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Abstract
Aortic stenosis (AS) is the most common degenerative valvular disease in western word. In patients with severe AS, small 
changes in aortic valve area can lead to large changes in hemodynamics. The correct understanding of cardiac hemodynam-
ics and its interaction with vascular function is of paramount importance for correct identification of severe AS and to plan 
effective strategies for its treatment. In the current review with highlight the importance of pressure recovery phenomenon 
and valvular arterial impedance as novel tools in the evaluation of patients with aortic stenosis.
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1   Introduction 

Pathologic thickening, degeneration or fusion of the aor-
tic valve leaflets results in restricted leaflet mobility and a 
decrease in the effective aortic valve area, leading to aortic 
valve stenosis (AS) [1]. The etiology of AS in developed 
countries has changed dramatically in the last few dec-
ades [2]. With the aging of the population and concurrent 
decrease in rheumatic fever, degenerative calcific AS and 
bicuspid AS are now by far the most common causes of AS 
[3]. In this review paper we focus on degenerative calcific 
AS.

As the AS progresses, the valve orifice decreases, and the 
obstruction to blood flow increases. Subsequent a pressure 
gradient develops between the LV and the aorta. This leads 
to increased LV load and wall stress which induces compen-
satory LV hypertrophy [4]. This adaptation allows the LV to 
generate the necessary pressure to maintain cardiac output, 

but can lead to abnormalities in diastolic LV function, coro-
nary perfusion, and eventually LV systolic dysfunction [5]. In 
mild AS, intracardiac pressures and cardiac output will appear 
normal. As the valve becomes more stenotic, the patient may 
have normal hemodynamic findings at rest, but may be una-
ble to increase cardiac output during exercise. In severe AS, 
decreased cardiac output is present even at rest. In moderate to 
severe AS, patients may develop elevated filling pressures to 
compensate for the increase in LV end-diastolic pressure. In a 
minority of patients LV systolic failure also occurs, which may 
lead to further elevation in intracardiac pressures. However, 
most patients with severe AS and reduced LV systolic func-
tion have concomitant coronary artery disease. It is important 
to remember that the pressure gradient across the aortic valve 
increases exponentially (not linearly) with decreasing aortic 
valve area. Thus, in patients with severe AS, small changes in 
aortic valve area can lead to large changes in hemodynamics. 
The correct understanding of cardiac hemodynamics and its 
interaction with vascular function is of paramount importance 
for correct identification of severe AS and to plan effective 
strategies for these patients.

2  Overview of Cardiac Hemodynamic 
in in AS

Flow through a stenotic aortic valve is well approximated 
by flow through a convergent orifice (e.g., a nozzle), which 
causes acceleration of blood velocity as it passes from the 
LV outflow tract (LVOT) through the stenotic valve. The 
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point of maximum velocity is termed the vena contracta 
(VC) of the jet and the area of the flow jet at the VC is 
known as the effective orifice area (EOA). Doppler evalu-
ation enables the noninvasive measurement of blood flow 
velocity with estimation of aortic valve gradient and valve 
area [6]. The following parameters are commonly measured: 
(a) maximum systolic velocity across the aortic valve; (b) 
mean aortic valve pressure gradient; and (c) aortic valve 
area (Fig. 1).

Mean trans-aortic pressure gradient is the average differ-
ence in pressure between the LV and aorta during systole. 
Peak velocity and mean gradient provide independent infor-
mation regarding AS severity, with the relationship depend-
ing on the shape of the velocity curve. The mean gradient is 
calculated by averaging the instantaneous gradients over the 
ejection period followed by calculation of pressure from veloc-
ity using a simplification of the Bernoulli equation: ∆P=4v2. 
All these parameters have been historically used to assess the 
AS severity using the continuity equation, but many technical 
pitfalls have been highlighted [7]. In clinical practice, AS may 
be graded discordantly or concordantly when velocity/gradient 
and aortic valve area are combined. Current ESC guidelines on 
management of valvular heart disease therefore recommend to 
assess stroke volume indexed to body surface area (SVi) and 
LV ejection fraction in patients with discordantly graded AS. 
Following this approach, three different types of severe AS 
may be identified among patients with normal LV ejection 
fraction: normal flow-high gradient AS, low flow-low gradient 
AS and normal flow-low gradient AS [1].

Concomitant arterial hypertension complicates the assess-
ment of AS severity. Contributing factors include increased 
aortic stiffness, remodelling of the proximal aorta, increased 
global LV load, more abnormal LV geometry and function 
[8]. Both hypertension and arterial stiffness are associated 
with discordantly graded AS, in particular the low flow-low 
gradient (LF-LG) severe AS [9, 10]. There is growing interest 
in the evaluation of stiffness of the arterial tree in the natural 
history and prognosis of AS, as well as for the elucidation of 

the effects that surgical and trans-catheter management of AS 
have on arterial biomarkers [11]. The interplay between AS 
and functional arterial properties provides significant insights 
into the pathophysiology of the disease. Arterial stiffness 
increases after surgical and invasive procedures to treat the 
stenotic valve due to pressure loading after the relief of the 
obstruction; however, an inadvertent increase may have an 
adverse prognostic role. Vascular biomarkers could contribute 
to more accurate risk stratification and hence, more precise 
decision-making in patients with AS.

In particular low systemic arterial compliance has been 
recognized as a main determinant of outcome in patients 
with aortic stenosis [12, 13]. Recent studies have highlighted 
that patients with a stiff arterial tree, particularly involving 
the aorta, have a poorer outcome as the correction of the aor-
tic stenosis by a trans-catheter or surgical approach, simply 
transfers the load faced by the LV to the stiff aorta, creating 
in some patients a high afterload, low-output state [14].

3  Pressure Recovery Phenomenon and Its 
Clinical Utility

The phenomenon of pressure recovery (PR) as a source of 
discrepancy between Doppler derived and catheter derived 
gradients across a stenotic aortic valve was first demonstrated 
in 1989 in vitro [15], followed by animal models [16] and 
small patient series [17, 18]. Convergence of flow through 
the AS to the VC leads to conversions of potential energy to 
kinetic energy and a resulting reduction in pressure at the VC 
[19]. Reconversion of some kinetic energy to potential energy 
occurs as streamlines [6, 20, 21] pressure that reflects the load 
imposed on the LV by the AS rather than the pressure drop 
at the VC (Fig. 2). The aortic valve area (AVA) calculated by 
echocardiography using the continuity equation should there-
fore be adjusted for the pressure recovery for more accurate 
estimation of the AS severity [19, 22].

In 2000, Garcia et al. derived an equation based on an 
experimental model on how to calculate the pressure recovery 
and the pressure recovery adjusted AVA, named energy loss 
(EL) by Doppler echocardiography [23]. In their study, the EL 
could be calculated as (AVA×AA)/(AA−AVA), where AVA 
is the aortic valve area calculated by continuity equation and 
AA the aortic area [23]. The authors also demonstrated that 
EL was more closely related to the increase in LV workload 
than the AVA [23]. Of clinical importance, use of EL rather 
than AVA is particularly recommended in patients with mild 
or moderate AS and in patients with a small aortic root, aortic 
root diameter < 3.0 cm [17, 24, 25]. The prognostic importance 
of EL was well demonstrated in the large prospective Simvas-
tatin and Ezetimibe in Aortic Stenosis (SEAS) study including 
1873 patients with initial mild-moderate asymptomatic AS 
[26]. AVA index particularly overestimated the AS severity in 

Fig. 1  Echocardiographic measurement for assessment of aortic ste-
nosis
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patients with lower degree of AS and milder degrees of AS 
[26]. Use of EL index rather than AVA index reduced the preva-
lence of severe AS in the large Simvastatin Ezetimibe in Aortic 
Stenosis (SEAS) study by 47.5% [26], this association was also 
demonstrated including AS patients with initial asymptomatic 
mild to moderate AS without known atherosclerotic disease or 
diabetes mellitus [27]. Of note, EL index provided independ-
ent and additional prognostic information to that derived from 
conventional measures of AS severity, including peak aortic jet 
velocity and mean aortic gradient [27].

Altes et al. tested the use of EL in a study of 379 patients 
with discordantly graded AS (paradoxical low gradient AS 
[PLGAS]), identified by a mean aortic gradient < 40 mmHg 
and an AVA < 1.0  cm2 or < 0.6  cm2/m2. In their study, the use 
of EL index reclassified 39% of patients from PLGAS to con-
cordantly graded moderate AS [28]. In patients reclassified to 
moderate AS by EL index, a 50% lower risk of cardiac mortal-
ity or need for aortic valve replacement was found compared to 
those who remained with PLGAS during a median follow-up 
time of 34 months [28].

As a consequence of these studies, the European Asso-
ciation of Cardiovascular Imaging and American Society 
of Echocardiography recently recommended to take PR into 
account in the assessment of AS severity for accurate assess-
ment of AS severity by echocardiography [6]. In particular, PR 
and EL should be calculated in patients with a diameter of the 
ascending aorta < 30 mm [6]. In our experience, estimation 
of pressure recovery should be performed at the sinotubular 
junction level of the aorta by measuring the inner aortic diam-
eter and using the validated equation for calculation of EL as 
presented above (Fig. 2) [26, 27]. This method is prognosti-
cally validated, and the point of measure is also easily found 
when serial assessments are necessary during follow-up of 
individual patients.

Another main source of inaccurate estimation of AS sever-
ity is the indexation of AVA to body surface area due to the 
high proportion of obesity among patients with AS. Rogge 
et al. demonstrated that indexing AVA and EL for body sur-
face area in patients with obesity may lead to overestimation 
of the AS severity [29]. Thus, current American and Euro-
pean guidelines on management of valvular heart disease do 
not recommend indexation of AVA by body surface area due 
to the increasing prevalence of obesity [30, 31]. In line with 
this, also EL should be reported without indexation for body 
surface area [29].

4  Double Hemodynamic Load When 
AS and Arterial Hypertension Co‑exist

AS is typically associated with advanced age, hyperten-
sion, and a significantly altered aorta. Although the vascular 
component is believed to be significant, its specific effect 

has remained unknown to date [32–34]. Arterial stiffness 
is the consequence of a complicated interaction between 
endothelial and smooth muscle cell function, extracellular 
matrix composition, genetics, vasoactive properties, haemo-
dynamic variables and ageing [35]. The central elastic aorta 
dilates, lengthens, and becomes tortuous with stiffer walls 
as it ages [36]. Age-related alterations in the ascending 
aorta's flow velocity, pressure waveform, and vascular load 
are now well documented. Arterial stiffening accelerates 
the propagation of the blood pressure wave (measured as 
the pulse wave velocity) in the aorta, resulting in an earlier 
return of reflected waves to the proximal aorta. As a result, 
the reflected wave's time shift raises the peak systolic pres-
sure in the proximal aorta during systole and the central 
pulse pressure. Increased pulse pressure raises the heart's 
afterload but decreased diastolic pressure may result in 
decreased coronary perfusion [37]. The etiology of unfa-
vorable outcomes in individuals with AS is due to an imbal-
ance between global increases in LV load, whether valvular 
or vascular in origin, and resting and exercise LV reserve. 
Chronic exposure to a larger amount of afterload ultimately 
impairs myocardial contractile performance intrinsically 
[38–40]. While the majority of patients with AS retain con-
tractile function via an adaptive LV remodeling process, 
about one-fifth of patients do not fall neatly into this group 

Fig. 2  Schematic representation of pressure recovery phenomenon 
and its calculation
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and present with low-flow and/or low-ejection conditions 
[41]. At 5 years, more than 10% of patients who survive 
TAVI have a worsening of symptoms or re-hospitalization 
for heart failure [42]. Although the predictors of increasing 
symptoms and hospitalization for heart failure after TAVI 
are not well characterized, the subgroup of AS patients with 
low-flow and/or low-ejection conditions has a significantly 
lower survival rate when flow or ejection fraction do not 
improve [43]. This is owing to an unrecognized mismatch in 
the ventriculo-arterial (VA) connection. While the severity 
of AS has the greatest influence on structural and functional 
LV changes, hypertension and increased arterial load both 
play a significant role in VA coupling mismatch. In a recent 
series of elderly individuals with AS, hypertension was 
shown to be more than 75% prevalent [44, 45]. It has been 
shown that hypertension and increased arterial load have a 
detrimental effect on LV remodelling, function, and survival 
[46–49]. Characterizing the intrinsic features of the arterial 
tree, on the other hand, remains especially difficult in AS 
due to the challenges associated with decoupling ventricu-
lar-vascular interactions [50]. This is critical because acute 
treatments in one compartment may result in alterations in 
the other. For example, after valvular stenosis alleviation by 
TAVI or surgical aortic valve replacement (AVR), the LV 
load is often shifted to the stiff arterial tree [51], resulting 
in clinically significant blood pressure increase. To optimize 
LV load reduction, it may be necessary to treat hyperten-
sion using blood pressure lowering medications. Currently, 
there are no specialized recommendations for hypertension 
care in AS, and conventional guidelines for hypertension 
management in adult patients are used inconsistently. Tra-
ditional approaches for assessing the severity of AS include 
Doppler echocardiography assessment of the flow velocity 
directly above the valve in the ascending aorta or left heart 
catheterisation measurement of the pressure differential 
across the valve. Neither approach is capable of determin-
ing the features of the LV afterload that may indicate a bad 
result. The valvulo-arterial impedance (Zva) is the most 
often used indicator for Doppler echocardiography-based 
assessment of global LV stress in patients with AS. Recent 
research has also employed non-invasive pressure (derived 
from carotid or radial applanation tonometry [AT]) and 
flow velocity (derived from the ascending aorta on cardiac 
magnetic resonance) to assess load in the time or frequency 
domain [52–54].

5  Usefulness of Valvulo Arterial Impedance

Mechanical impedance is a measure of how much a struc-
ture resists to motion when subjected to a given force. 
In patients with AS, LV hemodynamic load is com-
posed not only by stenosis severity but also by systemic 

vascular resistance, volume flow rate and body size [13]. 
Thus valvulo-arterial impedance (Zva) represent the cost 
in mmHg for each systemic mL of blood indexed for body 
size pumped by the LV during systole, taking into account 
both valvular and arterial load. Zva is calculated by divid-
ing the estimated LV systolic pressure (systolic arterial 
pressure + mean trans-valvular gradient) by the stroke 
volume indexed for the body surface area. The valvulo-
arterial impedance provides an estimate of the global LV 
hemodynamic load that results from the summation of the 
valvular and vascular loads, and the concept is very useful 
because it incorporates stenosis severity, volume flow rate, 
body size, and systemic vascular resistance. Moreover, Zva 
can easily be calculated using Doppler echocardiography 
from 3 simple measurements, that is, the LV stroke vol-
ume indexed for body surface area (SVI), the transvalvular 
mean gradient, and systolic arterial pressure.

In the SEAS study Cramariuc et al. reported that patients 
with a markedly increased Zva often have lower LV ejection 
fraction, mid-wall fractional shortening, and cardiac out-
put [39]. Thus, identification of high Zva may be helpful in 
identifying patients with impaired intrinsic LV myocardial 
dysfunction despite normal ejection fraction [39].

Clinical utility of Zva was also demonstrated by its abil-
ity to predict occurrence of syncope and adverse outcome 
in asymptomatic patients with at least moderate AS, even 
after adjustment for several clinical and echocardiographic 
confounders [46, 55]. Using more advanced echocardiogra-
phy, Zito et al. demonstrated that in asymptomatic patients 
with severe AS, higher global afterload and its consequences 
on longitudinal LV function contributes to the development 
of symptoms and indication for aortic valve replacement 
[56]. The calculation of Zva might be particularly useful in 
patients with low-flow, low-gradient (LF-LG) severe AS and 
normal LVEF. Adda et al. reported that such patients had 
more severe and higher Zva than patients with normal-flow 
low-gradient AS, suggesting that the main mechanism of 
paradoxical LF-LG severe AS was elevated global afterload 
impairing LV function [39, 57].

High Zva is considered present when ≥ 5 mmHg  mL−1 
 m−2. High Zva is associated with poorer prognosis both 
in pre-operative AS and in patients with severe AS who 
underwent TAVI [58, 59].

The importance of valvular function assessed by Zva 
for quality of life and exercise performance was further 
demonstrate in a cohort of patient with severe AS treated 
with TAVI [60]. In this study a pre-operative Zva > 5 
mmHg·mL−1·m−2 was associated with unfavorable long 
term quality of life [60]. This demonstrates that in patients 
with degenerative AS the correction of the valvular load 
may not be sufficient to completely restore quality of 
life [61]. Assessment of global arterial-valvular load AS 
patients candidate for valve replacement may indicate the 
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expected post-operative functional improvement in daily 
life [61].

6  Conclusions

Understanding cardiovascular hemodynamics in AS is 
of paramount importance to tailor treatment and surgical 
approach. Pressure recovery adjustment of the aortic valve 
area and assessment of valvular arterial impendence are use-
ful in understanding the vascular ventricular interaction in 
aortic stenosis and contribute to prognostic stratification of 
patients with combined AS and systemic hypertension.
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