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In aortic stenosis (AS) therapeutic decisions are based on presence of 
symptoms and echocardiographic assessment of hemodynamic severity. 
Accurate echocardiographic assessment of AS severity is therefore of major 
clinical importance. It is well-known that pressure recovery in the aortic root 
influences the accuracy of assessment of AS severity from the continuity 
equation. Overestimation of AS severity by unadjusted aortic valve area 
index (AVAI) is largest in patients with small aortic roots or low peak aortic 
jet velocity. Clinically important pressure recovery is particularly present in 
these patients groups. In asymptomatic mild AS, the percentage of reclassi-
fication from severe AS to non-severe AS by pressure recovery adjustment of 
AVAI (Energy loss index [ELI]) may be up to 45.7%. It was recently demon-
strated from the Simvastatin and Ezetimibe in Aortic Stenosis (SEAS) study 
that ELI in such patients provides better risk classification than conventional 
measures of AS severity, including peak aortic jet velocity and mean aortic 
gradient. In particular ELI improved prediction of combined mortality and 
hospitalization for heart failure in AS patients with small aortic roots. These 
novel findings suggest that calculation of ELI should be included in routine 
assessment of AS severity. 

Epidemiology and 
pathogenesis of aortic 
stenosis 
Aortic stenosis (AS) is the most frequent 
heart valve disease in Europe and North 
America and one of the most common 
cardiovascular disease besides hyperten-
sion and coronary artery disease1, 2. Every 
4th person over the age of 65 and 50% of 
subjects over the age of 75 years has evi-
dence of aortic sclerosis and 2 to 9% of the 
population aged 75 years and older has AS 
in population based reports using echocar-
diography analysed in core laboratories1, 3, 
4. The age-related increase in prevalence 
of AS is more predominant among men 1, 3. 
The increased prevalence of degenerative 
calcific AS is mainly a consequence of aging 
of the population, and more elderly patients 

with degenerated tricuspid aortic valve1-4, 
while congenital (bicuspid) AS is the main 
cause of AS in younger age, present in 5 to 
28% of AS patients5, 6. Calcific AS is descri-
bed as an active disorder. Similar to the 
pathogenesis of atherosclerosis, atheroge-
nic lipid deposition7, 8, chronic inflammation 
with T-lymphocytes9-12 and macrophage7 
infiltration, ossification and bone forma-
tion10, 13 14 and production of osteopontin 
and other proteins15-16 are involved in the 
development of aortic valve leaflet calcifica-
tion with thickening, immobility and outflow 
tract obstruction. Identified risk factors for 
calcific AS, besides age, include male gen-
der, smoking, hypertension, hyperlipidemia, 
height, body mass index and diabetes3, 8, 

17- 22. Calcium metabolism is also of impor-
tance for the development of AS in the 
elderly, as demonstrated by Lindroos et al22. 
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Clinical factors associated with aortic scle-
rosis and stenosis in these smaller studies 
and in the large prospective Cardiovascular 
Health Study, including more than 5000 
subjects 65 years or older, are also similar 
to risk factors for atherosclerosis3. Further-
more it is shown in a large population based 
prospective study, including more than 
5500 subjects23 and in smaller studies 24, 25, 
that AS is associated with clinical athe-
rosclerotic disease. In addition, presence 
of angiotensin converting enzyme (ACE) 
and angiotensin II have been demonstra-
ted in sclerotic aortic valves26 as well as in 
atherosclerotic lesions27, 28. In patients with 
bicuspid valves, significant AS develops 2 
decades younger than those with tricuspid 
valves due to higher mechanical stress29, 30. 

From these observations, medical 
therapies with statins and ACE inhibitors 
which have been shown to delay the pro-
gression of atherosclerosis31-33and improve 
outcome in patients with atherosclerosis34, 
35 were tested to affect the progression of 
AS. In animal models36 and several retro-
spective studies and small case-control 
studies37-39 it is reported that statins could 
slow the progression of AS. In contrast, 
prospective studies, including the SEAS 5 
and ASTRONOMER40 trial, could not find any 
beneficial effect of lipid-lowering therapy 
on the progression of AS. In addition, no 
beneficial effect of ACE inhibitors on the 
progression of AS could be demonstrated in 
a retrospective large cohort of 211 patients41.

natural history of aortic 
stenosis 
The progression of AS is estimated between 
0.14 and 0.45 m/s/year by peak aortic jet 
velocity, 2.7 and 7 mmHg by mean aortic 
gradient and by reduction of aortic valve 
area (AVA) between 0.03 and 0.12 cm²/
year5, 6, 42, 43. An asymptomatic period over 
several decades is followed by development 
of one or more cardinal symptoms: angina 
pectoris, syncope or heart failure44. At the 
time of diagnosis 30 to 50% of patients 
with severe AS are still asymptomatic45, and 
1/3 of these patients will become sympto-
matic within 2 years46. Within 4 to 5 years, 
2/3 of patients with initially asymptomatic 
severe AS will have either an aortic valve 

replacement due to development of symp-
toms or experience cardiac death6, 43, 46. The 
survival rate in the asymptomatic period 
is comparable to that observed in general 
population47. Prospective studies demon-
strate that in asymptomatic period sudden 
cardiac death occurs in 3-5%/year44, but is 
very rare in patients with normal exercise 
capacity (<1%/year)6, 43, 46, 48. 

With onset of symptoms prognosis 
worsens markedly in patients with severe 
AS44, 46, and the treatment of choice is aor-
tic valve replacement surgically or catheter 
based49. Average survival without aortic 
valve replacement after the onset of symp-
toms has been reported to be less than 2-3 
years50. In patients with severe AS follow-
ing development of angina and syncope 
expected survival is 3 years, in patients with 
dyspnea 2 years and in patients with heart 
failure 1.5 to 2 years44.

In AS therapeutic decisions are 
based on hemodynamic severity, left ven-
tricular (LV) function, size and wall thick-
ness, degree of valve calcification, blood 
pressure response during exercise as well as 
functional status43, 43, 51, 52. It is often difficult, 
especially in older patients and in patients 
with co-morbidities to accurately detect 
and interpret associated symptoms. Opera-
tive treatment of pseudosevere AS exposes 
the patients for unnecessary perioperative 
risk and does not relief symptoms. Risk of 
sudden death without preceding symptoms 
and the potential risk of irreversible myocar-
dial damage argue for early elective valve 
replacement44. Otto et al. described that 
79% of initially asymptomatic AS patients 
with peak aortic jet velocity >4m/s required 
aortic valve replacement within 2 years6. 
Rosenhek et al. reported that survival also 
in mild and moderate AS was significantly 
worse than assumed, with a 80% higher 
mortality rate compared to normal pop-
ulation, which was particularly attributed 
to severe valve calcification, presence of 
coronary artery disease and AS severity42. 
The identification of high risk patients with 
asymptomatic severe AS who would benefit 
from an early valve replacement may be dif-
ficult. Correct and reliable quantification of 
the degree of severity and knowledge of the 
hemodynamic progression is of particular 
importance in this context.
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Quantitative diagnosis of 
aortic stenosis
Risk assessment in asymptomatic patients 
with AS is based on transthoracic echocar-
diography49, 51, 53. Currently recommended 
measures for assessing the severity of AS 
include AVA calculated by the continuity 
equation, AVA indexed for body surface 
area (AVAI), peak aortic jet velocity and 
mean aortic gradient, calculated by the 
simplified Bernoulli-equation (Table 1)49, 

51-53. Recommended cut-off values for severe 
AS are AVA <1.0cm² and AVAI ≤0.6cm²/
m², respectively, and for crude, non-flow-
corrected parameters mean aortic gradi-
ent >40mmHg or peak aortic jet velocity 
>4.0m/sec is recommended49, 51. Defining 
severe AS by the measures mean aortic 
gradient and peak aortic jet velocity is 
recommended only in patients with normal 
cardiac output/transvalvular flow (stroke 
volume index >35ml/m²)51. Of note, flow 
can be reduced also when LV ejection 
fraction (EF) is normal, an entity recently 
described as paradoxical low flow (stroke 
volume index <35ml/m²) AS 55.

As stated in the current guidelines, 
an AVAI ≤0.6cm²/m² should not be used 
alone for diagnosis of severe AS in clinical 
decision making, but should be considered 
in combination with pressure gradients, LV 
function, size and wall thickness, degree of 
valve calcification and patient functional 
status51. Although the above recommen-
ded cut-off values are expected to give a 
consistent classification of AS severity in 
patients with normal LV function, inconsis-
tent severity grading by these cut-off values 
is quite common and has been reported in 
up to 30% of patients56-57. Recently, it was 
demonstrated that asymptomatic patients 

with inconsistently graded severe AS (mean 
aortic gradient<40 mmHg but AVAI<0.6 
cm2/m2) and preserved LV EF (≥55%) had 
a less impaired prognosis than patients 
with consistently graded severe AS, more 
comparable to that seen in patients with 
moderate AS58.

Inconsistently graded AS can arise 
from several causes including measurement 
errors, small aortic root, reduced EF or 
paradoxically low flow 53, 55, 59-61. The entity 
of paradoxically low flow severe AS, defined 
as inconsistently graded severe AS despite 
normal EF and the presence of low flow, 
probably is related to high arterial load or 
myocardial fibrosis with reduced myocardial 
function despite a normal EF55, 60.

pressure recovery in aortic 
stenosis
Downstream pressure recovery in the aorta 
affects transvalvular pressure gradient 
measurement and estimation of AVA by 
continuity equation in patients with AS62. 
The total energy of flow consists of pressure 
energy and kinetic energy. Convergence of 
flow through the stenotic aortic valve to the 
vena contracta converts pressure energy to 
kinetic energy with a resulting reduction in 
pressure at the vena contracta, which was 
first demonstrated by Clark in experimental 
fluid mechanic studies of AS63-65. When 
the blood velocity decreases distal to the 
stenosis, some of the energy is transformed 
back to pressure energy, resulting in a net 
pressure gradient lower than the maximal 
pressure gradient (Figure 1)66, 67. The dif-
ference between maximal pressure gradient 
and net pressure gradient is called pres-
sure recovery. Pressure recovery therefore 
reduces the work load imposed on the left 

ventricle. The actual amount 
of pressure recovery will 
depend on how much energy 
has been lost at the stenosis 
due to viscous and turbulent 
energy losses. As expected 
from experimental data62, 63, 
68 and confirmed in small67, 69, 
70 and large61 clinical studies, 
the absolute magnitude of 
pressure recovery was grea-
ter in subjects with higher 

Table 1. Equations for measures of AS severity

Measures Equation
Aortic valve area (cm²) (CSALVOTxVTILVOT)/VTIAS
Aortic valve area index (cm²/m²) AVA/BSA
Aortic gradient (mmHg) 4v²
Pressure recovery (mmHg) 4v²x2AVA/Aa[1-(AVA/Aa)]
Energy loss index (cm²/m²) (AVAxAa)/(Aa-AVA)/BSA

CSA= cross-sectional area; LVOT= left ventricular outflow tract; VTI= 
velocity time integral; AS= aortic stenosis; BSA= body surface area; 
v=velocity; Aa= aortic area.
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aortic jet velocities and smaller aortic root 
size. 

The amount of pressure recovery can 
be calculated from the dynamic pressure 
(simplified Bernoulli equation), the AVA and 
the cross-sectional area of the ascending 
aorta (Table 1)62, 71. Pressure recovery in the 
ascending aorta is recommended to be cal-
culated at its maximum62 and this is found 
at the smallest aortic root diameter, which 
corresponds to the sinotubular junction in 
most patients (Figure 2)61, 72. 

However, although the amount of 
pressure recovery increases with the seve-
rity of the stenosis, the proportion of pres-
sure recovery in relation to the peak aortic 
gradient decreases with increasing AS seve-
rity68. Confirming these previous findings in 
experimental studies as well as in invasive 
studies in small patient populations69, the 

functional significance of pressure reco-
very in patients with normal LV function is 
proportionately larger in patients with lower 
peak aortic jet velocities, presenting milder 
degree of AS61, 62, 73, 74. Clinically important 
pressure recovery, defined as >20% of the 
peak aortic pressure gradient, is present in 
16.8% of patients, shown in a large multi-
centre study of initially asymptomatic AS 
patients61. As women have smaller aortic 
roots, the amount of pressure recovery is 
greater and its proportion to peak aortic 
gradient significantly higher compared to 
men61. 

The clinical implication of pressure 
recovery is that AVA calculated by Doppler-
based methods underestimate valve area 
compared to catheter-based methods, 
where aortic pressure is routinely measured 
in the aortic root several centimeters distal 
to the aortic valve62, 69-71, 73. Physiologically, 
it is the recovered pressure, i.e. the net 
pressure drop, the gradient between the LV 
outflow tract and the aortic root distal to 
the vena contracta, that reflects the work 
load imposed on the LV in AS rather than 
the maximal pressure drop at the vena 
contracta measured by Doppler echocardio-
graphy75. The influence of pressure recovery 
for accurate grading of AS is of particular 
relevance in patients with mild to mode-
rate AS defined by unadjusted AVA and in 
patients with small aortic diameters (aortic 
sinotubular junction diameter <3.0cm)61,69.

To overcome these limitations, Gar-
cia et al.44 derived an equation to estimate 
the pressure recovery adjusted effective 
AVA, called energy loss index (ELI) (Table 
1). It has been suggested that ELI may 
more accurately reflect the severity of AS 
and therefore may be a superior measure 
of AS severity75-77. Of note, the currently 
recommended cut-off values for definition 
of severe AS are based on invasive studies, 
where the AVA is calculated by the Gorlin 
formula78, 79. It therefore is of importance to 
mention that the present guidelines make 
no distinction between invasive and non-
invasive derived estimates of AS severity49, 
51. From a large population of patients with 
mild to moderate asymptomatic AS, it was 
demonstrated that ELI was on average 30% 
larger than AVAI and the difference bet-
ween AVAI and ELI and therewith overesti-

Figure 1. Upper picture: schematic representation of 
flow in a stenosis. Lower picture: pullback pressure 
recording36.

Figure 2. Schematic representation of the aortic root 
at different levels. STJ= sinotubular junction
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mation of AS severity by AVAI compared 
to ELI increased with lower peak aortic jet 
velocity and smaller aortic root dimension61. 
Similarly, with increasing peak aortic jet 
velocity the difference between AVAI and 
ELI diminishes61, 69, 80. For ELI, the recom-
mended cut-off value for definition of severe 
AS is identical to invasively derived cut-off 
value for AVAI with ≤0.6cm²/m²49, 61, 81. By 
using ELI instead of AVAI, the percentage of 
patients reclassified from severe to non-
severe AS was reported to be up to 45.7% 
among asymptomatic AS patients61,69, 73,74.

Energy loss index as 
predictor of outcome in 
aortic stenosis patients
Only limited data existed on the prognos-
tic value of ELI when we started out the 
present work. Garcia et al. had reported 
in a small retrospective study in mode-
rate to severe AS, that ELI was superior to 
AVAI in prediction of combined death or 
aortic valve replacement within 8 months 
after the echocardiographic evaluation76. 
We tested this in a prospectively planned 
analysis within the large SEAS study which 
included 1563 initially asymptomatic AS 
patients followed for 4.3 years with serial 
echocardiograms. As recently published, 
1 cm/m2 lower baseline ELI predicted a 
2-fold higher rate of combined aortic valve 
replacement, hospitalization for heart 
failure and cardiovascular death as well 
as combined total mortality and hospitali-
zation for heart failure due to progression 
of AS independent of the conventional 
measures of AS like mean aortic gradient 
and peak aortic jet velocity82. In reclassifica-
tion analysis, using ELI resulted in improved 
risk classification82. In particular, ELI was 
superior in risk prediction among patients 
with small aortic roots, a subgroup of AS 
patients where clinical significant pressure 
recovery is often found61, 62, 76. Of note, this 
included improved prediction not only of 
need for aortic valve replacement, which 
may be influenced by doctor’s preference, 
but also for hospitalization for heart failure 
and death from any cause. In contrast, no 
improvement in risk prediction from using 
ELI was found in the groups of patients with 

inconsistently graded AS (mean gradient 
<40mmHg combined with AVAI≤0.6cm²/
m²)82. The latter finding that ELI did not 
improve risk prediction among patients with 
inconsistently graded AS, probably reflects 
the inhomogeneity of this patient group, 
and the many different causes for inconsis-
tently grading, as pointed out above. Our 
finding that ELI improves risk prediction 
from mean aortic gradient and peak aortic 
jet velocity in asymptomatic AS patients 
also adds to a previous report by Bermejo et 
al. who reported peak aortic jet velocity and 
mean aortic gradient to be superior to AVA 
in predicting risk for all-cause mortality in 
307 symptomatic patients with moderate to 
severe AS82.

conclusion 
Calculation of ELI is recommended for more 
accurate assessment of AS severity. First, 
using ELI in mild to moderate AS prevents 
the common overestimation of AS seve-
rity by unadjusted AVAI in such patients. 
Second, ELI provides independent and 
superior risk classification to that derived 
from conventional measures of AS severity 
including peak jet velocity, mean gradient 
and AVAI in patients with asymptomatic 
mild to moderate AS. In particular, use of 
ELI is important for evaluation of AS pati-
ents with small aortic roots.
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