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Abstract A substantial proportion of patients with severe
aortic stenosis may paradoxically have low transvalvular
flow and a low gradient, despite the presence of normal left
ventricular (LV) ejection fraction. These patients are charac-
terized by pronounced LV concentric remodeling with small
LV cavity size, impaired LV filling, altered myocardial
function, and worse prognosis. This frequent clinical entity is
often misdiagnosed, which may lead to an underestimation
of aortic stenosis severity and thereby to underutilization or
inappropriate delay of surgery. It is important to recognize
this entity so we do not deny surgery to a symptomatic
patient with small aortic valve area and low gradient. Thus,
when there is a discordance between the valve area (in the
severe range) and the gradient (in the moderate range) in
patients with preserved LV ejection fraction, a more
comprehensive Doppler echocardiographic evaluation and
potentially other diagnostic tests may be required to confirm
disease severity and guide therapeutic management.
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Introduction

According to American College of Cardiology (ACC)/
American Heart Association (AHA)/European Society of
Cardiology (ESC) guidelines for the management of
patients with valvular heart disease, only patients having

severe aortic stenosis (AS) associated with symptoms and/
or left ventricular (LV) ejection fraction (LVEF) less than
50% have a class I indication for aortic valve replacement
(AVR) [1, 2]. Severe AS is generally defined as an aortic
valve area (AVA) less than 1.0 cm2 and a mean trans-
valvular gradient greater than 40 mm Hg (or >50 mm Hg in
the ESC guidelines). However, the clinician is often
confronted with patients who have discordant findings
(eg, an AVA=0.8 cm2 consistent with the presence of a
severe AS but a mean gradient less than 40 mm Hg,
indicating that the disease is only moderate in severity).
This situation raises uncertainty regarding the actual
severity of the stenosis as well as the potential indication
of AVR if the patient is symptomatic.

The transvalvular pressure gradient is inversely related to
the square of AVA and directly related to the square of flow.
Thus, a patient with severe AS may nonetheless present with
a low gradient if his or her LVoutput is reduced; this situation
is classically observed in patients with low LVEF, low-flow,
low-gradient AS, who represent approximately 5% to 10%
of the AS population. These patients have a poor prognosis if
treated medically but a high operative mortality if treated
surgically [3, 4]. A low-dose (up to 20-µg/kg/min) dobut-
amine stress echocardiography is particularly helpful in this
subset of patients 1) to assess the presence of myocardial
contractile reserve, which provides important information
for operative risk stratification; and 2) to differentiate
pseudo-severe from a true severe stenosis. Pseudo-severe
stenosis refers to the situation of a weakened ventricle that
is not able to completely open a mildly or moderately
stenotic valve. From the resting Doppler-echocardiography
or catheterization, it is difficult or impossible to differen-
tiate pseudo-severe from true severe AS because in low-
flow state conditions, the AVA is small and the gradient is
low regardless of the severity of the stenosis. When flow
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rate is increased by dobutamine stress, there is no or
minimal change in AVA and a marked increase in gradient
in the case of true severe AS, whereas there is a substantial
increase in AVA and no or minimal increase in gradient in
the case of pseudo-severe AS [5].

Patients with low LVEF, low-gradient, true severe AS
and contractile reserve are good candidates for AVR. In
these patients, it is particularly important to implant a
prosthesis with superior hemodynamic performance to
avoid prosthesis-patient mismatch. A failing ventricle is
highly sensitive to an increase in afterload. Thus, patients
with depressed LV function tolerate the residual trans-
valvular pressure gradient associated with prosthesis-patient
mismatch poorly [6, 7]. Patients with true severe AS but no
contractile reserve may also benefit from AVR but they
have a high operative risk [8]. In these patients, trans-
catheter valve implantation may provide a potential
alternative to surgical AVR because it may reduce the
operative risk and the occurrence of prosthesis-patient
mismatch. Patients with pseudo-severe AS may not
necessarily benefit from AVR but also have a poor
prognosis if managed conservatively; future studies are
necessary to determine the optimal strategy in these
patients, including consideration of cardiac transplantation.

We recently reported that about one tier of the
patients with severe AS on the basis of AVA (<1.0 cm2; indexed
AVA <0.6 cm2/m2) who paradoxically have a low transvalvular
flow rate (stroke volume index [SVi] <35 mL/m2) despite the

presence of a preserved LVEF (≥ 50%) [9••]; we named
this clinical entity “paradoxical low-flow AS” [9••]. The
reduction in LV output may, in turn, result in lower than
expected transvalvular gradients in a large proportion of
these patients [9••, 10•, 11, 12•]. Clinically, this situation is
highly insidious because AS may appear less severe on the
basis of the transvalvular gradients, when in fact these
patients often have a higher global hemodynamic load and a
more pronounced impairment of intrinsic myocardial func-
tion, consistent with a more advanced stage of the disease.

Pathophysiology of Paradoxical Low-Flow AS

Mechanisms of Reduced LV Outflow in the Setting
of Preserved LVEF

When compared to patients with severe AS and normal LV
outflow, the patients with paradoxical low-flow AS (ie, low
flow with preserved LVEF) are characterized by higher
prevalence in women, older age, higher degree of LV
concentric remodeling, higher degree of myocardial fibro-
sis, impaired LV filling, smaller end-diastolic volume, and
reduced mid-wall and longitudinal shortening (Table 1)
[9••, 10•, 11, 12•, 13•, 14••].

There is an important interindividual variability in the
type (concentric vs eccentric) and magnitude of LV
remodeling in response to pressure overload. An important

Clinical/Doppler echocardiographic feature Variable Suggested criteria

More prevalent in women

More prevalent in elderly people

Frequently associated with
hypertension

Systolic blood pressure >135 mm Hg

Systemic arterial compliance <0.6 mL/mm Hg/m2

Systemic vascular resistance >2000 dyne/s/cm2

Pronounced LV concentric remodeling Relative wall-thickness ratio >0.45

Small LV cavity size LV end-diastolic diameter <50 mm

LV end-diastolic volume index <60 mL/m2

Impaired LV filling Diastolic dysfunction Moderate-severe

Preserved LV ejection fraction LV ejection fraction >50%

Altered myocardial systolic function LV longitudinal shortening <18%

LV mid-wall shortening <20%

Reduced stroke volume Stroke volume index <35 mL/m2

Thickened calcified valve Calcification score (echo) ≥2
Calcification score (CT) >1500 Agatston units

Small aortic valve area Aortic valve area <1.0 cm2

Indexed aortic valve area <0.6 cm2/m2

Often low transvalvular gradient Mean gradient <40 mm Hg

Increased global hemodynamic load Valvuloarterial impedance >4.5 mm Hg/mL�m-2

Table 1 Clinical and Doppler
echocardiographic features of
paradoxical low-flow aortic ste-
nosis with preserved LV ejection
fraction

CT—multislice computed to-
mography; LV—left ventricular
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proportion of patients with AS and/or hypertension
develop pronounced LV concentric remodeling with
reduced LV cavity size and impaired LV filling. Several
potential factors may predispose to the development of
this adverse remodeling pattern and thereby to paradox-
ical low-flow AS including older age, female gender,
etiology (AS vs hypertension), magnitude, and chronicity
of the pressure overload, as well as metabolic factors
such as insulin resistance [10•, 15, 16•, 17, 18]. A recent
study demonstrated that insulin resistance linked to visceral
obesity is associated with more pronounced concentric
remodeling and altered myocardial diastolic and systolic
function in patients with AS and preserved LVEF [18].
Thus, AS patients with metabolic syndrome or type 2
diabetes might be at higher risk to develop a paradoxical
low-flow pattern.

Paradoxical low-flow AS shares many pathophysiologic
and clinical similarities with normal LVEF heart failure.
Both entities are characterized by a restrictive physiology
pattern, in which the LV pump function and thus the stroke
volume are markedly reduced despite preserved LVEF
(Fig. 1, Table 1). Several factors contribute to the reduction in
LV pump function in these patients. First, the pronounced/
exaggerated myocardial concentric remodeling contributes to
reduce the size, compliance, and filling of the LV cavity.
Moreover, the LV systolic function, which is apparently
normal when examining the LVEF is, in fact, substantially
reduced when looking at other indices (eg, LV mid-wall or
longitudinal shortening, velocity, or strain) that are more
sensitive to detect alterations of intrinsic myocardial systolic
function [9••, 10•, 14••, 19]. It is important to emphasize that
LVEF markedly underestimates the extent of myocardial

Fig. 1 Comparison of typical
left ventricular geometry and
Doppler echocardiographic
findings in normal versus para-
doxical low-flow aortic stenosis
(AS). AVA—aortic valve area;
LVEDV—left ventricular end-
diastolic volume; LVEF—left
ventricular ejection fraction;
SV—stroke volume; SVi—
stroke volume index; Zva—
valvuloarterial impedance;
∆Pmean—mean transvalvular
gradient. (From Pibarot and
Dumesnil [11]; with permission)
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systolic dysfunction in the presence of LV concentric
remodeling [9••, 10•, 14••, 19], which is a predominant
feature of paradoxical low-flow AS. To this effect, previous
studies reported that 30% to 35% of asymptomatic patients
with AS and preserved LVEF have abnormally low mid-wall
or longitudinal shortening [9••, 10•, 19].

Consequences of Reduced LV Outflow on Clinical
Presentation

Although patients with paradoxical low-flow AS often have
similar AVA, dimensionless velocity index, and valvular
resistance compared to patients with normal flow, the
gradient is lower than one would expect from the severity
of stenosis because the flow across the stenotic orifice is
reduced (Fig. 1) [11]. This pseudo-normalization phenom-
enon observed for the gradient also applies to blood
pressure, which is often within normal range in patients
with paradoxical low-flow AS despite the presence of
increased arterial rigidity [9••, 20]. These patients generally
have reduced arterial compliance and/or increased vascular
resistance but these abnormalities of the arterial hemody-
namics are often masked because of the pseudo-
normalization of blood pressure that may occur as a result
of the reduced LV output. Thus, the clinical presentation of
paradoxical low-flow AS is highly insidious because, on
the basis of gradient and blood pressure (ie, the parameters
that are the most often relied upon by clinicians), both the
valvular and arterial hemodynamic burdens may appear less
severe than they are in reality.

Patients with paradoxical low-flow AS generally have a
markedly higher level of global LV hemodynamic load as
reflected by a higher valvuloarterial impedance (Zva),
compared to patients with normal-flow severe AS (Fig. 1)
[9••, 10•, 16•]. The Zva is easily measurable by Doppler-
echocardiography with the use of the formula: Zva=
(ΔPmean+SBP)/SVi, where ΔPmean and SBP are the mean
transvalvular gradient and systolic blood pressure, respec-
tively [16•, 20]. This index of global (valvular+arterial) LV
hemodynamic load provides an estimate of the energy cost
in millimeters of mercury per milliliter of blood flow
indexed to body size pumped by the heart during systole.
One of the main advantages of Zva is to allow the clinician
to unmask the pseudo-normalization of gradient and blood
pressure, and thereby to better identify the patients with
paradoxical low-flow AS.

Not all patients with paradoxical low-flow AS have a
low gradient (<40 mm Hg). According to recent studies
[9••, 10•, 12•, 13•], approximately 30% to 35% of patients
have paradoxical low-flow AS; and among these patients,
65% have a low gradient. Thus, approximately 20% to 25%
of the total AS population has low-flow, low-gradient
severe AS (on the basis of AVA) with preserved LVEF. These

patients with normal LVEF, low-flow, low-gradient AS
represent a highly challenging subset of patients in terms of
diagnosis and clinical decision making, especially if they are
symptomatic. Their AVA suggests the presence of a severe
AS and thus a class I indication for AVR, whereas their
gradient is consistent with moderate stenosis and thus a
conservative therapy. This situation is particularly puzzling
for the clinician because these patients with paradoxical low-
flow AS have, by definition, a normal LVEF and it is often
believed that a normal LVEF necessarily implies a normal
stroke volume and transvalvular flow rate. With this false
premise in mind, the clinician may conclude that a low
gradient (<40 mm Hg) is incompatible with a severe stenosis
in a patient with normal LVEF even if the AVA is less than
1.0 cm2 and he or she will be reluctant to refer such patients
to surgery. Several recent studies demonstrated that this
perception is wrong and that an important proportion of
patients with severe AS and normal LVEF may have a
relatively low gradient [9••, 10•, 13•, 14••].

Illustrative Case

This is the case of a 75-year-old woman (body surface area,
1.8 m2) with a history of calcific AS and progressive
deterioration of her New York Heart Association functional
class during the past 6 months. The Doppler-echocardiographic
examination shows a high degree of LV concentric
remodeling with a small cavity size (relative wall-
thickness ratio: 0.5; LV end-diastolic diameter: 43 mm;
LV end-diastolic volume: 85 mL), and a preserved LV
systolic function (LVEF, 60%) but a low stroke volume
(50 mL; indexed: 28 mL/m2) (Fig. 1, right panel).
Because of the low-flow state, the transvalvular gradient
is only moderately elevated (peak: 42 mm Hg, mean:
25 mm Hg) despite the presence of a severe stenosis, as
documented by a severely calcified aortic valve with
restricted opening (aortic valve area 0.7 cm2 by continuity
equation and 0.8 cm2 by planimetry with calcification
score of 3/3). This is a typical case of paradoxical low-
flow, low-gradient severe AS despite preserved LVEF.

Therapeutic Management and Outcome

In our previous study of 512 patients with AVA less than
0.6 cm2/m2 and normal LVEF, only 47% of patients with
paradoxical low-flow AS were referred to AVR during the
5-year follow-up compared with 65% in the normal-flow
AS group [16•]. This finding is not surprising given that
clinicians generally put much more weight on the gradient
than on other stenotic indices (ie, AVA, dimensionless
index) to make their decision to refer a patient to surgery.
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Although fewer patients with paradoxical low-flow AS
were referred to surgery, they nonetheless had a much better
outcome with AVR than with medical treatment, even after
adjusting for differences in baseline risk profile. Further-
more, the benefit of surgery was observed in this subset of
patients regardless of their gradient (> or <40 mm Hg).

These data were independently corroborated by Barasch
et al. [13•] who reported that, in patients with severe AS
defined as an indexed AVA less than 0.6 cm2/m2, the
presence of a mean gradient less than 30 mm Hg is
associated with almost a 50% lower referral rate to surgery,
which led to a twofold increase in mortality compared to
patients with higher gradients. Additionally, Pai et al. [21]
recently reported that patients with severe AS on the basis
of AVA, low gradient (<30 mm Hg), and preserved LVEF
had significantly better survival when treated surgically
than when treated medically (5-year survival, 90% vs 20%;
P<0.0001). Further studies are needed to compare the
prognosis of patients with paradoxical low-flow AS with or
without low gradient versus patients with normal-flow AS.
However, in doing so, the investigators will have to pay
attention to select an appropriate end point. It would be
inadequate to include AVR in the end points, given that this
end point is essentially determined by the clinician’s
perception of disease severity, which is, in turn, highly
influenced by the magnitude of the gradient. Thus, the most
appropriate and robust end point for future studies would be
occurrence of heart failure and cardiovascular mortality
regardless of the type of treatment.

Overall, these findings confirm that paradoxical low-
flow, low-gradient AS is often misdiagnosed, which leads
to underestimation of stenosis severity and symptoms and
therefore underutilization or inappropriate delay of AVR.

Pitfalls and Differential Diagnosis

Besides paradoxical low-flow AS, there are other potential
causes of discordance between AVA (eg, 0.8 cm2) and
gradient (eg, 30 mm Hg) in patients with preserved LVEF:
1) measurement errors (ie, underestimation of stroke
volume and AVA); 2) small body size; and 3) inconsistency
in guidelines criteria. It is important to make the distinction
between paradoxical low-flow AS versus these three other
potential situations given they have markedly different
implications in terms of therapeutic management (Fig. 2).

Measurement Errors

The stroke volume may be underestimated because of
underestimation of LV outflow tract diameter and/or
misplacement of pulsed-wave Doppler sample volume. An
underestimation of stroke volume will translate into an
underestimation of AVA and may thus lead the clinician to
conclude that the patient has paradoxical low-flow, low-
gradient, severe AS, whereas, in fact, he or she has a
moderate AS with normal flow. Several methods can be used
to corroborate the Doppler-echocardiographic measurements
of stroke volume and AVA, and to confirm the presence of
paradoxical low-flow AS (Fig. 2).

When paradoxical low-flow AS is suspected, LV
geometry measurements should first be reviewed with the
expectation of finding a small LV cavity (LV end-diastolic
internal diameter <50 mm and/ or LV end-diastolic volume
index <60 mL/m2) and a noticeable increase in relative
wall-thickness ratio (ie, >0. 45) (Table 1). Moreover, the
clinician can easily estimate the stroke volume by multi-
plying the LVEF by the LV end-diastolic volume obtained

Fig. 2 Proposition of an
algorithm for differential diag-
nosis in patients with aortic
stenosis (AS) and preserved left
ventricular ejection fraction pre-
senting with a small aortic valve
area (<1.0 cm2) but a low mean
gradient (<40 mm Hg). This
algorithm will need to be
validated in future studies.
AVA—aortic valve area;
AVAi—indexed aortic valve
area; CT—multislice computed
tomography; ∆Pmean—mean
transvalvular gradient
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by the Teichholz formula [22]. If the stroke volume
measured by this independent method is consistent with
the stroke volume measured in the LV outflow tract, the
clinician can be reassured about the accuracy of the
measurement of stroke volume.

The measurement of the valve orifice area by transtho-
racic or transesophageal planimetry may also be used to
corroborate the value of AVA obtained by the continuity
equation method. However, this method has important
limitations: it measures the anatomic orifice area at peak
systole, whereas the continuity equation method provides an
estimate of the effective orifice area averaged over the whole
of systole [23]. As a consequence, the AVA obtained by
planimetry tends to overestimate by 10% to 50% the AVA
obtained by continuity. Moreover, optimal image quality is
essential to ensure reliable measurement of the anatomic
orifice area by planimetry, and transesophageal echocardi-
ography is often necessary to achieve such quality.

In patients having persistent ambiguities or discrepancies
on their echocardiograms, cardiac MRI or invasive hemo-
dynamic studies may also be used to validate LV geometry,
stroke volume, and AVA measurements.

Small Body Size

The body surface area is an important determinant of
resting cardiac output. Thus, a patient with a small body
surface area may have a relatively low flow and thus a low
gradient despite the presence of a small AVA (<1.0 cm2).
An AVA of 0.9 cm2 represents severe AS in a patient with a
body surface area of 1.9 cm2, but the same AVA represents
a moderate AS in a patient with a body surface area of
1.4 m2. This situation can simply be ruled out by
calculating the indexed AVA. A value greater than
0.6 cm2/m2 often indicates the presence of moderate AS
(Fig. 2).

Inconsistency in Guidelines Criteria

Minners et al. [24••] recently reported that there is a
discrepancy in the criteria of AVA (<1.0 cm2) and mean
gradient (>40 mm Hg) proposed in the guidelines to define
severe AS. When examining the relationship between AVA
and gradient data obtained from their echocardiographic
laboratory in a large series of patients, these investigators
showed that the AVA cutoff value of 1.0 cm2 corresponds to
a value of mean gradient of 30 to 35 mm Hg, which is
lower than the value proposed in the guidelines. However,
there were some limitations in this study, including the fact
that they did not account for the effect of body size and that
they had no outcome data to support their recommendation
to lower the cutoff value of AVA (to 0.8 cm2) for severe AS
in the guidelines definition.

To this effect, a recent study from the Mayo Clinic
including 360 patients from community cardiology practice
demonstrated that an AVA less than 1.0 cm2 predicts excess
mortality and heart failure, irrespective of symptoms or
gradient (Maurice Enriquez-Sarano, Personal communica-
tion). These findings are also consistent with those reported
by other previous studies [9••, 12•, 13•, 21]. Overall, these
findings suggest that the present AVA (<1.0 cm2) and
indexed AVA (<0.6 cm2/m2) cutoff values for severe
stenosis appear to be adequate regardless of gradients.

Paradoxical low-flow AS

The differential diagnosis among the potential causes of
discordance of AVA versus gradient in patients with normal
LVEF can thus be made by calculating the indexed AVA, by
corroborating the estimation of stroke volume and AVA by
several independent methods, and by identifying the typical
features of paradoxical low-flow AS (Fig. 2).

If this process confirms the existence of paradoxical low-
flow AS, it is then important to rule out the presence of a
pseudo-severe stenosis (Fig. 2). Given that transvalvular
flow rate is reduced in these patients, it cannot be excluded
that the stenosis may be “pseudo-severe” in certain patients
(ie, the flow may not be high enough to fully open a valve
that is only moderately stenotic). In this regard, exercise
stress echocardiography may eventually prove useful to
assess the response of AVA and gradient with increasing
flow rate in patients with no or equivocal symptoms. A
low-dose dobutamine stress echocardiography might also
be considered, but it should be used with caution. There
should be close monitoring of blood pressure and LV
outflow tract velocity because dobutamine stimulation may
reduce LV preload and thereby cause a marked reduction in
stroke volume and blood pressure in these patients who
often have a restrictive physiology pattern. Further studies
are needed to confirm the safety and clinical usefulness of
stress echocardiography in this specific population. Plasma
natriuretic peptides may also prove helpful to assess the
impact of the valvular hemodynamic burden on myocardial
function and to enhance risk stratification in patients with
paradoxical low-flow AS, but confirmation of this concept
awaits further data.

The measurement of the extent of aortic valve calcifica-
tion by multislice CT may provide another key to disease
severity in patients with low-flow, low-gradient AS who are
potentially considered for surgery. Paradoxical low-flow
AS is associated with several factors (ie, pronounced
concentric remodeling, myocardial fibrosis, impaired myo-
cardial function) that may also increase the operative risk
[12•, 25, 26]. Given that patients with low-flow, low-
gradient (with normal or reduced LVEF) AS have higher
operative risk and greater potential for technical pitfalls,
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measurement errors, and overestimation of AVA, it is
important to further confirm the stenosis severity with the
use of a flow-independent method prior to referring the
patient to surgery. If echocardiographic assessment of valve
morphology and calcification is inconclusive, multislice CT
may be used for this purpose and a valve calcium score
greater than 1500 to 1600 Agatston units would support the
presence of true severe stenosis and the indication for AVR
[27]. If on the other hand, CT reveals a low calcium score,
the echocardiographic data should be re-assessed and
additional diagnostic tests should be considered.

Conclusions

Normal LVEF, low-flow, low-gradient, severe AS is a
frequent clinical entity that is often misdiagnosed, which
may lead to an underestimation of disease severity and
thus to underutilization or inappropriate delay of surgery.
This paradoxical low-flow pattern may generate some
ambiguity in the interpretation of the echocardiographic
findings within the framework of the ACC/AHA/ESC
guidelines. It is thus important to recognize this entity and
to rule out other potential confounding situations, such as
measurement errors and pseudo-severe AS, so we do not
deny surgery to a symptomatic patient with small AVA
and low gradient. Thus, when there is a discordance
between the AVA (in the severe range) and the gradient
(in the moderate range) in patients with preserved LVEF, a
more comprehensive Doppler echocardiographic evalua-
tion and potentially other diagnostic tests (exercise stress
echocardiography, CT, MRI, plasma natriuretic peptides,
and invasive studies) may be required to confirm disease
severity and guide therapeutic management.
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