the positioning of the transcatheter valve. In chapter 9, we analyzed the in-
cidence of coronary revascularization post-SAVR. The competing cumulative incidence 
of coronary revascularization was 6.9% at 20-years of follow-up, with a linearized rate 
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of 6.2 per 1000 patient-years. Patients who already have undergone coronary revascu-
larization before SAVR had the highest risk for post-SAVR coronary revascularization. 
Gender was not a predictor of revascularization. However, female patients tend to have 
better short-term outcomes after TAVR. In chapter 10, we analyzed gender-associated 
differences in patients requiring SAVR. Patients with symptomatic severe AS have an 
indication for surgical aortic valve replacement. The role of intervention is less evident 
in patients with asymptomatic severe AS. However, the incidence of asymptomatic 
patients is underestimated, and patients are misclassified as asymptomatic, yet being 
symptomatic and lowering the symptom threshold. In chapter 11, we describe the 
natural history of asymptomatic severe aortic stenosis. In this study, we see an incidence 
of symptom development of 91.9% before AVR or death, and therefore develop an in-
dication for AVR. We further see a survival benefit of 32 months in patients undergoing 
AVR during follow-up compared to patients treated conservatively. In chapter 12, we 
further elaborate on the association of the natural history and the outcomes in patients 
and substantiate the role of early intervention in patients with asymptomatic severe 
aortic stenosis. In a systematic review and meta-analysis of 29 studies, we found that 
there were overall 5 deaths per 100 patients per year during a conservative treatment 
strategy. In addition, in the 9 trials investigating early intervention in asymptomatic 
patients with severe AS, early intervention was associated with a significant reduction of 
all-cause mortality during follow-up (HR, 0.38; 95% CI, 0.25-0.58).
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Hoofdstuk 1 is een algemene introductie van dit proefschrift. Dit hoofdstuk geeft een 
overzicht van de huidige ontwikkelingen op het gebied van aortaklepvervanging. In dit 
hoofdstuk wordt het doel en opzet van dit proefschrift nader toegelicht. In Hoofdstuk 
2 geven wij een overzicht van de huidige resultaten en trends na chirurgische aortak-
lepvervanging. In deze studie werden 4404 patiënten geïncludeerd die chirurgisch een 
aortaklepvervanging hebben gehad. Bij een stijgende trend in comorbiditeit over de 
laatste 30 jaar, zagen we verbeterende trends in korte- en lange-termijn overleving. In 
Hoofdstuk 3 geven wij een inzicht in de technische aspect van chirurgische aortak-
lepvervanging, dit doen we door middel van  de ‘single interrupted annular sutures’, 
wereldwijd de meest voorkomende techniek voor aortaklepvervanging. 

Chirurgische aortaklepvervanging is de therapie van keuze voor patiënten met 
aortaklep pathologie. De keuze voor klepprothese vertaalt zich in postoperatieve 
klepfunctie. Hoofdstuk 4 geeft een overzicht van de huidige inzichten voor klepkeuze 
bij aortaklepchirurgie. De incidentie van aortaklepvervanging dan wel –implantatie is 
stijgende. In dit overzicht bediscussiëren we de voor- en nadelen van de mechanische 
en biologische aortaklepvervanging, de huidige resultaten, toekomstige ontwikkelen. 

Een van de complicaties na aortaklepvervanging is het ontstaan van postoperatieve 
bloeding. Hoofdstuk 5 belicht het belang van anticoagulatie gerelateerde complicaties 
na mechanische aortaklepvervanging en de noodzaak voor nieuwere aortakleppen met 
een verminderde noodzaak voor anticoagulantia gebruik. 

Chirurgische aortaklepvervanging is de standaard therapie voor patiënten met AS. 
Door de ontwikkelingen rondom transcatheter aortaklepvervanging (TAVR), welke heeft 
geleid tot het behandelen van patiënten die initieel alleen medicamenteus behandelend 
konden worden. Bovendien heeft dit er toe geleid dat uiteindelijk laag-risico patiënten 
ook zijn opgenomen in de huidige richtlijnen, echter de lange-termijn resultaten zijn 
nog schaars. In Hoofdstuk 6 wordt een vergelijking gemaakt chirurgische en TAVR 
in laag-risico patiënten door middel van reconstructed Kaplan-Meier curves. Door de 
stijgende incidentie van jongere patiënten die voor TAVR gaan, heeft dit als gevolg dat 
de incidentie van patiënten met bicuspide aortakleppen ook een TAVR ondergaan. Der-
halve, hebben wij de lange-termijn resultaten van de bicuspide aortakleppopulatie die 
chirurgische aortaklepvervangingen ondergaan in Hoofdstuk 7 benoemd. Patiënten 
met een bicuspide aortaklep waren jonger op het moment van chirurgie (59.1 vs. 68.1 
years, p<0.001) en presenteerden zich met een beter cardiovasculair risicoprofiel, welke 
persisteerde na rekening houden met leeftijd. De relatieve overleving in een voor leef-
tijd-, geslacht- en jaar van operatie gematchte Nederlandse groep was 89.0% 20-jaar na 
aortaklepvervanging, welk dichtbij de algemene Nederlandse populatie zit. In Hoofd-
stuk 8 gaan wij dieper in op de specifieke patiëntenpopulatie met bicuspide aortaklep-
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pen en concomitante aortachirurgie. De positieve resultaten van de gerandomiseerde 
controlled trials. Echter, door de stijging in incidentie van het gebruik van transcatheter 
aortakleppen, is er een geanticipeerde post-TAVR coronaire access door de positie van 
de TAVR-klep. In Hoofdstuk 9 analyseren wij de incidentie van coronaire revascularisatie 
na SAVR. De cumulatieve incidentie van coronaire revascularisatie is 6.9% na 20-jaar van 
follow-up in a competing-risk model, met een lineaire ratio van 6.2 per 1000 patienten-
jaren. Patiënten die eerder coronaire revascularisatie hebben ondergaan, hebben een 
verhoogd risico op post-SAVR coronaire revascularisatie. Geslacht was geen voorspeller 
van de incidentie van coronaire revascularisatie. In Hoofdstuk 10 analyzeren wij de 
lange-termijn uitkomsten geassocieerd met geslacht post-SAVR.

Patiënten met symptomatische ernstige AS hebben een indicatie voor aortaklepver-
vanging. De noodzaak van aortaklepvervanging is minder evident bij patiënten met 
asymptomatische aortaklepvervanging. De incidentie van asymptomatische patiënten 
met ernstige AS wordt ernstig onderschat, en de patiënten worden onterecht als 
asymptomatisch bestempeld. In Hoofdstuk 11 beschrijven wij het natuurlijk beloop 
van asymptomatische patiënten met ernstige AS. Hierbij zien wij dat 91.9% van de 
patiënten symptomen ontwikkelt voor AVR of doodgaan en daardoor een indicatie 
ontwikkelen voor AVR. Hierin zien wij ook dat patiënten die gedurende follow-up AVR 
hebben ondergaan een overlevingswinst van 32 maanden hadden ten opzichte van 
patiënten die geen AVR hebben ondergaan. In Hoofdstuk 12 gaan wij hier verder op 
in en associëren het natuurlijk beloop met de uitkomsten in patiënten en substantiëren 
de rol van eerdere therapiemogelijkheden bij asymptomatische patiënten met ernstige 
AS. In de systematische review en meta-analyse van 29 studies, zien wij dat de gehele 
mortaliteit 5 per 100 patiënten per jaar is gedurende conservatieve behandeling. In ad-
ditie, in de 9 trials die ook naar vroege interventie hebben gekeken in asymptomatische 
patiënten met ernstige AS, was vroege interventie geassocieerd met een significante 
reductie van overlijden gedurende de follow-up tegenover conservatieve behandeling 
(HR, 0.38; 95% CI, 0.25-0.58).
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