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Aortic stenosis (AS) may present frequently combined with other valvular diseases or

mixed with aortic regurgitation, with peculiar physio-pathological and clinical implications.

The hemodynamic interactions between AS in mixed or combined valve disease depend

on the specific combination of valve lesions and may result in diagnostic pitfalls

at echocardiography; other imaging modalities may be helpful. Indeed, diagnosis is

challenging because several echocardiographic methods commonly used to assess

stenosis or regurgitation have been validated only in patients with the single-valve

disease. Moreover, in the developed world, patients with multiple valve diseases tend

to be older and more fragile over time; also, when more than one valvular lesion

needs to address the surgical risk rises together with the long-term risk of morbidity

and mortality associated with multiple valve prostheses, and the likelihood and risk

of reoperation. Therefore, when AS presents mixed or combined valve disease, the

heart valve team must integrate various parameters into the diagnosis and management

strategy, including suitability for single or multiple transcatheter valve procedures. This

review aims to summarize the most critical pathophysiological mechanisms underlying

AS when associated with mitral regurgitation, mitral stenosis, aortic regurgitation, and

tricuspid regurgitation. We will focus on echocardiography, clinical implications, and the

most important treatment strategies.

Keywords: aortic stenosis, aortic regurgitation, mitral stenosis, mitral regurgitation, tricuspid regurgitation, mixed

valve disease, combined valve disease, echocardiography

BACKGROUND

Multivalvular disease (MVD), defined as the combination of stenotic or regurgitant lesions of two
or more cardiac valves, is increasingly frequent in clinical practice, presenting in 10% of patients
undergoing valvular surgery. Nevertheless, it is still poorly studied (1). Aortic stenosis (AS) is
the second most common valvular disease in the western world after mitral regurgitation (MR),
affecting 2% of the population between 65 and 75 years and 6% of those older than 75 years (2), and
is frequently associated combined with other valvular disease or mixed with some degree of aortic
regurgitation (AR), with physio-pathological and clinical implications.
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Nowadays, degenerative etiology comprises the vast majority
of cases; however, when associated with other valve diseases,
rheumatic heart disease should be considered as it is the most
common cause of MVD worldwide; typically, rheumatic heart
disease affects younger patients (2) and has a faster progression
than the degenerative counterpart, involving almost invariably
the mitral valve (3). The clinical impact of combined valve
disease depends on hemodynamic interactions between the valve
lesions and, more specifically, on the severity, combination,
and chronicity of each valvular defect. All these factors may
alter loading conditions and ventricular function with relevant
consequences when assessing the severity of valvulopathies,
currently based on the concept of excess mortality threshold.
Indeed, in some settings, apparently non-severe lesions may
lead to severe hemodynamic imbalance when combined with
other valvular defects with important clinical implications (4).
Methods commonly used for the quantification of stenosis or
regurgitation have been validated in patients with single-valve
disease, and until today the major treatment trials often excluded
concomitant relevant valvular disease. In addition, one of the
most pivotal issues in the management of patients with MVD is
to identify the optimal timing for intervention when the benefits
of the procedure most outweigh the risks, considering that these
patients generally have many comorbidities and that surgery
in these patients is associated with high operative mortality
(5). Expertise in cardiac surgery, transcatheter interventions,
and cardiac imaging is critical in this field. In the past, the
surgical indication represented the crucial decision moment in
which cardiologists used to indicate whether one or more valves
needed to be treated. Now things have changed, and thanks to
percutaneous procedures, it is possible to treat one valve at a time,
evaluating the new hemodynamic balance from time to time and
giving the opportunity better to understand the physiopathology
of combined valvulopathies (6).

The aim of this review is to summarize the most important
pathophysiological mechanisms underlying AS when associated
with MR, MS, AR, and tricuspid regurgitation (TR). We will
focus on echocardiography, clinical implications, and the most
important treatment strategies. Although helpful in diagnosis
and prognosis in selected cases of multivalvular diseases, this
review does not discuss the application of multimodality imaging
(TC, MRI, stress echocardiography).

AORTIC STENOSIS AND MITRAL
REGURGITATION (AS-MR)

According to different studies, MR is reported in 20–80% of
patients with AS. In the PARTNER trial, about 20% of patients
undergoing transcatheter or surgical aortic valve replacement
for severe AS presented concomitant moderate to severe MR
(7). In most cases, MR in these patients is not evaluated
severely, and until the last decades, the pathophysiological and
clinical interaction between these two entities was not fully
understood. Things have changed as some studies described
essential consequences in morbidity and mortality (8).

Functional MR is present in 63% of patients with AS (9)
and is likely to improve after aortic valve replacement more
significantly than degenerative MR. Thus, a careful evaluation
of the MR mechanism is crucial for the decision of whether
a simultaneous operation on the mitral valve is necessary (10)
considering that mixed mechanisms are frequent, especially in
older patients with heavy mitral calcification and wall motion
defects, not uncommon in patients with AS. By note, attention
should be paid to obstructive hypertrophic cardiomyopathy that
may present with high gradients in the LVOT and MR secondary
to systolic anterior movement (11).

AS is a condition classically associated with increased
afterload, but when concomitant MR is present, the left ventricle
is somewhat larger as volume overload is also present. MR
reduces afterload and reduces stroke volume significantly,
causing a low flow-low gradient condition with the risk of
underestimating the severity of AS (12, 13). Rossi et al. showed
that MR was generally mild in severity when functional in origin,
with an effective regurgitant orifice (ERO) smaller than 0.2 cm2

in 91% of the cases. Anyway, the presence of MR may falsely
underestimate the transvalvular aortic valvular gradient even if
volumetrically not relevant (9).

An ERO as low as 0.2 mm2 carries a probability of 30%
developing a low-flow low-gradient condition, with the risk
increasing with the MR severity (12). Simultaneously, the
presence of MR reduces total afterload, increasing the ejection
fraction which may hide subclinical myocardial dysfunction (14).

The impact of functional MR in AS was also studied with an
artificial model that allowed to regulate the flow and the aortic
valve area, demonstrating that both the mean pressure gradient
and maximal velocity are significantly reduced by a reduction of
forward stroke volume from concomitant severe MR. However,
the functional aortic valve area appeared to be a reliable even in
case of severe MR (15).

Subsequently, these patients may also develop atrial
fibrillation with preload impairment due to loss of the “atrial
kick,” a poorly hemodynamically tolerated condition in these
patients per se associated with left atrial enlargement and MR
progression. Generally, symptoms do not always correlate with
the AS severity and LV function (16, 17); concomitant MR is
associated with poorer outcomes (9).

Generaux et al. propose a new staging system of AS that
attributes severity considering the presence of concomitant MR,
impaired left ventricular function, pulmonary hypertension,
and TR (18). This system confirmed that MR provides
incremental predictive value in patients with asymptomatic
moderate to severe AS undergoing surgical and percutaneous
aortic valve replacement (AVR) (19). An incremental prognostic
value over clinical characteristics was shown by incorporating
left ventricular global longitudinal strain into the staging
classification (20). Pighi et al. recently reported that cardiac
damage classification is significantly associated with a higher
incidence of acute kidney injury following percutaneous AVR
and that it is an independent predictor of 12-month all-cause
mortality only in patients with advanced stages of extravalvular
cardiac damage (21) (Figure 1).
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FIGURE 1 | Combination of AS and other valvular heart disease: hemodynamic interactions and diagnostic pitfalls and tricks.

Diagnostic Implications
When assessing AS and MR, a quantitative approach is useful:
vena contracta is reliable to assess MR as it does not depend
on afterload (22). In patients with MR associated with AS,
the ERO calculation with the proximal isovelocity area method
proved reliable. ERO correlates with mortality and predicts heart
failure (22), but regurgitant volume calculation may be falsely
overestimated for a given ERO due to the higher intraventricular
pressure. The color flow area may also not be proportionate to
the severity of MR due to the high transmitral regurgitation jet
velocity (23).

Concerning AS severity evaluation, the low flow condition
produces falsely low transvalvular gradients. Functional aortic
valve area calculation is helpful in patients with AS and MR with
good correlation with outcomes (24).

A small retrospective study compared echocardiography and
invasive catheterization parameters; for a given aortic valve
area calculated with the continuity equation, the presence of
significant MR does not reduce the peak transvalvular velocity
as much as the calculated mean gradient. This may be explained
by the squared relationship between velocity and gradient, with
a small difference in velocity having a significant impact on
calculated pressure (25).

The combination of AS and MR put some technical and
diagnostic challenges. It must be accounted that in some cases,
the high-velocity MR jet may be mistaken for the AS jet,
especially in the apical view: however, MR jet is longer in
duration, starting with mitral valve closure and continuing until
mitral valve opening, and has a different shape in Doppler CW
especially in the case of chronic MR (10).

Finally, a 3D echo evaluation of the mitral valve and aortic
valve calcium score by multidetector computed tomography
may be helpful in those cases where dobutamine stress
echocardiography is inconclusive or contractile reserve is
absent (26) (Figure 1).

Management
The presence of moderate to severe MR in patients undergoing
transcathether aortic valve implantation (TAVI) is associated
with higher mortality and poorer outcomes in rehospitalization
for heart failure (8, 27).

After TAVI, MR improves by at least one grade in almost
80% of patients with severe MR and 66% of patients with
moderate MR (28). Patients with degenerative MR have poorer
outcomes than patients with functional MR (29). Improvement
of the MR at 30 days is reported in 69% of patients undergoing
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surgical AVR and 58% after TAVI (30). However, in some cases,
MR may even worsen after the operation. Some conditions
seem to be associated with lack of improvement of MR
following TAVI; some of these are low baseline aortic gradient,
pulmonary hypertension, degenerative MR, deep positioning
of the implanted valve, heavy annulus, atrial fibrillation,
and mitral annular dilatation (31). Reverse left ventricular
remodeling may occur after AVR with the improvement
of diastolic function and reduction of LV hypertrophy and
dilatation with MR improvement (32). In these patients, it is
recommended to treat AS before mitral defect, as a sudden
increase in afterload associated with MR repair may lead to
cardiac decompensation. According to current guidelines (33) in
patients with severe MR undergoing surgical AVR, mitral valve
intervention is recommended. Following AVR, it is possible to
reassess the severity of MR after a period of optimal medical
therapy, considering the option of future mitral valve repair or
replacement in the case of worsening of MR or persistence of
symptoms (34, 35). No increased risk or technical complexity of
MitraClip in the presence of prior TAVI has been described so
far, assuming there is no significant distortion of the mitral valve
annulus (30). However, when the left atrium is severely enlarged,
a procedure targeting the mitral valve annulus, such as restrictive
annuloplasty, may be appropriate. Atrial fibrillation, ventricular
dyssynchrony, or prosthesis–patient mismatch are other causes
of lack of improvement of MR after AVR (36). Interestingly,
the use of self-expanding valves seems to be associated with less
improvement in MR than balloon-expandable valves probably
for the higher necessity of postoperative left bundle branch block
and pacemaker insertion associated with self-expanding valves
and the minor interference with mitral leaflet excursion annulus
(37). A large prospective study is needed in order to define
clear recommendations.

AORTIC STENOSIS AND TRICUSPID
REGURGITATION (AS-TR)

TR is common in patients with left-side valvular disease and
more specifically in 40% of patients with severe degenerative AS
(38). Elevated left ventricular diastolic dysfunction and increased
left atrial pressures due to AS reflect backward pressure to the
pulmonary veins with the remodeling of the alveolar–capillary
membrane and development of pulmonary hypertension (39).
Chronic pulmonary congestion and pulmonary hypertension
increase right ventricular afterload, and TR is caused by right
atrium dilatation and leaflet mal-coaptation (40, 41). Eventually,
these changes may promote atrial fibrillation, a condition per se
associated with TR. In very advanced disease, backward flow and
right ventricular dysfunction may cause a low-flow condition.
For many years, the tricuspid valve has been regarded as the
“forgotten valve” with a limited impact on hemodynamics, and
management was conservative (42).

However, in the past decades, TR was found to have a
negative prognostic impact in patients undergoing AVR (43–
46). It is still not clear if TR is directly related to mortality
or is a marker of advanced underlying disease (47). Patients

with associated TR and AS usually are sicker with more
comorbidities, more symptoms, and worse outcomes in terms of
heart failure, hospitalization, and mortality. It is still debated if
these patients would benefit from a combined intervention such
as AVR and tricuspid annuloplasty or transcatheter tricuspid
valve procedure (48) (Figure 1).

Diagnostic Implications
TR severity, when functional in origin, closely depends on
changes in loading condition. Thus, pre-operatory assessment is
recommended (49).

Usually, none of the parameters used to evaluate AS or TR are
reciprocally influenced; however, when TR is chronic and severe,
a low-flow condition may superimpose, making it challenging
to assess AS severity also with a classical continuity equation.
In this setting, also an invasive evaluation with thermodilution
method may underestimate the calculated aortic valve area and
overestimate AS severity (50). Of note, these patients are usually
symptomatic, and prognosis is very poor (51). It should be
accounted for in case of severe TR: the reduced afterload may
conceal an RV dysfunction; for this reason, contractility indexes
should be higher than normal to exclude right-ventricle damage
(Figure 1).

Management
Successful correction of AS is associated with a long-term
improvement in TR in 15–30% of patients. In some cases, TR
may even worsen, suggesting that the mechanism is not entirely
understood (52).

On the other hand, conservative therapy has a poor prognosis
(53, 54). According to guidelines, tricuspid valve intervention
should be considered (33) especially in the presence of tricuspid
annular dilatation or signs of right heart failure (52).

Some studies suggest that tricuspid valve repair performed in
a selected population undergoing left-sided valve surgery reduces
mortality (55).

In the TAVI era, it is more difficult to entail tailored
treatment and identify patients who would benefit from a
combined intervention. Indeed, simultaneous moderate–severe
TR results in an independent predictor of mortality despite
multivariable adjustment, only in patients without MR and in
patients with ejection fraction >30% (44, 47). Furthermore,
additional intervention for TR should be evaluated based on right
ventricular function and progression: TR after TAVI has shown
to improve in 15–30% of patients (44, 46). In a retrospective
study, surgical AVR combined with tricuspid valve repair and
TAVI was both associated with a superior reduction in the TR
jet area after 6 months compared with conservative therapy.
However, right ventricular function improved after TAVI but not
after surgical AVR+tricuspid valve repair, without a significant
mortality difference (56).

Nowadays, both transcathether tricuspid valve repair is
available and includes ring annuloplasty (56), spacer, MitraClip
(57), and the TriClip device, which recently showed to be safe and
effective at reducing TR by at least one grade in the Triluminate
trial, where isolated TR was treated (58).
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AORTIC STENOSIS AND MITRAL
STENOSIS (AS-MS)

The association of MS and AS may be rheumatic in origin
or the combination of degenerative calcific disease-causing
hypomobility of the mitral valve leaflets and the aortic cusps.
Finally, a variety of these causes is possible, especially in the
presence of bicuspid aorta or radiation injuries (59, 60). In
patients undergoing TAVI, concomitant MS is reported in 18%
of patients (60).

The combination of double-valve stenosis in series is
poorly hemodynamically tolerated, and usually, patients become
symptomatic at an early stage of the disease (61). Mitral stenosis
may severely impair preload and left ventricular filling, already
damaged in a hypertrophic left ventricle, leading to a reduction in
cardiac output and a paradoxical low-flow condition (62). Thus,
the presence of ASmay be somewhatmasked. Clinical findings do
not help as generally these patients present with dyspnea, a very
vague symptom. Also, severe left atrial enlargement and atrial
fibrillation are very common in this population.

However, the recognition of this double-valve pathology has
important clinical implications as a correction of severe MS
without treating AS first could impose a sudden increase in filling
pressure to a small and hypertrophic left ventricle resulting in
pulmonary edema.

Degenerative MS usually has a slower course than rheumatic,
milder in severity MS and generally affects the aging population
(63). The presence of MS associated with AS impacts mortality
following both surgical AVR and TAVI (60, 64). Also, the
presence of mild MS without documented secondary pulmonary
hypertension or manifest valvular atrial fibrillation has a negative
prognostic impact on TAVI (64) (Figure 1).

Diagnostic Implications
As already mentioned, the low-flow, low-gradient condition may
conceal an underlying AS if solely Doppler measurements are
considered. Aortic valve morphology and planimetry may be
helpful in identifying the underlying stenosis. The pressure half-
timemethod that depends on the pressure difference between two
chambers is not reliable due to the altered compliance of the left
ventricle overestimating the mitral valve area (65, 66).

The continuity equation for the calculation of the aortic valve
area andmitral valve area is not reliable because of its dependency
on flow conditions, resulting in overestimation of MS in the
setting of severe AS (67). By note, after AVR and normalization of
the stroke volume, improvement of the mitral valve area has been
described in almost half of the patients (68, 69), confirming that
even pseudo severe mitral stenosis exists. For this reason, in these
patients, where transaortic gradients may be low across both the
mitral and aortic valves, 2D and 3D planimetry has a crucial role,
and transesophageal echocardiography is often necessary as long
as calcification does not impair the image quality.

The proximal isovelocity surface area method remains useful
to quantify the mitral valve area when feasible. Sometimes,
echocardiographic evaluation may not be exhaustive and cardiac
catheterization may be necessary. Again, when severe MS

significantly impairs cardiac output creating a low-flow low-
gradient condition, the aortic valve area calculated with the
Gorlin formula may result overestimated (Figure 1).

Management
According to the current guidelines, bi-valvular surgery is
indicated in the presence of MVA ≤ 1.5 cm2. Compared to
isolated AVR, double valvular surgery is associated with higher
operative mortality and poorer long term. According to Asami
et al., even though MS was mild in the majority of cases and
did not result in secondary pulmonary hypertension or manifest
valvular atrial fibrillation, it was associated with a significantly
worse prognosis. Rheumatic etiology showed an early higher
incidence of adverse events than degenerative MS, probably due
to a higher proportion of advanced stages of MS in patients with
rheumatic MS (70).

Balloon dilatation may not be helpful in mitral calcific
degenerative disease and can be dangerous in the case of annular
calcifications (70). In patients at high surgical risk and not
suitable for balloon valvuloplasty (71), trans-catheter mitral valve
replacement is now possible with proven efficacy and safety (72,
73), also in combination with TAVI or subsequently (74). Yoon
et al. compared the outcomes of the off-label use of TAVI devices
inmitral annular calcification (ViMAC) formitral stenosis, valve-
in-valve (ViV), and valve-in-ring (ViR) procedures. ViMAC
procedures showed a lower rate of technical success and a higher
rate of all-causemortality at the 30-day and 1-year follow-up (75).

In light of these data, the decision should be case-dependent,
with concerns on anatomical and clinical features.

AORTIC STENOSIS AND AORTIC
REGURGITATION (AS-AR)

The combination of AS and AR is part of the mixed aortic
valve disease. About 75% of patients with a primary diagnosis of
AS have some degree of concomitant AR. Conversely, 17.9% of
patients with predominant AR have AS (2). Combined AS and
AR are frequently observed in cases of bicuspid anatomy and
rheumatic heart disease. Current guidelines are based primarily
on the natural history of isolated AS or AR. Therefore, it is
difficult to select those patients who could benefit from early
valvular surgery. Nowadays, the management of this condition
is determined by the severity of the dominant lesion. However,
this approach is certainly oversimplifying (71).

AS causes ventricular hypertrophy while the regurgitation
causes volume overload and ventricular dilatation, resulting in
eccentric hypertrophy depending on the severity of each lesion
(76). In case of significant AR, diastolic pressure is elevated
with left ventricle filling on a steeper portion of the pressure–
volume curve, potentially causing earlier onset of symptoms than
if concomitant AR are not present (77).

In order to keep up with the elevated stroke volume, the
ventricle progressively dilatates, producing an increasing wall
tension that further worsens dilatation and reduces coronary
perfusion (78). All these factors may explain earlier symptoms
(79). On the other hand, compared to pure AR, concomitant
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AS limits the degree of LV dilation in response to the volume
overload and the progression of AS tends to be slower.

Of note, in these patients AS severity has a predominant role
in clinical outcomes (76).

This may suggest that a small degree of AR may put the
severity of the valve disease at a higher stage, meaning strict
monitoring for patients with moderate mixed aortic valve disease
similar to those with isolated severe AS (Figure 1).

Diagnostic Implications
In these patients, the increased stroke volume produces a higher
transvalvular gradient that may overestimate AS. However, peak
aortic jet velocity and mean gradient may still help to estimate
the severity of AS and have a prognostic impact (76, 80).
Furthermore, a simplified Bernoulli formula should not be used
due to high left ventricular outflow tract velocities.

A continuity equation can be used with caution considering
the high stroke volume. Furthermore, the left ventricular outflow
tract geometry might not permit an accurate measure (79, 81).
Of note, the Doppler velocity index is not significantly affected
by the presence of AR.

The severity of AR can be assessed with ERO calculation and
vena contracta jet as long as image quality permits. The presence
of AS is also a confounder in assessing AR severity. Pressure
half-time is not reliable because of ventricular diastolic function
impairment, and when calculating the regurgitation volume, it
must be remembered that in these patients, LV volume is smaller
than in those with pure AR; thus, for any calculated regurgitant
volume, the regurgitant fraction is higher (82). Eventually, in
some cases, planimetry might be helpful, especially when other
associated valvulopathies are suspected (83) (Figure 1).

Management
The severity of AS and AR is correlated with prognosis and
predicts the time to surgery (77).

Ong and Pibarot propose an algorithm for diagnosing
and managing these patients that considers echocardiographic
parameters, dobutamine stress test, CT calcium score, and
clinical severity (84).

In patients with preserved ejection fraction and more than
moderate AS and AR, AVR is found to improve morbidity
and mortality when compared to medical therapy alone.
Furthermore, in these patients, aortic valve area and aortic valve
peak gradient progress faster than LV dilatation (85). Ideally,
surgery should be done before developing ventricular dilatation
and dysfunction because transcathether treatment is available;
surgical risk in these patients is higher than in those with isolated
AS (78). In mixed aortic valve disease patients, TAVI is associated
with higher rates of paravalvular AR that, on the other hand, is
generally well hemodynamically tolerated as the left ventricle is
“preconditioned” to a volume overload (86).

CONCLUSIONS

The presentation of aortic valve stenosis in the context ofmultiple
valve disease is a highly prevalent condition, and it will increase
over time with the aging population.

The hemodynamic interactions between AS and other valve
diseases depend on the specific combination of valve lesions and
may result in diagnostic pitfalls at echocardiography; therefore,
other imaging modalities may be helpful. The heart valve
team must integrate various parameters into the diagnosis and
management strategy, including suitability for single or multiple
transcatheter valve procedures.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

REFERENCES

1. Andell P, Li X, Martinsson A, Andersson C, Stagmo M, Zöller

B, et al. Epidemiology of valvular heart disease in a Swedish

nationwide hospital-based register study. Heart. (2017) 103:1696–703.

doi: 10.1136/heartjnl-2016-310894

2. Iung B, Baron G, Butchart EG, Delahaye F, Gohlke-Bärwolf C, Levang OW,

et al. A prospective survey of patients with valvular heart disease in Europe:

the euro heart survey on valvular heart disease. Eur Heart J. (2003) 24:1231–

43. doi: 10.1016/S0195-668X(03)00201-X

3. Yacoub M, Mayosi B, ElGuindy A, Carpentier A, Yusuf S. Eliminating

acute rheumatic fever and rheumatic heart disease. Lancet. (2017) 390:212–3.

doi: 10.1016/S0140-6736(17)31608-2

4. Vahanian A, Baumgartner H, Bax J, Butchart E, Dion R, Filippatos G, et al.

Guidelines on the management of valvular heart disease: the task force on the

management of valvular heart disease of the European society of cardiology.

Eur Heart J. (2007) 28:230–68. doi: 10.1093/eurheartj/ehm095

5. Vassileva CM, Li S, Thourani VH, Suri RM, Williams ML,

Lee R, et al. Outcome characteristics of multiple-valve surgery:

comparison with single-valve procedures. Innovations. (2014) 9:27–32.

doi: 10.1097/imi.0000000000000028

6. Lancellotti P, Tribouilloy C, Hagendorff A, Popescu BA, Edvardsen T, Pierard

LA, et al. Recommendations for the echocardiographic assessment of native

valvular regurgitation: an executive summary from the European association

of cardiovascular imaging. Eur Heart J Cardiovasc Imaging. (2013) 14:611–44.

doi: 10.1093/ehjci/jet105

7. Leon MB, Smith CR, Mack M, Miller DC, Moses JW, Svensson LG,

et al. Transcatheter aortic-valve implantation for aortic stenosis in patients

who cannot undergo surgery. N Engl J Med. (2010) 363:1597–607.

doi: 10.1056/NEJMoa1008232

8. Sannino A, Losi MA, Schiattarella GG, Gargiulo G, Perrino C, Stabile E, et al.

Meta-analysis of mortality outcomes and mitral regurgitation evolution in

4,839 patients having transcatheter aortic valve implantation for severe aortic

stenosis. Am J Cardiol. (2014) 114:875–82. doi: 10.1016/j.amjcard.2014.06.022

9. Rossi A, Dandale R, Nistri S, Faggiano P, Cicoira M, Benfari G, et al.

Functional mitral regurgitation in patients with aortic stenosis: prevalence,

clinical correlates and pathophysiological determinants: a quantitative

prospective study. Eur Heart J Cardiovasc Imaging. (2014) 15:631–6.

doi: 10.1093/ehjci/jet269

10. Baumgartner H, Hung J, Bermejo J, Chambers JB, Evangelista A, Griffin

BP, et al. Echocardiographic assessment of valve stenosis: EAE/ASE

recommendations for clinical practice. J Am Soc Echocardiogr. (2009) 22:1–

23:quiz101–2. doi: 10.1016/j.echo.2008.11.029

11. Xu J, Wen J, Shu L, Liu C, Zhang J, ZhaoW.Mechanism and correlated factors

of SAM phenomenon after aortic valve replacement. J Huazhong Univ Sci

Technol Med Sci. (2007) 27:72–4. doi: 10.1007/s11596-007-0121-2

12. Benfari G, Clavel MA, Nistri S, Maffeis C, Vassanelli C, Enriquez-Sarano M,

et al. Concomitant mitral regurgitation and aortic stenosis: one step further

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 October 2021 | Volume 8 | Article 744497

https://doi.org/10.1136/heartjnl-2016-310894
https://doi.org/10.1016/S0195-668X(03)00201-X
https://doi.org/10.1016/S0140-6736(17)31608-2
https://doi.org/10.1093/eurheartj/ehm095
https://doi.org/10.1097/imi.0000000000000028
https://doi.org/10.1093/ehjci/jet105
https://doi.org/10.1056/NEJMoa1008232
https://doi.org/10.1016/j.amjcard.2014.06.022
https://doi.org/10.1093/ehjci/jet269
https://doi.org/10.1016/j.echo.2008.11.029
https://doi.org/10.1007/s11596-007-0121-2
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Mantovani et al. When Aortic Stenosis Is Not Alone

to low-flow preserved ejection fraction aortic stenosis. Eur Heart J Cardiovasc

Imaging. (2018) 19:569–73. doi: 10.1093/ehjci/jex172

13. Leong DP, Pizzale S, Haroun MJ, Yazdan-Ashoori P, Ladak K, Sun YY,

et al. Factors associated with low flow in aortic valve stenosis. J Am Soc

Echocardiogr. (2016) 29:158–65. doi: 10.1016/j.echo.2015.10.007

14. Kusunose K, Goodman A, Parikh R, Barr T, Agarwal S, Popovic ZB, et al.

Incremental prognostic value of left ventricular global longitudinal strain in

patients with aortic stenosis and preserved ejection fraction. Circ Cardiovasc

Imaging. (2014) 7:938–45. doi: 10.1161/CIRCIMAGING.114.002041

15. Katte F, Franz M, Jung C, Figulla HR, Leistner D, Jakob P, et al. Impact

of concomitant mitral regurgitation on transvalvular gradient and flow

in severe aortic stenosis: a systematic ex vivo analysis of a subentity of

low-flow low-gradient aortic stenosis. EuroIntervention. (2018) 13:1635–44.

doi: 10.4244/EIJ-D-17-00476

16. Dahl JS, Christensen NL, Videbæk L, Poulsen MK, Carter-Storch R, Hey

TM, et al. Left ventricular diastolic function is associated with symptom

status in severe aortic valve stenosis. Circ Cardiovasc Imaging. (2014) 7:142–8.

doi: 10.1161/CIRCIMAGING.113.000636

17. Benfari G, Noni M, Onorati F, Cerrito LF, Pernigo M, Vinco G, et al.

Effects of aortic valve replacement on left ventricular diastolic function

in patients with aortic valve stenosis. Am J Cardiol. (2019) 124:409–15.

doi: 10.1016/j.amjcard.2019.04.046

18. Généreux P, Pibarot P, Redfors B, Mack MJ, Makkar RR, Jaber WA, et al.

Staging classification of aortic stenosis based on the extent of cardiac damage.

Eur Heart J. (2017) 38:3351–8. doi: 10.1093/eurheartj/ehx381

19. Tastet L, Tribouilloy C, Maréchaux S, Vollema EM, Delgado V, Salaun E, et al.

Staging cardiac damage in patients with asymptomatic aortic valve stenosis. J

Am Coll Cardiol. (2019) 74:550–63. doi: 10.1016/j.jacc.2019.04.065

20. Vollema EM, Amanullah MR, Prihadi EA, Ng ACT, van der Bijl P, Sin YK,

et al. Incremental value of left ventricular global longitudinal strain in a newly

proposed staging classification based on cardiac damage in patients with

severe aortic stenosis. Eur Heart J Cardiovasc Imaging. (2020) 21:1248–58.

doi: 10.1093/ehjci/jeaa220

21. Pighi M, Fezzi S, Pesarini G, Venturi G, Giovannini D, Castaldi G, et al.

Extravalvular cardiac damage and renal function following transcatheter

aortic valve implantation for severe aortic stenosis. Can J Cardiol. (2020).

doi: 10.1016/j.cjca.2020.12.021

22. Unger P, Plein D, van Camp G, Cosyns B, Pasquet A, Henrard V, et al. Effects

of valve replacement for aortic stenosis on mitral regurgitation. Am J Cardiol.

(2008) 102:1378–82. doi: 10.1016/j.amjcard.2008.07.021

23. Benfari G, Nistri S, Faggiano P, Clavel MA, Maffeis C, Enriquez-Sarano

M, et al. Mitral effective regurgitant orifice area predicts pulmonary artery

pressure level in patients with aortic valve stenosis. J Am Soc Echocardiogr.

(2018) 31:570–7.e1. doi: 10.1016/j.echo.2017.12.004

24. Capoulade R, Le Ven F, Clavel MA, Dumesnil JG, Dahou A, Thébault C,

et al. Echocardiographic predictors of outcomes in adults with aortic stenosis.

Heart. (2016) 102:934–42. doi: 10.1136/heartjnl-2015-308742

25. Lee PH, Hong JA, Sun BJ, Han S, Park S, Jang JY, et al. Impact of significant

mitral regurgitation on assessing the severity of aortic stenosis. J Am Soc

Echocardiogr. (2018) 31:26–33. doi: 10.1016/j.echo.2017.09.012

26. Clavel MA, Pibarot P, Messika-Zeitoun D, Capoulade R, Malouf J, Aggarval S,

et al. Impact of aortic valve calcification, as measured by MDCT, on survival

in patients with aortic stenosis: results of an international registry study. J Am

Coll Cardiol. (2014) 64:1202–13. doi: 10.1016/j.jacc.2014.05.066

27. Sannino A, Grayburn PA. Mitral regurgitation in patients with severe

aortic stenosis: diagnosis and management. Heart. (2018) 104:16–22.

doi: 10.1136/heartjnl-2017-311552

28. Mavromatis K, Thourani VH, Stebbins A, Vemulapalli S, Devireddy C,

Guyton RA, et al. Transcatheter aortic valve replacement in patients with

aortic stenosis andmitral regurgitation.Ann Thorac Surg. (2017) 104:1977–85.

doi: 10.1016/j.athoracsur.2017.05.065

29. Vollenbroich R, Stortecky S, Praz F, Lanz J, Franzone A, Zuk K, et al. The

impact of functional vs degenerative mitral regurgitation on clinical outcomes

among patients undergoing transcatheter aortic valve implantation.AmHeart

J. (2017) 184:71–80. doi: 10.1016/j.ahj.2016.10.015

30. Kische S, D’Ancona G, Paranskaya L, Schubert J, Arsoy N, Hauenstein KH,

et al. Staged total percutaneous treatment of aortic valve pathology and mitral

regurgitation: institutional experience. Catheter Cardiovasc Interv. (2013)

82:E552–63. doi: 10.1002/ccd.24809

31. Khan F, Okuno T, Malebranche D, Lanz J, Praz F, Stortecky S,

et al. Transcatheter aortic valve replacement in patients with

multivalvular heart disease. JACC Cardiovasc Interv. (2020) 13:1503–14.

doi: 10.1016/j.jcin.2020.03.052

32. Treibel TA, Kozor R, Schofield R, Benedetti G, Fontana M, Bhuva

AN, et al. Reverse myocardial remodeling following valve replacement

in patients with aortic stenosis. J Am Coll Cardiol. (2018) 71:860–71.

doi: 10.1016/j.jacc.2017.12.035

33. Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP, Fleisher LA,

et al. 2017 AHA/ACC focused update of the 2014 AHA/ACC guideline

for the management of patients with valvular heart disease: a report

of the American college of cardiology/American heart association task

force on clinical practice guidelines. Circulation. (2017) 135:e1159–95.

doi: 10.1161/CIR.0000000000000503

34. Barbanti M, Webb JG, Hahn RT, Feldman T, Boone RH, Smith CR,

et al. Impact of preoperative moderate/severe mitral regurgitation

on 2-year outcome after transcatheter and surgical aortic valve

replacement: insight from the placement of aortic transcatheter

valve (PARTNER) trial cohort A. Circulation. (2013) 128:2776–84.

doi: 10.1161/CIRCULATIONAHA.113.003885

35. Nombela-Franco L, Eltchaninoff H, Zahn R, Testa L, Leon MB, Trillo-

Nouche R, et al. Clinical impact and evolution of mitral regurgitation

following transcatheter aortic valve replacement: a meta-analysis. Heart.

(2015) 101:1395–405. doi: 10.1136/heartjnl-2014-307120

36. Angeloni E, Melina G, Pibarot P, Benedetto U, Refice S, Ciavarella GM, et al.

Impact of prosthesis-patient mismatch on the regression of secondary mitral

regurgitation after isolated aortic valve replacement with a bioprosthetic

valve in patients with severe aortic stenosis. Circ Cardiovasc Imaging. (2012)

5:36–42. doi: 10.1161/CIRCIMAGING.111.967612

37. Unger P, Dedobbeleer C, Vanden Eynden F, Lancellotti P. Mitral regurgitation

after transcatheter aortic valve replacement: does the prosthesis matter? Int J

Cardiol. (2013) 168:1706–9. doi: 10.1016/j.ijcard.2013.03.055

38. Ong K, Yu G, Jue J. Prevalence and spectrum of conditions associated

with severe tricuspid regurgitation. Echocardiography. (2014) 31:558–62.

doi: 10.1111/echo.12420

39. Rossi A, Dini FL, Agricola E, Faggiano P, Benfari G, Temporelli PL, et al. Left

atrial dilatation in systolic heart failure: a marker of poor prognosis, not just

a buffer between the left ventricle and pulmonary circulation. J Echocardiogr.

(2018) 16:155–61. doi: 10.1007/s12574-018-0373-9

40. Dreyfus GD, Corbi PJ, Chan KM, Bahrami T. Secondary tricuspid

regurgitation or dilatation: which should be the criteria for surgical repair?

Ann Thorac Surg. (2005) 79:127–32. doi: 10.1016/j.athoracsur.2004.06.057

41. Barlow JB. Aspects of tricuspid valve disease, heart failure and the “restriction-

dilatation syndrome”. Rev Port Cardiol. (1995) 14:991–1004.

42. Shiran A, Sagie A. Tricuspid regurgitation in mitral valve disease incidence,

prognostic implications, mechanism, and management. J Am Coll Cardiol.

(2009) 53:401–8. doi: 10.1016/j.jacc.2008.09.048

43. Sathananthan J, Murdoch DJ, Lindman BR, Zajarias A, Jaber WA, Cremer

P, et al. Implications of concomitant tricuspid regurgitation in patients

undergoing transcatheter aortic valve replacement for degenerated surgical

aortic bioprosthesis: insights from the partner 2 aortic valve-in-valve registry.

JACC Cardiovasc Interv. (2018) 11:1154–60. doi: 10.1016/j.jcin.2018.03.019

44. Lindman BR, Maniar HS, Jaber WA, Lerakis S, Mack MJ, Suri RM, et al.

Effect of tricuspid regurgitation and the right heart on survival after

transcatheter aortic valve replacement: insights from the placement of aortic

transcatheter valves II inoperable cohort. Circ Cardiovasc Interv. (2015) 84.

doi: 10.1161/CIRCINTERVENTIONS.114.002073

45. Song H, Kim MJ, Chung CH, Choo SJ, Song MG, Song JM, et al. Factors

associated with development of late significant tricuspid regurgitation

after successful left-sided valve surgery. Heart. (2009) 95:931–6.

doi: 10.1136/hrt.2008.152793

46. Barbanti M, Binder RK, Dvir D, Tan J, Freeman M, Thompson CR,

et al. Prevalence and impact of preoperative moderate/severe tricuspid

regurgitation on patients undergoing transcatheter aortic valve replacement.

Catheter Cardiovasc Interv. (2015) 85:677–84. doi: 10.1002/ccd.25512

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 October 2021 | Volume 8 | Article 744497

https://doi.org/10.1093/ehjci/jex172
https://doi.org/10.1016/j.echo.2015.10.007
https://doi.org/10.1161/CIRCIMAGING.114.002041
https://doi.org/10.4244/EIJ-D-17-00476
https://doi.org/10.1161/CIRCIMAGING.113.000636
https://doi.org/10.1016/j.amjcard.2019.04.046
https://doi.org/10.1093/eurheartj/ehx381
https://doi.org/10.1016/j.jacc.2019.04.065
https://doi.org/10.1093/ehjci/jeaa220
https://doi.org/10.1016/j.cjca.2020.12.021
https://doi.org/10.1016/j.amjcard.2008.07.021
https://doi.org/10.1016/j.echo.2017.12.004
https://doi.org/10.1136/heartjnl-2015-308742
https://doi.org/10.1016/j.echo.2017.09.012
https://doi.org/10.1016/j.jacc.2014.05.066
https://doi.org/10.1136/heartjnl-2017-311552
https://doi.org/10.1016/j.athoracsur.2017.05.065
https://doi.org/10.1016/j.ahj.2016.10.015
https://doi.org/10.1002/ccd.24809
https://doi.org/10.1016/j.jcin.2020.03.052
https://doi.org/10.1016/j.jacc.2017.12.035
https://doi.org/10.1161/CIR.0000000000000503
https://doi.org/10.1161/CIRCULATIONAHA.113.003885
https://doi.org/10.1136/heartjnl-2014-307120
https://doi.org/10.1161/CIRCIMAGING.111.967612
https://doi.org/10.1016/j.ijcard.2013.03.055
https://doi.org/10.1111/echo.12420
https://doi.org/10.1007/s12574-018-0373-9
https://doi.org/10.1016/j.athoracsur.2004.06.057
https://doi.org/10.1016/j.jacc.2008.09.048
https://doi.org/10.1016/j.jcin.2018.03.019
https://doi.org/10.1161/CIRCINTERVENTIONS.114.002073
https://doi.org/10.1136/hrt.2008.152793
https://doi.org/10.1002/ccd.25512
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Mantovani et al. When Aortic Stenosis Is Not Alone

47. McCarthy FH, Vemulapalli S, Li Z, Thourani V, Matsouaka RA, Desai

ND, et al. Association of tricuspid regurgitation with transcatheter aortic

valve replacement outcomes: a report from the society of thoracic

surgeons/American college of cardiology transcatheter valve therapy registry.

Ann Thorac Surg. (2018) 105:1121–8. doi: 10.1016/j.athoracsur.2017.11.018

48. Shamekhi J, Sugiura A, Tabata N, Al-Kassou B, Weber M, Sedaghat A,

et al. Impact of tricuspid regurgitation in patients undergoing transcatheter

aortic valve replacement. JACC Cardiovasc Interv. (2020) 13:1135–7.

doi: 10.1016/j.jcin.2019.09.045

49. Zoghbi WA, Adams D, Bonow RO, Enriquez-Sarano M, Foster E,

Grayburn PA, et al. Recommendations for noninvasive evaluation

of native valvular regurgitation: a report from the american society

of echocardiography developed in collaboration with the society for

cardiovascular magnetic resonance. J Am Soc Echocardiogr. (2017) 30:303–71.

doi: 10.1016/j.echo.2017.01.007

50. Cigarroa RG, Lange RA,Williams RH, Bedotto JB, Hillis LD. Underestimation

of cardiac output by thermodilution in patients with tricuspid regurgitation.

Am J Med. (1989) 86:417–20. doi: 10.1016/0002-9343(89)90339-2

51. Dahou A, Magne J, Clavel MA, Capoulade R, Bartko PE, Bergler-

Klein J, et al. Tricuspid regurgitation is associated with increased risk

of mortality in patients with low-flow low-gradient aortic stenosis and

reduced ejection fraction: results of the multicenter topas study (true or

pseudo-severe aortic stenosis). JACC Cardiovasc Interv. (2015) 8:588–96.

doi: 10.1016/j.jcin.2014.08.019

52. Dumont C, Galli E, Oger E, Fournet M, Flecher E, Leclercq C, et al. Pre-

and postoperative tricuspid regurgitation in patients with severe symptomatic

aortic stenosis: importance of pre-operative tricuspid annulus diameter. Eur

Heart J Cardiovasc Imaging. (2018) 19:319–28. doi: 10.1093/ehjci/jex031

53. Dreyfus GD, Martin RP, Chan KM, Dulguerov F, Alexandrescu C. Functional

tricuspid regurgitation: a need to revise our understanding. J Am Coll Cardiol.

(2015) 65:2331–6. doi: 10.1016/j.jacc.2015.04.011

54. Topilsky Y, Nkomo VT, Vatury O, Michelena HI, Letourneau T, Suri RM,

et al. Clinical outcome of isolated tricuspid regurgitation. JACC Cardiovasc

Imaging. (2014) 7:1185–94. doi: 10.1016/j.jcmg.2014.07.018

55. Pagnesi M, Montalto C, Mangieri A, Agricola E, Puri R, Chiarito M,

et al. Tricuspid annuloplasty versus a conservative approach in patients

with functional tricuspid regurgitation undergoing left-sided heart valve

surgery: a study-level meta-analysis. Int J Cardiol. (2017) 240:138–44.

doi: 10.1016/j.ijcard.2017.05.014

56. Rozenbaum Z, Granot Y, Steinvil A, Banai S, Finkelstein A, Ben-Gal Y, et al.

Aortic stenosis with severe tricuspid regurgitation: comparative study between

conservative transcatheter aortic valve replacement and surgical aortic valve

replacement combined with tricuspid repair. J Am Soc Echocardiogr. (2018)

31:1101–8. doi: 10.1016/j.echo.2018.07.002

57. Fam NP, Connelly KA, Hammerstingl C, Ong G, Wassef AW, Ross HJ, et al.

Transcatheter tricuspid repair with mitraclip for severe primary tricuspid

regurgitation. J Invasive Cardiol. (2016) 28:E223–E4.

58. Nickenig G, Weber M, Lurz P, von Bardeleben RS, Sitges M, Sorajja P, et al.

Transcatheter edge-to-edge repair for reduction of tricuspid regurgitation:

6-month outcomes of the TRILUMINATE single-arm study. Lancet. (2019)

394:2002–11. doi: 10.1016/S0140-6736(19)32600-5

59. Desai MY, Jellis CL, Kotecha R, Johnston DR, Griffin BP. Radiation-associated

cardiac disease: a practical approach to diagnosis and management. JACC

Cardiovasc Imaging. (2018) 11:1132–49. doi: 10.1016/j.jcmg.2018.04.028

60. Asami M, Windecker S, Praz F, Lanz J, Hunziker L, Rothenbühler M, et al.

Transcatheter aortic valve replacement in patients with concomitant mitral

stenosis. Eur Heart J. (2019) 40:1342–51. doi: 10.1093/eurheartj/ehy834

61. Zitnik RS, Piemme TE, Messer RJ, Reed DP, Haynes FW, Dexter L. The

masking of aortic stenosis by mitral stenosis. Am Heart J. (1965) 69:22–30.

doi: 10.1016/0002-8703(65)90212-7

62. Honey M. Clinical and haemodynamic observations on combined mitral and

aortic stenosis. Br Heart J. (1961) 23:545–55. doi: 10.1136/hrt.23.5.545

63. Unger P, Lancellotti P, de Cannière D. The clinical challenge of

concomitant aortic and mitral valve stenosis. Acta Cardiol. (2016) 71:3–6.

doi: 10.1080/AC.71.1.3132091

64. Takagi H, Hari Y, Nakashima K, Kuno T, Ando T. A meta-analysis of impact

of mitral stenosis on outcomes after transcatheter aortic valve implantation. J

Card Surg. (2019) 34:1256–6. doi: 10.1111/jocs.14233

65. Nakatani S, Masuyama T, Kodama K, Kitabatake A, Fujii K, Kamada T. Value

and limitations of Doppler echocardiography in the quantification of stenotic

mitral valve area: comparison of the pressure half-time and the continuity

equation methods. Circulation. (1988) 77:78–85. doi: 10.1161/01.CIR.

77.1.78

66. Karp K, Teien D, Bjerle P, Eriksson P. Reassessment of valve area

determinations in mitral stenosis by the pressure half-time method: impact

of left ventricular stiffness and peak diastolic pressure difference. J Am Coll

Cardiol. (1989) 13:594–9. doi: 10.1016/0735-1097(89)90599-8

67. Suh WM, Kern MJ. Addressing the hemodynamic dilemma of combined

mitral and aortic stenosis. Catheter Cardiovasc Interv. (2008) 71:944–9.

doi: 10.1002/ccd.21480

68. Anjan VY, Herrmann HC, Pibarot P, Stewart WJ, Kapadia S, Tuzcu EM,

et al. Evaluation of flow after transcatheter aortic valve replacement

in patients with low-flow aortic stenosis: a secondary analysis of the

partner randomized clinical trial. JAMA Cardiol. (2016) 1:584–92.

doi: 10.1001/jamacardio.2016.0759

69. Kato N, Padang R, Pislaru C, Miranda WR, Hoshina M, Shibayama

K, et al. Hemodynamics and prognostic impact of concomitant mitral

stenosis in patients undergoing surgical or transcatheter aortic valve

replacement for aortic stenosis. Circulation. (2019) 140:1251–60.

doi: 10.1161/CIRCULATIONAHA.119.040679

70. Abramowitz Y, Kazuno Y, Chakravarty T, Kawamori H, Maeno Y, Anderson

D, et al. Concomitant mitral annular calcification and severe aortic stenosis:

prevalence, characteristics and outcome following transcatheter aortic valve

replacement. Eur Heart J. (2017) 38:1194–203. doi: 10.1093/eurheartj/

ehw594

71. Vahanian A, Alfieri O, Andreotti F, Antunes MJ, Barón-Esquivias G,

Baumgartner H, et al. Guidelines on the management of valvular heart

disease (version 2012). Eur Heart J. (2012) 33:2451–96. doi: 10.1093/eurheartj/

ehs109

72. Al-Khadra Y, Darmoch F, Baibars M, Kaki A, Fanari Z, Alraies MC. The

impact of mitral stenosis on outcomes of aortic valve stenosis patient

undergoing surgical aortic valve replacement or transcatheter aortic valve

replacement. J Interv Cardiol. (2018) 31:655–60. doi: 10.1111/joic.12519

73. Sinning JM, Mellert F, Schiller W, Welz A, Nickenig G, Hammerstingl C.

Transcatheter mitral valve replacement using a balloon-expandable prosthesis

in a patient with calcified native mitral valve stenosis. Eur Heart J. (2013)

34:2609. doi: 10.1093/eurheartj/eht254
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