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Aims Guidelines-recommended criteria for identifying severe aortic stenosis (AS) are based on small, homogenous
cohorts of patients, leading to potentially inconsistent or missed diagnosis. We used a large cohort of patients with
varying degrees of AS to (i) characterize its progression; (ii) evaluate the influence of demographic and echocardio-
graphic variables; and (iii) derive haemodynamically consistent cut-off values.

...................................................................................................................................................................................................
Methods
and results

We identified 916 patients with mild to severe AS who had undergone >1 echocardiographic study (N = 2547).
For each study, aortic valve area (AVA), peak transaortic velocity (Vmax), and mean pressure gradient (DP) were
extracted. Annual rates of AVA change were determined by a linear mixed-effects model. To determine the preva-
lence of inconsistent diagnosis of severe AS, AVA was plotted against DP and Vmax, with quadrants defined using
guidelines-recommended cut-offs. The rate of AVA change was -0.070 ± 0.003 cm2/year and was more rapid in men
than women and in Whites than African Americans. AVA = 1 cm2 corresponded to DP = 32 mmHg and
Vmax = 3.7 m/s, causing discrepancies in defining severe AS in 480 (19%) and 458 (18%) studies, respectively.
Conversely, DP = 40 mmHg corresponded to AVA = 0.89 cm2 and Vmax = 4.0 m/s corresponded to AVA = 0.92 cm2,
confirming the inconsistency of the guidelines. Notably, discrepancy rate was higher in 206 patients with low flow
(SVi < 35 mL/m2): 40% vs. 16% in the remaining patients.

...................................................................................................................................................................................................
Conclusion Our findings demonstrated gender- and race-related differences in AS progression and underscored the need to

refine the multiparametric criteria for diagnosis of severe AS to minimize internal inconsistencies, which are high
with the current cut-offs and amplified in patients with low stroke volumes.
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Introduction

Aortic stenosis (AS) is the most common valvular heart disease in
the developed world and its prevalence is growing due to longer life
expectancies. Prior studies of the natural history of AS were
performed on small, homogenous cohorts of patients and there is
limited data on factors affecting the progression of AS. There have
been many studies aiming to prospectively ascertain risk factors for
more rapid progression, but no conclusive data has been produced.

With the emerging utilization of transcatheter aortic valve (AV) re-
placement procedures, now with expansion into the low- and
moderate-risk population,1–4 the need to accurately assess the

severity of AS in order to optimally manage and time interventions is
critical. Currently, quantitative assessment of AS is done almost en-
tirely using transthoracic echocardiography (TTE), which also pro-
vides information regarding leaflet number, mobility, and degree of
calcification. Current guidelines recommend obtaining AS peak jet
velocity (Vmax), mean transvalvular pressure gradient (DP), and AV
area (AVA) by continuity equation. Severe AS is defined by an AVA
<1 cm2, Vmax >_4 m/s, or DP >_ 40 mmHg.5,6 We, along with others,
have observed that these three parameters can at times be haemo-
dynamically inconsistent with an AVA < 1 cm2 corresponding to a
Vmax <4 m/s and a DP < 40 mmHg, even in the setting of normal left
ventricular (LV) systolic function.7,8 For optimal interventional
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..planning, it is important to have internally consistent criteria for grad-
ing severe AS, which would avoid ambiguous diagnosis.

This study was designed to use a large historic cohort of patients
with varying degrees of AS to: (i) characterize the progression of AS,
as reflected by changes in AVA and the influence of demographic fac-
tors, including age, gender, and race, as well as baseline echocardio-
graphic variables; and (ii) determine the relationship between Vmax,
DP, and AVA, in order to derive with high statistical confidence
haemodynamically consistent cut-off values for these parameters
that would better define severe AS.

Methods

Patient population
Using diagnostic finding codes, we identified 916 patients from our echo-
cardiographic database, dating from its beginning in 1994 through 2018
with mild to severe AS, who had multiple TTE studies. Patients with pros-
thetic AVs were excluded. There was no minimum or maximum duration
of time set between studies.

Study parameters
Age, gender, and body surface area at the time of the initial study were
obtained from the database. AV parameters were extracted from the
digital TTE report, including LV outflow tract (LVOT) diameter measured
in mid-systole in the parasternal long-axis view. In our standard TTE as-
sessment of AS, the AV and LVOT velocity time integrals (VTIs) are rou-
tinely measured offline (Philips Xcelera, Andover, MA, USA) from the
apical three- and five-chamber views. It is our laboratory’s standard
protocol to align the continuous-wave Doppler of the AV VTI as close to
parallel with flow as possible, use the highest Vmax and the highest AV
VTI, from which DP is derived. A Pedof transducer was used in the major-
ity of patients. When there was more than one measurement of the
LVOT diameter or the LVOT VTI saved in the digital report, the average
was used in the calculation of AVA.

In addition, using the extracted DP and Vmax, a predicted AVA (pAVA)
was derived from extracted DP and Vmax using the Gorlin equation,
assuming a heart rate of 80 bpm, systolic ejection period of 0.33 s, and a
cardiac output of 6 L/min.

AS progression
The annual rate of AVA change (DAVA) was determined using the linear
mixed-effects (LME) model based on repeated measurements of AVA
from subsequent echocardiograms of the same patient. These LME mod-
els are an extension of linear regression models. Linear regression models
can only deal with data wherein all observations are independent, while
LME models can handle data where there is dependence, such as our
patients’ data where repeated measurements of the same patient are cor-
related. This is achieved by grouping the observations by patient, and
allowing the observations within a group to be correlated, while the
means of groups are independent and can be modelled by linear regres-
sion. Random variables are factors used to model the observations within
a group and can be different for each group. On the other hand, fixed var-
iables are factors used to model the group means and are invariant for all
groups. Since LME models contain both random and fixed variables, they
are called mixed-effect models.

In our study, to estimate the annual AVA progression rate for each risk
factor, we built an LME model consisting of the risk factor and the time
interval between the measurement. The fixed effects included the risk
factors, the time interval, and their interaction term. The random

variables included the time interval and a random intercept in order to ac-
count for the differing baseline AVA and progression rates due to individ-
ual characteristics that are not explained by the risk factors. The
significance of the risk factors upon the progression rate is reflected by
the P-value of the interaction term in the fixed effects. Since all the risk
factors are categorical, the P-value using Student’s t-test was used to de-
termine statistical significance of the progression rate, compared to the
reference level of each risk factor.

To determine whether there were demographic parameters associ-
ated with more rapid AS progression, subgroup analysis was performed.
Subgroups included: age quantiles (below and above the median value),
gender, race (self-identified as listed in the electronic medical records:
African American, white, and other), initial AVA (mild >1.5 cm2, moder-
ate 1.0–1.5 cm2, and severe <1.0 cm2 as defined by the current valvular
guidelines5,6), LV systolic function (normal or reduced, as defined by LV
ejection fraction cut-off of 50%). Reduced LV systolic function was deter-
mined using the diagnostic finding codes of mild, moderate, and severe
systolic dysfunction.

Severity discrepancies

AVA and the pAVA were plotted against both DP and Vmax (Figure 1).
TTE studies that had AVA >_1.0 cm2 and DP <40 mmHg were considered
as true non-severe AS by both area and haemodynamic criteria (upper
left quadrant). Those TTEs with an AVA <1 cm2 and DP >_40 mmHg
were considered as true severe AS by both area and haemodynamic cri-
teria (lower right quadrant). The other two quadrants represent discrep-
ancies in the current AS severity partition values. Those in the lower left
quadrant have severe AS by AVA but not by DP. Those in the upper right
quadrant have severe AS by DP but not by AVA. Since LV systolic dys-
function has been implicated in ‘low-gradient AS’, these plots were cre-
ated for the entire cohort and then, separately, for those with LV systolic
dysfunction. The same discrepancy analysis was performed by plotting
AVA against Vmax with a cut-off of 4 m/s.

Results

Baseline characteristics
There were 916 patients with a total of 2547 TTEs. The mean time
between two consecutive examinations was 17± 14 months. Systolic
and diastolic blood pressures were 135± 22 and 68 ± 13 mmHg, re-
spectively. The median age at the time of the initial TTE was 75 years

Figure 1 Aortic valve area plotted against mean pressure gradi-
ent defining discrepant classifications.

738 K. Kebed et al.
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..(interquartile range 67–82 years) and 56% were female. There were
377 (41%), 262 (29%), and 67 (7%) self-identified as African
American, White, and other race designations, respectively, while
race data were missing from the electronic medical record in 210
(23%) patients, who were excluded from the race-related analysis.
The majority (84%) of the patients had normal LV systolic function
on their initial TTE.

Rates of AS progression
The overall rate of AS progression by change in AVA was
-0.070 ± 0.003 cm2/year (Figure 2). Table 1 shows the baseline demo-
graphic and echocardiographic parameters of the entire study group,
as well as the different subgroups. There was no difference in AVA
progression between the two age quantiles. However, AS progres-
sion was significantly more rapid in men compared to women.
Likewise, there were also racial differences: African American
patients had a significantly slower AVA narrowing, compared to

White patients. There was an inverse relationship between initial se-
verity of AS and progression rate with the most rapid progression
noted in the patients with mild AS on the initial TTE. This is despite
the fact that more than half of the patients with mild AS (161/292)
never progressed past mild AS, and showed a mean progression rate
of -0.0133 ± 0.0057 cm2/year, which was considerably slower than in
the entire study group (P = 0.02). Patients with and without systolic
dysfunction had similar rates of AS progression.

Severity discrepancies
AVA was plotted against DP (Figure 3A) and Vmax (Figure 3B), showing
that a substantial number of patients’ AS grades were discrepant be-
cause they did not consistently meet the guidelines criteria for severe
AS, as they were in the lower left quadrants corresponding to AVA
<_1 cm2 but DP <40 mmHg (n = 480, 19%) or Vmax <4 m/s (n = 458,
18%). For the subgroup of patients with reduced LV ejection fraction
(n = 249, 455 studies), the incidence of discrepancy was even higher

Figure 2 ‘Spaghetti plot’ of the progression of aortic stenosis. The colour lines show the historical data of the individual patients. The time of the
first echocardiographic study is considered as zero time and follow-up studies are plotted accordingly based on the time intervals from the first study.
The solid black line is the overall progression fitted by the linear mixed-effects model and the shadowed area represents the 95% confidence interval.

Refining echocardiographic criteria for aortic stenosis 739
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.
for DP and Vmax (Figure 3C and D). Based on the curve fits of our data,
AVA = 1.0 cm2 corresponded to DP = 32 mmHg and Vmax = 3.7 m/s.
Conversely, DP = 40 mmHg corresponded to AVA = 0.89 cm2 and
Vmax = 4.0 m/s corresponded to AVA = 0.92 cm2. The predicted
Gorlin AVA curve fits based on both DP and Vmax yielded smaller
AVAs than those seen clinically (P < 0.001) and confirmed the
haemodynamic inconsistency of the guidelines recommended
cut-offs.

In addition, to elucidate the potential effects of low flow on our
findings, we identified patients in our study cohort with low stroke
volume (defined by stroke volume index < 35 mL/m2), which turned
out to be 206/916 (22.5%). We repeated our analysis for this sub-
group, and separately for the remaining 710 patients. We found that
of the total of 18.75% of the studies that fell into the lower left quad-
rant in the main analysis (Figure 3), 5% were due to the patients with
stroke volume index <35 mL/m2, while the remaining 13.75% repre-
sented patients who were not part of this subgroup. Specifically, of
the above 206 patients, 82 patients (40%) had inconsistent criteria
for severe AS, as they were in the lower left quadrant, corresponding
to AVA <_1 cm2 but had DP <40 mmHg. Similarly, 80 of the 206
patients (39%) were in the lower left quadrant corresponding to
AVA <_1 cm2 but had Vmax <4 m/s. In contrast, of the remaining 710
patients, 114 (16%%) were in the ‘discrepant’ category by pressure
gradient and 107 (15%%) were ‘discrepant’ by peak flow velocity
(Figure 4).

Discussion

The main findings in this study were (i) the overall rate of AS progres-
sion by change in AVA was -0.070 ± 0.003 cm2/year and was more
rapid in men than women and in White patients than in African
Americans. We also found that AVA of 1 cm2 corresponded to
DP = 32 mmHg and Vmax = 3.7 m/s, therefore, causing discrepancies

in the prevalence of severe AS when different measures were used
to categorize AS severity, based on the current guidelines.

In a study published in 1997, of 123 patients with asymptomatic
moderate or greater AS, the annual rate of AVA narrowing was
0.12 ± 0.19 cm2/year, i.e. considerably faster than in our study cohort.9

This difference may be explained by the fact that our cohort included
patients with mild AS, some of which never progressed past mild grade.
Another consideration may be that our cohort included more contem-
porary patients treated using more aggressive cardiovascular risk factor
management, although there is no conclusive data on the effects of
improving atherosclerotic risk factors on the progression of AS.

Large, retrospective cross-sectional studies using diagnostic codes
and discharge diagnoses suggest racial and gender differences in the
prevalence of AS and AS-related health care utilization, but there is a
paucity of data on whether race and gender impact the rate of AS
progression. A nationwide survey of inpatients found a higher preva-
lence of AS in white and male patients but did not follow patients lon-
gitudinally.10 In our study, AS progression was also found to be more
rapid in men and white patients. The racial difference may be partially
attributed to the higher prevalence of bicuspid AV in the white
population,11 while explaining the gender difference would need
further studies. The inverse relationship between initial severity of AS
and progression rate likely reflects the fact that patients with more
severe stenosis during baseline studies could not progress much
more, as further changes would be physiologically implausible.

Prior investigators have found subsets of patients with varying
progression rates, and there have been many studies aiming to
prospectively ascertain risk factors for more rapid progression.
Aortic sclerosis and early AS pathogenesis seem to follow the same
risk profile as atherosclerosis, including smoking, hypertension,
hyperlipidaemia, and diabetes. The propagation phase to the later
stages of AS appears to be mediated by different, pro-calcific factors.
Similar to coronary artery disease, there has been a special interest in
identifying modifiable risk factors such as cholesterol, as targeted

....................................................................................................................................................................................................................

Table 1 Baseline demographic and echocardiographic parameters: relationship with aortic stenosis progression rate

Variables Levels N Rate (cm2/year) P value

AVA baseline level Mild 292 -0.106 ± 0.005

Moderate 466 -0.068 ± 0.004 <0.0001

Severe 158 -0.032 ± 0.009 <0.0001

DP baseline level Mild 506 -0.076 ± 0.003

Moderate 345 -0.068 ± 0.005 0.23

Severe 65 -0.055 ± 0.015 0.20

Vmax baseline level Non-severe 843 -0.073 ± 0.003

Severe 73 -0.049 ± 0.014 0.10

LV function baseline level Abnormal 143 -0.066 ± 0.005

Normal 759 -0.071 ± 0.003 0.43

Gender Female 512 -0.065 ± 0.004

Male 404 -0.078 ± 0.004 0.02

Age group at baseline (years) >75 468 -0.074 ± 0.004

<_75 448 -0.067 ± 0.004 0.21

Race African American 377 -0.062 ± 0.004

White 262 -0.075 ± 0.005 0.03

740 K. Kebed et al.
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..therapies exist, but to date, no disease modulating therapies have
been validated.12–17 It is one of our future aims to link our electronic
medical records and echocardiography database to determine
whether any of these factors, if treated, would mitigate the progres-
sion of AS.

Severe AS portends poor prognosis even when asymptomatic,
and valve replacement has been shown to improve outcomes.9,18–21

As access to transcatheter interventions for AS has become more
readily available, the ability to accurately assess AS by echocardiog-
raphy and identify those patients with severe AS who may benefit the
most from intervention is crucial.

Assessment of AS with TTE was first described in 1980 using the
modified Bernoulli equation to estimate the peak pressure across the

AV, in order to determine whether AS was moderate or severe, and
was subsequently validated against invasive data.22 Using echocardio-
graphic parameters also allows the calculation of AVA based on the
principle of conservation of mass. The AVA is routinely derived using
the continuity equation, as the flow through the LVOT is equal to
that through the AV. By measuring the LVOT diameter to calculate
cross-sectional area of the LVOT and the AV VTIs, the AVA is
derived and has been extensively validated against invasive AVA
measurements.23–25

Current multiparametric guidelines define severe AS by an AVA
<1 cm2, Vmax >_4 m/s or DP >_40 mmHg.5,6 Low-gradient AS, defined
by AVA <1 cm2 and DP <40, has been traditionally classified based
on flow and LV systolic function. The most frequent cause of low-

Figure 3 Plots of aortic valve area vs mean pressure gradient and aortic valve area vs peak flow velocity. (A and B) The entire patient cohort, while
(C and D) Only patients with reduced left ventricle ejection fraction. Each dot indicates a transthoracic study. The blue curve shows the valve area
computed using Gorlin equation, while the yellow curve represents the valve area fitted from the data set. The number shown in the left lower quad-
rant of each panel is the percentage of discrepant studies.

Refining echocardiographic criteria for aortic stenosis 741
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..gradient AS is a low outflow state secondary to LV systolic dysfunc-
tion. The prevalence of low-flow, low-gradient AS has been observed
in 5–10% of patients with severe AS,26 but in clinical practice, discord-
ant AVA and DP are seen far more frequently. Our sub-analysis of
patients with low flow showed that a considerable number of patients
with severe AS and inconsistent criteria have low stroke volume. In
fact, using the Gorlin formula and assuming a normal cardiac output of
6 L/min, systolic ejection period of 0.33 s, and a heart rate of 80 bpm,
an AVA of 1 cm2 corresponds to a DP of 26 mmHg7 which explains
the higher frequency of grading discrepancies observed by others and
confirmed in our study. The ideal multiparametric grading scheme
ought to be internally consistent. We found the current severe cut-
off value of AVA = 1.0 cm2 corresponded to DP = 32 mmHg and
Vmax = 3.7 m/s, indicating the need to refine the criteria for severe AS.

Limitations
The limitations of this study include its single-centre nature, which
makes our findings not necessarily generalizable to the experience of
other laboratories. The retrospective study design has well-known
limitations of lack of standardization in potentially important
variables, such as time intervals between consecutive examinations,
equipment upgrades over the years, and different methods of assess-
ment of LV systolic function.

Conclusions

In summary, the knowledge gleaned in this study of a large cohort of
patients with varying degrees of AS shed new light onto the temporal

Figure 4 Results of sub-analysis for 206 patients with low flow, defined by stroke volume index <35 mL/m2 (top), compared to the remaining 710
patients from our study cohort (bottom). Data are presented in the same format as in Figure 3. See text for detail.

742 K. Kebed et al.
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..progression of this pathology and uncovered previously unknown
gender- and racial differences, which need to be confirmed in future
studies. Our findings indicate the need to refine the multiparametric
criteria for accurate diagnosis of severe AS, and provide alternative
cut-offs, since we found that current AS severity cut-offs result in
high rates of internal haemodynamic inconsistencies, that are further
amplified in patients with low-flow AS. This information may help ad-
dress the growing need for accurate determination of the optimal
timing of intervention for severe AS,27,28 which is now available to a
growing number of patients with the widespread adoption of trans-
catheter valve replacement.

Conflict of interest: none declared.
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