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Aortic stenosis (AS) is defined as severe in the presence of: mean gradient
�40mmHg, peak aortic velocity �4 m/s, and aortic valve area (AVA) �1 cm2 (or an
indexed AVA �0.6 cm2/m2). However, up to 40% of patients have a discrepancy
between gradient and AVA, i.e. AVA �1 cm2 (indicating severe AS) and a moderate
gradient: >20 and <40mmHg (typical of moderate stenosis). This condition is called
‘low-gradient AS’ and includes very heterogeneous clinical entities, with different
pathophysiological mechanisms. The diagnostic tools needed to discriminate the dif-
ferent low-gradient AS phenotypes include colour-Doppler echocardiography, dobut-
amine stress echocardiography, computed tomography scan for the definition of the
calcium score, and recently magnetic resonance imaging. The prognostic impact of
low-gradient AS is heterogeneous. Classical low-flow low-gradient AS [reduced left
ventricular ejection fraction (LVEF)] has the worst prognosis, followed by paradoxical
low-flow low-gradient AS (preserved LVEF). Conversely, normal-flow low-gradient AS
is associated with a better prognosis. The indications of the guidelines recommend
surgical or percutaneous treatment, depending on the risk and comorbidities of the
individual patient, both for patients with classic low-flow low-gradient AS and for
those with paradoxical low-flow low-gradient AS.

Introduction

Aortic stenosis (AS) is themost common valve disease in de-
veloped countries and the most frequently treated.
Treatment decision is guided by (i) severity of stenosis, (ii)
symptoms, and (iii) reduced left ventricular ejection frac-
tion (LVEF). According to the guidelines,1,2 AS is defined as
severe in the presence of a mean gradient�40mmHg, aor-
tic peak velocity �4m/s, and aortic valve area (AVA) �1
cm2 (or an indexed AVA�0.6 cm2/m2). In these patients, in
the presence of symptoms and/or reduced ejection frac-
tion (EF), surgical or percutaneous treatment of AS is indi-
cated, as it significantly improves the outcome. On the
other hand, AS is defined as moderate in the presence of
AVA >1 and <1.5 cm2 and an average gradient >20 but
<40mmHg. However, up to 40% of patients have a

discrepancy between gradient and AVA, i.e. an AVA �1 cm2

(indicating severe AS) and a moderate gradient: � 20 and
�40mmHg (typical of moderate stenosis). This condition is
called ‘low-gradient AS’. This discrepancy creates impor-
tant diagnostic and therapeutic dilemmas, as it questions
the severity of the AS and the indication for treatment.
This complexity in the clinical management of AS derives
from the high heterogeneity of the clinical phenotypes,
each with different pathophysiological mechanisms,
included under the term ‘low-gradient AS’.

Heterogeneity of low-gradient aortic
stenosis

An essential element in understanding low-gradient AS is
the relationship between the transaortic gradient and flow.
In fact, according to the simplified Bernoulli equation, the
transvalvular gradient is equal to 4 � V2, where V is the*Corresponding author. Email: vittoria.rizzello@gmail.com
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flow velocity. Therefore, even a small reduction in trans-
aortic flow results in a significant reduction in the gradient,
even in the presence of a significantly reduced valve area
(known as ‘gradient pseudo-normalization’). On the other
hand, a reduction in flow is associated with a reduction in
the forces applied on the aortic cusps, resulting in less valve
opening and less AVA (a phenomenon known as ‘pseudo-
severe stenosis’). So, in the presence of a low-flow, the
gradient can underestimate the severity of the stenosis,
while the AVA can overestimate the severity of the steno-
sis. According to the guidelines, the low-flow state is
defined by a stroke volume index (SVI) <35mL/m21,2; the
prognostic value of this cut-off has been recognized in
multiple studies and meta-analyses.3–5

SVI represents the estimate of left ventricular function
and is influenced by left ventricular contractility, geome-
try, and global haemodynamic overload (valvular-arterial
impedance). Therefore, reduced transaortic flow can be
observed both in the presence of a reduced LVEF, as in
classical low-flow low-gradient AS, and in the presence of a
preserved LVEF, as in paradoxical low-flow low-gradient
AS. Conversely, even in the presence of normal SVI
(�35mL/m2), severe AS with a gradient <40mmHg can be
observed in the presence of reduced arterial compliance.
In these patients, the increased aortic stiffness can lead to
a ‘dumping’ of the transvalvular gradient of severe AS.4

This condition is known as normal-flow, low-gradient AS.

The classic ‘low-flow low-gradient’ aortic
stenosis

In patients with AS and left ventricular dysfunction, the
clinical entity classically referred to as ‘low-flow, low-
gradient AS’ is configured. Typically, these patients have
AVA �1 cm2, mean gradient <40mmHg, and EF <50%. This
clinical phenotype is present in 5–10% of patients with AS,
is more common in men and is often associated with
coronary artery disease, left ventricular dilation and func-
tional mitral insufficiency.4 Reduced EF may be secondary
to AS-related overload and/or intrinsic myocardial contrac-
tile dysfunction.

The pivotal diagnostic element in the management of
this population is represented by the distinction between
severe AS with a reduced gradient (due to ventricular con-
tractile deficit) and pseudo-stenosis in which the aortic
valve, not severely stenotic per se, presents an incomplete
opening (secondary to reduced transvalvular flow related
to low EF). This discrimination can be carried out with the
use of low-dose dobutamine stress echocardiography (DSE;
max 20 micrograms/kg/min) which allows to evaluate the
presence of contractile reserve and the consequent in-
crease in transaortic flow.6 With adequate recruitment of
contractile reserve, severe AS shows an increase in the gra-
dient without an increase of the AVA; on the other hand,
the pseudo-stenosis shows a lack of/or scarce increase in
the gradient but a significant increase in AVA over 1 cm2.
However, some patients have a contractile reserve that is
not sufficient to normalize transvalvular flow with persis-
tent discordance between reduced AVA and low-gradient.
In these patients it may be useful, as proposed by the

researchers of the TOPAS study (Truly or Pseudo-Severe
Aortic Stenosis), to evaluate the so-called ‘projected
AVA’, i.e. the area that the patient would have had if a
normal flow (250mL/s) would have be obtained during
the test.4 Finally, about one-third of patients undergoing
DSE has no contractile reserve (i.e. they show an increase
in stroke volume <20% during the test) and this does not
allow the definition of the true severity of the stenosis.
In these patients, the study of the calcium score on the
aortic valve with the computed tomography (CT) scan
may be useful to discriminate true severe AS from
pseudo-stenosis. The cut-offs used to define severe AS
are: Agaston Units (AU) �1200 in women and �2000
in men.4

The paradoxical low-flow low-gradient aortic
stenosis

This clinical entity occurs in patients whose LVEF is normal.
The diagnostic criteria are: AVA �1 cm2 (or indexed AVA
�0.6 cm2/m2), mean gradient <40 mmHg, LVEF� 50%
and low transaortic flow, i.e. SVI �35 mL/m2. It is present
in 5–25% of patients with AS and is more frequent in women
and in the elderly and is often associated with a history of
hypertension. Typically, the left ventricle is highly hyper-
trophic with concentric remodelling, small ventricular vol-
umes, and restrictive pathophysiology resulting in reduced
flow despite normal EF. In this situation, DSE is not useful
because it is unable to guarantee an increase in flow due
to the morphological characteristics of the ventricle and
frequently induces side effects that preclude its use (ob-
struction to the outflow, hypotension, etc.). Conversely, a
Doppler Velocity Index <0.25, which is the ratio between
the maximum velocity of flow on the left ventricular out-
flow tract (LVOT) and on the aortic valve, indicates severe
AS. However, the essential investigation for defining the di-
agnosis of low-flow, low-gradient paradoxical AS is the cal-
culation of the calcium score with the CT scan. This study
provides an anatomical assessment of the severity of the
stenosis, quantifying its calcifications. It has also been
shown that the calcium score measured on the aortic valve
correlates with hemodynamic parameters and with the
outcome of patients with AS.4 The cut-offs that define
severe AS are the same as for classic low-flow low-gradient
AS, i.e.�1200AU in women and� 2000AU inmen.

The normal-flow low-gradient aortic stenosis

This clinical phenotype of AS is characterized by LVEF
>50%, normal transaortic flow, i.e. >35mL/m2, AVA
�1 cm2 (or indexed AVA� 0.6 cm2/m2) and a gradient
<40 mmHg. This pattern is present in up to 25% of patients
with AS, and up to 50% of these AS are really severe.4 In ad-
dition to the presence of reduced vascular compliance and
hypertension, these low-gradient AS can be explained by
the intrinsic inconsistency of the cut-offs proposed by the
guidelines to define severe AS. In fact, from a haemody-
namic point of view, the 1 cm2 cut-off does not correspond
to a gradient of 40mmHg, but of 30–35mmHg. To compen-
sate for this discrepancy, some authors have proposed
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to use the cut-off of 0.8 cm2.4 However, since the 1 cm2

cut-off was shown to more accurately predict mortality, it
was also retained in the definition of AS severity.

Practical guide to the diagnostic definition of
low-gradient aortic stenosis

In clinical practice, the diagnostic definition of a low-gradi-
ent AS can be quite complex because there are many ana-
tomical and flow parameters to consider. First of all, facing
a patient with a moderate transaortic gradient (i.e. be-
tween 20 and 39mmHg) and a Doppler area �1 cm2 (or
indexed �0.6 cm2/m2) it is essential to verify that the
valve has calcific cusps during the morphological evalua-
tion, with reduced excursion and anatomic AVA �1 cm2. In
fact, an anatomic AVA >1 cm2 excludes the presence of a
severe AS. The next step is to verify: (i) that the Doppler in-
terrogation of the stenosis was performed in all recom-
mended echocardiographic windows (including the right
parasternal), in order not to underestimate the gradient
and (ii) that the LVOT measurements were performed cor-
rectly and exactly at the point of insertion of the cusps, as
recommended for the quantification of AS.4 In fact, in the
continuity equation, an underestimation of the LVOT can
result in an important overestimation of the severity of the
AS (because the dimensions of the LVOTare squared in the
calculation of the AVA). There are two methods to corrobo-
rate the measurement of the LVOT. Since the measurement
of the LVOT is related to the body surface area (BSA), it can
be calculated according to the following formula: diameter
of the LVOT¼ (5.7� BSA)þ 12.1mm.4 If the measurement
obtained with echocardiography differs by more than 2mm
from the size predicted by the formula, it is necessary to
think of a technical error and repeat the measurement.
The other method is represented by the Doppler Velocity
Index between LVOT and aortic valve which if <0.25 indi-
cates a severe AS and indirectly corroborates the size of
the LVOT, otherwise it is necessary to repeat the measure-
ment. Once it is ascertained that the AVA is really �1 cm2

(or �indexed 0.6 cm2/m2), the next step is to evaluate the
LVEF. If the EF is<50% we are facing with a classic low-flow
low-gradient AS. In this case, it is necessary to proceed
with a low-dose DSE which, in the presence of adequate
contractile reserve, allows to discriminate between severe
pseudo-stenosis (which is actually moderate) and a real se-
vere AS. In the absence of adequate contractile reserve, it
is necessary to perform a quantification of the calcium
score on the aortic valve with the CT scan. If the EF is
�50%, it is necessary to evaluate the SVI which if it is �35
mL/m2 indicates a paradoxical low-flow low-gradient AS,
whether if it is >35mL/m2 indicates a normal-flow low-
gradient AS. In both cases, it is necessary to perform a CT
scan to quantify the calcium score to confirm the diagnosis
of severe AS. In the presence of calcium score values
�1200AU in women and�2000AU in men, the diagnosis of
severe AS can be considered certain.4 The diagnostic path
of low-gradient AS is summarized in the flow chart
(Figure 1).

Low-gradient aortic stenosis prognosis

Patients with classic low-flow low-gradient AS have a par-
ticularly poor prognosis when managed with medical ther-
apy.7,8 However, in these patients also the operative risk is
very high, especially if treated surgically, with a 30-day
mortality between 6% and 33%.9 Correct stratification of
operative risk is therefore essential. DSE has been shown9

to adequately discriminate patients at higher operative
risk (those with an increase in stroke volume <20%, risk of
22–33%) from those at lower risk (increase in stroke volume
>20%, risk of 5–8%). However, the absence of flow reserve
during echo-stress does not indicate that these patients
cannot benefit from the treatment anyway, as removing
the overload determined by severe AS from a dysfunctional
ventricle can still be beneficial. In fact, a French
multicentre study10 reported in a group of patients with
classic low-flow low-gradient AS without flow reserve, who
survived the surgery, a significant increase in LVEF, im-
provement of symptoms and a higher long-term survival
than in medically treated patients. Furthermore, in the
TOPAS-TAVI study11 the flow reserve was not correlated
with cardiovascular mortality at 2 years. DSE therefore has
an important role in the stratification of strictly operative
risk, while it does not adequately predict the medium and
long-term prognosis. Therefore, in the absence of flow re-
serve, the treatment of AS in patients with low EF should
not be denied a priori. In these patients, the evaluation of
the extent of myocardial fibrosis with cardiac magnetic
resonance imaging (RMC) could help in predicting the
outcome.
The prognostic significance of the low-flow, low-gradient

AS paradox has been more controversial in recent years. In
fact, whilemany studies have confirmed the negative prog-
nostic value12 demonstrated in the historical work of
Hachicha,3 others have shown that the prognosis of these
patients is more similar to that of patients with moderate
AS.13 The heterogeneity of the populations studied and the
possibility of diagnostic errors in the definition of the hae-
modynamic phenotype of AS can explain these discrepan-
cies. However, in a meta-analysis,12 which included nine
studies, involving over 3000 patients, it was shown that
patients with low-flow low-gradient paradoxical AS have
an overall mortality similar to patients with high gradient
AS and a higher mortality than those with normal-flow low-
gradient AS (who had the best outcome). The negative
prognostic impact of low-flow low-gradient paradoxical AS
has recently been confirmed in a population of patients fol-
lowed for 7 years.14 However, patients with low-flow low-
gradient paradoxical AS have, compared to patients with
severe high gradient AS, more comorbidities, they are
more frequently women, are older, have a restrictive path-
ophysiology and smaller aortic annular dimensions. This
causes the operative risk of these patients to be higher.
Indeed, the presence of low-flow low-gradient paradoxical
AS has been associated with a 67% increase in mortality
compared to patients with severe high-gradient AS.7

However, in this population, aortic valve replacement
(AVR) reduced mortality by 57%.7 Identifying patients who
are most likely to benefit from treatment is a complex
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process that may require, in addition to flow assessment,
assessment of intra-myocardial fibrosis and exclusion of
infiltrative myocardial diseases such as wild type
transthyretin amyloidosis that coexists with low-flow
low-gradient paradoxical AS in a non-negligible percentage
of patients and which significantly impacts on the
outcome.15

Low-gradient aortic stenosis therapy

Once it has been confirmed that the patient with low-
gradient AS actually has severe AS, international guidelines
agree on the indication for AVR, based on numerous
(though not randomized) studies that have documented its
efficacy.1,2 In patients with classic low-low flow low-
gradient AS, both the American and European guidelines
recognize a class I indication for AVR. On the other hand, in
patients with low-flow low-gradient paradoxical AS, the
most recent American guidelines1 have increased the class
of recommendation for the treatment of AS from IIa to I,
provided that it is established that valvular problem is the
main cause of symptoms. A similar up-grading will probably
be followed in the forthcoming European guidelines.
Finally, both guidelines do not provide specific indications
for the treatment of normal-flow low-gradient AS. This
reflects on the one hand the perception that this form of
AS has a less severe prognostic impact and on the other, it
recognizes the difficulty of a correct and homogeneous
diagnostic classification of this phenotype.

Choice of the type of intervention

Surgical or transcatheter AVR [transcatheter aortic valve
implantation (TAVI)] represent the therapeutic options
available for the treatment of severe AS. In particular, in
the subset of patients with low-gradient AS, the choice be-
tween the two options must be individualized, made by the
Heart Team and based on multiple factors that include sur-
gical risk, age, and comorbidities of the patient. In recent
years, the improvement of the TAVI technique and the good
results obtained in randomized trials vs. surgery for the
treatment of severe high gradient AS in patients with vari-
able surgical risk profiles from high to low, have favoured
the tendency to use TAVI increasingly early, both in terms
of the patient’s age and in terms of the severity of AS.
However, it should be noted that the major limitation of
TAVI is represented by the lack of evidence on the long-
term durability of the prosthesis (>5 years) and therefore
in patients aged<65years it would be preferable to choose
surgical AVR.1 On the other hand, it has been suggested
that in patients with low LVEF and moderate AS (AVA >1
cm2), TAVI may still be indicated as it reduces afterload
and could result in a clinical benefit. This hypothesis is cur-
rently being evaluated in the TAVR-UNLOAD trial. Pending
the results of this study, however, the criterion of the se-
verity of the AS (AVA�1 cm2 or indexed�0.6 cm2/m2) is an
essential element to indicate the intervention.

The evidence on TAVI in low-gradient AS derives from ob-
servational studies and registries that unanimously support

AVA <1cm2 (0,6cm2/m2) +
Mean Gradient 20-39mmHg

Correct measurement of LVOT and gradient?

No: re-evalua�on of
the severity of AS

YES: Assessment of
LVEF

LVEF

LVEF<50%:
Classic LF-LG AS

LVEF>50%:
Paradoxical LF-LG AS

SV>20%**, AVA<1cm2:
classic LF-LG AS

yes

SV>20%*, AVA>1cm2:
Moderate AS

no

CT Calcium Score:
>1200 AU female
>2000 AU male

yes

DSE:
SV>20%

Severe AS LF-LG

SVI: <35ml/m2 no

yes
AS NF-LG

Paradoxical LF-LG AS

Figure 1 Diagnostic flow chart. AS, aortic stenosis; AU, Agaston unit; AVA, aortic valve area; DES, dobutamine stress echocardiography; LF-LG, low-flow
low-gradient; LVEF, left ventricular ejection fraction; LVOT, left ventricular outflow tract; NF-LF, normal-flow low-gradient; SVI, stroke volume index.
aWithout significant gradient increase. bWith a significant increase in the gradient.
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the use of TAVI in this population, as TAVI was associated
with lower mortality, shorter hospital stay and less bleed-
ing. On the other hand, TAVI is burdened by a higher
frequency of peri-valvular leak and need for pacemaker
implantation.

In the individual patient, therefore, it is necessary to
carefully evaluate numerous anatomical, hemodynamic
and vascular factors by the Heart Team, as well as age and
comorbidities to ensure the best therapeutic option. In
particular, in patients with low LVEF, the surgical AVR is bur-
dened by a particularly poor prognosis, therefore in these
patients, the TAVI is certainly preferable, even if the peri-
procedural complications such as the presence of a peri-
valvular leak or the need implantation of a pacemaker can
have a significant impact on prognosis. In patients with
low-flow low-gradient paradoxical AS, age <65years is a
preference criterion for surgical AVR, while age �65years
may be a guiding criterion towards TAVI as these patients
have important comorbidities that increase the risk of
surgery even if they have normal EF.

Conclusions

The ‘low-gradient AS’ includes very heterogeneous clinical
entities, with different pathophysiological mechanisms.
Once the degree of severity has been confirmed, which
implies a poor prognosis, surgical or percutaneous treat-
ment is indicated, depending on the risk and comorbidities
of the individual patient.

Conflict of interest: none declared.
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