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Degenerative calcific aortic stenosis (AS) is one of the most common 

valvular heart diseases, affecting >3% of those aged >65 years in 

the West.1 As a result of an aging population, the prevalence of AS 

is expected to increase. Severe AS causes chronic pressure overload 

of the left ventricle (LV), resulting in LV hypertrophy (LVH), diastolic 

dysfunction, an increase in the size of the left atrium, development 

of mitral and tricuspid regurgitation, and an increase in pulmonary 

artery pressure.2 AS is characterized not only by a restriction of aortic 

valve opening, but also by progressive myocardial changes that can 

sometimes extend beyond the LV.

A new staging classification system characterizing the extent of cardiac 

changes was recently proposed by Généreux et al. for patients with severe 

AS undergoing surgical or transcatheter aortic valve replacement (AVR) 

as part of the Placement of AoRTic TraNscathetER Valves (PARTNER 2) 

trial.3 As the number of transcatheter (TAVR) procedures continues to 

grow, it will be important to determinate whether prior findings can be 

replicated and validated in the real-world cohort of patients who have 

received TAVR. We hypothesized that AS staging would be associated 

with 2-year all-cause mortality and post-TAVR hospitalization. This 

review introduces the AS classification system and demonstrates the 

association between the extent of cardiac changes and outcomes after 

TAVR using a large and homogeneous cohort of patients with severe AS 

who received TAVR.

Newly Proposed Aortic Stenosis Staging 
Classification System
The pathophysiologic process of severe AS has both valvular and 

extravalvular involvement. Previous studies have clearly shown that the 

presence of extravalvular cardiac changes are prognostic in patients 

with severe AS.4–7 However, the indications for AVR in patients with AS 

remain primarily centered on the severity of AS, the symptoms related 

to AS, and reduced LV systolic function, defined by LV ejection fraction 

(LVEF) <50%.8–10 

Using data from the PARTNER 2A and 2B trials, which include a large 

contemporary population of patients with symptomatic severe AS 

undergoing either surgical AVR or TAVR, Généreux et al. proposed the 

first framework for an integrated staging system to quantify the extent 

of anatomical and functional cardiac changes associated with AS prior 

to AVR.3 They classified patients with severe AS undergoing AVR into five 

stages depending on the presence or absence of extravalvular cardiac 

changes or dysfunction, as detected by transthoracic echocardiography 

before AVR (Figure 1) as follows: stage 0, no other cardiac damage 

detected; stage 1, LV damage, as defined by the presence of LVH (LV 

mass index >95 g/m2 for women, >115 g/m2 for men), severe LV diastolic 

dysfunction (E/eʹ >14), or LV systolic dysfunction (LVEF <50%); stage 2, 

damage to or dysfunction of the left atrium or mitral valve, as defined by 

the presence of an enlarged left atrium volume index (>34 ml/m2), the 
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presence of AF, or the presence of moderate or severe mitral regurgitation; 

stage 3, damage to or dysfunction of the pulmonary artery vasculature 

or tricuspid valve, as defined by the presence of systolic pulmonary 

hypertension (systolic pulmonary artery pressure ≥60  mmHg) or the 

presence of moderate or severe tricuspid regurgitation; and stage 4, right 

ventricular damage, as defined by the presence of moderate or severe 

right ventricular dysfunction.3 Patients were hierarchically classified in a 

given stage (worst stage) if at least one of the proposed criteria was met 

within that stage. 

Using a cohort of 1,661 trial patients with comprehensive echocardiographic 

assessment before AVR, Généreux et al. demonstrated that there is a 

strong association between the newly proposed anatomic and functional 

cardiac damage staging system and 1-year mortality in patients receiving 

either surgical AVR or TAVR.3 For each stage increment, 1-year mortality 

risk increased by approximately 45%. Even after adjusting for several 

well-established predictors of worse outcomes after AVR, including 

patient frailty and the Society of Thoracic Surgeons Predicted Risk 

of Mortality (STS-PROM) score, the association with 1-year mortality 

remained significant.

Association of the Aortic Stenosis Staging System 
With Outcomes After TAVR
We sought to confirm the reproducibility of the proposed AS staging 

system (by applying the same proposed classification into a separate 

homogeneous cohort of patients who received TAVR from another 

institution), particularly in patients who had undergone TAVR. TAVR 

has become a breakthrough therapeutic advance in the treatment 

of symptomatic patients with severe AS classified as being at 

intermediate, high, and extreme surgical risk.11,12 In the US and many 

other countries, TAVR has become the most common method for 

aortic valve replacement. Furthermore, TAVR has been confirmed as 

safe in low-risk patients with symptomatic severe AS with regard to 

short-term outcomes.13 Given the potential expansion of TAVR into the 

lower (surgical) risk cohort and an increasing aging population, TAVR 

rates are expected to increase. However, other important risk factors, 

such as the presence of concomitant mitral or tricuspid regurgitation, 

pulmonary hypertension, and right ventricular dysfunction, may not be 

entirely correlated with AVR. Thus, it is important to have better ways 

to identify patients suitable for AVR and to evaluate risk stratification in 

patients with severe AS.

Validation of Aortic Stenosis Staging
Using a large and homogeneous cohort of patients with symptomatic 

severe AS who had undergone TAVR within a large, integrated healthcare 

system, we sought to expand prior findings by performing survival 

analysis up to 2 years after TAVR and evaluating the association 

between AS staging and both cardiac and non-cardiac post-TAVR 

readmissions. In all, 689 patients were included in the final analysis 

(351 [50.9%] men; mean [±SD] age 82.4 ± 7.6 years; mean STS-PROM 

score 8.2 ± 4.7%). Of the 689 patients, 13%, 62%, 21%, and 4% were 

classified as stage 1, 2, 3, and 4, respectively. These results are similar 

to those reported by Généreux et al.3 Mean patient age, the prevalence 

of hypertension, and STS-PROM scores increased from stage 1 to 

3, but decreased in stage 4 patients (Table 1). In terms of the ECG 

characteristics used for the staging classification, patients in stages 3 

and 4 had the worst findings (i.e. greater LV mass index, worse LVEF, 

and concomitant valvular disease). Of note, the prevalence of LV and 

then right ventricular dysfunction (typically a late finding in severe AS) 

increased with worsening AS stage. Pulmonary artery systolic pressure 

increased from stage 1 to 3, but decreased in stage 4, likely due to right 

ventricular dysfunction and significant valvular disease. The prevalence 

of low-flow, low-gradient AS (known as a higher-risk phenotype) 

increased from stage 1 through to 4.

Figure 1: Aortic Stenosis Staging Classification System

Stages/criteria

Echocardiogram

Stage 0

No cardiac damage

Stage 1

LV damage

Increased LV mass index:
>115 g/m2 in males,
>95 g/m2 in females

E/e´ >14

LVEF <50%

Stage 2

LA or mitral damage

Indexed LA volume
>34 ml/m2

Moderate–severe mitral
regurgitation

AF

Stage 3

Pulmonary vasculature
or tricuspid damage

Systolic pulmonary
hypertension
≥60 mmHg

Moderate–severe
tricuspid regurgitation

Stage 4

RV damage

Moderate–severe RV
dysfunction

The stages are defined according to the extent of cardiac damage as detected by transthoracic ECG. LA = left atrial; LV = left ventricular; LVEF = left ventricular ejection fraction; RV = right ventricular.  
Source: Généreux et al.3 Reproduced with permission from Oxford University Press.
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Kaplan–Meier analysis revealed a strong graded association between 

the AS staging system and all-cause mortality up to 2 years follow-up 

(Figure  2A), which extends the original observations reported by 

Généreux et al.3 This separation persisted even after adjustment for 

the STS-PROM score (Figure 3A), with an increased HR for all-cause 

mortality at each stage (Table 2). That is, AS patients presenting with 

stage 4 (significant right ventricular dysfunction) had the highest risk 

of mortality after undergoing TAVR, followed by stage 3 patients, 

Figure 2: Unadjusted Survival Curves According to Aortic Stenosis Stages

0

0.0

0.2

0.4

0.6

0.8

1.0

3 6 9 12 15 18 21 24

C
um

ul
at

iv
e 

su
rv

iv
al

A

Months after TAVR

Log-rank chi-squared: 25.0, p<0.001

Stage 1 93 80 83 72 62 57 48 43 36
Stage 2 426 401 381 338 305 282 246 219 185

Stage 4 28 26 23 22 19 19 14 13 11
Stage 3 142 127 115 104 91 74 67 59 49

Stage 1
Stage 2
Stage 3
Stage 4

Stage 1
Stage 2
Stage 3
Stage 4

Stage 1 93 79 66 56 47 41 36 34 29
Stage 2 426 342 313 266 235 206 171 143 114

Stage 4 28 22 20 18 14 13 11 11 9
Stage 3 142 102 88 70 60 46 39 32 26

0

0.0

0.2

0.4

0.6

0.8

1.0

3 6 9 12 15 18 21 24

C
um

ul
at

iv
e 

su
rv

iv
al

B

Months after TAVR

Stage 1
Stage 2
Stage 3
Stage 4

Log-rank chi-squared: 12.8, p=0.005

Stage 1 93 81 70 60 52 45 40 36 30
Stage 2 426 356 328 282 248 218 179 154 123

Stage 4 28 22 20 18 15 14 11 11 9
Stage 3 142 105 92 76 66 51 44 36 30

0

0.0

0.2

0.4

0.6

0.8

1.0

3 6 9 12 15 18 21 24

C
um

ul
at

iv
e 

su
rv

iv
al

C

Months after TAVR

Log-rank chi-squared: 12.6, p=0.006

All-cause mortality (A) and composite outcomes of deaths and readmissions for all causes (B) or cardiac causes (C) after transcatheter aortic valve replacement (TAVR) increased with each stage 
of worsening cardiac dysfunction. Numbers reflect the number of patients per each stage without the event (at-risk) at each time point. Source: Fukui et al.22 Reproduced with permission from the 
American Medical Association. 

Table 1: Baseline Characteristics

Total Stage 1 Stage 2 Stage 3 Stage 4 p-value

No. patients 689 93 426 142 28

Male sex 351 (50.9) 42 (45.2) 229 (53.8) 60 (42.3) 20 (71.4) 0.009

Age (years) 82.4±7.6 81.1±7.2 82.8±7.4 83.2±6.7 76.6±12.9 <0.001

Diabetes 283 (41.1) 37 (39.8) 170 (39.9) 61 (43.0) 15 (53.6) 0.509

Hypertension 617 (89.6) 81 (87.1) 379 (89.0) 135 (95.1) 22 (78.6) 0.030

Previous CABG 199 (28.9) 24 (25.8) 129 (30.3) 34 (23.9) 12 (42.9) 0.159

Previous MI 263 (38.2) 31 (33.3) 171 (40.1) 46 (32.4) 15 (53.6) 0.092

NYHA ≥3 543 (78.8) 69 (74.2) 338 (79.3) 116 (81.7) 20 (71.4) 0.806

STS-PROM score (%) 8.2±4.7 6.6±4.0 8.2±4.7 9.3±5.1 8.5±4.1 <0.001

Pre-TAVR AF/flutter 321 (46.6) 0 (0.0) 211 (49.5) 91 (64.1) 19 (67.9) <0.001

LVMI (g/m2) 155±43 141±36 157±42 157±47 163±30 0.009

SVI (ml/m2) 36.3±11.3 37.3±9.7 37.4±10.6 34.4±13.1 23.3±7.9 <0.001

LVEF (%) 54.2±13.0 58.1±10.6 55.4±11.6 51.8±14.3 31.8±13.3 <0.001

PASP (mmHg) 43.3±16.1 36.0±10.6 37.9±10.9 61.2±16.4 54.7±19.2 <0.001

TAPSE <1.7 (cm) 208 (30.2) 18 (19.4) 110 (25.8) 57 (40.1) 23 (82.1) <0.001

Moderate–severe MR 88 (12.8) 0 (0.0) 49 (11.5) 29 (20.4) 10 (35.7) <0.001

Moderate–severe TR 108 (15.7) 0 (0.0) 0 (0.0) 94 (66.2) 14 (50.0) <0.001

AVA (cm2) 0.65±0.18 0.67±0.17 0.66±0.18 0.61±0.18 0.56±0.16 0.001

LAVI (ml/m2) 47.8±17.2 27.5±5.0 49.6±15.4 54.3±19.0 53.0±14.8 <0.001

Low-flow, low-gradient AS* 117 (18.6) 10 (11.2) 63 (16.2) 29 (23.0) 15 (62.5) <0.001

Unless indicated otherwise, data are given as number (percentage) or as the mean±SD. *Low-flow, low-gradient aortic stenosis was defined as stroke volume index <35 ml/m2 and aortic valve 
mean gradient <40 mmHg. AVA = aortic valve area; CABG = coronary artery bypass graft; LAVI = left atrial volume index; LVEF = left ventricular ejection fraction; LVMI = left ventricular mass index; 
MR = mitral regurgitation; NYHA = New York Heart Association; PASP = pulmonary artery systolic pressure; STS-PROM = Society of Thoracic Surgeons Predicted Risk of Mortality; TAPSE = tricuspid 
annular plane systolic excursion; TAVR = transcatheter aortic valve replacement; TR = tricuspid regurgitation.
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whereas stage 2 AS patients did not have a significantly greater risk 

than those in stage 1.

Another important finding of our analysis is the association of AS 

staging with the post-TAVR readmission rate for either any cause 

or cardiac causes (Table 2). Stage 3 patients who presented with 

significant pulmonary hypertension or tricuspid valvular damage 

not only had a higher mortality risk, but were also at higher risk 

of composite outcomes of all-cause death and readmissions for 

any cause (Figure 2B) or cardiac causes (Figure 2C). Even after 

adjustment for STS-PROM scores, the extent of cardiac changes 

captured by the staging system was associated with the composite 

outcomes (Figure 3B and 3C). 

The findings of the present study support those reported by Généreux 

et al. by showing that the results of the staging system are reproducible 

and prognostically sound in an independent cohort of patients who 

underwent TAVR.3 In addition, we expand on the findings of Généreux et 

al. by showing that the association of AS staging with all-cause mortality 

persists up to 2 years of follow-up, and by demonstrating the association 

between AS staging and post-TAVR readmission rates in real-world 

patients with symptomatic severe AS who underwent TAVR.

Table 2: Association Between Aortic Stenosis Stages and Outcomes

Unadjusted Adjusted for STS-PROM score

HR [95% CI] p-value HR [95% CI] p-value

All-cause mortality:

 • Stage 1 (Reference) 1.00 [Reference] – 1.00 [Reference] –

 • Stage 2 1.51 [0.89–2.56] 0.118 1.37 [0.81–2.31] 0.248

 • Stage 3 2.68 [1.54–4.67] < 0.001 2.24 [1.28–3.92] 0.005

 • Stage 4 3.37 (1.66–6.83) < 0.001 2.83 [1.39–5.76] 0.004

All-cause readmission:

 • Stage 1 (Reference) 1.00 [Reference] – 1.00 [Reference] –

 • Stage 2 1.23 [0.83–1.81] 0.305 1.14 [0.77–1.69] 0.513

 • Stage 3 1.83 [1.20–2.82] 0.006 1.64 [1.06–2.54] 0.025

 • Stage 4 1.34 [0.68–2.61] 0.396 1.22 [0.62–2.38] 0.568

Cardiac-cause readmission:

 • Stage 1 (Reference) 1.00 [Reference] – 1.00 [Reference] –

 • Stage 2 1.41 [0.91–2.19] 0.126 1.30 [0.83–2.03] 0.246

 • Stage 3 2.09 [1.29–3.37] 0.003 1.84 [1.13–3.00] 0.014

 • Stage 4 1.66 [0.81–3.41] 0.167 1.49 [0.73–3.07] 0.277

STS-PROM = Society of Thoracic Surgeons Predicted Risk of Mortality. Source: Fukui et al.22 Reproduced with permission from the American Medical Association.

Figure 3: Adjusted Survival Curves According to Aortic Stenosis Stages
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A: Even after adjusting for the Society of Thoracic Surgeons Predicted Risk of Mortality (STS-PROM) score, there was a strong graded association of aortic stenosis (AS) stages with all-cause mortality 
after transcatheter aortic valve replacement (TAVR). B, C: Regarding post-TAVR readmission rates, despite adjustment for the STS-PROM score, patients with Stage 3 AS also had the highest risk of 
composite outcomes of all-cause death and readmissions for all causes (B) or cardiac causes (C). Numbers reflect the number of patients per each stage without the event (at-risk) at each time point. 
Source: Fukui et al.22 Reproduced with permission from the American Medical Association.
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Study Limitations
Although this newly proposed staging classification would offer considerable 

advantages in terms of patient selection for AVR, the present study has some 

limitations. First, although risk factors such as concomitant valvular disease, 

pulmonary hypertension, and RV dysfunction are known to be important 

for patients presenting with symptomatic severe AS, both the present 

study and the study of Généreux et al. are retrospective studies, whereby 

the classification system was not used as part of the original decision-

making process.3 Second, the cardiac damage proposed at each stage is 

not progressive and/or not necessarily a direct result of severe AS. Rather, 

the classification reflects the presence of other comorbidities in addition 

to severe AS. For example, in a stage 1 patient with severe AS (LV damage, 

LVEF <50%) may be related to coexisting coronary artery disease, or those in 

a stage 2 patient (severe AS plus mitral regurgitation plus left atrial dilation) 

could be related to primary mitral regurgitation with flail mitral leaflet. This 

newly proposed staging classification is about risk stratification of other 

coexisting comorbidities, and not a pathophysiological explanation of AS 

progression. Third, a more detailed classification between stages 0 and 1 is 

needed. Although reduced LVEF (<50%) is one of the classification criteria 

for stage 1 and an indication for AVR in patients with severe AS because of 

its relationship with poor outcome,14–16 LVEF alone is not sufficient to detect 

myocardial dysfunction at early stages of AS. Indeed, LVEF does not improve 

in some patients, despite AVR, and adversely affects mortality. Fourth, we 

have only investigated the classification system using baseline parameters. 

It is possible that staging changes in patients, and post-TAVR staging could 

be equally important. More data are needed to clarify this point.

Future Directions
In patients with severe AS despite normal LVEF, subclinical myocardial 

dysfunction detected by ECG-derived global longitudinal strain is very 

common and can be associated with poor outcomes.14,17 In addition, 

the presence of myocardial fibrosis identified by cardiac MRI has been 

shown to be independently associated with mortality in patients with 

AS despite preserved LVEF.18–21 These parameters could expand and 

potentially improve the proposed AS staging system, but are not currently 

incorporated into the routine clinical assessment of such patients.

The newly proposed staging system could also be particularity 

important for follow-up care after TAVR. Specifically, patients presenting 

in stages 3 or 4 may still derive symptomatic benefit from aortic valve 

intervention, but this benefit could be reduced by the presence of 

other comorbidities that may increase mortality risks and readmission 

rates. Such patients may require close follow-up care, and continued 

surveillance of their pulmonary hypertension, tricuspid regurgitation, 

and right ventricular dysfunction. 

With the potential expansion of TAVR into lower risk and asymptomatic 

cohorts, the burden of extracardiac comorbidities and frailty may 

be lessened, thus emphasizing the importance of comprehensive 

anatomical and functional evaluation of cardiac changes before AVR. 

Although TAVR may be the correct choice in many patients, those 

with concomitant regurgitant valve lesions could derive benefit from 

simultaneous surgical correction. 

Conclusion
The newly proposed staging classification system demonstrates a strong 

and graded association of the extent of cardiac change with mortality 

and readmission rate in patients with severe AS after AVR. In addition, 

patients with baseline moderate-to-severe pulmonary hypertension and/

or significant tricuspid regurgitation have higher post-TAVR readmission 

rates for both cardiac and non-cardiac causes.

Inclusion of this staging system should be considered in the 

development of future TAVR risk stratification models and for shared 

decision-making. Further studies are required to prospectively validate 

this classification system. 
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