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Introduction
ABSTRACT
Transcatheter aortic valve implantation (TAVI) is a novel therapy, which has transformed the management of inoperable patients presenting with symptomatic severe aortic stenosis (AS). It is also a proven and less invasive alternative therapeutic
option for high-risk symptomatic patients presenting with severe AS who are otherwise eligible for surgical aortic valve replacement. Patient age is not strictly a
limitation for TAVI but since this procedure is currently restricted to high-risk and
inoperable patients it follows that most patients selected for TAVI are at an advanced age. Patient frailty and co-morbidities need to be assessed and a clinical
judgment made on whether the patient will gain a measureable improvement in
their quality of life. Risk stratification has assumed a central role in selecting suitable patients and surgical risk algorithms have proven helpful in this regard. However, limitations exist with these risk models, which must be understood in the context of TAVI. When making final treatment decisions, it is essential that a
collaborative multidisciplinary “heart team” be involved and this is stressed in the
most recent guidelines of the European Society of Cardiology. Choosing the best
procedure is contingent upon anatomical feasibility and multimodality imaging has
emerged as an integral component of the pre-interventional screening process in
this regard. The transfemoral route is now considered the default approach although vascular complications remain a concern. A minimal vessel diameter of six
millimeters is required for currently commercial available vascular introducer
sheaths. Several alternative access routes are available to choose from when confronted with difficult iliofemoral anatomy such as severe peripheral vascular disease or diffuse circumferential vessel calcification. The degree of aortic valve leaflet
and annular calcification also needs to be assessed as the latter is a risk factor for
post-procedureal paravalvular aortic regurgitation. The ultimate goal of patient selection is to achieve the highest procedural success rate while minimizing complications and to choose patients most likely to derive tangible benefit from this procedure.
KEY WORDS: Transcatheter aortic valve implantation, aortic stenosis, patient selection, multimodality imaging
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Introduction
INTRODUCTION
Transcatheter aortic valve implantation (TAVI) is a novel therapeutic modality to
treat high-risk or inoperable patients presenting with symptomatic severe aortic
stenosis (AS).1, 2 Appropriate patient selection is critical to the success of this procedure and must take into consideration several clinical and anatomical factors.3
Clinical factors include a careful assessment of symptomatic status, aortic stenosis
severity and patient risk profile. Risk stratification has assumed a key role in patient
selection and the most recent guidelines from the European Society of Cardiology
(ESC) have stressed the importance of a multidisciplinary “heart team” approach to
help determine this risk.4 Traditionally, algorithms derived from cardiac surgical
patients have been used as an adjunct to help quantify risk among patients undergoing TAVI.5 However, there are inherent limitations with this approach, mainly deriving from the fact that existing risk algorithms are being applied to procedures
and patient populations for which they were not originally intended.6 Consequently, the use of risk models alone may not provide a satisfactory risk assessment
and other clinical factors must be considered.5
Anatomical elements include a comprehensive assessment of the peripheral vessels, aorta, aortic annulus, left ventricular outflow tract (LVOT) and left ventricle.
Multimodality imaging plays a pivotal role in this regard.7 Understanding the topographic anatomy of the aortic valve complex and its relationship to surrounding
structures such as the atrioventricular conduction system, mitral valve apparatus
and coronary ostia is crucial.8 Selection of prosthesis type and size relies on precise
measurements of the aortic valve annulus, whereas selection of the procedural approach depends in large part on the luminal diameter, calcific burden and tortuosity
of the peripheral arteries and/or the presence of significant atheroma within the
thoracic aorta.
A. HOW TO CHOOSE THE SUITABLE PATIENT
1. Clinical Factors
According to recent ESC guidelines, TAVI is indicated to treat symptomatic severe
aortic stenosis in selected high risk or inoperable patients as assessed by a “heart
team”.4 The latter should comprise cardiologists, cardiac surgeons and other specialists if deemed necessary. The guidelines state that selected patients should be
expected to gain improvement in their quality of life and to have a life expectancy
3
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of >1 year after consideration of their comorbidities.4 A recently proposed algorithm for clinical decision making in TAVI is shown in figure 1.9 It should be noted
that some patients are even too high risk for TAVI and significant co-morbidities
(e.g. severe COPD) may lead to continued impaired quality of life and impact on
mortality even after TAVI.10
Risk Assessment
Traditionally, surgical risk scores have been used to assess patient risk and there
are several risk scoring systems available for those undergoing surgical aortic valve
replacement (SAVR) (Table 1).11-19 The most widely used risk algorithms are the
European System for Cardiac Operative Risk Evaluation (EuroSCORE) and the Society of Thoracic Surgeons Predicted Risk Of Mortality (STS-PROM) scores.11, 13 These
scores, in general, provide reasonable discrimination i.e. overall estimation of risk
category, but cannot be used to estimate the precise operative mortality in an individual patient because of poor calibration, particularly in high risk patients.5 For
example, in the high-risk Placement of Aortic Transcatheter Valves (PARTNER) A
cohort, the mean STS-PROM scores were 11.8% and 11.7% and the mean logistic
EuroSCOREs were 29.3% and 29.2% in the TAVI and SAVR groups, respectively.20
However, the observed 30-day mortality rates were lower at 3.4% and 6.5% in the
respective groups.20 In fact, the logistic EuroSCORE has been shown to over predict
expected mortality by a factor of three or more in high-risk candidates for SAVR.6
This poor calibration among high risk valvular disease patients relates to the fact
that the EuroSCORE model was developed and validated in a population of lower
risk patients undergoing predominantly coronary artery bypass grafting (CABG) almost two decades ago.11 The STS-PROM risk model for SAVR is more precise, which
is not surprising given that it was developed and validated in a more contemporary
group of patients exclusively undergoing isolated aortic valve replacement.13 The
EuroSCORE II model, which was developed and validated in a large contemporary
population of patients recruited worldwide,14 was found to be better calibrated
than the logistic EuroSCORE in predicting outcomes after TAVI.21, 22 However, almost half of recruited patients underwent CABG, thereby limiting its applicability
to patients undergoing exclusively valvular procedures. The recent German Aortic
Valve (AV) Score was developed from a population of patients entirely undergoing
aortic valve procedures (isolated SAVR [n=10,574] or TAVI [n=573]) throughout Germany in 2008.16 This novel risk model appears promising, although further studies
4
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are required to assess the discrimination and calibration of the German AV Score
among a TAVI population. A major limitation in applying cardiac surgical risk models to TAVI patients is that there are several variables that impact upon clinical outcomes among selected patients undergoing TAVI that are not captured including
liver disease, porcelain aorta, adherent coronary artery bypass grafts, previous radiation to the chest, and frailty.5 While surgical risk scores are not perfect when
applied to a TAVI patient population, they are currently the best available risk stratification tools and should be used as an adjunct to estimate patient risk. However,
they should not be used in isolation and clinical judgment is required. Whether a
dedicated “TAVI risk score” will improve discrimination and calibration remains to
be seen.
2. Anatomical Factors
Peripheral Arteries
The peripheral arteries can be imaged using a variety of methods including contrast
angiography, intravascular ultrasound, multidetector computed tomography
(MDCT) or magnetic resonance imaging (MRI) (figure 2). Important parameters to
consider are the diameter, extent of calcification and tortuosity of the peripheral
arteries as well as their combination. The ratio between the outer sheath diameter
and the internal diameter of the femoral artery using quantitative angiography
yields the Sheath to Femoral Artery Ratio (SFAR).23 An SFAR ratio of >1.05 has been
shown to predict Valvular Academic Research Consortium (VARC) defined major
vascular complications and 30-day mortality in one study .23 However, the SFAR ratio can be increased to 1.10 in the absence of significant calcification but is reduced
to 1.00 in the presence of circumferential calcification.23 A recent study showed
that vascular complications are more frequent in three scenarios: 1. minimal artery
diameter is smaller than the external sheath diameter 2. moderate or severe vessel
calcification and 3. peripheral vascular disease.24 Contrast angiography can provide
a gross assessment of lumen diameter and vessel tortuosity of the peripheral vessels and enables internal diameter measurement.25 However, MDCT is assuming a
more prominent role for imaging the peripheral vessels owing to improved definition and its 3 dimensional (3D) capabilities.26 Furthermore, the use of CT image
post-processing software such as 3-mensio ValvesTM (3mensio Medical Imaging BV,
Bilthoven, The Netherlands) allows for the 3D reconstruction of the iliofemoral arteries and descending aorta in a simplified manner.27 In general, the side with the
5
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larger, less tortuous, less diseased iliofemoral artery is selected for sheath insertion.
The transfemoral approach should be avoided in patients with vessel diameters too
small to accommodate the introducer sheaths (Table 2) and in patients with severe
peripheral vascular disease and diffuse circumferential severe calcification of the
iliofemoral vasculature.
Ascending Aorta
Accurate measurement of ascending aortic diameter is important for the self-expanding Medtronic CoreValve bioprosthesis (Medtronic, Inc. Minneapolis, Minnesota) because the outflow portion of the frame abuts this region of the vessel wall
in order to orient the prosthesis in the direction of blood flow.28 A dilated ascending
aorta (>43mm) is a relative contraindication for Medtronic CoreValve implantation.
Adequate sinus of Valsalva dimensions are also a necessary to accommodate the
displaced native leaflets following CoreValve implantation. Balloon expandable SAPIEN valves (Edwards Lifesciences, Inc., Irvine, California), once implanted, are located almost exclusively within the annular plane and therefore ascending aorta
dimensions are less relevant. Critically important for these prostheses, however, is
the height between the aortic annulus and the right and left coronary ostia (figure
3).28 Coronary obstruction may occur when a bulky calcified aortic valve leaflet is
compressed against the coronary ostium following implantation of a balloon expandable valve. Therefore, a minimum distance of 8-10mm between the coronary
ostia and aortic annular plane is recommended by the manufacturer when implanting a SAPIEN valve.28 In the presence of adequate sinus of Valsalva dimensions, this
annular-ostial height prerequisite is not essential for CoreValve implantation, owing to its constrained mid portion.
Aortic Annulus
Precise annular measurements using non-invasive imaging are crucial for procedural success and avoidance of complications. In addition, a detailed knowledge of
aortic root anatomy is essential. The surgical aortic annulus is a semilunar crownlike ring delineated by the hinges of the aortic valve leaflets.8 The aortic annulus
used for the purposes of aortic prosthesis sizing concerns a virtual ring formed by
the basal attachments of the aortic valve cusps located at the base of the crown
(figure 4). This virtual ring is distinct from the anatomic ventriculoarterial junction,
which is located slightly more distally within the aortic root.8 The ring formed at the
6
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top of the crown represents a true ring and forms the sinotubular junction, which
demarcates the border between the aortic root and the ascending aorta. In the
context of TAVI, noteworthy structures in close proximity to the aortic valve complex include the anterior mitral valve leaflet and left bundle branch.8 The non-coronary and left coronary aortic leaflets are in fibrous continuity with the anterior
mitral valve leaflet, which together form the aortic-mitral curtain. The left bundle
branch is located close to the base of the interleaflet triangle separating the noncoronary and right coronary leaflets of the aortic valve.8
Accurate aortic annular measurements are critical to avoid annulus-prosthesis mismatch.29 The latter may lead to either undersizing or oversizing of transcatheter
heart valve (THV) prostheses.29 Undersizing may result in paravalvular regurgitation and/or device embolization, whereas oversizing may cause underexpansion of
the prosthesis, conduction disturbances or annular rupture. A recent study reported that aggressive annular area oversizing (≥20%) was associated with an increased risk of aortic root rupture (odds ratio 8.38) during TAVI with balloon expandable prostheses.30 A certain degree of oversizing is necessary, however, in
order to anchor the sutureless prosthesis to the annular wall and provide adequate
sealing against paravalvular aortic regurgitation. Caution is required though, particularly in the presence of excessive valvular calcification as well as calcification extending into the LVOT or ascending aorta.30
Traditionally, annular diameters were measured as the distance between the hingepoints of the right and noncoronary aortic cusps in mid systole from a parasternal
long-axis view in transthoracic echocardiography (TTE) or a 120 to 140 long-axis
view (3-chamber view) in transesophageal echocardiography (TEE) (zoomed
mode).31 In addition, the annulus can be measured following aortic root angiography.28 However, these measurements provide only 2 dimensional assessments
of the aortic annulus and ignore its 3D configuration. In addition, a recent study
reported that the aortic annulus is oval in shape in over 90% of cases.32 Therefore,
TTE and TEE may only provide tangential measurements, which may might not reflect the true annular diameter. Using MDCT, 3D reconstruction is possible and
therefore this imaging modality assumes a more prominent role in aortic annular
assessments (figure 5).33-35 MDCT measurements are taken from systolic phase reconstructions ranging from 20% to 45% of the R-R interval, during retrospective
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electrocardiographic gating imaging, using the phase with maximum valve opening.26 The aortic annulus plane is obtained by a double oblique multiplanar reconstruction with 2 orthogonal planes representing the short and long axis of the virtual basal ring.26
Patients with chronic renal insufficiency undergoing TAVI may be at higher risk of
acute renal failure when exposed to contrast agents during the course of MDCT
screening or left heart catheterization prior to the TAVI procedure. Therefore, a
staged procedure should be recommended if MDCT screening is used. Alternatively
annulus sizing might be achieved using rotational angiography (Dyna-CT) or 3D-TEE
during the same procedure. A recent study showed that patients with baseline
chronic kidney disease (CKD) undergoing TAVI were at no higher risk of acute kidney
injury, renal replacement therapy and mortality than patients without CKD.36
Considerable debate exists regarding the best parameter for annular sizing.30, 34, 37,
38

While diameter measurements are recommended by manufacturers guidelines,

some argue that area measurements are more reproducible and have been shown
to be predictive of greater than mild paravalvular regurgitation.37

38

Others have

advocated perimeter annular measurements owing to less variability across the
cardiac cycle.39 In addition, perimeter measurements are less affected by the morphological transformation of the annulus (i.e. change from oval to circular shape)
that may occur following prosthesis (particularly balloon expandable) implantation.39
When determining prosthesis size based on MDCT diameter measurements, mean
annular diameters (Dmean) derived from the minimal diameter (Dmin; measured in
the sagittal view) and maximal diameter (Dmax; measured in the coronal view) (Dmean
= (Dmin + Dmax)/2) or virtual aortic annular diameters should be used.33 The latter can
be calculated using either annular perimeter (Dperimeter = perimeter/) or annular
area (Darea=2 x square root (area/).33 The MDCT sagittal view corresponds to the
parasternal long axis view on TTE and the 20 to 140 long-axis view on TEE.29 In
general, annular diameters measured using TTE are smaller than those sized using
TEE and both tend to be smaller than those measured on the MDCT coronal view.29
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Patients with annuli too large for currently available THV prostheses (>29mm) are
not suitable for TAVI. In addition, patients with large annuli and/or low grade calcification might be at particular risk for valve displacement and this should be noted
during multimodality imaging.
Aortic Valve Leaflets
Aortic valve leaflet morphology and anatomy should be evaluated. Bicuspid aortic
valve anatomy is currently considered a relative contraindication for TAVI.4 The elliptical annulus, asymmetric aortic cusps and a raphe of fusion between two cusps
have raised concerns regarding prosthesis deployment and the increased risk of
paravalvular regurgitation.40 However, individual case reports and small case series
have demonstrated feasibility and short term clinical outcomes appear promising40
but larger patient series and longer-term follow-up are needed. In addition, severe
calcification of the aortic valve leaflets, particular if asymmetrical, is a known cause
of paravalvular aortic regurgitation, and therefore should be evaluated during the
screening process.41
Cardiac Factors
The degree of LVOT calcification should be evaluated preferably using MDCT. A recent study reported that moderate-severe calcification of the LVOT was associated
with an increased risk of aortic root rupture during TAVI with balloon expandable
prostheses.30 In cases of a pronounced sigmoid septum, the transapical approach
may be preferred to allow adequate positioning and anchorage of the prosthesis.42
Coronary Artery Disease
Significant coronary artery disease is present in 40 to 75% of patients undergoing
TAVI.43 Patients with coronary artery disease tend to have higher surgical risk scores
and associated comorbidities than those without. The general consensus is that revascularization should be considered for severe coronary stenosis in proximal epicardial coronary vessels that subtend a large area of myocardium.43 However, patients with severe aortic stenosis and triple vessel disease with a SYNTAX score ≥33
should be considered for SAVR where feasible.43 There is also debate regarding the
timing of revascularization. Although both concomitant and staged strategies have
been reported successfully,44 the latter approach appears to be more commonly
used.43
9
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Low-flow, Low-gradient Severe Aortic Stenosis
A very low LVEF (<30%) among patients with severe AS has a negative prognostic
impact in patients treated conservatively.45 However, patients presenting with a
low LVEF and high gradient generally have better LVEF recovery following SAVR as
compared with patients with a low LVEF in combination with a low mean gradient.46
The latter condition is referred to as low-flow (i.e. LVEF ≤40%), low-gradient (mean
gradient ≤40mmHg but aortic valve area <1cm2) (LFLG) severe AS and is present in
5 – 10% of patients presenting with severe AS.47 This condition is challenging to
manage because conservatively managed patients have a dismal prognosis, yet
those undergoing SAVR have a high perioperative mortality particularly in the absence of contractile reserve.48 A recent sub-analysis of the PARTNER trial revealed
that 2-year mortality was significantly reduced (HR 0.43, p=0.04) with TAVI as compared with medical management among patients (n=42) with LFLG severe AS from
the inoperable B cohort.49 Recently, it was demonstrated that patients with LFLG
severe AS had overall 30-day and 1-year mortality rates similar to high-gradient patients following TAVI, albeit with an higher incidence of 1-year cardiac mortality
among LFLG patients.50 It was also found that patients with a low LVEF (≤40%) and
high-gradient (mean gradient>40mmHg) had significantly improved LVEF recovery
following TAVI as compared to patients with LFLG severe AS.50 In 2007, a novel entity, paradoxical low-flow (LVEF ≥50%, but stroke volume index (SVI) ≤35mL/m2),
low-gradient (≤40mmHg) severe AS (AVA <1cm2) (PLF-LG) was described and symptomatic patients managed conservatively had a higher mortality compared to patients undergoing SAVR.51 Herrmann et al, in a post-hoc analysis of the PARTNER
trial, showed that among the cohort of patients with PLF-LG, those undergoing TAVI
had significantly improved survival when compared with patients undergoing medical management.49, 52 A recent study reported that PLF-LG patients undergoing
TAVI have a high arterial afterload despite a low mean gradient and that these patients derive functional benefit from TAVI with clinical outcomes similar to highgradient patients.50
Contraindications to TAVI
Clinical contraindications include a life expectancy <1 year or unlikely improvement
in quality of life by TAVI because of comorbidities.4 Severe concomitant primary
disease of other valves, which contribute predominantly to the patients symptoms
10
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and can only be treated by surgery is another contraindication.4 Anatomical contraindications include inadequate annulus size (<18mm or >29mm), presence of left
ventricular thrombus, active endocarditis, high risk of coronary obstruction (asymmetric valve calcification, short annular-ostial distance, small aortic sinus dimensions), large plaques with mobile thrombi in the ascending aorta or arch or inadequate vascular access (for transfemoral/subclavian approach) due to vessel size,
calcification or tortuosity.4 In addition, the ESC guidelines have stressed the absence of a “heart team” and on-site cardiac surgery as contraindications to TAVI.4
Relative contraindications include bicuspid or non-calcified valves, and untreated
coronary artery disease requiring revascularization. For the transapical approach,
severe pulmonary disease and an inaccessible LV apex remain important caveats.4
B. HOW TO CHOOSE THE BEST PROCEDURE
1. Transcatheter Heart Valve Bioprosthesis
Seven THV bioprostheses have received Conformité Européenne (CE) mark approval at the time of writing (July 2013) (Table 4). The Edwards SAPIEN is the only
device to have received Food and Drug Administration (FDA) approval in the United
States (US) for clinical use in either inoperable (November 2011) or high-risk (October 2012) patients to date. Outside the US, the two most commonly used THV are
the Edwards SAPIEN XT and Medtronic CoreValve devices at this point in time. The
Edwards SAPIEN XT is a balloon expandable prosthesis made from a cobalt-chromium frame, trileaflet bovine pericardial leaflets, and polyethylene terephthalate
(PET) fabric skirt.53 The leaflets undergo a proprietary anti-calcification treatment
(ThermaFixTM) process.53 The Edwards SAPIEN XT is available in 4 sizes (20, 23, 26,
and 29mm) and can be implanted in native annuli with diameters of 16 to 27 mm.
The current third-generation Medtronic CoreValve bioprosthesis is a self-expandable valve, comprising a nitinol frame, trileaflet porcine pericardial leaflets, and porcine pericardium fabric skirt. The leaflets also undergo an anti-calcification treatment using AOA (alpha-amino-oleic acid). The CoreValve is currently available in 4
sizes (23mm, 26mm, 29mm, and 31mm) and can be implanted in native annuli with
diameters ranging from 20 to 29mm. The valve has received CE mark approval for
implantation via the transfemoral, transaxillary/transsubclavian and direct aortic
routes.
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Instances when a self-expandable devices may be preferable over a balloon-expandable prosthesis include patients with large annuli (>27mm), heavy calcification
of the aortic annulus/LVOT with an attendant risk of rupture, very low take off of
the coronary arteries (<8mm), small left ventricular cavity, severely depressed LVEF
(since at least one episode of rapid pacing can be omitted), extremely oval-shaped
annulus or valve-in-valve procedures with small surgical prostheses.54 Conversely,
a balloon-expandable device may be preferable among patients with a dilated ascending aorta (>43mm), a high risk of atrioventricular conduction disturbances (e.g.
right bundle branch block on baseline electrocardiogram) or a horizontal ascending
aorta (consider transapical approach).54 In patients eligible for either prosthesis,
choice generally comes down to operator and/or institutional preference.
2. Access
The transfemoral route is generally considered the default approach when feasible
as it is least invasive. The fact that transfemoral TAVI can be performed as a completely percutaneous procedure in a consciously sedated patient under local anesthesia has resulted in shorter procedural times, shorter length of hospital stay and
earlier mobilization.55, 56 Concerns with this approach relate mainly to vascular complications, which have been shown to have an adverse impact on clinical outcomes.57 In the FRANCE 2 registry (n=3195), three-quarters of patients underwent
TAVI via the transfemoral route.58 Advantages with the transapical approach include a low risk of peripheral vascular injury, a direct pathway to the aortic valve,
and easier antegrade crossing of the aortic valve.59 Problems relate to direct myocardial injury, bleeding, injury to the mitral valve apparatus, haemodynamic instability, need for orotracheal intubation, post-operative respiratory compromise and
thoracotomy pain.59 Among patients with unfavourable iliofemoral anatomy, the
Medtonic CoreValve can be inserted via the transaxillary/transsubclavian route.60
In the absence of calcification, the minimum artery diameter should be at least
6mm for an 18F sheath but in patients with a patent left internal mammary artery
graft, the diameter should be ≥7.5mm in order not to obstruct flow to the graft.61
Normally, a surgical cut-down is performed, but a fully percutaneous procedure has
been described.62, 63 The direct aortic approach can be performed via a small right
upper “J” hemisternotomy or a small right anterior thoracotomy and has become
increasingly popular for implantation of both the Medtronic CoreValve and the Edwards SAPIEN devices.64 Advantages with the direct aortic approach include direct
12
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access to a large-calibre vessel thereby avoiding smaller arteries like the iliofemoral
or subclavian artery, a more direct pathway to the aortic valve and an operating
technique familiar to surgeons.54
Different sheath sizes are available depending on the size and make of the
transcatheter heart valve prosthesis and access route chosen. For the transfemoral
route, the Edwards e-Sheath, used with the NovaFlex + delivery system (Edwards
Lifesciences, Inc., Irvine, California), comes in 16F, 18F and 20F for the 20mm and
23mm (16F), 26mm (18F) and 29mm (20F) Edwards SAPIEN XT THV, respectively.
The e-Sheath has a Dynamic Expansion Mechanism enabling temporary expansion
of the sheath during passage of the transcatheter heart valve before resuming its
unexpanded shape. Minimal femoral artery diameters are 6mm for the 20mm and
23mm SAPIEN XT, 6.5mm for the 26mm SAPIEN XT and 7.0mm for the 29mm SAPIEN XT prostheses, respectively (Table 2). The ASCENDRA-IITM system (Edwards
Lifesciences, Inc., Irvine, California), used for the transapical approach, requires the
use of either a 24 F (23mm and 26mm SAPIEN XT) or a 26 F (29mm SAPIEN XT)
introducer sheath.
In the current iteration of the Medtronic CoreValve system, the 18F introducer
sheath is not supplied. Available sheaths for use with this system include the CheckFlo TM sheath (Cook Medical Inc., Bloomington, IN, USA), Ultimum TM sheath (St. Jude
Medical, Inc., St. Paul, MN, USA) Gore DrySeal TM Sheath (Gore Medical Inc., AZ,
USA) or the SoloPath TM sheath (Onset Medical Corp. CA, USA). The latter is a 14 F
expandable sheath and can be dilated to over 18 F with a balloon once introduced
into the artery, theoretically reducing the risk of arterial injury during sheath insertion.65 Sheath dimensions and minimal vascular dimensions are shown in Table 3.
3. Prevention of Complications
Meticulous pre-procedural planning can minimize the occurrence of complications.
Vascular complications remain an important concern with TAVI.57 Using the large
diameter 22F and 24 F RetroFlex delivery system, the incidence of major vascular
complications was 10.6%, 11.0% and 16.2% in the Edwards SAPIEN Aortic Bioprosthesis European Outcome (SOURCE) registry and PARTNER IA & B trials, respectively.20, 66, 67 Using the lower profile NovaFlex delivery systems, the SOURCE XT registry recently reported a reduced major vascular complication rate of 7.5%.68 In
addition, the PARTNER 2B trial revealed that “inoperable” patients undergoing TAVI
13
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with the newer generation SAPIEN XT and NovaFlex delivery system (18F and 19F)
had a significantly lower rate of major vascular complications as compared with
those undergoing TAVI with the earlier generation SAPIEN and RetroFlex 3 delivery
system (22F and 24F) (9.6% vs 15.5%, p=0.04).69 This was mainly driven by reductions in vascular perforations and dissections in the SAPIEN XT cohort.69 In addition
to the use of smaller sheaths, angiographic and computed tomographic screening
and patient selection have also been shown to reduce vascular complications.24
Therefore, rigorous screening of the peripheral vessels is essential. Stroke has
emerged as an important consideration. Major stroke was reported at a rate of
3.8% and 5.0% in the PARTNER A and B cohorts, respectively.20, 67 Predictors of
cerebrovascular events included prior stroke, smaller indexed aortic valve area,
higher NYHA functional class and transapical access.70 An increased risk of neurological events was observed in both SAVR and TAVI groups during the course of the
first week, but there was no subsequent increased risk over SAVR up until 2 years.70
Strategies suggested to reduce the acute stroke rate include omitting balloon aortic
valvuloplasty, minimizing the passage of guide wires and catheters across the aortic
arch and the use of embolic protection devices. Atrioventricular conduction disturbances requiring permanent pacemaker (PPM) insertion are more frequent after
TAVI than after SAVR with the use of self-expanding Medtronic CoreValve prosthesis but not with the balloon-expandable SAPIEN valve.20 Mechanical trauma to the
left bundle branch or His bundle located near the subannular membranous septum
may be responsible.71 Predictors of PPM insertion include pre-existing RBBB, balloon pre-dilatation, and prolonged QRS duration.72 A recent study reported that
survival up to 1-year follow-up was not worse among patients requiring a PPM after
TAVI, but the long-term effects of right ventricular pacing remain unknown.73 Paravalvular regurgitation is the result of prosthesis undersizing, malpositioning or malapposition secondary to excessive or asymmetric calcification.41, 74 Moderate or severe paravalvular regurgitation at thirty days was reported in 12.2% and 11.8% of
patients after TAVI in the PARTNER A & B cohorts, respectively, as compared with
just 0.9% in the PARTNER A SAVR cohort.20, 67 Several studies have shown that moderate or severe paravalvular regurgitation is associated with impaired prognosis after TAVI75, 76 Accurate annular measurements are important to avoid undersizing
and multimodality imaging can help assess the extent and location of calcification.
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FUTURE PERSPECTIVES
Further refinements in patient selection and technological improvements in
transcatheter delivery systems and bioprostheses are anticipated in the future. Several new transcatheter heart valve prostheses are in the pipeline (Table 5). Improved methods of patient risk stratification are required and ideally a dedicated
“TAVI risk score” should be developed and validated in a large population of TAVI
patients. Further downsizing of the introducer sheath may reduce the incidence of
vascular complications. For example, the newer generation Edwards SAPIEN 3TM
(Edwards Lifesciences, Inc., Irvine, California) can be introduced via a 14 F introducer sheath using the CommanderTM delivery system (Edwards Lifesciences, Inc.,
Irvine, California).77 The Medtronic CoreValve Evolut R™ (Medtronic, Minneapolis,
MN, USA) will be delivered via the EnVeo R delivery system, which also has a 14 F
inner diameter. In addition, percutaneous closure systems with reliable performance are needed. The incidence of paravalvular aortic regurgitation may be reduced by the development of completely repositionable and retrievable devices in
order to immediately correct malpositioning. This is now possible with several
newer generation THV bioprostheses including the St. Jude Medical PorticoTM (St.
Jude Medical, St. Paul, Minnesota), and Sadra Medical LotusTM (Boston Scientific,
Natick, Massachusetts) bioprostheses. In addition, newer generation THV bioprostheses such as the Edwards SAPIEN 3TM (Edwards Lifesciences, Inc., Irvine, California) have unique sealing mechanisms to further reduce paravalvular aortic regurgitation. Other refinements needed are mechanisms to reduce stroke risk and heart
block. TAVI has already been performed in lower risk patients and clinical outcomes
are in fact better.78 The extension of TAVI to intermediate-risk patients is currently
the subject of the ongoing SURTAVI and PARTNER 2A randomized clinical trials. Further data on long-term valve durability is also required.
CONCLUSIONS
The success of TAVI over the past decade can be attributed in large part to the rigorous preinterventional screening of clinical and anatomical patient characteristics
and to the multidisciplinary collaborative approach in selecting the most appropriate patients for this procedure. Multimodality imaging has also played a role. Further refinements in risk stratification and technological advancements in transcatheter heart valves and delivery systems should lead to lower complication rates and
improved clinical outcomes in the future.
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FIGURES
Figure 1
Clinical decision algorithm for patients presenting with severe symptomatic aortic
stenosis. Adapted and modified from Webb et al9 with permission from Elsevier.
AVR = aortic valve replacement; TAVI = transcatheter aortic valve replacement
Figure 2
Imaging of the femoral arteries using contrast angiography (a) and three dimensional reconstruction using multidetector computed tomography (MDCT) (b). Preinterventional multimodality imaging is important to assess the minimal femoral
diameters, calcific burden and degree of tortuosity of the peripheral vessels
Figure 3
Calculating the distance between the aortic annular plane and left (a) and right (b)
coronary ostia using multidetector computed tomography (MDCT). A recent study
using MDCT revealed that the mean distance between the aortic annulus and left
coronary artery is 14.4±3.6 mm and the mean distance between the aortic annulus
and right coronary artery is 16.7±3.6 mm.30 An adequate distance between the aortic annulus and coronary ostia (>10mm) is critically important for implantation of
balloon expandable bioprostheses and must be determined during the screening
process
Figure 4
The aortic annulus used for the purposes of aortic prosthesis sizing concerns a virtual ring formed by the basal attachments of the aortic valve cusps located at the
base of the crown. The ring formed at the top of the crown represents a true ring
and forms the sinotubular junction. Figure adapted from Sinning et al62 and used
with permission from Elsevier
Figure 5
Multimodality imaging of the aortic annulus. The annulus may be imaged using the
120 to 140 long-axis view (3-chamber view) in transesophageal echocardiography (a) or using multidetector computed tomography (MDCT) (b-d). The virtual
annulus is measured at the level of the basal attachments of the aortic valve leaflets
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(b). A multiplanar reconstruction in the coronal view enables measurements of the
sinuses of Valsalva and ascending aorta (d)
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Table 1. Risk Models Used Among Cardiac Surgical Patients
Risk model

Recruitment period

Year published

Patient Population

N

Population region

Additive EuroSCORE10

1995

1999

65% isolated CABG

14,799

8 European countries

2003

29.4% valvular

Logistic EuroSCORE11
12

STS PROM Score

2002 – 2006

2009

100% isolated AVR

67,292

United States

EuroSCORE II13

2010

2012

46.7% CABG

22,381

43 countries worldwide

32,839

Great Britain and Ire-

30.2% AVR
Ambler Score14

1995 – 2003

2005

AVR±CABG
MVRR±CABG

German Aortic Valve Score15

2008

2013

Isolated AVR (n= 10,574)

land
11,147

Germany

8,943

United States

19,525

United States

4,914

United States

TAVI (n=573)
Northern New England

16

1991-2001

2004

65% AVR±CABG
35% MVRR±CABG

New York State

17

2001-2003

2007

55% isolated valve surgery
45% Valve surgery ±CABG

Providence Health System18

1997 – 2004

2005

68% isolated AVR
32% MVRR±CABG

EuroSCORE = European System for Cardiac Operative Risk Evaluation; STS-PROM = Society of Thoracic Surgeons – Predicted Risk Of Mortality; CABG = coronary artery bypass grafting; AVR =
aortic valve replacement; MVRR = mitral valve replacement or repair; TAVI = transcatheter aortic valve implantation.
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Table 2. Edwards SAPIEN/XT Delivery Systems and Introducer Sheaths (Edwards LifeSciences, Irvine, CA)
eSheathTM

NovaFlexTM introducer sheath

Retroflex3TM introducer sheath
22F

14F

16F

18F

20F

18F

19F

Delivery system

CommanderTM

NovaFlex+TM

NovaFlex+TM

NovaFlex+TM

NovaFlexTM

NovaFlexTM

Recommended valve

SAPIEN

3TM

SAPIEN XTTM

SAPIEN XTTM

SAPIEN XTTM

SAPIEN

20mm

26mm

29mm

20mm

26mm

23mm

XTTM

SAPIEN

XTTM

RetroFlex

24F
3TM

RetroFlex 3TM

SAPIENTM 23mm

SAPIENTM 26mm

26mm

23mm

Sheath ID (mm)

Unexpanded

4.7

5.3

5.9

6.7

6

6.3

7.62

8.38

Sheath OD (mm)

Unexpanded

6.0

6.7

7.2

8

7.2

7.5

8.38

9.2

Expanded with valve

8.0

8.9

8.9

9.9

-

-

-

-

6

6

6.5

7

6

6.5

7

8

Recommended minimum artery diameter
(mm)
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Table 3. Introducer Sheaths Used with the Medtronic CoreValve
Manufacturer

Sheath

Cook Medical Inc., Bloomington, IN, USA

Check-FloTM

St. Jude Medical, Inc., St. Paul, MN, USA

UltimumTM

Onset Medical Corp. CA, USA

Gore Medical Inc., AZ, USA

Internal

Introducer

SoloPathTM Balloon Expandable Transfemoral Introducer

DrySheathTM

*French size = 3 x internal diameter in millimeters. Therefore 18 F = 6mm etc.
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Diameter

External Diame-

(French*)

ter (mm)

18

7.2

18

6.8

19

7.6

21

8.2

18

7.3

19

7.7

21

8

16

6.2

18

6.8

20

7.5
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Table 4. Current CE mark Approved Transcatheter Heart Valve Bioprostheses*
Device

Manufacturer

Medtronic
CoreValve

Medtronic,

TM

Route

Inc.

TF

Minneapolis, MN

Delivery

Mode of expan-

Valve

site

sion

material

Native

Self-expandable

Porcine

Stent frame

Sizes, mm

CE Mark approval

Nitinol

26,29

May 2007

26,29

December

valve
TS

2010
TF,TS

31

August 2011

DA

26,29,31

November
2011

TF,TS,DA

23

September
2012

TF,TS,DA

Valve-in-

23,26,29,31

May 2013

23,26

March 2010

TA

29

March 2011

TF

29

May 2012

23,25,27

September

Valve
Edwards

SAPIEN

XTTM

Symetis

Edwards

Lifesci-

TF,TA

ences Inc., CA, USA

Acurate

TM

TA

Symetis
Ecublens,

SA,

TA

Switzer-

Native va-

Balloon-expan-

lve

dable

Native va-

Self-expandable

Bovine

Cobalt

chro-

mium

Porcine

Nitinol

lve

2011

land
JenaValve

TM

JenaValve, Munich,
Germany

TA

Native va-

Self-expandable

lve

Porcine

Nitinol

23,25,27

September
2011
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St. Jude PorticoTM

St.

Jude

Medical

TF

Inc., MN, USA
Direct Flow Medi-

cal

cal, Santa Rosa, CA

gerTM

Enga-

Medtronic,

Self-expandable

Bovine

Nitinol

23

lve

Direct Flow Medi-

Medtronic

Native va-

Inc.

Minneapolis, MN

TF

Native va-

November
2012

Polymerization

Bovine

Polymer

25,27

January 2013

Self-expandable

Bovine

Nitinol

23

February

lve
TA

Native valve

2013

*CE mark approved devices as of August 2013; TF = transfemoral; TS = transsubclavian; DA = direct aortic.
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Table 5. Devices pending CE Mark Approval*
Device

Manufacturer

Route

Mode of expansion

Valve material

Stent frame

Sizes

Edwards SAPIEN XTTM

Edwards Lifesciences Inc., CA, USA

TF, TA, DA

Balloon-expandable

Bovine

Cobalt chromium

20

Edwards SAPIEN 3TM

Edwards Lifesciences Inc., CA, USA

TF

Balloon-expandable

Bovine

Cobalt chromium

26

Edwards CENTERATM

Edwards Lifesciences Inc., CA, USA

TF, TAx

Self-expandable (motorized system)

Bovine

Nitinol

26

Medtronic CoreValve Evo-

Medtronic, Minneapolis, MN, USA

TF, TA, DA

Self-expandable

Porcine

Nitinol

23, 26, 29, 31

St. Jude Medical Inc., MN, USA

TF, TA

Self-expandable

Bovine

Nitinol

25

Boston Scientific Inc., MN, USA

TF

Unique expansion mechanism†

Bovine

Nitinol

23,27

Symetis ACURATE TF™

Symetis SA, Ecublens, Switzerland

TF

Self-expandable

Porcine

Nitinol

23,25,27

NVT ALLEGRATM

New valve technology, Muri, Swit-

TF

Self-expandable

Bovine

Nitinol

23,27,31

TA

Balloon-expandable

Bovine

Stainless steel‡

20,22,24,26,28

lut RTM
St. Jude PorticoTM
Sadra

Medical

LotusTM

valve

zerland
INOVARETM

Braile Biomèdica, São José do Rio
Preto, Brazil

*Devices pending CE mark approval as of August 2013; †The Lotus valve expands in the native annulus as it shortens (the “Chinese finger trap” principle). ‡Cobalt chromium version now available also.
NVT = new valve technologies
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ABSTRACT
Low-flow, low-gradient severe aortic stenosis (AS) is characterized by a small aortic
valve area (AVA) and low mean gradient (MG) secondary to a low cardiac output
and may occur in patients with either a preserved or reduced left ventricular ejection fraction (LVEF). Symptomatic patients presenting with low-flow, low-gradient
severe AS have a dismal prognosis independent of baseline LVEF if managed conservatively and therefore should undergo aortic valve replacement if feasible.
Transthoracic echocardiography (TTE) is the first line investigation for the assessment of AS haemodynamic severity. However, when confronted with guideline discordant AVA (small) and MG (low) values there are several reasons other than severe AS combined with a low cardiac output, which may lead to such a situation
including erroneous measurements, small body size, inherent inconsistencies in the
guidelines criteria, prolonged ejection time and aortic pseudostenosis. The distinction between these various entities poses a diagnostic challenge. However, it is
important to make it because each has very different implications in terms of risk
stratification and therapeutic management. In such instances, cardiac catheterization forms an integral part of the work-up of these patients in order to confirm or
refute the echocardiographic findings to appropriately guide management decisions.
KEY WORDS: aortic stenosis, haemodynamic assessment, echocardiography, cardiac
catheterization
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INTRODUCTION
Severe aortic stenosis (AS) is associated with a dismal outcome once symptoms ensue unless the obstruction is mechanically removed.1, 2 Transvalvular pressure gradient and aortic valve area (AVA) are the most important parameters to determine
AS haemodynamic severity and their accurate measurement is essential to guide
patient management.3, 4 The European Society of Cardiology guidelines define severe AS as an AVA <1.0 cm2 and a mean gradient (MG) >40 mmHg in the presence
of a normal cardiac output.3 Transthoracic echocardiography (TTE) is the first line
investigation for the assessment of AS severity.3, 4 Invasive evaluation using cardiac
catheterization is guideline recommended when noninvasive data are nondiagnostic or if there is a discrepancy between clinical and echocardiographic evaluation.4
When MG and AVA are guideline concordant (e.g. AVA <1 cm2 and MG >40 mmHg),
no further investigations of haemodynamic AS severity are usually required and
management decisions are typically straightforward.3, 4 Diagnostic dilemmas arise
when guideline discordant values such as an AVA in the severe range (i.e. AVA
<1cm2) and a MG in the moderate range (i.e. <40mmHg) are found.5-9 In the presence of true severe AS such discordance is related to low transvalvular flow since
the pressure gradient is directly proportional to the squared function of flow such
that even a small reduction in flow-rate can result in significant reductions in pressure gradient (Table 1).10 While this condition, known as low-flow, low-gradient severe AS, has classically been associated with left ventricular systolic dysfunction
(LEF-LG),11 recently it has been shown to occur even among patients with preserved
LV systolic function but reduced transvalvular flow, a condition referred to as “paradoxical” low-flow, low-gradient (PLF-LG) severe AS (figure 1).9 The prevalence of
“classical” LEF-LG severe AS is 5-10%,12 whereas that of PLF-LG is typically higher (525%).10 Patients presenting with symptomatic low-flow, low-gradient severe AS and
either reduced or preserved LV systolic function have a poor prognosis if managed
conservatively and should undergo aortic valve replacement if feasible.3, 4, 9, 13-15
Transcatheter aortic valve implantation (TAVI) is also a feasible therapeutic option
for these patients.16-19 However, low-flow, low-gradient severe AS poses a diagnostic
challenge as severe AS combined with a low cardiac output is not the only cause of
guideline discordant AVA (small) and gradient (low) values. Other reasons for this
presentation include measurement errors, small body size, inherent discrepancies
in the guidelines criteria, prolonged left ventricular ejection time and pseudosevere
AS.10, 20 The accurate distinction between these various entities is critical given that
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they may have very different implications in terms of risk stratification and therapeutic management. The most reliable and efficient way to do this in a symptomatic
patient is to perform an invasive evaluation of AS severity by directly recording the
transvalvular pressure gradient and calculate the AVA using the Gorlin equation.
Furthermore, a dobutamine stress test assessing the presence of contractile reserve
and excluding pseudostenosis can be safely performed in the catheterization laboratory.4, 21 These ancillary investigations can be easily done at the time of coronary
angiography, which is recommended by the 2014 American Heart Association/American College of Cardiology guidelines before valve intervention in all patients with decreased LV systolic function, history of coronary artery disease, or coronary risk factors (including men age >40 and postmenopausal women).4 This
recommendation encompasses all patients with “classical” LEF-LG and most patients with PLF-LG, who typically tend to be older females.
DOPPLER ECHOCARDIOGRAPHY VERSUS CARDIAC CATHETERIZATION
Current guidelines do not distinguish between catheterization and Doppler measurements, as though values for gradient and AVA derived from either method were
synonymous.3, 4 Furthermore, cutoff values used for defining the haemodynamic
severity of AS are based on data derived from catheterization studies, whereas
Doppler measurements are used in routine clinical practice.22 The guideline assumptions are problematic for two reasons. First, pressure recovery can cause significant discrepancies between Doppler echo and cardiac catheterization derived
pressure gradients owing to the fact that kinetic energy of blood is converted back
to potential energy downstream in the ascending aorta.23 Therefore, catheterization derived gradients are lower than those derived from Doppler echocardiography. This phenomenon is particularly accentuated in patients with small aortic
diameters (<30mm) or aortic valve orifices in the moderate to severe range (AVA
0.8cm2 – 1.2cm2).22 However, it is the net gradient recorded at catheterization that
reflects the true haemodynamic significance of a stenosis.22 Second, Doppler echocardiography measures the effective orifice area, whereas cardiac catheterization
attempts to measure the anatomic valve area.22, 24 Because flow streamlines continue to contract for a variable distance after the anatomical orifice, the echo derived effective orifice area is smaller than the anatomic AVA.24 The net effect is that
echo tends to yield larger pressure gradients and smaller valve areas as compared
with catheterization measurements (assuming no measurement errors) and therefore systematically overestimates AS severity.
42

Chapter 1
Limitations with Echocardiographic MG and AVA calculation
All TTE measurements are operator dependent and require sufficient image quality
to obtain accurate recordings. For example, a non-parallel intercept angle between
the ultrasound beam and the left ventricular outflow tract (LVOT) and aortic Doppler signals may lead to underestimation of the transvalvular aortic gradient (figure
2). Measurements of the LVOT diameter are particularly prone to error due to considerable inter- and intraobserver variability. For example, in patients presenting
with a densely calcified aortic valve or irregular calcium mass at the level of the
aortic annulus, accurate assessment of the LVOT dimensions may be particularly
challenging. This can potentially result in over- or underestimation of the AVA as
the LVOT diameter is squared in the continuity equation. Furthermore, the continuity equation assumes a circular LVOT cross-section, whereas anatomic studies
and 3-dimensional imaging observed an elliptical shape in most patients.25 As a consequence, LVOT area and EOA are systematically underestimated using two-dimensional imaging. Another potential source of error is the exclusion of the subvalvular
velocity from the calculation of the transvalvular gradient, which is always considered negligible (<1m/s) using the simplified Bernoulli equation. However, this assumption is not applicable in the presence of significant subvalvular stenosis. As a
consequence, Doppler echocardiography may overestimate the transvalvular gradient when serial stenoses are present.26
Limitations with Invasive AVA Calculation
AVA is calculated in both the noninvasive and invasive laboratories using the same
basic hydraulic formula i.e. 𝑓𝑙𝑜𝑤 = 𝑎𝑟𝑒𝑎 ∗ 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, therefore 𝑎𝑟𝑒𝑎 =

𝑓𝑙𝑜𝑤
𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦

.

During cardiac catheterization the denominator in the equation (i.e. velocity) is not
directly measured but can be imputed with the Torricelli law from the catheter derived pressure gradient using the following formula: 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = √2𝑔𝑃, where g
is the velocity of acceleration resulting from gravity (i.e. 980.67 cm.s-2) and P is
the pressure gradient.24 The numerator, cardiac output, can be determined using
𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
) or thermodilution method.24 Oxygen content
𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡

either the Fick (i.e.

is directly assessed in catheterization laboratories employing the Fick method by
calculating the arteriovenous oxygen difference. Conversely, oxygen consumption
(VO2) is frequently estimated using various normograms and formulas usually
based on age, weight, body surface area (BSA) or a combination thereof (e.g.
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LaFarge Formula), because direct measurement of VO2 is time consuming, cumbersome and uncomfortable for the patient.

24

However, Gertz et al showed that as

compared with direct VO2, estimates of V02 based on body size significantly overestimate the cardiac output, while use of the LaFarge formula significantly underestimated it and ipso facto resulted in misclassification of AS severity.27 In fact, the
same investigators found that the best equations for estimating V02 in both an elderly population and patients with low cardiac output and severe AS were 2.5 ∗
𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔) and 100 ∗ 𝐵𝑆𝐴.28 Many laboratories now use thermodilution based
on an indicator dilution methodology to measure cardiac output. This method is
usually accurate in patients with a normal or high output who are in normal sinus
rhythm. However, it becomes inaccurate in patients with low-cardiac-output
states, significant tricuspid regurgitation, irregular rhythms and intracardiac
shunts.24 The original Gorlin formula for calculating AVA stated that 𝐴𝑎𝑛𝑎𝑡 =
𝐹/(𝐶𝑐 ∗ 𝐶𝑣 ∗ √2𝑔𝑃, where Aanat is anatomical AVA, F is flow or stroke volume, Cc
and Cv are the coefficients of contraction and velocity loss, respectively.29 Cc attempts to correct the flow area to the anatomic area, whereas Cv allows for the fact
that not all of the pressure gradient is converted to flow because some of the velocity is lost to friction within the valve. Because blood viscosity, turbulence, pulsatile flow, and the inconstant shape of deformed valves made it almost impossible
to predict the discharge coefficient analytically, the Gorlins used an empirical constant to make their calculated mitral valve areas align better with actual valve areas
obtained at autopsy or surgery.29 However, an empirical constant was not developed for the aortic valve and is in fact assumed to be 1, which is theoretically impossible. Therefore, the final Gorlin formula is 𝐴𝑎𝑛𝑎𝑡 =

𝐹
44.3√𝑃

where 44.3 =

√2 ∗ 980.67, although the latter equation ignores the conversion of cm H2O to mm
Hg and the mass density of blood.22 These factors are important in understanding
that invasively calculated valve areas also have limitations in the assessment of AS
haemodynamic severity.
Invasive Work-up of “Classical” Low-flow, Low-gradient Severe AS: Differentiating “True-severe” From “Pseudo-severe” Aortic Stenosis
True severe AS is considered present when the MG increases to greater than 3040mmHg but the AVA remains fixed at <1.0 – 1.2 cm2 at peak dobutamine infusion.12 Conversely, pseudosevere AS is present when the MG remains unchanged
but the AVA increases in size with increasing dobutamine doses.12 Nishimura et al
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previously demonstrated the safety and diagnostic efficacy of performing a dobutamine challenge in the catheterization laboratory.21 This can easily be performed
at the time of coronary angiography and is arguably safer than in the echocardiography laboratory since the patient can be intensely monitored and promptly
treated for any occurrences of dobutamine induced arrhythmias. This is reflected
in the 2014 AHA/ACC guidelines which states that low-dose dobutamine stress testing can be performed using either echocardiographic or invasive haemodynamic
measurements.4 The MG threshold at which a low-dose dobutamine challenge
should be performed has been debated. The AHA/ACC guidelines recommending
stress testing among LEF-LG patients with a MG < 40 mmHg.4 However, a previous
study argued that only patents with a MG ≤30mmHg require stress testing since all
LEF-LG patients with a MG >30mmHg in conjunction with a small AVA were observed to have severe AS at the time of operation in this particular study.21
Contractile reserve is absent in about one third of patients with classical LEF-LG
severe AS and this poses a diagnostic challenge because the degree of stenosis severity often remains indeterminate after DSE.10 In such situations the mean transvalvular flow rate (Q) can be derived by dividing stroke volume by LV ejection time
(echo) or systolic ejection period (catheterization) to derive the simplified projected
AVA to determine the projected valve area at normal flow rate:
𝐴𝑉𝐴𝑝𝑟𝑜𝑗 =

𝐴𝑉𝐴𝑝𝑒𝑎𝑘 − 𝐴𝑉𝐴𝑟𝑒𝑠𝑡
𝑋 (250 − 𝑄𝑟𝑒𝑠𝑡 ) + 𝐴𝑉𝐴𝑟𝑒𝑠𝑡
𝑄𝑝𝑒𝑎𝑘 − 𝑄𝑟𝑒𝑠𝑡

where AVArest and Qrest are AVA and Q at rest, and AVApeak and Qpeak are AVA and Q
measured at peak dobutamine infusion.30 However, in ≈10-20% of cases the increase in Q is insufficient to determine the AVAproj and in such cases multidetector
computed tomograpy (MDCT) may be useful for determination of the aortic valve
calcium load and density with patients having higher values being more likely to
have severe AS. 10
It is important to note that retrograde catheterization of the aortic valve in valvular
stenosis is associated with an increased risk of cerebral embolism.31 Patients should
be informed of this risk and therefore retrograde catheterization should only be
performed in patients with discordant echocardiographic findings.
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Invasive Work-up of “Paradoxical” Low-flow, Low-gradient Severe AS.
Guideline discordant AVA (small) and MG (low) values are present in up to a third
of patients with aortic stenosis and preserved LV systolic function (LVEF ≥50%) and
may be due to measurement errors, small body size, inherent inconsistencies in the
guidelines criteria, a prolonged ejection time or PLF-LG severe AS.5, 6, 10 Because
symptomatic patients with the latter condition have a dismal outcome if managed
conservatively,9, 15 it is important to exclude other causes of guideline discordant
presentations which do not require aortic valve replacement. An invasive evaluation can play a critical role in helping to accomplish this as demonstrated in figure
3.
Measurement Errors
Measurement errors can occur with the use of TTE for various reasons discussed
above. However, several methods may be used to noninvasively corroborate AVA
and stroke volume measurements. For example, in the absence of significant mitral
regurgitation, measurement errors in stroke volume calculation occurring with the
use of TTE can be reduced by corroborating Doppler stroke volumes with volumetric stroke volume obtained by multiplying the LVEF by the LV end-diastolic volume
derived by the Teicholz formula and by measuring the peak aortic jet velocity in all
available transducer windows using a nonimaging continuous wave Doppler transducer.7 Nevertheless, measurement error may persist despite these methods, particular in patients with poor acoustic windows, and in such cases an invasive evaluation is essential to determine the invasive MG and AVA calculated using the Gorlin
equation.
Small Body Size
Patients with small body size tend to have smaller LV cavities and therefore produce
lower stroke volumes and ultimately have lower mean gradients. Therefore small
body size may result in discordant AVA and MG values. However, this situation can
easily be resolved by indexing the AVA to body surface area with patients having an
indexed AVA ≤0.6 cm2.m-2 having severe AS. 12
Inherent Inconsistencies in the Guidelines Criteria
Carabello previously demonstrated that an AVA of 0.9 cm2 in fact corresponds to a
mean gradient of 32 mmHg in the presence of a normal cardiac output (6 litres per
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minute) meaning that the guidelines themselves are inherently inconsistent.1
Therefore, patients with discordant AVA (small) and MG (low) values with normal
flow (SVI >35 mL.m-2) are most likely have severe AS secondary to the inherent inconsistencies in the guidelines criteria.
Prolonged LV Ejection Time
Because LV ejection time is in the denominator of the equation for calculating the
transvalvular low rate (i.e. 𝑡𝑟𝑎𝑛𝑠𝑣𝑎𝑙𝑣𝑢𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 =

𝑠𝑡𝑟𝑜𝑘𝑒 𝑣𝑜𝑙𝑢𝑚𝑒
𝐿𝑉 𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

), a pro-

longed ejection period results in a lower gradient for a given AVA and stroke volume.10
Paradoxical Low-flow, Low-gradient Severe AS
Once the reasons above have been ruled out, patients presenting with a low gradient, small AVA and preserved LV systolic function likely have PLF-LG severe AS if the
stroke volume index is reduced (≤35 mL.m-2).9, 15 However, pseudostenosis may
also occur in this patient population and dobutamine stress echocardiography may
be required to diagnose true severe AS as proposed by Cavel et al.32 No studies to
date have validated the use of invasive dobutamine stress testing among patients
with PLF-LG severe AS and therefore further studies are required in this area. Previous studies have shown that patients with PLF-LG have clinical outcomes similar
to patients with high-gradient severe AS yet symptomatic patients are less likely to
be referred for aortic valve replacement because treating physicians often misinterpret the low-gradient to imply only moderate AS.9, 12, 15 It is also important to
note that systemic hypertension can influence the assessment of AS severity (generally causing overestimation of severity).33 Eleid et al demonstated in an invasive
haemodynamic study that the administration of a vasodilator reduced the arterial
afterload in patients with PLF-LG severe AS, which resulted in an increased stroke
volume and higher gradients.33 This elegant study demonstrated that the left ventricles of patients with PLF-LG severe AS in fact face a double load i.e. a valvular
load from the severe AS and an arterial load from the systemic hypertension. Therefore patients with PLF-LG severe AS and co-existent hypertension should first have
their blood pressure controlled prior to reassessing AS severity and symptomatic
status and this has been recommended by the recent AHA/ACC valvular heart disease guidelines.4
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Parameters to Assess Aortic Stenosis Haemodynamic Severity Other Than Mean
Gradient and AVA
In addition to AVA and MG, there are in fact several other parameters that may be
considered in the global evaluation of AS haemodynamic severity (Table 2).34 The
valvuloarterial impedance (Zva) is a haemodynamic measure of the global load (i.e.
valvular + arterial load) faced by the left ventricle.35 The Zva can be indirectly assessed using echocardiography or directly using catheterization (Table 2).20
Whether invasively derived Zva is associated with worse outcomes after TAVI has
yet to be determined.
CONCLUSION
Patients presenting with symptomatic low-flow, low-gradient severe aortic stenosis
and either reduced or preserved LV systolic function have a dismal prognosis if managed conservatively and therefore should undergo aortic valve replacement if feasible. However, other causes for small AVA and low MG measurements must first
be excluded. Because erroneous measurements are not infrequent with echocardiography and non-invasive corroborative methods may remain inconclusive, an invasive evaluation should be considered a sine qua non in the evaluation of lowflow, low-gradient AS haemodynamic severity.
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FIGURE LEGENDS
Figure 1
Cardiac catheterization (simultaneous pressure recording) and echocardiographic findings
in patients with high-gradient (HG) (A), paradoxical low-flow, low-gradient (PLF-LG) (B), and
low ejection fraction, low-flow, low-gradient (LEF-LG) severe aortic stenosis (C). Multidetector computer tomography (MDCT) demonstrated comparable levels of aortic valve calcification in all patients.
Figure 2
Underestimation of the mean gradient with the use of echocardiography due to measurement error. This patient was confirmed to have high-gradient severe aortic stenosis during
cardiac catheterization and subsequently underwent transcatheter aortic valve implantation with marked symptomatic improvement.
Figure 3.
Invasive evaluation of symptomatic patients with guideline discordant aortic valve area
(AVA) and mean gradient (MG) values on transthoracic echocardiography (TTE). A. Scatterplot of 64 patients with preserved left ventricular ejection fraction (≥50%) undergoing TTE
prior to transcatheter aortic valve implantation (TAVI) from our institution*. 44/64 (69%)
patients had guideline concordant MG and AVA values whereas 20/64 (31%) had guideline
discordant values. B. Scatterplot of the 20 patients with guideline discordant AVA and MG
values on TTE who subsequently underwent cardiac catheterization within 7 days of TTE.
Six patients were found to have a high gradient on catheterization, whereas 14 patients
were confirmed to have a low gradient. All 14 patients with a low MG on catheterization
had a low stroke volume index (≤35mL.m-2) calculated using the Fick method thereby confirming the diagnosis of “paradoxical” low-flow, low-gradient severe aortic stenosis. All 20
patients were therefore subsequently referred for TAVI. Had the invasive evaluation not
been performed, the TTE diagnosed normal-flow, low-gradient patients (blue circles) in
panel A may have been deemed to have guideline discordant values secondary to the inherent discrepancies in the guidelines criteria and may have been inappropriately treated
medically.*Bern University Hospital, Switzerland.
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Table 1. Relation of the stroke volume to the mean gradient.
Stroke volume

Mean Gradient

mL

mmHg

80

83

70

64

60

47

50

32

40

21

30

12

20

5

Data derived by solving the Gorlin equation for mean gradient (MG) i.e. 𝑀𝐺 = (

𝑆𝑡𝑟𝑜𝑘𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 2
) where
44.3∗𝑆𝐸𝑃∗𝐴𝑉𝐴

the aortic valve area (AVA) was assumed to be 0.60 cm2 and the systolic ejection period (SEP) was
assumed to be 0.33 seconds and the heart rate was assumed to be 80 beats per minute. Stroke volume
was calculated as cardiac output/heart rate.
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Table 2. Comparison of Non-invasive and Invasive Parameters for the Assessment of Aortic Stenosis
Parameter

Modality

Echocardiography

Catheterization

Criteria for Severe

Aortic jet velocity

Echo

Measured directly

√2𝑔𝑃

>4 m.s-1

Transvalvular gradient

Echo/Invasive

4V2

Measured directly

>40 mmHg

Aortic valve area

Echo/Invasive

𝑆𝑉𝐿𝑉𝑂𝑇
𝑉𝑇𝐼𝐿𝑉𝑂𝑇

𝑆𝑉𝐹𝑖𝑐𝑘

≤1.0 cm2*

44.3 ∗ 𝑆𝐸𝑃 ∗ √𝑃

Energy loss index

Echo

𝐸𝑂𝐴 ∗ 𝐴𝐴 ⁄𝐴𝐴 − 𝐸𝑂𝐴/𝐵𝑆𝐴

n/a

≤0.5-0.6 cm2.m-2

Stroke work loss

Echo/Invasvie

100 ∗ (𝑃𝑚𝑒𝑎𝑛 ⁄𝑆𝐵𝑃 + 𝑃𝑚𝑒𝑎𝑛 )

100 ∗ (𝑃𝑚𝑒𝑎𝑛 ⁄𝑆𝐴𝑃𝑖𝑛𝑣𝑎𝑠 + 𝑃𝑚𝑒𝑎𝑛 )

>25%

Valvular resistance

Echo/Invasive

(1333 𝑥 𝑃𝑚𝑒𝑎𝑛 )⁄𝑄𝑚𝑒𝑎𝑛 †

(𝑃𝑚𝑒𝑎𝑛 ∗ 𝐻𝑅 ∗ 𝑆𝐸𝑃⁄𝐶𝑂) ∗ 1.33

>250 dyne s cm-5

Systemic blood pressure

Noninvasive/Invasive

Measured non-invasively

Measured directly

>140/90 mmHg

Systemic arterial compliance

Echo/Invasive

𝑆𝑉𝐼⁄𝑆𝐵𝑃 − 𝐷𝐵𝑃

𝑆𝑉𝐼⁄𝑆𝐴𝑃𝑖𝑛𝑣𝑎𝑠 − 𝐷𝐴𝑃

≤0.6 ml.mm Hg-1.m-2

Systemic vascular resistance

Echo/Invasive

80 ∗ 𝑀𝐴𝑃⁄𝐶𝑂

80 ∗ 𝑀𝐴𝑃⁄𝐶𝑂

>2,000 dyne.s.cm-5

Echo/Invasive

𝑆𝐵𝑃 + 𝑃𝑚𝑒𝑎𝑛 ⁄𝑆𝑉𝐼

𝐿𝑉 𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
𝑆𝑉𝐼

>4.5 mm Hg.ml-1.m2

LVEF

Echo/Invasive

Various methods

𝐿𝑉𝐸𝐷𝑉 − 𝐿𝑉𝐸𝑆𝑉
∗ 100
𝐿𝑉𝐸𝐷𝑉

<50%

LV Stroke Work

Echo/Invasive

(𝑀𝐴𝑃 + 𝑃𝑚𝑒𝑎𝑛 ) ∗ 𝑆𝑉𝐷𝑜𝑝𝑝𝑙𝑒𝑟 ∗ 0.0136

(𝑀𝐴𝑃 + 𝑃𝑚𝑒𝑎𝑛 ) ∗ 𝑆𝑉𝐹𝑖𝑐𝑘 ∗ 0.0136

g.m.

Valvular Load

Arterial Load

Valvular + Arterial Load
Valvuloarterial impedance

Ventricular Parameters

*Hakki Formula can also be used to calculate aortic valve area:

𝐶𝑎𝑟𝑑𝑖𝑎𝑐 𝑂𝑢𝑡𝑝𝑢𝑡
√𝑃𝑚𝑒𝑎𝑛

; † Qmean = mean transvalvular flow rate (

𝑠𝑡𝑟𝑜𝑘𝑒 𝑣𝑜𝑙𝑢𝑚𝑒
𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐 𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

); AA=cross-sectional area of the

ascending aorta measured at 1 cm downstream of the sinotubular junction; BSA, body surface area; CO, cardiac output; CMRI, cardiac MRI; DAP = diastolic arterial
pressure; EOA, effective orifice area; g, velocity of acceleration resulting from gravity (i.e. 980.67 cm.s-2); HR = heart rate; MAP = mean arterial pressure (diastolic arterial
pressure + 1/3 pulse pressure); LV, left ventricular; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; n/a, non-applicable; Pmean,
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mean aortic pressure gradient; SAPinvas, systolic arterial pressure measured invasively; SBP = systolic blood pressure; SEP, systolic ejection period; SV, stroke volume; SVI,
stroke volume index; V, velocity; VTI, velocity time integral.
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FIGURE 1.
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FIGURE 2.
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FIGURE 3.
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ABSTRACT
Background: Our aim was to evaluate the invasive haemodynamic indices of highrisk symptomatic patients presenting with “paradoxical” low-flow, low-gradient, severe aortic stenosis (AS) (PLF-LG) and low-flow, low-gradient severe AS (LEF-LG) and
to compare clinical outcomes following transcatheter aortic valve implantation
(TAVI) among these challenging AS subgroups.
Methods and Results: Of 534 symptomatic patients undergoing TAVI, 385 had a full
pre-procedural right and left heart catheterization. 208 patients had high-gradient
severe AS (HGAS; mean gradient [MG] ≥40mmHg), 85 had PLF-LG (MG≤40mmHg,
indexed aortic valve area [iAVA] ≤0.6cm2.m-2, stroke volume index ≤35ml/m2, ejection fraction (EF) ≥50%) and 61 had LEF-LG (MG≤40mmHg, iAVA ≤0.6cm2.m-2, EF
≤40%). Compared with HGAS, PLF-LG and LEF-LG had higher systemic vascular resistances (HGAS: 1912654 vs PLF-LG: 2006586 vs LEF-LG: 2216765 dyne.s.cm-5,
p=0.007) but lower valvulo-arterial impedances (HGAS: 7.82.7 vs PLF-LG: 6.91.9
vs LEF-LG: 7.72.5 mmHg.mL-1.m-2, p=0.027). At 30-days, no differences in cardiac
death (6.5% vs 4.9% vs 6.6%, p=0.90) or death (8.4% vs 6.1% vs 6.6%, p=0.88) were
observed among HGAS, PLF-LG and LEF-LG groups, respectively. At 1-year, New
York Heart Association functional improvement occurred in most surviving patients
(HGAS: 69.2% vs PLF-LG: 71.7% vs LEF-LG: 89.3%, p=0.09) and no significant differences in overall mortality were observed (17.6%, vs 20.5%, vs 24.5%, p=0.67). Compared with HGAS, LEF-LG had a higher 1-year cardiac mortality (adj hazard ratio
2.45, 95% confidence interval 1.04-5.75, p=0.04).
Conclusions: TAVI in PLF-LG or LEF-LG patients is associated with overall mortality
rates comparable with HGAS patients and all groups profit symptomatically to a
similar extent.
KEY WORDS: Transcatheter aortic valve implantation, aortic stenosis, haemodynamics.

61

Chapter 2
INTRODUCTION
Severe aortic stenosis (AS) is defined by current guidelines as an aortic valve area
(AVA) <1 cm2 and a mean gradient (MG) >40mmHg in the presence of a normal
cardiac output.1 The management of symptomatic patients presenting with an AVA
and gradient pattern discordant with guideline criteria (e.g. MG ≤40mmHg and AVA
<1cm2) is controversial, and can occur among patients with either preserved or low
left ventricular ejection fraction (LVEF).2-12 Among patients with a low LVEF (≤40%),
the combination of a low-gradient (≤40mmHg) and small AVA (<1cm2) (LEF-LG) occurs in 5-10% of patients presenting with severe AS and is challenging because the
prognosis of conservatively managed patients is dismal, yet perioperative mortality
is high among those undergoing surgical aortic valve replacement (SAVR).4, 5, 7, 11
More recently, a new entity, paradoxical low-flow (LVEF ≥50%, but stroke volume
index [SVI] ≤35ml/m2), low-gradient (≤40mmHg), severe AS (AVA < 1cm2) (PLF-LG),
has been described and symptomatic patients treated conservatively had a higher
mortality compared with those undergoing SAVR.2, 12 Transcatheter aortic valve
implantation (TAVI) is an alternative treatment modality for high-risk or inoperable
patients with symptomatic severe AS.13, 14 To date, only few data exist on whether
patients presenting with symptomatic PLF-LG benefit from TAVI.15, 16 Among patients with LEF-LG, TAVI may be an attractive alternative to SAVR as it is less invasive,13 LV functional recovery is enhanced among patients with low EF undergoing
TAVI17 and transcatheter heart valve prostheses have a superior haemodynamic
profile.18 AS is considered a systemic disease and in quantifying overall disease severity, it is essential to consider the interrelation between valvular, arterial and ventricular variables that may contribute to the pathophysiology and prognosis in patients with AS.19 Therefore, in a high-risk patient population undergoing TAVI, we
sought firstly, to compare baseline physiologic variables using invasively derived
haemodynamic indices among patients with low-flow, low-gradient severe AS and
either preserved or low LVEF to patients with high-gradient (>40mmHg) severe AS
(HGAS) and secondly, to compare clinical outcomes among these three distinct AS
subgroups.
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METHODS
Patient population
This is a retrospective analysis of prospectively collected data within a dedicated
database that includes all patients with severe native-valve AS (indexed AVA [iAVA])
≤0.6cm2/m2 or MG >40 mmHg), who underwent TAVI at our institution between
August 2007 and August 2012 (n=534). All patients were deemed inoperable or at
high surgical risk for conventional surgery by a multidisciplinary team consisting of
interventional cardiologists and cardiothoracic surgeons. Included in this study
were all consecutive patients with: 1) symptomatic severe native-valve AS (iAVA
≤0.6cm2 and/or MG>40mmHg) 2) a full preprocedural right and left heart catheterization within 9-months prior to TAVI and 3) complete clinical follow-up data.
Figure 1 summarizes the patient flow. The 354 patients comprising the study population were subdivided into the following three groups:
Group 1: HGAS (MG >40mmHg) (n=208)
Group 2: PLF-LG (iAVA ≤0.6cm2, MG ≤40mmHg, SVI ≤35ml/m2, LVEF ≥50%) (n=85)
Group 3: LEF-LG (iAVA ≤0.6cm2, MG ≤40mmHg, LVEF ≤40%) (n=61).
The cohort study complies with the Declaration of Helsinki, was approved by the
local ethics committee, and all patients provided informed written consent.
Cardiac Catheterization
All patients underwent coronary angiography and right and left heart catheterization for haemodynamic assessment prior to TAVI. Data were prospectively entered
into a dedicated database. Intracardiac pressures were recorded with fluid-filled
catheters connected to pressure transducers. Coronary artery disease was defined
by a ≥50% lumen diameter narrowing of the left main coronary artery and ≥70% for
the major epicardial arteries. Multi-vessel CAD was defined as either left main or
two or three major epicardial vessel disease.
Cardiac Output
Cardiac output was determined using the Fick method and estimated oxygen consumption (VO2). For calculating Fick cardiac output, systemic arterial and pulmo-
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nary arterial oxygen saturation and hemoglobin were measured directly. The Krakau formula, an equation incorporating both body surface area and age, was the
standard equation used for VO2 estimation.20 Stroke volume (SV) was calculated in
all patients as the CO divided by the heart rate (HR) and was indexed to BSA for
calculation of the SVI.
Aortic Stenosis Severity
Left ventricular pressures were directly measured using fluid-filled, single-lumen
pigtail catheters attached to pressure transducers. Aortic valve gradients were
measured in all patients by pullback technique from the left ventricle to the ascending aorta. Peak-to-peak gradient was calculated as the difference between the LV
systolic pressure (LVSP) and the aortic systolic arterial pressure. Mean gradient,
represented by the area under the curve, was digitally calculated by the device software (Schwarzer Systems, Munich, Germany) by superimposing pressure recordings from 3 consecutive beats for patients in sinus rhythm and 5 consecutive beats
for patients in atrial fibrillation. AVA was derived from the Gorlin equation and
calculated as =

𝑪𝑶/𝑺𝑬𝑷∗𝑯𝑹
𝟒𝟒.𝟑√𝑷𝒎

, CO indicating cardiac output, HR heart rate and SEP

systolic ejection period and Pm mean gradient . Valvular resistance (VR) was calculated as 𝑽𝑹 = (𝑷𝒎 ∗ 𝑯𝑹 ∗ 𝑺𝑬𝑷/𝑪𝑶) ∗ 𝟏. 𝟑𝟑.
Arterial Afterload
Systolic arterial pressure (SAP) and diastolic arterial pressure (DAP) were measured
invasively and mean arterial pressure (MAP) was calculated as 𝑴𝑨𝑷 = 𝑫𝑨𝑷 +
𝟏/𝟑(𝑺𝑨𝑷 − 𝑫𝑨𝑷) . Systemic arterial compliance (SAC) was calculated as the ratio
of the SVI to the pulse pressure (SAP-DAP): 𝑺𝑨𝑪 =

𝑺𝑽𝑰
.21
𝑺𝑨𝑷−𝑫𝑨𝑷

Systemic vascular

resistance (SVR) was calculated using the formula 𝑺𝑽𝑹 = [(𝑴𝑨𝑷 − 𝑹𝑨𝒎) ∗
𝟖𝟎]/[𝑪𝑶] with RAm indicating the mean right atrial pressure.
Global Afterload
Valvuloarterial impedance (Zva), a measure of the global afterload impacting on the
left ventricle (i.e. valvular +arterial), was calculated using the formula of Briand et
al21: 𝒁𝒗𝒂 =

𝑳𝑽𝑺𝑷
,
𝑺𝑽𝑰

where LVSP is the LV systolic pressure.
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LV Systolic Function
LVEF was assessed before TAVI in all patients with transthoracic echocardiography
(TTE) using the biplane Simpson method and among 330/354 (93%) patients at the
time of LV angiography in the right anterior oblique projection. The remaining
24/354 (7%) did not undergo LV angiography because of renal impairment. For this
analysis, LVEF calculated at the time of LV angiography was used for calculations
and statistical analysis unless not performed, in which case the LVEF was calculated
from the most recent echocardiogram (n=24) performed around the time of cardiac
catheterization. In case of a disagreement among these methods, the reviewing
cardiologist selected the value that appeared the most representative.
Right Heart Pressures.
Pulmonary hypertension (PH) was defined as a mean pulmonary artery (PA) pressure ≥25mmHg and was subdivided into pre-capillary PH (left ventricular end-diastolic pressure [LVEDP] ≤15 mmHg) and post-capillary PH (LVEDP >15mmHg).
TAVI Procedure
TAVI was performed using standard techniques as previously described.22 Vascular
access was transfemoral using the Medtronic CoreValve Revalving System (MCRS)
(Medtronic, Inc., Minneapolis, Minnesota) or the Edwards SAPIEN valve (ESV) (Edwards Lifesciences, Irvine, California), transapical for the ESV or the self-expanding
Symetis ACURATE TA valve (SA) (Symetis Inc, Switzerland) or trans-subclavian using the MCRS.
Clinical Follow-up
Adverse events were assessed in hospital, and regular clinical follow-up was performed at 1, 6, and 12 months by means of a clinical visit or a standardized telephone interview. All suspected events were adjudicated by an unblinded clinical
event committee comprising a cardiac surgeon and interventional cardiologist.
Baseline clinical and procedural characteristics and all follow-up data were entered
into a dedicated database, held at an academic clinical trials unit (CTU Bern, Bern
University Hospital, Switzerland) responsible for central data audits and maintenance of the database.
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Definitions
Clinical endpoints were defined according to the criteria proposed by the Valve Academic Research Consortium (VARC).23
Study Endpoints
Primary endpoint was all-cause mortality, cardiovascular death and major adverse
cardiovascular and cerebrovascular events (MACCE) (composite of all-cause mortality, major stroke and myocardial infarction) at 30-days and 1-year. Secondary
endpoints included cerebrovascular events (major stroke, minor stroke, transient
ischemic attack) and myocardial infarction (MI) at 30 days and 1 year. In addition,
bleeding (life-threatening and major), acute renal failure, access site complications
(major and minor) and the VARC combined safety endpoint were assessed at 30
days. New York Heart Association (NYHA) functional class status and Canadian Cardiovascular Society (CCS) angina status were assessed at baseline and 1-year followup. Among patients with an LVEF ≤40%, LVEF recovery in patients with a low MG
(≤40mmHg; LEF-LG) was compared with LVEF recovery in patients with a high MG
(>40mmHg; low-flow, high-gradient patients [LEF-HG]) throughout 1-year post TAVI
using TTE. Finally, we assessed the prevalence and impact of patient prosthetic
mismatch (PPM) on all-cause mortality at one-year.
Statistics
Continuous data are presented as means  standard deviations (SD), and categorical variables are depicted as percentages and numbers. Categorical variables were
compared by means of the chi-square test (or Fisher’s test for two group comparisons), and continuous variables were compared using ANOVA (or unpaired t-test
for two group comparisons). LVEF was compared among LEF-LG and LEF-HG groups
before and after TAVI using the paired-samples T-test. NYHA and CCS functional
status at 1 year were analysed using chi-square tests comparing improved versus
not improved survivors across the three patient groups. Time-to-outcome data are
presented using Kaplan-Meier curves, with incidence rates calculated from life-tables, at 30 days and 1 year follow-up, respectively. Univariate and inverse probability treatment weighting (IPTW) adjusted Cox proportional hazards models were
used to derive hazard ratio estimates of clinical time-to-outcome comparisons between groups (death, cerebrovascular events, myocardial infarction and their composites). Univariate Poisson Regression models with robust error variances were
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used to derive risk ratio estimates of all other clinical outcome comparisons between groups. IPTW was calculated as the inverse probability of the group weight
from a multinomial regression with group as response (HGAS, PLF-LG or LEF-LG),
including the baseline predictors: age, gender, body mass index, previous MI, previous coronary artery bypass grafting, previous percutaneous coronary intervention (PCI), peripheral vascular disease (PVD) and coronary artery disease. All p values and 95% confidence intervals (CIs) are two-sided. Two-sided p values <0.05
were considered statistically significant. All analyses were performed with STATA
(version 12, StataCorp, College Station, Texas).
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RESULTS
Patient Characteristics. Baseline characteristics are given in Table I. Mean age was
82.5  5.2 years and significantly more females presented with HGAS compared
with LEF-LG. No significant differences were observed in the proportion of PLF-LG
patients presenting with NYHA class III/IV shortness of breath at baseline compared
with HGAS patients (61% vs 71%, p=0.13). PLF-LG patients, however, were more
likely to present with CCS class III/IV angina compared with HGAS patients (24% vs
10%, p=0.004). Significantly more patients with LEF-LG presented in NYHA class
III/IV compared with PLF-LG (82% vs 61%, p=0.012). LEF-LG patients had a significantly higher incidence of previous MI, moderate mitral regurgitation and logistic
EuroSCORE, compared with both HGAS and PLF-LG. LEF-LG patients also had a significantly higher rate of coronary artery disease compared with HGAS and a significantly higher STS score compared with PLF-LG. Both PLF-LG and LEF-LG groups had
significantly higher rates of multi-vessel coronary artery disease, PVD, previous PCI
and higher baseline clopidogrel use compared with HGAS patients.
Haemodynamic Characteristics
Haemodynamic characteristics are presented in Table 2 and figure 2. Median interval between cardiac catheterization and TAVI was 20 days (interquartile range
[IQR]: 8-40 days). All patients by definition had severe AS. PLF-LG patients, however, had a significantly larger AVA, iAVA and lower VR compared with both HGAS
and LEF-LG patients. HGAS patients had an overall higher global afterload (Zva) despite a significantly lower arterial afterload (SVR and SAP) compared with both PLFLG and LEF-LG groups because of a higher valvular load. Conversely, PLF-LG patients had a lower global afterload despite a significantly higher arterial afterload
compared with HGAS patients. LEF-LG patients had a lower systolic arterial pressure (pseudonormalization) yet a significantly higher SVR compared with both
HGAS and PLF-LG groups. In addition, LEF-LG patients had a significantly higher
global afterload compared with PLF-LG, but not HGAS, patients. Mean LVEF was
53%. Compared with HGAS, PLF-LG patients had a significantly higher LVEF despite
a significantly lower cardiac output. HGAS patients had significantly higher LVSP,
SV, SVI, CO and CI values compared with PLF-LG and LEF-LG groups, although the
latter four variables were all in the low range. Overall, 77% of patients had pulmonary hypertension (PH), which was secondary to left-sided heart disease in most
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(82%) cases. Incidence of PH was highest among LEF-LG (90%) and lowest among
PLF-LG (70%) patients.
Procedural Characteristics
Procedural characteristics are given in Table 3. Mean procedural time was 77.7 
35.7 minutes. Transfemoral route and Medtronic CoreValve were used in most
cases. More PLF-LG patients had transapical TAVI compared with HGAS. Significantly more patients with HGAS underwent concomitant PCI compared with LEFLG. Overall VARC device success was 86%. Main reason for absence of device success was post-procedural paravalvular aortic regurgitation ≥2+ but not a failure to
implant the device successfully.
Clinical Outcomes
Median follow-up was 370 days (IQR: 43-738 days) and no patients were lost to
follow-up. Event rates with crude and adjusted hazard ratios (HR) for all major clinical endpoints at 30 days and 12 months are provided in Tables 4 and 5.
Primary Endpoint at 30 days
No significant differences in MACCE (10.2% vs 6.1% vs 9.9%, p=0.58), cardiovascular
death (6.5% vs 4.9% vs 6.6%, p=0.90) or all-cause mortality (8.4% vs 6.1% vs 9.9%,
p=0.58) were observed at 30 days among HGAS, PLF-LG and LEF-LG groups, respectively.
Secondary Endpoints at 30 days
No significant differences were observed in cerebrovascular events, bleeding, acute
renal failure or access site complications between any groups at 30 days (Table 4).
Combined VARC safety endpoint was 25%, 17.6% and 31.1% (p=0.17) in HGAS, PLFLG and LEF-LG groups, respectively.
Primary Endpoint at 1 year
Survival curves for MACCE, cardiovascular death and all-cause mortality are shown
in figure 3. No significant differences in unadjusted rates of MACCE (21.5% vs 20.5%
vs 25.8%, p=0.74) and death (17.6% vs 20.5% vs 24.5%, p=0.67) were observed at
12 months among HGAS, PLF-LG and LEF-LG groups, respectively. However, compared with HGAS, a significantly higher rate of cardiovascular mortality at 12
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months was observed among LEF-LG patients (8.6% vs 22.5%, hazard ratio [HR]
2.39, 99% confidence interval [CI] 1.11-5.15, p=0.03) and the significance remained
after adjustment for age, gender, BMI, previous MI, CABG, PCI, PVD and coronary
artery disease (HR 2.45, 95% CI 1.04-5.75, p=0.04).
Secondary Endpoints at 1 year
No significant differences in cerebrovascular events or MI were observed at 1 year
follow-up between groups.
NYHA and CCS Functional Status at 1 year
89.3% , 71.7% and 69.2% of surviving LEF-LG, PLF-LG and HGAS patients, respectively, improved at least one NYHA level at one year (compared to no change or
worsened p=0.09; figure 4a). All patients with PLF-LG and LEF-LG improved at least
one CCS functional class level at one year as did 85% of HGAS patients (figure 4b).
Transthoracic echocardiography Follow-up Among LEF-LG and Low-flow, Highgradient (LEF-HG) Patients
Baseline and follow-up LVEF among patients with LEF-LG (n=61) and the subgroup
of patients (n=34) with low-flow (LVEF≤40%), high-gradient (>40mmHg) (LEF-HG)
severe AS are shown in figure 5. Compared with baseline, a significant improvement in LVEF was observed at 1-year follow-up among both LEF-LG (baseline LVEF:
28.25.9% vs 1-year LVEF: 39.413.6%, p=0.015) and LEF-HG (31.87.2 vs
50.114.2%, p<0.0001) groups after TAVI. Compared with LEF-HG, LVEF improvement was less among LEF-LG patients at 30-days (9.110.5% vs 21.411.2%,
p<0.001) and 1-year (11.214.1% vs 18.313.0%, p=0.17), although differences
were significant only at 30-days.
Patient-prosthetic Mismatch
PPM was defined as a post-procedural indexed AVA ≤0.85 cm2.m-2 using transthoracic echocardiography. The prevalence of PPM and post-procedural valvular haemodynamics are shown in Table 6. Post-procedural echocardiographic data were
available in 307/354 (87%) patients. Severe and moderate PPM was observed in 2%
and 25% of patients, respectively. No significant differences in the incidence of
PPM between groups were seen. In addition, no significant differences in one-year
overall mortality were observed among patients with and without PPM (Table 7).
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DISCUSSION
The main findings can be summarized as follows: First, we confirmed the presence
of PLF-AS using invasive haemodynamic indices among a high-risk cohort of patients undergoing TAVI. Most PLF-LG patients were symptomatic, had a high afterload and the majority demonstrated functional improvement 1-year following the
procedure. Clinical outcomes were similar to HGAS patients. Second, only limited
data are available on clinical outcomes among patients with LEF-LG undergoing
TAVI.24-26 We found that most surviving LEF-LG patients exhibited functional improvement at one-year follow-up. A significant improvement in LVEF compared
with baseline was observed among LEF-LG patients but the LVEF improvement was
less as compared with LEF-HG patients. Third, despite being at significantly higher
surgical risk, patients with LEF-LG had overall mortality rates similar to lower-risk
HGAS and PLF-LG patients. LEF-LG patients, however, were more likely to die from
cardiac causes compared with HGAS patients. Finally, patient prosthetic mismatch
did not appear to impact on overall mortality rates at one year even among LEF-LG
patients. Overall, the majority of patients demonstrated significant functional improvement following TAVI regardless of AS subtype. Therapeutic measures aimed
at reducing cardiovascular mortality among LEF-LG patients following TAVI should
be identified.
Paradoxical Low-flow AS
In the present study, patients presenting with PLF-LG were predominantly symptomatic, female, hypertensive octogenarians with a high incidence of multi-vessel
coronary artery disease and pulmonary hypertension. Herrmann et al, in a post-hoc
analysis of the Placement of Aortic Transcatheter Valves (PARTNER) trial, were first
to assess the clinical outcomes of patients with PLF-LG severe AS (defined using
echocardiographic criteria) undergoing TAVI with the Edwards SAPIEN valve (Edwards Lifesciences, Irvine, California).15 Among the cohort with PLF-LG, those undergoing TAVI had a significantly improved survival as compared with patients undergoing medical management at one year (Hazard Ratio 0.38, 95% confidence
interval 0.16-0.87, p=0.02). In addition, low flow (SVI≤35mL.m-2) was found to be
an independent predictor of mortality in all patient cohorts, whereas ejection fraction and gradient were not.15 The present study complements the PARTNER analysis by confirming the presence of PLF-LG among high-risk patients undergoing TAVI
using invasive haemodynamic data. In addition, the latter study did not provide
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data on the arterial afterload of patients with PLF-LG severe AS, which is thought
to play a key role in the pathophysiology of PLF-LG severe AS. We were able to
confirm using invasive haemodynamic indices that high-risk PLF-LG patients undergoing TAVI do indeed have an elevated afterload as reflected by a high systemic
vascular resistance and valvuloarterial impedance and low systemic arterial compliance. Furthermore, the PARTNER analysis excluded patients with severe obstructive coronary artery disease and no patients received a Medtronic CoreValve both
of which were included in the present analysis. It has previously been reported that
symptomatic patients presenting with features of PLF-LG were less likely to be referred to SAVR as compared with their high-gradient counterparts.2, 12 One reason
for this may be because a low MG among patients presenting with a normal LVEF is
perceived to imply a non-severe form of AS. However, MG is directly proportional
to the square of flow and inversely proportional to the square of AVA.12 Therefore,
even a small reduction in flow can lead to a substantial reduction in the MG, even
though LVEF may remain within the normal range. In the present study, all PLF-LG
patients had an LVEF ≥50%, a MG in the mild to moderate range, yet all had an
indexed AVA in the severe range suggesting severe AS. In such clinical scenarios,
recent studies have shown that the next important steps are to ensure that AVA is
indexed to body surface area (rule out small body size) and to assess the flow status.2, 12, 27 All PLF-LG had a low-flow pattern as indicated by a SVI ≤35mL.m-2. Following TAVI, the majority demonstrated excellent functional improvement yet only
one quarter of patients underwent revascularization, suggesting that the preprocedural symptoms were directly related to the valve stenosis in a majority of cases.
PLF-LG vs HGAS
By definition, all patients included in this study had severe AS defined by an indexed
AVA ≤0.6cm2.m-2. Compared with HGAS, however, PLF-LG patients had a significantly larger valve area indicating a less severe form of AS, although whether this
had clinical implications is unclear as there were no significant differences in baseline symptoms. In addition, while the arterial afterload was higher among PLF-LG
patients compared with HGAS, global afterload (Zva) was significantly lower. At
first glance these findings appear discordant with previous studies reporting either
a similar or smaller sized indexed AVA and a higher Zva among PLF-LG patients compared with normal flow, high-gradient patients.2, 12 Further analysis reveals, however, that most HGAS patients (80.3%) included in this study have in fact a low
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stroke volume and therefore this group predominantly comprises a low-flow, highgradient severe AS patient population. This high prevalence of low-flow among
HGAS patients is partly explained by the fact that a minority of these patients
(n=49/208; 24%) had a low LVEF (<50%). However, even among HGAS patients with
a preserved LVEF (n=159/208; 76%), low-flow was observed in a majority of patients (77%). In patients with severe AS and hypertrophied ventricles, an LVEF of
50% may not be entirely normal. In addition, similar to PLF-LG patients, the HGAS
patient population comprised elderly hypertensive patients with a high prevalence
of coronary artery disease. Therefore, both groups may have had intrinsic myocardial dysfunction caused by a chronically high afterload and/or ischemic heart disease resulting in a low-flow state, yet the HGAS group had a much greater stenosis
severity to the extent that despite low-flow, their gradients remained high (>40
mmHg). Therefore, even though the arterial afterload was significantly lower in
comparison with PLF-LG patients, HGAS patients nonetheless had an overall higher
global (valvular + arterial) afterload due predominantly to the valvular component.
A similar observation was reported in an echocardiographic study by Dumesnil et
al, where low-flow, high-gradient patients were found to have a smaller indexed
AVA (0.3 versus 0.5 cm2.m-2) and a higher Zva (6.0 versus 5.2 mmHg.mL-1.m-2) compared with PLF-LG patients.28
Low-flow, Low-gradient, Low EF
LEF-LG occurs in approximately 5-10% of all patients with severe AS.14 These patients are challenging to manage because they have a dismal prognosis with medical therapy7, yet have a high perioperative mortality (up to 22% in a recent series4)
undergoing SAVR.4, 7 TAVI has emerged as an alternative treatment option in this
difficult subgroup but to date, only limited data are available regarding the feasibility and outcome of TAVI among these patients.15, 24, 25 In a recent post-hoc analysis
of the PARTNER trial, 2-year mortality was significantly reduced (hazard ratio 0.43,
p=0.04) with TAVI as compared with medical management among the subset of
patients (n=42) with low flow (LF), low LVEF (LEF) and low gradient (LG) from the
inoperable B cohort.15 In addition, there were no significant differences in two-year
mortality rates between TAVI and SAVR among the subset of LF LEF LG patients
(n=105) in the high-risk A cohort (HR 1.25, p=0.50).15 However, in the latter cohort,
an early hazard associated with SAVR among LF patients was observed, that persisted to 6 months (relative risk 0.60, p=0.04) but was no longer apparent at 1-year.
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The observations made in this study further support the concept of TAVI as a viable
therapeutic option among these high-risk patients and can be summarized as follows: First, TAVI can be safely performed in LEF-LG patients. Despite being at significantly higher risk compared with HGAS patients (logistic EuroSCORE HGAS: 20.9%
vs LEF-LG: 38.0%, p<0.001), LEF-LG patients had similar 30-day and one-year overall
mortality rates compared with lower-risk PLF-LG and HGAS patients. However, LEFLG patients were at high-risk of cardiac death at 1-year. Therefore, the post procedural medical management of these patients is important and therapeutic strategies aimed at reducing cardiovascular mortality among this subgroup should be
identified. Second, LEF-LG patients have a very high arterial afterload despite a low
systolic arterial pressure and therefore a normal or low blood pressure reading
should not be thought of as equivalent to a normal vascular load among these patients. Third, the majority of patients surviving TAVI exhibited functional improvement at one year. Finally, among patients undergoing echocardiographic followup, a significant improvement in LVEF was observed following TAVI, although the
improvement in LVEF was less in LEF-LG patients as compared with LEF-HG patients.
This may have been related to a lack of contractile reserve among a proportion of
LEF-LG patients. Further studies are required to assess the impact of the presence
or absence of contractile reserve on clinical outcomes among this patient cohort
following TAVI. In addition, whether the residual arterial afterload remains higher
among LEF-LG patients compared with LEF-HG patients following TAVI is unclear.
This may be important as a higher residual arterial afterload may have implications
for post-procedural LVEF improvement. Finally, the overall incidence of PPM was
27%, which was lower than that reported by Jilaihawi et al (32%)29 and Tzikas et al
(39%)30 in a TAVI population. Among SAVR patients, Mohty et al reported that moderate to severe PPM was an independent predictor of late mortality among those
with a pre-operative LVEF <50%.31 In addition, Kulik et al reported that PPM (iAVA
≤0.85cm2.m-2) had an adverse impact on long-term outcomes among LEF-LG patients undergoing SAVR.32 In the present study, we found no association between
moderate-severe PPM and overall mortality at one year among LEF-LG patients undergoing TAVI. Further studies are required to compare the impact of PPM on clinical outcomes among low LVEF patients undergoing TAVI and SAVR.
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Limitations
First, this study reflects the experience of a single center only. However, to the best
of our knowledge, this is the first study comparing the invasive haemodynamic
characteristics among different subsets of patients with low-gradient aortic stenosis undergoing TAVI. Second, use of the estimated VO2 for cardiac output calculation has been shown to lead to both over- and underestimation of cardiac output
and therefore of SVI and AVA measurements. It has been shown that estimates of
VO2 based on body size significantly overestimated AVA among elderly patients.33
Therefore in the present study, it is possible that patients may have had their AVA
overestimated. In addition, Gertz et al found that invasive measurements of directly
measured VO2 AVAs were less congruent with 3-dimensional echocardiography in
low-flow states,33 which may have implications for the present study. Aortic valve
gradients were measured by pull-back technique and not by simultaneous measurement of LV and aortic pressures, which is considered optimal. The Gorlin constant, which is assumed to be “1” for aortic tricuspid valves, may contain inherent
inaccuracies when calculating AVAs using the Gorlin formula. Importantly, the flow
dependency of the Gorlin equation makes AVA assessment most inaccurate in lowflow states. Third, the role of indexing AVA for body size is controversial.34 However, we chose an iAVA ≤0.6cm2.m-2 as a cut-off criterion in order to rule out small
body size as a potential cause of a low gradient in the presence of a small AVA and
preserved LVEF.27 Fourth, although the haemodynamic and clinical data were prospectively collected, this is a retrospective study and therefore may be subjected
to confounding factors. Fifth, because this is an invasive haemodynamic study, the
findings may not necessarily be concordant with an echocardiographic study. 34 As
a result, only patients who underwent a preprocedural right and left heart catheterization with aortic valve crossing were included in the present analysis and therefore this is not a consecutive patient series. However, no significant differences in
baseline characteristics or clinical outcomes between included and excluded patients were observed (data not shown). Finally, because only a small proportion of
patients underwent dobutamine stress echocardiography, we were unable to stratify LEF-LG patients according to the presence or absence of flow reserve.
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CONCLUSIONS
Patients presenting with PLF-LG and LEF-LG had overall mortality rates comparable
with HGAS patients. LEF-LG patients, however, were more likely to die of cardiac
causes and therefore therapeutic measures aimed at reducing cardiovascular mortality among these patients following TAVI should be identified. Most surviving patients demonstrated functional improvement regardless of AS subtype.
Conflicts of Interest
Dr. Meier has received has received educational and research support to the institution from Abbott, Cordis, Boston Scientific, and Medtronic. Dr. Windecker has
received research contracts to the institution from Abbott, Boston Scientific, Biosensors, Cordis, Medtronic and St. Jude. Dr Wenaweser has received honoraria and
lecture fees from Medtronic and Edwards Lifesciences. Supported by an unrestricted research grant from Medtronic to the Institution (University of Berne).

76

Chapter 2
REFERENCES
1.

Vahanian A, Alfieri O, Andreotti F, Antunes MJ, Baron-Esquivias G, Baumgartner H,
Borger MA, Carrel TP, De Bonis M, Evangelista A, Falk V, Iung B, Lancellotti P,
Pierard L, Price S, Schafers HJ, Schuler G, Stepinska J, Swedberg K, Takkenberg J,
Von Oppell UO, Windecker S, Zamorano JL, Zembala M. Guidelines on the
management of valvular heart disease (version 2012). European Heart Journal.
2012;33:2451-2496

2.

Hachicha Z, Dumesnil JG, Bogaty P, Pibarot P. Paradoxical low-flow, low-gradient
severe aortic stenosis despite preserved ejection fraction is associated with higher
afterload and reduced survival. Circulation. 2007;115:2856-2864

3.

Jander N, Minners J, Holme I, Gerdts E, Boman K, Brudi P, Chambers JB, Egstrup K,
Kesaniemi YA, Malbecq W, Nienaber CA, Ray S, Rossebo A, Pedersen TR, Skjaerpe
T, Willenheimer R, Wachtell K, Neumann FJ, Gohlke-Barwolf C. Outcome of
patients with low-gradient "severe" aortic stenosis and preserved ejection
fraction. Circulation. 2011;123:887-895

4.

Tribouilloy C, Levy F, Rusinaru D, Gueret P, Petit-Eisenmann H, Baleynaud S, Jobic
Y, Adams C, Lelong B, Pasquet A, Chauvel C, Metz D, Quere JP, Monin JL. Outcome
after aortic valve replacement for low-flow/low-gradient aortic stenosis without
contractile reserve on dobutamine stress echocardiography. Journal of the
American College of Cardiology. 2009;53:1865-1873

5.

Levy F, Laurent M, Monin JL, Maillet JM, Pasquet A, Le Tourneau T, PetitEisenmann H, Gori M, Jobic Y, Bauer F, Chauvel C, Leguerrier A, Tribouilloy C. Aortic
valve replacement for low-flow/low-gradient aortic stenosis operative risk
stratification and long-term outcome: A european multicenter study. Journal of the
American College of Cardiology. 2008;51:1466-1472

6.

Quere JP, Monin JL, Levy F, Petit H, Baleynaud S, Chauvel C, Pop C, Ohlmann P,
Lelguen C, Dehant P, Gueret P, Tribouilloy C. Influence of preoperative left
ventricular contractile reserve on postoperative ejection fraction in low-gradient
aortic stenosis. Circulation. 2006;113:1738-1744

7.

Monin JL, Quere JP, Monchi M, Petit H, Baleynaud S, Chauvel C, Pop C, Ohlmann P,
Lelguen C, Dehant P, Tribouilloy C, Gueret P. Low-gradient aortic stenosis:
Operative risk stratification and predictors for long-term outcome: A multicenter
study using dobutamine stress hemodynamics. Circulation. 2003;108:319-324

8.

Nishimura RA, Grantham JA, Connolly HM, Schaff HV, Higano ST, Holmes DR, Jr.
Low-output, low-gradient aortic stenosis in patients with depressed left ventricular
systolic function: The clinical utility of the dobutamine challenge in the
catheterization laboratory. Circulation. 2002;106:809-813

77

Chapter 2
9.

Connolly HM, Oh JK, Schaff HV, Roger VL, Osborn SL, Hodge DO, Tajik AJ. Severe
aortic stenosis with low transvalvular gradient and severe left ventricular
dysfunction:Result of aortic valve replacement in 52 patients. Circulation.
2000;101:1940-1946

10.

Carabello BA, Green LH, Grossman W, Cohn LH, Koster JK, Collins JJ, Jr.
Hemodynamic determinants of prognosis of aortic valve replacement in critical
aortic stenosis and advanced congestive heart failure. Circulation. 1980;62:42-48

11.

Pibarot P, Dumesnil JG. Low-flow, low-gradient aortic stenosis with normal and
depressed left ventricular ejection fraction. Journal of the American College of
Cardiology. 2012;60:1845-1853

12.

Clavel MA, Dumesnil JG, Capoulade R, Mathieu P, Senechal M, Pibarot P. Outcome
of patients with aortic stenosis, small valve area, and low-flow, low-gradient
despite preserved left ventricular ejection fraction. Journal of the American College
of Cardiology. 2012;60:1259-1267

13.

Kodali SK, Williams MR, Smith CR, Svensson LG, Webb JG, Makkar RR, Fontana GP,
Dewey TM, Thourani VH, Pichard AD, Fischbein M, Szeto WY, Lim S, Greason KL,
Teirstein PS, Malaisrie SC, Douglas PS, Hahn RT, Whisenant B, Zajarias A, Wang D,
Akin JJ, Anderson WN, Leon MB. Two-year outcomes after transcatheter or surgical
aortic-valve replacement. The New England journal of medicine. 2012;366:16861695

14.

Makkar RR, Fontana GP, Jilaihawi H, Kapadia S, Pichard AD, Douglas PS, Thourani
VH, Babaliaros VC, Webb JG, Herrmann HC, Bavaria JE, Kodali S, Brown DL, Bowers
B, Dewey TM, Svensson LG, Tuzcu M, Moses JW, Williams MR, Siegel RJ, Akin JJ,
Anderson WN, Pocock S, Smith CR, Leon MB. Transcatheter aortic-valve
replacement for inoperable severe aortic stenosis. The New England journal of
medicine. 2012;366:1696-1704

15.

Herrmann HC, Pibarot P, Hueter I, Gertz ZM, Stewart WJ, Kapadia S, Tuzcu EM,
Babaliaros V, Thourani V, Szeto WY, Bavaria JE, Kodali S, Hahn RT, Williams M,
Miller DC, Douglas PS, Leon MB. Predictors of mortality and outcomes of therapy
in low-flow severe aortic stenosis: A placement of aortic transcatheter valves
(partner) trial analysis. Circulation. 2013;127:2316-2326

16.

Schewel J SD, Frerker C, Thielsen T, Meinke F, Kreidel F, Kuck KH, Schäfer U. TCT845 Clinical outcome of patients with paradoxical low-flow, low-gradient aortic
stenosis after transcatheter aortic valve implantation (abstract). Journal of the
American College of Cardiology. 2012;60 (Suppl B):B245

17.

Clavel MA, Webb JG, Rodes-Cabau J, Masson JB, Dumont E, De Larochelliere R,
Doyle D, Bergeron S, Baumgartner H, Burwash IG, Dumesnil JG, Mundigler G, Moss
R, Kempny A, Bagur R, Bergler-Klein J, Gurvitch R, Mathieu P, Pibarot P. Comparison
between transcatheter and surgical prosthetic valve implantation in patients with
78

Chapter 2
severe aortic stenosis and reduced left ventricular ejection fraction. Circulation.
2010;122:1928-1936
18.

Clavel MA, Webb JG, Pibarot P, Altwegg L, Dumont E, Thompson C, De Larochelliere
R, Doyle D, Masson JB, Bergeron S, Bertrand OF, Rodes-Cabau J. Comparison of the
hemodynamic performance of percutaneous and surgical bioprostheses for the
treatment of severe aortic stenosis. Journal of the American College of Cardiology.
2009;53:1883-1891

19.

Pibarot P, Dumesnil JG. Improving assessment of aortic stenosis. Journal of the
American College of Cardiology. 2012;60:169-180

20.

Krakau I, Lapp H. Das Herzkatheterbuch: Diagnostische und interventionelle
Kathetertechniken (German). 2nd ed. Stuttgart: Georg Thieme Verlag KG; 2005.

21.

Briand M, Dumesnil JG, Kadem L, Tongue AG, Rieu R, Garcia D, Pibarot P. Reduced
systemic arterial compliance impacts significantly on left ventricular afterload and
function in aortic stenosis: Implications for diagnosis and treatment. Journal of the
American College of Cardiology. 2005;46:291-298

22.

Wenaweser P, Pilgrim T, Kadner A, Huber C, Stortecky S, Buellesfeld L, Khattab AA,
Meuli F, Roth N, Eberle B, Erdos G, Brinks H, Kalesan B, Meier B, Juni P, Carrel T,
Windecker S. Clinical outcomes of patients with severe aortic stenosis at increased
surgical risk according to treatment modality. Journal of the American College of
Cardiology. 2011;58:2151-2162

23.

Leon MB, Piazza N, Nikolsky E, Blackstone EH, Cutlip DE, Kappetein AP, Krucoff
MW, Mack M, Mehran R, Miller C, Morel MA, Petersen J, Popma JJ, Takkenberg JJ,
Vahanian A, van Es GA, Vranckx P, Webb JG, Windecker S, Serruys PW.
Standardized endpoint definitions for transcatheter aortic valve implantation
clinical trials: A consensus report from the valve academic research consortium.
Journal of the American College of Cardiology. 2011;57:253-269

24.

Lauten A, Zahn R, Horack M, Sievert H, Linke A, Ferrari M, Harnath A, Grube E,
Gerckens U, Kuck KH, Sack S, Senges J, Figulla HR. Transcatheter aortic valve
implantation in patients with low-flow, low-gradient aortic stenosis. JACC.
Cardiovascular interventions. 2012;5:552-559

25.

Gotzmann M, Lindstaedt M, Bojara W, Ewers A, Mugge A. Clinical outcome of
transcatheter aortic valve implantation in patients with low-flow, low gradient
aortic stenosis. Catheterization and cardiovascular interventions : official journal of
the Society for Cardiac Angiography & Interventions. 2012;79:693-701

26.

van der Boon RM, Nuis RJ, Van Mieghem NM, Benitez LM, van Geuns RJ, Galema
TW, van Domburg RT, Geleijnse ML, Dager A, de Jaegere PP. Clinical outcome
following transcatheter aortic valve implantation in patients with impaired left
ventricular systolic function. Catheterization and cardiovascular interventions :

79

Chapter 2
official journal of the Society for Cardiac Angiography & Interventions.
2012;79:702-710
27.

Pibarot P, Dumesnil JG. Assessment of aortic stenosis severity: When the gradient
does not fit with the valve area. Heart. 2010;96:1431-1433

28.

Dumesnil JG, Pibarot P, Carabello B. Paradoxical low flow and/or low gradient
severe aortic stenosis despite preserved left ventricular ejection fraction:
Implications for diagnosis and treatment. European heart journal. 2010;31:281289

29.

Jilaihawi H, Chin D, Spyt T, Jeilan M, Vasa-Nicotera M, Bence J, Logtens E, Kovac J.
Prosthesis-patient mismatch after transcatheter aortic valve implantation with the
medtronic-corevalve bioprosthesis. European heart journal. 2010;31:857-864

30.

Tzikas A, Piazza N, Geleijnse ML, Van Mieghem N, Nuis RJ, Schultz C, van Geuns RJ,
Galema TW, Kappetein AP, Serruys PW, de Jaegere PP. Prosthesis-patient
mismatch after transcatheter aortic valve implantation with the medtronic
corevalve system in patients with aortic stenosis. The American journal of
cardiology. 2010;106:255-260

31.

Mohty D, Dumesnil JG, Echahidi N, Mathieu P, Dagenais F, Voisine P, Pibarot P.
Impact of prosthesis-patient mismatch on long-term survival after aortic valve
replacement: Influence of age, obesity, and left ventricular dysfunction. Journal of
the American College of Cardiology. 2009;53:39-47

32.

Kulik A, Burwash IG, Kapila V, Mesana TG, Ruel M. Long-term outcomes after valve
replacement for low-gradient aortic stenosis: Impact of prosthesis-patient
mismatch. Circulation. 2006;114:I553-558

33.

Gertz ZM, Raina A, O'Donnell W, McCauley BD, Shellenberger C, Kolansky DM,
Wilensky RL, Forfia PR, Herrmann HC. Comparison of invasive and noninvasive
assessment of aortic stenosis severity in the elderly. Circulation. Cardiovascular
interventions. 2012;5:406-414

34.

Baumgartner H, Hung J, Bermejo J, Chambers JB, Evangelista A, Griffin BP, Iung B,
Otto CM, Pellikka PA, Quinones M. Echocardiographic assessment of valve
stenosis: Eae/ase recommendations for clinical practice. European journal of
echocardiography : the journal of the Working Group on Echocardiography of the
European Society of Cardiology. 2009;10:1-25

80

Chapter 2
FIGURE LEGENDS
Figure 1
Description of the patient population. TAVI indicates transcatheter aortic valve implantation; AVA, aortic valve area; RHC, right and left heart catheterization; LVEF,
left ventricular ejection fraction; SVI, stroke volume index; HGAS, high gradient severe aortic stenosis (AS) (mean gradient >40mmHg); PLF-LG, paradoxical low flow,
low gradient (LVEF ≥50%, SVI ≤35ml.m-2, mean gradient ≤40mmHg), severe AS (indexed AVA ≤0.6cm2.m-2); LEF-LG, low flow, low gradient (LVEF ≤40%, mean gradient
≤40mmHg), severe AS (indexed AVA ≤0.6cm2.m-2).
Figure 2
Diagram illustrating the interrelation between the ventricular, valvular and arterial
components among patients with high-gradient, severe aortic stenosis (AS) (HGAS),
“paradoxical” low-flow, low-gradient, severe AS (PLF-LG) and low-flow, low-gradient, severe AS (LEF-LG). PLF-LG and LEF-LG patients had a significantly higher arterial afterload despite a lower valvulo-arterial impedance (Zva). Values taken from
table 2. SVR, systemic vascular resistance; SAC, systemic arterial compliance; SAP,
systemic arterial blood pressure; MG, mean gradient; iAVA, indexed aortic valve
area; LVEF, left ventricular ejection fraction; SVI, stroke volume index.
Figure 3
Kaplan-Meier analysis of major adverse cardiovascular and cerebrovascular events
(MACCE; composite of death, major stroke and myocardial infarction) at 30 days
(A) and 1-year (B), cardiovascular death at 30 days (C) and 1-year (D) and death at
30 days (E) and 1-year (F) among the 3-groups. HGAS indicates high-gradient, severe aortic stenosis (AS); PLF-LG, paradoxical low-flow, low-gradient, severe AS;
LEF-LG, low flow, low gradient, severe AS.
Figure 4
Functional Clinical Outcome. Functional status expressed by New York Heart Association (NYHA) classification (A) and the Canadian Cardiovascular Society (CCS) angina classification (B) at 1-year follow-up compared with baseline. Very light blue
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= improved 4 levels, light blue = improved 3 levels: medium blue = improved 2 levels; dark blue = improved 1 level; green = no change; pink = worsened 1 level; red
= worsened 2 levels.
Figure 5
Changes in left ventricular ejection fraction (LVEF) over time among patients with
an LVEF ≤40%, comparing patients with a mean gradient ≤40mmHg at baseline
(low-flow, low-gradient group [LEF-LG]: red dashed line) with patients with a mean
gradient >40mmHg at baseline (low-flow, high-gradient group [LFHG]; dark blue
dashed line).
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TABLE 1. Baseline Clinical Characteristics.
All patients

HGAS

PLF-LG

LEF-LG

p-value

N = 354

N = 208

N = 85

N = 61

Age (years)

82.5 ± 5.2

82.9 ± 5.2

82.0 ± 5.2

82.0 ± 5.0

0.28

Female gender, n(%)

202 (57)

128 (62)†

47 (55)

27 (44)†

0.053

Body Mass Index (kg/m²)

26.6 ± 5.2

26.5 ± 5.1

27.6 ± 5.4‡

25.5 ± 5.4‡

0.048

Body surface area (m²)

1.8 ± 0.2

1.8 ± 0.2

1.8 ± 0.2

1.8 ± 0.2

0.67

Diabetes mellitus, n(%)

101 (29)

55 (26)

27 (32)

19 (31)

0.58

Hypercholesterolemia, n(%)

224 (63)

126 (61)

57 (67)

41 (67)

0.45

Hypertension, n(%)

298 (84)

174 (84)

73 (86)

51 (84)

0.89

Current smoker, n(%)

36 (10)

23 (11)

7 (8)

6 (10)

0.77

Coronary artery disease, n(%)

209 (59)

111 (53)†

53 (62)

45 (74)†

0.013

Multivessel disease

128 (40)

62 (33)*†

36 (46)*

30 (54)†

0.008

Previous myocardial infarction, n(%)

52 (15)

19 (9)†

13 (15)‡

20 (33)†‡

<0.001

Previous coronary artery bypass graft, n(%)

50 (14)

22 (11)

16 (19)

12 (20)

0.07

Previous percutaneous coronary intervention, n(%)

84 (24)

36 (17)*†

26 (31)*

22 (36)†

0.002

Previous stroke, n(%)

25 (7)

12 (6)

6 (7)

7 (11)

0.31

Peripheral vascular disease, n(%)

70 (20)

29 (14)*†

23 (27)*

18 (30)†

0.004

Chronic obstructive pulmonary disease, n(%)

62 (18)

33 (16)

20 (24)

9 (15)

0.25

Renal failure (GFR<60mL.min-1.1.73m-2)

241 (68)

137 (66)

56 (67)

48 (79)

0.17

Demographics

Physical Dimensions

Cardiac Risk Factors

Past Medical History
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Valvular Disease
Previous valve surgery, n(%)

3 (1)

3 (1)

0 (0)

0 (0)

0.35

Moderate Aortic Regurgitation,§ n(%)

30 (10)

21 (12)

3 (4)

6 (11)

0.18

Moderate Mitral Regurgitation, n(%)

76 (24)

37 (20)†

14 (18)‡

25 (44)†‡

<0.001

Severe Mitral Regurgitation, n(%)

10 (3)

4 (2)

2 (3)

4 (7)

0.18

104 (29)

56 (27)

27 (32)

21 (34)

0.45

249 (71)

147 (71)

52 (61)‡

50 (82)‡

0.024

49 (14)

21 (10)*

20 (24)*

8 (13)

0.009

23.6 ±13.8

20.9 ±12.4†

19.7±9.0‡

38.0 ± 14.7†‡

<0.001

Mean

7.0 ±5.5

6.9 ±6.2

6.5 ±3.4‡

8.2 ± 5.2‡

0.16

Median (25%-75% IQR)

5.6 (4.0-8.1)

5.3 (3.8-7.8)

5.4 (4.0-8.8)

6.9 (4.6-10.3)

0.016

Aspirin, n(%)

222 (63)

124 (60)

55 (65)

43 (70)

0.28

Clopidogrel, n(%)

64 (18)

26 (13)*†

23 (27)*

15 (25)†

0.004

Oral anticoagulation, n(%)

98 (28)

50 (24)

26 (31)

22 (36)

0.15

641.0±846.6

573.0±785.4*†

272.4±287.9 *‡

1283.2±1100.3‡†

<0.001

Baseline Cardiac Rhythm
Atrial fibrillation, n(%)
Symptoms
New York Heart Association (NYHA) Functional Class
NYHA III/IV, n(%)
Canadian Cardiovascular Society (CCS) Angina Status
CCS III/IV, n(%)
Risk Assessment
Logistic EuroScore (%)
STS Score (%)

Medications

Laboratory Values
B-type natriuretic peptide (pg/mL)

Values are n (%) or mean  standard deviation with p-values from ANOVAs or counts (%) with p-values from chi-square tests. STS score was left-skewed
and therefore also median (25%-75% interquartile range [IQR]) with Kruskall-Wallis test and Mann-Whitney U-tests are reported. *Significant difference
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between patients with high-gradient severe aortic stenosis (HGAS) and patients with paradoxical low-flow, low-gradient, severe aortic stenosis (PLF-LG)
groups. †Significant difference between low flow, low gradient severe aortic stenosis (LEF-LG) and HGAS groups. ‡ Significant differences between patients with PLF-LG and LEF-LG groups. STS Score = Society for Thoracic Surgeons score.§ No patients had severe aortic regurgitation at baseline.
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TABLE 2. Invasive Haemodynamic Data.
All patients

HGAS

PLF-LG

LEF-LG

p-value

N = 354

N = 208

N = 85

N = 61

Aortic valve area, cm2

0.52 ± 0.21

0.47 ± 0.21*†

0.61 ± 0.19*‡

0.58 ± 0.19†‡

<0.001

Indexed aortic valve area, cm2.m-2

0.29 ± 0.11

0.26 ± 0.11*†

0.34 ± 0.10*‡

0.33 ± 0.10†‡

<0.001

Peak-to-peak gradient, mm Hg

54.08 ± 27.53

67.88 ± 23.78*†

37.71 ± 14.97*‡

29.85 ± 23.60†‡

<0.001

Mean gradient, mm Hg

44.52 ± 17.09

55.62 ± 12.39*†

31.05 ± 6.58*‡

25.46 ± 8.58†‡

<0.001

Valvular resistance, dyne.s.cm-5

343.52 ± 209.83

426.79 ± 226.18*†

221.95 ± 85.71*‡

231.74 ± 122.66†‡

<0.001

Systolic arterial pressure, mm Hg

135.60 ± 29.06

136.56 ± 29.52*†

140.42 ± 27.94*‡

125.59 ± 27.06†‡

0.007

Diastolic arterial pressure, mm Hg

65.97 ± 14.25

65.15 ± 14.37

66.93 ± 13.41

67.44 ± 14.96

0.42

93.92 ± 18.55

93.61 ± 19.22

96.65 ± 17.68

91.18 ± 17.12

0.20

1987.30 ± 666.96

1912.09 ± 654.06*†

2006.65 ± 586.92*‡

2216.78 ± 765.05†‡

0.007

0.43 ± 0.19

0.45± 0.21

0.39 ± 0.13

0.43 ± 0.19

0.11

7.57 ± 2.49

7.80 ± 2.67*†

6.94 ± 1.88*‡

7.66 ± 2.50†‡

0.027

Ejection fraction, %

52.65 ± 15.78

56.48 ± 13.82*†

60.25 ± 6.53*‡

29.02 ± 6.73†‡

<0.001

LV systolic pressure, (mm Hg)

189.68 ± 35.27

204.43 ± 31.46*†

178.13 ± 28.95*‡

155.44 ± 24.43†‡

<0.001

LV end diastolic pressure, (mm Hg)

21.38 ± 8.02

21.95 ± 8.21*†

18.84 ± 7.43*‡

22.98 ± 7.42†‡

0.002

Stroke volume, (mL)

48.11 ± 15.16

50.91 ± 16.66*†

47.77 ± 9.76*‡

39.02 ± 12.23†‡

<0.001

Stroke volume Index, (mL.m-²)

26.94 ± 7.71

28.55 ± 8.47*†

26.63 ± 4.73*‡

21.85 ± 5.97†‡

<0.001

Aortic stenosis severity

Systemic Vascular load

Mean arterial pressure
Systemic vascular resistance, dyne.s.cm

-5

Systemic arterial compliance, mL.mm Hg-1
LV global afterload
Valvuloarterial impedance (mm Hg.ml-1.m-2)
LV systolic function
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Cardiac output, (L.min-1)

3.69 ± 0.96

3.85 ± 1.02*†

3.72 ± 0.74*‡

3.11 ± 0.79†‡

<0.001

2.07 ± 0.48

2.16 ± 0.51*†

2.07 ± 0.34*‡

1.74 ± 0.36†‡

<0.001

Mean PA pressure, (mm Hg)

33.51 ± 11.49

32.62 ± 11.58*†

30.22 ± 10.42*‡

40.98 ± 9.33†‡

<0.001

Pulmonary hypertension,§ n(%)

259 (77)

149 (76)*†

57 (70)*‡

53 (90)†‡

0.022

Pre-capillary PH, n(%)

47 (14)

25 (13)

15 (19)

7 (12)

0.40

Post-capillary PH, n(%)

212 (63)

124 (63)*†

42 (52)*‡

46 (78)†‡

0.007

-1

-2

Cardiac Index, (L.min .m )
Right sided haemodynamic data

Values are n (%) or mean  standard deviation. *Significant difference between patients with high-gradient severe aortic stenosis (HGAS) and patients
with paradoxical low-flow, low-gradient, severe aortic stenosis (PLF-LG) groups. †Significant difference between low flow, low gradient severe aortic
stenosis (LEF-LG) and HGAS groups. ‡ Significant differences between patients with PLF-LG and LEF-LG group. PA = pulmonary artery. PH = pulmonary
hypertension. §Pulmonary hypertension = mean PA pressure ≥25 mm Hg.
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TABLE 3. Procedural Characteristics.
All patients

HGAS

PLF-LG

LEF-LG

N = 354

N = 208

N = 85

N = 61

Access Route

p-value

0.09

Femoral, n(%)

291 (82)

179 (86)*

64 (75)*

48 (79)

0.07

Apical, n(%)

59 (17)

28 (13)*

20 (24)*

11 (18)

0.11

Subclavian, n(%)

4 (1)

1 (0)

1 (1)

2 (3)

0.19

Valve Type

0.59

Medtronic CoreValve, n(%)

200 (56)

119 (57)

43 (51)

38 (62)

0.35

Edwards Sapien Valve, n(%)

152 (43)

88 (42)

41 (48)

23 (38)

0.43

Symetis Valve, n(%)

2 (1)

1 (0)

1 (1)

0 (0)

0.63

Revascularisation

0.07

Concomitant PCI, n(%)

55 (16)

40 (19)†

10 (12)

5 (8)†

0.06

Staged PCI, n(%)

37 (10)

16 (8)

11 (13)

10 (16)

0.10

Procedural Specifications

0.49

Device Success, n(%)

303 (86)

175 (85)

78 (92)

50 (82)

0.17

No Device Success: Valve in Series, n(%)

6 (2)

3 (1)

2 (2)

1 (2)

0.86

No Device Success: Aortic regurgitation ≥ grade 2, n(%)

39 (11)

25 (12)

5 (6)

9 (15)

0.18

No Device Success: access failure, failure of deployment or retrieval, n(%)

5 (1)

4 (2)

0 (0)

1 (2)

0.44

Values are n (%) or mean  standard deviation. *Significant difference between patients with high-gradient severe aortic stenosis (HGAS) and patients
with paradoxical low-flow, low-gradient, severe aortic stenosis (PLF-LG) groups. †Significant difference between low flow, low gradient severe aortic
stenosis (LEF-LG) and HGAS groups. ‡ Significant differences between patients with PLF-LG and LEF-LG groups. PCI = percutaneous coronary intervention
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TABLE 4. Clinical Outcomes at 30 Days and 1 Year Follow-up.
HGAS

PLF-LG

LEF-LG

PLF-LG vs HGAS

LEF-LG vs HGAS

over

HR or RR (95%

p-

HR or RR (95%

p-

CI)

value

CI)

value

all pvalu

N = 208

N = 85

N = 61

e

All Cause Death,* n(%)

16 (8.4)

5 (6.1)

4 (6.6)

0.78 (0.29-2.13)

0.63

0.86 (0.29-2.57)

0.78

0.88

Cardiovascular Death,* n(%)

12 (6.5)

4 (4.9)

4 (6.6)

0.83 (0.27-2.58)

0.75

1.14 (0.37-3.54)

0.82

0.90

Major Stroke, n(%)

10 (4.9)

1 (1.2)

1 (1.6)

0.24 (0.03-1.90)

0.18

0.34 (0.04-2.63)

0.30

0.26

Minor Stroke, n(%)

1 (0.5)

0 (0.0)

1 (1.6)

Transient Ischemic Attack, n(%)

0 (0.0)

0 (0.0)

0 (0.0)

Myocardial infarction, n(%)

0 (0.0)

0 (0.0)

1 (1.6)

All cause death, major stroke, or MI,*

20

n(%)

(10.2)

5 (6.1)

6 (9.9)

0.61 (0.23-1.61)

0.32

1.02 (0.41-2.55)

0.96

0.58

35

11

10

(16.9)

(12.9)

(16.4)

0.77 (0.41-1.44)

0.41

0.97 (0.51-1.84)

0.92

0.70

58

23

14

(28.0)

(27.1)

(23.0)

0.97 (0.64-1.46)

0.87

0.82 (0.49-1.36)

0.44

0.74

8 (3.8)

4 (4.7)

1 (1.6)

1.22 (0.38-3.96)

0.74

0.43 (0.05-3.35)

0.42

0.64

19 (9.1)

4 (4.7)

7 (11.5)

0.52 (0.18-1.47)

0.22

1.26 (0.55-2.85)

0.59

0.33

30 Days Follow-Up

Cerebrovascular Events

Bleeding
Life-threatening, n(%)

Major, n(%)
Acute Renal Failure, n(%)
Access Site Complications
Major, n(%)
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26

12

(12.5)

(14.1)

52

15

19

(25.0)

(17.6)

(31.1)

31

14

12

(17.6)

(20.5)

(24.5)

16 (8.6)

8 (12.3)

Major Stroke, n(%)

12 (6.4)

1 (1.2)

1 (1.6)

Minor Stroke, n(%)

1 (0.5)

0 (0.0)

1 (1.6)

1.00

Transient Ischemic Attack, n(%)

0 (0.0)

2 (4.0)

0 (0.0)

0.08

Myocardial infarction, n(%)

1 (0.7)

0 (0.0)

1 (1.6)

1.00

All cause death, major stroke, or MI,*

38

14

13

n(%)

(21.5)

(20.5)

(25.8)

Minor, n(%)

VARC Safety Endpoint, n(%)

9 (14.8)

1.13 (0.60-2.13)

0.71

1.18 (0.58-2.38)

0.64

0.87

0.71 (0.42-1.18)

0.19

1.25 (0.80-1.94)

0.33

0.17

1.13 (0.60-2.12)

0.71

1.36 (0.70-2.64)

0.37

0.67

1.25 (0.53-2.92)

0.61

2.39 (1.11-5.15)

0.03

0.08

0.20 (0.03-1.56)

0.13

0.28 (0.04-2.19)

0.23

0.17

0.39

0.37

1 Year Follow-Up
All Cause Death,* n(%)

Cardiovascular Death,* n(%)

11
(22.5)

Cerebrovascular Events

0.89 (0.48-1.65)

0.71

3.41

(0.21-

54.51)

0.09
3.44

(0.21-

54.94)
1.20 (0.64-2.25)

0.38

0.37

0.58

0.74

Depicted are counts (incidence rates %). Hazard Ratios (HR) (95% confidence intervals [CI]) from Cox Regressions for time-to-event data (death to myocardial infarction). In case of zero events only Fisher’s test p-values are reported. Risk Ratios (RR) from Poisson Regression with robust error variances
for other event data at 30 days (bleeding to valvular academic research consortium (VARC) safety endpoint. other abbreviations as in Table 1. *primary
endpoint components.
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TABLE 5. *Adjusted Primary Endpoints at 1 Year Follow-up.
HGAS

PLF-LG

LEF-LG

PLF-LG vs HGAS

HR (95% CI)
N = 208

N = 85

N = 61

31

14

12

1.25

(17.6)

(20.5)

(24.5)

2.41)

Cardiovascular Death, n(%)

16 (8.6)

8 (12.3)

11

1.49

(22.5)

3.61)

All cause death, major stroke, or MI,

38

14

13

0.93

n(%)

(21.5)

(20.5)

(25.8)

1.76)

LEF-LG vs HGAS
pvalue

HR (95% CI)

over
pvalue

all pvalu
e

1 Year Follow-Up
All Cause Death, n(%)

(0.65-

(0.62-

(0.50-

0.50

0.37

0.83

1.25

(0.59-

2.68)
2.45

(1.04-

5.75)
1.07
2.19)

(0.53-

0.56

0.73

0.04

0.12

0.85

0.95

Depicted are counts (incidence rates%). *Adjusted for age, gender, body mass index, previous myocardial infarction, previous coronary artery bypass
grafting, previous percutaneous coronary intervention, peripheral vascular disease and coronary artery disease. Hazard Ratios (HR) (95% confidence
interval [CI]) from Cox Regressions weighted by inverse probability treatment weighting (IPTW).
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Table 6. Comparison of Post-procedural Valvular Haemodynamics and Patient-prosthetic Mismatch Between Groups
All patients

HGAS

PLF-LG

LEF-LG

p value

N = 307

N = 179

N = 77

N = 51

Aortic valve area, cm²

1.89 ± 0.55

1.92 ± 0.55

1.83 ± 0.49

1.91 ± 0.64

0.494

Indexed aortic valve area, cm2.m-2

1.06 ± 0.31

1.08 ± 0.30

1.02 ± 0.27

1.08 ± 0.36

0.356

Mean gradient, mm Hg

8.77 ± 3.96

9.40 ± 4.23

8.37 ± 3.39

7.18 ± 3.22

0.001

Post-procedural valvular haemodynamics

Patient prosthetic mismatch grade

0.694

None (iAVA >0.85 cm2.m-2)

225 (73%)

135 (75%)

54 (70%)

36 (71%)

Moderate (iAVA ≥0.65-0.85 cm2.m-2)

76 (25%)

41 (23%)

22 (29%)

13 (25%)

Severe (iAVA <0.65 cm2.m-2)

6 (2%)

3 (2%)

1 (1%)

2 (4%)

Depicted are means ± SD with p-values from ANOVAs or counts (%) with p-values from chi-square
tests.
n = 47 patients data missing. iAVA = indexed aortic valve area.
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Table 7. All-cause Mortality at 1-year Among Patients With and Without Patient-prosthetic Mismatch

All patients
All cause death, n(%)

PPM

No PPM

(iAVA ≤0.85 cm2.m-2)

(iAVA >0.85 cm2.m-2)

n = 82

n = 225

13 (19.3)

27 (15.2)

HR (95% CI)

p-value

1.27 (0.65-2.46)

0.48

Stratified analysis
HGAS
All cause death, n(%)
PLF-LG
All cause death, n(%)
LEF-LG
All cause death, n(%)

p-value interaction*

0.88
n = 44

n = 135

6 (16.5)

15 (13.6)

n = 23

n = 54

5 (24.8)

7 (17.7)

n = 15

n = 36

2 (18.2)

5 (18.5)

1.21 (0.47-3.12)

0.69

1.50 (0.48-4.73)

0.49

0.92 (0.18-4.73)

0.92

Depicted are counts (incidence rates %). PPM = patient prosthetic mismatch. iAVA = indexed aortic valve area.
Hazard Ratios (HR) (95% confidence intervals [CI]) from Cox Regressions for time-to-event data, testing PPM vs No PPM.
* p-value interaction PPM x patient group, decrease of freedom = 2; n = 47 patients data missing.
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FIGURE 1.
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FIGURE 2.
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FIGURE 3.
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ABSTRACT
Aims. We examined the flow-gradient patterns of patients presenting with symptomatic severe aortic stenosis (AS) and preserved ejection fraction undergoing
transcatheter aortic valve implantation (TAVI).
Methods and Results: Of 534 symptomatic patients with severe AS undergoing
TAVI, we studied 263 patients with preserved left ventricular ejection fraction (LVEF
≥50%) who had a preprocedural right and left heart catheterisation. Patients were
stratified by flow and gradient into 4 groups (low-flow = stroke volume index
≤35ml.m-2; low-gradient = mean gradient ≤40 mmHg): normal-flow/high-gradient
(NFHG; n=36), normal-flow/low-gradient (NFLG; n=19), low-flow/high-gradient
(LFHG; n=123]) and low-flow/low-gradient (LFLG; n=85). Compared with NFHG,
LFLG patients were more frequently female (33.3% vs 55.3%, p=0.04) had a higher
global afterload (valvulo-arterial impedance [ZVA] = 5.06 0.94 vs 6.94 1.88 mm
Hg.mL-1.m-2, p<0.001), lower LVEF (63.086.05 vs 60.256.53%, p=0.03), and a similar indexed valve area (0.35 vs 0.34 cm2.m-2, p=0.57). Conversely, NFLG had a significantly larger iAVA (0.420.09 cm.m-2, p=0.018) and normal ZVA (4.470.75 mm
Hg.mL-1.m-2, p=0.02) compared with NFHG patients. No significant differences in
overall mortality were seen at 30-days (NFHG 8.7% vs NFLG 5.3% vs LFHG 10.0% vs
LFLG 6.1%, p=0.86) and 1-year (NFHG 18.3% vs NFLG 5.3% vs LFHG 19.4% vs LFLG
20.5%, p=0.95). New York Heart Association functional improvement was observed
among all groups (NFHG 70.6% vs NFLG 42.9% vs LFHG 65.3% vs NFHG 71.7%,
p=0.24) at 1-year.
Conclusions: Compared with NFHG, LFLG patients presented with a higher afterload and similar AS severity. Symptomatic LFLG patients should be considered for
TAVI despite a low gradient and normal LVEF.
KEY WORDS: Transcatheter aortic valve implantation, aortic stenosis, haemodynamics.
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INTRODUCTION
Severe aortic stenosis (AS) is the most prevalent valvular disease among elderly
people in Western countries (1). According to current guidelines, severe AS is defined as a mean gradient (MG) >40mmHG and an aortic valve area (AVA) <1cm 2 in
the presence of a normal cardiac output (1). However, previous reports have
shown that many patients with AS present with guideline discordant findings such
as an AVA in the severe range (i.e. <1cm2) and a MG in the moderate range (i.e. <40
mmHg), despite the presence of an apparently normal left ventricular ejection fraction (LVEF)(2-8). In addition to measurement error, small body size and inherent
inconsistency in the guidelines criteria, another potential cause of this pattern is
“paradoxical” low-flow severe AS, defined by a stroke volume index ≤35mL/m2(9).
However, several uncertainties remain regarding this entity. For example, some patients may present with a low-flow and high-gradient pattern or conversely, a normal-flow and low-gradient pattern. In fact, under the newly proposed AS classification system, severe AS (AVA <1cm2) can be subdivided into 4 discrete entities
based on flow and gradient patterns (10). Transcatheter aortic valve implantation
(TAVI) is an alternative treatment modality to surgical aortic valve replacement
(SAVR) for the treatment of high risk or inoperable patients presenting with severe
AS (11,12). While the clinical outcomes of patients presenting with a “classical”
high-gradient pattern undergoing TAVI are well described (11,12), relatively little is
known about the frequency, pathophysiology and outcomes of high risk patients
undergoing TAVI belonging to other flow-gradient pattern groups. In particular,
there is ongoing controversy as to whether or not “paradoxical” low-flow AS even
represents a severe form of AS (4). Using data obtained from preprocedural right
and left heart catheterizations, we aimed to determine the frequency, pre-procedural haemodynamic characteristics and clinical outcomes of patients belonging to
each of these 4 severe AS subgroups following TAVI.
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METHODS
Patient population
This is a retrospective analysis of prospectively collected data within a dedicated
database that includes all patients with severe native-valve AS (indexed AVA [iAVA])
≤0.6cm2/m2 or MG >40 mmHg), who underwent TAVI at our institution between
August 2007 and August 2012 (n=533). All patients were deemed inoperable or at
high surgical risk for conventional surgery by a multidisciplinary team consisting of
interventional cardiologists and cardiothoracic surgeons. Included in this study
were all consecutive patients with: 1) symptomatic severe native-valve AS (iAVA
≤0.6cm2 and/or MG>40mmHg) 2) a left ventricular ejection fraction ≥50% 3) a full
preprocedural right and left heart catheterization prior to TAVI and 4) complete
clinical follow-up data (n=263). Figure 1 summarizes the patient flow. Patients were
stratified by flow and gradient into the following 4 groups, with low-flow defined
as a stroke volume index (SVI) ≤35mL.m-2, and low gradient defined as a mean gradient ≤40 mmHg:
Group A: Normal flow, high gradient (NFHG; n=36)
Group B: Normal flow, low gradient (NFLG; n=19)
Group C: Low flow, high gradient (LFHG; n=123)
Group D: Low flow, low gradient (LFLG; n=85)
The cohort study complies with the Declaration of Helsinki, was approved by the
local ethics committee, and all patients provided informed written consent.
Cardiac Catheterization
All patients underwent coronary angiography and right and left heart catheterization for haemodynamic assessment prior to TAVI. Data were prospectively entered
into a dedicated database. Intracardiac pressures were recorded with fluid-filled
catheters connected to pressure transducers. Coronary artery disease was defined
by a ≥50% lumen diameter narrowing of the left main coronary artery and ≥70% for
the major epicardial arteries. Multi-vessel coronary artery disease was defined as
either left main or two or three major epicardial vessel disease.
Aortic Stenosis Severity
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Mean gradient, represented by the area under the curve, was digitally calculated
by the device software (Schwarzer Systems, Munich, Germany) by superimposing
pressure recordings from 3 consecutive beats for patients in sinus rhythm and 5
consecutive beats for patients in atrial fibrillation. AVA was derived from the Gorlin
equation and calculated as =

𝑪𝑶/𝑺𝑬𝑷∗𝑯𝑹
𝟒𝟒.𝟑√𝑷𝒎

, CO indicating cardiac output, HR heart

rate and SEP systolic ejection period. Valvular resistance (VR) was calculated as
𝑽𝑹 = (𝑷𝒎 ∗ 𝑯𝑹 ∗ 𝑺𝑬𝑷/𝑪𝑶) ∗ 𝟏. 𝟑𝟑.
Arterial Afterload
Systolic arterial pressure (SAP) and diastolic arterial pressure (DAP) were measured
invasively and mean arterial pressure (MAP) was calculated as 𝑴𝑨𝑷 = 𝑫𝑨𝑷 +
𝟏/𝟑(𝑺𝑨𝑷 − 𝑫𝑨𝑷) . Systemic arterial compliance (SAC) was calculated as the ratio
of the SVI to the pulse pressure (SAP-DAP): 𝑺𝑨𝑪 =

𝑺𝑽𝑰
.
𝑺𝑨𝑷−𝑫𝑨𝑷

A SAC ≤0.6 mL.mmHg-

1

.m-2 was defined as severe (13). Systemic vascular resistance (SVR) was calculated

using the formula 𝑺𝑽𝑹 = [(𝑴𝑨𝑷 − 𝑹𝑨𝒎) ∗ 𝟖𝟎]/[𝑪𝑶] with RAm indicating the
mean right atrial pressure. A SVR >1,500 dyne.s.cm-5 was defined as elevated with
a value > 2,000 dyne.s.cm-5 defined as severe.
Global Afterload
Valvuloarterial impedance (Zva), a measure of the global afterload impacting on the
left ventricle (i.e. valvular +arterial), was calculated using the formula of Briand et
al (13): 𝒁𝒗𝒂 =

𝑳𝑽𝑺𝑷
,
𝑺𝑽𝑰

where LVSP is the LV systolic pressure. A Zva >4.5 mm Hg.mL-

1

.m2 was defined as elevated (13).

LV Systolic Function
LVEF was assessed before TAVI in all patients with transthoracic echocardiography
(TTE) using the biplane Simpson method and among 242/263 (92%) patients at the
time of LV angiography in the right anterior oblique projection. The remaining
21/263 (8%) did not undergo LV angiography because of renal impairment. For this
analysis, LVEF calculated at the time of LV angiography was used for calculations
and statistical analysis unless not performed, in which case the LVEF was calculated
from the most recent echocardiogram (n=21) performed around the time of cardiac
catheterization. In case of a disagreement among these methods, the reviewing
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cardiologist selected the value that appeared the most representative. CO was calculated in all patients using the Fick method with oxygen consumption and was indexed to body surface area (BSA). Stroke volume (SV) was calculated in all patients
as the CO divided by the heart rate (HR) and was indexed to BSA for calculation of
the SVI.
Right Heart Pressures.
Pulmonary hypertension (PH) was defined as a mean pulmonary artery (PA) pressure ≥25mmHg and was subdivided into pre-capillary PH (left ventricular end-diastolic pressure [LVEDP] ≤15 mmHg) and post-capillary PH (LVEDP >15mmHg). Postcapillary PH was further subdivided into passive (transpulmonary gradient (TPG)
≤12mmHg) and reactive (TPG >12 mmHg) PH as defined by the European Society of
Cardiology guidelines for the diagnosis and treatment of pulmonary hypertension
(14).
TAVI Procedure
TAVI was performed using standard techniques as previously described (15). Vascular access was transfemoral using the Medtronic CoreValve Revalving System
(MCRS) (Medtronic, Inc., Minneapolis, Minnesota) or the Edwards SAPIEN valve
(ESV) (Edwards Lifesciences, Irvine, California), transapical for the ESV or the self
expanding Symetis ACURATE TA valve (SA) (Symetis Inc, Switzerland) or transsubclavian using the MCRS.
Clinical Follow-up
Adverse events were assessed in hospital, and regular clinical follow-up was performed at 1, 6, and 12 months by means of a clinical visit or a standardized telephone interview. All suspected events were adjudicated by an unblinded clinical
event committee. Baseline clinical and procedural characteristics and all follow-up
data were entered into a dedicated database, held at an academic clinical trials unit
(CTU Bern, Bern University Hospital, Switzerland) responsible for central data audits
and maintenance of the database.
Definitions
Clinical endpoints were defined according to the criteria proposed by the Valve
Academic Research Consortium (VARC)(16).
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Study Endpoints
Primary endpoint was all-cause mortality, cardiovascular death and major adverse
cardiovascular and cerebrovascular events (MACCE) (composite of all-cause mortality, major stroke and myocardial infarction) at 30-days and 1-year. Secondary
endpoints included cerebrovascular events (major stroke, minor stroke, transient
ischemic attack) and myocardial infarction (MI) at 30 days and 1 year. In addition,
bleeding (life-threatening and major), acute renal failure, access site complications
(major and minor) and the VARC combined safety endpoint were assessed at 30
days. New York Heart Association (NYHA) functional class status and Canadian Cardiovascular Society (CCS) angina status were assessed at baseline and 1-year followup.
Statistics
Continuous data are presented as means  standard deviations (SD), and categorical variables are depicted as percentages and numbers. Categorical variables were
compared by means of the chi-square test (or Fisher’s test for two group comparisons), and continuous variables were compared using ANOVA (or unpaired t-test
for two group comparisons). Time-to-outcome data are presented using KaplanMeier curves, with incidence rates calculated from life-tables, at 30 days and 1 year
follow-up, respectively. Univariable and inverse probability treatment weighting
(IPTW) adjusted Cox proportional hazards models were used to derive hazard ratio
estimates of clinical time-to-outcome comparisons between groups (death, cerebrovascular events, myocardial infarction and their composites). Univariable Poisson Regression models with robust error variances were used to derive risk ratio
estimates of all other clinical outcome comparisons between groups. IPTW was calculated as the inverse probability of the group weight from a multinomial regression with group as response (NFHG, NFLG, LFHG, LFLG), including the baseline predictors: age, gender, body mass index, previous MI, previous coronary artery bypass
grafting, previous percutaneous coronary intervention (PCI), peripheral vascular
disease (PVD) and coronary artery disease. All p values and 95% confidence intervals (CIs) are two-sided. Two-sided p values <0.05 were considered statistically significant. All analyses were performed with STATA (version 12, StataCorp, College
Station, Texas).
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RESULTS
Flow-gradient Aortic Stenosis Classification
Baseline characteristics of the 4 groups stratified according to the flow-gradient
classification system are shown in Table 1. Invasive haemodynamic characteristics
are shown in Table 2 and figure 2. Procedural characteristics are shown in Table 3
and clinical outcomes are given in Table 4 and figure 3.
Normal-flow, High-gradient Patients
Thirty-six patients matched the definition of group 1. There was a high proportion
of men (67%) and a low incidence of atrial fibrillation (8%). At baseline, 64% of
patients had NYHA class III/IV symptoms. These patients were characterized by severe AS, a normal arterial afterload but an elevated global afterload. Mean and
systolic pulmonary artery (PA) pressures were elevated. No significant correlation
existed between SVI and mean PA pressure among NFHG patients (r=-0.09, p=0.61).
LVEF was normal. Most patients underwent transfemoral TAVI and the Edwards
SAPIEN valve was implanted in 53% of patients. The rate of all-cause mortality, cardiovascular death and the composite of death, major stroke or MI at 30-days was
8.7%, 5.7% and 8.5%, respectively, and at one-year it was 18.3%, 11.0% and 23.3%,
respectively. Overall, 70.6% of surviving patients improved by at least one NHYA
functional class level at one year post TAVI.
Normal-flow, Low-gradient Patients
These patients comprised the smallest group in the present study (n=19) and had a
low incidence of atrial fibrillation (11%). At baseline, 42% of patients had NYHA class
III/IV symptoms. No significant differences in baseline characteristics were seen between NFHG and NFLG patients. Compared with NFHG, patients with NFLG had a
less severe form of AS reflected by a significantly larger valve area, a normal arterial
afterload and as well as a normal global afterload. By definition, these patients had
a lower transvalvular mean gradient. In addition, NFLG patients had a lower LVEF
compared with NFHG patients Mean and systolic PA pressures were elevated but
no significant differences were observed as compared with NFHG patients. No correlation between SVI and mean PA pressure was seen (r=0.29, p=0.22). No significant differences in procedural characteristics were observed between both groups.
At 30-days and 1-year, no significant differences in death, cardiovascular death and
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the composite of death, major stroke and myocardial infarction were seen between
both groups. Overall, less than one half (42.9%) of surviving patients improved by
at least one NHYA functional class level one year post TAVI.
Low-flow, High-gradient Patients
These patients comprised the largest group in the present study (n=123) and presented with the most severe form of AS. At baseline, 71% of patients had NYHA
class III/IV symptoms. Compared with NFHG patients, LFHG patients were significantly older (81.94.7 vs 83.94.1 years, p=0.016), smaller (165.99.2 vs 163.17.1
cm, p=0.048) and predominantly female (33% vs 74%, p<0.001). In addition, they
had a significantly higher prevalence of atrial fibrillation (8% vs 27%, p=0.023) and
moderate aortic regurgitation. No significant differences in symptom status and
surgical risk were noted between both groups. Compared with NFHG patients,
LFHG patients had a significantly smaller valve area indicating a more severe form
of AS. No significant differences in mean gradients were seen but valvular resistance was significantly higher among LFHG patients. In addition, LFHG patients
had a significantly higher arterial afterload reflected by a higher systemic vascular
resistance and a lower systemic arterial compliance. Furthermore, LFHG patients
had a significantly higher global afterload, reflected by a higher valvulo-arterial impedance. No significant differences in LVEF, LVSP and LVEDP were observed. By
definition, stroke volume and cardiac output were significantly lower among LFHG
patients. As compared with NFHG patients, LFHG patients had significantly higher
mean PA pressures and a significantly faster heart rate. A modest but significant
inverse correlation was observed between SVI and mean PA pressures among LFHG
patients (r = -0.31, p=0.001). No significant differences in procedural characteristics
and clinical outcomes were seen between both groups. Overall, 65.3% of surviving
patients improved by at least one NYHA level 1-year post TAVI.
“Paradoxical” Low-flow, Low-gradient Patients
Compared with NFHG patients, “paradoxical” LFLG patients were more likely to be
female (33% vs 55%, p=0.03), had a significantly higher incidence of atrial fibrillation
(8% vs 32%, p=0.006), were higher surgical risk and were more likely to be taking
clopidogrel. At baseline, 61% of patients had NYHA class III/IV symptoms. No differences in baseline symptoms were observed between both groups. No significant
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differences in valve area were observed between NFHG and “paradoxical” LFLG patients suggesting a similar degree of AS severity between both groups. By definition, transvalvular gradients were higher among NFHG patients. As compared with
NFHG patients, however, “paradoxical” LFLG patients had a significantly higher arterial afterload reflected by a higher systemic vascular resistance and a lower systemic arterial compliance. Furthermore, “paradoxical” LFLG had a significantly
higher global afterload, reflected by a higher valvulo-arterial impedance. Compared with NFHG patients, “paradoxical” LFLG patients had a significantly lower
LVEF and LV systolic pressures. By definition, “paradoxical” LFLG patients had a
significantly lower cardiac output and stroke volume. No differences in the incidence of pulmonary hypertension and PA pressures were seen. A significant inverse correlation was observed between SVI and mean PA pressures among LFLG
patients (r=-0.42, p<0.0001). Compared with NFHG patients, “paradoxical” LFLG patients had a significantly faster heart rate. No significant differences in procedural
characteristics were seen between both groups. At 30-days and 1-year, no differences in all-cause mortality, cardiac death or the composite of death, major stroke
or MI were seen between both groups. Overall, 71.7% of surviving patients with
“paradoxical” LFLG improved by at least one NYHA level 1-year post TAVI.
Pattern of Pulmonary Hypertension According to Flow
Overall, 181/263 (68.8%) of patients presented with pulmonary hypertension, defined as a mean PA pressure >25mmHg. Of these, 40/181 (22.1%) presented with a
pre-capillary pattern (LVEDP ≤15 mmHg) and 141/181 (77.9%) presented with a
post-capillary pattern (LVEDP >15 mmHg). The pattern of post-capillary PH among
patients presenting with a normal- and low flow pattern is shown in figure 3. As
compared with normal-flow patients, low-flow patients were less likely to present
with passive PH (normal flow 84% vs low flow 53%, p=0.002) and more likely to
present with reactive PH (normal flow 16% vs low flow 47%, p=0.002). In addition,
low-flow patients had a significantly higher pulmonary vascular resistance as compared with normal flow patients (148.20125.63 vs 346.70282.91 dyne.s.cm-5,
p<0.001). Among low-flow patients, a significant inverse correlation was observed
between SVI and mean PA pressures (r=-0.35, p<0.0001), whereas no correlation
existed among normal flow patients (r=0.23, p=0.87) (figure 5).
Prevalence of Atrial Fibrillation According to Flow
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65/263 patients were in atrial fibrillation at the time of right and left heart catheterization. As compared with normal-flow patients, low-flow patients had a significantly higher incidence of atrial fibrillation (9% vs 29%, p=0.002), and this difference
remained significant after adjusting for moderate to severe mitral regurgitation (adj
odds ratio 3.12, 95% confidence interval 1.16-8.38, p=0.024).
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DISCUSSION
The main findings from this study can be summarized as follows: First, “paradoxical” LFLG severe AS represents an advanced stage of disease and these patients
clearly benefit from TAVI. Second, as compared with “classical” NFHG patients,
NFLG patients had a less severe form of AS indicated by a larger valve area (albeit
still within the severe range) and a normal global afterload. Third, low-flow patients
in general have a 3-fold higher incidence of atrial fibrillation and a more advanced
stage of pulmonary hypertension as compared with normal-flow patients. Fourth,
clear gender differences were observed among patients stratified by the flow-gradient pattern. While females comprised just one third of “classical” NFHG patients,
they accounted for almost three-quarters of the LFHG cohort and over half of the
“paradoxical” LFLG group.
When evaluating AS severity, recent studies have shown that it is important not
only to consider the aortic valvular component, but also to assess the arterial component because the left ventricle in reality faces a double load (i.e. valvular and
arterial) (13). The valvulo-arterial impedance is a relatively novel index of AS severity which reflects the global impact of this double load on the left ventricle and it is
most accurately measured invasively. We observed an elevated global afterload
among all groups except for the NFLG group. Therefore, the main clinical implication from this study lies in the importance of distinguishing patients presenting with
low-gradient severe AS and preserved LV-systolic function on the basis of flow (after excluding small body size). As compared with “classical” NFHG patients, “paradoxical” LFLG patients had a similar degree of AS stenosis severity based on AVA,
but had a significantly higher arterial and global afterload and a lower LVEF. In addition, these patients were higher surgical risk and had a higher incidence of atrial
fibrillation. Taken together these findings support the concept that “paradoxical”
LFLG patients almost certainly have a more advanced stage of disease as compared
with NFHG patients and benefit from TAVI; conversely, as compared with NFHG,
NFLG patients have a less severe form of disease and are less symptomatic at baseline. Therefore, among symptomatic patients presenting with a small valve area,
low mean gradient and normal flow, a careful clinical assessment for other potential causes of the symptoms should be sought.
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LFHG Patients
Interestingly, we observed that the LFHG group not only had a greater degree of AS
severity compared with “classical” NFHG patients but also had a much higher LV
afterload, a greater severity of pulmonary hypertension and a higher incidence of
atrial fibrillation. LFHG patients tended to be older, smaller, female octogenarians.
These findings imply that the combination of a low-flow state and high transvalvular gradient leads to a particularly insidious form of AS with several adverse haemodynamic and arrhymogenic consequences. However, the clinical implications may
be less owing to the fact that these patients are expected to be managed appropriately anyhow because they present with a high transvalvular mean gradient. On the
contrary, symptomatic “paradoxical” LFLG patients are less likely to be referred for
SAVR owing to the presence of a low mean gradient, which some physicians may
misinterpret as indicating only moderate disease.
Atrial fibrillation and Low-flow Aortic Stenosis
We observed a high incidence of atrial fibrillation among patients presenting with
low-flow severe AS. In fact, atrial fibrillation was over 3 times more prevalent
among low-flow patients and this high prevalence was only partially explained by
moderate to severe MR. Furthermore, this association appeared to be independent of the mean gradient. The reason for the high prevalence of atrial fibrillation
among low-flow patients is unclear but may be related to myocardial fibrosis. Excessive atrial fibrosis is involved in the pathogenesis of atrial fibrillation (17).
Herrmann et al previously demonstrated that patients with “paradoxical” LFLG severe AS have a significantly higher incidence of myocardial fibrosis as compared
with “classical” NFHG patients (18). It may be that low-flow patients in the present
study had a higher degree of myocardial fibrosis as compared with normal flow patients, which resulted in the higher incidence of atrial fibrillation although further
studies are needed to confirm this. Conversely, atrial fibrillation may be involved in
the pathophysiology of low-flow aortic stenosis because the loss of the atrial contraction may result in a lower ventricular preload and therefore lower stroke volume.
Pulmonary Hypertension and Low-flow Aortic Stenosis
Most patients with PH in this study had post-capillary PH, suggesting that PH was
secondary to left sided heart disease in a majority of cases. Normal flow patients
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had a higher incidence of passive PH, whereas low flow patients had a higher incidence of reactive PH. Passive PH results from the passive backward transmission of
the pressure elevation from the left-sided heart (19). This occurs in the early stages
and is exclusively the consequence of increased LV filling pressure. The TPG is within
normal range. No element of passive PH is derived from intrinsic abnormalities of
the pulmonary arterial system and therefore this stage is usually reversible (19). As
pulmonary venous pressure rises, however, pulmonary vascular disease with vasoconstriction and remodeling of the pulmonary arterial system caused by the chronically elevated LV filling pressures can occur. This “intrinsic” form of PH may be either reversible or permanent. In the latter case, mean PA pressure does not
normalize following alleviation of the high downstream pressure (e.g. following
TAVI), which therefore becomes a fixed arterial component of PH. At this stage,
both functional and structural abnormalities of the pulmonary vascular system develop, and histological changes in the pulmonary vasculature of affected patients
may not be distinguishable from those of patients with precapillary PH (19). It can
therefore be hypothesized that the low-flow state results in a greater and more
sustained passive backward transmission of the pressure elevation from the leftsided heart and over time, results in an increased vasomotor tone of the pulmonary
arterioles, thereby increasing PVR and resulting in reactive PH. This hypothesis is
supported by the fact that we observed a significant inverse correlation between
SVI and mean PA pressure among low-flow patients but not among normal flow
patients.
Limitations
First, this study reflects the experience of a single center only. Second, although the
haemodynamic and clinical data were prospectively collected, this is a retrospective
study and therefore may be subjected to confounding factors. Third, patients were
only included in the present analysis if they underwent a preprocedural right and
left heart catheterization with aortic valve crossing. Therefore, this is not a consecutive patient series. The reasons for or against performing a preprocedural right
and left heart catheterization were at the discretion of the treating physician.
Fourth, no second method for the measurement of cardiac output (e.g. thermodilution method, MRI) was performed in addition to the Fick method, which has its
own, well-recognized limitations.
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CONCLUSIONS
“Paradoxical” LFLG severe AS represents an advanced stage of disease and these
patients clearly benefit from TAVI. Conversely, NFLG patients appear to have a
lesser degree of AS severity, have a normal global afterload and may not benefit
from TAVI to the same degree despite excellent safety outcomes. Low-flow patients in general have a 3 fold higher incidence of atrial fibrillation and a more severe form of pulmonary hypertension. Patients presenting with low-gradient severe AS and preserved LVEF should be stratified by flow and those presenting with
a low-flow pattern should be referred for TAVI. Further studies are need to assess
the optimal management strategy for patients presenting with a NFLG pattern.
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FIGURE LEGENDS
Figure 1
Patient flow.
Figure 2
Haemodynamic afterload among patients with aortic stenosis undergoing
transcatheter aortic valve

implantation, stratified according to flow-gradient

patterns.
Figure 3
Kaplan-Meier analysis of death (A), cardiovascular death (B) and major adverse
cardiovascular and cerebrovascular events (MACCE; composite of death, major
stroke and myocardial infarction) (C) at 1-year
Figure 4
Type of post-capillary pulmonary hypertension (i.e. passive post-capillary
pulmonary

hypertension and reactive postcapillary pulmonary hypertension,

stratified according to flow.
Figure 5
Scatterplot showing the correlation between invasively measure mean pulmonary
artery pressures and stroke volume index, stratifed according to gender.
Figure 6
Functional Clinical Outcome. Functional status expressed by New York Heart Association (NYHA) classification at 1-year follow-up compared with baseline. Very light
blue = improved 4 levels, light blue = improved 3 levels: medium blue = improved 2
levels; dark blue = improved 1 level; green = no change; pink = worsened 1 level;
red = worsened 2 levels.

116

Table 1. Baseline Characteristics
All patients

NFHG

NFLG

LFHG

3
LFLG Chapter p-value

N = 263

N = 36

N = 19

N = 123

N = 85

Age (years)

82.7 ± 4.8

81.9 ± 4.7†

79.9 ± 5.2

83.9 ± 4.1†

82.0 ± 5.2

0.001

Female gender, n(%)

160 (61%)

12 (33%)†‡

10 (53%)

91 (74%)†

47 (55%)‡

<0.001

Height (cm)

163.8 ± 8.2

165.9 ± 9.2†

162.9 ± 9.1

163.1 ± 7.1†

164.1 ± 9.0

0.289

Weight (kg)

72.8 ± 14.8

74.5 ± 15.4

74.6 ± 15.2

70.8 ± 14.0

74.4 ± 15.4

0.276

Body Mass Index (kg/m²)

27.1 ± 5.2

27.1 ± 5.3

27.9 ± 4.3

26.6 ± 5.1

27.6 ± 5.4

0.519

Body surface area (m²)

1.8 ± 0.2

1.8 ± 0.2

1.8 ± 0.2

1.8 ± 0.2

1.8 ± 0.2

0.254

Diabetes mellitus, n(%)

79 (30%)

8 (22%)

8 (42%)

36 (29%)

27 (32%)

0.472

Hypercholesterolemia, n(%)

168 (64%)

25 (69%)

16 (84%)

70 (57%)

57 (67%)

0.077

Hypertension, n(%)

220 (84%)

30 (83%)

15 (79%)

102 (83%)

73 (86%)

0.881

Current smoker, n(%)

24 (9%)

4 (11%)

1 (5%)

12 (10%)

7 (8%)

0.884

Coronary artery disease, n(%)

152 (58%)

21 (58%)

15 (79%)

63 (51%)

53 (62%)

0.094

Multivessel disease

85 (36%)

11 (38%)

8 (50%)

30 (26%)

36 (46%)

0.023

Previous myocardial infarction, n(%)

22 (8%)

4 (11%)

1 (5%)

4 (3%)

13 (15%)

0.018

Previous coronary artery bypass graft, n(%)

36 (14%)

6 (17%)

7 (37%)

7 (6%)

16 (19%)

0.001

Previous percutaneous coronary intervention, n(%)

54 (21%)

7 (19%)

5 (26%)

16 (13%)

26 (31%)

0.019

Demographics

Physical Dimensions

Cardiac Risk Factors

Past Medical History
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Previous stroke, n(%)

18 (7%)

2 (6%)

1 (5%)

9 (7%)

6 (7%)

0.975

Peripheral vascular disease, n(%)

46 (17%)

7 (19%)

4 (21%)

12 (10%)

23 (27%)

0.013

Chronic obstructive pulmonary disease, n(%)

44 (17%)

4 (11%)

2 (11%)

18 (15%)

20 (24%)

0.208

Renal failure (GFR<60ml/min/1.73m2)

168 (64%)

18 (50%)

12 (63%)

82 (67%)

56 (67%)

0.294

2 (1%)

0 (0%)

0 (0%)

2 (2%)

0 (0%)

0.514

Moderate Aortic Regurgitation§

21 (10%)

0 (0%)†

1 (6%)

17 (17%)†

3 (4%)

0.012

Moderate Mitral Regurgitation

38 (16%)

2 (7%)

1 (6%)

21 (19%)

14 (18%)

0.236

Severe Mitral Regurgitation

5 (2%)

1 (3%)

0 (0%)

2 (2%)

2 (3%)

0.859

65 (25%)

3 (8%)†‡

2 (11%)

33 (27%)†‡

27 (32%)

0.020

36 (14%)

8 (23%)

1 (5%)

16 (13%)

11 (13%)

0.295

170 (65%)

23 (64%)

8 (42%)

87 (71%)

52 (61%)

0.083

39 (15%)

4 (11%)

2 (11%)

13 (11%)

20 (24%)

0.051

Logistic EuroScore (%)

18.1 ± 9.3

15.2 ± 7.7‡

19.0 ± 11.1

17.8 ± 9.5

19.7 ± 9.0‡

0.098

STS Score (%)

6.0 ± 3.7

5.2 ± 2.9

5.5 ± 3.2

6.0 ± 4.1

6.5 ± 3.4

0.319

Aspirin, n(%)

163 (62%)

19 (53%)

15 (79%)

74 (60%)

55 (65%)

0.238

Clopidogrel, n(%)

42 (16%)

3 (8%)‡

2 (11%)

14 (11%)

23 (27%)‡

0.007

Oral anticoagulation, n(%)

68 (26%)

8 (22%)

6 (32%)

28 (23%)

26 (31%)

0.536

Baseline Valvular Disease
Previous valve surgery

Baseline Cardiac Rhythm
Atrial fibrillation, n(%)
Symptoms
Syncope
New York Heart Association (NYHA) Functional Class
NYHA III/IV n(%)
Canadian Cardiovascular Society (CCS) Angina Status
CCS III/IV
Risk Assessment

Medications
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Laboratory values
Brain Natriurtic Peptide

355.9 ± 506.1
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551.0 ± 895.6

189.0 ± 120.6

378.3 ± 504.9

272.4 ± 287.9

0.121
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Table 2. Invasive Haemodynamic Characteristics
All patients

NFHG

NFLG

LFHG

LFLG

p-value

N = 263

N = 36

N = 19

N = 123

N = 85

Aortic valve area, cm2

0.54 ± 0.22

0.65 ± 0.21‡

0.76 ± 0.19

0.43 ± 0.18

0.61 ± 0.19‡

<0.001

Indexed aortic valve area, cm2.m-2

0.30 ± 0.11

0.35 ± 0.11‡

0.42 ± 0.09

0.24 ± 0.10

0.34 ± 0.10‡

<0.001

Peak-to-peak gradient, mm Hg

54.97 ± 25.15

65.17 ± 19.02‡

36.63 ± 11.33

66.74 ± 25.52

37.71 ± 14.97‡

<0.001

Mean gradient, mm Hg

46.07 ± 16.04

54.23 ± 9.66‡

31.94 ± 4.98

56.25 ± 13.40

31.05 ± 6.58‡

<0.001

Stroke work loss, %

24.47 ± 7.15

28.59 ± 5.29‡

18.64 ± 2.88

28.36 ± 6.12

18.39 ± 4.16‡

<0.001

Valvular resistance, dyne.s.cm-5

335.02 ± 214.71

258.17 ± 93.77†‡

144.83 ± 38.02

465.48 ± 240.30†

221.95 ± 85.71‡

<0.001

Systolic arterial pressure, mmHg

141.95 ± 28.39

138.00 ± 28.10

142.00 ± 27.80

144.15 ± 29.02

140.42 ± 27.94

0.644

Diastolic arterial pressure, mmHg

65.93 ± 14.41

64.58 ± 13.86

62.16 ± 11.99

66.22 ± 15.57

66.93 ± 13.41

0.560

Mean arterial pressure

96.27 ± 18.91

92.64 ± 18.81

93.68 ± 17.43

97.47 ± 20.01

96.65 ± 17.68

0.532

Systemic vascular resistance, mmHg.min.L-1

1927.27 ± 640.94

1395.91 ± 421.99†‡

1448.35 ± 369.25

2101.90 ± 647.81†

2006.65 ± 586.92‡

<0.001

Systemic arterial compliance, mL. mmHg-1

0.42 ± 0.17

0.61 ± 0.22†‡

0.54 ± 0.17

0.36 ± 0.12†

0.39 ± 0.13‡

<0.001

7.24 ± 2.55

5.06 ± 0.94†‡

4.47 ± 0.75

8.50 ± 2.63†

6.94 ± 1.88‡

<0.001

Ejection fraction, %

61.73 ± 7.19

63.08 ± 6.05‡

59.11 ± 6.30

62.76 ± 7.81

60.25 ± 6.53‡

0.018

LV systolic pressure (mmHg)

196.91 ± 34.35

203.17 ± 28.44‡

178.63 ± 30.24

210.89 ± 32.93

178.13 ± 28.95‡

<0.001

LV end diastolic pressure (mmHg)

20.18 ± 7.92

21.67 ± 6.77

20.11 ± 6.34

20.69 ± 8.68

18.84 ± 7.43

0.238

Aortic stenosis severity

Systemic Vascular load

LV global afterload
Valvuloarterial Impedance (mm Hg.ml-1.m2)
LV systolic function
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LV Stroke Work (g.m)

100.57 ± 32.20

147.74 ± 32.17†‡

122.66 ± 22.12

95.92 ± 25.13†

82.40 ± 18.74‡

<0.001

Stroke Volume (ml)

52.35 ± 15.40

74.40 ± 14.85†‡

71.93 ± 9.21

46.05 ± 10.50†

47.77 ± 9.76‡

<0.001

Stroke Volume Index (ml/m²)

29.35 ± 7.87

40.92 ± 7.03†‡

40.15 ± 3.70

26.17 ± 5.34†

26.63 ± 4.73‡

<0.001

Cardiac Output (L/min)

3.93 ± 0.97

5.05 ± 0.86†‡

4.91 ± 0.94

3.59 ± 0.80†

3.72 ± 0.74‡

<0.001

Cardiac Index (l/(min*m²)

2.20 ± 0.48

2.78 ± 0.37†‡

2.73 ± 0.46

2.04 ± 0.39†

2.07 ± 0.34‡

<0.001

PA systolic pressure (mmHg)

48.06 ± 15.36

46.12 ± 10.54

46.84 ± 14.77

49.61 ± 16.55

46.94 ± 15.44

0.518

Mean PA pressure (mmHg)

30.61 ± 10.32

27.62 ± 6.77†

29.16 ± 7.91

32.00 ± 11.28†

30.22 ± 10.42

0.141

181 (72%)

24 (71%)

13 (68%)

87 (75%)

57 (70%)

0.858

Pre-capillary PH, n(%)

40 (16%)

3 (9%)

2 (11%)

20 (17%)

15 (19%)

0.524

Post-capillary PH, n(%)

141 (56%)

21 (62%)

11 (58%)

67 (58%)

42 (52%)

0.757

Passive PH

85 (60%)

19 (90%)†‡

8 (73%)

37 (55%)†

21 (50%)‡

0.010

Reactive PH

56 (40%)

2 (10%)†‡

3 (27%)

30 (45%)†

21 (50%)‡

0.010

303.51 ± 269.57

139.14 ± 89.88†‡

161.55 ± 167.03

362.99 ± 304.51†

324.22 ± 250.47‡

<0.001

77.10 ± 14.31

68.96 ± 10.63†‡

68.00 ± 10.69

79.75 ± 16.17†

78.74 ± 11.26‡

<0.001

Right sided haemodynamics

Pulmonary hypertension, n(%)

Pulmonary vascular resistance
Heart rate
Heart Rate (beats/min)

Values are n (%) or mean  standard deviation. Significant difference between patients with normal-flow, high-gradient and patients with normal-flow, lowgradient (NFLG) groups. †Significant differences between NFHG and low-flow, high-gradient (LFHG) groups. ‡Significant differences between NFHG and lowflow, low-gradient (LFLG) groups. LV = Left ventricular. PA = pulmonary artery. PH = pulmonary hypertension.
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Table 3. Procedural Characteristics
All patients

NFHG

NFLG

LFHG

LFLG

N = 263

N = 36

N = 19

N = 123

N = 85

Access Route

p-value

0.101

Femoral, n(%)

216 (82%)

30 (83%)

15 (79%)

107 (87%)

64 (75%)

0.183

Apical, n(%)

45 (17%)

6 (17%)

3 (16%)

16 (13%)

20 (24%)

0.266

Subclavian, n(%)

2 (1%)

0 (0%)

1 (5%)

0 (0%)

1 (1%)

0.089

Valve Type

0.880

Medtronic CoreValve, n(%)

139 (53%)

17 (47%)

9 (47%)

70 (57%)

43 (51%)

0.642

Edwards Sapien Valve, n(%)

122 (46%)

19 (53%)

10 (53%)

52 (42%)

41 (48%)

0.606

Symetis Valve, n(%)

2 (1%)

0 (0%)

0 (0%)

1 (1%)

1 (1%)

0.892

Revascularisation

0.597

No revascularisation, n(%)

200 (76%)

26 (72%)

16 (84%)

94 (76%)

64 (75%)

0.796

Concomitant PCI, n(%)

39 (15%)

7 (19%)

3 (16%)

19 (15%)

10 (12%)

0.731

Staged PCI, n(%)

24 (9%)

3 (8%)

0 (0%)

10 (8%)

11 (13%)

0.311

Procedural Specifications

0.463

Device Success

230 (88%)

30 (86%)

18 (95%)

104 (85%)

78 (92%)

0.327

No Device Success: valve in Series

5 (2%)

0 (0%)

1 (5%)

2 (2%)

2 (2%)

0.580

No Device Success: AR ≥2

23 (9%)

4 (11%)

0 (0%)

14 (11%)

5 (6%)

0.254

No Device Success: access failure*

4 (2%)

1 (3%)

0 (0%)

3 (2%)

0 (0%)

0.439
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P Values are n (%) or mean  standard deviation CI = percutaneous coronary intervention. AR = aortic regurgitation. NFHG = normal-flow, high-gradient;
NFLG = normal-flow, low-gradient; LFHG = low-flow, high-gradient; LFLG = low-flow, low-gradient.
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Table 4. Clinical Outcomes
NFLG vs NFHG
NFHG

NFLG

LFHG

LFLG

LFHG vs NFHG

HR (95% CI)

p-value

HR (95% CI)

LFLG vs LFLG
p-value

HR (95% CI)

p-value
overall
p-value

N = 36

N = 19

N = 123

N = 85

3 (8.7)

1 (5.3)

11 (10.0)

5 (6.1)

0.59 (0.06-5.69)

0.65

1.03 (0.29-3.70)

0.96

0.70 (0.17-2.91)

0.62

0.86

Cardiovascular Death, n(%)

2 (5.7)

1 (5.3)

8 (7.6)

4 (4.9)

0.89 (0.08-9.80)

0.92

1.13 (0.24-5.31)

0.88

0.84 (0.15-4.57)

0.84

0.97

Cerebrovascular Events, n(%)

2 (5.6)

1 (5.3)

6 (5.0)

1 (1.2)

0.93 (0.08-10.28)

0.95

0.87 (0.17-4.29)

0.86

0.21 (0.02-2.29)

0.20

0.58

Major Stroke, n(%)

1 (2.8)

1 (5.3)

6 (5.0)

1 (1.2)

1.88 (0.12-30.06)

0.66

1.75 (0.21-14.50)

0.61

0.42 (0.03-6.71)

0.54

0.58

Minor Stroke, n(%)

1 (2.8)

0 (0.0)

0 (0.0)

0 (0.0)

Transient Ischemic Attack, n(%)

0 (0.0)

0 (0.0)

0 (0.0)

0 (0.0)

Myocardial infarction, n(%)

0 (0.0)

0 (0.0)

0 (0.0)

0 (0.0)

All cause death or major stroke, n(%)

3 (8.5)

1 (5.3)

12 (10.7)

5 (6.1)

0.62 (0.06-5.92)

0.67

1.16 (0.33-4.12)

0.82

0.70 (0.17-2.91)

0.62

0.76

All cause death, major stroke, or MI, n(%)

3 (8.5)

1 (5.3)

12 (10.7)

5 (6.1)

0.62 (0.06-5.92)

0.67

1.16 (0.33-4.12)

0.82

0.70 (0.17-2.91)

0.62

0.76

5 (18.3)

1 (5.3)

21 (19.4)

14 (20.5)

0.29 (0.03-2.49)

0.26

1.01 (0.38-2.69)

0.98

1.03 (0.37-2.87)

0.95

0.67

Cardiovascular Death, n(%)

3 (11.0)

1 (5.3)

11 (9.9)

8 (12.3)

0.51 (0.05-4.95)

0.56

0.93 (0.26-3.33)

0.91

1.02 (0.27-3.86)

0.97

0.93

Cerebrovascular Events, n(%)

3 (11.5)

1 (5.3)

7 (6.1)

3 (5.1)

0.55 (0.06-5.31)

0.61

0.61 (0.16-2.37)

0.47

0.39 (0.08-1.93)

0.25

0.72

Major Stroke, n(%)

2 (8.9)

1 (5.3)

7 (6.1)

1 (1.2)

0.87 (0.08-9.60)

0.91

0.96 (0.20-4.62)

0.96

0.20 (0.02-2.21)

0.19

0.53

Minor Stroke, n(%)

1 (2.8)

0 (0.0)

0 (0.0)

0 (0.0)

0.21

Transient Ischemic Attack, n(%)

0 (0.0)

0 (0.0)

0 (0.0)

2 (4.0)

0.35

Myocardial infarction, n(%)

0 (0.0)

1 (7.7)

0 (0.0)

0 (0.0)

0.07

All cause death or major stroke, n(%)

6 (23.3)

1 (5.3)

23 (21.2)

14 (20.5)

0.24 (0.03-2.03)

0.19

0.94 (0.38-2.31)

0.89

0.85 (0.33-2.22)

0.74

0.61

All cause death, major stroke, or MI, n(%)

6 (23.3)

2 (12.6)

23 (21.2)

14 (20.5)

0.49 (0.10-2.45)

0.39

0.93 (0.38-2.30)

0.88

0.85 (0.33-2.21)

0.74

0.84

30 Days Follow-Up
All Cause Death, n(%)

0.21

1 Year Follow-Up
All Cause Death, n(%)
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Depicted are counts (Kaplan-Meier cumulative incidence %). Hazard Ratios (HR) and 95% CI (confidence intervals) and overall p-value comparing all 4
groups from Cox’s Regression; except in case of zero outcomes in 3 groups where only overall p-value from Fisher’s test given. Pairwise HR (95% CI)
versus the reference group NFHG using Cox’s Regression. MI = myocardial infarction
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FIGURE 1.
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FIGURE 2.

127

Chapter 3

FIGURE 3.
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FIGURE 4.
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FIGURE 5.
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FIGURE 6.
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ABSTRACT
Aortic valve stenosis and coronary artery disease (CAD) frequently co-exist in elderly patients selected for transcatheter aortic valve implantation (TAVI). Therapeutic strategies to manage concomitant obstructive CAD are therefore an important consideration in the overall management of patients with severe aortic
stenosis (AS) undergoing TAVI. Conventional surgical aortic valve replacement and
coronary artery bypass grafting is the treatment of choice for low and intermediate
risk patients with symptomatic severe AS and concomitant obstructive CAD. However, TAVI and percutaneous coronary intervention (PCI) are viable alternative options for high-risk or inoperable patients presenting with symptomatic severe AS.
PCI has been shown to be feasible and safe in selected high-risk or inoperable patients with symptomatic severe AS. However, the optimal timing of PCI relative to
the TAVI procedure has been a subject of debate. The most frequent approch is
staged PCI typically performed a few weeks prior to TAVI. However, concomitant
PCI has also been shown to be a feasible and safe approach, particularly in patients
with a low level of CAD complexity and an absence of severe renal impairment.
Conversely, staged PCI should be considered in patients with higher degrees of CAD
complexity, particularly in the presence of severe renal impairment. The aim of the
present review is to discuss the safety and feasibility of performing PCI in elderly
patients with severe AS and the optimal timing of PCI relative to the TAVI procedure
using the most up-to-date available evidence.

KEY WORDS: aortic stenosis, coronary artery disease, coronary revascularization,
transcatheter aortic valve implantation.
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INTRODUCTION
Aortic stenosis (AS) is one of the most common valvular heart disease lesions in
western countries and is frequently associated with concomitant coronary artery
disease (CAD).1 Recent studies have shown that CAD is present in 40-70% of patients undergoing transcatheter aortic valve implantation (TAVI) and hence, the appropriate treatment of concomitant CAD is an important consideration in the overall management of patients selected for a TAVI procedure.2,3 The 2014 European
Society of Cardiology/European Association for Cardiothoracic Surgery guidelines
on Myocardial Revascularization have given a class I (level of evidence C) recommendation for coronary artery bypass grafting (CABG) in patients with a primary
indication for aortic valve surgery and coronary artery diameter steosis ≥70%.4 The
consensus document also states that CABG should be considered in patients with a
primary indication for aortic valve surgery and coronary artery diameter stenosis
≥50-70% (Class IIa, level of evidence C).4 The 2014 consensus document has also
given a novel class IIa (level of evidence C) recommendation for PCI in patients with
a primary indication to undergo TAVI and a coronary artery diameter stenosis >70%
in proximal segments.4
Patients with severe AS undergoing conventional surgical aortic valve replacement
(SAVR) have an increased procedural and short-term mortality when undergoing
concomitant CABG as compared with patients undergoing isolated SAVR.5-7 However, most surgical series compared clinical outcomes of patients with CAD undergoing CABG and SAVR to patients without CAD undergoing isolated SAVR.8-11 Conversely, patients with severe AS and concomitant CAD frequently undergo isolated
TAVI without revascularization.12,13 Whether or not unrevascularized CAD impacts
on clinical outcomes following successful TAVI is hitherto unclear.
TAVI has transformed the management of high-risk and inoperable patients with
symptomatic severe AS. Owing to the fact that the prevalence of concomitant CAD
with severe AS increases with age, CAD is frequently present among elderly patients
selected for TAVI.14,15 The TAVI era has given rise to new challenges in the management of severe AS with concomitant CAD leading to questions regarding the safety
and feasability of performing percutaneous coronary intervention (PCI) in patients
with severe AS ; which lesions to treat ; the impact of preprocedural CAD and postprocedural unrevascularized CAD on clinical outcomes after TAVI ; coronary stent
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selection (i.e. bare metal stent [BMS] vs drug eluting stent [DES]); the best antithrombotic/antiplatelet regimen, especially in patients with concomitant atrial fibrillation; and the optimum timing of PCI relative to the TAVI procedure. The main
purpose of the present review is to address these questions.
Can PCI be safely performed in patients with severe aortic stenosis?
Several observational studies to date support the safety and feasibility of PCI
among patients with severe AS and concomitant CAD.16-18 In a single center retrospective analysis, Goel et al propensity matched 254 patients with severe AS undergoing PCI with 508 patients without severe AS undergoing PCI during the same
treatment period.16 The investigators found a similar mortality at 30-days among
both groups (4.3% vs 4.7%, p=0.2), suggesting that PCI can safely be performed in
patients with severe AS and concomitant CAD.16 Noteworthy, severe AS patients
with an ejection fraction <30% had a higher 30-day post-PCI mortality as compared
with those with an ejection fraction >30% (5.4% vs 1.2%, p<0.001) and patients with
a high Society of Thoracic Surgeons (STS) score (≥10) had a higher 30-day post-PCI
mortality than those with an STS score <10 (10.4% vs 0%, p<0.001).16 Similarly, in a
single centre, retrospective analysis of 249 consecutive patients undergoing TAVI,
Abramowitz et al observed no significant differences in 30-day mortality among patients with severe AS and CAD undergoing either PCI and TAVI (all but one were
staged PCI) and TAVI alone (2.4% vs 1.6%, p=1.0), although there was a trend towards a higher incidence of minor vascular complications among the PCI group
(4.8% vs 14.8%, p=0.07).17 In the Bern TAVI registry, similar mortality rates were
observed at 30-days for patients undergoing isolated TAVI as compared with TAVI
combined with PCI (5.6% vs 10.2%, p=0.24), again supporting the concept that PCI
can safely be performed in high-risk or inoperable patients with severe AS and concomitant CAD, which were previously discussed among the Heart Team.18 Conversely, Griese et al found a higher incidence of myocardial infarction (6% vs 1%,
p=0.01) and a higher 30-day mortality rate (15% vs 5%, p=0.01) among patients undergoing PCI and TAVI as compared with isolated TAVI with no significant interaction between either a staged (n=48) or a concomitant (n=17) PCI approach.19 However, the majority of myocardial infarctions were biomarker defined periprocedural
Mis and this study was limited its single centre, retrospective design, small sample
size and predominant use of bare metal stents (71% of patients).19
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PCI before TAVI – staged approach
There has been wide heterogenity to date in the literature regarding the timing of
revascularization in relation to the TAVI procedure with many centers opting to perform a predominantly staged approch i.e PCI followed by TAVI at a later point in
time (figure 1).17,19-26 Fewer centers appear to perform a higher proportion of concomitant PCI with TAVI (figure 1).12,18,27,28 However, to date there have been no
randomized controlled trials comparing the different approches and there have
only been a few small observational studies comparing the two strategies.18,22 Theoretically, there are several advantages to performing PCI prior to TAVI as a staged
procedure. First, the accumulated contrast dose is lower when staged PCI is performed prior to TAVI as compared with concomitant PCI and TAVI. For example, in
the Bern TAVI registry, the total contrast load among patients undergoing isolated
TAVI following staged PCI (244±94 mLs) was numerically lower as compared with
patients undergoing concomitant PCI and TAVI (343±126 mLs).18 In the series by
Conradi et al, patients undergoing staged PCI followed by TAVI had a lower contrast
load (171.9±68.4 mLs) as compared with patients undergoing concomitant PCI and
TAVI (292.3±117.5 mLs).22 This is an important consideration as renal impairment is
highly prevalent among high-risk and inoperable patients selected for TAVI. For example, in the German TAVI registry (n=697) 62% patients had an eGFR <60
mL/min/m2.29 However, in the Bern TAVI registry, no significant differences were
observed in the incidence of 30-day RIFLE stage 3 renal failure beween patients
undergoing isolated TAVI (4.1%), concomitant PCI and TAVI (2.8%) and staged PCI
and TAVI (0%) (p=0.59), although there may have been an important selection
bias.18 A second theorectical advantage is that performing PCI prior to TAVI may
reduce the incidence of haemodynamic instability during the TAVI procedure (especially during rapid right ventricular pacing), which may be precipitated by the
presence of unrevascularized CAD. It has previously been shown that the need for
peri-procedural hemodynamic support is a predictor for both early and late mortality.30 It is intuitive, albeit unproven, that such patients may have a higher prevalence
of unrevascularized CAD. Finally, the TAVI procedural time is reduced when PCI is
performed as a staged procedure prior to TAVI, which reduces the cumulative radiation exposure. For example, Conradi et al reported a slightly longer procedural
time for patients undergoing concomitant PCI and TAVI (110.0±41.7 minutes) as
compared with patients undergoing isolated TAVI (102.0±23.8 minutes).22 Furthermore, the fluoroscopy time was also reduced when TAVI was performed as a staged
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approach (9.5±7.0 vs 18.1±9.2 minutes).22 However, in the Bern TAVI registry, no
significant differences in procedural (98±35 vs 99±42 minutes, p=0.93) or fluoroscopy (21.1±8.6 vs 24.2±9.9 minutes) times between TAVI + staged PCI versus TAVI
+ concomitant PCI were observed.18
Disadvantages to performing PCI prior to TAVI as a staged approach include a potential increased bleeding risk, associated with the subsequent mandated dual antiplatelet therapy (DAPT) following staged PCI. In the Bern TAVI registry, higher
rates of major access related complications (2.8% vs 13%) and life-threatening
bleeding (5.6% vs 13%) were observed among patients undergoing a staged PCI
procedure.18 Although these differences were not significant, a significant difference may have been observed in a larger number of patients. Conversely, AbdelWahab et al observed no differences in either life-threatening bleeding(PCI+TAVI
vs isolated TAVI : 7% vs 6%) or major vascular complications (PCI+TAVI vs isolated
TAVI : 6% vs 3%, p=ns) among patients undergoing PCI and TAVI compared with
isolated TAVI.20 In addition, the patient is exposed to two procedures instead of
one, which may increase the overall risk of procedural complications, such a stroke
and periprocedural myocardial infarction. Furthermore, there is also the increased
expense and use of resources by scheduling two procedures instead of one and the
added inconvenience for the patient having to present themselves for two separate
procedures.3
PCI during TAVI – combined approach
PCI can also be performed concomitantly with TAVI in patients with severe AS and
CAD.12,17-20,22-25,27,28 Conradi et al were the first to demonstrate the safety and feasability of the combined approach in 7 patients who underwent concomitant PCI
prior to TAVI (21 patients in this series underwent a staged approach prior to
TAVI).22 No periprocedural MI or stroke occurred in any patient and the 30-day
mortality was 7.1% overall.22 Advantages associated with a single stage approach
include the use of the same arterial access for both the TAVI and PCI procedures
thereby minimising the risk of vascular and bleeding complications. This concept is
supported by our own experience, in which we compared the clinical outcomes of
patients undergoing concomitant PCI (n=36) with patients undergoing staged PCI
(n=23).18 As compared with staged PCI, the rate of both major vascular complications (2.8% vs 13%) and life threatening bleeding (5.6% vs 13%) were numerically
lower among patients undergoing concomitant PCI.18 While these differences did
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not reach statistical significance, it is conceiveable that it may have done so in a
larger patient population. Other advantages of the single stage approach include
enhanced resource utilization and patient convenience.3
However, there are also potential disadvantages to performing PCI during the same
procedure. Procedural time may be increased, which theoretically may augment
the risk of stroke and cardiovascular complications. For example, in the Bern TAVI
registry the rate of major stroke was higher among patients undergoing concomitant PCI and TAVI (5.6%) as compared with patients undergoing staged PCI (0%),
although the differences were not significant (p=0.55) and no myocardial infarctions were observed.18 Furthermore, as mentioned above the risk of renal failure
may also theoretically be increased, although the evidence to date has not demonstrated this to be the case.18,22
PCI after TAVI
The main advantage of performing PCI after TAVI is that the risk of the PCI procedure itself may be reduced. PCI can be performed directly following TAVI during the
same procedure (i.e. reversed concomitant approach) or as a staged elective or
emergent procedure afterwards. There have only been a handful of reports exploring the feasibility of performing PCI after TAVI.27,31,32 Geist et al were the first to
report the successful PCI of a 79 year old patients who underwent TAVI with a Medtronic CoreValve a few months previously for severe AS.31 Zajarias et al reported
the successful PCI of a patient receiving an early generation Edwards SAPIEN
valve.32 Van Mieghem et al reported on the revascularization of 8 patients (n=7 received a prior Medtronic CoreValve) who underwent PCI a median of 140 days
(IQR : 0-337) after TAVI.27 In this series, the indications for PCI following TAVI included late stent thrombosis (n=1), ST-segment elevation MI (n=2), non-ST segment
elevation MI (n=1), TAVI procedure-related left main dissection (n=1), and CAD progression (n=2).27 2/8 PCI procedures were complicated by a neurological event (1
major stroke, and 1 transient ischemic attack).27 Pasic et al reported their experience of performing PCI immediately after transapical TAVI in 46 patients (n=43 elective ; 3=emergent) receiving an Edwards SAPIEN transcatheter heart valve i.e. reversed concomitant PCI.28 The investigators stated that their primary aim in
performing concomitant PCI and TAVI was to prevent postoperative myocardial infarction without increasing the procedural risk.28 In addition, the decision for revas138
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cularization was made only if the diseased artery subtended a large myocardial territory and a large area of myocardial area was at risk (i.e. left main >50% ; proximal/mid left anterior descending, proximal/mid right coronary argery [if dominant]
or proximal/med left circumflex [if dominant] ≥90%).28 The rationale given for performing TAVI followed by PCI was that they regarded severe AS to be the « most
proximal coronary artery stenosis » as it reduces both systemic and myocardial perfusion and hence by performing TAVI first, the sequele of PCI complications are reduced.28
The main disadvantages of performing PCI after TAVI is that there may be poor access to the coronary ostia through the frame struts. This may be particularly a problem with transcatheter valve prostheses covering the coronary ostia such as the
Medtronic CoreValve or the Portico Valve.
AREAS OF UNCERTAINTY
Impact of CAD on clinical outcomes after TAVI
The impact of unrevascularized CAD on clinical outcomes after TAVI is unclear, with
several studies demonstrating conflicting results.33-35 Dewey et al assessed the clinical outcomes of 171 patients undergoing TAVI between December 2005 and February 2008 with (n=84) and without (n=87) CAD defined as previous cardiovascular
intervention with either CABG or PCI.33 The investigators found that patients with
CAD were 10 times more likely to die within 30-days of the TAVI procedure than
those without CAD.33 Important limitations of this study were that CAD was defined
on the basis of previous revascularization only (i.e. either previous PCI or CABG) and
that both CAD and non-CAD groups were unevenly matched for baseline risk profiles. For example, as compared with patients without CAD, CAD patients had more
co-morbidities including chronic renal disease, higher logistic EuroSCOREs and STS
scores and lower left ventricular ejection fractions, which may have confounded
the results.33 Conversely, Masson et al observed that the presence of CAD or nonrevascularized myocardium was not associated with an increased risk of 30-day or
one-year mortality.20 Similarly, Ussia et al in a large prospective Italian CoreValve
registry observed no impact of CAD on clinical outcomes after TAVI.34 These results
were corroborated by a large meta-analysis of 7 observational studies including
2472 patients, which reported that CAD had no significant impact on mid-term mortality after TAVI (OR 1.0, 95% confidence interval 0.67-1.50).35
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Role of CAD severity
However, it has also been suggested that CAD severity, rather than the presence or
absence of CAD per se, may have a more relevant impact on clinical outcomes after
TAVI. For example, Stefanini et al reported on the clinical outcomes of 445 patients
(n=287 CAD ; n=158 no CAD) with severe AS undergoing TAVI from a prospective
registry between 2007 and 2012.12 CAD patients were dichotomized according to
CAD severity using the SYNTAX score (SS) into low (SS 0-22) and high (SS>22) CAD
severity groups.12 The investigators observed that patitients with high SS had higher
rates of cardiovascular mortality as compared with patients with no CAD (no CAD :
8.6%, low SS [0-22]: 13.6%, high SS: 20.4%, p=0.029).12 Similarly, Khawaja et al performed a retrospective study of 271 consecutive patients (n=93 CAD ; n=178 no
CAD) undergoing TAVI with the Edwards SAPIEN valve and found no significant differences in 30-day or 12 month mortality among patients with and without CAD.26
However, the investigators found that patients with a SYNTAX score >9 had significantly higher mortality rates at both 30-days and 1 year as compared with patients
with a SYNTAX score <9 (p=0.005).26
Role of unrevascularized CAD following TAVI±PCI
It has also been debated whether unrevascularized CAD may impact on clinical outcomes after TAVI.12,27 For example, Van Mieghem et al assessed the clinical outcomes of 263 patients from a single institution of which 139 patients had complete
revascularization prior to TAVI and 124 patients had significant CAD with myocardium at risk.27 Of the latter group, 99 had incomplete revascularization and 25 had
complete revascularization after TAVI.27 No significant differences in 1-year mortality were observed among patients with (79.9%) and without (77.4%) complete revascularization (p=0.85) leading the authors to conclude that complete revascularization may not be neccessary to confer a mortality benefit among elderly patients
undergoing TAVI as compared with those undergoing incomplete revascularization
at least in the short to medium term.27 However, longer term follow-up is required
in a larger population of patients to confirm this.
It has been suggested that the severity of residual CAD following TAVI may impact
clinical outcomes. Van Mieghem et al found no significant differences in one year
mortality rates among patients with a residual SS ≥8 as compared with patients with
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a residual SS <8.27 Conversely, Stefanini et al, in a larger patient population, observed that a residual SS >14 was an independent predictor for the composite endpoint of cardiovascular death, stroke or MI at one year (risk ratio 1.95, 95% confidence interval 1.02-3.61, p=0.043).12 The implications of this observation are that it
may be the severity of residual CAD following TAVI, rather than residual CAD per
se, that may be prognostically relevant.12
Bare metal stent vs Drug eluting stent
Coronary stent selection is an important consideration among TAVI patients undergoing PCI, in view of the subsequent mandated requirement for DAPT.2 This is especially an issue among patients undergoing staged PCI prior to TAVI via a nontransfemoral route. DES have been shown to be safe in a wide array of clinical
conditions and markedly reduce the risk of repeat revascularization as compared
with BMS.36 However, atrial fibrillation is a prevalent (~40%) arrhythmia among patients with severe AS selected for TAVI.37 Because these patients may require longterm oral anticoagulation to reduce the risk of embolic events, the bleeding risk
may be further increased among patients already taking DAPT.2 According to the
2014 ESC myocardial revascularization guidelines, DAPT should be continued for at
least one month after BMS implantation and for 6 months after DES implantation.4
However, the 2014 consensus document states that shorter DAPT duration (<6
months) may be considered after DES implantation in patients at high bleeding risk
(class IIb, level of evidence A).4 In addition, the use of DES has been shown to be
safe among patients requiring long-term oral anticoagulation.38 Therefore, in overall view of these considerations, DES should be considered the first choice in TAVI
patients undergoing PCI to reduce the risk of repeat revascularisation.2 In patients
with atrial fibrillation and a high risk of bleeding (HAS-BLED Score ≥3), additional
measures such as left atrial appendage occlusion may be considered in order to
obviate the requirement for oral anticoagulation.2
Proposal of treatment algorithm
A proposed treatment algorithm, which takes into consideration CAD complexity,
is shown in figure 2. The decision on the best treatment modality (i.e. conservative
treatment, SAVR or TAVI) should be individualized and made by the multidisciplinary heart team. If the consensus is that an operative intervention should be performed, a decision regarding the best therapeutic modality (i.e. SAVR vs TAVI) is
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required. At the time of writing, TAVI is considered a therapeutic option only in
high-risk and inoperable patients,1 although there have been reports of TAVI being
performed among intermediate risk patients.39 Furthermore, ongoing randomized
clinical trials, namely the SURTAVI (Surgical Replacement and Transcatheter Aortic
Valve Implantation) trial and the PARTNER (Placement of Aortic Transcatheter
Valves) 2A trial, are assessing the feasibilty and safety of performing TAVI in intermediate risk patients. It is important to note that the decision to perform TAVI not
only relies on the patient risk profile but also on several other clinical and anatomical patient characteristics.12 Once a decision has been made regarding the treatment modality, the CAD status should be assessed. Among patients with severe AS
and concomitant obstructive CAD selected for SAVR, the options are SAVR + CABG
or SAVR + hybrid PCI, although only the former approch is endorsed by the 2012
European Society of Cardiology/European Association for Cardiothoracic Surgery
Valvular Heart Disease guidelines.1
Among patients with severe AS and concomitant obstructive CAD selected for TAVI,
CAD complexity should be assessed preferably using the SYNTAX score. Patients
with a low level of CAD complexity (i.e. SS ≤22) could be considered for concomitant
PCI + TAVI, especially in the presence of normal or mildly impaired renal function
and relatively straight forward treatable lesions. Concomitant PCI may also be an
attractive option for patients undergoing TAVI via non-transfemoral routes in order
to reduce the bleeding risk from the subsequent mandated DAPT. Conversely, patients with a high level of CAD complexity (SS>22) should be considered for a staged
PCI followed by TAVI, especially among patients with moderate to severe renal impairment. It should be emphasized, however, that the decision to perform staged
or concomitant PCI and TAVI should be based on individual clinical evaluation.2
Are there coronary lesions which should not be treated among patients with severe
AS selected for TAVI undergoing either concomitant or staged PCI?
Paradis et al recently presented the algorithm used at Columbia University Medical
Centre to treat patients with severe AS and concomitant CAD.3 According to this
algorithm, PCI is not recommended in small vessels (<2.5mm), distal lesions,
chronic total occlusions (especially with objective assessment of non viable myocardium in the territory of the total occlusion) and complex anticipated PCI of a
lesion not located in the left main or proximal left anterior descending artery in a
patient with severe renal impairment.3 Based on the available evidence to date, this
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approach appears reasonable, although the algorithm only recommends staged PCI
prior to TAVI and does not mention a concomitant PCI+TAVI approach.
Should patients with severe AS and concomitant obstructive CAD be completely revascularized?
As dicussed above, the available evidence to date suggests that complete revascularization may not be necessary among unselected patients with severe AS undergoing TAVI.27 However, based on the evidence by Stefanini et al, a residual SYNTAX
score <14 should be targeted to improve clincal outcomes after TAVI.12
Ongoing studies
An important limitation of prospective randomized controlled trials comparing TAVI
with SAVR to date, were the exclusion of patients with obstructive CAD requiring
revascularization.14,40 However, there are two prospective, multicentre randomized controlled trials that aim to include patients with CAD requiring revascularization and will compare SAVR with and without CABG versus TAVI with and without
PCI. The SURTAVI trial is a prospective, multicentre, randomized trial comparing
the safety and efficacy of SAVR vs TAVI with the Medtonic CoreValve System in patients deemed to be of intermediate surgical risk (STS score ≥4% and ≤10%). All
patients will undergo a heart team evaluation, which will include an assessment for
significant CAD and need for revascularization. If there is significant CAD with a
need for revascularization, the patient will be then randomized to either TAVI+PCI
or SAVR+CABG. The patient will be randomized to either TAVI or SAVR only in the
absence of the requirement for revascularization. Up to 2500 patients are anticipated to be included in the trial and follow-up will be continued for 5 years. Important exclusion criteria include a SYNTAX score >22 and unprotected left main
disease. The PARTNER 2A trial is a prospective, multicentre, randomized trial ,
which aims to compare the safety and efficacy of SAVR vs TAVR with the Edwards
SAPIEN XT transcatheter heart valve in intermediate risk patients. Up to 2000 intermediate risk patients will be enrolled. Patients with CAD requiring revascularization
will be randomized to undergo TAVI and PCI or SAVR and CABG with the exact timing of the PCI left to the operator. Important exclusion criteria are patients with
complex CAD, defined as a SYNTAX score >32 or unprotected left main lesion. The
ACTIVATION (percutaneous coronary intervention prior to transcatheter aortic alve
implantation : a randomized controlled trial) trial will be the first randomized trial
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to address the impact of coronary revascularization by PCI for significant CAD prior
to TAVI.41 The study will randomize 310 patients with severe AS and at least one
proximal coronary stenosis of ≥70% to undergo PCI and TAVI vs TAVI alone. The
endpoints will include 30-day and 1-year mortality and re-hospitalization. These
prospective randomized trials will hopefully yield important information regarding
the impact of CAD on clinical outcomes after TAVI, the safety of performing PCI in
patients with severe AS and concomitant obstructive CAD, and the optimal management of patients with severe AS and concomitant obstructive CAD.
CONCLUSION
PCI can be safely performed in the majority of patients with severe AS and concomitant obstructive CAD selected for TAVI. If revascularization by PCI is selected, the
optimal timing of PCI should take into consideration a number of factors including
the complexity of CAD (preferably using the SYNTAX score), the degree of renal impairment, the proposed vascular access route and operator and/or institutional experience and preference. Concomitant PCI can be considered in patients with a low
degree of CAD complexity with either no or mild renal impairment and may be a
particularly attractive option for patients selected for a non-transfemoral access
route. Conversely, staged PCI prior to TAVI should be considered for patients with
higher degrees of CAD complexity, especially if moderate or severe renal impairment is present. There are only few data on staged PCI after TAVI and further studies are needed to evaluate the safety and feasibility of this approach.
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FIGURE LEGENDS

Figure 1
Proportion of staged percutaneous coronary interventions (PCI) relative to concomitant PCI among patients with obstructive coronary artery disease undergoing
transcatheter aortic valve implantation (TAVI) published in observational studies to
date. Obstructive CAD requiring revascularization has been a major exclusion criteria of randomized controlled trials to date comparing patients undergoing TAVI
versus conventional surgical aortic valve replacement.*Pasic et al uniquely performed PCI directly after transapical TAVI with Edwards SAPIEN transcatheter heart
valves.

Figure 2
Proposed treatment algorithm for inoperable and high-risk patients with severe
aortic stenosis (AS) and coronary artery disease (CAD). CABG, coronary artery bypass grafting; PCI, percutaneous coronary intervention; SAVR, surgical aortic valve
replacement. **The decision to perform staged or concomitant PCI and TAVI
among patients without complex CAD (SYNTAX score <22) should be based on individual clinical assessment taking into consideration the level of renal impairment
and vascular access route. For example, concomitant PCI may be preferred in a patient undergoing TAVI via a non-transfemoral route to decrease bleeding complications associated with the subsequent mandated dual antiplatelet therapy.
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FIGURE 1.
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ABSTRACT
Objective. We compared clinical outcomes and revascularization strategies among
patients presenting with low ejection fraction, low-gradient (LEF-LG) severe aortic
stenosis (AS) according to the assigned treatment modality.
Background. The optimum treatment modality for patients with LEF-LG severe AS
and concomitant coronary artery disease (CAD) requiring revascularization is unknown.
Methods. Of 1,551 patients, 204 with LEF-LG severe AS (aortic valve area <1.0 cm2,
ejection fraction <50% and mean gradient <40mmHg) underwent allocation to
medical therapy (MT) (n=44) surgical aortic valve replacement (SAVR) (n=52) or
transcatheter aortic valve implantation (TAVI) (n=108). CAD complexity was assessed using the SYNTAX score (SS) in 187/204 (92%) patients. Primary end-point
was mortality at 1-year.
Results. LEF-LG patients undergoing SAVR were more likely to undergo complete
revascularization (17/52; 35%) compared with TAVI (8/108; 8%) and MT (0/44; 0%)
patients (p<0.001). As compared with MT, both SAVR (adj hazard ratio [HR] 0.16,
95% confidence interval [CI] 0.07-0.38, p<0.001) and TAVI (adj HR 0.30, 95% CI 0.180.52, p<0.001) improved survival at one year. Among TAVI and SAVR patients, CAD
severity was associated with higher rates of cardiovascular death (no CAD 12.2% vs
low SS [0-22] 15.3% vs high SS [>22] 31.5%, p=0.037) at one year. As compared with
no CAD/complete revascularization, TAVI and SAVR patients undergoing incomplete revascularization had significantly higher one-year cardiovascular death rates
(Adj HR 2.80, 95% CI 1.07 – 7.36, p=0.037).
Conclusions. Among LEF-LG patients, SAVR and TAVI improved survival compared
with MT. CAD severity was associated with worse outcomes and incomplete revascularization predicted one-year cardiovascular mortality among TAVI and SAVR patients.
KEY WORDS: aortic stenosis, coronary artery disease, surgical aortic valve replacement, transcatheter aortic valve implantation
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INTRODUCTION
Patients presenting with low ejection fraction heart failure and severe aortic stenosis (AS) typically exhibit a low mean gradient (MG) on haemodynamic evaluation
despite the presence of a tight aortic valve orifice (1-5). Patients with this condition, low ejection fraction, low-gradient severe AS (LEF-LG), present a management
challenge because previous studies have shown LEF-LG patients undergoing conventional surgical aortic valve replacement (SAVR) to have a high perioperative
mortality (range 6-33%), particularly in the absence of flow reserve, but an abysmal
outcome when managed conservatively (2-4,6-13).
Transcatheter aortic valve implantation (TAVI) is a novel, less invasive alternative
procedure for the treatment of high-risk or inoperable patients presenting with severe AS (14,15). Because most patients presenting with low ejection fraction heart
failure and severe AS are deemed high risk, TAVI may be an attractive option for
these patients (5,16,17). A recent post-hoc analysis of the Placement of Aortic
Transcatheter Valves (PARTNER) trial underscored the dismal outcome of patients
with LEF-LG severe AS assigned to conservative management but also revealed for
the first time that LEF-LG patients undergoing TAVI and SAVR had similar mortality
rates at 2 years (18). However, this study was limited by the fact that the PARTNER
trial systematically excluded all patients with coronary artery disease (CAD) requiring revascularization and LVEF <20% and that no echocardiographic follow-up was
reported (18). However, LEF-LG patients undergoing conventional AVR in the “real
world” typically have a high prevalence of concomitant CAD (66-69%) (4,6). Furthermore, little is known about revascularization strategies in LEF-LG patients, particularly among those undergoing TAVI. The primary aim of the present study was
to describe “real world” clinical outcomes of LEF-LG patients according to the assigned treatment modality i.e. medical therapy (MT), SAVR or TAVI. The secondary
aim was to quantify CAD severity among LEF-LG patients using the SYNTAX score
(19) and to describe the revascularization strategies and the completeness of revascularization among patients with LV systolic dysfunction and low-gradient severe AS as a function of the assigned treatment modality.
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METHODS
Patient Population
The present study included patients meeting inclusion criteria who underwent either TAVI, SAVR or MT between January 2005 and December 2012 in Bern University Hospital, Switzerland. Inclusion criteria were as follows: 1) LVEF <50% 2) MG
≤40mmHg 3) AVA <1cm2, 4) native aortic valve and 5) age ≥70 years. Exclusion
criteria consisted of patients undergoing a concomitant valve procedure (e.g. mitral
valve replacement or repair) or aortic surgery (e.g. aortic root enlargement, Bentall
procedure), previous valve replacement or repair, redo-sternotomy in SAVR patients, patients presenting with unstable acute coronary syndromes and patients
undergoing emergency procedures. Patients undergoing concomitant revascularization procedures (i.e. percutaneous coronary intervention or coronary artery bypass grafting) were included.
Multidisciplinary Evaluation for High Risk Patients and Assignment to Treatment
Modality
Since the beginning of the TAVI program at our institution in August 2007, all patients with severe AS at increased surgical risk underwent a multidisciplinary assessment according to a standardized protocol during a short hospitalization as previously described (20). Between January 2005 and July 2007 the only treatment
options for patients presenting with symptomatic severe AS at our institution were
either MT or conventional SAVR. The evaluation included both a non-invasive
(transthoracic and transesophageal echocardiography, CT angiography) and invasive (left and right heart catheterization, aortography) assessment. Risk algorithms
(logistic EuroSCORE and Society for Thoracic Surgeons [STS] score) were used as an
aid for patient selection and treatment allocation. Since August 2007, the selection
of the most appropriate treatment strategy for high risk patients was based on a
consensus decision within the Heart Team. Reasons for treatment allocation were
based upon anatomical and technical considerations, estimated peri-procedural
risk, and patient preference.
The present analysis included all patients with LEF-LG severe AS meeting inclusion
criteria undergoing SAVR between January 2005 and December 2012 and those assigned to MT or TAVI between August 2007 and December 2012. MT comprised
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treatment of comorbidities according to best clinical practice. In patients with severe CAD and symptomatic angina, percutaneous coronary intervention was performed as indicated. Balloon aortic valvuloplasty was not offered as part of the
medical treatment strategy, nor as a bridge to SAVR. In some cases, treatment allocation was reconsidered and discussed with the Heart Team. Consequently, some
patients originally assigned to undergo MT crossed over to either TAVI or SAVR at
a later stage.
SAVR was performed as previously described in detail (20). TAVI was performed
with either the Medtronic CoreValve Revalving system (MCRS) or the Edwards Sapien valve (ESV) through a transfemoral, transapical or a transsubclavian access using standard techniques (20).
Coronary revascularization was performed if indicated based on coronary angiography findings. In patients undergoing SAVR, revascularization was performed
using arterial or venous conduits. Among patients undergoing TAVI, revascularization by PCI was performed in proximal coronary segments with a diameter stenosis
≥70% either as a staged or concomitant procedure.
Angiographic Analysis
All coronary angiographic analyses for calculation of the baseline SYNTAX score (all
patients with available angiograms; n=187/204 [92%]) and residual SYNTAX score
(MT & TAVI patients only; n=145/204 [71%]) were performed at the Core Angiographic Laboratory of the Department of Cardiology at Bern University Hospital,
Bern, Switzerland, as previously described (21). Briefly, all available baseline coronary angiograms of patients were reviewed by two experienced invasive cardiologists trained in the assessment of SS and blinded to clinical outcomes (22). For patients with CAD, baseline SS (i.e. SS before any PCI) was calculated by the consensus
of the two readers using the SS algorithm (available at www.syntaxscore.com) (19).
In case of disagreement, the opinion of a third reviewer was obtained and a final
consensus decision was reached. The SS of patients without CAD was deemed to be
zero. For patients with previous coronary artery bypass grafting (CABG), the CABG
SS was used (23). For MT and TAVI patients undergoing PCI, the extent and complexity of untreated CAD was determined by assessing the residual SS (24). Complete revascularization was defined as the treatment of any lesion with more than
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50% diameter stenosis in vessels ≥1.5mm as estimated on the diagnostic angiogram
as previously described (25).
Data Collection
Patients were included into the present registry at the time of SAVR or TAVI; for
patients undergoing MT the date of hospitalization for multimodality evaluation
was used as the inclusion date. Follow-up was performed by means of standardized
telephone interviews or clinical visits. Medical records, discharge summaries, and
documentation of hospitalization were systematically collected from referring hospitals and general practitioners. Patients and procedure characteristics as well as
follow-up data were entered into a dedicated database held at the Clinical Trials
Unit in Bern, Switzerland.
Definitions
Definitions used in the present analysis have been previously reported (20). All
events were adjudicated by a clinical events committee comprising interventional
cardiologists and cardiac surgeons. Cardiovascular death was defined as death secondary to a proximate cardiac cause and was assumed when the cause of death
was unknown. Myocardial infarction was defined as an elevation of at least one
value of a cardiac biomarker above the 99th percentile of the upper reference limit
>72 hours after intervention in combination with evidence of myocardial ischemia
determined by one of the following: ECG changes indicative of new ischemia, new
pathological Q waves in at least 2 contiguous leads, or imaging evidence of new loss
of viable myocardium or new wall motion abnormality. Major stroke was documented in case of a rapid onset of focal or global neurological deficit of ≥24 hour’s
duration, requiring therapeutic intervention, or documentation of a new intracranial defect using MRI or CT-scan. Transient ischemic attack (TIA) was determined as
a neurologic deficit with complete remission within 24 hours of onset. Major Adverse Cerebro-Cardiovascular Events (MACCE) comprised all-cause mortality, myocardial infarction and major stroke.
Statistical Analysis
Continuous variables are presented as mean ± standard deviation (SD) if their distribution is approximately normal and as median/range otherwise. The means were
compared using analysis of variance and the differences in medians were evaluated
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with the Mann-Whitney or the Kruskal-Wallis tests. Categorical data are expressed
as frequency (percentages), and were compared using the chi-square and Fisher’s
exact tests. Survival was estimated using the Kaplan-Meier method and differences
in estimates were compared by means of the log-rank test. All time-to-event analyses were based on the initial treatment allocation, in analogy to the intention-totreat principle unless otherwise specified. The at risk time span was derived from
the date of intervention on one side and the last available date of a patient on the
other side, determined either by the date of death, of the last follow-up or information coming from referring hospitals and practitioners. Univariate and multivariate Cox proportional hazard models were used to derive crude and adjusted survival estimates and to assess the association of baseline characteristics with clinical
outcomes. Adjusted Hazard Ratios HR (95% Confidence Intervals) were derived
from Cox Regressions, adjusting for the following baseline variables: hypercholesterolemia, peripheral vascular disease, previous cardiac surgery, atrial fibrillation
and the logistic EuroScore; after multiple imputation of missing values using
chained equations (20 data-sets produced). Life expectancy after conversion to either SAVR or TAVI was predicted using Poisson regression. All p-values and 95%
confidence intervals are two-sided and all analyses were performed using STATA
release 13.
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RESULTS
Baseline Characteristics
Patient characteristics are shown in Table 1 and patient flow is shown in figure 1. A
total of 1,551 patients were screened for inclusion into the present study during
the inclusion period: 606 consecutive patients undergoing TAVI (August 2007-December 2012), 835 patients ≥70 years without previous sternotomy undergoing
SAVR (CABG but without concomitant valvular intervention; January 2005 – December 2012) and 110 patients assigned to MT (August 2007 – December 2012). Of
these, 204 patients with LEF-LG severe AS met inclusion criteria for the present
analysis (108 TAVI, 52 SAVR and 44 MT). The reasons for allocation of LEF-LG patients to MT were co-morbidities with a poor prognosis (38.6%), excessive peri-interventional risk (13.6%), anatomic reasons (11.4%) and patient preference
(36.4%). Patients allocated to SAVR were significantly younger and were lower risk
as compared with patients assigned to TAVI and MT. MT patients had higher rates
of renal failure, atrial fibrillation, previous CABG and a trend towards more complex
CAD as assessed using the SYNTAX score as compared with SAVR and TAVI patients.
TAVI patients had higher rates of previous PCI and were more symptomatic as compared with MT and SAVR patients.
Echocardiographic and Invasive Haemodynamic Characteristics
Echocardiographic and invasive haemodynamic characteristics at baseline are
shown in Tables 2 and 3, respectively. As compared with SAVR patients, both MT
and TAVI patients had significantly worse LV and right ventricular systolic function,
a higher prevalence of moderate-severe mitral and tricuspid regurgitation, lower
invasive mean gradients, lower stroke volumes and cardiac outputs and higher pulmonary artery systolic pressures measured both echocardiographically and invasively. There were no significant differences in other haemodynamic parameters.
Dobutamine stress echocardiography was performed in 48/204 (24%) patients.
Contractile reserve was present in 40%, 100% and 73% of MT, SAVR and TAVI patients undergoing DSE, respectively.
Procedural Characteristics
Procedural characteristics are shown in Table 4. Three LEF-LG patients originally
allocated to MT crossed over to TAVI and one transapical TAVI patient emergently
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crossed over to SAVR and subsequently died. TAVI was performed using conscious
sedation in the majority of patients (60%). The Medtronic CoreValve was used in
most TAVI patients. SAVR patients received either a stented (n=48) or stentless
(n=4) bioprostheses. The most frequently implanted stented bioprosthesis was the
Perimount Magna Ease bioprosthesis (n=38) (Edwards Lifesciences, Irvine, CA)
whereas the most frequently implanted stentless bioprosthesis was the Sorin Freedom SOLO (n=3) (Sorin Group, Milan, Italy). Patients undergoing SAVR had a significantly longer length of hospital stay as compared with MT and TAVI patients (MT
vs SAVR vs TAVI: 4.95.6 vs 11.94.6 vs 8.54.1 days, p<0.001). Revascularization
was performed in 69% of patients selected for SAVR by means of CABG, 36% of
patients undergoing TAVI by means of either staged (21%) or concomitant (15%)
PCI and 16% of MT patients by PCI. Complete revascularization was achieved in
17/52 (35%) of SAVR patients, 8/108 (8%) of TAVI patients and 0% (0/44) of MT
patients (p<0.001). SAVR patients were more likely to undergo additional concomitant interventions, with occlusion of the left atrial appendage being the most frequent structural intervention performed (Table 4).
Clinical Outcomes According to Treatment Modality
All comparisons between the three treatment arms are descriptive. One year follow-up was complete for 100% patients assigned to MT, 99% of patients assigned
to TAVI (one TA patient withdrew consent after 113 days) and 92% of patients assigned to SAVR. The median duration of clinical follow-up was 365 days (interquartile range 240-365 days i.e. longer follow-ups censored at one year). Unadjusted
and adjusted event rates at 30-days and one-year are provided in Tables 5 and 6,
respectively. As compared with MT patients, patients undergoing both TAVI and
SAVR had similar 30-day survival rates following adjustment for baseline co-morbidities (MT vs SAVR; Adjusted (adj) Hazard Ratio [HR] 0.64, 95% confidence interval
[CI] 0.16-2.61, p=0.54); MT vs TAVR; adj HR 0.36, 95% CI 0.13-1.04), p=0.058). No
significant differences in all-cause mortality were observed between SAVR and TAVI
patients at 30-days (adj HR 0.69, 95% CI 0.14-3.35, p=0.65). Patients assigned to
TAVI had a significantly higher rates of bleeding and vascular complications and
permanent pacemaker implantation and patients assigned to SAVR had significantly higher rates of acute renal failure. Two SAVR patients required a peri-procedural redo-sternotomy for management of pericardial tamponade.
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Survival curves showing all-cause death and cardiovascular death at one year according to treatment modality are shown in figure 2. At one-year both SAVR and
TAVI significantly improved survival as compared with MT among patients presenting with LEF-LG severe AS (MT vs SAVR; unadjusted HR 0.16, 95% CI, 0.07-0.38,
p<0.001; MT vs TAVI; HR 0.30, 95% CI 0.18-0.52, p<0.001). Mortality was predominantly driven by cardiovascular death in all groups. Following adjustment for univariate predictors of one-year mortality (peripheral vascular disease, atrial fibrillation and logistic EuroSCORE), both SAVR and TAVI improved survival as compared
with MT (MT vs SAVR; adj HR 0.37, 95% CI 0.15-0.93, p=0.034; MT vs TAVI; adj HR
0.43, 95% CI 0.24-0.79, p=0.006) (Table 6). No significant differences in adjusted
overall mortality (adj HR 1.28, 95% CI 0.51 – 3.22, p=0.60) or cardiovascular death
(adj HR 1.49, 95% CI 0.52-4.23, p=0.46) rates were observed between patients undergoing SAVR and TAVI at one year.
Clinical Outcomes According to Baseline CAD Severity and Completeness of Revascularization (SAVR & TAVI Patients Only)
In total, 187/204 (91.7%) patients had a baseline angiogram available for evaluation
and CAD was confirmed to be present in 138/187 (73.8%) of LEF-LG patients. Survival curves showing all-cause mortality and cardiovascular death according to
baseline SYNTAX score among patients undergoing TAVI and SAVR only (i.e. MT patients excluded) at one year, are shown in figure 3. As compared with No CAD, LEFLG patients with a high SYNTAX score (>22) had significantly higher rates of cardiovascular death (12.2% vs 31.5%, adj HR 3.29, 95% CI 1.08-10.05, p=0.037) and a
trend towards higher rates of overall mortality (16.8% vs 33.7%, adj HR 2.59, 95%
CI 0.95-7.03, p=0.062) at one year. As compared with No CAD, no significant differences in cardiovascular death (p=0.86) or all-cause death (p=0.98) were observed
among patients with a low-intermediate SYNTAX score (0-22) at one year.
Survival curves showing all-cause death and cardiovascular death rates according
to completeness of revascularization by either CABG or PCI among patients undergoing SAVR and TAVI only (i.e. MT patients were excluded) are shown in figure 4.
As compared with No CAD/complete revascularization, LEF-LG patients undergoing
incomplete revascularization had significantly higher rates of overall (13.6% vs
29.2%, HR 2.30 (1.07-4.92, p=0.032) and cardiac mortality (9.1% vs 27.0%, HR 3.15,
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95% CI 1.28-7.74, p=0.012) at one year. Following adjustment, incomplete revascularization remained an independent predictor for cardiovascular mortality (adj HR
2.80, 95% CI 1.07-7.36, p=0.037) at one year.
Echocardiographic Outcomes
Echocardiographic characteristics are shown in Table 7. No significant differences
in indexed aortic valve areas were observed between TAVI and SAVR groups at discharge (SAVR vs TAVI: 1.030.22 vs 1.050.37 cm2.m-2) or one year (0.940.27 vs
1.000.27 cm2.m-2, p=0.49) follow-up. However, as compared with SAVR, TAVI patients had significantly lower mean gradients at both discharge (9.493.40 vs
7.202.94 mmHg, p=0.001) and one year (11.523.58 vs 8.062.92 mmHg,
p<0.001) follow-up. No significant differences in rates of patient prosthetic mismatch (indexed AVA ≤0.85cm2.m-2) were observed between SAVR and TAVI groups
at either discharge (p=0.32) or one year (p=0.10) follow-up. As compared with SAVR
patients, those undergoing TAVI had a significantly higher incidence of ≥moderate
paravalvular aortic regurgitation at both discharge (1% vs 17%, p<0.001) and one
year (0% vs 15%, p=0.001) follow-up. LVEF recovery up to one year among LEF-LG
patients undergoing TAVI and SAVR is shown in figure 5. As compared with SAVR
patients, TAVI patients exhibited better early improvement in LVEF on discharge
echocardiography (LVEF SAVR vs TAVI: -0.215.3% vs 4.710.3%, p=0.041). However, both SAVR and TAVI patients had similar LVEF improvements at one-year follow-up (LVEF SAVR vs TAVI: 7.816.2% vs 10.012.2%, p=0.54).
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DISCUSSION
The main findings of the present study were as follows: First, both TAVI and SAVR
improved survival as compared with MT among LEF-LG patients at one year followup. No significant differences in mortality rates were observed between TAVI and
SAVR patients at either 30-days or one year even though SAVR patients were at
considerably lower risk and had a more favourable haemodynamic profile at baseline as compared with TAVI and MT patients. Second, LEF-LG severe AS was associated with a high prevalence of concomitant CAD (74%) of at least moderate complexity in the present analysis. We found that a higher degree of CAD complexity
(SS >22) was an independent predictor of cardiovascular death at one year among
LEF-LG patients undergoing TAVI and SAVR. Therefore, revascularization strategies
are an important consideration in the overall management of patients presenting
with LEF-LG severe AS. LEF-LG patients undergoing SAVR were almost twice as
likely to undergo revascularization and over four times as likely to be completely
revascularized as compared with LEF-LG patients undergoing TAVI despite having a
similar degree of CAD complexity at baseline. Furthermore, incomplete revascularization was an independent predictor of one-year cardiovascular mortality at
among LEF-LG patients with CAD undergoing TAVI and SAVR. Therefore, LEF-LG
patients with concomitant CAD of high complexity should be considered for SAVR
and CABG if the risk profile permits. Complete revascularization should be considered in inoperable LEF-LG patients with concomitant CAD of high complexity. Third,
left ventricular ejection fraction improved to a similar extent in both SAVR and TAVI
patients at one year follow-up. However, the timing of LVEF improvement differed
between both groups, with TAVI patients experiencing an early improvement in
LVEF prior to discharge, and those undergoing SAVR experiencing most LVEF improvement following discharge. Finally, we observed patients undergoing TAVI to
have significantly lower post-procedural mean gradients as compared with SAVR
patients, although no differences in post-procedural aortic valve areas were observed between TAVI and SAVR groups.
Low Ejection Fraction, Low-gradient Severe AS and Surgical Aortic Valve Replacement
The first description of LEF-LG and its association with a high perioperative mortality during surgical aortic valve replacement (SAVR) was made by Carabello et al in
1980 (1). Several subsequent reports confirmed this association (2-4,6-9,12,13). In
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a pivotal study in 1995, deFillippi et al first described the use of echocardiographic
dobutamine stress testing to distinguish between true severe and pseudosevere AS
and noted that in the absence of contractile reserve (i.e. <20% stroke volume increase with dobutamine infusion), the distinction between true severe and pseudosevere AS could not be made (3). Monin et al subsequently demonstrated that
perioperative risk is markedly increased among LEF-LG patients without contractile
reserve (8,9). The same group, however, subsequently demonstrated that among
LEF-LG patients surviving SAVR, LVEF recovery was independent of whether or not
contractile reserve was present at baseline suggesting that SAVR should not be contraindicated on the absence of contractile reserve alone (10). Tribouilloy et al
demonstrated in 42 propensity matched patients that LEF-LG patients without contractile reserve undergoing SAVR had improved 5-year mortality rates as compared
with similar patients undergoing medical management (13). Although the perioperative mortality rate was high (22%) the investigators concluded that SAVR should
not be withheld from LEF-LG patients on the basis of lack of contractile reserve
alone (13).

SAVR vs TAVI in Patients with Severe AS and Low Left Ventricular Ejection Fraction
To date, there are only few studies comparing TAVI and SAVR treatment modalities
in patients presenting with severe AS and LV systolic dysfunction (26,27). Furthermore, there is ongoing controversy regarding the impact of TAVI versus SAVR on LV
functional recovery among patients presenting with severe AS and LV systolic dysfunction (26,27). Clavel et al found that TAVI was associated with better LVEF recovery as compared with SAVR at one year follow-up.(26) Conversely, Elmariah et
al found no differences in the rate or degree of LV functional recovery between
TAVI and SAVR among patients with severe AS and an LVEF <50% at baseline (27).
Both SAVR and TAVI resulted in a similar LVEF improvement at one year follow-up
in this post-hoc analysis of the PARTNER trial (27). Reasons for this discrepancy
may relate to the fact that concomitant CABG was not performed in SAVR patients
enrolled into the PARTNER trial, whereas it was performed in 60% of patients in the
Clavel et al study (26,27). The presence of nonrevascularized CAD at the initiation
of surgery in addition to prolonged cardiopulmonary bypass with concomitant
CABG were hypothesized to have impeded LVEF recovery in the SAVR patients in
the latter study (26). Both studies, however, included patients with low LVEF and
high gradients, and therefore differ to the present study. Patients with a low LVEF
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and high gradient severe AS have been shown to have better LVEF recovery and
clinical outcomes as compared with those presenting with low LVEF and low gradients (5). The present study compared LVEF recovery exclusively between low-flow,
low-gradient severe AS patients undergoing either TAVI or SAVR. We observed that
LVEF recovery was similar between TAVI and SAVR patients at one year despite the
fact that 69% of SAVR patients underwent concomitant CABG. However, LVEF recovery occurred earlier among patients undergoing TAVI. These findings suggest
the LVEF recovery in LEF-LG patients undergoing SAVR may be somewhat delayed
due to surgical insults related to cardioplegia, ischemia-reperfusion, apoptosis and
inflammation etc. but that there then appears to be a “late catch-up” phenomenon.

SAVR vs TAVI in Patients with Low Ejection Fraction, Low-gradient Severe AS
Herrmann et al, in a post-hoc analysis of the PARNTER trial, were the first and only
group to date to compare clinical outcomes among patients with low ejection fraction (<50%), low-gradient (<40mmHg) severe AS (AVA <0.8 cm2 or indexed AVA
<0.5cm2.m-2) according to treatment modality (18). The investigators found that
TAVI improved 2-year survival as compared with MT (PARTNER B cohort) and revealed for the first time that LEF-LG patients undergoing TAVI and SAVR had similar
clinical outcomes at 2 years (PARTNER A cohort) (18). However, this study was limited by the fact that the PARTNER trial systematically excluded all patients with coronary artery disease requiring revascularization and LVEF <20% and no follow-up
echocardiography was reported (18). However, previous studies have shown that
66-69% of LEF-LG patients have concomitant coronary artery disease and 60-62%
of LE-LG patients undergoing SAVR also undergo concomitant CABG (4,6). The present study provides “real world” clinical outcomes of LEF-LG patients undergoing
revascularization procedures according to the assigned treatment modality. We
confirmed that LEF-LG patients undergoing MT have a dismal outcome and also observed that LEF-LG patients assigned to TAVI and SAVR had similar outcomes at 30days and one year, despite the fact that SAVR patients were at significantly lower
operative risk at baseline. CAD was present in almost three quarters of LEF-LG patients included in the present study. However, LEF-LG patients undergoing SAVR
were more likely to undergo revascularization procedures as compared with patients undergoing TAVI despite a similar degree of CAD complexity at baseline. In
addition, a SS >22 was an independent predictor of cardiovascular death at one
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year among LEF-LG patients undergoing either TAVI or SAVR. Furthermore, incomplete revascularization was an independent predictor for cardiovascular mortality
among LEF-LG patients undergoing TAVI and SAVR. This suggests that revascularization strategies are an important component of the overall management of LEFLG patients, particularly in patients with high CAD complexity. Recently, Stefanini
et al found that among an unselected patient population with severe AS undergoing
TAVI only, those with a residual Syntax score >14 had worse clinical outcomes at
one year (21). Hence, complete revascularization should be the goal among LEF-LG
patients with concomitant CAD and this target may be better achieved with SAVR
and CABG in operable LEF-LG patients with concomitant CAD of high complexity.

Limitations
There are several limitations that need to be considered when interpreting the present study. First, this is a single-center, observational study and therefore our results may contain unmeasured bias. Second, propensity score matching and inverse
probability treating weighting were not performed due to the relatively low numbers of patients in each group and the results should therefore be considered
mainly as descriptive. However, all clinical outcomes were adjusted for significant
univariate predictors of the primary end-point and the numbers of LEF-LG patients
compare favorably with the PARTNER sub-study (18). Third, the residual SYNTAX
score following CABG has never been validated and therefore we were unable to
determine in the present study whether a certain threshold of residual CAD exists
that may be associated with worse clinical outcomes at one year. Finally, dobutamine stress echocardiography was performed in only one quarter of patients and
we were therefore unable to compare the impact of a lack of contractile reserve on
clinical outcomes according to treatment modality.

CONCLUSIONS
Both TAVI and SAVR improved survival as compared with MT among LEF-LG patients, whereas clinical outcomes of TAVI and SAVR appeared similar among appropriately selected patients with LEF-LG severe AS at one year follow-up. Concomitant
CAD is highly prevalent among LEF-LG patients and a baseline SYNTAX score >22
was an independent predictor of cardiovascular death at one year among LEF-LG
patients undergoing either TAVI or SAVR. Furthermore, LEF-LG patients with concomitant CAD who underwent incomplete revascularization had worse outcomes
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at one year. Therefore revascularization strategies are an important component of
the overall management of LEF-LG patients undergoing either TAVI or SAVR.
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FIGURE LEGENDS
Figure 1.
Patient flow. * The 835 SAVR patients were all ≥70 years without previous sternotomy undergoing SAVR (CABG) without a concomitant valvular intervention between January 2005 and December 2012. MT, medical therapy; SAVR, surgical aortic valve replacement; TAVI, transcatheter aortic valve implantation.
Figure 2.
Kaplan-Meier analysis of death (A) and cardiovascular death (B) at one year according to the assigned treatment modality. MT, medical therapy; SAVR, surgical aortic
valve replacement; TAVI, transcatheter aortic valve implantation.

Figure 3.
Kaplan-Meier analysis of death (A) and cardiovascular death (B) at one year according to coronary artery disease (CAD) severity as assessed using the SYNTAX score
among patients with low-flow, low-gradient severe aortic stenosis undergoing either conventional surgical aortic valve replacement (SAVR) or transcatheter aortic
valve implantation (TAVI). Patients undergoing medical therapy (MT) were excluded from this analysis.

Figure 4.
Kaplan-Meier analysis of death (A) and cardiovascular death (B) at one year according to the completeness of revascularization among patients with low-flow, lowgradient severe aortic stenosis undergoing either conventional surgical aortic valve
replacement (SAVR) or transcatheter aortic valve implantation (TAVI). Patients undergoing medical therapy (MT) were excluded from this analysis. Revasc, revascularization.

Figure 5.
Changes in left-ventricular ejection fraction (LVEF) over time among patients with
low-flow, low-gradient severe aortic stenosis undergoing either conventional surgical aortic valve replacement (SAVR) or transcatheter aortic valve implantation
(TAVI). ns, non-significant.
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Table 1. Baseline Characteristics
MT

SAVR

TAVI

p-value

n=44

n=52

n=108

Age (years)

82.7 ± 4.7

78.4 ± 4.1

82.5 ± 4.4

<0.001

Female gender, n(%)

18 (41%)

19 (37%)

45 (42%)

0.82

Height (cm)

166.9 ± 8.2

167.1 ± 8.9

165.3 ± 8.0

0.35

Weight (kg)

68.2 ± 11.2

74.0 ± 15.3

69.6 ± 14.4

0.09

Body Mass Index (kg/m²)

24.6 ± 3.2

26.4 ± 4.6

25.4 ± 4.8

0.13

Body surface area (m²)

1.8 ± 0.2

1.8 ± 0.2

1.8 ± 0.2

0.15

Diabetes mellitus, n(%)

13 (30%)

17 (33%)

35 (32%)

0.93

Hypercholesterolemia, n(%)

25 (57%)

32 (62%)

72 (67%)

0.50

Hypertension, n(%)

31 (70%)

43 (83%)

87 (81%)

0.29

Current smoker, n(%)

5 (11%)

23 (44%)

12 (11%)

<0.001

Previous stroke, n(%)

9 (20%)

7 (13%)

9 (8%)

0.11

Peripheral vascular disease, n(%)

11 (25%)

6 (12%)

29 (27%)

0.09

Chronic obstructive pulmonary disease, n(%)

10 (23%)

7 (13%)

17 (16%)

0.45

Renal failure (GFR<50ml/min/1.73m2)

31 (74%)

20 (38%)

36 (33%)

<0.001

Prior permanent pacemaker

5 (11%)

9 (17%)

13 (12%)

0.60

22.3 ± 19.3

14.0 ± 14.1

16.1 ± 15.5

0.06

Cardiac Risk Factors

Past Medical History

Coronary Artery Disease
SYNTAX Score
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Coronary artery disease, n(%)

32 (73%)

40 (77%)

80 (74%)

0.89

Prior MI, n(%)

15 (34%)

13 (25%)

27 (25%)

0.49

Prior CABG, n(%)

15 (34%)

0 (0%)

27 (25%)

<0.001

Prior PCI, n(%)

9 (20%)

4 (8%)

42 (39%)

<0.001

22 (50%)

17 (33%)

30 (28%)

0.04

Baseline Cardiac Rhythm
Atrial fibrillation, n(%)
Symptoms
New York Heart Association (NYHA) Functional Class

0.05

NYHA III/IV, n(%)

29 (66%)

35 (67%)

85 (82%)

Canadian Cardiovascular Society (CCS) Angina Status

0.05
0.27

CCS III/IV, n(%)

7 (16%)

13 (25%)

16 (15%)

0.27

Logistic EuroScore (%)

41.2 ± 16.0

18.7 ± 13.0

34.5 ± 15.3

<0.001

STS Score (%) - mean

11.2 ± 7.3

4.9 ± 2.9

7.9 ± 4.9

<0.001

STS Score (%) - median (25%-75% IQR)

9.8 (5.9-15.8)

4.2 (3.2-5.5)

6.6 (4.6-9.9)

<0.001

Aspirin, n(%)

21 (48%)

40 (77%)

72 (67%)

0.01

Clopidogrel, n(%)

8 (18%)

2 (4%)

29 (27%)

0.00

Oral anticoagulation, n(%)

18 (41%)

11 (21%)

34 (31%)

0.11

Risk Assessment

Medications

Depicted are means ± SD with p-values from ANOVAs or counts (%) with p-values from chi-square tests. STS score was left-skewed and therefore also
median (25%-75% IQR) with Kruskall-Wallis test and Mann-Whitney U-tests are reported. Sample sizes for SYNTAX score: n = 187, 33, 48, 106; Renal
failure n = 2 missing for medical therapy (MT); chronic obstructive pulmonary disease n = 1 missing for transcatheter aortic valve implantation (TAVI);
Atrial fibrillation n = 2 missing for TAVI. CABG, coronary artery bypass grafting; MI, myocardial infarction; PCI, percutaneous coronary intervention.
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Table 2. Echocardiographic Characteristics
MT

SAVR

TAVI

p-value

n=44

n=52

n=108

Aortic valve area (cm2)

0.70 ± 0.22

0.73 ± 0.23

0.74 ± 0.21

0.56

Indexed aortic valve area (cm2.m-2)

0.40 ± 0.13

0.41 ± 0.12

0.42 ± 0.12

0.51

Aortic maximal velocity (cm/s)

2.97 ± 0.48

3.32 ± 0.60

3.24 ± 0.61

0.05

Mean gradient (mmHg)

25.25 ± 9.37

29.26 ± 9.54

28.57 ± 10.29

0.11

Peak gradient (mmHg)

40.66 ± 14.40

48.34 ± 15.89

46.55 ± 15.98

0.05

Interventricular septum in diastole (cm)

12.75 ± 2.82

16.24 ± 9.62

12.86 ± 3.15

0.014

Posterior wall thickness in diastole (cm)

12.76 ± 5.86

11.40 ± 2.46

12.56 ± 7.00

0.60

LV end-systolic diameter (cm)

46.23 ± 10.90

43.10 ± 8.01

43.93 ± 10.81

0.46

LV end-diastolic diameter (cm)

54.93 ± 9.64

54.15 ± 10.02

55.22 ± 10.56

0.86

Relative wall thickness

0.51 ± 0.32

0.48 ± 0.32

0.51 ± 0.39

0.94

LV mass index (g/m2)

173.52 ± 60.22

164.09 ± 46.25

159.77 ± 36.20

0.38

Aortic stenosis severity

LV geometry and 2D measurements

Geometry

0.87

Normal, n(%)

1 (3%)

2 (11%)

3 (5%)

0.54

Concentric hypertrophy, n(%)

12 (41%)

7 (39%)

25 (45%)

0.90

Eccentric hypertrophy, n(%)

12 (41%)

8 (44%)

24 (43%)

0.98

Concentric remodelling, n(%)

4 (14%)

1 (6%)

4 (7%)

0.51

LV systolic function
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LV ejection fraction (%)

29.64 ± 9.33

38.90 ± 11.95

34.52 ± 11.38

<0.001

LV ejection fraction ≤30%, n(%)

35 (79.5%)

16 (30.8%)

59 (54.6%)

<0.001

LV ejection fraction ≤20%, n (%)

13 (29.5%)

6 (11.5%)

19 (17.6%)

0.07

E/A ratio

2.09 ± 0.86

1.47 ± 0.82

1.93 ± 1.08

0.21

Deceleration time (ms)

147.30 ± 38.46

173.95 ± 60.95

173.35 ± 65.79

0.46

Isovolumic relaxation time, ms

77.33 ± 17.86

92.50 ± 23.54

80.73 ± 34.38

0.62

Left atrial diameter (mm)

50.58 ± 9.45

45.43 ± 8.42

49.09 ± 6.01

0.029

TAPSE (mm)

12.74 ± 5.29

16.50 ± 4.70

14.33 ± 4.52

0.07

DTI S’ (cm/sec)

8.54 ± 2.32

12.23 ± 2.79

9.53 ± 2.97

<0.001

LV diastolic function

RV systolic function

Associated valvular abnormality
Aortic regurgitation, n(%)

0.32

None

15 (37%)

16 (36%)

27 (27%)

Mild

24 (59%)

26 (59%)

63 (64%)

Moderate

2 (5%)

1 (2%)

9 (9%)

Severe

0 (0%)

1 (2%)

0 (0%)

Mitral regurgitation, n(%)

0.036

None

4 (10%)

5 (10%)

2 (2%)

Mild

16 (39%)

30 (60%)

49 (45%)

Moderate

19 (46%)

15 (30%)

54 (50%)

Severe

2 (5%)

0 (0%)

3 (3%)
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Tricuspid regurgitation, n(%)

0.03

None

4 (10%)

5 (11%)

10 (11%)

Mild

21 (53%)

35 (76%)

51 (55%)

Moderate

9 (23%)

6 (13%)

27 (29%)

Severe

6 (15%)

0 (0%)

5 (5%)

RV/RA Gradient

43.04 ± 16.27

35.89 ± 11.11

41.94 ± 11.98

0.043

PA systolic pressure (mmHg)

52.88 ± 17.70

45.49 ± 11.93

52.03 ± 13.87

0.049

Right sided haemodynamics

Depicted are means ± SD with p-values from ANOVAs or counts (%) with p-values from chi-square tests. LV, left ventricular; TAPSE, tricuspid annular
plane systolic excursion; DTI S’, pulsed Doppler peak velocity at the annulus; RV/RA, right ventricular/right atrial; PA, pulmonary artery.
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Table 3. Invasive Haemodynamic Characteristics
MT

SAVR

TAVI

p-value

n=44

n=52

n=108

Aortic valve area (cm2)

0.60 ± 0.21

0.59 ± 0.20

0.68 ± 0.30

0.16

Indexed aortic valve area (cm2.m-2)

0.34 ± 0.10

0.32 ± 0.12

0.38 ± 0.18

0.20

Peak-to-peak gradient (mmHg)

31.60 ± 16.39

32.06 ± 20.09

31.42 ± 21.37

0.99

Mean gradient (mmHg)

23.50 ± 10.67

29.81 ± 7.29

25.96 ± 8.55

0.013

Systolic arterial pressure (mmHg)

116.97 ± 23.50

129.00 ± 23.61

125.76 ± 25.48

0.12

Diastolic arterial pressure (mmHg)

64.68 ± 13.77

68.33 ± 15.46

66.59 ± 14.50

0.59

Mean arterial pressure

87.16 ± 16.50

92.11 ± 16.00

90.75 ± 16.47

0.44

Systemic vascular resistance (mmHg.min.L-1)

2036.07 ± 702.33

1888.29 ± 493.85

2105.45 ± 726.18

0.34

Systemic arterial compliance (mL. mmHg-1)

0.46 ± 0.24

0.48 ± 0.16

0.46 ± 0.25

0.95

6.94 ± 2.37

6.75 ± 2.16

6.99 ± 2.51

0.91

Angiographic ejection fraction (%)

29.17 ± 9.08

36.08 ± 8.62

32.43 ± 8.50

0.007

LV systolic pressure (mmHg)

149.21 ± 27.83

162.00 ± 26.00

156.42 ± 24.87

0.15

LV end diastolic pressure (mmHg)

21.93 ± 7.86

24.35 ± 24.45

21.94 ± 7.70

0.66

Stroke Volume (ml)

38.67 ± 12.31

49.22 ± 20.20

43.50 ± 14.05

0.029

Stroke Volume Index (ml/m²)

21.79 ± 5.66

26.03 ± 9.77

24.47 ± 7.31

0.09

Aortic stenosis severity

Systemic Vascular load

LV global afterload
Valvuloarterial Impedance (mm Hg.ml-1.m2)
LV systolic function
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Cardiac Output (L/min)

3.11 ± 0.69

3.77 ± 1.17

3.38 ± 1.01

0.023

Cardiac Index (l/(min*m²)

1.75 ± 0.30

2.05 ± 0.60

1.90 ± 0.50

0.049

Heart Rate (beats/min)

83.39 ± 14.60

82.64 ± 16.96

79.94 ± 16.36

0.51

PA systolic pressure (mmHg)

59.32 ± 15.92

50.63 ± 16.15

58.01 ± 14.51

0.031

Mean PA pressure (mmHg)

38.32 ± 10.11

33.71 ± 11.54

38.41 ± 10.00

0.07

Pulmonary hypertension, n(%)

27 (87%)

26 (74%)

71 (87%)

0.22

Right sided haemodynamics

Depicted are means ± SD with p-values from ANOVAs or counts (%) with p-values from chi-square tests. LV, left ventricular; PA, pulmonary artery.

178

Chapter 5
Table 4. Procedural Characteristics
MT

SAVR

TAVI

p-value

N=44

N=52

N=108

Crossover to TAVI, n(%)

3* (7%)

0 (0%)

na

Crossover to SAVR, n(%)

0 (0%)

na

1 (1%)

General anesthesia, n(%)

na

52 (100%)

43 (40%)

<0.001

Procedural duration (mins)

na

190.21 ± 47.73

67.58 ± 38.86

<0.001

na

0 (0%)

99 (92%)

<0.001

Medtronic CoreValve, n(%)

na

0 (0%)

63 (58%)

<0.001

Edwards SAPIEN Valve, n(%)

na

0 (0%)

43 (40%)

<0.001

Symetis Valve, n(%)

na

0 (0%)

2 (2%)

1.00

Surgical bioprothesis, n(%)

na

52 (100%)

1 (1%)

<0.001

na

4 (8%)

0 (0%)

0.01

7 (16%)

36 (69%)

39 (36%)

<0.001

Left anterior descending

6 (14%)

30 (58%)

26 (24%)

<0.001

Left circumflex

3 (7%)

24 (46%)

7 (7%)

<0.001

Right coronary artery

1 (2%)

24 (46%)

12 (11%)

<0.001

Saphenous vein graft

0 (0%)

0 (0%)

3 (3%)

0.255

Complete revascularization, n(%)

0 (0%)

17 (35%)

8 (8%)

<0.001

Residual SYNTAX Score†

20.02 ± 18.59

na

12.76 ± 14.26

0.019

Aortic valve intervention, n(%)
Balloon pre-dilation, n(%)

Stentless, n(%)
Revascularization, n(%)
Vessel treated, n(%)
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Percutaneous coronary intervention, n(%)

7 (16%)

1 (2%)

39 (36%)

<0.001

Concomitant, n(%)

6 (14%)

0 (0%)

16 (15%)

0.014

Staged, n(%)

1 (2%)

1 (2%)

23 (21%)

<0.001

Coronary artery bypass grafting, n(%)

0 (0%)

36 (69%)

0 (0%)

<0.001

Other concomitant interventions, n(%)

0 (0%)

10 (19%)

1 (1%)

<0.001

Carotid endarterectomy

na

1 (10%)

0 (0%)

Coronary endarterectomy

na

2 (20%)

0 (0%)

Left atrial appendage occlusion

na

4 (40%)

0 (0%)

Patent foramen ovale closure

na

1 (10%)

1 (100%)

Pulmonary vein ablation

na

1 (10%)

0 (0%)

Subvalvular myectomy

na

1 (10%)

0 (0%)

4.93 ± 5.55

11.94 ± 4.57

8.48 ± 4.13

Hospital length of stay (days)

<0.001

Depicted are means ± SD with p-values from ANOVAs or unpaired t-tests; or counts (%) with p-values from Fisher's tests or chi-square tests.
* Three patients assigned to medical therapy (MT) following heart team discussion subsequently crossed over to TAVI 833 days (29mm Medtronic
CoreValve), 25 days (26mm Edwards SAPIEN XT) and 493 days (Medtronic CoreValve 29mm) after initial MT allocation. †Residual SYNTAX score has not
been validated in post CABG patients.
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Table 5. Unadjusted Clinical Outcomes at 30-days and 1-year.
Treatment modality

SAVR vs MT

MT

SAVR

TAVI

N=44

N=52

N=108

11 (25.0)

3 (5.8)

10 (23.2)

TAVI vs MT

HR or RR (95% CI)

p-value

HR or RR (95% CI)

p-value

Overall p-value

6 (5.6)

0.21 (0.06-0.76)

0.017

0.21 (0.08-0.56)

0.002

0.002

3 (5.8)

6 (5.6)

0.23 (0.06-0.84)

0.026

0.23 (0.08-0.62)

0.004

0.006

0 (0.0)

2 (3.8)

6 (5.6)

4.24 (0.21-86.02)

0.50

5.33 (0.31-92.62)

0.18

0.39

Major Stroke, n(%)

0 (0.0)

1 (1.9)

3 (2.8)

2.54 (0.11-60.81)

1.00

2.87 (0.15-54.43)

0.56

0.81

Minor Stroke, n(%)

0 (0.0)

0 (0.0)

1 (0.9)

1.23 (0.05-29.62)

1.00

1.00

Transient Ischemic Attack, n(%)

0 (0.0)

1 (1.9)

2 (1.9)

2.54 (0.11-60.81)

1.00

2.05 (0.10-41.85)

1.00

1.00

Myocardial infarction, n(%)

0 (0.0)

2 (3.8)

1 (0.9)

4.24 (0.21-86.02)

0.50

1.23 (0.05-29.62)

1.00

0.28

All cause death, major stroke, or MI, n(%)

11 (25.0)

5 (9.6)

8 (7.4)

0.37 (0.13-1.07)

0.07

0.29 (0.11-0.71)

0.007

0.017

Bleeding

1 (2.3)

5 (9.7)

39 (36.1)

4.21 (0.49-36.03)

0.19

17.79 (2.44-129.57)

0.004

<0.001

Life-threatening, n(%)

0 (0.0)

2 (3.8)

14 (13.0)

4.24 (0.21-86.02)

0.50

11.89 (0.72-195.04)

0.011

0.009

Major, n(%)

1 (2.3)

3 (5.9)

14 (13.1)

2.46 (0.26-23.69)

0.44

5.90 (0.78-44.88)

0.09

0.11

Minor, n(%)

0 (0.0)

0 (0.0)

14 (13.1)

11.89 (0.72-195.04)

0.011

0.001

Acute Renal Failure, n(%)

5 (11.6)

17 (32.7)

17 (16.2)

3.07 (1.13-8.32)

0.028

1.49 (0.55-4.03)

0.44

0.031

Vascular complications

0 (0.0)

2 (3.8)

19 (17.7)

4.24 (0.21-86.02)

0.50

16.00 (0.99-259.29)

0.002

0.001

Major, n(%)

0 (0.0)

2 (3.8)

8 (7.5)

4.24 (0.21-86.02)

0.50

6.97 (0.41-118.20)

0.11

0.15

Minor, n(%)

0 (0.0)

0 (0.0)

11 (10.2)

9.43 (0.57-156.61)

0.034

0.005

Repeat unplanned intervention, n(%)

1 (2.3)

2 (3.8)

1 (0.9)

1.71 (0.15-18.83)

0.66

0.41 (0.03-6.57)

0.53

0.51

Permanent Pacemaker Implantation, n(%)

1 (2.3)

1 (2.0)

27 (25.6)

0.80 (0.05-12.85)

0.88

11.98 (1.63-88.19)

0.015

0.002

30 Days Follow-Up
All Cause Death, n(%)
Cardiovascular Death, n(%)
Cerebrovascular Events
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1 Year Follow-Up
All Cause Death, n(%)

26 (59.2)

7 (13.9)

27 (25.1)

0.16 (0.07-0.38)

<0.001

0.30 (0.18-0.52)

<0.001

<0.001

25 (58.2)

5 (9.6)

24 (22.6)

0.12 (0.05-0.32)

<0.001

0.29 (0.16-0.50)

<0.001

<0.001

0 (0.0)

2 (3.8)

7 (6.6)

4.24 (0.21-86.02)

0.50

6.15 (0.36-105.41)

0.19

0.25

Major Stroke, n(%)

0 (0.0)

1 (1.9)

4 (3.8)

2.54 (0.11-60.81)

1.0

3.69 (0.20-67.12)

0.32

0.61

Minor Stroke, n(%)

0 (0.0)

0 (0.0)

1 (0.9)

1.23 (0.05-29.62)

1.0

1.00

Transient Ischemic Attack, n(%)

0 (0.0)

1 (1.9)

2 (1.9)

2.54 (0.11-60.81)

1.0

2.05 (0.10-41.85)

1.0

1.00

Myocardial infarction, n(%)

0 (0.0)

3 (6.1)

1 (0.9)

5.93 (0.31-111.74)

0.25

1.23 (0.05-29.62)

1.0

0.10

All cause death, major stroke, or MI, n(%)

26 (59.2)

9 (17.5)

30 (27.9)

0.23 (0.11-0.48)

<0.001

0.36 (0.21-0.60)

<0.001

<0.001

Cardiovascular Death, n(%)
Cerebrovascular Events

Depicted are number of events (incidence rates from life-tables %). Hazard Ratios HR (95% CI) from Cox Regressions. In case of zero events continuity corrected
Risk Ratios RR (95% CI) and Fisher's test p-values are reported. MT, medical therapy; SAVR, surgical aortic valve replacement; TAVI, transcatheter aortic valve
implantation.
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Table 6. Adjusted Clinical Outcomes at 30-days and 1-year
Treatment modality

SAVR vs MT

MT

SAVR

TAVI

N=44

N=52

N=108

11 (25.0)

3 (5.8)

10 (23.2)

TAVI vs MT

HR (95% CI)

p-value

HR (95% CI)

p-value

Overall p-value

6 (5.6)

0.64 (0.16-2.61)

0.54

0.36 (0.13-1.04)

0.058

0.17

3 (5.8)

6 (5.6)

0.72 (0.17-2.99)

0.65

0.39 (0.13-1.13)

0.08

0.22

11 (25.0)

5 (9.6)

8 (7.4)

1.02 (0.31-3.35)

0.97

0.47 (0.18-1.21)

0.12

0.23

26 (59.2)

7 (13.9)

27 (25.1)

0.37 (0.15-0.93)

0.034

0.43 (0.24-0.79)

0.006

0.011

25 (58.2)

5 (9.6)

24 (22.6)

0.30 (0.11-0.84)

0.023

0.41 (0.22-0.76)

0.004

0.006

26 (59.2)

9 (17.5)

30 (27.9)

0.53 (0.23-1.22)

0.13

0.53 (0.30-0.93)

0.028

0.07

30 Days Follow-Up
All Cause Death, n(%)
Cardiovascular Death, n(%)
All cause death, major stroke, or MI, n(%)
1 Year Follow-Up
All Cause Death, n(%)
Cardiovascular Death, n(%)
All cause death, major stroke, or MI, n(%)

Depicted are number of events (incidence rates from life-tables %). Adjusted Hazard Ratios HR (95% CI) from Cox Regressions, adjusting for the following
baseline variables: hypercholesterolemia, peripheral vascular disease, SYNTAX score, previous cardiac surgery, atrial fibrillation and the logistic EuroScore; after multiple imputation of missing values using chained equations (20 data-sets produced). MT, medical therapy; SAVR, surgical aortic valve
replacement; TAVI, transcatheter aortic valve implantation.
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Table 7. Post-procedural Changes in Echocardiographic Parameters
SAVR

TAVI

p-value

n=52

n=108

Baseline

0.730.23

0.740.21

0.88

Discharge

1.890.43

1.800.60

0.62

One-year

1.680.53

1.760.49

0.66

Baseline

0.410.12

0.420.12

0.57

Discharge

1.030.22

1.050.37

0.90

One-year

0.940.27

1.000.27

0.49

Baseline

29.39.5

28.610.3

0.69

Discharge

9.53.4

7.22.9

0.001

One year

11.53.6

8.12.9

<0.001

Baseline

48.315.9

46.616.0

0.53

Discharge

16.96.9

12.94.9

0.002

One year

21.06.2

15.35.6

0.001

Baseline

38.912.0

34.511.4

0.029

Discharge

38.812.6

39.012.4

0.92

One year

46.613.2

46.112.8

0.88

Baseline

45.511.9

52.013.9

0.016

Discharge

36.210.9

46.913.9

0.001

One year

39.615.3

42.011.8

0.54

AVA, cm2

Indexed AVA, cm2.m-2

Mean gradient, mmHg

Peak gradient, mmHg

LV ejection fraction, %

PASP, mmHg

AVA, aortic valve area; LV, left ventricular; PASP, pulmonary artery systolic pressure.
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FIGURE 1.
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FIGURE 2.
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FIGURE 3.
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FIGURE 4.
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SUPPLEMENTARY MATERIAL
Supplementary Table 1. Adjusted clinical outcomes according to coronary artery disease status among patients undergoing either surgical aortic valve
Replacement or transcatheter aortic valve implantation only.
CAD Status

CAD vs No CAD

No CAD

CAD

Adjusted HR or RR (95% CI)

p-value

n=42

n=112

0 (0.0)

9 (8.0)

7.18 (0.43-120.68)

0.12

Cardiovascular Death, n(%)

0 (0.0)

9 (8.0)

7.18 (0.43-120.68)

0.12

Cardiac death, stroke, or MI

1 (2.4)

12 (10.7)

4.15 (0.52-33.48)

0.18

All cause death, major stroke, or MI, n(%)

1 (2.4)

12 (10.7)

4.15 (0.52-33.48)

0.18

7 (16.8)

27 (24.4)

1.37 (0.57-3.32)

0.48

Cardiovascular Death, n(%)

5 (12.2)

24 (21.8)

1.64 (0.59-4.51)

0.34

Cardiac death, stroke, or MI

6 (14.6)

28 (25.4)

1.58 (0.62-4.01)

0.34

All cause death, major stroke, or MI, n(%)

8 (19.2)

30 (27.1)

1.28 (0.55-2.94)

0.57

30 Days Follow-Up
All Cause Death, n(%)

1 Year Follow-Up
All Cause Death, n(%)

Depicted are number of events (incidence rates from life-tables %). Risk Ratio RR (95% CI) continuity corrected for death and cardiovascular death at 30
days with p-values from Fisher's test; otherwise Adjusted Hazard Ratios HR (95% CI) from Cox Regressions, adjusting for the following baseline variables:
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hypercholesterolemia, peripheral vascular disease, previous cardiac surgery, atrial fibrillation and the logistic EuroSCORE; after multiple imputation of
missing values using chained equations (20 data-sets produced). CAD, coronary artery disease.
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Supplementary Table 2. Unadjusted clinical outcomes according to SYNTAX score among patients undergoing either surgical aortic valve replacement or transcatheter aortic valve
Implantation only.
No CAD

SS 0-22

SS >22

SS 0-22 vs No CAD

SS >22 vs No CAD

n=42

n=66

n=46

HR or RR (95% CI)

p-value

HR or RR (95% CI)

p-value

p-value

0 (0.0)

3 (4.5)

6 (13.0)

4.47 (0.24-84.39)

0.28

11.88 (0.69-204.60)

0.027

0.024

Cardiovascular Death, n(%)

0 (0.0)

3 (4.5)

6 (13.0)

4.47 (0.24-84.39)

0.28

11.88 (0.69-204.60)

0.027

0.024

Cardiac death, stroke, or MI

1 (2.4)

4 (6.1)

7 (15.2)

2.59 (0.29-23.14)

0.40

6.60 (0.81-53.61)

0.078

0.11

All cause death, major stroke, or MI, n(%)

1 (2.4)

4 (6.1)

8 (17.4)

2.58 (0.29-23.10)

0.40

7.71 (0.96-61.66)

0.054

0.055

7 (16.8)

12 (18.2)

15 (33.7)

1.06 (0.42-2.68)

0.91

2.12 (0.86-5.20)

0.101

0.12

Cardiovascular Death, n(%)

5 (12.2)

10 (15.3)

14 (31.5)

1.24 (0.42-3.62)

0.70

2.76 (0.99-7.66)

0.051

0.06

Cardiac death, stroke, or MI

8 (19.2)

12 (18.2)

16 (35.9)

0.92 (0.37-2.24)

0.85

1.96 (0.84-4.58)

0.120

0.10

All cause death, major stroke, or MI, n(%)

8 (19.2)

13 (19.7)

17 (38.1)

1.00 (0.41-2.40)

0.99

2.14 (0.92-4.95)

0.076

0.07

Overall

30 Days Follow-Up
All Cause Death, n(%)

1 Year Follow-Up
All Cause Death, n(%)

Depicted are number of events (incidence rates from life-tables %). Risk Ratio RR (95% CI) continuity corrected for death and cardiovascular death at 30 day
with p-values from Fisher's tests, otherwise Hazard Ratios HR (95% CI) from Cox Regressions. CAD, coronary artery disease; SS, SYNTAX Score.
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Supplementary Table 3. Adjusted clinical outcomes according to SYNTAX score among patients undergoing either surgical aortic valve replacement or transcatheter aortic valve
implantation only.
No CAD

SS 0-22

SS >22

SS 0-22 vs No CAD

SS >22 vs No CAD
p-

Overall

HR or RR (95% CI)

p-value

p-value

0.28

11.88 (0.69-204.60)

0.027

0.024

4.47 (0.24-84.39)

0.28

11.88 (0.69-204.60)

0.027

0.024

7 (15.2)

2.05 (0.19-22.53)

0.56

6.55 (0.20-210.30)

0.29

0.53

4 (6.1)

8 (17.4)

2.52 (0.24-26.63)

0.44

11.49 (0.40-328.05)

0.15

0.32

7 (16.8)

12 (18.2)

15 (33.7)

0.99 (0.38-2.58)

0.98

2.59 (0.95-7.03)

0.06

0.046

Cardiovascular Death, n(%)

5 (12.2)

10 (15.3)

14 (31.5)

1.10 (0.37-3.31)

0.86

3.29 (1.08-10.05)

0.037

0.024

Cardiac death, stroke, or MI

8 (19.2)

12 (18.2)

16 (35.9)

0.77 (0.30-1.97)

0.59

2.24 (0.86-5.81)

0.10

0.030

All cause death, major stroke, or MI, n(%)

8 (19.2)

13 (19.7)

17 (38.1)

0.89 (0.36-2.20)

0.79

2.48 (0.97-6.31)

0.06

0.023

n=42

n=66

n=46

HR or RR (95% CI)

0 (0.0)

3 (4.5)

6 (13.0)

4.47 (0.24-84.39)

Cardiovascular Death, n(%)

0 (0.0)

3 (4.5)

6 (13.0)

Cardiac death, stroke, or MI

1 (2.4)

4 (6.1)

All cause death, major stroke, or MI, n(%)

1 (2.4)

value

30 Days Follow-Up
All Cause Death, n(%)

1 Year Follow-Up
All Cause Death, n(%)

Depicted are number of events (incidence rates from life-tables %). Risk Ratio RR (95% CI) continuity corrected for death and cardiovascular death at 30 days
with p-values from Fisher's test; otherwise Adjusted Hazard Ratios HR (95% CI) from Cox Regressions, adjusting for the following baseline variables: hypercholesterolemia, peripheral vascular disease, previous cardiac surgery, atrial fibrillation and the logistic EuroSCORE; after multiple imputation of missing values
using chained equations (20 data-sets produced). CAD, coronary artery disease; SS, SYNTAX score.
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Supplementary Table 4. Unadjusted clinical outcomes according to incomplete revascularization vs no coronary artery disease or complete revascularization among patients undergoing either surgical aortic valve replacement or transcatheter aortic valve implantation only.
No CAD/

Incomplete Revascular-

Incomplete

vs

No

Complete Revascularization

ization

CAD/Complete

n=67

n=87

HR or RR (95% CI)

1 (1.5)

8 (9.2)

6.29 (0.79-50.32)

0.08

Cardiovascular Death, n(%)

1 (1.5)

8 (9.2)

6.29 (0.79-50.32)

0.08

Cardiac death, stroke, or MI

4 (6.0)

9 (10.3)

1.73 (0.53-5.60)

0.36

All cause death, major stroke, or MI, n(%)

4 (6.0)

9 (10.3)

1.73 (0.53-5.60)

0.36

9 (13.6)

25 (29.2)

2.30 (1.07-4.92)

0.032

6 (9.1)

23 (27.0)

3.15 (1.28-7.74)

0.012

Cardiac death, stroke, or MI

10 (15.1)

24 (28.2)

1.89 (0.91-3.96)

0.09

All cause death, major stroke, or MI, n(%)

12 (18.0)

26 (30.3)

1.71 (0.86-3.40)

0.12

p-value

30 Days Follow-Up
All Cause Death, n(%)

1 Year Follow-Up
All Cause Death, n(%)
Cardiovascular Death, n(%)

Depicted are number of events (incidence rates from life-tables %). Hazard Ratios HR (95% CI) from Cox Regressions.
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Supplementary Table 5. Adjusted clinical outcomes according to incomplete revascularization vs no coronary artery disease or complete revascularization among patients undergoing either surgical aortic valve replacement or transcatheter aortic valve implantation only.
No

CAD/Complete

Incomplete Revascu-

Incomplete vs No CAD/Com-

Revascularization

larization

plete

n=67

n=87

Adj HR or RR (95% CI)

1 (1.5)

8 (9.2)

5.30 (0.62-45.64)

0.13

Cardiovascular Death, n(%)

1 (1.5)

8 (9.2)

5.30 (0.62-45.64)

0.13

Cardiac death, stroke, or MI

4 (6.0)

9 (10.3)

1.33 (0.36-4.94)

0.67

All cause death, major stroke, or MI, n(%)

4 (6.0)

9 (10.3)

1.33 (0.36-4.94)

0.67

9 (13.6)

25 (29.2)

2.08 (0.90-4.79)

0.09

6 (9.1)

23 (27.0)

2.80 (1.07-7.36)

0.037

Cardiac death, stroke, or MI

10 (15.1)

24 (28.2)

1.59 (0.70-3.61)

0.27

All cause death, major stroke, or MI, n(%)

12 (18.0)

26 (30.3)

1.43 (0.67-3.09)

0.36

p-value

30 Days Follow-Up
All Cause Death, n(%)

1 Year Follow-Up
All Cause Death, n(%)
Cardiovascular Death, n(%)

Depicted are number of events (incidence rates from life-tables %). Adjusted Hazard Ratios HR (95% CI) from Cox Regressions, adjusting for the
following baseline variables: hypercholesterolemia, peripheral vascular disease, previous cardiac surgery, atrial fibrillation and the logistic EuroScore; after multiple imputation of missing values using chained equations (20 data-sets produced).
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ABSTRACT
Background. Up to 1 in 6 patients undergoing transcatheter aortic valve implantation (TAVI) present with low-ejection fraction, low-gradient (LEF-LG) severe aortic
stenosis (AS) and concomitant relevant mitral regurgitation (MR) is present in 3055% of these patients. The impact of MR on clinical outcomes of LEF-LG patients
undergoing TAVI is unknown.
Methods and Results. Of 606 consecutive patients undergoing TAVI, 113 (18.7%)
patients with LEF-LG severe AS (mean gradient [MG] ≤40mmHg, aortic valve area
(AVA) <1.0cm2, left ventricular ejection fraction (LVEF) <50%) were analyzed. LEFLG patients were dichotomized into ≤mild MR (n=52) and ≥moderate MR (n=61).
Primary-endpoint was all-cause mortality at one year. No differences in mortality
were observed at 30-days (p=0.76). At one year, LEF-LG patients with ≥moderate
MR had an adjusted 3-fold higher rate of all-cause mortality (11.5% vs 38.1%, adjusted hazard ratio [HR] 3.27 (95% confidence interval [CI] 1.31-8.15), p=0.011), as
compared with LEF-LG patients with ≤mild MR. Mortality was mainly driven by cardiac death (adj HR 4.62, p=0.005). As compared with LEF-LG patients with ≥moderate MR assigned to medical therapy (MT), LEF-LG patients with ≥moderate MR undergoing TAVI had significantly lower all-cause mortality (HR 0.38, 95% CI 0.0190.75) at one year.
Conclusions. Moderate or severe MR is a strong independent predictor of late
mortality in LEF-LG patients undergoing TAVI. However, LEF-LG patients assigned
to MT have a dismal prognosis independent of MR severity suggesting that TAVI
should not be withheld from symptomatic patients with LEF-LG severe AS even in
the presence of moderate or severe MR.
KEY WORDS: aortic stenosis, mitral regurgitation, transcatheter aortic valve implantation
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INTRODUCTION
The combination of a low left ventricular ejection fraction (LVEF) with a tight aortic
orifice is frequently associated with a low transvalvular pressure gradient among
patients with severe aortic stenosis (AS).1-9 Low-ejection fraction, low-gradient severe AS (LEF-LG), represents a management challenge because of the high perioperative risk associated with conventional surgical aortic valve replacement
(SAVR).1,2,6,10,11 Transcatheter aortic valve implantation (TAVI) is a less invasive alternative procedure to SAVR for the treatment of high-risk patients presenting with
symptomatic severe AS.12,13 Several studies have demonstrated the feasibility of
TAVI to treat patients with symptomatic LEF-LG severe AS, 7,9,14-17 which is reflected
in the recent 2014 AHA/ACC guidelines providing a class IIa recommendation for
TAVI for the treatment of symptomatic LEF-LG in high-risk patients.18
LEF-LG is present in about 5-10% of the overall population of patients with severe
AS.6 However, the prevalence of LEF-LG among patients undergoing TAVI is higher
(10-16%) because of the predominance of high-risk patients.7,9,14,15 Moderate to severe MR is present in 2-22% of unselected patients undergoing TAVI,19-22 whereas
its prevalence in LEF-LG patients undergoing TAVI is considerably higher (2055%).7,9,14,15 Recently, several conflicting studies reporting the impact of MR on clinical outcomes among unselected patients undergoing TAVI have emerged.23-29
However, to date, no data exist on whether MR impacts clinical outcomes among
selective patients with LEF-LG undergoing TAVI. Therefore, the primary aim of the
present study was to assess the association of MR with clinical outcomes among
this high-risk selected patient population undergoing TAVI.

The secondary aim

was to compare clinical outcomes of LEF-LG patients assigned to TAVI versus a control medical therapy (MT) group stratified according to MR grade.
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METHODS
Patient Population
Since 2007, patients with severe AS and increased surgical risk underwent a multidisciplinary assessment and were assigned to one of 3 treatment modalities i.e.
medical therapy, conventional surgical aortic valve replacement or TAVI. During
the period between August 2007 and December 2012, 606 patients were assigned
to TAVI and 110 patients were assigned to MT.30 113 consecutive patients with
symptomatic, severe LEF-LG native valve AS undergoing TAVI were included in the
present study (n=113/606; 18.6%) (AVA <1.0cm2, mean gradient ≤40mmHg, LVEF
<50%). Of the 110 consecutive patients assigned to MT, 44 patients had symptomatic LEF-LG severe AS, as previously described.30 Included patients with LEF-LG
severe AS were dichotomized based on the presence of mild or less MR or moderate or severe MR at baseline echocardiographic examination. This study complies
with the Declaration of Helsinki, was approved by the local ethics committee, and
all patients provided informed written consent.
Echocardiography
Transthoracic Echocardiography was performed in all included patients at baseline
as described in detail in the online supplement.
Dobutamine Stress Echocardiography
Dobutamine stress echocardiography was performed in one third of TAVI patients
(n=36/113 [32%]) and in 5/39 (13%) MT patients as described in the online supplement.
Cardiac Catheterization
All TAVI patients underwent coronary angiography and 89/113 (79%) TAVI patients
had a full invasive haemodynamic evaluation by right and left heart catheterization
prior to TAVI as previously described.9 29/39 patients assigned to MT underwent
coronary angiography of which 27 patients had a simultaneous right heart catheterization. Pulmonary hypertension was defined as an invasive mean PA pressure
>25 mmHg and was dichotomized into pre-capillary (left ventricular end-diastolic
pressure [LVEDP] ≤15mmHg) and post-capillary (LVEDP >15mmHg) subgroups.
Transcatheter Aortic Valve Implantation
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TAVI was performed as previously described.31 Vascular access was transfemoral
using the Edwards SAPIEN/XT (ESV, Edwards Lifesciences, Irvine, CA, USA) or the
Medtronic CoreValve Revalveing System (MCRS; Medtronic Inc., Minneapolis, MN,
USA, transapical for the ESV or self-expanding Symetis ACURATE TA valve (SA)
(Symetis Inc., Switzerland) or transsubclavian using the MCRS.
Clinical Follow-up
Adverse events were assessed in hospital, and regular clinical follow-up was performed at 1, 6, and 12 months by means of a clinical visit or standardized telephone
interview. All suspected events were adjudicated by an unblinded clinical event
committee. Baseline clinical and procedural characteristics and all follow-up data
were entered into a dedicated database, held at an academic clinical trials unit (CTU
Bern, Bern University Hospital, Switzerland) responsible for central data audits and
maintenance of the database.
Study Endpoints
Clinical endpoints were defined according to the criteria proposed by the Valve Academic Research Consortium-2 (VARC-2) consensus document.32 Primary endpoint
was all-cause mortality at one year. Secondary endpoints included all-cause mortality at 30-days and cardiovascular death, and major adverse cardiovascular and
cerebrovascular events (MACCE) (composite of all-cause mortality, major stroke,
and myocardial infarction) at 30-days and 1-year. New York Heart Association
(NYHA) functional class status was assessed at baseline and 1-year follow-up. Transthoracic echocardiography (TTE) was performed during follow-up. TTE performed
on patients who survived to discharge and 1 year, respectively, are included in the
present analysis.
Statistics
Continuous data are presented as means  standard deviations (SD), and categorical variables are depicted as percentages and numbers. Categorical variables were
compared by means of the χ2 test (or Fisher’s test for two group comparisons), and
continuous variables were compared using the unpaired t-test. NYHA functional
status at 1-year was analyzed using χ2 tests. Time-to-event data are presented using Kaplan-Meier curves, with incidence rates calculated from life-tables, at 30-days
and 1 year follow-up, respectively, for patients undergoing TAVI and 1 year follow200
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up for comparisons between MT and TAVI patients. Univariate and adjusted Cox
proportional hazards models were used to derive hazard ratio estimates of clinical
time-to-event comparisons between the two groups. Twenty-three baseline variables were added into the univariate model. In the adjusted Cox’s models, only peripheral vascular disease (p=0.003) and the logistic EuroSCORE (p<0.001) were
added, since these were the only two factors with a p-value <0.1 affecting MACCE.
Baseline, discharge to 1 year follow-up changes in echocardiographic parameters
were analyzed using linear mixed models with a random effect of the patient identifier to account for repeated measures per patient. Only survivors at discharge or
at 1-year follow-up, respectively, were included in these repeated measures analyses. All p-values and 95% confidence intervals (CI) are two-sided. Two-sided Pvalues <0.05 were considered statistically significant. All analyses were performed
with STATA (version 12, StataCorp, College Station, TX, USA).
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RESULTS
Of the 113 patients with LEF-LG severe AS undergoing TAVI in the present study, 52
patients had mild or less MR and 61 patients had moderate or severe MR (58 moderate and 3 severe MR). Of 44 patients with LEF-LG assigned to MT, five were excluded (3 missing MR grade; 2 crossed over to TAVI during inclusion period and
were included in the TAVI group). Of the 39 remaining MT patients, 19 had mild or
less MR and 20 had moderate or severe MR. Baseline characteristics of TAVI patients stratified by MR grade are given in Table 1. Mean age was 82.15.0 years
and there were significantly more females in the moderate or severe MR group. As
a result, patients in the latter group were smaller and weighed less. No significant
differences in other baseline characteristics, including surgical risk scores, were observed between TAVI groups.
As compared with LEF-LG patients assigned to MT, patients undergoing TAVI had a
lower prevalence of renal failure and atrial fibrillation, a higher prevalence of prior
PCI and had lower surgical risk scores (Logistic EuroSCORE 42.8±15.8 vs 34.3±15.4%,
p=0.004; STS score 11.3±7.2 vs 7.9±4.8%, p=0.001) (online supplement Table 1).
Baseline Echocardiographic Characteristics
Echocardiographic characteristics of TAVI patients stratified according to MR grade
are presented in Table 2. No significant differences in baseline AVA, MG, LVEF or
right ventricular ejection fraction were observed. TAVI patients with moderate to
severe MR had significantly worse diastolic function as compared with mild or less
MR TAVI patients. Among TAVI patients with moderate to severe MR, MR was classified as functional in 44/61 (72%) and degenerative in 17/61 (28%).
Contractile reserve was present in 11/17 (64.7%) of mild or less MR TAVI patients
and 16/19 (84.2%) of TAVI patients with moderate or severe MR (p=0.18). Baseline
mean gradient was significantly lower among the moderate to severe MR group
(23.46.2 vs 18.77.1 mmHg, p=0.049) but mean gradients reached at peak dobutamine infusion were similar (37.27.3 vs 32.010.7 mmHg, p=0.10). AVA remained
fixed at peak dobutamine infusion in patients with both mild or less MR (AVA baseline versus peak dobutamine infusion: 0.780.28 vs 0.810.34 mmHg) and moderate or severe MR (0.800.23 vs 0.830.25 mmHg).
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As compared with LEF-LG patients assigned to MT, patients assigned to TAVI had a
higher baseline LVEF (29.3±9.6% vs 34.4±11.2%, p=0.014) (online supplemental Table 2).
Baseline Invasive Haemodynamic Characteristics
Invasive haemodynamic characteristics of TAVI patients stratified according to MR
severity are presented in Table 3. As compared with mild or less MR TAVI patients,
moderate or severe MR TAVI patients had significantly higher valvular resistances
and valvuloarterial impedances. In addition, moderate or severe MR TAVI patients
had significantly higher pulmonary artery pressures (mean and systolic) and a
higher incidence of pulmonary hypertension as compared with mild or less MR patients. Pulmonary hypertension was predominantly post-capillary in both TAVI
groups. TAVI patients with moderate to severe MR had a significantly lower stroke
volume and cardiac output as compared with TAVI patients with mild or less MR.
As compared with LEF-LG patients assigned to MT, patients undergoing TAVI had
somewhat higher stroke volume indices (21.0±5.1 vs 24.5±7.2 mL.m-2, p=0.021) and
lower heart rates (86.8±12.2 vs 79.7±16.4 beats per minute, p=0.041) (online supplement Table 3).
Procedural Characteristics
Procedural characteristics of TAVI patients are given in Table 4. Mean procedural
time was 6638 minutes. Most patients underwent transfemoral TAVI under conscious sedation. Mean length of hospital stay was 7.95.6 days. One patient with
moderate MR undergoing transapical TAVI required conversion to conventional
surgical aortic valve replacement and subsequently died. Overall, 16.8% of patients
had post-procedural ≥moderate aortic regurgitation with no significant differences
between groups (p=0.37).
Clinical Outcomes Of TAVI Patients Stratified According To MR Grade
One-year follow-up was complete for 112/113 (99.1%) TAVI patients with 1 patient
withdrawing consent for follow-up 113 days after TAVI. Event rates with crude and
adjusted hazard ratios (HR) for all major clinical endpoints at 30 days and 12 months
are provided in online supplementary Table 4 and Table 5 (main manuscript), respectively.
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Six deaths occurred at 30 days of which 4 were in-hospital. No significant differences in all-cause mortality (3.8% vs 6.6%, P=0.52), cardiovascular death (3.8% vs
6.6%, P=0.52) or MACCE (3.8% vs 11.5%, P=0.17) were observed at 30 days between
groups. There were no significant differences in other endpoints at 30 days (online
supplementary Table 4).
Time-to-event curves for all-cause mortality and cardiovascular death among all
TAVI patients are shown in Figure 1. As compared with TAVI patients with mild or
less MR, LEF-LG TAVI patients with moderate to severe MR had incidence higher
rate of all-cause mortality (11.5% vs 38.1%, unadjusted hazard ratio [HR] 3.85, [95%
confidence interval [CI] 1.57-9.47], p=0.003), which was driven by cardiovascular
death (7.9% vs 36.5%, unadjusted HR 5.50, [95% CI 1.89-15.97], p=0.002) (Table 6).
On multivariate analysis, moderate or severe MR was an independent predictor for
all-cause mortality (adj HR 3.27, [95% CI 1.31-8.15], p=0.011), cardiac death (adj HR
4.62, [95% CI 1.57-13.60], p=0.005) and MACCE (adj HR 2.88, [95% CI 1.22-6.81],
p=0.002) at 1 year among TAVI patients after adjusting for the univariate predictors
of peripheral vascular disease and logistic EuroSCORE.Time-to-event curves stratified according to MR etiology (i.e. functional vs degenerative) among moderate or
severe MR TAVI patients only are shown in Figure 2. As compared with functional
MR, patients with degenerative MR had a higher rate of death (29.5% vs 61.2%,
adjusted HR 3.38, 95% CI 1.32-8.67, p=0.011) driven by cardiac death (adjusted HR
2.92, p=0.029) at one year.
NYHA functional class at baseline and 1 year follow-up in both TAVI groups is shown
in Figure 3. At 1 year, 58 (56.9%) patients improved, 12 (11.8%) patients had no
change, 3 (2.9%) had worsened and 29 (28.4%) had died (chi-square test, p=0.02).
Improvement in NYHA class of the surviving patients did not differ between moderate or severe MR (82%) as compared with surviving patients with mild or less MR
(76%) (Fisher’s test, p=0.77).
Clinical Outcomes of Patients Assigned to TAVI versus MT Stratified According to
MR Grade
Event rates with crude hazard ratios for all-cause mortality and cardiovascular
death at one-year comparing patients undergoing TAVI versus patients assigned to
MT stratified according to MR grade (mild or less MR versus moderate or severe
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MR) are shown in Table 6. Time-to-event curves for all-cause mortality and cardiovascular death among all patients are shown in Figure 4. As compared with patients
with mild or less MR undergoing MT, patients with mild or less MR undergoing TAVI
had a significantly lower all-cause (Hazard Ratio [HR] 0.14, 95% confidence interval
(CI) 0.05-0.38, p<0.001) and cardiovascular mortality (HR 0.10, 95% CI 0.03-0.33,
p<0.001). As compared with patients with moderate or severe MR undergoing MT,
patients with moderate or severe MR undergoing TAVI had a significantly lower allcause (HR 0.38, 95% CI 0.019-0.75, p=0.005) and cardiovascular (HR 0.36, 95% CI
0.18-0.73, p=0.004) mortality at one year.
Echocardiographic Outcomes Among TAVI Patients
Changes in mitral regurgitation at baseline, discharge and 1 year are shown in Figure 5. Among moderate to severe MR patients surviving to discharge, an acute
improvement in MR was observed in 28 (46.7%) patients, no change in 25 (41.7%)
and worsened in 4 (6.7%). Twelve patients with mild MR at baseline progressed to
moderate MR following TAVI (Figure 4). No significant differences in overall 1 year
survival rates were observed between patients with no change or worsening MR
and patients with improvement of MR on discharge echo (online supplement Figure
1).
One-year echocardiographic follow-up was performed a median of 379 days (IQR
262-511 days) following TAVI and was available in 77/84 (92%) surviving patients
(Figure 6). Among moderate to severe MR patients, 19 (31.7%) patients improved,
16 (26.7%) patients had no change, 2 (3.3%) patients worsened an MR grade and
23 (38.3%) patients had died at 1-year follow-up. Among mild or less MR patients,
6 (13.0%) patients had moderate MR at 1-year follow-up, of whom 4 were observed
to have had moderate MR at discharge.
Changes in LVEF, left ventricular end-systolic diameter (LVESD) and PASP among 1year survivors are shown in Figure 7. Both LVEF and PASP significantly improved at
1-year with no significant interaction between groups. A borderline trend towards
a significant reduction in LVESD (p=0.08) was observed at 1-year with no significant
interaction between groups. No overall significant changes in LVEDD (p=0.29) or LV
mass indices (p=0.91) were observed at 1-year and no significant interaction was
observed between groups for either variable.
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As compared with 1-year survivors who underwent TAVI, non-survivors who underwent TAVI at one year had significantly worse LV ejection fraction, significantly
larger left atrial diameters and a significantly higher prevalence of moderate to severe mitral regurgitation (online supplement Table 5).
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DISCUSSION
To the best of our knowledge, the present study is the first to assess the impact of
mitral regurgitation on clinical outcomes among patients with LEF-LG severe AS undergoing TAVI. Our main finding was that moderate or severe MR was a strong independent predictor of 1-year mortality among patients with LEF-LG severe AS undergoing TAVI, which was predominantly driven by cardiac death.

Among

moderate or severe MR patients undergoing TAVI, degenerative MR was associated
with worse outcomes as compared with functional MR patients. We also observed
that LEF-LG patients assigned to MT had a dismal prognosis, independent of MR
severity grade, suggesting that TAVI should not be withheld from symptomatic patients with LEF-LG severe AS even in the presence of moderate to severe MR. However, the latter observation should be considered hypothesis generating owing to
the fact that the MT group sample size was relatively small and that patients assigned to MT were at higher surgical risk as compared with TAVI patients. Among
TAVI patients, the majority of deaths occurred in the late period (>30 days) with no
differences observed at 30-days. However, it should be noted that there were not
enough events in the early period (<30 days) to test for a mortality difference at
this stage. Immediately following TAVI, an improvement in MR grade was observed
in almost half of patients with moderate to severe MR at baseline. However, MR
improvement did not predict 1-year survival. Among surviving patients with moderate MR at 1-year (all patients with severe MR died), improvements in NYHA functional class status was associated with improvement in LVEF and pulmonary pressures although LV remodelling was limited in both groups. Just under a third of
patients (31%) with moderate or severe MR at baseline demonstrated an improvement in MR severity one year after TAVI.
Moderate to Severe MR in Unselected TAVI Candidates
Previous studies have shown that moderate to severe MR is present in up to one
fifth of unselected patients undergoing TAVI.19-22 However, the impact of moderate
or severe MR on clinical outcomes among an unselected patient population undergoing TAVI is controversial.23-25 In contrast to the present study, most studies to
date have been confounded by the fact that MR groups have been unevenly
matched with moderate or severe MR patients undergoing TAVI having significantly
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higher baseline risk scores, poorer LV function and a higher prevalence of atrial fibrillation and pulmonary hypertension as compared to patients with mild or less
MR.23-25 Toggweiler et al reported that moderate to severe MR was associated
with a higher 30-day, but not late, mortality among unselected patients undergoing
TAVI with a balloon expandable valves. They also found that improvement in MR
was predicted by high gradients, functional MR, absence of pulmonary hypertension and absence of atrial fibrillation.24 In the PARTNER A trial, Barbanti et al reported no significant differences in overall 2-year mortality among patients with
moderate to severe MR undergoing TAVI as compared with patients with mild or
less MR.23 Conversely, moderate or severe MR at baseline was associated with a
significantly higher 2-year mortality rate among SAVR patients.23 A study from a
large (n=1007) multicentre Italian registry reported that moderate and severe MR
was associated with significantly higher mortality rates both at 30-days and 1-year
as compared with mild or less MR in patients undergoing TAVI with a self-expanding
device.25 However, both moderate and severe MR groups had significantly higher
baseline risk scores, higher pulmonary pressures and a prevalence of atrial fibrillation as compared with mild or less MR groups.25
Mitral Regurgitation in Patients with Low Ejection Fraction, Low-gradient Severe
Aortic Stenosis Undergoing TAVI
In most studies to date, the prevalence of moderate or severe MR is higher among
patients with LEF-LG as compared with high-gradient severe AS patients (Figure 8).
LEF-LG patients have dilated LV cavities, which can lead to annular dilatation and
reduce or eliminate normal coaptation between the anterior and posterior mitral
valve leaflets resulting in mitral regurgitation.33 Most patients had dilated LV cavities in the present study (Table 2).
We observed that LEF-LG patients with moderate or severe MR undergoing TAVI
had a markedly higher 1-year mortality rates as compared with similar patients presenting with mild or less MR following TAVI. Furthermore, mortality was 3 times
higher with degenerative as compared with functional MR among moderate or severe MR TAVI patients. The data shown in Figure 3 might be interpreted as showing
that TAVI in LEF-LG patients with moderate or severe MR is a very high risk/reward
proposition. It seems that most patients are either dead or greatly improved at one
year following the procedure. The data shown in Figure 6 show the dynamic nature
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of MR following TAVI. The reason why MR changes between the early and late time
points may relate to the etiology of MR. Whereas functional MR may be expected
to improve over time after TAVI, degenerative MR would not since the primary pathology is due to intrinsic abnormalities of the mitral valve apparatus.334 The reasons for the observed higher mortality rate with significant MR are unclear. Mitral
regurgitation is a known cause of pulmonary hypertension, which is an independent
predictor of mortality after TAVI20. Pulmonary artery pressures were significantly
higher among moderate or severe MR patients on right heart catheterization. Furthermore, pulmonary hypertension was predominantly post-capillary suggesting a
left heart etiology. The added burden of moderate or severe MR may lead to a
worse severity of PH which may translate into the higher mortality rates observed.
An alternative hypothesis may related to the fact that patients with moderate or
severe MR may have a more severe underlying myocardial disease resulting in
lower contractile reserve, which may be multifactorial such as an end-stage manifestation of AS or influence of other factors such as arterial hypertension, aging and
fibrosis. It is also possible that moderate or severe mitral regurgitation may reduce
forward stroke volume and thereby contribute to pseudo-stenosis and thus patients who undergo TAVI may not experience as much of a benefit from TAVI. However, this would not be expected to account for the higher mortality observed in
the moderate to severe MR group.
Clinical Implications
The present study has clinical implications regarding patient selection and the management of patients presenting with LEF-LG severe AS. First, TAVI can be safely performed in LEF-LG patients regardless of MR severity as no differences periprocedural or 30-day outcomes were observed. However, due to the poor medium term
outlook among LEF-LG patients with even moderate MR, the question remains as
to whether it should be done on everybody. While overall and cardiac mortality
rates observed among LEF-LG patients with moderate or severe MR in the present
study (38.1% and 36.5%, respectively) were lower than that observed in the medical
cohort of the PARTNER B trial (49.7% and 41.9%, respectively), this study does raise
questions regarding futility in this patient subset.22 However, we observed that LEFLG patients with moderate or severe MR assigned to medical therapy during the
same treatment period at our institution had significantly worse outcomes as compared with LEF-LG patients with moderate or severe MR assigned to TAVI (Figure 4
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and Table 6).. These results suggest that it is not futile to treat patients with LEF-LG
severe AS and concomitant moderate or severe MR with TAVI. With the advent of
novel percutaneous methods for the treatment of mitral regurgitation in high-risk
patients (e.g. MitraClip), it remains to be seen whether such procedures combined
with TAVI may improve clinical outcomes among LEF-LG patients with moderate or
severe MR.34
Limitations
First, this is a single center observational study and may contain bias. However, our
best knowledge, this is the first study to report the impact of moderate to severe
MR on clinical outcomes among patients with LEF-LG undergoing TAVI. Data were
prospectively collected and all events were independently adjudicated by a clinical
events committee. Second, this was a selective patient population and therefore
the number of patients included in the study was relatively small. However, our
numbers favorably compare with previous studies focusing on LEF-LG and SAVR and
TAVI.10,14,15 Third, dobutamine stress echocardiography was only performed on a
third of patients undergoing TAVI included in the present study. Fourth, given that
there were more deaths in the moderate to severe MR among TAVI patients, the
results of the analyses on the echocardiographic parameters baseline, discharge
and at 1 year among TAVI patients are affected by this. Since the deaths could be
interpreted as cases of missing data, their exclusion can affect the results of the
analyses especially since these observations are not missing at random. This could
therefore introduce an unmeasured bias. Finally, the sample size of the MT control
group was relatively small and precluded propensity score or inverse probability
treatment weighting analysis between MT and TAVI groups. In addition, MT patients were higher risk as compared with TAVI patients.
CONCLUSION
Moderate or severe MR is a strong independent predictor of 1-year mortality
among patients with LEF-LG undergoing TAVI. Degenerative MR predicts a worse
outcome among moderate or severe MR patients. LEF-LG patients assigned to MT
have a dismal prognosis independent of MR severity suggesting that TAVI should
not be withheld from patients with LEF-LG severe AS even in the presence of concomitant moderate or severe MR.
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FIGURE LEGENDS
Figure 1.
Kaplan-Meier analysis of death (A) and cardiovascular death (B) at 1-year among
patients with low ejection fraction, low-gradient severe aortic stenosis undergoing
transcatheter aortic valve implantation (TAVI) stratified according to the presence
of mild or less mitral regurgitation (MR) and moderate or severe MR at baseline.
Figure 2.
Kaplan-Meier analysis of death (A) and cardiovascular death (B) at 1-year among
patients undergoing transcatheter aortic valve implantation (TAVI) with moderate
or severe mitral regurgitation (MR) only stratified according to MR etiology
(functional versus degenerative).
Figure 3.
Functional status expressed by the New York Heart Association (NYHA)
classification at baseline and 1-year follow-up among low ejection fraction, lowgradient, severe AS patients undergoing transcatheter aortic valve implantation
(TAVI) stratified according to the presence of mild or less mitral regurgitation (MR)
and moderate or severe MR at baseline.
Figure 4.
Kaplan-Meier analysis of death (A) and cardiovascular death (B) at 1-year among
patients with low ejection fraction, low-gradient severe aortic stenosis assigned to
medical therapy versus transcatheter aortic valve implantation (TAVI) stratified
according to the presence of mild or less mitral regurgitation (MR) and moderate
or severe MR at baseline.
Figure 5.
Changes in mitral regurgitation over time (baseline, discharge and 1-year) among
patients with low ejection fraction, low-gradient (LEF-LG) severe aortic stenosis
undergoing transcatheter aortic valve implantation (TAVI) stratified according to
presence of mild or less mitral regurgitation (MR) and moderate or severe MR at
baseline (A) and according to functional versus degenerative etiology among LEFLG patients with moderate to severe MR at baseline (B).
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Figure 6.
Tracked outcomes of individual patients with low ejection fraction, low-gradient
severe aortic stenosis undergoing transcatheter aortic valve implantation over time
(baseline, discharge and 1-year) according to mitral regurgitation (MR) grade or
death at follow-up, stratified according to mild or less MR (A) or moderate or
severe MR (B). Two patients (1 in each group) were missing discharge
echocardiograms and 7 patients were missing one year

follow-up

echocardiograms (6 in mild or less MR group and 1 in moderate or severe MR
group). Baseline to discharge:p<0.001; of survivors at discharge:p<0.001. Discharge
to one- year follow-up p=0.006; of survivors at one-year: p=0.11.
Figure 7.
Changes in left ventricular ejection fraction (LVEF) (A), pulmonary artery systolic
pressure (PASP) (B) and left ventricular end-systolic diameter (LVESD) (C) over time
(baseline, discharge and 1-year) among patients with low ejection fraction, lowgradient severe aortic stenosis undergoing transcatheter aortic valve implantation
stratified according to mild or less mitral regurgitation (MR) and moderate or
severe MR.
Figure 8.
Comparision of the prevalence of moderate or severe mitral regurgitation between
patients with low ejection fraction, low-gradient (LEF-LG) and high-gradient (HG)
severe aortic stenosis in studies assessing patients undergoing transcatheter aortic
valve implantation. * In Hermann et al, the comparison was between low-flow and
normal flow only irrespective of the mean gradient or left ventricular ejection
fraction.
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Table 1. Baseline Characteristics
TAVI PATIENTS
Mild or less MR

Moderate or severe MR

p-value

n=52

n=61

Age (years)

82.2±4.9

82.0±5.2

0.81

Female gender, n(%)

14 (26.9)

32 (52.5)

0.010

Height (cm)

167.2±7.0

164.0±8.4

0.031

Weight (kg)

73.5±13.9

66.2±13.9

0.006

Body mass index (kg/m²)

26.3±4.5

24.6±5.0

0.06

Body surface area (m²)

1.8±0.2

1.71±0.2

0.003

Diabetes mellitus, n(%)

18 (34.6)

21 (34.4)

0.98

Hypercholesterolemia, n(%)

39 (75.0)

37 (60.7)

0.11

Cardiac Risk Factors
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Hypertension, n(%)

44 (84.6)

47 (77.0)

0.31

Current smoker, n(%)

7 (13.5)

6 (9.8)

0.55

Previous stroke, n(%)

6 (11.5)

7 (11.5)

0.99

Peripheral vascular disease, n(%)

11 (21.2)

20 (32.8)

0.24

Chronic obstructive pulmonary disease, n(%)

10 (19.6)

8 (13.1)

0.35

Renal failure (GFR<50ml/min/1.73m2)

14 (26.9)

25 (41.0)

0.12

Prior permanent pacemaker, n(%)

6 (11.5)

8 (13.1)

0.80

Coronary artery disease, n(%)

37 (71.2)

47 (77.0)

0.62

Prior MI, n(%)

15 (28.8)

16 (26.2)

0.92

Prior CABG, n(%)

13 (25.0)

17 (27.9)

0.90

Prior PCI, n(%)

22 (42.3)

22 (36.1)

0.50

Atrial fibrillation, n(%)

11 (21.6)

15 (25.0)

0.67

Past Medical History

Symptoms
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New York Heart Association (NYHA) Functional Class
NYHA III/IV, n(%)

37 (71.2)

51 (83.6)

0.11

9 (17.3)

7 (11.5)

0.38

Logistic EuroScore (%)

32.9±14.1

35.5±16.4

0.37

STS score (%)

7.1±4.4

8.67±5.0

0.08

Diuretic, n(%)

35 (67.3)

50 (82.0)

0.07

Beta-blocker, n(%)

30 (57.7)

39 (63.9)

0.50

ACEi/ARB, n(%)

29 (55.8)

38 (62.3)

0.48

Statin, n(%)

31 (59.6)

30 (49.2)

0.27

1,065943

1,1641078

0.69

Canadian Cardiovascular Society (CCS) Angina Status
CCS III/IV, n(%)
Risk Assessment

Medications at Baseline

Laboratory values
B-type natriuretic peptide, pg.mL-1

221

Chapter 6

Values are n (%) or mean  standard deviation with p-values from unpaired T-tests or counts (%) with P-values from χ2 tests.
ACEi = angiotensin converting enzyme inhibitors; ARB = angiotensin receptor blocker; CABG = coronary artery bypass grafting;
PCI = percutaneous coronary intervention.
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Table 2. Baseline Echocardiographic Characteristics
TAVI PATIENTS
Mild or less MR

Moderate or severe MR

p-value

n=52

N=61

Aortic valve area, cm2

0.740.23

0.730.200

0.93

Indexed aortic valve area, cm2.m-2

0.410.12

0.430.12

0.30

Aortic maximal velocity, cm.s-1

3.30.7

3.20.5

0.30

Mean gradient, mmHg

29.610.1

27.510.5

0.29

Peak gradient, mmHg

47.316.5

45.815.6

0.65

Interventricular septum in diastole, cm

1.40.3

1.20.3

0.024

Posterior wall thickness in diastole, cm

1.40.9

1.10.2

0.11

Aortic Stenosis Severity

LV Geometry and 2D Measurements
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LV end-systolic diameter, cm

4.40.9

4.51.3

0.58

LV end-diastolic diameter, cm

5.69.1

5.51.2

0.44

Relative wall thickness

0.50.4

0.50.4

0.72

LV mass index, g.m-2

161.639.2

158.633.5

0.74

Normal geometry, n(%)

1 (3.8)

2 (6.5)

0.51

Concentric hypertrophy, n(%)

10 (38.5)

16 (51.6)

0.51

Eccentric hypertrophy, n(%)

12 (46.2)

12 (38.7)

0.51

Concentric remodelling, n(%)

3 (11.5)

1 (3.2)

0.51

LV ejection fraction, %

36.19.7

32.712.4

0.11

LVOT diameter, mm

21.42.0

20.32.7

0.14

Stroke volume, mL

59.718.1

48.817.2

0.057

Stroke volume index, mL.m-2

33.410.8

28.79.7

0.16

LV Systolic Function

LV Diastolic Function
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E/A ratio

1.71.3

2.10.9

0.25

Deceleration time, ms

199.279.2

144.727.4

0.009

Isovolumic relaxation time, ms

80.531.4

80.938.4

0.99

Left atrial diameter, mm

48.37.1

50.15.1

0.26

Tricuspid annular plane systolic excursion, cm

1.40.4

1.50.5

0.60

Pulse doppler peak velocity at the annulus, cm.sec-1

9.53.0

9.53.0

0.99

9 (19.1)

11 (21.2)

0.80

RV Systolic Function

RV Dimensions
RV Dilatation, n(%)
Associated Valvular Abnormality
Aortic regurgitation

0.50

None/trivial, n(%)

12 (25.0)

17 (30.9)

Mild, n(%)

33 (68.8)

32 (58.2)

Moderate, n(%)

3 (6.3)

6 (10.9)
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Severe, n(%)

0 (0)

0 (0)

Mitral regurgitation

<0.0001

None/trivial, n(%)

2 (3.8)

0 (0)

Mild, n(%)

50 (96.2)

0 (0)

Moderate, n(%)

0 (0)

58 (95.1)

Severe, n(%)

0 (0)

3 (4.9)

EROA, mm2

12.505.96

24.6719.80

Regurgitant volume, mL

16.254.03

41.1432.05

Tricuspid regurgitation

<0.0001

None/trivial, n(%)

9 (17.3)

2 (3.3)

Mild, n(%)

37 (71.2)

30 (49.2)

Moderate, n(%)

5 (9.6)

24 (39.3)

Severe, n(%)

1 (1.9)

5 (8.2)

Right Sided Haemodynamics
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RV/RA gradient, mmHg

39.911.6

43.512.1

0.20

Pulmonary artery systolic pressure, mmHg

50.213.8

53.613.9

0.27

Values are n (%) or means  standard deviations. EROA = effective regurgitant orifice area; LV = left ventricle; LVOT = left
ventricular outflow tract; RV = right ventricle, RA = right atrium.
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Table 3. Invasive Haemodynamic Characteristics
TAVI PATIENTS
Mild or less MR

Moderate or severe MR

p-value

n=43

n=46

Aortic valve area, cm2

0.690.25

0.660.33

0.63

Indexed aortic valve area, cm2.m-2

0.380.15

0.380.20

0.96

Peak-to-peak gradient, mmHg

31.522.2

31.420.0

0.98

Mean gradient, mmHg

26.27.8

25.39.3

0.61

Stroke work loss, %

17.45.6

17.46.2

0.96

Systolic ejection period, sec.min-1

23.375.3

23.84.6

0.67

Valvular resistance, dyne.s.cm-5

183.793.8

232.5129.5

0.048

Aortic Stenosis Severity

Systemic Vascular Load
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Systolic arterial pressure, mmHg

127.426.3

124.223.9

0.56

Diastolic arterial pressure, mmHg

66.814.0

65.914.6

0.77

Mean arterial pressure, mmHg

91.717.7

89.514.7

0.53

Systemic vascular resistance, mmHg.min.L-1

1973643

2222798

0.11

Systemic arterial compliance, mL. mmHg-1

0.500.27

0.420.22

0.12

6.32.3

7.62.5

0.016

*Ejection fraction, %

33.78.7

30.78.2

0.10

LV systolic pressure, mmHg

158.726.0

153.522.8

0.32

LV end diastolic pressure, mmHg

22.08.0

21.97.8

0.97

LV stroke work, g.m

78.425.2

59.219.9

<0.001

Stroke volume, mL

48.913.4

38.512.6

<0.001

LV Global Afterload
Valvuloarterial Impedance, mm Hg.ml-1.m2
LV Systolic Function
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Stroke volume index, mL.m-²

27.16.9

22.06.6

0.001

Cardiac output, L.min-1

3.71.1

3.10.9

0.013

Cardiac index, L.min-1.m-²

2.00.5

1.80.4

0.021

Heart rate, beats.minute-1

75.111.9

84.318.6

0.008

PA systolic pressure, mmHg

54.115.6

62.512.9

0.009

Mean PA pressure, mmHg

36.411.4

40.78.4

0.050

31 (72.1)

43 (93.5)

0.010

Precapillary PH, n(%)

3 (7.0)

9 (19.6)

0.013

Postcapillary PH, n(%)

28 (65.1)

34 (73.9)

9.25.6

9.95.9

0.59

94.42.3

94.72.9

0.63

Right Sided Haemodynamics

Pulmonary hypertension, n(%)

RA mean pressure, mmHg
Components of Fick Equation
Aortic saturation, %
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Pulmonary artery saturation, %

58.87.6

55.09.1

0.038

Hemoglobin, g.dL-1

12.71.8

12.11.6

0.11

Values are n (%) or means  standard deviations. PA = pulmonary artery. PH = pulmonary hypertension. Pulmonary hypertension defined as a mean PA pressure ≥25 mmHg. *Angiographic ejection fraction.
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Table 4. Procedural Characteristics
TAVI PATIENTS
Mild or less MR Moderate or severe MR

p-value

n=52

N=61

General anesthesia, n(%)

23 (44.2)

23 (37.7)

0.48

Procedural duration, minutes

6729

6645

0.9

Balloon predilation, n(%)

45 (86.5)

58 (95.1)

0.21

Medtronic CoreValve, n(%)

32 (49.2)

33 (54.1)

0.54

Edwards SAPIEN valve, n(%)

19 (36.5)

27 (44.3)

0.52

Symetis valve, n(%)

1 (1.9)

1 (1.6)

0.91

Transfemoral, n(%)

38 (73.1)

47 (77.0)

0.79

Transapical, n(%)

11 (21.2)

12 (19.7)

Transsubclavian, n(%)

3 (5.8)

2 (3.3)

18 (34.6)

22 (36.1)

0.87

7 (13.5)

2 (3.3)

0.044

LM, n(%)

1 (2.5)

4 (10.0)

0.47

LAD, n(%)

12 (30.0)

11 (27.5)

0.46

Aortic valve intervention

Vascular access

Revascularization, n(%)
Complete revascularization, n(%)
Vessels treated
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LCX, n(%)

3 (7.7)

4 (10.3)

0.97

RCA, n(%)

9 (22.5)

3 (7.5)

0.032

Vein graft, n(%)

1 (2.7)

3 (8.1)

0.81

Concomitant PCI, n(%)

6 (11.5)

10 (16.4)

0.46

Staged PCI, n(%)

12 (23.1)

12 (19.7)

0.66

Hospital stay, days

7.73.3

8.07.1

0.74

Conversion to SAVR, n(%)

0 (0)

1 (1.6)

0.54

Post procedural aortic regurgitation ≥2+, n(%)

10 (19.2)

9 (14.8)

0.37

Values are n (%) or means  standard deviations. LAD = left anterior descending; LCX = left circumflex; LM = left main stem; PCI = percutaneous coronary intervention; RCA = right coronary artery.
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Table 5. Unadjusted and Adjusted Clinical Outcomes at 1-year Of TAVI Patients Stratified According To Mitral Regurgitation Grade
UNADJUSTED EVENTS

ADJUSTED EVENTS

Mild or less Moderate or severe

HR

HR

MR

MR

(95%CI)

N=52

N=61

6 (11.5)

23 (38.1)

4 (7.9)

22 (36.5)

3 (5.8)

4 (6.7)

2 (3.9)

2 (3.4)

1 (1.9)

1 (1.7)

or

RR pvalue

or

RR p-

(95%CI)

value

1 Year Follow-Up
All cause death, n(%)

Cardiovascular death, n(%)

Cerebrovascular events

Major stroke, n(%)

Myocardial infarction, n(%)

All cause death or major stroke, n(%) 7 (13.5)
All cause death, major stroke, or MI,
n(%)

7 (13.5)

3.85

(1.57-

9.47)
5.50

(1.89-

15.97)
1.18

(0.26-

5.26)
0.88

(0.12-

6.25)
0.85

(0.05-

13.61)
3.61

25 (41.4)

(1.56-

8.36)
3.62

25 (41.4)

8.38)
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(1.56-

0.003

0.002

0.83

0.90

0.91

0.003

0.003

3.27

(1.31-

8.15)
4.62

0.011
(1.57-

13.60)
0.78

0.005
(0.16-

3.81)
0.27

0.76
(0.02-

3.08)
0.37

0.29
(0.02-

8.06)
2.86

0.53
(1.21-

6.76)
2.88
6.81)

0.016
(1.220.016
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Depicted are counts (incidence rates % from life-tables estimate). Hazard Ratios HR (95% CI) from Cox Regressions for time-to-event data. In case of zero
events continuity correct risk ratios RR (95% confidence interval) with Fisher's test p-values are reported. Adjusted hazard ratios HR (95% CI) from Cox
Regressions, correcting for Peripheral Vascular Disease and Logistic Euroscore.
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Table 6. Clinical Outcomes of Patients With Low Ejection Fraction, Low-Gradient Severe Aortic Stenosis Assigned To Transcatheter Aortic Valve Implantation Versus Medical Therapy Stratified
According To Mitral Regurgitation Grade
MEDICAL

TAVI

Mild or less MR

Moderate or severe MR

Medical vs TAVI

Medical vs TAVI

HR or RR (95% CI) p-value

HR or RR (95% CI)

p-value

Mild or less MR

Moderate or severe MR

Mild or less MR

Moderate or severe MR

N = 19

N = 20

N = 52

N = 61

11 (57.9)

13 (65.7)

6 (11.5)

23 (38.1)

0.14 (0.05-0.38)

<0.001

0.38 (0.19-0.75)

0.005

Cardiovascular Death, n(%) 10 (55.4)

13 (65.7)

4 (7.9)

22 (36.5)

0.10 (0.03-0.33)

<0.001

0.36 (0.18-0.73)

0.004

1 Year Follow-Up
All Cause Death, n(%)

Depicted are counts (incidence rates % from life-tables estimate). Hazard Ratios HR (95% CI) from Cox Regressions for time-to-event data.
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FIGURE 1.
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FIGURE 2.
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FIGURE 3.
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FIGURE 4
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FIGURE 5.
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SUPPLEMENTARY MATERIAL
METHODS
Echocardiography
Transthoracic two-dimensional echocardiography was performed in all patients at
baseline by senior cardiologists using commercially available ultrasound systems
(iE33, Philips Medical systems). Acquired images were transferred to a workstation
for offline analysis (Syngo Dynamics Workplace, version 9.5, Siemens Medical Solutions, Inc, US). Left ventricular (LV) geometric assessment was performed as recommended, and LV mass was calculated using the Devereux’s formula and indexed
to body surface area1. LV volumes were measured according to the Simpson’s
method at the apical 4- and 2-chamber views and LV ejection fraction was calculated. Diastolic parameters were calculated as recommended2.

Mitral, tricuspid

and aortic regurgitation were evaluated at baseline using spectral and color-Doppler images and were graded as trivial, mild, moderate and severe according to the
American College of Cardiology/American Heart Association/European Society of
Cardiology recommendations3. Structural and Doppler parameters were used in assessing the severity of mitral regurgitation. Structural parameters assessed included LA and LV size and the mitral valve leaflets and sub-valvular apparatus. Doppler parameters assessed included the ratio of jet area to left atrium area using
color flow and jet profile using continuous wave Doppler. Quantitative methods
such as effective regurgitant orifice area (EROA) and regurgitant volume were performed when more than mild MR was present. MR was classified as degenerative
if MR was due to prolapse, calcification, rheumatic, or endocarditic lesions and
functional in the absence of mitral valve abnormalities with valve tethering and incomplete closure4. Right ventricular systolic function was assessed as recommended.5 AVA was assessed using the continuity equation and indexed to the body
surface area.6 The mean transaortic valve gradient was measured using continuous
wave Doppler in the apical 5-chamber view.6 Maximal tricuspid regurgitant jet velocity combined with central venous pressure measured using the inferior caval
vein respiratory variation was used to calculate systolic pulmonary arterial pressure.5
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Dobutamine Stress Echocardiography
Dobutamine stress echocardiography was performed in one third of TAVI patients
(n=36/113 [32%]) and in 5/39 (13%) MT patients. A dobutamine infusion was begun
at 5 µg/kg body weight per min, titrated upward in steps of 2.5 µg/kg per min every
5 minutes up to a maximal dose of 20 µg/kg per min. The dobutamine infusion was
stopped when the maximal dose was reached or heart rate exceeded 220 – age
bpm. Systemic blood pressure and the 12-lead electrocardiogram were monitored
throughout the test. LV outflow tract diameter was assumed to be constant at different flow states, and the baseline value was used to calculate stroke volume according to standard formulae. AVA, MG and LVEF were calculated as above. Contractile reserve was defined by an increase in stroke volume of ≥20% compared
with the baseline value.
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SUPPLEMENTAL FIGURE 1.
Kaplan-Meier analysis of all-cause mortality at one year comparing patients with
low ejection fraction, low-gradient (LEF-LG) severe aortic stenosis (AS) who demonstrated improvement in mitral regurgitation (MR) severity on discharge echocardiography following transcatheter aortic valve implantation (TAVI) versus LEF-LG severe AS patients who demonstrated either no change or worsening of MR severity
following TAVI. Comparisons were made for the overall patient population (A) and
for the subset of LEF-LG patients with moderate or severe MR at baseline (B).
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Supplementary Table 1. Baseline Characteristics Of Patients With Low Ejection Fraction, Low-Gradient Severe Aortic Stenosis
Assigned To Medical Therapy (MT) versus Transcatheter Aortic Valve Implantation (TAVI)
LEF-LG SEVERE AS
MT

TAVI

p-value

N=39

N=113

Age (years)

83.3 ± 4.4

82.1 ± 5.0

0.18

Female gender, n(%)

16 (41%)

46 (41%)

1.00

Height (cm)

167.0 ± 8.2

165.5 ± 7.9 0.30

Weight (kg)

68.5 ± 11.2

69.5 ± 14.3 0.68

Body mass index (kg/m²)

24.7 ± 3.3

25.4 ± 4.8

0.43

Body surface area (m²)

1.8 ± 0.2

1.8 ± 0.2

0.87

Diabetes mellitus, n(%)

10 (26%)

39 (35%)

0.33

Hypercholesterolemia, n(%)

23 (59%)

76 (67%)

0.44

Cardiac Risk Factors
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Hypertension, n(%)

29 (74%)

91 (81%)

0.50

Current smoker, n(%)

4 (10%)

13 (12%)

1.00

Previous stroke, n(%)

9 (23%)

2 (29%)

1.00

Peripheral vascular disease, n(%)

11 (28%)

31 (27%)

1.00

Chronic obstructive pulmonary disease, n(%)

8 (21%)

18 (16%)

0.62

Renal failure (GFR<50ml/min/1.73m2)

29 (78%)

39 (35%)

<0.001

Prior permanent pacemaker, n(%)

3 (8%)

14 (12%)

0.56

Coronary artery disease, n(%)

29 (74%)

84 (74%)

1.00

Prior MI, n(%)

13 (33%)

31 (27%)

0.54

Prior CABG, n(%)

13 (33%)

30 (27%)

0.42

Prior PCI, n(%)

8 (21%)

44 (39%)

0.05

Atrial fibrillation, n(%)

19 (49%)

31 (28%)

0.029

Past Medical History

Symptoms
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New York Heart Association (NYHA) Functional Class
NYHA III/IV, n(%)

27 (69%)

88 (81%)

0.18

7 (18%)

16 (14%)

0.61

Logistic EuroScore (%)

42.8 ± 15.8

34.3 ± 15.4 0.004

STS score (%)

11.3 ± 7.2

7.9 ± 4.8

0.001

Aspirin, n(%)

20 (51%)

76 (67%)

0.09

Clopidogrel, n(%)

8 (21%)

32 (28%)

0.40

Oral anticoagulation, n(%)

14 (36%)

36 (32%)

0.69

Canadian Cardiovascular Society (CCS) Angina Status
CCS III/IV, n(%)
Risk Assessment

Medications

Values are n (%) or mean  standard deviation with p-values from unpaired T-tests or counts (%) with P-values from χ2 tests.
CABG = coronary artery bypass grafting; PCI = percutaneous coronary intervention.
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Supplementary Table 2. Echocardiographic Characteristics Of Patients With Low Ejection Fraction, Low-Gradient Severe Aortic Stenosis Assigned To Medical
Therapy (MT) versus Transcatheter Aortic Valve Implantation (TAVI)
LEF-LG SEVERE AS
MT

TAVI

p-value

N=39

N=113

Aortic valve area, cm2

0.70 ± 0.22

0.74 ± 0.21

0.34

Indexed aortic valve area, cm2.m-2

0.39 ± 0.13

0.42 ± 0.12

0.26

Aortic maximal velocity, cm.s-1

3.0 ± 0.5

3.2 ± 0.6

0.06

Mean gradient, mmHg

25.8 ± 9.3

28.5 ± 10.3

0.15

Peak gradient, mmHg

40.7 ± 14.4

46.3 ± 15.9

0.06

Interventricular septum in diastole, cm

1.3 ± 0.2

1.3 ± 0.3

0.63

Posterior wall thickness in diastole, cm

1.3 ± 0.6

1.2 ± 0.7

0.54

LV end-systolic diameter, cm

4.5± 1.1

4.4± 1.1

0.56

LV end-diastolic diameter, cm

5.5 ± 1.0

5.5± 1.0

0.75

Relative wall thickness

0.5 ± 0.3

0.5 ± 0.4

0.78

LV mass index, g.m-2

174.0 ± 60.9

160.8 ± 36.3

0.19

Normal geometry, n(%)

1 (4%)

3 (5%)

1.00

Concentric hypertrophy, n(%)

12 (43%)

26 (45%)

1.00

Eccentric hypertrophy, n(%)

11 (39%)

25 (43%)

0.82

Concentric remodelling, n(%)

4 (14%)

4 (7%)

0.43

Aortic Stenosis Severity

LV Geometry and 2D Measurements
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LV Systolic Function
LV ejection fraction, %

29.3 ± 9.6

34.4 ± 11.2

0.014

E/A ratio

2.1 ± 0.9

1.9 ± 1.1

0.53

Deceleration time, ms

182.6 ± 63.1

184.9± 53.1

0.029

Isovolumic relaxation time, ms

78.8 ± 19.6

80.7 ± 34.4

0.91

Left atrial diameter, mm

49.7 ± 9.4

49.2 ± 6.2

0.80

Tricuspid annular plane systolic excursion, cm

12.6 ± 5.3

14.4 ± 4.5

0.14

Pulse doppler peak velocity at the annulus, cm.sec-1

8.5 ± 2.3

9.5 ± 2.9

0.16

31 (84%)

79 (80%)

0.81

LV Diastolic Function

RV Systolic Function

RV Dimensions
RV Dilatation, n(%)
Associated Valvular Abnormality

Aortic regurgitation
None/trivial, n(%)
Mild, n(%)
Moderate, n(%)
Severe, n(%)

0.61
14 (36%)

30 (29%)

23 (59%)

65 (63%)

2 (5%)

9 (9%)

0 (0%)

0 (0%)
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Mitral regurgitation
None/trivial, n(%)
Mild, n(%)
Moderate, n(%)
Severe, n(%)
EROA, mm2
Regurgitant volume, mL

0.10
4 (10%)

2 (2%)

15 (38%)

51 (45%)

18 (46%)

57 (50%)

2 (5%)

3 (3%)

26.6 ± 11.9

21.6 ± 17.7

37.8 ± 16.0

36.2 ± 30.3

Tricuspid regurgitation
None/trivial, n(%)
Mild, n(%)
Moderate, n(%)
Severe, n(%)

0.15
4 (11%)

10 (10%)

21 (55%)

52 (54%)

7 (18%)

30 (31%)

6 (16%)

5 (5%)

43.1 ± 16.8

41.8 ± 11.9

Right Sided Haemodynamics
RV/RA gradient, mmHg

254

0.66

Chapter 6

Pulmonary artery systolic pressure, mmHg

52.5 ± 18.0

52.1 ± 13.9

0.90

Values are n (%) or means  standard deviations. EROA = effective regurgitant orifice area; LV = left ventricle; LVOT = left ventricular outflow
tract; RV = right ventricle, RA = right atrium.
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Supplementary Table 3. Invasive Haemodynamic Characteristics Of Patients With Low Ejection Fraction, Low-Gradient Severe Aortic Stenosis Assigned To Medical Therapy (MT) versus Transcatheter Aortic Valve Implantation (TAVI)
LEF-LG SEVERE AS
MT

TAVI

N=39

N=113

0.57 ± 0.19

0.68 ± 0.29

0.32 ± 0.10

0.38 ± 0.18

34.4 ± 15.4

31.1 ± 21.0

24.4 ± 11.0

25.7 ± 8.6

17.3 ± 7.0

17.4 ± 6.0

26.0 ± 2.6

23.5 ± 4.9

251.4 ± 174.1

207.5 ± 116.2

115.4 ± 23.6

125.9 ± 25.2

p-value

Aortic Stenosis Severity
Aortic valve area, cm2
Indexed aortic valve area, cm2.m-2
Peak-to-peak gradient, mmHg
Mean gradient, mmHg
Stroke work loss, %
Systolic ejection period, sec.min-1
Valvular resistance, dyne.s.cm-5

0.08
0.11
0.47
0.53
0.98
0.018
0.14

Systemic Vascular Load
Systolic arterial pressure, mmHg
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Diastolic arterial pressure, mmHg
Mean arterial pressure, mmHg
Systemic vascular resistance, mmHg.min.L-1
Systemic arterial compliance, mL. mmHg-1

65.0 ± 14.3

66.4 ± 14.3

87.1 ± 17.2

90.6 ± 16.2

1982.6 ± 648.8

2102.6 ± 737.8

0.46 ± 0.25

0.46 ± 0.25

7.1 ± 2.4

7.0 ± 2.5

29.0 ± 9.5

32.2 ± 8.5

150.5 ± 28.6

156.3 ± 24.3

22.8 ± 7.7

22.1 ± 7.8

56.8 ± 20.8

68.6 ± 24.4

37.2 ± 10.8

43.6 ± 14.0

21.0 ± 5.1

24.5 ± 7.2

3.1 ± 0.7

3.4 ± 1.0

0.65
0.33
0.45
1.00

LV Global Afterload
Valvuloarterial Impedance, mm Hg.ml-1.m2

0.79

LV Systolic Function
*Ejection fraction, %
LV systolic pressure, mmHg
LV end diastolic pressure, mmHg
LV stroke work, g.m
Stroke volume, mL
Stroke volume index, mL.m-²
Cardiac output, L.min-1
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Cardiac index, L.min-1.m-²
Heart rate, beats.minute-1

1.8 ± 0.3

1.9 ± 0.5

86.8 ± 12.2

79.7 ± 16.4

59.7 ± 16.2

58.4 ± 14.8

39.0 ± 10.5

38.6 ± 10.1

23 (85%)

75 (87%)

10.6 ± 6.6

9.7 ± 5.7

93.6 ± 3.8

94.6 ± 2.9

53.5 ± 8.2

56.8 ± 8.6

12.3 ± 1.6

12.4 ± 1.7

0.22
0.041

Right Sided Haemodynamics
PA systolic pressure, mmHg
Mean PA pressure, mmHg
Pulmonary hypertension, n(%)
RA mean pressure, mmHg

0.70
0.84
0.75
0.49

Components of Fick Equation
Aortic saturation, %
Pulmonary artery saturation, %
Hemoglobin, g.dL-1

0.17
0.08
0.79

Values are n (%) or means  standard deviations. PA = pulmonary artery. PH = pulmonary hypertension. Pulmonary hypertension defined as a mean
PA pressure ≥25 mmHg. *Angiographic ejection fraction.
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Supplementary Table 4. Unadjusted and Adjusted Clinical Outcomes at 30-days Of TAVI Patients Stratified According To Mitral Regurgitation Grade
UNADJUSTED EVENTS
Mild or less MR Moderate or severe MR

ADJUSTED EVENTS

HR or RR (95%CI)

p-value

HR or RR (95%CI)

p-value

N=52

N=61

2 (3.8)

4 (6.6)

1.74 (0.32-9.51)

0.52

1.31 (0.23-7.57)

0.76

2 (3.8)

4 (6.6)

1.74 (0.32-9.51)

0.52

1.31 (0.23-7.57)

0.76

2 (3.9)

4 (6.7)

1.74 (0.32-9.50)

0.52

1.32 (0.23-7.65)

0.76

1 (1.9)

2 (3.4)

1.72 (0.16-18.97) 0.66

0.79 (0.05-11.59) 0.87

Myocardial infarction, n(%)

1 (1.9)

1 (1.7)

0.85 (0.05-13.61) 0.91

0.37 (0.02-8.06)

0.53

All cause death or major stroke, n(%)

2 (3.8)

6 (9.8)

2.59 (0.52-12.85) 0.24

1.84 (0.35-9.69)

0.47

All cause death, major stroke, or MI, n(%)

2 (3.8)

7 (11.5)

3.05 (0.63-14.68) 0.16

2.16 (0.43-10.93) 0.35

Acute renal failure

9 (17.6)

10 (17.0)

0.96 (0.39-2.36)

0.93

0.89 (0.36-2.23)

0.81

Stage 1

6 (11.8)

6 (10.1)

0.88 (0.28-2.72)

0.82

0.82 (0.26-2.58)

0.73

Stage 2

1 (2.0)

2 (3.4)

1.73 (0.16-19.07) 0.65

0.89 (0.06-12.40) 0.93

Stage 3

2 (3.9)

2 (3.4)

0.86 (0.12-6.07)

0.88

1.03 (0.14-7.36)

0.98

19 (36.5)

23 (37.7)

1.05 (0.57-1.92)

0.88

1.00 (0.54-1.85)

0.99

Life-threatening, n(%)

5 (9.6)

11 (18.1)

1.92 (0.67-5.54)

0.23

1.71 (0.59-5.00)

0.32

Major, n(%)

9 (17.4)

5 (8.3)

0.46 (0.15-1.38)

0.17

0.45 (0.15-1.37)

0.16

11 (21.2)

9 (14.9)

0.69 (0.29-1.66)

0.41

0.71 (0.29-1.72)

0.44

4 (7.7)

5 (8.3)

1.07 (0.29-3.98)

0.92

1.22 (0.33-4.55)

0.77

15 (25.3)

1.13 (0.53-2.42)

0.75

1.10 (0.51-2.36)

0.81

30 Days Follow-Up
All cause death, n(%)
Cardiovascular death, n(%)
Cerebrovascular events
Major stroke, n(%)

Bleeding

Vascular complications
Major, n(%)

Permanent pacemaker implantation, n(%) 12 (23.5)
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Depicted are counts (incidence rates % from life-tables estimate). Hazard Ratios HR (95% CI) from Cox Regressions for time-to-event data. In case of zero
events continuity correct risk ratios RR (95% confidence interval) with Fisher's test p-values are reported. Adjusted hazard ratios HR (95% CI) from Cox
Regressions, correcting for Peripheral Vascular Disease and Logistic Euroscore.
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Supplement Table 5. Baseline echocardiographic characteristics of TAVI patients comparing survivors and non-survivors at one-year
At 1-Year

Overall p-value

Survivors

Non-survivors

n=84

n=29

Aortic valve area, cm2

0.73 ± 0.21

0.74 ± 0.24

0.96

Indexed aortic valve area, cm2.m-2

0.42 ± 0.11

0.43 ± 0.15

0.70

Aortic maximal velocity, cm.s-1

3.26 ± 0.67

3.19 ± 0.42

0.65

Mean gradient, mmHg

29.24 ± 10.41

26.37 ± 9.88

0.20

Peak gradient, mmHg

46.90 ± 16.71

45.28 ± 13.87

0.65

Interventricular septal thickness in diastole, cm

1.3 ± 0.3

1.3 ± 0.4

0.89

Posterior wall thickness in diastole, cm

1.3 ± 0.8

1.1 ± 0.8

0.39

LV end-systolic diameter, cm

4.3 ± 1.1

4.7 ± 1.0

0.18

LV end-diastolic diameter, cm

5.5 ± 1.1

5.8 ± 0.5

0.24

Relative wall thickness

0.5 ± 0.4

0.4 ± 0.1

0.17

LV mass index, g.m-2

160.3 ± 37.0

159.1 ± 33.6

0.91

Normal geometry

2 (5%)

1 (7%)

1.0

Concentric hypertrophy

18 (42%)

8 (57%)

0.37

Eccentric Hypertrophy

19 (44%)

5 (36%)

0.76

Concentric remodelling

4 (9%)

0 (0%)

0.56

98.1 ± 62.3

110.5 ± 38.7

0.50

Aortic stenosis severity

LV geometry and 2D measurements

LV volumetric measurements
LV endsystolic volume, mL
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LV enddiastolic volume, mL

152.9 ± 73.1

160.5 ± 37.0

0.71

LV endsystolic volume index, mL.m-2

55.6 ± 33.9

62.1 ± 19.8

0.51

LV enddiastolic volume index, mL.m-2

86.1 ± 38.8

90.7 ± 18.0

0.67

35.7 ± 11.5

30.0 ± 9.8

0.021

E/A ratio

1.7 ± 1.1

2.2 ± 1.0

0.23

Deceleration Time, ms

185.0 ± 52.4

185.0 ± 52.4

1.0

Isovolumic relaxation time, ms

86.0 ± 35.8

57.0 ± 14.1

0.30

Left atrial diameter, mm

48.3 ± 5.7

52.3 ± 7.0

0.028

Tricuspid annular plane systolic excursion, cm

1.4 ± 4.7

1.3 ± 3.6

0.43

Pulsed Doppler peak velocity at the annulus

9.4 ± 2.9

9.7 ± 3.2

0.80

59 (81%)

20 (77%)

0.78

LV systolic function
LV ejection fraction
LV diastolic function

RV systolic function

RV dimensions
Right ventricular size (normal dimension)
Associated valvular abnormality
Grade of aortic regurgitation

0.11

None

19 (25%)

10 (38%)

Mild

49 (64%)

16 (62%)

Moderate

9 (12%)

0 (0%)

Severe

0 (0%)

0 (0%)

Grade of mitral regurgitation

<0.001

None

1 (1%)
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Mild

45 (54%)

5 (17%)

Moderate

38 (45%)

20 (69%)

Severe

0 (0%)

3 (10%)

EROA, mm2

19.5 ± 11.4

24.1 ± 24.1

Regurgitant volume, mL

31.2 ± 20.2

41.1 ± 38.4

Grade of tricuspid regurgitation

0.30

None

9 (13%)

1 (4%)

Mild

39 (55%)

13 (50%)

Moderate

18 (25%)

11 (42%)

Severe

5 (7%)

1 (4%)

RV/RA gradient, mmHg

41.3 ± 11.7

43.2 ± 12.7

0.57

Pulmonary artery systolic pressure, mmHg

51.1 ± 13.8

55.1 ± 14.0

0.25

Right sided haemodynamics

Depicted are means ± SD with p-values from unpaired t-tests or counts (%) with p-values from Fisher's tests. LV = left ventricle; RV = right ventricle, RA = right atrium;
EROA, effectgive regurgitant orifice area.
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SUPPLEMENTAL FIGURE 1.
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ABSTRACT
Background. Pulmonary hypertension (PH) frequently co-exists with severe aortic
stenosis (AS) and PH severity has been shown to predict outcomes after transcatheter aortic valve implantation (TAVI). The impact of PH haemodynamic presentation on clinical outcomes after TAVI is unknown.
Methods and Results. Of 606 consecutive patients undergoing TAVI, 433 (71.4%)
patients with severe AS and a pre-procedural right heart catheterization were assessed. Patients were dichotomized according to whether PH was present (mean
pulmonary artery [PA] pressure ≥25mmHg) (n=325) or not (n=108). PH patients
were further dichotomized by left-ventricular end-diastolic pressure (LVEDP) into
post-capillary (LVEDP >15 mmHG; n=269) and pre-capillary groups (LVEDP ≤15
mmHg; n=56). Finally, post-capillary PH patients were divided into isolated (n=220)
and combined (n=49) subgroups according to whether the diastolic pressure difference was normal (<7mmHg) or elevated (≥7mmHg). Primary-endpoint was mortality at 1-year. PH was present in 325/433 (75%) patients and was predominantly
post-capillary (n=269/325; 82%). Compared with baseline, PA systolic pressures immediately improved after TAVI in post-capillary combined (57.814.1 vs 50.417.3
mmHg, p=0.015), but not pre-capillary (49.012.6 vs 51.614.3, p=0.36) patients.
As compared with no PH, a higher 1-year mortality rate was observed in both precapillary (hazard ratio [HR] 2.30, 95% confidence interval [CI] 1.02-5.22, p=0.046)
and combined (HR 3.15, 95% CI 1.43-6.93, p=0.004) but not isolated PH patients
(p=0.11). Following adjustment, combined PH remained an independent predictor
of 1-year mortality after TAVI (HR 3.28, p=0.005).
Conclusions. Invasive stratification of PH according to haemodynamic presentation
predicts acute response to treatment and long-term mortality after TAVI.
KEY WORDS: valves, hypertension, pulmonary, haemodynamics, catheterization
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INTRODUCTION
Pulmonary hypertension (PH) frequently co-exists with severe aortic stenosis (AS)
and confers a worse prognosis.1, 2 Transcatheter aortic valve implantation (TAVI) is
an alternative therapeutic modality to surgical aortic valve replacement (SAVR) for
patients with symptomatic severe AS who are either inoperable or high risk for conventional SAVR.3-5 Patient selection for TAVI relies on clinical and anatomical factors
and risk assessment is a critical component of the procedural planning.6 Previous
studies have shown PH to be a predictor of mortality after TAVI.7-11 However, studies to date have focused mainly on PH severity rather than haemodynamic presentation and used non-invasive measurements of pulmonary artery systolic pressure,
which correlate only modestly with invasive measurements.12 According to guidelines, right heart catheterization remains the gold standard for the accurate diagnosis of PH.13
PH is a heterogeneous entity and according to the updated clinical classification of
PH (5th World Symposium on PH, Nice, 2013) five groups are recognized (Figure
1).14,15 Group 2 or post-capillary PH is due to left-sided heart disease and can be
distinguished from the other four non-cardiogenic PH groups (collectively categorized as pre-capillary PH) according to whether left ventricular filling pressures are
elevated or not. Moreover, left-sided PH can be further stratified into isolated (reversible) and combined post-capillary and pre-capillary (reversible) subgroups depending on whether the diastolic pressure difference (DPD) is normal or elevated
(Figure 1).15 Whether PH haemodynamic presentation may help further risk stratify
patients undergoing TAVI is unknown. We therefore aimed to assess the impact of
PH haemodynamic presentation on clinical outcomes after TAVI using patients
without PH as a reference group.
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METHODS
Patient Population
We performed an analysis of prospectively collected data that included all patients
who underwent TAVI at our institution between August 2007 and December 2012.
Patients were deemed high risk or inoperable for conventional SAVR by a multidisciplinary heart team. Patient flow is shown in Figure 2. Only patients with severe
symptomatic aortic stenosis (indexed aortic valve area <0.6 cm2.m-2) undergoing a
pre-procedural right heart catheterization were considered for inclusion. Of 606
consecutive patients undergoing TAVI during the inclusion period, 471 (78%) patients had a pre-procedural right heart catheterization. The 135 (22%) patients
without a right heart catheterization were excluded from this analysis. A further
38 patients were excluded for the reasons shown in Figure 2. The remaining 433
patients with severe symptomatic native valve aortic stenosis were dichotomized
according to whether PH (invasive mean pulmonary artery [mPAP] pressure
≥25mmHg) was present (n=325) or not (n=108). PH patients were further dichotomized into pre-capillary (left ventricular end-diastolic pressure [LVEDP] ≤15mmHg;
n=56) and post-capillary (LVEDP >15mmHg; n=269) subtypes. Finally, post-capillary
PH patients were dichotomized into isolated post-capillary (n=220) and combined
post-capillary and pre-capillary (n=49) subtypes based on whether the DPD was
normal (<7mmHg) or elevated (≥7mmHg). DPD was calculated as diastolic PAP minus LVEDP.15 In 8 patients, the aortic valve was not crossed and the mean pulmonary arterial wedge pressure (PAWP) was substituted for the LVEDP for group categorization in these patients. This study complies with the Declaration of Helsinki,
was approved by the local ethics committee, and all patients provided informed
written consent.
Right and Left Heart Catheterization
All included patients underwent diagnostic coronary angiography and complete left
and right heart catheterization for haemodynamic assessment prior to TAVI as previously described.16 Pulmonary artery and intracardiac pressures were measured
and recorded using fluid-filled catheters connected to pressure transducers.
Cardiac output (CO) was determined using the modified Fick method with estimated oxygen consumption (VO2) as previously described and was indexed to body
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surface area (BSA) to calculate the cardiac index (CI).16 Stroke volume (SV) was calculated as CO/heart rate and was indexed to BSA to calculate the stroke volume
index (SVI). Aortic stenosis severity, arterial and global afterload were calculated as
previously described.16 LVEDP was measured at the Z-point, which is identified as
the point at which the slope of the ventricular pressure upstroke changes on the LV
pressure tracing, which corresponds with the R wave on the electrocardiographic
tracing. Measurements of LVEDP were made at the end of expiration.
Pulmonary vascular resistance was calculated as TPG/CO (Woods units) and
TPG*80/CO (dynes.s.cm-5). Pulmonary arterial compliance was calculated as the
SV/(sPAP – dPAP), sPAP indicating the systolic PA pressure and dPAP diastolic PA
pressure.17 Right ventricular stroke work index (RVSWI) was calculated as
SVI*(mPAP – mRAP)*0.0136, with mRAP indicating mean right atrial pressure.18 A
DPD ≥7mmHg is associated with more advanced pulmonary vascular remodelling.19
Echocardiography
Transthoracic two-dimensional echocardiography was performed at baseline using
commercially available ultrasound systems (iE33, Philips Medical systems). Acquired images were transferred to a workstation for offline analysis (Syngo Dynamics Workplace, version 9.5, Siemens Medical Solutions, Inc, US). Left ventricular
(LV) geometric assessment was performed as recommended, and LV mass was calculated using the Devereux’s formula and indexed to body surface area.20 LV ejection fraction was calculated according to the Simpsons method. Mitral, aortic and
tricuspid valve regurgitation were evaluated using spectral and colour-Doppler images and graded as trivial, mild, moderate and severe, as recommended.21 Right
ventricular systolic function was assessed using tricuspid annular plane systolic excursion (TAPSE) and the Pulsed Doppler peak velocity at the annulus as previously
described.22 Aortic valve area was assessed using the continuity equation and indexed to the body surface area.23 The mean transaortic valve gradient was measured using continuous wave Doppler in the apical 5-chamber view.23 Maximal tricuspid regurgitant jet velocity combined with central venous pressure measured
using the inferior caval vein respiratory variation was used to calculate the pulmonary artery systolic pressure (PASP).
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Transcatheter Aortic Valve Implantation
Transcatheter aortic valve implantation was performed as previously described.24
Vascular access was transfemoral using the Edwards SAPIEN/XT (ESV, Edwards
Lifesciences, Irvine, CA, USA) or the Medtronic CoreValve Revalving System (MCRS;
Medtronic Inc., Minneapolis, MN, USA, transapical for the ESV or self-expanding
Symetis ACURATE TA valve (SA) (Symetis Inc., Switzerland) or transsubclavian using
the MCRS.
Clinical Follow-up
Adverse events were assessed in hospital, and regular clinical follow-up was performed at 1, 6, and 12 months by means of a clinical visit or standardized telephone
interview. All suspected events were adjudicated by a clinical event committee
comprising a cardiac surgeon and interventional cardiologist. Baseline clinical and
procedural characteristics and all follow-up data were entered into a dedicated database, held at an academic clinical trials unit (CTU Bern, Bern University Hospital,
Switzerland) responsible for central data audits and maintenance of the database.
Study Endpoints
Clinical endpoints were defined according to the criteria of the Valve Academic Research Consortium-2 (VARC-2) consensus document.25 Primary endpoint was allcause mortality at 1-year. Secondary endpoints included cardiovascular death, and
major adverse cardiovascular and cerebrovascular events (MACCE) (composite of
all-cause mortality, major stroke, and myocardial infarction) and the composite of
death and major stroke at 30-days and 1-year. Other endpoints included cerebrovascular events (major stroke, minor stroke, transient ischaemic attack) and myocardial infarction (MI) at 30 days and 1-year. In addition, bleeding (life-threatening
and major), acute renal failure, vascular complications (major and minor) and rates
of pacemaker implantation were assessed at 30-days. New York Heart Association
(NYHA) functional class status were assessed at baseline and 1-year follow-up.
LVEF, right ventricular function and PASP were assessed on discharge echocardiography.
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Statistics
Discrete data were summarized as counts and frequencies (%) with p-values from
Chi-Square or Fisher exact tests, whereas continuous data were presented as
means ± SD with p-values from ANOVAs (Tables 1, 2, 3 and 4). Counts and incidence
rates of clinical outcomes at 30 days and 1-year follow-up were computed from
Kaplan-Meier life tables for the 3 groups (Table 5 and online supplement Table 1).
Cox regression was used to compute hazard ratios of outcomes (and 95% CI). Adjusted hazard ratios were estimated from multivariate Cox regressions, adjusting
for age, gender, body mass index (BMI), diabetes mellitus, previous coronary artery
bypass graft (CABG) surgery, peripheral vascular disease (PVD), previous MI, coronary artery disease (CAD), left ventricular ejection fraction (LVEF) ≤30% and chronic
obstructive pulmonary disease (COPD) (Table 6). Changes in left and right ventricular function and pulmonary artery systolic pressures following TAVI (difference between discharge and baseline) were analyzed overall and within each group using
a linear mixed model taking in account the within-patient correlation (Table 7). Two
sided p-value less than 0.05 were considered as statistically significant. All analyses
were performed using Stata version 13.0.
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RESULTS
Baseline Characteristics
Patient flow is shown in Figure 2. The final study population comprised the following 4 groups:
1. No pulmonary hypertension (n=108) (mPAP <25mmHg) (reference group)
2. Pre-capillary PH (n=56) (mPAP ≥25mmHg, LVEDP ≤15mmHg) (pre-capillary
group)
3. Post-capillary isolated PH (n=220) (mPAP ≥25mmHg, LVEDP >15mmHg,
DPD <7mmHg) (isolated group)
4. Combined post-capillary and pre-capillary PH (n=49) (mPAP ≥25mmHg,
LVEDP >15mmHg, DPD≥7mmHg, n=49) (combined group).
Mean age was 82.45.3 years. As compared with isolated and no PH groups, combined and pre-capillary PH patients had a significantly higher prevalence of atrial
fibrillation (19% vs 15% vs 53% vs 39%, p<0.001, respectively) and had significantly
higher surgical risk scores (Society for Thoracic Surgeons [STS] score 7.25.9% vs
5.93.3% vs 7.03.6% vs 8.25.6%, p=0.011, logistic EuroSCORE 24.113.8% vs
18.311.0% vs 31.015.8% vs 23.913.2%, p<0.001, respectively). All 3 PH groups
were significantly more symptomatic according to New York Heart Association
(NYHA) functional status as compared with no PH patients. Significantly more precapillary PH patients were taking oral anticoagulation, angiotensin converting enzyme/angiotensinogen receptor II blockers and calcium channel blockers as compared with other groups (Table 1).
Echocardiographic and Invasive Haemodynamic Characteristics
Echocardiographic and invasive haemodynamic data are summarized in Tables 2
and 3, respectively. Both isolated and combined PH patients had smaller aortic
valve areas as compared with no PH patients. Combined PH patients had a lower
LVEF as compared with other groups. Both combined and pre-capillary PH patients
had worse right ventricular function and a higher prevalence of moderate to severe
tricuspid regurgitation. Combined PH patients had a higher prevalence of moderate
to severe mitral regurgitation as compared with no PH patients. Right heart catheterization was performed a median of 20 days (interquartile range 8-39 days) prior
to TAVI. As compared with no PH groups, combined and pre-capillary PH patients
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had lower cardiac outputs, cardiac indices, faster heart rates, higher pulmonary
vascular resistances, lower pulmonary arterial compliances and higher transpulmonic gradients. Combined PH patients had a worse severity of PH as compared
with both other PH groups, whereas isolated PH patients had a significantly worse
severity of PH as compared with pre-capillary patients.
Procedural Characteristics
Procedural data are summarized in Table 4. Most patients underwent TAVI via the
transfemoral route with 14% of patients undergoing either staged or concomitant
percutaneous coronary intervention (PCI).
Clinical Outcomes
1-year clinical follow-up was completed for 415/433 (96%) patients. Unadjusted
and adjusted clinical events at 1-year follow-up are presented in Tables 5 and 6,
respectively. Although there were no significant differences in all-cause mortality
between groups at 30-days, a trend towards a higher rate of cardiac mortality was
observed among pre-capillary PH patients at 30-days as compared with those without PH (unadjusted (unadj) hazard ratio (HR) 5.11, 95% confidence interval (CI)
0.99-26.35), but this did not reach statistical significance (p=0.051). There were no
differences in other clinical endpoints at 30 days between the study groups (online
supplement, Table 1)
Mortality over time up to 12 months for all-cause mortality and cardiac death
among patients stratified according to the presence or absence of PH are shown in
Figure 3 and stratified according to the 4 haemodynamic subgroups in Figure 4. At
12 months, patients with pre-capillary PH had a higher rate of death (10.3% vs
21.7%, unadj HR 2.30, 95% CI 1.02-5.22, p=0.046) compared to patients without PH,
which was driven mainly by cardiac death (unadj HR 3.00, 95% CI 1.14-7.88,
p=0.026) at 1-year. Following adjustment, however, differences in death (adjusted
(adj) HR 1.90, 95% CI 0.83-4.35, p=0.13) and cardiac death (adj HR 2.25, 95% CI 0.855.97, p=0.11) were no longer significant. No significant differences in death (adj HR
1.75, 95% CI 0.88-3.49, p=0.11) or cardiac death (adj HR 1.55, 95% CI 0.65-3.71,
p=0.33) were observed between no PH and isolated PH groups. As compared with
patients with no PH, those with combined PH had a higher rate of death (10.3% vs
29.0%, unadj HR 3.15, 95% CI 1.43-6.93, p=0.004) driven predominantly by cardiac
death (unadj HR 3.84, 95% CI 1.49-9.91, p=0.005) at 1-year. Following adjustment
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for age, gender, BMI, diabetes mellitus, previous CABG, previous MI, PVD, CAD,
COPD and LVEF ≤30%, combined PH remained a independent predictor for death
(adj HR 3.28, 95% CI 1.43-7.53, p=0.005) and cardiac death (adj HR 3.81, 95% CI
1.40-10.36, p=0.009) at 1-year.
Both pre-capillary (HR 2.24, 95% CI 1.05-4.76 p=0.04) and combined PH (HR 2.86,
95% CI 1.36-6.01 p=0.006) had a higher incidence of the composite endpoint of
death or major stroke at 1-year. Following adjustment, only combined PH remained as an independent predictor or death or major stroke (adj HR 3.10, 95% CI
1.41-6.79, p=0.005). Combined PH was also an independent predictor of the composite endpoint of death, major stroke or MI at 1-year (adj HR 3.13, 95% CI, 1.496.58, p=0.003). No significant differences in the other endpoints were observed at
1-year.
NYHA Functional Class Improvement
NYHA functional class improvement at baseline and 12 months is shown in Figure
5. At 12 months follow-up, 13.2% and 10.0% of pre-capillary PH and combined PH
patients remained in NYHA >II functional class as compared with 9.0% and 7.9% of
patients with isolated and no PH, respectively.
Echocardiographic Outcomes
Acute changes in biventricular function and pulmonary artery systolic pressures
(PASP) are shown in Table 7. Significant improvements in right ventricular function
and pulmonary artery systolic pressures (PASP) were observed in both isolated and
combined PH groups. No significant improvements in right ventricular function or
PASP were observed in the pre-capillary PH group (Figure 6).
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DISCUSSION
This study demonstrates that PH haemodynamic presentation impacts on procedural outcome of patients undergoing TAVI. We found that as compared with patients without PH, 1-year mortality was higher in both pre-capillary and combined
PH patients, but not in isolated PH. These findings have relevant clinical implications, because PH is frequent in patients undergoing TAVI with a prevalence reported in previous studies between 10 and 42%9, 26-30. In our study, three-quarters
of patients (75%) with symptomatic severe AS undergoing TAVI had PH based on
pre-procedural invasive haemodynamic evaluations and almost one third had severe PH (invasive PASP ≥60mmHg).
Several studies have demonstrated that PH affects outcomes in patients with severe AS independent of the treatment modality. Malouf et al reported that patients
with severe PH and AS had a poor prognosis when treated conservatively, but had
a high perioperative mortality with conventional SAVR.2 Similarly, Melby et al reported that operative mortality was nearly doubled in patients undergoing conventional SAVR in the presence of PH, and that PH resulted in a decreased long-term
survival.31 A PASP >60mmHg has been described as a strong independent predictor
of both in-hospital and long-term mortality among patients undergoing SAVR.32
Among TAVI patients, previous studies reported PH to be an independent predictor
of late, rather than early, mortality following the procedure.7,8 Tamburino et al reported that PASP >60mmHg was an independent predictor of overall, but not early,
mortality among severe AS patients undergoing TAVI.7 Similarly, in a sub-analysis of
the FRANCE 2 registry (n=2,435), Lucon et al observed no significant impact of PH
severity on 30-day mortality but severe PH (PASP >60mmHg) was an independent
predictor of 1-year mortality.8
Concordant with these previous findings, PH was associated with worse clinical outcomes at 1-year in our study as compared with patients without PH. However, PH
haemodynamic presentation is heterogeneous with various underlying pathophysiological mechanisms. In general, based on the proceedings of the 5th World Symposium on PH in Nice, 2013, three haemodynamic presentations of PH are recognized: pre-capillary, isolated post-capillary and combined post-capillary and precapillary PH (Figure 1).14,15 The present study is the first to assess the impact of PH
haemodynamic presentation on clinical outcomes after TAVI using the updated invasive definitions.
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Post-capillary PH
Post-capillary or left sided PH is the most common form of PH in Western countries.33 In the present study, post-capillary PH accounted for the vast majority (82%)
of PH among patients with symptomatic severe AS undergoing TAVI and was mostly
comprised of isolated post-capillary PH. Left-sided PH was observed to have markedly different long-term prognostic implications after TAVI depending on whether
the diastolic pressure difference was normal (i.e. isolated post-capillary) or elevated (i.e. combined post-capillary and pre-capillary). Patients with combined PH
had significantly worse 1-year outcomes. Combined PH patients were observed to
have a more insidious form of PH on right heart catheterization as compared with
isolated PH patients. PH severity was worse among patients with combined PH
leading to a more impaired right ventricular function as compared with isolated PH
patients. In addition, pulmonary vascular resistance was elevated suggesting intrinsic changes in the pulmonary vascular bed. By definition, all combined PH patients
had a DPD ≥7mmHg, which has previously been shown to be associated with more
advanced pulmonary vascular remodelling.19 Conversely, in isolated post-capillary
PH the elevation of PASP is thought to be solely due to the passive “backward transmission” of an increased LV filling pressure (LVEDP ≥15mmHg). The haemodynamic
characteristics of isolated PH patients in the present study support this hypothesis,
with isolated PH patients having near normal PVR values. Isolated post-capillary PH
is considered reversible and this may explain why clinical outcomes of isolated PH
patients were similar to patients without PH after TAVI. In patients with severe AS
and LV hypertrophy, it may be expected that diastolic LV dysfunction persists after
TAVI, causing persistent postcapillary PH in the majority of patients and this could
be prognostically relevant. Further studies are needed to assess whether diastolic
dysfunction following TAVI is related to persistence of post-capillary PH.
Pre-capillary PH
Pre-capillary PH is less common than post-capillary PH but is a far more heterogeneous entity.14 In our study, it accounted for less than one-fifth of PH among patients with symptomatic severe AS undergoing TAVI but was associated with worse
clinical outcomes and less functional improvement at 1-year as compared with patients without PH. The relative number of patients classified as precapillary PH in
the present analysis appears to be surprisingly high (13%), as most patients would
be expected to have post-capillary PH. However, Kaple et al reported in an entirely
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separate cohort of patients, a similar proportion of patients (20/168; 12%) with severe AS undergoing TAVI to have pre-capillary (PAWP<15mmHg, mPAP ≥25mmHg)
PH on invasive haemodynamic evaluation.33 It should be noted that left heart disease (and not pulmonary vascular disease) may still be the reason for PH even if the
LVEDP/PAWP is below 15mmHg, particularly in patients pretreated with diuretics.
However, no significant differences in the proportion of patients taking diuretics
were observed between groups (Table 1). Furthermore, pre-capillary PH patients
had entirely different echocardiographic and invasive haemodynamic characteristics as compared with post-capillary PH patients. For example, pre-capillary PH patients had a less severe form of AS and better LV systolic function as compared with
post-capillary PH patients. Conversely, pre-capillary PH patients had similar degrees
of RV dysfunction as compared with combined PH patients and a higher prevalence
of moderate to severe tricuspid regurgitation as compared with all other groups.
Furthermore, pre-capillary PH patients had lower PA pressures but higher PVR values as compared with isolated PH patients, suggesting that this group is a bona fide
discrete entity. Moreover, PASPs and RV function improved in both post-capillary
groups, but not in the pre-capillary group further supporting the hypothesis that PH
was not due to left sided heart disease among this patient cohort.
Clinical Implications
The present study suggests that the stratification of PH according to the haemodynamic presentation is useful for risk stratification of patients with severe AS being
considered for TAVI. Determination of the DPD among patients with severe AS and
left-sided PH predicts long-term outcomes after TAVI. Furthermore, haemodynamic stratification of PH also predicts response to treatment. In contrast with
post-capillary PH patients, neither RV function nor PASP improved following TAVI
in pre-capillary PH patients and functional improvement was less at 1-year followup. Whether a more tailored therapy with pulmonary vasodilator therapy (e.g.
Bosentan, Epoprostenol or Sildenafil) would benefit pre-capillary PH patients following TAVI is unknown. The present study also raises questions regarding the most
appropriate management of patients with combined post-capillary and pre-capillary PH. Currently the mainstay of treatment for left-sided PH is treatment of the
underlying cause. However, in the present study we observed worse outcomes
among combined PH patients following TAVI. Whether more targeted therapy with
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pulmonary vasodilator therapies such as phosphodiesterase-5 inhibitors would improve outcomes among combined PH patients remains unknown.34
Limitations
First, this is a single centre observational study and therefore may not reflect general practice. However, all data were collected prospectively and all events were
adjudicated by a clinical event committee comprising interventional cardiologists
and cardiac surgeons. Second, only patients with pre-procedural right heart catheterization were included in the present study and therefore this is not a consecutive
patient series. Therefore, the true prevalence of PH in severe AS may have been
overestimated since the inclusion of only patients with pre-procedural RHC may
have led to an enrichment of patients with PH. However, the majority of patients
(71%) undergoing TAVI during the inclusion period were included. Third, invasive
pulmonary artery pressures were only measured prior to TAVI but not afterwards.
Therefore, changes in pulmonary artery systolic pressures before and after TAVI
were measured non-invasively using echocardiography, which would not be expected to be as accurate as invasive measurements. Fourth, echocardiographic follow-up beyond discharge is not reported, therefore precluding PASP and right ventricular function assessment during longer term follow-up. Fifth, there are
limitations involved with using estimated, rather than direct, oxygen consumption
for the calculation of CO as previously described in detail.15 Finally, a fluid challenge
was not performed in patients with a low LVEDP, which may have unmasked patients with occult post-capillary PH. However, Hoeper et al have stated that this
technique requires meticulous evaluation and standardization before its use in clinical practice can be recommended.35
CONCLUSIONS
PH is present in the majority of patients undergoing TAVI in the current era and is
comprised predominantly of post-capillary PH. Invasive stratification of PH according to haemodynamic presentation predicts the acute response to therapy and
long-term clinical outcomes.

278

Chapter 7
Conflicts of Interest
Dr. Meier has received has received educational and research support to the institution from Abbott, Cordis, Boston Scientific, and Medtronic. Dr. Windecker has
received research contracts to the institution from Biotronic and St. Jude. Dr.
Wenaweser has received honoraria and lecture fees from Medtronic and Edwards
Lifesciences. Dr. Nietlispach is a consultant to Edwards, St. Jude and Directflow
Medical. Supported in part by an unrestricted research grant from Medtronic to the
University of Berne, Switzerland. Dr. Buellesfeld is consultant for Medtronic and
Edwards Lifesciences.

279

Chapter 7
REFERENCES
1.

Silver K, Aurigemma G, Krendel S, Barry N, Ockene I, Alpert J. Pulmonary artery
hypertension in severe aortic stenosis: Incidence and mechanism. American heart
journal. 1993;125:146-150

2.

Malouf JF, Enriquez-Sarano M, Pellikka PA, Oh JK, Bailey KR, Chandrasekaran K,
Mullany CJ, Tajik AJ. Severe pulmonary hypertension in patients with severe aortic
valve stenosis: Clinical profile and prognostic implications. Journal of the American
College of Cardiology. 2002;40:789-795

3.

Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP, 3rd, Guyton RA, O’Gara
PT, Ruiz CE, Skubas NJ, Sorajja P, Sundt TM, 3rd, Thomas JD. 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
practice guidelines. Circulation. 2014;129(23):2440-92.

4.

Makkar RR, Fontana GP, Jilaihawi H, Kapadia S, Pichard AD, Douglas PS, Thourani
VH, Babaliaros VC, Webb JG, Herrmann HC, Bavaria JE, Kodali S, Brown DL, Bowers
B, Dewey TM, Svensson LG, Tuzcu M, Moses JW, Williams MR, Siegel RJ, Akin JJ,
Anderson WN, Pocock S, Smith CR, Leon MB. Transcatheter aortic-valve
replacement for inoperable severe aortic stenosis. The New England journal of
medicine. 2012;366:1696-1704

5.

Adams DH, Popma JJ, Reardon MJ, Yakubov SJ, Coselli JS, Deeb GM, Gleason TG,
Buchbinder M, Hermiller J, Jr., Kleiman NS, Chetcuti S, Heiser J, Merhi W, Zorn G,
Tadros P, Robinson N, Petrossian G, Hughes GC, Harrison JK, Conte J, Maini B,
Mumtaz M, Chenoweth S, Oh JK. Transcatheter aortic-valve replacement with a
self-expanding prosthesis. The New England journal of medicine. 2014

6.

O'Sullivan CJ, Stortecky S, Buellesfeld L, Wenaweser P, Windecker S.
Preinterventional screening of the tavi patient: How to choose the suitable patient
and the best procedure. Clinical research in cardiology : official journal of the
German Cardiac Society. 2014;103:259-274

7.

Tamburino C, Capodanno D, Ramondo A, Petronio AS, Ettori F, Santoro G,
Klugmann S, Bedogni F, Maisano F, Marzocchi A, Poli A, Antoniucci D, Napodano
M, De Carlo M, Fiorina C, Ussia GP. Incidence and predictors of early and late
mortality after transcatheter aortic valve implantation in 663 patients with severe
aortic stenosis. Circulation. 2011;123:299-308

8.

Lucon A, Oger E, Bedossa M, Boulmier D, Verhoye JP, Eltchaninoff H, Iung B,
Leguerrier A, Laskar M, Leprince P, Gilard M, Breton HL. Prognostic implications of
pulmonary hypertension in patients with severe aortic stenosis undergoing
transcatheter aortic valve implantation: Study from the france 2 registry.
Circulation. Cardiovascular interventions. 2014
280

Chapter 7
9.

Sinning JM, Hammerstingl C, Chin D, Ghanem A, Schueler R, Sedaghat A, Bence J,
Spyt T, Werner N, Kovac J, Grube E, Nickenig G, Vasa-Nicotera M. Decrease of
pulmonary hypertension impacts on prognosis after transcatheter aortic valve
replacement. EuroIntervention : journal of EuroPCR in collaboration with the
Working Group on Interventional Cardiology of the European Society of Cardiology.
2014;9:1042-1049

10. Rodes-Cabau J, Webb JG, Cheung A, Ye J, Dumont E, Feindel CM, Osten M,
Natarajan MK, Velianou JL, Martucci G, DeVarennes B, Chisholm R, Peterson MD,
Lichtenstein SV, Nietlispach F, Doyle D, DeLarochelliere R, Teoh K, Chu V, Dancea
A, Lachapelle K, Cheema A, Latter D, Horlick E. Transcatheter aortic valve
implantation for the treatment of severe symptomatic aortic stenosis in patients
at very high or prohibitive surgical risk: Acute and late outcomes of the multicenter
canadian experience. Journal of the American College of Cardiology. 2010;55:10801090
11. Ben-Dor I, Goldstein SA, Pichard AD, Satler LF, Maluenda G, Li Y, Syed AI, Gonzalez
MA, Gaglia MA, Jr., Wakabayashi K, Delhaye C, Belle L, Wang Z, Collins SD, Torguson
R, Okubagzi P, Aderotoye A, Xue Z, Suddath WO, Kent KM, Epstein SE, Lindsay J,
Waksman R. Clinical profile, prognostic implication, and response to treatment of
pulmonary hypertension in patients with severe aortic stenosis. The American
journal of cardiology. 2011;107:1046-1051
12. Janda S, Shahidi N, Gin K, Swiston J. Diagnostic accuracy of echocardiography for
pulmonary hypertension: A systematic review and meta-analysis. Heart.
2011;97:612-622
13. Galie N, Hoeper MM, Humbert M, Torbicki A, Vachiery JL, Barbera JA, Beghetti M,
Corris P, Gaine S, Gibbs JS, Gomez-Sanchez MA, Jondeau G, Klepetko W, Opitz C,
Peacock A, Rubin L, Zellweger M, Simonneau G. Guidelines for the diagnosis and
treatment of pulmonary hypertension: The task force for the diagnosis and
treatment of pulmonary hypertension of the european society of cardiology (esc)
and the european respiratory society (ers), endorsed by the international society
of heart and lung transplantation (ishlt). European heart journal. 2009;30:24932537
14. Simonneau G, Gatzoulis MA, Adatia I, Celermajer D, Denton C, Ghofrani A, Gomez
Sanchez MA, Krishna Kumar R, Landzberg M, Machado RF, Olschewski H, Robbins
IM, Souza R. Updated clinical classification of pulmonary hypertension. Journal of
the American College of Cardiology. 2013;62:D34-41
15. Vachièry JL, Adir Y, Barberà JA, Champion H, Coghlan JG, Cottin V, De Marco T, Galié
N, Ghio S, Gibbs JSR, Martinez F, Semigran M, Simonneau G, Wells A, Seeger W.
Pulmonary hypertension due to left heart diseases. Journal of the American
College of Cardiology. 2013;62:D100-8.
281

Chapter 7
16. O'Sullivan CJ, Stortecky S, Heg D, Pilgrim T, Hosek N, Buellesfeld L, Khattab AA,
Nietlispach F, Moschovitis A, Zanchin T, Meier B, Windecker S, Wenaweser P.
Clinical outcomes of patients with low-flow, low-gradient, severe aortic stenosis
and either preserved or reduced ejection fraction undergoing transcatheter aortic
valve implantation. European heart journal. 2013;34:3437-3450
17. Tedford RJ, Hassoun PM, Mathai SC, Girgis RE, Russell SD, Thiemann DR, Cingolani
OH, Mudd JO, Borlaug BA, Redfield MM, Lederer DJ, Kass DA. Pulmonary capillary
wedge pressure augments right ventricular pulsatile loading. Circulation.
2012;125:289-297
18. Her C. Right ventricular stroke-work. An index of distribution of pulmonary
perfusion in acute respiratory failure. Chest. 1983;84:719-724
19. Gerges C, Gerges M, Lang MB, Zhang Y, Jakowitsch J, Probst P, Maurer G, Lang IM.
Diastolic pulmonary vascular pressure gradient: A predictor of prognosis in "outof-proportion" pulmonary hypertension. Chest. 2013;143:758-766
20. Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pellikka PA, Picard MH,
Roman MJ, Seward J, Shanewise JS, Solomon SD, Spencer KT, Sutton MS, Stewart
WJ. Recommendations for chamber quantification: A report from the american
society of echocardiography's guidelines and standards committee and the
chamber quantification writing group, developed in conjunction with the european
association of echocardiography, a branch of the european society of cardiology.
Journal of the American Society of Echocardiography : official publication of the
American Society of Echocardiography. 2005;18:1440-1463
21. Zoghbi WA, Enriquez-Sarano M, Foster E, Grayburn PA, Kraft CD, Levine RA,
Nihoyannopoulos P, Otto CM, Quinones MA, Rakowski H, Stewart WJ, Waggoner
A, Weissman NJ. Recommendations for evaluation of the severity of native valvular
regurgitation with two-dimensional and doppler echocardiography. Journal of the
American Society of Echocardiography : official publication of the American Society
of Echocardiography. 2003;16:777-802
22. Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD, Chandrasekaran K,
Solomon SD, Louie EK, Schiller NB. Guidelines for the echocardiographic
assessment of the right heart in adults: A report from the american society of
echocardiography endorsed by the european association of echocardiography, a
registered branch of the european society of cardiology, and the canadian society
of echocardiography. Journal of the American Society of Echocardiography : official
publication of the American Society of Echocardiography. 2010;23:685-713; quiz
786-688
23. Baumgartner H, Hung J, Bermejo J, Chambers JB, Evangelista A, Griffin BP, Iung B,
Otto CM, Pellikka PA, Quinones M. Echocardiographic assessment of valve
stenosis: Eae/ase recommendations for clinical practice. Journal of the American
282

Chapter 7
Society of Echocardiography : official publication of the American Society of
Echocardiography. 2009;22:1-23; quiz 101-102
24. Wenaweser P, Pilgrim T, Kadner A, Huber C, Stortecky S, Buellesfeld L, Khattab AA,
Meuli F, Roth N, Eberle B, Erdos G, Brinks H, Kalesan B, Meier B, Juni P, Carrel T,
Windecker S. Clinical outcomes of patients with severe aortic stenosis at increased
surgical risk according to treatment modality. Journal of the American College of
Cardiology. 2011;58:2151-2162
25. Kappetein AP, Head SJ, Genereux P, Piazza N, van Mieghem NM, Blackstone EH,
Brott TG, Cohen DJ, Cutlip DE, van Es GA, Hahn RT, Kirtane AJ, Krucoff MW, Kodali
S, Mack MJ, Mehran R, Rodes-Cabau J, Vranckx P, Webb JG, Windecker S, Serruys
PW, Leon MB. Updated standardized endpoint definitions for transcatheter aortic
valve implantation: The valve academic research consortium-2 consensus
document. European heart journal. 2012;33:2403-2418
26. Leon MB, Smith CR, Mack M, Miller DC, Moses JW, Svensson LG, Tuzcu EM, Webb
JG, Fontana GP, Makkar RR, Brown DL, Block PC, Guyton RA, Pichard AD, Bavaria
JE, Herrmann HC, Douglas PS, Petersen JL, Akin JJ, Anderson WN, Wang D, Pocock
S. Transcatheter aortic-valve implantation for aortic stenosis in patients who
cannot undergo surgery. The New England journal of medicine. 2010;363:15971607
27. Smith CR, Leon MB, Mack MJ, Miller DC, Moses JW, Svensson LG, Tuzcu EM, Webb
JG, Fontana GP, Makkar RR, Williams M, Dewey T, Kapadia S, Babaliaros V,
Thourani VH, Corso P, Pichard AD, Bavaria JE, Herrmann HC, Akin JJ, Anderson WN,
Wang D, Pocock SJ. Transcatheter versus surgical aortic-valve replacement in highrisk patients. The New England journal of medicine. 2011;364:2187-2198
28. Gilard M, Eltchaninoff H, Iung B, Donzeau-Gouge P, Chevreul K, Fajadet J, Leprince
P, Leguerrier A, Lievre M, Prat A, Teiger E, Lefevre T, Himbert D, Tchetche D, Carrie
D, Albat B, Cribier A, Rioufol G, Sudre A, Blanchard D, Collet F, Dos Santos P,
Meneveau N, Tirouvanziam A, Caussin C, Guyon P, Boschat J, Le Breton H, Collart
F, Houel R, Delpine S, Souteyrand G, Favereau X, Ohlmann P, Doisy V, Grollier G,
Gommeaux A, Claudel JP, Bourlon F, Bertrand B, Van Belle E, Laskar M. Registry of
transcatheter aortic-valve implantation in high-risk patients. The New England
journal of medicine. 2012;366:1705-1715
29. D'Onofrio A, Rubino P, Fusari M, Salvador L, Musumeci F, Rinaldi M, Vitali EO,
Glauber M, Di Bartolomeo R, Alfieri OR, Polesel E, Aiello M, Casabona R, Livi U,
Grossi C, Cassese M, Pappalardo A, Gherli T, Stefanelli G, Faggian GG, Gerosa G.
Clinical and hemodynamic outcomes of "all-comers" undergoing transapical aortic
valve implantation: Results from the italian registry of trans-apical aortic valve
implantation (i-ta). The Journal of thoracic and cardiovascular surgery.
2011;142:768-775
283

Chapter 7
30. Linke A, Wenaweser P, Gerckens U, Tamburino C, Bosmans J, Bleiziffer S, Blackman
D, Schafer U, Muller R, Sievert H, Sondergaard L, Klugmann S, Hoffmann R,
Tchetche D, Colombo A, Legrand VM, Bedogni F, Leprince P, Schuler G, Mazzitelli
D, Eftychiou C, Frerker C, Boekstegers P, Windecker S, Mohr FW, Woitek F, Lange
R, Bauernschmitt R, Brecker S. Treatment of aortic stenosis with a self-expanding
transcatheter valve: The international multi-centre advance study. European heart
journal. 2014
31. Melby SJ, Moon MR, Lindman BR, Bailey MS, Hill LL, Damiano RJ, Jr. Impact of
pulmonary hypertension on outcomes after aortic valve replacement for aortic
valve stenosis. The Journal of thoracic and cardiovascular surgery. 2011;141:14241430
32. Di Eusanio M, Fortuna D, De Palma R, Dell'Amore A, Lamarra M, Contini GA, Gherli
T, Gabbieri D, Ghidoni I, Cristell D, Zussa C, Pigini F, Pugliese P, Pacini D, Di
Bartolomeo R. Aortic valve replacement: Results and predictors of mortality from
a contemporary series of 2256 patients. The Journal of thoracic and cardiovascular
surgery. 2011;141:940-947
33. Kaple RK, Pawar S, Schoenfeld MS, Haider MA, Kampaktsis P, Baduashvili A, Wilson
S, Kim L, Swaminathan R, Feldman D, Singh H, Bergman G, Minutello R, Devereux
R, Salemi A, Kreiger K, Horn E, Wong SC, Lin F. Impact of etiology of pulmonary
hypertension on post-procedural management and outcomes in patients
undergoing transcatheter aortic valve replacement. Journal of the American
College of Cardiology. 2014;63:A1476 (Abstract)
34. Hansdottir S, Groskreutz DJ, Gehlbach BK. Who’s in second?: A practical review of
world health organization group 2 pulmonary hypertension. Chest. 2013;144:638650
35. Hoeper MM, Bogaard HJ, Condliffe R, Frantz R, Khanna D, Kurzyna M, Langleben D,
Manes A, Satoh T, Torres F, Wilkins MR, Badesch DB. Definitions and diagnosis of
pulmonary hypertension. Journal of the American College of Cardiology.
2013;62:D42-50.

284

Chapter 7
FIGURE LEGENDS
Figure 1.
Haemodynamic definitions of pulmonary hypertension according to the Proceedings of the 5th World Symposium on Pulmonary Hypertension.14,15
Figure 2.
Patient flow. *In 8 patients the aortic valve was not crossed during pre-procedural
right heart catheterization and the pulmonary arterial wedge pressure was used for
group categorization in these patients. TAVI, transcatheter aortic valve implantation; PA, pulmonary artery pressure; PH, pulmonary hypertension; LVEDP, left ventricular end-diastolic pressure; DPD, diastolic pressure difference.
Figure 3.
Kaplan-Meier analysis of death (A) and cardiovascular death (B) at 1-year among
patients with and without pulmonary hypertension (invasive mean pulmonary artery pressure ≥25mmHg) at baseline.
Figure 4.
Kaplan-Meier analysis of death (A) and cardiovascular death (B) at 1-year comparing patients with isolated post-capillary pulmonary hypertension (PH), combined
post-capillary and pre-capillary PH and pre-capillary PH with patients without PH.
Figure 5.
Functional status expressed by the New York Heart Association (NYHA) classification at baseline and 1- year follow-up among patients with severe aortic stenosis
and isolated post-capillary pulmonary hypertension (PH), combined post-capillary
and pre-capillary PH, pre-capillary PH and no PH.
Figure 6.
Changes in pulmonary artery systolic pressure (PASP) measured non-invasively before and after transcatheter aortic valve implantation.
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Table 1. Baseline Characteristics
PULMONARY HYPERTENSION
No PH

Pre-capillary

Isolated

Combined

n=108

n=56

n=220

n=49

p-value

Age (years)

81.7 ± 5.4

82.9 ± 4.1

82.6 ± 5.2

82.2 ± 6.2

0.48

Female gender, n(%)

48 (44%)

33 (59%)

124 (56%)†

32 (65%)

0.059

Height (cm)

165.2 ± 8.0

166.5 ± 7.8

164.4 ± 8.6

163.7 ± 7.2

0.27

Weight (kg)

72.6 ± 15.5

73.9 ± 17.1

71.2 ± 14.5

70.0 ± 13.9

0.50

Body Mass Index (kg/m²)

26.5 ± 5.1

26.6 ± 5.8

26.3 ± 5.0

26.2 ± 5.1

0.95

Body surface area (m²)

1.8 ± 0.2

1.9 ± 0.2

1.8 ± 0.2

1.8 ± 0.2

0.42

Diabetes mellitus, n(%)

31 (29%)

23 (41%)

58 (26%)

14 (29%)

0.20

Hypercholesterolemia, n(%)

75 (69%)

34 (61%)

145 (66%)

31 (63%)

0.70

Hypertension, n(%)

95 (88%)

45 (80%)

189 (86%)

40 (82%)

0.52

Current smoker, n(%)

11 (12%)

6 (11%)

15 (7%)

6 (15%)

0.36

Coronary artery disease, n(%)

63 (58%)

35 (63%)

144 (65%)

28 (57%)

0.53

Multivessel disease, n(%)

27 (69%)

14 (61%)

54 (70%)

7 (47%)

0.32

Previous myocardial infarction, n(%)

17 (16%)

9 (16%)

34 (15%)

5 (10%)

0.80

Previous coronary artery bypass graft, n(%)

10 (9%)

4 (7%)

13 (6%)

3 (6%)

0.73

Previous percutaneous coronary intervention, n(%)

35 (32%)

18 (32%)

58 (26%)

8 (16%)

0.16

Previous stroke, n(%)

5 (5%)

2 (4%)

7 (3%)

2 (4%)

0.93

Peripheral vascular disease, n(%)

24 (22%)

13 (23%)

37 (17%)

14 (29%)

0.24

Chronic obstructive pulmonary disease, n(%)

18 (17%)

14 (25%)

34 (15%)

10 (20%)

0.38

Cardiac Risk Factors

Past Medical History
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Renal failure (GFR<60ml/min/1.73m2)

74 (81%)

37 (80%)

148 (84%)

37 (84%)

0.93

8 (15%)

19 (53%)

21 (19%)

12 (39%)‡

<0.001

20 (19%)

9 (16%)

28 (13%)

3 (6%)

0.18

60 (59%)

44 (80%)

157 (76%)†

40 (83%)‡

0.002

19 (18%)

9 (16%)

31 (14%)

5 (10%)

0.65

Logistic EuroScore (%)

18.3 ± 11.0

23.9 ± 13.2

24.1 ± 13.8†

31.0 ± 15.8‡

<0.001

STS Score (%)

5.9 ± 3.3

8.2 ± 5.6

7.2 ± 5.9†

7.0 ± 3.6

0.038

Aspirin, n(%)

75 (70%)

31 (55%)

147 (67%)

27 (56%)

0.14

Clopidogrel, n(%)

29 (27%)

9 (16%)

42 (19%)

5 (10%)

0.08

Oral anticoagulation, n(%)

21 (20%)

28 (50%)

46 (21%)

17 (35%)‡

<0.001

Diuretic, n(%)

72 (67%)

45 (80%)

153 (70%)

38 (79%)

0.19

Beta-blocker, n(%)

51 (48%)

30 (54%)

121 (55%)

26 (54%)

0.64

ACEi/ARB, n(%)

38 (36%)

34 (61%)

78 (36%)

18 (38%)

0.005

Ca channel blocker, n(%)

21 (20%)

9 (16%)

46 (21%)

2 (4%)‡

0.049

Statin, n(%)

58 (54%)

24 (43%)

109 (50%)

19 (40%)

0.29

295.0 ± 326.3

494.2 ± 691.8 763.9 ± 1010.1† 1043.2 ± 1106.6‡ <0.001

Baseline Cardiac Rhythm
Atrial fibrillation, n(%)
Symptoms
Syncope, n(%)
New York Heart Association (NYHA) Functional Class
NYHA III/IV, n(%)
Canadian Cardiovascular Society (CCS) Angina Status
CCS III/IV, n(%)
Risk Assessment

Medications

Laboratory Values
Brain Natriurtic Peptide (pg/mL)
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Depicted are means ± standard deviations with p-values from ANOVAs or counts (%) with p-values from chi-square tests. Body surface area (BSA) is
computed using Haycock’s formula. Glomerular filtration rate (GFR) is computed using Cockroft-Gault’s formula. p<0.05 No pulmonary hypertension
(PH) vs pre-capillary PH; †p<0.05 no PH vs isolated PH; ‡p<0.05 no PH vs combined PH.
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Table 2. Echocardiographic Characteristics
PULMONARY HYPERTENSION
No PH

Pre-capillary

Isolated

Combined

n=108

n=56

n=220

n=49

p-value

Aortic valve area (cm2)

0.65 ± 0.22

0.62 ± 0.26

0.57 ± 0.22†

0.54 ± 0.20‡

0.008

Indexed aortic valve area (cm2.m-2)

0.36 ± 0.12

0.33 ± 0.14

0.32 ± 0.12†

0.31 ± 0.12‡

0.034

Aortic maximal velocity, cm/s

3.82 ± 1.11

3.78 ± 0.88

4.08 ± 0.82

3.66 ± 0.75

0.15

Mean gradient (mmHg)

42.3 ± 16.9

40.1 ± 17.1

44.1 ± 17.3

40.0 ± 15.9

0.26

Peak gradient (mmHg)

68.0 ± 25.2

59.4 ± 23.5

71.9 ± 27.2

60.2 ± 23.1

0.019

LV end-systolic diameter, mm

32.9 ± 10.4

31.6 ± 11.5

33.2 ± 11.9

39.0 ± 13.1

0.20

LV end-diastolic diameter, mm

48.9 ± 9.8

46.0 ± 9.8

48.0 ± 10.6

50.2 ± 9.0

0.63

LV mass index, g/m2

142.6 ± 43.7

149.6 ± 60.8

150.7 ± 42.0

143.3 ± 39.0

0.80

56.9 ± 13.1

54.6 ± 13.4

51.2 ± 15.4†

44.2 ± 15.9‡

<0.001

TAPSE, mm

19.2 ± 4.6

16.4 ± 4.8

18.9 ± 5.6

15.4 ± 4.8‡

0.016

DTI, cm.sec-1

12.2 ± 2.8

10.9 ± 4.2

11.7 ± 2.7

10.3 ± 2.8‡

0.09

Aortic Stenosis Severity

LV Geometry and 2D Measurements

LV Systolic Function
LV ejection fraction, %
RV Systolic Function

Associated Valvular Abnormality
Aortic regurgitation

0.36

None

22 (23%)

15 (28%)

46 (23%)

8 (16%)

Mild

67 (69%)

34 (64%)

130 (66%)

34 (69%)

Moderate

8 (8%)

4 (8%)

21 (11%)

6 (12%)
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Severe

0 (0%)

0 (0%)

0 (0%)

1 (2%)

Mitral regurgitation

<0.001

None

8 (8%)

2 (4%)

15 (7%)

5 (10%)

Mild

77 (76%)

39 (70%)

145 (69%)

18 (37%)‡

Moderate

15 (15%)

14 (25%)

46 (22%)

20 (41%)‡

Severe

1 (1%)

1 (2%)

4 (2%)

6 (12%)

Tricuspid regurgitation

<0.001

None

21 (22%)

8 (16%)

46 (24%)

9 (19%)

Mild

68 (71%)

25 (49%)

118 (63%)

26 (55%)‡

Moderate

7 (7%)

17 (33%)

22 (12%)

9 (19%)‡

Severe

0 (0%)

1 (2%)

2 (1%)

3 (6%)

RV-RA gradient, mmHg

31.1 ± 8.9

40.5 ± 10.3

41.1 ± 12.2†

48.2 ± 12.6‡

<0.001

Central venous pressure, mmHg

7.9 ± 3.9

10.1 ± 8.8

8.9 ± 3.7

10.3 ± 4.5‡

0.07

Pulmonary artery systolic pressure, mmHg

39.0 ± 10.9

50.7 ± 15.8

50.2 ± 13.6†

58.4 ± 14.4‡

<0.001

Right Sided Haemodynamics

Depicted are means ± standard deviations with p-values from ANOVAs or counts (%) with p-values from Fisher exact tests. p<0.05 No pulmonary hypertension (PH) vs pre-capillary PH; †p<0.05 no PH vs isolated PH; ‡p<0.05 no PH vs combined PH.
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Table 3. Invasive Haemodynamic Characteristics
PULMONARY HYPERTENSION
No PH

Pre-capillary

Isolated

Combined

n=108

n=56

n=220

n=49

p-value

Aortic valve area (cm2)

0.63 ± 0.23

0.57 ± 0.26

0.55 ± 0.25†

0.51 ± 0.20‡

0.009

Indexed aortic valve area (cm2.m-2)

0.35 ± 0.13

0.32 ± 0.15

0.31 ± 0.14†

0.29 ± 0.12‡

0.014

Peak-to-peak gradient (mmHg)

48.2 ± 23.1

46.1 ± 28.2

55.5 ± 26.8†

47.1 ± 26.6

0.016

Mean gradient (mmHg)

43.1 ± 16.2

39.8 ± 16.0

44.2 ± 17.4

38.2 ± 15.4

0.08

Systolic arterial pressure (mmHg)

133.8 ± 25.7

125.8 ± 23.6

138.6 ± 30.7

135.6 ± 27.4

0.023

Diastolic arterial pressure (mmHg)

61.8 ± 12.4

63.0 ± 12.1

66.6 ± 14.2†

71.4 ± 14.3‡

<0.001

Mean arterial pressure

90.2 ± 16.5

88.6 ± 14.8

95.5 ± 18.8†

97.9 ± 16.9‡

0.003

Systemic vascular resistance (mmHg.min.L-1)

1805 ± 543

1942 ± 714

1938 ± 644

2264 ± 769‡

0.001

Ejection fraction (%)

58.5 ± 13.3

54.7 ± 13.4

51.3 ± 15.3†

43.7 ± 16.1‡

<0.001

LV systolic pressure (mmHg)

183.5 ± 31.4

171.5 ± 33.3

194.1 ± 35.7†

186.4 ± 31.3

<0.001

LV end diastolic pressure (mmHg)

17.0 ± 6.7

11.2 ± 2.8

26.0 ± 6.4†

21.9 ± 4.7‡

<0.001

Stroke Volume (ml)

54.7 ± 14.4

46.0 ± 14.5

50.7 ± 15.3†

38.8 ± 13.7‡

<0.001

Stroke Volume Index (ml/m²)

30.5 ± 7.2

25.6 ± 7.3

28.4 ± 7.8†

21.9 ± 7.2‡

<0.001

Cardiac Output (L/min)

4.0 ± 0.9

3.6 ± 1.0

3.8 ± 1.0

3.3 ± 1.2‡

0.001

Cardiac Index (l/(min*m²)

2.3 ± 0.4

2.0 ± 0.5

2.1 ± 0.5

1.9 ± 0.6

<0.001

Heart Rate (beats/min)

74.7 ± 10.7

80.8 ± 15.8

77.7 ± 13.4

89.5 ± 22.2‡

<0.001

Aortic Stenosis Severity

Systemic Vascular Load

LV Systolic Function

Right Sided Haemodynamics
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PA systolic pressure (mmHg)

32.2 ± 5.8

51.5 ± 11.6

56.1 ± 12.1†

73.9 ± 16.3‡

<0.001

PA systolic pressure ≥60mmHg, n (%)

0 (0%)

14 (25%)

75 (34%)†

40 (82%)‡

<0.001

PA diastolic pressure (mmHg)

10.5 ± 4.0

19.6 ± 5.6

22.3 ± 6.0†

33.6 ± 5.8‡

<0.001

Mean PA pressure (mmHg)

18.9 ± 4.3

33.1 ± 6.7

36.4 ± 7.6†

50.1 ± 7.9‡

<0.001

Pulmonary arterial compliance, (mL. mmHg-1)

1.5 ± 0.5

0.9 ± 0.3

0.9 ± 0.4†

0.6 ± 0.3‡

<0.001

Diastolic pulmonary gradient, mmHg

-6.3 ± 7.5

8.4 ± 6.9

-3.7 ± 6.2†

11.6 ± 4.9‡

<0.001

Transpulmonic gradient, mmHg

2.1 ± 7.5

21.9 ± 7.8

10.3 ± 7.9†

28.3 ± 7.6‡

<0.001

Pulmonary vascular resistance, dynes.cm-5

45.7 ± 160.0

539.5 ± 281.1

246.6 ± 206.9†

745.2 ± 292.6‡

<0.001

Pulmonary vascular resistance, Wood units

0.6 ± 2.0

6.7 ± 3.5

3.1 ± 2.6†

9.3 ± 3.7‡

<0.001

RV systolic pressure, mmHg

33.8 ± 7.0

49.1 ± 13.8

54.9 ± 11.9†

72.2 ± 16.7‡

<0.001

RV diastolic pressure, mmHg

6.0 ± 3.4

8.3 ± 4.9

11.1 ± 4.9†

14.8 ± 5.2‡

<0.001

RA mean pressure (mmHg)

4.5 ± 3.5

8.3 ± 5.2

8.6 ± 4.4†

12.0 ± 4.9‡

<0.001

6.0 ± 2.2

8.6 ± 3.3

10.4 ± 3.3†

11.4 ± 5.0 ‡

<0.001

Right ventricular stroke work index, g.m.m-2.beat-1

Depicted are means ± standard deviations with p-values from ANOVAs. p<0.05 No pulmonary hypertension (PH) vs pre-capillary PH; †p<0.05 no PH vs
isolated PH; ‡p<0.05 no PH vs combined PH.
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Table 4. Procedural Characteristics
PULMONARY HYPERTENSION
No PH

Pre-capillary

Isolated

Combined

n=108

N=56

n=220

n=49

Access Route

p-value

0.27

Femoral, n(%)

83 (77%)

47 (84%)

182 (83%)

37 (76%)

Apical, n(%)

25 (23%)

9 (16%)

33 (15%)

11 (22%)

Subclavian, n(%)

0 (0%)

0 (0%)

5 (2%)

1 (2%)

Valve Type

0.10

Medtronic CoreValve, n(%)

53 (49%)

30 (54%)

120 (55%)

31 (63%)

Edwards Sapien valve, n(%)

54 (50%)

23 (41%)

98 (45%)

16 (33%)

Symetis valve, n(%)

1 (1%)

3 (5%)

2 (1%)

2 (4%)

Device success, n(%)

100 (93%)

45 (82%)

186 (86%)

42 (86%)

0.17

No device success; AR ≥2+, n(%)

8 (7%)

10 (18%)

26 (12%)

6 (12%)

0.25

Procedural Specifications

Depicted are counts (%) with p-values from Fisher’s exact tests. AR, aortic regurgitation. p<0.05 No pulmonary hypertension (PH) vs pre-capillary PH;
†p<0.05 no PH vs isolated PH; ‡p<0.05 no PH vs combined PH.
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Table 5. Unadjusted Clinical Outcomes at 1-year
Reference PULMONARY HYPERTENSION

Pre-cap vs No PH

Isolated vs No PH

Combined vs No PH

No PH

Pre-cap

Isolated

Combined

HR or RR (95% CI) p-value

HR or RR (95% CI) p-value

HR or RR (95% CI)

p-value

n=108

n=56

n=220

n=49

11 (10.3)

12 (21.7) 37 (17.1) 14 (29.0)

2.30 (1.02-5.22)

0.046

1.73 (0.88-3.39)

0.11

3.15 (1.43-6.93)

0.004

7 (6.7)

10 (18.2) 23 (10.8) 11 (23.6)

3.00 (1.14-7.88)

0.026

1.68 (0.72-3.92)

0.23

3.84 (1.49-9.91)

0.005

7 (6.6)

4 (7.8)

7 (3.3)

4 (8.2)

1.13 (0.33-3.87)

0.84

0.50 (0.17-1.42)

0.19

1.33 (0.39-4.54)

0.65

Major stroke, n(%)

4 (3.7)

4 (7.8)

6 (2.8)

4 (8.2)

1.98 (0.49-7.90)

0.34

0.74 (0.21-2.64)

0.65

2.31 (0.58-9.22)

0.24

Minor stroke, n(%)

0 (0.0)

0 (0.0)

1 (0.5)

0 (0.0)

Transient ischemic attack, n(%)

3 (3.0)

0 (0.0)

0 (0.0)

0 (0.0)

Myocardial infarction, n(%)

2 (2.0)

0 (0.0)

4 (1.9)

2 (4.5)

All-cause death or major stroke, n(%)

13 (12.1)

14 (25.3) 41 (18.9) 15 (31.0)

2.24 (1.05-4.76)

0.037

1.61 (0.86-3.01)

0.13

2.86 (1.36-6.01)

0.006

All-cause death, major stroke, or MI, n(%) 15 (14.0)

14 (25.3) 42 (19.3) 16 (33.1)

1.92 (0.93-3.98)

0.08

1.42 (0.79-2.57)

0.24

2.65 (1.31-5.36)

0.007

1 Year Follow-Up
All-cause death, n(%)
Cardiovascular death, n(%)
Cerebrovascular events

Depicted are counts (incidence rates %). Hazard Ratios HR (95% confidence intervals [CI]) are from Cox Regressions. MI, myocardial infarction
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Table 6. Adjusted Clinical Outcomes at 1-year
Reference PULMONARY HYPERTENSION

Pre-cap vs No PH

Isolated vs No PH

Combined vs No PH

No PH

Pre-cap

Isolated

Combined

HR (95%CI)

p-value

HR (95%CI)

p-value

HR (95%CI)

p-value

n=108

n=56

n=220

n=49

11 (10.3)

12 (21.7) 37 (17.1) 14 (29.0)

1.90 (0.83-4.35)

0.13

1.75 (0.88-3.49)

0.11

3.28 (1.43-7.53)

0.005

7 (6.7)

10 (18.2) 23 (10.8) 11 (23.6)

2.25 (0.85-5.97)

0.11

1.55 (0.65-3.71)

0.33

3.81 (1.40-10.36)

0.009

13 (12.1)

14 (25.3) 41 (18.9) 15 (31.0)

1.94 (0.90-4.18)

0.09

1.67 (0.88-3.15)

0.12

3.10 (1.41-6.79)

0.005

All-cause death, major stroke, or MI, n(%) 15 (14.0)

14 (25.3) 42 (19.3) 16 (33.1)

1.74 (0.83-3.65)

0.14

1.52 (0.83-2.79)

0.17

3.13 (1.49-6.58)

0.003

1 Year Follow-Up
All-cause death, n(%)
Cardiovascular death, n(%)
All-cause death or major stroke, n(%)

Depicted are counts (incidence rates %). Adjusted Hazard Ratios (HR) (95% confidence intervals [CI]) from multivariate Cox regressions, adjusting for age, gender,
diabetes mellitus, body mass index, previous coronary artery bypass grafting, previous myocardial infarction, peripheral vascular disease, coronary artery disease, left ventricular ejection fraction ≤30%, chronic obstructive pulmonary disease known to be associated with these adverse outcomes. MI, myocardial
infarction.
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Table 7. Changes in Left and Right Ventricular Function and Pulmonary Artery Systolic Pressure Following Transcatheter Aortic Valve Implantation
PULMONARY HYPERTENSION
No Pulmonary Hypertension

Precapillary

Isolated

Combined

Baseline

Discharge

p-value

Baseline

Discharge

p-value

Baseline

Discharge

p-value

Baseline

Discharge

p-value

LVEF, %

56.8±13.2

57.5±9.5

0.82

54.9±13.2

54.8±12.9

0.46

51.3±15.5

54.3±13.0

<0.001

44.1±16.1

48.5±14.9

0.008

TAPSE, mm

19.2±4.6

20.2±5.3

0.37

16.1±4.8

18.2±6.1

0.11

19.0±5.7

20.7±6.4

0.060

15.7±4.7

18.5±4.9

0.056

DTI, cm.sec-1

12.2±2.8

13.8±4.1

0.006

11.2±4.4

12.3±2.2

0.39

11.8±2.7

13.7±3.6

<0.001

10.3±2.9

12.0±2.8

0.024

PASP, mm Hg

39.0±10.9

38.1±9.6

0.61

49.0±12.6

51.6±14.3

0.36

50.2±13.7

44.9±14.3

0.001

57.8±14.1

50.4±17.3

0.015

Depicted are crude means ± standard deviation with p-values from a linear mixed model taking in account the within-patient correlation (random intercept).
Eight Patients that died in hospital (before discharge) are excluded from the model. LVEF, left ventricular ejection fraction; TAPSE, tricuspid annular plane
systolic excursion; DTI, Pulse Doppler peak velocity at the annulus; PASP, pulmonary artery systolic pressure.
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SUPPLEMENTARY MATERIAL
Supplemental Table 1. Unadjusted clinical outcomes at 30-days
Reference PULMONARY HYPERTENSION

Pre-cap vs No PH

Isolated vs No PH

Combined vs No PH

No PH

Pre-cap

Isolated

Combined

HR or RR (95% CI) p-value

HR or RR (95% CI) p-value

HR or RR (95% CI)

p-value

n=108

n=56

n=220

n=49

3 (2.8)

5 (8.9)

11 (5.0)

4 (8.2)

3.41 (0.81-14.27) 0.09

1.83 (0.51-6.56)

0.35

3.00 (0.67-13.42)

0.15

2 (1.9)

5 (8.9)

10 (4.6)

3 (6.3)

5.11 (0.99-26.35) 0.051

2.50 (0.55-11.40) 0.24

3.39 (0.57-20.27)

0.18

5 (4.6)

2 (3.7)

6 (2.7)

4 (8.2)

0.78 (0.15-4.02)

0.77

0.59 (0.18-1.93)

0.384

1.80 (0.48-6.70)

0.38

Major Stroke, n(%)

4 (3.7)

2 (3.7)

5 (2.3)

4 (8.2)

0.97 (0.18-5.32)

0.98

0.61 (0.16-2.29)

0.47

2.25 (0.56-8.99)

0.25

Minor Stroke, n(%)

0 (0.0)

0 (0.0)

1 (0.5)

0 (0.0)

Transient Ischemic Attack, n(%)

1 (0.9)

0 (0.0)

0 (0.0)

0 (0.0)

Myocardial infarction, n(%)

0 (0.0)

0 (0.0)

3 (1.4)

1 (2.0)

All cause death or major stroke, n(%)

5 (4.6)

5 (8.9)

14 (6.4)

6 (12.2)

1.97 (0.57-6.80)

0.29

1.38 (0.50-3.84)

0.54

2.73 (0.83-8.95)

0.10

All cause death, major stroke, or MI, n(%) 5 (4.6)

5 (8.9)

16 (7.3)

6 (12.2)

1.97 (0.57-6.80)

0.28

1.58 (0.58-4.32)

0.37

2.73 (0.83-8.96)

0.10

Bleeding

46 (42.6)

24 (43.1) 88 (40.0) 21 (43.0)

1.02 (0.62-1.67)

0.93

0.93 (0.65-1.33)

0.69

1.01 (0.60-1.69)

0.10

Life-threatening, n(%)

13 (12.0)

5 (9.0)

0.74 (0.26-2.08)

0.57

1.45 (0.77-2.72)

0.25

1.02 (0.39-2.68)

0.10

Major, n(%)

28 (25.9)

14 (25.1) 41 (18.7) 12 (24.6)

0.99 (0.52-1.87)

0.97

0.70 (0.43-1.14)

0.15

0.94 (0.48-1.84)

0.85

Acute Renal Failure, n(%)

12 (11.1)

8 (15.0)

31 (14.2) 12 (24.5)

1.33 (0.54-3.25)

0.53

1.29 (0.66-2.50)

0.46

2.19 (0.98-4.87)

0.06

Access Site Complications

21 (19.4)

3 (5.6)

49 (22.3) 11 (22.6)

0.27 (0.08-0.91)

0.034

1.15 (0.69-1.92)

0.58

1.15 (0.56-2.39)

0.70

Major, n(%)

12 (11.1)

2 (3.8)

20 (9.1)

0.32 (0.07-1.41)

0.13

0.82 (0.40-1.67)

0.58

1.28 (0.51-3.26)

0.60

Minor, n(%)

9 (8.3)

1 (1.8)

29 (13.2) 4 (8.2)

0.21 (0.03-1.69)

0.14

1.59 (0.75-3.35)

0.23

0.98 (0.30-3.18)

0.97

30 Days Follow-Up
All Cause Death, n(%)
Cardiovascular Death, n(%)
Cerebrovascular Events

38 (17.3) 6 (12.2)

7 (14.4)
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Depicted are counts (incidence rates %). Hazard Ratios HR (95% confidence intervals [CI]) are from Cox Regressions. MI, myocardial infarction
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Supplemental Table 2. Comparison of pulmonary hypertension subgroups according to
whether LVEDP or PAWP is used.
PH Classification

LVEDP criteria

PAWP criteria

n=176

n=176

No PH, n(%)

52 (29.5)

52 (29.5)

Pre-capillary PH, n(%)

17 (9.7)

20 (11.4)

Post-capillary PH, n(%)

107 (60.8)

104 (59.1)

Isolated, n(%)

85 (48.3)

74 (42.0)

Combined, n(%)

22 (12.5)

30 (17.1)

*Left ventricular end-diastolic pressure and pulmonary artery wedge pressure variables
were simultaneously recorded in 176/433 patients only. LVEDP, left ventricular end-diastolic pressure; PAWP, pulmonary artery wedge pressure.
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Online Supplement Figure Legend
Online Supplement Figure 1. Patient flow as stratefied according to the older left heart
pulmonary hypertension (PH) haemodynamic definitions statified according to the transpulmonic gradient (TPG). The TPG was replaced by the diastolic pressure difference (DPD) for
stratification of left heart PH at the 5th World Symposium on Pulmonary Hypertension held
in Nice 2013.
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ONLINE SUPPLEMENT FIGURE 1.
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ABSTRACT
Purpose. We aimed to assess the impact of B-type Natriuretic Peptide (BNP) on
short-term outcomes in patients undergoing transcatheter aortic valve implantation (TAVI).
Methods and Results. Of 500 consecutive patients with severe aortic stenosis undergoing TAVI at our institution, we studied 340 patients who had a BNP assessment prior to TAVI. Patients were divided into three tertiles - low: BNP ≤201 pg/mL
(n=114), mid: BNP 202-595pg/mL (n=113) and high: BNP ≥596 pg/mL (n=113). Primary endpoint was all cause mortality, cardiac death and major adverse cardiac
and cerebrovascular events (MACCE; death, major stroke and myocardial infarction) at 30 days. Compared with low tertile, high tertile patients were higher risk
(STS score 5.53.0 vs 7.44.1, p=0.002) had smaller valve areas (0.740.21 vs
0.660.23 cm2, p=0.008), higher left ventricular (LV) mass indices (123.4033.66 vs
168.2247.96 g.m-2, p<0.001) and lower LV ejection fractions (61.597.18 vs
42.6515.41%, p<0.001). At 30-days, a significantly higher incidence of death (Hazard Ratio [HR] 7.41, p=0.001) cardiac death (HR 5.82, p=0.006) and MACCE (HR 9.04,
p<0.001) was observed among high as compared with low tertile patients.
Conclusions. In TAVI patients, higher BNP values at baseline are associated with an
increased risk for an adverse event peri-procedurally and after 30 days, respectively.
Key Words: Transcatheter aortic valve implantation, aortic stenosis, haemodynamics
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INTRODUCTION
Transcatheter aortic valve implantation (TAVI) is a disruptive technology that has
transformed the management of inoperable patients with severe symptomatic aortic stenosis.1 It is also a viable alternative to surgical aortic valve replacement
(SAVR) among patients at high operative risk.2 Patient selection is crucial to the
success of this procedure and an important component of this process is appropriate risk assessment.3 To date, risk algorithms used to predict outcomes following
cardiac surgical procedures have been found to largely overestimate the procedural
risk of TAVI due to suboptimal discrimination and calibration.4 Hence, there is an
unmet clinical need for variables that may further help to accurately predict patient
risk. Recent reports have identified a number of baseline variables associated with
mortality in patients undergoing TAVI including low body mass,5 left ventricular dysfunction,6 low-flow, low-gradient severe aortic stenosis,7 chronic obstructive pulmonary disease8 and natriuretic peptides.9, 10 B-type natriuretic peptide (BNP) is released by the heart in response to pressure and volume overload.11 Among patients
undergoing SAVR, BNP was found to predict post-operative survival.12 Whether or
not BNP predicts adverse events following TAVI is controversial.9, 10 Therefore the
aim of this study was to determine whether pre-procedural (baseline; BL) BNP was
associated with adverse clinical outcomes in the short-term following TAVI.

310

Chapter 8
METHODS
Patient Population
We performed a retrospective analysis of prospectively collected data within a dedicated database that included all patients with severe native-valve AS (indexed AVA
[iAVA]) ≤0.6cm2/m2 or MG >40 mmHg), who underwent TAVI at Bern University
Hospital between August 2007 and April 2012 (n=500). All patients were deemed
inoperable or at high surgical risk for conventional surgical aortic valve replacement
by a multidisciplinary team comprising interventional cardiologists and cardiac surgeons. Patient flow is shown in figure 1. Those included in this study were all consecutive patients with symptomatic severe native-valve AS (iAVA ≤0.6cm2 and/or
MG>40mmHg) undergoing TAVI who had a BNP sample taken within 7 days prior
to TAVI (n=340). Patients were subdivided into the following tertiles:
Group 1: low BNP tertile (0 – 201 pg/mL) (n=114)
Group 2: mid BNP tertile (>201 – 595 pg/mL) (n=113)
Group 3: high BNP tertile (>595 pg/mL) (n=113)
BNP Samples
Blood samples for BNP were drawn from the antecubital vein into chilled EDTA acid
test tubes at the time of admission prior to TAVI (mean 1.51.3 days, range 0-7
days; baseline) and on the day of hospital discharge (6.32.8 days post TAVI, range
1-23 days post TAVI). BNP levels were determined at baseline (n=340) and discharge (n=253) from an EDTA blood sample using a chemiluminescent microparticle
immunoassay (CMIA) (ARCHITECT BNP assay, Abbott Laboratories Diagnostics Division, IL, USA).
Transthoracic Echocardiography
Baseline transthoracic 2-dimensional echocardiography was performed using commercially available ultrasound systems (Vivid 7 and E9, GE Medical Systems, Horten,
Norway). Left ventricular (LV) assessment was performed as recommended and LV
mass calculated using the Devereux’s formula and indexed to body surface area.13
Mitral, aortic and tricuspid valve regurgitation were evaluated using spectral and
colour-Doppler images and semi quantitatively graded as mild, moderate and se311
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vere, as recommended.14 Aortic valve area was assessed using the continuity equation and indexed to the body surface area.15 Mean valve gradient was measured
using continuous wave Doppler acquisitions in the apical 5-chamber view.15
TAVI Procedure
TAVI was performed using standard techniques as previously described.16 Vascular access was transfemoral using the Medtronic CoreValve Revalving System
(MCRS) (Medtronic, Inc., Minneapolis, Minnesota) or the Edwards SAPIEN valve
(ESV) (Edwards Lifesciences, Irvine, California), transapical for the ESV or trans-subclavian using the MCRS.
Clinical Follow-up
Adverse events were assessed in hospital, and regular clinical follow-up was performed. All suspected events were adjudicated by an unblinded clinical event committee comprising a cardiac surgeon and interventional cardiologist. Baseline clinical and procedural characteristics and all follow-up data were entered into a
dedicated database, held at an academic clinical trials unit (CTU Bern, Bern University Hospital, Switzerland) responsible for central data audits and maintenance of
the database.
Definitions
Clinical endpoints were defined according to the criteria proposed by the Valve Academic Research Consortium (VARC).17
Study Endpoints
Primary endpoint was all-cause mortality, cardiovascular death and major adverse
cardiovascular and cerebrovascular events (MACCE) (composite of all-cause mortality, major stroke and myocardial infarction) at 30-days. Secondary endpoints included cerebrovascular events (major stroke, minor stroke, transient ischaemic attack) and myocardial infarction at 30-days.
Statistics

Continuous data are presented as means +- standard deviations (SD), and
categorical variables are depicted as percentages and numbers. Categorical
variables were compared by means of the chi-square test (or Fisher’s test
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for two group comparisons), and continuous variables were compared using
ANOVA (or unpaired t-test for two group comparisons). P-values for a trend
across the BNP tertiles were calculated using regression (normally distributed variables), logistic regression (binomial variables) or multinomial regression (categorical variables with three or more categories). BNP was compared before and after TAVI using the paired-samples T-test. Time-tooutcome data are presented using Kaplan-Meier curves, with incidence rates
calculated from life-tables, at 30 days of follow-up, respectively. All p values
and 95% confidence intervals (CIs) are two-sided. Two-sided p values <0..05
were considered statistically significant. All analyses were performed with
STATA (version 12, StataCorp, College Station, Texas).
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RESULTS
Patient Characteristics
Baseline characteristics of the patient population are shown in Table 1. Mean age
was 83.24.8 years and there was an observed trend towards more males in the
high as compared with the mid BNP tertile group. High BNP tertile patients were
significantly taller, lighter and had a lower body mass index as compared with the
low and mid tertile groups. As compared with the low BNP tertile group, mid and
high BNP tertile groups had a significantly higher incidence of previous myocardial
infarction, renal failure, moderate mitral regurgitation, atrial fibrillation, NYHA class
III/IV symptoms and logistic EuroSCORE. High BNP tertile patients also had a higher
incidence of renal failure, moderate mitral regurgitation and higher STS scores as
compared with mid BNP tertile patients. High BNP tertile patients were more likely
to be taking diuretics and betablockers and less likely to be taking calcium channel
blockers and statins as compared with low BNP tertile patients. The mean (standard deviation) BNP values were 95.647.0, 335.2106.9 and 1390.7950.5 pg/mL
in the low, mid and high-BNP tertile groups, respectively.
Transthoracic Echocardiogram Characteristics
The transthoracic echocardiographic characteristics of the patient population are
shown in Table 2. As compared with the low BNP tertile group, high BNP tertile
patients had significantly smaller aortic valve areas, lower LV ejection fractions,
higher LV mass indices and larger LV cavities.
Procedural Characteristics
Procedural characteristics are shown in Table 3. All patients underwent TAVI using
either the Medtronic CoreValve (n=309 [63%]) or Edwards SAPIEN prosthesis
(n=127 [37%]) via the transfemoral (n=309 [91%]), transapical (n=27 [8%]) or
transsubclavian (n=4 [1%]) route. High BNP tertile patients were significantly more
likely to receive the Medtronic CoreValve as compared with low BNP tertile patients. Overall, 29% of patients underwent either staged or concomitant revascularization. Overall device success was 85% and absence of device success was
mainly due to the presence of aortic regurgitation ≥2+ but not owing to a failure to
successfully implant the device.
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Change in BNP Before and After TAVI
A significant reduction in BNP (baseline 538.94701.16 vs discharge 387.89455.58
pg/mL, p<0.0001) was observed following TAVI (figure 2).
Clinical Outcomes
Event rates with hazard ratios (HR) for all major clinical endpoints at 30-days and
12 months are provided in Table 6.
Primary-endpoint at 30-days
As compared with the low BNP tertile group, high BNP tertile patients had a significantly higher incidence of all-cause (hazard ratio [HR] 7.41, 95% confidence interval [CI] 1.68-32.60, p=0.001) and cardiac (HR 5.82, 95% CI 1.29-26.27, p=0.006) mortality at 30 days. In addition, there was a significantly higher incidence of MACCE
among high BNP tertile patients as compared with low BNP tertile patients (HR
9.04, 95% CI 2.09-39.14, p<0.001).
Secondary-endpoint at 30-days
High BNP tertile patients had a significantly higher incidence of cerebrovascular
events (HR 9.57, 95% CI 1.21-75.53, p=0.01), which was largely driven by a higher
incidence of major strokes (HR 8.50, 95% CI 1.06-67.94, p=0.015). No significant
differences in the rates of myocardial infarction were observed between groups.
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DISCUSSION
The main results of this study can be summarized as follows. First, baseline BNP
levels correlated with patient risk profile with high tertile BNP patients having a
higher incidence of previous myocardial infarction, moderate mitral regurgitation,
atrial fibrillation and higher logistic EuroSCORE and STS scores. Second, there were
significant correlations between baseline BNP levels and pre-interventional echocardiographic indices. Patients in the high BNP tertile had smaller valve areas,
higher LV mass indices, larger LV cavity sizes and lower LV ejection fractions on
echocardiography. Third, a significant reduction in BNP was observed following the
TAVI procedure. Finally, high BNP tertile patients had a significantly higher incidence of death, cardiac death, MACCE and cerebrovascular events, including major
stroke at 30 days.
Previous Studies
To date, there have just been two studies assessing the impact of BNP on clinical
outcomes after TAVI and these have shown conflicting results.9, 10 Kefer et al assessed the usefulness of BNP to predict outcomes among 58 patients undergoing
either transfemoral (n=34) or transapical (n=24) TAVI with the Edwards SAPIEN
valve only.9 They found that both baseline and 24 hour BNP were independent predictors of 30-day survival. The present study corroborates these findings in a larger
population of patients undergoing TAVI with both the Edwards SAPIEN valve and
Medtronic CoreValve. In addition, we have further extended these findings by
demonstrating that baseline BNP is also associated with cardiac death, MACCE, cerebrovascular events and major stroke. More recently, Ben-Dor et al reported that
a high BNP level in high-risk patients with severe AS was not an independent marker
for higher mortality but that it did reflect heart failure status.10 However, this study
was limited by the fact that just over one-third of included patients (105/289 [36%])
actually underwent TAVI with the Edwards SAPIEN valve only, with the rest of the
study population undergoing either balloon aortic valvuloplasty (n=127), SAVR
(n=25) or medical therapy (n=32).10 Conversely, all patients in the present larger
study underwent TAVI with either the Edwards SAPIEN or Medtronic CoreValve.

316

Chapter 8
Limitations
First, the present study reports the experience of a single centre only. Second, while
the time interval between BNP sampling and TAVI was ≤7 days (mean 1.51.3 days),
the interval between biomarker sampling and pre-procedureal echocardiography
was considerably longer (22.230.6 days). Third, not all patients undergoing TAVI
during the study time period had a BNP sampled and therefore this is not a consecutive patient series. In addition, not all patients who had a baseline BNP had a discharge BNP. However, all patients who had a discharge BNP had a baseline BNP
available. Finally, BNP levels could be higher in patients with chronic renal impairment.11
CONCLUSIONS
Higher BNP values are associated with elevated pre-procedural risk and poorer LV
function. An elevated baseline BNP is associated with a higher incidence of death,
cardiac death and MACCE at 30-days.
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FIGURE LEGENDS
Figure 1. Patient flow. TAVI = transcatheter aortic valve implantation; SAVR = surgical aortic valve replacement; BNP = B-type Natriuretic Peptide; BL = baseline; DC
= discharge

Figure 2. Mean decrease in B-type Natriuretic Peptide (BNP) following transcatheter aortic valve implantation among the 253 patients with both a baseline and discharge BNP value available.

Figure 3. Kaplan–Meier analysis of death (A), cardiac death (B) and major adverse
cardiovascular and cerebrovascular events (MACCE; composite of death, major
stroke, and myocardial infarction) (C) at 30 days. Low B-Type Natriuretic Peptide
(BNP) tertile = 0 – 201 pg/mL); mid BNP tertile = >201 – 595 pg/mL; high BNP tertile
= >595 pg/mL). TAVI = transcatheter aortic valve implantation.
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Table 1. Baseline Characteristics
Aortic Stenosis
All patients

Low BNP tertile

Mid BNP tertile

High BNP tertile

p-value

N=340

N=114

N=113

N=113

Age (years)

83.2 ± 4.8

82.6 ± 4.9

83.2 ± 4.7

83.6 ± 4.7

0.10

Female gender, n(%)

195 (57%)

69 (61%)

72 (64%)

54 (48%)

0.05

Height (cm)

164.0 ± 8.2

163.5 ± 8.6

162.3 ± 7.5

166.5 ± 8.1

0.02

Weight (kg)

71.3 ± 13.9

74.2 ± 14.3

71.7 ± 13.5

67.7 ± 13.4

0.002

Body Mass Index (kg/m²)

26.7 ± 5.1

27.9 ± 5.5

27.5 ± 4.7

24.5 ± 4.3

<0.001

Body surface area (m²)

1.8 ± 0.2

1.8 ± 0.2

1.8 ± 0.2

1.8 ± 0.2

0.17

Diabetes mellitus, n(%)

91 (27%)

34 (30%)

28 (25%)

29 (26%)

0.48

Hypercholesterolemia, n(%)

207 (61%)

73 (64%)

69 (61%)

65 (58%)

0.32

Hypertension, n(%)

278 (82%)

93 (82%)

95 (84%)

90 (80%)

0.71

Current smoker, n(%)

32 (9%)

8 (7%)

14 (12%)

10 (9%)

0.63

Coronary artery disease, n(%)

215 (63%)

71 (62%)

69 (61%)

75 (66%)

0.52

Multivessel disease

138 (41%)

41 (36%)

43 (38%)

54 (48%)

0.07

Previous myocardial infarction, n(%)

53 (16%)

9 (8%)

19 (17%)

25 (22%)

0.004

Previous coronary artery bypass graft, n(%)

51 (15%)

17 (15%)

19 (17%)

15 (13%)

0.73

Previous percutaneous coronary intervention, n(%)

81 (24%)

31 (27%)

20 (18%)

30 (27%)

0.91

Demographics

Physical Dimensions

Cardiac Risk Factors

Past Medical History
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Previous stroke, n(%)

28 (8%)

7 (6%)

11 (10%)

10 (9%)

0.46

Peripheral vascular disease, n(%)

52 (15%)

21 (18%)

15 (13%)

16 (14%)

0.37

Chronic obstructive pulmonary disease, n(%)

56 (16%)

25 (22%)

19 (17%)

12 (11%)

0.023

Renal failure (GFR<60ml/min/1.73m²)

227 (67%)

60 (54%)

76 (67%)

91 (81%)

<0.001

3 (1%)

2 (2%)

0 (0%)

1 (1%)

0.49

Baseline Valvular Disease
Previous valve surgery, n(%)
Severity Aortic Regurgitation, n(%)

0.29

None

56 (20%)

14 (16%)

26 (27%)

16 (16%)

Mild

199 (70%)

69 (78%)

59 (60%)

71 (71%)

Moderate

31 (11%)

5 (6%)

13 (13%)

13 (13%)

Severe

0 (0%)

0 (0%)

0 (0%)

0 (0%)

Severity Mitral Regurgitation, n(%)

<0.001

None

17 (5%)

8 (7%)

5 (5%)

4 (4%)

Mild

216 (67%)

87 (79%)

77 (71%)

52 (50%)

Moderate

82 (25%)

15 (14%)

22 (20%)

45 (43%)

Severe

8 (2%)

0 (0%)

4 (4%)

4 (4%)

77 (29%)

12 (13%)

37 (39%)

28 (33%)

0.004

42 (12%)

15 (13%)

15 (13%)

12 (11%)

0.56

224 (66%)

61 (54%)

77 (68%)

86 (77%)

<0.001

40 (12%)

15 (13%)

19 (17%)

6 (5%)

0.07

Baseline Cardiac Rhythm
Atrial fibrillation, n(%)
Symptoms
Syncope
New York Heart Association (NYHA) Functional Class
NYHA III/IV, n(%)
Canadian Cardiovascular Society (CCS) Angina Status
CCS III/IV, n(%)
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Risk Assessment
Logistic EuroScore (%)

23.0 ± 13.5

17.0 ± 10.1

21.7 ± 11.8

30.2 ± 14.8

<0.001

STS Score (%)

6.3 ± 4.1

5.5 ± 3.0

6.1 ± 4.7

7.4 ± 4.1

0.001

Aspirin, n(%)

220 (65%)

77 (68%)

73 (65%)

70 (62%)

0.38

Clopidogrel, n(%)

64 (19%)

23 (20%)

21 (19%)

20 (18%)

0.63

Oral anticoagulation, n(%)

91 (27%)

23 (20%)

37 (33%)

31 (27%)

0.22

Diuretic, n(%)

238 (70%)

69 (61%)

82 (73%)

87 (77%)

0.007

Beta-blocker, n(%)

180 (53%)

46 (40%)

69 (61%)

65 (58%)

0.010

ACEi/ARB, n(%)

173 (51%)

62 (54%)

58 (51%)

53 (47%)

0.26

Ca channel blocker, n(%)

54 (16%)

26 (23%)

17 (15%)

11 (10%)

0.008

Statin, n(%)

162 (48%)

65 (57%)

48 (42%)

49 (43%)

0.040

605.7 ± 787.6

95.6 ± 47.0

335.2 ± 106.9

1390.7 ± 950.5

Medications

Laboratory values
Brain Natriurtic Peptide pg/mL

Depicted are means  standard deviations or counts (%). P-values for trend across tertiles using regression (normal-distributed variables), logistic regression (binary variables) or multinomial regression (categorical variables).
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Table 2. Echocardiographic Characteristics
Aortic Stenosis
All patients

Low BNP Tertile

Mid BNP tertile

High BNP tertile

p-value

N = 340

N = 114

N = 113

N = 113

Aortic valve area

0.69 ± 0.21

0.74 ± 0.21

0.66 ± 0.19

0.66 ± 0.23

0.008

Mean Gradient, mmHg

43.41 ± 16.42

44.29 ± 14.27

45.10 ± 16.22

40.97 ± 18.10

0.18

Peak Gradient, mmHg

69.86 ± 25.20

71.78 ± 19.20

71.49 ± 25.88

66.96 ± 27.95

0.26

Aortic velocity, m/s

4.00 ± 0.86

4.06 ± 0.78

4.05 ± 0.81

3.92 ± 0.95

0.36

LV mass index

151.60 ± 46.98

123.40 ± 33.66

148.03 ± 44.73

168.22 ± 47.96

<0.001

LV end systolic diameter

34.59 ± 12.43

26.32 ± 7.73

30.17 ± 6.89

42.51 ± 13.34

<0.001

LV end diastolic diameter

48.94 ± 9.92

43.31 ± 7.67

46.19 ± 7.71

54.14 ± 10.13

<0.001

LVEF

52.79 ± 14.21

61.59 ± 7.18

54.49 ± 11.52

42.65 ± 15.41

<0.001

AS severity

LV Dimensions

Depicted are means  standard deviations or counts (%). P-values for trend across tertiles using regression.
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Table 3. Procedural Characteristics
Aortic Stenosis
All patients

Low BNP tertile

Mid BNP tertile

High BNP tertile

N=340

N=114

N=113

N=113

Access Route

p-value

0.25

Femoral, n(%)

309 (91%)

105 (92%)

105 (93%)

99 (88%)

Apical, n(%)

27 (8%)

9 (8%)

7 (6%)

11 (10%)

Subclavian, n(%)

4 (1%)

0 (0%)

1 (1%)

3 (3%)

Valve Type

0.023

Medtronic CoreValve, n(%)

213 (63%)

62 (54%)

73 (65%)

78 (69%)

Edwards Sapien Valve, n(%)

127 (37%)

52 (46%)

40 (35%)

35 (31%)

Revascularisation

0.59

No revascularisation, n(%)

241 (71%)

81 (71%)

80 (71%)

80 (71%)

Concomitant PCI, n(%)

64 (19%)

20 (18%)

20 (18%)

24 (21%)

Staged PCI, n(%)

35 (10%)

13 (11%)

13 (12%)

9 (8%)

Procedural Specifications

0.80

Device Success, n(%)

290 (85%)

100 (88%)

96 (85%)

94 (83%)

No Device Success: Valve in Series, n(%)

4 (1%)

1 (1%)

2 (2%)

1 (1%)

No Device Success: AR>2, n(%)

44 (13%)

12 (11%)

15 (13%)

17 (15%)

No Device Success: access failure, n(%)

2 (1%)

1 (1%)

0 (0%)

1 (1%)

AR = Aortic Regurgitation; Access Failure = failure of deployment or retrieval. Depicted are means  standard deviations or counts (%). P-values for trend across
tertiles using logistic regression (valve type), or multinomial regression (the other categorical variables).
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Table 4. Clinical Outcomes at 30-days
Aortic stenosis
Low BNP tertile

Mid BNP tertile

High BNP tertile

mid vs low

high vs low

HR (95% CI)

HR (95% CI)
p-value

N=114

N=113

N=113

2 (1.8)

1 (0.9)

14 (13.3)

2 (1.8)

0 (0.0)

1 (0.9)

Major Stroke, n(%)

30 Days Follow-Up
All Cause Death, n(%)

7.41 (1.68-32.60)

0.001

11 (10.8)

5.82 (1.29-26.27)

0.006

0 (0.0)

9 (8.3)

9.57 (1.21-75.53)

0.010

1 (0.9)

0 (0.0)

8 (7.4)

8.50 (1.06-67.94)

0.015

Minor Stroke, n(%)

0 (0.0)

0 (0.0)

1 (0.9)

Transient Ischemic Attack, n(%)

0 (0.0)

0 (0.0)

0 (0.0)

Myocardial infarction, n(%)

0 (0.0)

1 (0.9)

0 (0.0)

All cause death or major stroke, n(%)

2 (1.8)

1 (0.9)

17 (15.9)

0.50 (0.05-5.51)

9.05 (2.09-39.19)

<0.001

All cause death, major stroke, or MI, n(%)

2 (1.8)

2 (1.8)

17 (15.9)

1.00 (0.14-7.13)

9.04 (2.09-39.14)

<0.001

Cardiovascular Death, n(%)
Cerebrovascular Events

0.50 (0.05-5.52)

0.67

0.67

Depicted are counts (incidence rates % from life-table estimates). Hazard Ratios (HR) (95% confidence intervals [CI]) for time-to-event data with pvalues for trend across tertiles, except minor stroke and myocardial infarction with p-value from Fisher’s exact test.
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FIGURE 1.
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FIGURE 2.
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FIGURE 3.
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CONCLUSION
Severe aortic stenosis (AS) is one of the most common valvular diseases affecting
patients in western industrialized countries and is the most common valvular lesion
referred for surgical intervention.1 Severe AS is associated with a dismal prognosis
once symptoms develop.1,2 The overall mortality rate of patients with severe AS
treated with medication alone is 50% at 1-year and 94% at 5-years.2,3 The only effective treatment for severe AS is the mechanical removal of the left ventricular
outflow tract obstruction.1 Until recently, the only effective means of achieving this
was by surgical aortic valve replacement (SAVR) using general anaesthetic and cardiopulmonary bypass. However, up to one third of patients with severe symptomatic AS are not eligible for SAVR owing to multiple co-morbidities.4 Following the
seminal work of Andersen and colleagues in pigs, the first-in-man transcatheter
aortic valve implantation (TAVI) was successfully performed by Cribier and colleagues in 2002.5,6 This new transcutaneous procedure, in which a biological valve
is inserted via a major artery or directly through the heart apex (transapical TAVI)
and implanted in the aortic valve orifice, does not require cardiopulomonary bypass
or a stenotomy and can even be performed without general anaesthesia.7 Data
from large scale multicenter randomized controlled trials have demonstrated TAVI
to be superior to standard medical therapy among inoperable patients, and either
non-inferior or even superior among high-risk patients with symptomatic severe
AS.3,8,9 Consequently, TAVI is indicated in high-risk or inoperable patients with severe symptomatic AS only, although data is accumulating to suggest that TAVI may
also be suitable for lower and intermediate risk patients.10
Patient Selection for TAVI
Appropriate patient selection is critical to the success of TAVI and must take into
consideration several clinical and anatomical factors.11 Clinical factors include a
careful assessment of symptomatic status, AS severity and patient risk profile.11 Anatomical elements include a comprehensive assessment of the peripheral vessels,
aorta, aortic annulus, left ventricular outflow tract and left ventricle.11 The present
dissertation focused predominantly on identifying clinical variables that may help
improve risk stratification of patients being considered for TAVI. We investigated
the merits of performing TAVI among patients with low-flow, low-gradient severe
AS with either preserved or reduced ejection fraction12,13 and assessed the role of
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biomarkers (specifically, B-type natriuretic peptide) in predicting mortality following TAVI.14,15 We also investigated the impact of coronary artery disease (CAD) severity,16,17 mitral regurgitation18 and pulmonary hypertension19 on clinical outcomes after TAVI.
Low-flow, Low-gradient Severe AS and TAVI
Severe AS can be stratified into 3 subtypes: 1. high-gradient severe AS (HGAS), 2.
paradoxical low-flow, low-gradient, severe AS (PLF-LG) and 3. low ejection fraction,
low-gradient (LEF-LG) severe AS.1 There is an ongoing debate as to whether PLF-LG
represents a true severe form of AS.20,21 We found that symptomatic patients with
PLF-LG severe AS functionally improved after TAVI, suggesting that symptomatic
patients with PLF-LG should be considered for TAVI.12 Patients with LEF-LG severe
AS are the highest risk group of patients to undergo conventional SAVR and are a
challenging patient subgroup to manage.22-24 Previous studies have shown that patients with LEF-LG severe AS have a high perioperative mortality when undergoing
conventional SAVR (up to 33%), but a dismal outcome when managed conservatively.22-24 We found TAVI in LEF-LG or PLF-LG severe AS patients to be associated
with overall mortality rates comparable with HGAS and that all patients profited to
a similar extent.12 Patients with LEF-LG severe AS have a high prevalence of moderate to severe mitral regurgitation (MR) (up to 50%) but the clinical implications
of MR among patients with LEF-LG severe AS are unclear.25 We compared the clinical outcomes of LEF-LG patients with mild or less MR with moderate or severe MR
undergoing TAVI or medical therapy.18 We observed that moderate or severe MR
was a strong independent predictor of late mortality in LEF-LG patients undergoing
TAVI.18 However, LEF-LG patients assigned to medical therapy have a dismal prognosis independent of MR severity suggesting that TAVI should not be withheld from
symptomatic patients with LEF-LG severe AS even in the presence of moderate or
severe MR.18
The optimal treatment modality (i.e. TAVI, SAVR or medical therapy) for the treatment of patients with LEF-LG severe AS is unclear. Furthermore, patients with LEFLG severe AS have a high prevalence of concomitant CAD but the optimal revascularization strategy (i.e. percutaneous coronary intervention versus coronary artery
bypass grafting) among these patients is unknown. We therefore assessed the clinical outcomes and revascularization strategies in patients with LEF-LG severe AS according to the assigned treatment modality.13 We found that among LEF-LG severe
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AS patients, SAVR and TAVI improved survival compared with MT, although SAVR
patients had a significantly lower risk profile.13 CAD severity was associated with
worse outcomes and incomplete revascularization predicted 1-year cardiovascular
mortality among TAVI and SAVR patients.13
Biomarkers and Prediction of Adverse Events after TAVI
BNP is released by the heart in response to pressure and volume overload. Among
SAVR patients, BNP was found to predict postoperative survival.14,15 We aimed to
determine whether pre-procedural BNP was associated with adverse clinical outcomes after TAVI. We observed a significantly higher rate of death, cardiovascular
death and major adverse cardiac and cerebrovascular events (MACCE; composite
of death, major stroke and myocardial infarction) among high BNP tertile patients
as compared with low BNP tertile patients at both short and long term followup.14,15
Coronary Artery Disease and TAVI
CAD is present in 40-70% of patients undergoing TAVI and therefore, the appropriate treatment of concomitant CAD is an important consideration in the overall management of patients selected for TAVI.17 We investigated the impact of CAD severity
using the Syntax Score (SS) on clinical outcomes after TAVI.16 TAVI patients were
dichotomized according to CAD severity using the SS into low (SS0-22) and high
(SS>22) CAD severity groups.16 We observed that patients with high SS had higher
rates of cardiovascular mortality as compared with patients with no CAD.16 We also
found that patients with unrevascularized CAD following TAVI had worse clinical
outcomes.16 We observed that a residual SS >14 was an independent predictor for
the composite endpoint of cardiovascular death, stroke and MI at 1 year.16
Pulmonary Hypertension and TAVI
Pulmonary hypertension (PH) also frequently co-exists with severe AS (10-42%).25
PH severity is associated with worse clinical outcomes after both TAVI and SAVR.
However, PH is a heterogenous entity and 3 hemodynamic PH subtypes can be observed using invasive hemodynamic measurements i.e. precapillary PH, isolated PH
and combined PH.26 We observed that patients with isolated PH had overall 1 year
mortality rates similar to patients without PH, whereas patients with precapillary
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PH and combined PH at significantly higher 1 year mortality rates.19 Pulmonary artery pressures significantly decreased and right ventricular function significantly improved among patients with isolated and combined PH, but not among patients
with precapillary PH.19 The invasive stratification of PH according to hemodynamic
presentation therefore predicts acute response to treatment and 1-year mortality
after TAVI.19
Future Potential of the Research Area
The main developments over the next few years will be further refinement in patient selection, improvements in transcatheter heart valve and delivery system design and a controlled dissemination of the procedure to intermediate and possibly
even low risk patients with symptomatic severe AS. Antiplatelet and anticoagulation strategies following TAVI will need to be further refined, which will hopefully
lead to a reduction in the rate of cerebrovascular events following TAVI. Furthermore, novel device based strategies, such as the Claret device, may lead to further
reductions in the rate of periprocedural strokes.27 The treatment of bicuspid aortic
valves and primary aortic regurgitation remain relative contraindications for TAVI.
Preliminary data suggest TAVI may be feasible in patients with BAV and the next 5
years will see the role of TAVI in such patients further clarified.28 Patient selection
will become more streamlined with a much greater understanding of the effect of
comorbidites on clinical outcomes after TAVI. The optimal management for concomitant CAD will be further delineated. There are 2 prospective, multicentre randomized controlled trials that aim to include patients with obstructive CAD requiring revascularization and will compare SAVR with and without CABG versus TAVI
with and without PCI. The Surgical Replacement and Transcatheter Aortic Valve Implnation (SURTAVI) trial (NCT01586910) is a prospective, multicenter, randomized
trial comparing the safety and efficacy of SAVR vs TAVI with the Medtronic
CoreValve System in patients deemed to be of intermediate surgical risk (STS score
≥4% and ≤10%). All patients will undergo a heart team evaluation, which will include
an assessment for obstructive CAD and need for revascularization. If there is significant CAD with a need for revascularization, the patient will be randomized to
either TAVI + PCI or SAVR + CABG. The patient will be randomized to either TAVI or
SAVR alone in the absence of a need for revascularization. Up to 2500 patients are
anticipated to be enrolled in the trial and follow-up will be continued for up to 5
years. Important exclusion criteria include a SYNTAX score >22 and unprojected left
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main stem disease. The PARTNER 2A trial (NCT01314313) is a prospective, multicenter, randomized trial, which aims to compare the safety and efficacy of SAVR
versus TAVI with the Edwards Sapien XT transcatheter heart valve in intermediate
risk patients. Up to 2000 intermediate risk patients will be enrolled. Patients with
CAD requiring revascularization will be randomized to undergo TAVI and PCI or
SAVR and CABG with the exact timing of the PCI left to the operator. Important
exclusion criteria are patients with a SYNTAX Score >32 or unprotected left main
stem disease. The SURTAVI and PARTNER II trials will provide important information
on 2 ongoing vexing issues i.e. the role of TAVI in intermediate risk patients and the
optimal revascularization strategy for patients with severe AS and concomitant
CAD. The percutaneous coronary intervention prior to transcatheter aortic valve
implantation: a randomized controlled trial (ACTIVATION) trial will be the first randomized trial to address the impact of coronary revascularization by PCI for significant CAD prior to TAVI.29 The study will randomize 310 patients with severe AS and
at least one proximal coronary stenosis of ≥70% to undergo PCI and TAVI vs. TAVI
alone. The endpoints will include 30-day and 1-year mortality and re-hospitalization.29
Essentially, the reduction of procedural complications such as paravalvular regurgitation, major vascular complications, cerebrovascuar events and conduction abnormalities will likely be accompanied by a commensurate uptake of this transformative procedure in low and intermediate risk patients. However, any uncontrolled
application of TAVI to younger lower risk patients should be avoided in the absense
of evidence-based data. The optimal antiplatelet and/or anticoagulation strategy
following TAVI will also be better delineated.
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