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Valvular aortic stenosis is a progressive disease in which the end 
stage is characterized by obstruction of left ventricular outflow, resulting in 
inadequate cardiac output, decreased exercise capacity, heart failure, and 

death from cardiovascular causes. The prevalence of aortic stenosis is only about 
0.2% among adults between the ages of 50 and 59 years but increases to 9.8% in 
octogenarians, with an overall prevalence of 2.8% in adults older than 75 years of 
age.1,2 Although mortality is not increased when aortic stenosis is asymptomatic, 
the rate of death is more than 50% at 2 years for patients with symptomatic disease 
unless aortic-valve replacement is performed promptly.3,4

A total of 65,000 aortic-valve replacements were performed in the United States 
in 2010, primarily for aortic stenosis; 70% of these procedures were performed in 
patients older than 65 years of age, contributing to the high cost of health care in 
our aging population.5 Currently, there are no medical therapies to prevent or slow 
the progression of the disease. Instead, improving patient outcomes depends on 
identifying those at risk for valve disease, accurately measuring the severity of 
stenosis, managing any concurrent disease, and ensuring the appropriate timing 
and type of aortic-valve replacement.6,7

S tages of Dise a se

The spectrum of aortic stenosis starts with the risk of leaflet changes and pro-
gresses from early lesions to valve obstruction, which is initially mild to moderate 
but eventually becomes severe, without or with clinical symptoms.6 The severity of 
aortic stenosis is best characterized by integration of information concerning valve 
anatomy, hemodynamics, symptoms, and the left ventricular response to pressure 
overload (Table 1 and Fig. 1; and interactive graphic, available with the full text of 
this article at NEJM.org). Commonly used indexes of the severity of stenosis include 
the maximum transvalvular velocity and the mean transaortic pressure gradient. 
These measures remain relatively normal early in the disease course, and symptoms 
are unusual until the maximum transvalvular velocity is more than four times the 
normal velocity (i.e., increased to 4.0 m per second). However, patients with con-
current left ventricular systolic dysfunction may have severe valve obstruction with 
a low velocity and pressure gradient but a small aortic-valve area. Rarely, patients 
may have severe low-gradient aortic stenosis even with a normal left ventricular 
ejection fraction.

R isk of aortic s tenosis

Anatomical, genetic, and clinical factors all contribute to the pathogenesis of aortic 
stenosis. Calcification occurs in many patients with a normal trileaflet aortic valve, 
but the presence of a congenital bicuspid valve accounts for 60% of the patients 

An interactive 
graphic showing 

echocardiographic 
evaluation of aortic-

valve stenosis is 
available at  

NEJM.org 

The New England Journal of Medicine 
Downloaded from nejm.org by The NEJM iPad Edition on March 11, 2015. For personal use only. No other uses without permission. 

 Copyright © 2014 Massachusetts Medical Society. All rights reserved. 



Aortic-Valve Stenosis

n engl j med 371;8 nejm.org august 21, 2014 745

Ta
bl

e 
1.

 D
is

ea
se

 S
ta

ge
s 

in
 P

at
ie

nt
s 

w
ith

 A
or

tic
-V

al
ve

 S
te

no
si

s.
*

St
ag

e
D

es
cr

ip
tio

n
D

ef
in

iti
on

†
O

ut
co

m
es

M
an

ag
em

en
t

A
A

t r
is

k
A

or
tic

­v
al

ve
 s

cl
er

os
is

 o
r 

bi
cu

sp
id

 v
al

ve
; 

V
m

ax
 o

f <
2 

m
/s

ec
A

ss
oc

ia
te

d 
w

ith
 a

 5
0%

 in
cr

ea
se

 in
 th

e 
ri

sk
 o

f m
yo

ca
rd

ia
l i

nf
ar

ct
io

n 
an

d 
ca

r­
di

ov
as

cu
la

r 
de

at
h 

ov
er

 5
 y

r

A
ss

es
sm

en
t o

f c
ar

di
ov

as
cu

la
r 

ri
sk

 fa
c­

to
rs

 a
nd

 p
ri

m
ar

y 
pr

ev
en

tio
n

B
Pr

og
re

ss
iv

e
M

ild
­t

o­
m

od
er

at
e 

ca
lc

ifi
ca

tio
n 

or
 r

he
u­

m
at

ic
 c

ha
ng

es
 w

ith
 r

ed
uc

ed
 le

af
le

t 
m

ot
io

n;
 V

m
ax

 o
f 2

 to
 3

.9
 m

/s
ec

 o
r 

m
ea

n 
tr

an
sa

or
tic

 p
re

ss
ur

e 
gr

ad
ie

nt
 

of
 2

0 
to

 3
9 

m
m

 H
g

H
em

od
yn

am
ic

 p
ro

gr
es

si
on

 in
 m

os
t  

pa
tie

nt
s

A
ss

es
sm

en
t o

f c
ar

di
ov

as
cu

la
r 

ri
sk

 fa
c­

to
rs

 a
nd

 p
ri

m
ar

y 
pr

ev
en

tio
n;

 p
er

io
d­

ic
 c

lin
ic

al
 a

nd
 e

ch
oc

ar
di

og
ra

ph
ic

 
m

on
ito

ri
ng

; p
at

ie
nt

 e
du

ca
tio

n 
ab

ou
t 

di
se

as
e 

pr
og

re
ss

io
n 

an
d 

ou
tc

om
es

C
1

A
sy

m
pt

om
at

ic
, s

ev
er

e 
ao

rt
ic

 s
te

no
si

s 
w

ith
 n

or
m

al
 le

ft
 v

en
tr

ic
ul

ar
  

fu
nc

tio
n

Se
ve

re
 c

al
ci

fic
at

io
n 

or
 rh

eu
m

at
ic

 c
ha

ng
es

 
w

ith
 r

ed
uc

ed
 le

af
le

t m
ot

io
n;

 V
m

ax
 o

f 
≥4

 m
/s

ec
 o

r 
m

ea
n 

tr
an

sa
or

tic
 p

re
s­

su
re

 g
ra

di
en

t o
f ≥

40
 m

m
 H

g 
w

ith
 a

n 
ej

ec
tio

n 
fr

ac
tio

n 
of

 ≥
50

%

Sy
m

pt
om

 o
ns

et
 in

 5
0 

to
 8

0%
 o

f p
at

ie
nt

s 
w

ith
in

 3
 y

r;
 lo

w
 r

is
k 

of
 s

ud
de

n 
de

at
h;

 
va

ri
ab

ili
ty

 in
 s

ev
er

ity
 a

t s
ym

pt
om

 o
n­

se
t; 

sy
m

pt
om

 o
ns

et
 in

 >
50

%
 o

f p
a­

tie
nt

s 
w

ith
 v

er
y 

se
ve

re
 a

or
tic

 s
te

no
­

si
s 

(V
m

ax
 o

f >
5 

m
/s

ec
) 

w
ith

in
 2

 y
r

Fr
eq

ue
nt

 c
lin

ic
al

 m
on

ito
ri

ng
 (

≤6
 m

o)
 

an
d 

ec
ho

ca
rd

io
gr

ap
hi

c 
m

on
ito

ri
ng

 
(≤

12
 m

o)
 fo

r 
sy

m
pt

om
 o

ns
et

 a
nd

 
di

se
as

e 
pr

og
re

ss
io

n;
 c

on
si

de
r 

tr
ea

d­
m

ill
 e

xe
rc

is
e 

te
st

in
g 

or
 te

st
in

g 
se

ru
m

 
le

ve
ls

 o
f b

ra
in

 n
at

ri
ur

et
ic

 p
ep

tid
e;

 
A

V
R

 is
 r

ea
so

na
bl

e 
w

ith
 a

sy
m

pt
om

at
­

ic
 v

er
y 

se
ve

re
 a

or
tic

 s
te

no
si

s

C
2

A
sy

m
pt

om
at

ic
, s

ev
er

e 
ao

rt
ic

 s
te

no
si

s 
w

ith
 e

je
ct

io
n 

fr
ac

tio
n 

<5
0%

Se
ve

re
 c

al
ci

fic
at

io
n 

or
 rh

eu
m

at
ic

 c
ha

ng
es

 
w

ith
 r

ed
uc

ed
 le

af
le

t m
ot

io
n;

 V
m

ax
 o

f 
≥4

 m
/s

ec
 o

r 
m

ea
n 

tr
an

sa
or

tic
 p

re
s­

su
re

 g
ra

di
en

t o
f ≥

40
 m

m
 H

g 
w

ith
 a

n 
ej

ec
tio

n 
fr

ac
tio

n 
<5

0%

If
 o

th
er

 c
au

se
s 

of
 le

ft
 v

en
tr

ic
ul

ar
 d

ys
­

fu
nc

tio
n 

ar
e 

ab
se

nt
, t

he
 e

je
ct

io
n 

fr
ac

tio
n 

is
 li

ke
ly

 to
 n

or
m

al
iz

e 
af

te
r 

A
V

R

A
V

R
 is

 r
ec

om
m

en
de

d 
to

 p
re

se
rv

e 
le

ft
 

ve
nt

ri
cu

la
r 

fu
nc

tio
n

D
1

Sy
m

pt
om

at
ic

, s
ev

er
e,

 h
ig

h­
gr

ad
ie

nt
 

ao
rt

ic
 s

te
no

si
s

Se
ve

re
 c

al
ci

fic
at

io
n 

or
 rh

eu
m

at
ic

 c
ha

ng
es

 
w

ith
 r

ed
uc

ed
 le

af
le

t m
ot

io
n;

 V
m

ax
 o

f 
≥4

 m
/s

ec
 o

r 
m

ea
n 

tr
an

sa
or

tic
 p

re
s­

su
re

 g
ra

di
en

t o
f ≥

40
 m

m
 H

g

M
or

ta
lit

y 
is

 5
0%

 a
t 1

 y
r,

 7
0 

to
 8

0%
 a

t 
2 

yr
 w

ith
ou

t A
V

R
Pr

om
pt

 A
V

R
 is

 th
e 

on
ly

 e
ffe

ct
iv

e 
th

er
ap

y

D
2

Sy
m

pt
om

at
ic

, s
ev

er
e,

 lo
w

­g
ra

di
en

t  
ao

rt
ic

 s
te

no
si

s 
w

ith
 e

je
ct

io
n 

 
fr

ac
tio

n 
<5

0%

Se
ve

re
 c

al
ci

fic
at

io
n 

or
 rh

eu
m

at
ic

 c
ha

ng
es

 
w

ith
 r

ed
uc

ed
 le

af
le

t m
ot

io
n;

 b
as

el
in

e 
A

V
A

 o
f ≤

1 
cm

2  w
ith

 V
m

ax
 o

f <
4 

m
/s

ec
 

w
ith

 a
n 

ej
ec

tio
n 

fr
ac

tio
n 

of
 <

50
%

; 
V

m
ax

 o
f ≥

4 
m

/s
ec

 w
ith

 A
V

A
 o

f ≤
1 

cm
2  

at
 a

ny
 fl

ow
 r

at
e 

on
 lo

w
­d

os
e 

do
bu

ta
­

m
in

e 
st

re
ss

 te
st

in
g

M
or

ta
lit

y 
at

 2
 y

r 
is

 a
bo

ut
 8

0%
 w

ith
 m

ed
i­

ca
l t

he
ra

py
, a

s 
co

m
pa

re
d 

w
ith

 4
0%

 
w

ith
 A

V
R

; o
pe

ra
tiv

e 
m

or
ta

lit
y 

is
 

hi
gh

er
 a

nd
 s

ur
vi

va
l l

ow
er

 in
 p

at
ie

nt
s 

w
ith

ou
t c

on
tr

ac
til

e 
re

se
rv

e

A
V

R
 is

 r
ea

so
na

bl
e 

if 
se

ve
re

 a
or

tic
 s

te
no

­
si

s 
is

 p
re

se
nt

; t
he

 e
je

ct
io

n 
fr

ac
tio

n 
is

 
lik

el
y 

to
 im

pr
ov

e 
af

te
r 

A
V

R
, e

ve
n 

in
 

pa
tie

nt
s 

w
ith

ou
t c

on
tr

ac
til

e 
re

se
rv

e

D
3

Sy
m

pt
om

at
ic

, s
ev

er
e,

 lo
w

­fl
ow

, l
ow

­
gr

ad
ie

nt
 a

or
tic

 s
te

no
si

s 
w

ith
 n

or
­

m
al

 e
je

ct
io

n 
fr

ac
tio

n

Se
ve

re
 c

al
ci

fic
at

io
n 

or
 rh

eu
m

at
ic

 c
ha

ng
es

 
w

ith
 r

ed
uc

ed
 le

af
le

t m
ot

io
n;

 b
as

el
in

e 
A

V
A

 o
f ≤

1 
cm

2  a
nd

 V
m

ax
 o

f <
4 

m
/s

ec
 

w
ith

 a
n 

ej
ec

tio
n 

fr
ac

tio
n 

of
 ≥

50
%

; 
 in

de
xe

d 
A

V
A

 o
f ≤

0.
6 

cm
2 /m

2  w
ith

 
st

ro
ke

 v
ol

um
e 

in
de

x 
of

 <
35

 m
l/

m
2  

w
he

n 
pa

tie
nt

 is
 n

or
m

ot
en

si
ve

M
or

ta
lit

y 
at

 2
 y

r 
is

 5
0 

to
 7

0%
 w

ith
ou

t 
A

V
R

A
V

R
 is

 r
ea

so
na

bl
e 

in
 s

ym
pt

om
at

ic
 p

a­
tie

nt
s 

if 
ev

al
ua

tio
n 

in
di

ca
te

s 
th

e 
pr

es
en

ce
 o

f s
ev

er
e 

ao
rt

ic
 s

te
no

si
s 

an
d 

th
er

e 
is

 n
o 

ot
he

r 
ca

us
e 

fo
r 

sy
m

pt
om

s

* 
A

V
A

 d
en

ot
es

 a
or

tic
­v

al
ve

 a
re

a,
 A

V
R

 a
or

tic
­v

al
ve

 r
ep

la
ce

m
en

t, 
an

d 
V

m
ax

 a
or

tic
 m

ax
im

um
 v

el
oc

ity
.

†
 E

ch
oc

ar
di

og
ra

ph
y 

is
 d

ia
gn

os
tic

 fo
r 

th
e 

ev
al

ua
tio

n 
of

 t
he

 s
ev

er
ity

 o
f a

or
tic

 s
te

no
si

s 
in

 n
ea

rl
y 

al
l p

at
ie

nt
s.

 H
ow

ev
er

, t
he

se
 m

ea
su

re
m

en
ts

 r
eq

ui
re

 c
on

si
de

ra
bl

e 
te

ch
ni

ca
l e

xp
er

tis
e 

an
d 

ad
e­

qu
at

e 
im

ag
e 

qu
al

ity
, s

o 
th

e 
un

de
re

st
im

at
io

n 
of

 t
he

 s
ev

er
ity

 o
f a

or
tic

 s
te

no
si

s 
sh

ou
ld

 b
e 

co
ns

id
er

ed
 if

 t
he

 e
ch

oc
ar

di
og

ra
ph

ic
 d

at
a 

ar
e 

di
sc

re
pa

nt
 w

ith
 c

lin
ic

al
 fi

nd
in

gs
. A

dd
iti

on
al

 e
va

lu
a­

tio
n 

by
 r

ep
ea

t 
ec

ho
ca

rd
io

gr
ap

hy
 a

t 
a 

sp
ec

ia
lis

t 
he

ar
t­

va
lv

e 
ce

nt
er

, c
ar

di
ac

 c
at

he
te

ri
za

tio
n,

 o
r 

ot
he

r 
im

ag
in

g 
m

et
ho

d 
m

ay
 b

e 
ne

ed
ed

 in
 s

om
e 

pa
tie

nt
s.

The New England Journal of Medicine 
Downloaded from nejm.org by The NEJM iPad Edition on March 11, 2015. For personal use only. No other uses without permission. 

 Copyright © 2014 Massachusetts Medical Society. All rights reserved. 



T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 371;8 nejm.org august 21, 2014746

younger than 70 years of age who undergo valve 
replacement for severe aortic stenosis and for 
40% of those 70 years of age or older.8,9 Bicuspid 
aortic-valve disease is present in 1 to 2% of the 
U.S. population, and nearly all affected persons 
require aortic-valve replacement during their life-
times.9-12 Although rheumatic heart disease, which 
can cause aortic stenosis in association with rheu-
matic mitral-valve disease, is now rare in the United 
States and Europe, the condition remains prevalent 
in underdeveloped countries, where improvement 
in primary prevention (treatment of streptococcal 
throat infections) is needed.13,14

A genetic component in calcific aortic stenosis 
is suggested by familial clustering of patients with 
bicuspid aortic valves in a pattern suggesting auto-
somal dominant inheritance with variable pene-
trance. A specific gene abnormality has not been 
identified, and only about one third of families 
have more than one affected family member.15 
Familial clustering has also been reported for 
calcific trileaflet aortic stenosis, with several gen-
erations of patients descended from a single an-
cestor.16 In a few families with congenital aortic-
valve abnormalities and valve calcification, a 
mutation in NOTCH1 has been documented.17 In a 
genomewide linkage meta-analysis of three large 
population-based studies, a specific lipo protein(a) 
polymorphism was shown to be asso ciated with 
elevated serum levels of lipoprotein(a), aortic-valve 
calcification, and incident aortic stenosis.18

Clinical factors associated with calcific valve 
disease mirror those associated with coronary 
atherosclerosis, and coronary artery disease is 
common among adults with aortic stenosis.2 

Population-based studies have shown associations 
between calcific valve disease and older age, 
male sex, elevated serum levels of low-density 
lipoprotein (LDL) cholesterol and lipoprotein(a), 
hypertension, smoking, diabetes, and the meta-
bolic syndrome.19,20

Specific populations at increased risk for aortic 
stenosis include patients with a history of medi-
astinal irradiation, renal failure, familial hyper-
cholesterolemia, or disorders of calcium metab-
olism.21 The role of subtle differences in calcium 
metabolism has received increased attention, 
with one study showing a close relationship be-
tween serum phosphate levels and calcific aortic-
valve disease.22

Dise a se Pr e v en tion

Calcific aortic stenosis is due to an active disease 
process at the cellular and molecular levels23,24 
(Fig. 2). Differences between disease initiation 
and progression that are observed at the tissue 
level are also seen in studies showing that clini-
cal factors associated with the early stage of the 
disease process differ from those associated with 
progression. For example, although elevated se-
rum lipid levels are associated with aortic-valve 
sclerosis, there is no convincing evidence that 
elevated serum LDL levels are associated with 
more rapid disease progression.20 Similarly, sys-
temic markers of inflammation are not associated 
with progression of aortic-valve disease.25 Trans-
formation at the tissue level from early to pro-
gressive disease probably explains why prospec-
tive, randomized clinical trials of lipid-lowering 

Figure 1 (facing page). Echocardiographic Evaluation of Aortic-Valve Stenosis.

Panel A shows a long­axis, two­dimensional echocardiographic view of a normal aortic valve, in which the thin valve leaflets are seen in 
the open position, parallel to the walls of the aorta, in mid­systole. The left ventricle is normal in size and wall thickness, the mitral valve 
is closed, and the left atrium is not enlarged. Panel B shows the corresponding view of a stenotic aortic valve, in which the calcified, 
thickened, and relatively immobile leaflets are seen in systole as a bright white band that obstructs left ventricular outflow. The mitral 
valve is closed in systole. The left ventricle shows increased wall thickness, and the left atrium is enlarged. Panel C shows color Doppler 
imaging of a normal aortic valve with unobstructed flow across the aortic valve shown in blue during systole. Panel D shows the corre­
sponding image of a stenotic aortic valve with normal flow proximal to the aortic valve (in red) with a mixture of colors in the aorta, re­
flecting the increase in velocity and pressure drop across the valve. Panel E shows a continuous­wave Doppler recording of normal ante­
grade flow across the aortic valve, obtained with the transducer at the left ventricular apex. The vertical axis shows the velocity in meters 
per second (m/s) with aortic flow, which is directed away from the transducer, shown below the baseline. The electrocardiogram (ECG) 
is shown in blue at the top of the image with standard ECG timing markers at 0.2 seconds (minor tick marks) and 1.0 second (major tick 
marks). The flow velocity profile seen during systole is normal, with a triangular shape (early peaking) and a maximum velocity of 1.2 m 
per second. The signals in diastole represent normal mitral inflow signals. Panel F shows a corresponding recording of high­velocity flow 
across a stenotic aortic valve. The vertical axis shows a scale up to 6 m per second for flow directed away from the transducer. The aortic­
stenosis velocity profile shows a high­velocity pattern (typically 4 m per second or higher) with a peak in mid­systole and a more rounded 
shape than normal flow. This patient has little aortic regurgitation, which would be seen in diastole if present.
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therapy in adults with mild-to-moderate aortic 
stenosis showed no significant effect on disease 
progression or aortic-valve events.26,27

Once leaflet disease is present, hemodynamic 
progression is associated with older age, male 
sex, the severity of stenosis, and the degree of 
leaflet calcification. Progression from aortic 
sclerosis to valve obstruction occurs in only 
about 10 to 15% of patients over a period of 2 to 
5 years.20,25 Once even mild valve obstruction is 
present, progressive stenosis occurs in nearly all 
patients, and most of them eventually require 
valve replacement.27-31 On average, the maximum 
transvalvular velocity increases by 0.1 to 0.3 m 
per second per year, with the mean gradient in-
creasing by 3 to 10 mm Hg per year and the 

valve area decreasing by 0.1 cm2 per year.28

These average values are somewhat helpful in 
counseling patients but do not allow precise 
prediction of when aortic-valve replacement will 
be needed, because hemodynamic progression 
varies widely among patients and often acceler-
ates as stenosis becomes more severe.1 The de-
gree of aortic stenosis associated with the onset 
of symptoms also differs among patients, with 
some patients remaining asymptomatic for several 
years despite hemodynamically severe disease.

Increased understanding of the specific dis-
ease pathways involved in calcific valve disease, 
the clinical and genetic associations with aortic 
stenosis, and the observed natural variation in 
disease progression all suggest that medical 
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Figure 2. Disease Mechanisms and Time Course of Calcific Aortic Stenosis.

Shown is the relationship among disease stage, valve anatomy, clinical risk factors, mechanisms of disease, and the age of the patient. 
Endothelial disruption with inflammation (dashed line) and lipid infiltration are key elements in the initiation of disease. There are few 
data on the prevalence of disease initiation in at­risk patients, and progressive disease develops in only a subgroup of these patients. 
Progressive leaflet disease, which is associated with several disease pathways, develops in approximately 10 to 15% of patients with aortic 
sclerosis. Once these disease mechanisms are activated, leaflet calcification results in severe aortic stenosis in nearly all  patients. With 
end­stage disease, tissue calcification (red line) is the predominant tissue change, resulting in valve obstruction. Current imaging approach­
es are reliable only when substantial leaflet changes are present (in patients with progressive disease or valve obstruction), which limits 
clinical studies of interventions to prevent or slow the progression of early disease. LRP denotes lipoprotein receptor–related protein com­
plex, OPG osteoprotegerin, and RANKL receptor activator of nuclear factor κB ligand.
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therapy might prevent or delay disease progres-
sion. In addition to lifestyle and pharmacologic 
interventions to reduce cardiovascular risk, treat-
ment might be targeted to specific cellular and 
molecular pathways at various time points in 
the disease process, including pathways involved 
in oxidative stress, the renin–angiotensin system, 
and triggers of abnormal tissue calcifi cation.24,32,33

However, at present no medical therapies have 
been shown to prevent disease progression.

Aortic S tenosis 
a s  a  S ys temic Dise a se

Several lines of evidence suggest that aortic steno-
sis is not simply a mechanical problem limited to 
the valve leaflets. The disease affects the upstream 
left ventricle and the downstream systemic vas-

culature, as well as the valve itself 34 (Fig. 3). 
Anatomically, abnormal tissue calcification af-
fects the entire cardiovascular system, not just 
the aortic valve. In addition, dilatation of the as-
cending aorta is common and may need to be 
addressed at the time of valve replacement. The 
association between aortic stenosis and aortic dila-
tation is complicated by the phenotypic overlap 
between calcific aortic stenosis and congenital 
bicuspid-valve disease. Patients with bicuspid 
aortic valves, as compared with those with tri-
leaflet aortic valves, have larger aortic diameters35,36

and an increased long-term risk of aortic dissection, 
with estimates of 3.1 cases per 10,000 patient-
years, for an age-adjusted relative risk of 8.4.11,35,37

In some patients with aortic stenosis, angio-
dysplastic gastrointestinal bleeding is seen in 
association with an acquired deficiency of von 
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Aortic­valve stenosis is associated with left ventricular hypertrophy, diastolic dysfunction, and decreased longitudinal 
shortening, although the ejection fraction remains normal in most patients. Left atrial enlargement is common owing 
to elevated left ventricular filling pressures. Calcification is often seen in the ascending aorta and mitral annulus, as 
well as on the valve leaflets. Mitral annular calcification is often accompanied by mild­to­moderate mitral regurgitation 
and can extend onto the leaflets, causing obstruction to left ventricular inflow. Patients with a severely calcified, rigid, 
and fragile (“porcelain”) ascending aorta have better outcomes with transcatheter aortic­valve replacement than with 
surgical replacement. Coronary blood­flow patterns are abnormal owing to an increased left ventricular mass and a 
reduced diastolic pressure gradient.
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Willebrand factor multimers, a condition known 
as Heyde’s syndrome.38 Unfolding of the von 
Willebrand multimers owing to abnormal shear 
stress as blood passes through the narrow valve 
results in cleavage by a specific plasma metallo-
proteinase. Low levels of von Willebrand factor 
also affect platelet function and may confer a 
predisposition to angiogenesis; these abnormali-
ties typically normalize after valve replacement.39 
Clinically, there is a complex interplay between 
increased bleeding and thrombotic events, with 
some studies showing enhanced thrombin for-
mation and platelet activation.40

Rheumatic aortic stenosis is usually accom-
panied by mitral-valve disease and is more likely 
than calcific disease to manifest as mixed steno-
sis and regurgitation of both valves, rather than 
as an isolated single-valve lesion, a factor that 
can complicate decision making.13 In addition, 
rheumatic-valve disease is often associated with 
tricuspid-valve involvement, pulmonary hyper-
tension, and right-heart dysfunction.

Adverse cardiovascular outcomes are seen with 
aortic-valve calcification even in the absence of 
valve obstruction. In the Cardiovascular Health 
Study (CHS), the presence of aortic sclerosis in 
adults older than 65 years of age without known 
coronary artery disease was associated with a 
52% increase in the risk of death from cardio-
vascular causes and a 40% increase in the risk of 
myocardial infarction over the course of 5 years, 
even when the analysis was corrected for known 
cardiovascular risk factors.41 In the higher-risk 
population in the Losartan Intervention for End-
point Reduction in Hypertension (LIFE) study, 
aortic-valve sclerosis in patients without known 
cardiovascular disease was associated with a 
doubling of cardiovascular risk.42 In a population 
similar to the CHS cohort, the Multi-Ethnic Study 
of Atherosclerosis (MESA) showed that aortic-valve 
calcification was associated with a 50% increase 
in the risk of cardiovascular events.20 Similarly, 
in the Heinz Nixdorf Recall Study, the degree of 
aortic-valve calcification provided additive value 
to Framingham Heart Study risk factors for the 
prediction of cardiovascular events.43 Further 
studies are needed to explore whether aortic 
sclerosis is a marker of coronary artery disease 
or whether it reflects a shared underlying risk 
factor, such as systemic inflammation.

timing of Aortic-Va lv e 
R epl acemen t

Clinical outcomes in adults with aortic stenosis 
are determined primarily by clinical symptoms, 
the severity of valve obstruction, and the left ven-
tricular response to pressure overload. Assessment 
of patients and management decisions should take 
all three of these factors into account.6,7

The presence or absence of symptoms is the 
key element in decision making (Fig. 4). There is 
robust evidence that aortic-valve replacement 
prolongs life in patients with symptomatic se-
vere aortic stenosis, regardless of the type or 
severity of symptoms or the response to medical 
therapy.3,4,44,45 However, accurate measures of 
the severity of stenosis are needed to ensure that 
valve obstruction — rather than concurrent 
coronary, pulmonary, or systemic disease or 
other conditions — is the cause of symptoms. 
In a patient with typical symptoms, a maximum 
transvalvular velocity of 4 m per second or 
greater, in conjunction with calcified immobile 
valve leaflets, confirms the diagnosis of severe 
aortic stenosis.6,28,30,46 With symptomatic, severe, 
high-gradient aortic stenosis, calculation of the 
valve area or indexed valve area does not improve 
the identification of patients who will benefit 
from valve replacement (Fig. 5).47

In contrast, in asymptomatic patients with 
aortic stenosis and normal left ventricular sys-
tolic function, the usefulness of measures of 
severity is in identifying patients who will soon 
become symptomatic, thus indicating the need 
for frequent follow-up and consideration of elec-
tive intervention. Intervention is not needed until 
symptoms supervene, because the risk of sudden 
death is less than the risk of intervention, even 
when valve obstruction is severe.31,48 With very 
severe aortic stenosis, the rate of symptom onset 
is so high that elective valve replacement may be 
reasonable in selected cases.49-51

Given the importance of symptom onset in 
clinical decision making, primary care physi-
cians and cardiologists need to be alert to the 
presence of a systolic murmur in older adults 
with exertional dyspnea, chest pain, or dizzi-
ness. In the case of apparently asymptomatic 
patients with severe aortic stenosis, detailed 
questions should be asked about levels of physi-
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cal activity, because many patients unconscious-
ly limit activities to avoid symptoms as valve 
obstruction slowly worsens. When the clinical 
history is unclear, standard treadmill exercise 
testing is helpful to detect provoked symptoms, 

ensure that blood pressure rises appropriately, 
and measure exercise capacity objectively.52,53

Evaluation of the severity of stenosis is more 
difficult when the valve appears to be calcified 
with only a moderately elevated transvalvular 

Aortic stenosis symptoms
Initial

Decreased exercise tolerance
Dyspnea on exertion

Early
Exertional dizziness
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Syncope
Heart failure

Aortic stenosis signs
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Single second heart sound
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Severe aortic stenosis

Vmax ≥4 m/sec or
mean ∆P ≥40 mm Hg

Symptomatic stage D1

Echocardiography
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Figure 4. Diagnostic Approach to the Treatment of Suspected Aortic Stenosis.

Shown is a diagnostic algorithm for the treatment of patients with suspected aortic stenosis. The classic triad of symptoms of aortic stenosis 
— angina, dyspnea, and syncope — occurs late in the disease process. With improved diagnosis and prospective management, the most 
common presenting symptoms currently are decreased exercise tolerance and exertional dyspnea. Although a loud systolic murmur with 
a palpable thrill is specific for severe aortic stenosis, a softer murmur does not exclude severe aortic stenosis. Other clues that suggest 
severe aortic stenosis include a single second heart sound or a delayed and diminished carotid upstroke (“parvus and tardus”), although 
the sensitivity and specificity of these findings are suboptimal. Thus, echocardiography is appropriate to evaluate for aortic stenosis in 
any patient (particularly older adults, given the disease demographics) with a systolic murmur and symptoms that might be due to aortic 
stenosis. On the basis of echocardiographic findings, the severity of aortic stenosis is categorized into stages, as shown. In stage D3 dis­
ease, echocardiographic or catheterization measurements should be obtained when the patient is normotensive, because hypertension 
can alter hemodynamics, resulting in either overestimation or underestimation of severity. In addition, other potential causes of symp­
toms should be ruled out or treated before aortic­valve replacement is considered in patients with apparently severe aortic stenosis who 
have a low gradient and normal ejection fraction. Such patients often have a small aortic annulus, so the anticipated hemodynamics of 
the prosthetic valve should also be considered to avoid patient–prosthesis mismatch if aortic­valve replacement is performed. AVA de­
notes aortic­valve area, LV left ventricle, ΔP transaortic pressure gradient, SV stroke volume, and Vmax aortic maximum velocity.
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velocity (3 to 4 m per second) or mean transaor-
tic pressure gradient (20 to 40 mm Hg), but the 
calculated valve area is less than 1.0 cm2. This 
situation, termed low-flow, low-gradient aortic 
stenosis, occurs most often in patients with a 
reduced left ventricular ejection fraction (<50%). 
These patients may have severe aortic stenosis 
with afterload mismatch causing left ventricular 
dysfunction, in which case valve replacement 
will prolong survival and improve the ejection 
fraction. Alternatively, valve obstruction may only 
be moderate, with the apparently small valve area 
caused by primary dysfunction of the myocardium. 
Low-dose dobutamine stress echocardiography 
is a useful additional test in such patients. Dur-
ing stress testing, a transvalvular velocity that 
increases to 4 m per second or higher with the 
valve area remaining less than 1.0 cm2 is consis-
tent with severe aortic stenosis. Conversely, a 
transvalvular velocity of less than 4 m per second 
or an increase in valve area is consistent with 
only moderate valve obstruction, and evaluation 
for other causes of left ventricular dysfunction 
and medical therapy for heart failure are appro-
priate.54-56

Diagnosis of low-flow, low-gradient, severe 
aortic stenosis with a normal left ventricular ejec-
tion fraction is particularly challenging. Because 
transvalvular velocity is less than 4 m per second, 
diagnosing this condition depends on indexing 
the valve area and volume flow rate to the body-
surface area. In symptomatic patients with a 
calcified aortic valve and decreased leaflet mobil-
ity, an indexed valve area of 0.6 cm2 per square 
meter of body-surface area and a stroke volume 
index of less than 35 ml per square meter are 
consistent with a diagnosis of severe aortic steno-
sis. This situation is seen most often in elderly 
women with left ventricular hypertrophy, small 

ventricular volumes, diastolic dysfunction, and 
reduced longitudinal shortening.57,58

Selec tion of Va lv e-R epl acemen t 
Pro cedur e

The goals of intervention in aortic stenosis are to 
relieve symptoms, enhance exercise capacity and 
quality of life, and prolong life expectancy. Indi-
rect physiological benefits include improvement 
in left ventricular function and regression of left 
ventricular hypertrophy. Aortic-valve replacement 
should be considered, regardless of the patient’s 
age at presentation, if overall life expectancy is 
greater than 1 year and there is a likelihood of 
survival of more than 25% with improved symp-
toms at 2 years after the procedure.

The determination of procedural risk and the 
correct choice of intervention for an individual 
patient require a multifactorial approach, includ-
ing assessments of coexisting coronary artery 
disease, other valve lesions, and noncardiac con-
ditions; frailty; results of invasive and noninva-
sive anatomical testing; and overall life expec-
tancy.6,59 These assessments are best performed 
by a multidisciplinary group of clinicians, in-
cluding valve experts, imaging specialists, inter-
ventional cardiologists, cardiac surgeons and 
anesthetists, and physicians with experience in 
the care and assessment of the elderly. Such a 
group, termed a “heart team,” can develop an 
individualized risk–benefit analysis of the avail-
able options for aortic-valve replacement. Pa-
tients and their families should also be involved 
in a shared decision-making process that re-
flects the preferences and values of the patient.

Surgical aortic-valve replacement remains the 
standard approach, except in the case of inoper-
able conditions and procedures with a high esti-

Figure 5 (facing page). Indications for Aortic-Valve Replacement (AVR).

Shown are recommendations from the 2014 guidelines of the American College of Cardiology and the American Heart Association for the 
treatment of patients with valvular heart disease.6 Clinical factors are shown in open red boxes, imaging findings in open blue boxes, overall 
treatment recommendations in solid blue boxes, and AVR recommendations in other solid boxes (green for class I, yellow for class IIa, and 
brown for class IIb recommendations). The decision as to whether AVR is indicated is made before consideration of the choice of AVR type, 
as indicated by the placement of the AVR recommendations in a dashed black box. If the estimated surgical risk is low to intermediate, surgi­
cal AVR is recommended. If the surgical risk is high, transcatheter AVR (TAVR) should also be evaluated. When surgical risk is prohibitive, 
TAVR is recommended, with palliative care as an option in patients who will not benefit from intervention  because of coexisting conditions, 
frailty, impaired mental status, or low functional status. AVAi denotes aortic­valve area indexed to body­surface area, DSE dobutamine stress 
echocardiography, SVI stroke volume index, and Vmax aortic maximum velocity.
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mated surgical mortality.60 Overall 30-day sur-
gical mortality is less than 3% for isolated 
aortic-valve replacement and approximately 4.5% 
for aortic-valve replacement with coronary-artery 
bypass grafting. After recovery from successful 
aortic-valve replacement, the rate of overall sur-
vival is similar to that among age-matched 
adults without aortic stenosis.

The primary consideration in the choice of 
valve type is the risk of reoperation when a bio-
prosthetic valve is used versus the risk associated 
with warfarin anticoagulation when a mechani-
cal valve is used. Mechanical valves are appro-
priate for patients younger than 60 years of age 
who have no contraindication to anticoagula-
tion, because of the long-term durability of these 
prostheses. An exception is women of childbear-
ing age, in whom a bioprosthetic valve is pre-
ferred, given the risks of anticoagulation and 
thromboembolism during pregnancy. In patients 
older than 70 years of age, bioprostheses are 
favored because valve durability increases with 
age and the risks of anticoagulation are avoid-
ed.61 In patients between 60 and 70 years of age, 
the choice of valve is based on patients’ prefer-
ences and values after a shared discussion be-
tween the patient and the surgeon.

Transcatheter aortic-valve replacement (TAVR) 
is recommended in patients with symptomatic 
severe aortic stenosis who have a prohibitive sur-
gical risk, which is defined as a predicted risk of 
death or major complication with surgery of 
more than 50% at 1 year, a medical condition 
involving three other major organ systems that is 
not likely to be improved postoperatively, or a 
severe impediment to surgery, such as a heavily 
calcified, fragile (“porcelain”) aorta. In a prospec-
tive, randomized clinical trial, TAVR provided a 
reduction in 2-year all-cause mortality from 68% 
without TAVR to 43.4% with TAVR, as well as 
improved symptomatic status and quality of life.3

TAVR is also a reasonable alternative to sur-
gical aortic-valve replacement in patients with 
symptomatic severe aortic stenosis who are at 
high risk but are suitable candidates for surgery. 
Randomized studies have shown that the clini-
cal outcomes in such patients are similar with 
surgical aortic-valve replacement and TAVR, 
with 1-year rates of death of 26.8% and 24.2%, 
respectively, with equivalence maintained at 
3-year follow-up.4 The Society of Thoracic Sur-
geons Predicted Risk of Mortality (STS-PROM) 
score can be used to estimate the risk of death 

within 30 days after surgery, but other mea-
surements also affect procedural risk. High 
risk is currently defined as an STS-PROM score 
of more than 8%, moderate-to-severe frailty, 
irreversible disease of more than two other 
 organ systems, or possible impediments to a 
surgical approach.6

In randomized trials,62,63 several types of 
complications occurred more frequently during 
the 30-day postoperative period among patients 
undergoing TAVR than among those undergo-
ing surgical aortic-valve replacement. These 
complications included stroke (with rates of 4.9 
to 5.5% with TAVR vs. 2.4 to 6.2% with sur-
gery), major vascular complications (5.9 to 11% 
with TAVR vs. 1.7 to 3.2% with surgery), mod-
erate-to-severe paravalvular aortic regurgitation 
(10.0 to 12.2% with TAVR vs. 0.9 to 1.3% with 
surgery), and the need for new pacemaker im-
plantation (3.8 to 19.8% with TAVR vs. 3.6 to 
7.1% with surgery). There is evidence that the 
adverse-event rates associated with TAVR are 
decreasing.64 The threshold for choosing TAVR 
versus surgical aortic-valve replacement is likely 
to shift as technological developments and in-
creasing clinical experience lead to reductions 
in complication rates, particularly residual para-
valvular leak, which may be associated with an 
adverse long-term outcome.

Balloon aortic-valve dilation provides only 
limited hemodynamic benefit, which is offset by 
the substantial risk of procedural complications 
and a high probability of recurrent stenosis 
within 6 months.65 Balloon aortic dilation is now 
restricted to occasional patients presenting with 
hemodynamic compromise, as a bridge to TAVR 
or surgery.6

A further important function of the multidis-
ciplinary approach to the selection of treatment 
is the avoidance of expensive, high-risk, and ul-
timately futile procedures in patients who will 
derive little symptomatic benefit or improvement 
in quality of life. Examples include patients with 
a very limited life expectancy, irreversible left 
ventricular impairment, severe pulmonary dis-
ease, impaired mobility as a result of neurologic 
or musculoskeletal disease, advanced dementia, 
or other systemic diseases. Specialist palliative 
care should be available for these patients.

Dr. Prendergast reports receiving lecture fees from Edwards 
Lifesciences. No other potential conflict of interest relevant to 
this article was reported.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.

The New England Journal of Medicine 
Downloaded from nejm.org by The NEJM iPad Edition on March 11, 2015. For personal use only. No other uses without permission. 

 Copyright © 2014 Massachusetts Medical Society. All rights reserved. 



Aortic-Valve Stenosis

n engl j med 371;8 nejm.org august 21, 2014 755

References

1. Eveborn GW, Schirmer H, Heggelund 
G, Lunde P, Rasmussen K. The evolving 
epidemiology of valvular aortic stenosis: 
the Tromsø Study. Heart 2013;99:396-
400.
2. Stewart BF, Siscovick D, Lind BK, et al. 
Clinical factors associated with calcific 
aortic valve disease: Cardiovascular Health 
Study. J Am Coll Cardiol 1997;29:630-4.
3. Makkar RR, Fontana GP, Jilaihawi H, 
et al. Transcatheter aortic-valve replace-
ment for inoperable severe aortic stenosis. 
N Engl J Med 2012;366:1696-704. [Erratum, 
N Engl J Med 2012;367:881.]
4. Kodali SK, Williams MR, Smith CR, et 
al. Two-year outcomes after transcatheter 
or surgical aortic-valve replacement. N Engl 
J Med 2012;366:1686-95.
5. National Hospital Discharge Survey: 
number of all listed procedures for dis-
charges from short-stay hospitals, by ICD-
9-CM code, sex, age, and geographic re-
gion: United States, 2010. Hyattsville, MD: 
National Center for Health Statistics, 2010 
(ftp://ftp.cdc.gov/pub/Health_Statistics/
NCHS/Dataset_Documentation/NHDS/
NHDS_2010_Documentation.pdf).
6. Nishimura RA, Otto CM, Bonow RO, 
et al. 2014 AHA/ACC Guideline for the Man-
agement of Patients with Valvular Heart 
Disease: a report of the American College 
of Cardiology/American Heart Association 
Task Force on Practice Guidelines. J Am 
Coll Cardiol 2014;63:2438-88.
7. Vahanian A, Alfieri O, Andreotti F, 
et al. Guidelines on the management of 
valvular heart disease (version 2012). Eur 
Heart J 2012;33:2451-96.
8. Roberts WC, Ko JM. Frequency by de-
cades of unicuspid, bicuspid, and tricus-
pid aortic valves in adults having isolated 
aortic valve replacement for aortic steno-
sis, with or without associated aortic re-
gurgitation. Circulation 2005;111:920-5.
9. Siu SC, Silversides CK. Bicuspid aortic 
valve disease. J Am Coll Cardiol 2010;55: 
2789-800.
10. Braverman AC. The bicuspid aortic 
valve and associated aortic disease. In: Otto 
CM, Bonow RO, eds. Valvular heart disease. 
Philadelphia: Elsevier, 2013:179-218.
11. Michelena HI, Desjardins VA, Avieri-
nos JF, et al. Natural history of asymp-
tomatic patients with normally function-
ing or minimally dysfunctional bicuspid 
aortic valve in the community. Circulation 
2008;117:2776-84.
12. Tzemos N, Therrien J, Yip J, et al. Out-
comes in adults with bicuspid aortic 
valves. JAMA 2008;300:1317-25.
13. Marijon E, Mirabel M, Celermajer DS, 
Jouven X. Rheumatic heart disease. Lancet 
2012;379:953-64.
14. Go AS, Mozaffarian D, Roger VL, et al. 
Heart disease and stroke statistics — 2014 
update: a report from the American Heart 
Association. Circulation 2014;129(3):e28-
e292.
15. Huntington K, Hunter AG, Chan KL. 

A prospective study to assess the frequency 
of familial clustering of congenital bicuspid 
aortic valve. J Am Coll Cardiol 1997;30: 
1809-12.
16. Probst V, Le Scouarnec S, Legendre A, 
et al. Familial aggregation of calcific aor-
tic valve stenosis in the western part of 
France. Circulation 2006;113:856-60.
17. Garg V, Muth AN, Ransom JF, et al. 
Mutations in NOTCH1 cause aortic valve 
disease. Nature 2005;437:270-4.
18. Thanassoulis G, Campbell CY, Owens 
DS, et al. Genetic associations with valvu-
lar calcification and aortic stenosis. N Engl 
J Med 2013;368:503-12.
19. Katz R, Wong ND, Kronmal R, et al. 
Features of the metabolic syndrome and 
diabetes mellitus as predictors of aortic 
valve calcification in the Multi-Ethnic Study 
of Atherosclerosis. Circulation 2006;113: 
2113-9.
20. Owens DS, Katz R, Takasu J, Kronmal 
R, Budoff MJ, O’Brien KD. Incidence and 
progression of aortic valve calcium in the 
Multi-ethnic Study of Atherosclerosis 
(MESA). Am J Cardiol 2010;105:701-8.
21. Kurtz CE, Otto CM. Aortic stenosis: 
clinical aspects of diagnosis and manage-
ment, with 10 illustrative case reports 
from a 25-year experience. Medicine (Bal-
timore) 2010;89:349-79.
22. Linefsky JP, O’Brien KD, Katz R, et al. 
Association of serum phosphate levels 
with aortic valve sclerosis and annular 
calcification: the Cardiovascular Health 
Study. J Am Coll Cardiol 2011;58:291-7.
23. Dweck MR, Boon NA, Newby DE. Cal-
cific aortic stenosis: a disease of the valve 
and the myocardium. J Am Coll Cardiol 
2012;60:1854-63.
24. Towler DA. Molecular and cellular as-
pects of calcific aortic valve disease. Circ 
Res 2013;113:198-208.
25. Novaro GM, Katz R, Aviles RJ, et al. 
Clinical factors, but not C-reactive protein, 
predict progression of calcific aortic-valve 
disease: the Cardiovascular Health Study. 
J Am Coll Cardiol 2007;50:1992-8.
26. Teo KK, Corsi DJ, Tam JW, Dumesnil 
JG, Chan KL. Lipid lowering on progres-
sion of mild to moderate aortic stenosis: 
meta-analysis of the randomized placebo-
controlled clinical trials on 2344 patients. 
Can J Cardiol 2011;27:800-8.
27. Rossebø AB, Pedersen TR, Boman K, 
et al. Intensive lipid lowering with simva-
statin and ezetimibe in aortic stenosis. 
N Engl J Med 2008;359:1343-56.
28. Otto CM, Burwash IG, Legget ME, et 
al. Prospective study of asymptomatic val-
vular aortic stenosis: clinical, echocardio-
graphic, and exercise predictors of out-
come. Circulation 1997;95:2262-70.
29. Rosenhek R, Klaar U, Schemper M, et 
al. Mild and moderate aortic stenosis: 
natural history and risk stratification by 
echocardiography. Eur Heart J 2004;25: 
199-205.
30. Stewart RA, Kerr AJ, Whalley GA, et 

al. Left ventricular systolic and diastolic 
function assessed by tissue Doppler im-
aging and outcome in asymptomatic aor-
tic stenosis. Eur Heart J 2010;31:2216-22.
31. Iung B, Vahanian A. Degenerative cal-
cific aortic stenosis: a natural history. 
Heart 2012;98:Suppl 4:iv7-iv13.
32. Nadir MA, Wei L, Elder DH, et al. Im-
pact of renin-angiotensin system block-
ade therapy on outcome in aortic stenosis. 
J Am Coll Cardiol 2011;58:570-6.
33. Rajamannan NM, Evans FJ, Aikawa E, 
et al. Calcific aortic valve disease: not 
simply a degenerative process: a review 
and agenda for research from the Nation-
al Heart and Lung and Blood Institute 
Aortic Stenosis Working Group. Executive 
summary: calcific aortic valve disease — 
2011 update. Circulation 2011;124:1783-91.
34. Lindman BR, Bonow RO, Otto CM. 
Current management of calcific aortic 
stenosis. Circ Res 2013;113:223-37.
35. Eleid MF, Forde I, Edwards WD, et al. 
Type A aortic dissection in patients with 
bicuspid aortic valves: clinical and patho-
logical comparison with tricuspid aortic 
valves. Heart 2013;99:1668-74.
36. Schaefer BM, Lewin MB, Stout KK, et 
al. The bicuspid aortic valve: an integrated 
phenotypic classification of leaflet mor-
phology and aortic root shape. Heart 
2008;94:1634-8.
37. Detaint D, Michelena HI, Nkomo VT, 
Vahanian A, Jondeau G, Sarano ME. Aor-
tic dilatation patterns and rates in adults 
with bicuspid aortic valves: a comparative 
study with Marfan syndrome and degen-
erative aortopathy. Heart 2014;100:126-34.
38. Loscalzo J. From clinical observation 
to mechanism — Heyde’s syndrome. N Engl 
J Med 2012;367:1954-6.
39. Panzer S, Badr Eslam R, Schneller A, 
et al. Loss of high-molecular-weight von 
Willebrand factor multimers mainly af-
fects platelet aggregation in patients with 
aortic stenosis. Thromb Haemost 2010; 
103:408-14.
40. Natorska J, Bykowska K, Hlawaty M, 
Marek G, Sadowski J, Undas A. Increased 
thrombin generation and platelet activa-
tion are associated with deficiency in high 
molecular weight multimers of von Wille-
brand factor in patients with moderate-
to-severe aortic stenosis. Heart 2011;97: 
2023-8.
41. Otto CM, Lind BK, Kitzman DW, 
Gersh BJ, Siscovick DS. Association of 
aortic-valve sclerosis with cardiovascular 
mortality and morbidity in the elderly. 
N Engl J Med 1999;341:142-7.
42. Olsen MH, Wachtell K, Bella JN, et al. 
Aortic valve sclerosis relates to cardiovas-
cular events in patients with hypertension 
(a LIFE substudy). Am J Cardiol 2005;95: 
132-6.
43. Kälsch H, Lehmann N, Mahabadi A, 
et al. Beyond Framingham risk factors and 
coronary calcification: does aortic valve 
calcification improve risk prediction? The 

The New England Journal of Medicine 
Downloaded from nejm.org by The NEJM iPad Edition on March 11, 2015. For personal use only. No other uses without permission. 

 Copyright © 2014 Massachusetts Medical Society. All rights reserved. 



n engl j med 371;8 nejm.org august 21, 2014756

Aortic-Valve Stenosis

Heinz Nixdorf Recall Study. Heart 2014; 
100:930-7.
44. Vasques F, Messori A, Lucenteforte E, 
Biancari F. Immediate and late outcome 
of patients aged 80 years and older under-
going isolated aortic valve replacement: 
a systematic review and meta-analysis of 
48 studies. Am Heart J 2012;163:477-85.
45. Reynolds MR, Magnuson EA, Lei Y, 
et al. Cost-effectiveness of transcatheter 
aortic valve replacement compared with 
surgical aortic valve replacement in high-
risk patients with severe aortic stenosis: 
results of the PARTNER (Placement of 
Aortic Transcatheter Valves) trial (Cohort 
A). J Am Coll Cardiol 2012;60:2683-92.
46. Rosenhek R, Binder T, Porenta G, et al. 
Predictors of outcome in severe, asymp-
tomatic aortic stenosis. N Engl J Med 2000; 
343:611-7.
47. Jander N, Gohlke-Bärwolf C, Bahl-
mann E, et al. Indexing aortic valve area 
by body surface area increases the preva-
lence of severe aortic stenosis. Heart 
2014;100:28-33.
48. Holme I, Pedersen TR, Boman K, et al. 
A risk score for predicting mortality in 
patients with asymptomatic mild to 
moderate aortic stenosis. Heart 2012;98: 
377-83.
49. Rosenhek R, Zilberszac R, Schemper M, 
et al. Natural history of very severe aortic 
stenosis. Circulation 2010;121:151-6.
50. Kitai T, Honda S, Okada Y, et al. Clin-
ical outcomes in non-surgically managed 
patients with very severe versus severe 
aortic stenosis. Heart 2011;97:2029-32.
51. Saito T, Muro T, Takeda H, et al. Prog-

nostic value of aortic valve area index in 
asymptomatic patients with severe aortic 
stenosis. Am J Cardiol 2012;110:93-7.
52. Rajani R, Rimington H, Chambers JB. 
Treadmill exercise in apparently asymp-
tomatic patients with moderate or severe 
aortic stenosis: relationship between car-
diac index and revealed symptoms. Heart 
2010;96:689-95.
53. Maréchaux S, Hachicha Z, Bellouin A, 
et al. Usefulness of exercise-stress echo-
cardiography for risk stratification of true 
asymptomatic patients with aortic valve 
stenosis. Eur Heart J 2010;31:1390-7.
54. Clavel MA, Webb JG, Rodés-Cabau J, 
et al. Comparison between transcatheter 
and surgical prosthetic valve implanta-
tion in patients with severe aortic stenosis 
and reduced left ventricular ejection frac-
tion. Circulation 2010;122:1928-36.
55. Fougères E, Tribouilloy C, Monchi M, 
et al. Outcomes of pseudo-severe aortic 
stenosis under conservative treatment. 
Eur Heart J 2012;33:2426-33.
56. Gotzmann M, Lindstaedt M, Bojara 
W, Ewers A, Mügge A. Clinical outcome of 
transcatheter aortic valve implantation in 
patients with low-flow, low gradient aor-
tic stenosis. Catheter Cardiovasc Interv 
2012;79:693-701.
57. Ozkan A, Hachamovitch R, Kapadia 
SR, Tuzcu EM, Marwick TH. Impact of 
aortic valve replacement on outcome of 
symptomatic patients with severe aortic 
stenosis with low gradient and preserved 
left ventricular ejection fraction. Circula-
tion 2013;128:622-31.
58. Lancellotti P, Magne J, Donal E, et al. 

Clinical outcome in asymptomatic severe 
aortic stenosis: insights from the new 
proposed aortic stenosis grading classifi-
cation. J Am Coll Cardiol 2012;59:235-43. 
[Erratum, J Am Coll Cardiol 2013;62:260.]
59. Rosenhek R, Iung B, Tornos P, et al. 
ESC Working Group on Valvular Heart 
Disease Position Paper: assessing the risk 
of interventions in patients with valvular 
heart disease. Eur Heart J 2012;33:822-8.
60. Walther T, Blumenstein J, van Linden 
A, Kempfert J. Contemporary manage-
ment of aortic stenosis: surgical aortic 
valve replacement remains the gold stan-
dard. Heart 2012;98:Suppl 4:iv23-iv29.
61. Eikelboom JW, Connolly SJ, Brueck-
mann M, et al. Dabigatran versus warfarin 
in patients with mechanical heart valves. 
N Engl J Med 2013;369:1206-14.
62. Smith CR, Leon MB, Mack MJ, et al. 
Transcatheter versus surgical aortic-valve 
replacement in high-risk patients. N Engl 
J Med 2011;364:2187-98. 
63. Adams DH, Popma JJ, Reardon MJ, et 
al. Transcatheter aortic-valve replacement 
with a self-expanding prosthesis. N Engl J 
Med 2014;370:1790-8.
64. Stortecky S, Buellesfeld L, Wenaweser 
P, Windecker S. Transcatheter aortic valve 
implantation: prevention and manage-
ment of complications. Heart 2012;98: 
Suppl 4:iv52-iv64.
65. Khawaja MZ, Sohal M, Valli H, et al. 
Standalone balloon aortic valvuloplasty: 
indications and outcomes from the UK in 
the transcatheter valve era. Catheter Car-
diovasc Interv 2013;81:366-73.
Copyright © 2014 Massachusetts Medical Society.

journal archive at nejm.org

Every article published by the Journal is now available at NEJM.org, beginning  
with the first article published in January 1812. The entire archive is fully searchable,  

and browsing of titles and tables of contents is easy and available to all.  
Individual subscribers are entitled to free 24-hour access to 50 archive articles per year. 

Access to content in the archive is available on a per-article basis and is also  
being provided through many institutional subscriptions.

The New England Journal of Medicine 
Downloaded from nejm.org by The NEJM iPad Edition on March 11, 2015. For personal use only. No other uses without permission. 

 Copyright © 2014 Massachusetts Medical Society. All rights reserved. 


