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1
INTRODUCTION

THE AORTIC VALVE

The aortic valve separates the left ventricle outflow tract from the aorta. Behind the three 

semilunar shaped cusps of the aortic valve are dilated pockets of the aortic root, called 

sinuses of Valsalva. The right coronary sinus gives rise to the right coronary artery, the left 

coronary sinus gives rise to the left coronary artery. The commissures are the areas where 

attachments of the two adjacent cusps to the aorta meet. Opening and closure of the 

aortic valve is a passive, pressure driven mechanism. Tissue of the aortic cusps is stretched 

via backpressure in diastolic phase with elongation and stretching of elastin. In the systolic 

phase, recoil of elastin ensures relaxation and shortening of the cuspal tissue. Optimal 

functioning of the valve requires perfect alignment of the three cusps.1

AORTIC VALVE STENOSIS

Obstruction of the left ventricle outflow can occur at subvalvular level, supravalvular level or 

valvular level.2 Aortic valve stenosis is left ventricle outflow obstruction at valvular level. In 

industrialized countries, aortic stenosis is the most common lesion among patients referred 

for treatment of valvular disease3. Age-related degenerative calcified aortic stenosis is the 

most common cause of aortic stenosis in adults in North America and Western Europe. 

The prevalence of calcified aortic stenosis is estimated at 2 % of people 65 years of age, 

increasing to 3-9% after the age of 80 years4, 5.

Aortic stenosis is assessed by estimating the mean systolic pressure gradient and aortic 

valve area (AVA). The normal aortic valve area is 3-4 cm2. A valve area of <1 cm2, a mean 

gradient greater than 40 mm Hg, or jet velocity greater than 4.0 m per second implies 

severe aortic stenosis The valve area may decrease by as much as 0.12 ± 0.19cm2 per year6. 

In late stages of severe aortic stenosis, cardiac output declines due to systolic dysfunction 

of the left ventricle, with a decline in the transvalvular gradient.

HEMODYNAMIC ALTERATIONS IN AORTIC VALVE STENOSIS

Severity of outflow obstruction gradually increases in aortic valve stenosis7. Left ventricular 

output is maintained by adaptation of the increasingly hypertrophic left ventricle. This 

compensational mechanism is thought to normalize the left ventricle wall stress. Left 

ventricular hypertrophy in combination with the prolonged systolic phase of the cardiac 

cycle results in increased myocardial oxygen demand. The mismatch between oxygen 

demand and supply is the one of the main mechanism for angina in aortic stenosis. As 

the stenosis progresses, the left ventricle becomes less compliant with subsequent limited 

preload reserve. Eventually, the left ventricle will decompensate with a decline in cardiac 

output and rise in pulmonary artery pressure. Aortic valve stenosis induces a compensatory 

increase in left ventricular mass to counteract the resistance to cardiac outflow induced 
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by the reduction in valve area8. This compensatory change in the structure of the left 

ventricle leads to several physiological and pathological alterations in coronary and left 

ventricular hemodynamics9, which are associated with coronary microvascular dysfunction, 

and, consequently, impaired clinical outcome. The increase in left ventricular mass, induces 

an increase in myocardial oxygen demand, is adversely accompanied with capillary rarefac-

tion, and moreover, with ventricular strain and increased compression of the intramural 

microcirculation. Autoregulation increases resting myocardial blood flow in response to the 

increase in left ventricular mass and increase in oxygen demand. The precise underlying 

pathophysiologic mechanism of coronary microvascular dysfunction in AS, and importantly, 

its potential reversibility, remains unclear.

CLINICAL PRESENTATION

Symptoms of degenerative aortic stenosis manifest with progression of the disease. The 

first symptoms usually commence in the seventh or eight decade. Symptoms are typically 

noted on exertion. Dyspnea on exertion is the most common encountered first symptom. 

Other symptoms are angina, precipitated by exertion and relieved by rest, syncope and 

heart failure. 

PROGNOSIS

Aortic valve stenosis has a severe prognosis when any symptoms are present, with survival 

rates of only 15–50% at 5 years. Strongest predictors of poor outcome in the elderly 

population are high New York Heart Association (NYHA) class (III/IV), associated mitral 

regurgitation and left ventricular dysfunction. Survival is only 30% at 3 years with the 

combination of these three factors.

TREATMENT

No medical treatment has proven to delay the progression of aortic stenosis. Surgery is 

inevitable for symptomatic patients. The first cardiac valve surgery under direct vision was 

an aortic valve replacement, performed in 1960 by dr. Dwight Harken.The aortic valve was 

replaced by a caged ball valve, which became the standard for aortic valve replacement.

A total of more than 70 different mechanical aortic valve models have been introduced in 

aortic valve replacement and implanted in humans in the past 5 decades. The mechanical 

prostheses can be divided into 3 large groups: the first generation of ball valves, second 

generation of tilting-disc valves, and the last generation of bileaflet valves. Mechanical 

prosthesis are extremely durable but require continuous use of anticoagulants. Biological 

valves include homografts and autografts, as well as stented bioprostheses. Stented bio-

prostheses are constructed of porcine valves or bovine pericardium sewn onto an artificial 

stent
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TRANSCATHETER AORTIC VALVE IMPLANTATION

For patients with severe aortic valve stenosis, considered inoperable or high-risk for sur-

gery, transcatheter aortic valve implantation (TAVI) is a firmly established minimal invasive 

treatment option. In TAVI, a bioprosthetic valve anchored in a balloon- or self-expandable 

frame, is implanted over the native valve, using a catheter. Often, prior to implantation a 

balloon aortic valvuloplasty is performed under rapid ventricular pacing (160-220 bmp). The 

prosthesis is implanted under fluoroscopic guidance. In 2002, the first transcatheter aortic 

valve implantation was performed by Dr. Alain Cribier in Rouen, France10, 11. A transseptal 

antegrade approach was used for aortic valve insertion in the first cases, later followed by 

a retrograde approach, with a successful delivery in 90% of cases12, 13. In 2005, gradual 

expansion of treatment with the two initial prostheses, the balloon-expandable Edwards 

SAPIEN valve (Edwards Lifesciences, Irvine, CA, USA) and the self-expanding Medtronic 

CoreValve™ (Medtronic, Minneapolis, MN, USA),  followed14-17. The safety and efficacy of 

the Edwards SAPIEN and the Medtronic CoreValve were established through well-designed 

randomized control trials (RCT). The Placement of Aortic Transcatheter Valves (PARTNER) 

trials showed non-inferiority of TAVI compared to surgical aortic valve replacement in high 

risk patients and superiority compared to conservative management, including balloon 

valvuloplasty18, 19. Since these first TAVI trials, the technology has been embraced and the 

number of procedures has expanded rapidly. 

Various approaches for TAVI have emerged: the retrograde transcatheter route (trans-

femoral, -subclavian, -axillary), the directly aortic approach, via a ministernotomy and the 

antegrade transapical route, via a mini lateral thoracotomy. Currently, the retrograde trans-

femoral approach is the most frequently exploited and least invasive technique and can 

be performed under local or general anesthesia. Tortuosity and minimal vessel diameter of 

the peripheral artery tract can preclude this approach, therefore valid alternatives are the 

transapical approach, first described in 200622 or the transaortic approach as described 

with the CoreValve 23, or with the Edward Sapien 24. 

The initial exploratory studies evaluated TAVI procedures, outcomes, complications and 

predictors of adverse outcomes, all in their own manner. After the first experience, 

postoperative complications, management and long-term outcomes became subject of 

debate. Although on all-cause mortality TAVI proved to be non-inferior to surgical aortic 

valve replacement, TAVI was traditionally associated with a higher incidence of vascular 

complications and echographically determined postprocedural paravalvular regurgitation 

as compared to conventional cardiac surgery11, 25. Therefore, both complications have 

been introduced as the “Achilles heel” of TAVI procedures. A major breakthrough in the 

research field was the consensus document of the Valve Academic Research Consortium 

(VARC) in 201126 with a revision in 2012 (VARC 2)27. The VARC comprises an independent 

collaboration between US and European Academic Research organizations and cardiology 

and cardiac surgery societies. Their consensus criteria were developed to unify reporting, 
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and improve comparability and interpretability of study results. Since 2012 TAVI has been 

incorporated into the international guidelines for treatment of severe symptomatic aortic 

valve stenosis20, and has evolved towards the routine therapy for patients unsuitable for 

surgery or with high-operative risk. More than 200.000 procedures have been performed 

worldwide21, with progressive advancement in technique and in technology of the avail-

able devices.

AIMS AND OUTLINE OF THE CHAPTERS

The aim of this thesis is to provide insight in the pathophysiology of aortic stenosis and 

the effects of transcatheter aortic valve implantation on clinical outcomes of patients, 

as well as the hemodynamic effect on left ventricular and coronary physiology. The pre-

operative considerations will be discussed (Section I). The intraoperative considerations 

of transcatheter aortic valve implantation are evaluated. More insight is provided on the 

patholophysiology of aortic valve stenosis and the immediate effect of transcatheter aortic 

valve implantation on the left ventricular and coronary hemodynamics in section III. Section 

IV reviews postoperative en future considerations in TAVI.

Section I PREOPERATIVE CONSIDERATIONS

In Chapter 2 the effect of imaging for the approach selection of Transcatheter aortic valve 

implantation is discussed. Concomitant mitral regurgitation is common in patients with 

severe aortic valve stenosis. In Chapter 3 we analyze the clinical course of mitral regurgita-

tion and assessed its influence on survival and clinical status after TAVI.

Section II INTRAOPERATIVE CONSIDERATIONS

TAVI by transfemoral approach is performed under general anesthesia in the majority 

of centers. Chapter 4 reports the safety and feasibility of transfemoral TAVI procedures 

under local anesthesia. The predictors and prognostic value of myocardial injury during 

transcatheter aortic valve implantation are discussed in Chapter 5. 

Section III PERIPROCEDURAL PHYSIOLOGICAL CONSIDERATIONS & IMPLICATIONS

In Chapter 6 we sought to provide insight in alterations of the microvasculature in aortic 

stenosis and the immediate effect of TAVI. The alterations in coronary hemodynamics are 

comprehensively assessed by simultaneous intracoronary pressure and flow assessment 

during resting conditions and hyperemia. The impact of aortic valve stenosis on coronary 

hemodynamics and the instantaneous effect of transcatheter aortic valve implantation is 

studied. In Chapter 7 we try to understand the reasons behind angina symptoms despite 

unobstructed coronary arteries in aortic stenosis.  A detailed appreciation of the alteration 
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1
in coronary hemodynamics due to aortic valve stenosis, and the immediate effect of relief 

of the stenosis on coronary physiology is studied. Chapter 8 described the alterations in left 

ventricular hemodynamics due to aortic valve stenosis, and the immediate effect of relief 

of the stenosis on left ventricular hemodynamics.

Section IV: POSTOPERATIVE AND FUTURE CONSIDERATIONS

Chapter 9 evaluates the considerations for the pathologist, and the autopsy after transcath-

eter aortic valve implantation. Chapter 10 Describes the current situation of transcatheter 

aortic valve implantation and a new prosthesis that has been assessed. Chapter 11, finally, 

presents an overview of the current status of development of TAVI-prostheses; it describes 

the technical features and applicability of each device and the clinical data available. 
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ABSTRACT 

The choice of preferred access route for transcatheter aortic valve implantation (TAVI) is 

mainly guided by the minimal aorto-femoral tract diameter. Currently, projection angiogra-

phy (XA) and CT-angiography (CTA) are used interchangeably to assess this diameter in the 

TAVI work-up. We aimed to assess the agreement of XA and CTA diameter measurements 

in TAVI candidates. Diameters of 700 aorta-iliac segments of 102 TAVI candidates were 

analyzed on both XA and CTA. The diameters on XA were measured manually, for the 

CTA-based analysis semi-automated segmentation software was used. Paired sample T 

test was used to evaluate differences in diameter measurements between the modalities. 

Disagreement on the suitability for a transfemoral (TF)-TAVI approach was identified. The 

interobserver agreement for both measurements was assessed by calculating the intraclass 

correlation coefficient (ICC). The average diameters were 10.1 ± 1.8 mm and 8.4 ± 1.7 for 

XA and CTA respectively. The mean paired difference was 1.73 mm (p < 0.001). For 18 pa-

tients (17.6 %) diameters measured on CTA images, were bilaterally less than 6 mm, whilst 

XA indicated a minimum diameter exceeding 6 mm. For both modalities, the interobserver 

agreement was excellent (ICC 0.95). Diameters measured semi-automatically on CTA were 

statistically significantly smaller compared to XA. This should be acknowledged in the 

work-up for selecting the most appropriate approach for TAVI. In our population 17.6 % 

of patients would have been denied a transfemoral TAVI based on CTA measurements, 

whilst XA suggested diameters sufficient for a TF approach.
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INTRODUCTION

For patients with high or prohibitive risk for conventional aortic valve replacement trans-

catheter aortic valve implantation (TAVI) has become the treatment of choice [1–4]. Cur-

rently more than 50.000 procedures have been performed worldwide [5, 6] the application 

of TAVI is expanding [7]. At present, 4 different approaches have been described; the 

most frequently applied transfemoral route, the transapical [8], transsubclavian [9], and 

transaortic [10] approach.

Patient and approach selection is crucial for successful outcomes after TAVI [11–13]. TAVI 

candidates are extensively screened to ensure appropriate patient selection, anatomical 

eligibility, and to optimize procedural success. A transfemoral access might be jeopar-

dized by poor vessel quality or small diameter in the aorto-femoral tract. Both the balloon 

expandable Edwards Sapien and the self expandable Medtronic Corevalve, the two TAVI 

systems with world-wide clinical application, are delivered retrograde during a transfemoral 

approach. The Corevalve is delivered through an 18 French (Fr) sheath, the earlier Sapien 

valves are delivered through a 22 Fr sheath for the 23-mm valve and a 24 Fr sheath for the 

26-mm valve. Currently, a 16 Fr eSheath may be used with the 23 mm SAPIEN XT, an 18 

Fr eSheath with the 26 mm SAPIEN XT and a 20 Fr eSheath may be used with the 29 mm 

SAPIEN XT transcatheter valve. The 18 Fr sheath requires a minimal arterial diameter of 6 

mm of the aorto-femoral tract for prosthesis delivery.

The main limitation for a transfemoral approach is the arterial diameter, while tortuosity 

and calcification also have been described as important determinants for the selected route 

[14, 15]. Currently, besides a minimal diameter larger than 6 mm, no clear guidelines for 

the assessment of femoral access suitability are set with respect to imaging modalities 

for tortuosity and calcification. In daily clinical practice, the segment with the smallest 

diameter is selected by visual estimation, and subsequently measured for transfemoral 

suitability.

In our institution, screening for TAVI includes a selective coronary and preferably an aortic 

angiography including the iliacofemoral tract. In addition to conventional angiography 

(XA), computed tomography (CTA) is routinely performed prior to TAVI, which offers a 

more detailed 3D image of the arterial calcification and vessel tortuosity [16, 17].

Currently, no gold standard for imaging modality to measure the vasculature diameters 

has been introduced. Conventional angiography of the aorta, iliac and femoral arteries 

has been described as a first screening modality to determine potential suitability for 

transfemoral TAVI [18]. However, to date XA and CTA are used interchangeably [19] for a 

detailed evaluation of aorto-femoral tract suitability.
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OBJECTIVE

The goal of this study is to quantitatively assess potential differences in aorto-iliac tract 

diameter measured by XA and CTA in TAVI candidates.

METHODS

All patients considered unsuitable for surgical AVR and eligible for TAVI underwent a sys-

tematic screening program. Between November 2008 and March 2012, 250 consecutive 

patients underwent a TAVI at our institution (Medtronic-CoreValve prosthesis transfemoral 

n = 131; Edwards SAPIEN prosthesis transfemoral n = 32, transapical n = 69, transaortic 

n = 18). The screening process prior to TAVI includes both CTA and XA imaging of the 

aorto-iliofemoral tract. All CT-scans were performed on the same Philips Brilliance 64 slice 

CT scanner scan; parameters were 120 kv, matrix 512, convolution kernel B. The chest, 

abdomen and pelvis were scanned using one bolus of 120 ml contrast Iomeron 400, 

intravenously infused at a rate of 5 ml/s. The angiograms were performed using either 

the monoplane angiographic C-arm Integris or Allure system (Philips Healthcare, Best, the 

Netherlands). Angiography of the descending aorta was performed from the diaphragm 

to the bifurcation and angiography, angiography of the femoral-iliac vasculature bilateral 

to the head of the femur. 20 ml Hexabrix 320 contrast was infused at a rate of 20 ml/s.

Reasons to deviate from this extensive screening included emergency procedures, severe 

renal dysfunction, and contrast allergy. Both preprocedural angiography and computed to-

mography were available for 174 patients. Images with insufficient contrast to adequately 

perform all measurements as well as images performed at other hospitals were excluded. 

For only 102 patients bilateral XA imaging of the aorto-iliofemoral tract was available, 

which were all included for analysis. The Institutional Review Board granted approval of 

the study design and waived informed consent since solely data obtained in the context of 

clinical care is utilized.

The aortoiliac tract was manually divided in seven segments; the distal aorta, the proximal 

and distal common iliac artery bilaterally, and the external iliac artery bilaterally. Within 

each segment, the diameter was measured at the location of the visually estimated smallest 

diameter. The diameters were compared both on a segment-by-segment basis as well as 

the total of all aortoiliac tract segments of each patient. In addition to these measurements, 

the maximum circular diameters of the left and right external iliac artery were measured on 

both modalities at chosen fixed positions of 25mm distal from the bifurcation.

The image processing and analysis program Image-J (ImageJ, 1.46 F U.S. National Institutes 

of Health, Bethesda, Maryland, USA) was used to analyse the angiograms. A marked pig-

tail was used to calibrate the images (Fig. 1). In case of an unmarked pigtail, QCA analysis 
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(QCA-CMS 6.0, Medis, Leiden, the Netherlands) was used to measure the vessel diameter 

using the width of the unmarked pigtail for calibration. CTA images were analyzed with 

3mensio software (3mensio Structural Heart version 5.2, 3mensio Pie Medical Imaging, 

Maastricht, the Netherlands) (Fig. 2) with a centerline based method. Two centerlines 

of the left and right trajectory were automatically calculated after placement of three 

seed points. These centerlines were visually inspected, critically evaluated, and manually 

adjusted if necessary. Subsequently, the arterial lumen was visualized perpendicular to the 

centerline. The diameter was defi ned as the maximum circular diameter within the lumen 

in this perpendicular plane. Calcifi cations are known to cause diffi culties in (automated) 

diameter assessments [20]. In our analysis, the maximum circular diameter was visually 

inspected. In case of errors due to blooming artifacts caused by calcifi cations, or other 

errors, the maximum circular diameter was manually corrected.

Fig. 1 Projection angiography of the iliacofemoral tract. Marks: diameters measured using image J

To assess the potential impact of an image modality on clinical treatment selection, we 

identifi ed all cases in which the two modalities disagreed on suitability for the TF approach. 

Unsuitability for the TF approach is generally defi ned as bilateral vessel diameters less than 

6 mm, as previously described [12].
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The difference between XA and CTA measurements was evaluated with the paired sample 

T-test. Bland–Altman analysis was adopted to indentify possible dependency of the dif-

ference between both modalities on the mean. A possible relation of the discrepancies 

was investigated by regression analysis. We assessed the interobserver agreement of all 

measurements for both imaging modalities using the intraclass correlation coeffi cient. 

Statistical signifi cance was defi ned as P < 0.05.

Fig. 2 Computed tomography of iliacofemoral tract, analyzed using 3mensio centreline based 
measurements

RESULTS

The aorto-iliac tract diameters on angiographic and computed tomography images of 

102 patients (mean age 81.4 years, 34%male) were measured. Baseline characteristics of 

the population are shown in Table 1. Sevenhundred prospectively collected iliacofemoral 

segments were analyzed on both XA and CTA. Minimal diameters measured on CTA as 

measured on 3mension software were on average 1.7 ± 2.0 mm smaller (p <0.001) than 

the XA measurements (Fig. 3). 
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Table 1: Baseline clinical characteristics (n=102)

Total

(n = 102)

Patient data

Age, yrs 81.4 ± 6.9

BMI, kg/m2 27.3 ± 5.2

Male gender 35 (34.0)

Clinical history

Hypertension 45 (44.1)

Diabetes 26 (25.4)

Hypercholesterolemia 23 (22.5)

Prior myocardial infarction 21 (20.5)

Prior PCI 33 (32.4)

Prior CABG 12 (11.8

Prior stroke 8 (8.0

Peripheral arterial disease 22 (21.0

COPD 31 (30.4

Renal insufficiency 33 (32.5)

Liver cirrhosis 1 (1)

Prior neoplasia 24 (23.5)

Atrial fibrillation 23 (22.5)

Prior pacemaker 4 (3.9)

NYHA class ≥ 3 65 (63.7)

Preprocedural hospitalization 14 (13,7)

Logistic EuroSCORE 17.9 ± 12.1

STS score 5.2 ± 3.1

Preprocedural echocardiographic variables

LVEF ≤ 40% 19 (18.6)

AVA, cm2 0.76 ± 0.22

Indexed EOA, cm2/m2 0.41 ± 0.12

AVPG max, mmHg 77.0 ± 23.7

AVPG mean, mmHg 49.3 ± 21.1

Annulus diameter, mm 21.2 ± 1.7

AR grade ≥ 2 20 (19.6)

MR grade ≥ 3 7 (6.9)

TR grade ≥ 2 22 (21.6)

PAP, mmHg 40.9 ± 13.6

Values are n (%) or mean ± SD. BMI, body mass index; PCI, percutaneous coronary intervention; 
CABG, coronary artery bypass graft; COPD, chronic obstructive pulmonary disease; NYHA, New 
York Heart Association; STS, society of thoracic surgeons; LVEF, left ventricular ejection fraction; 
EOA, effective orifice area; AVPG, aortic valve pressure gradient; AR, aortic regurgitation; MR, mitral 
regurgitation; TR, mitral regurgitation, PAP, pulmonary artery pressure.



30 Chapter 2

study the diameters were determined at specific reference

locations instead of the position of the minimal diameter.

Patient and treatment selection is of crucial importance

for a successful TAVI [12]. The arterial vasculature is key

element in assessing eligibility for transfemoral TAVI [14].

With the persistent trend toward minimally invasive pro-

cedures, such as TAVI, imaging is simultaneously

becoming increasingly important. This study suggests

caution when using multiple imaging modalities; imaging

cannot be blindly relied upon since different modalities

result in different measurements and may even result in

selecting a different of approach for TAVI procedures. The

discrepancy in measurements as presented in this study has

serious clinical implications: for 17.6 % (18 patients) of

our study population, CTA measurements showed bilateral

minimal diameters under 6 mm whilst XA measurements

exceeded this threshold. For these cases, XA and CTA

disagreed on the suitability of a TF trajectory for the TAVI

procedure. Of these 18 patients, 16 patients were planned

for transfemoral TAVI. In one patient, a planned peripro-

cedural predilatation of the femoral artery was performed.

A transfemoral transcatheter aortic valve was successfully

implanted through femoral route in 15 patients, transapical

in one patient, and transaortic in one patient. Closure

device failure occurred in 2 patients. One patient was

converted from a transfemoral to a transapical approach

due to dissection of the femoral artery.

Fig. 3 Bland-Altman analysis: difference between angiographic

measurements and CT based measurements 2 measurement modal-

ities versus the average measurements in mm. Linear regression

r2 = 0.019

Table 2 The mean paired difference in minimal diameter over the

number of patient for each segment

Segment Paired differences (mm) Sig.

Mean SD 95 % CI of

difference

Lower Upper

Distal Aorta XA-CT 1.85 2.39 1.38 2.31 \0.001

L Common Iliac A.

XA-CT

2.20 2.15 1.78 2.62 \0.001

R Common Iliac A.

XA-CT

1.78 1.79 1.43 2.13 \0.001

L distal common iliac A.

XA-CT

1.96 2.18 1.52 2.39 \0.001

R distal common iliac A.

XA-CT

1.60 2.30 1.14 2.05 \0.001

L proximal femoral A.

XA-CT

1.42 1.41 1.13 1.72 \0.001

R proximal femoral A.

XA-CT

1.29 1.41 1.01 1.57 \0.001

25 mm XA-CT L 2.28 1.29 1.80 2.75 \0.001

25 mm XA-CT R 2.55 1.72 1.93 3.16 \0.001

Table 3 discrepancies in bilateral vessel diameter under and above

6 mm on computed tomography vs projection angiography

Min ØXA\6 mm Min ØXA C6 mm

Min ØCTA\6 mm 23 (22.5 %) 18 (17.6 %)

Min ØCTA C6 mm 0 (0 %) 61 (59.8 %)

Fig. 4 Illustration of a lumen diameter overestimation due to

calcifications in the arterial wall. a The XA is shown with its

measured diameter (white arrow). b CTA image of same artery is

shown, perpendicular to the centerline. In the XA image the arterial

wall calcifications are considered part of the lumen when determining

the vessel diameters; on CTA image the calcium is not included in the

lumen diameter measurement (diameters a 8.3 mm, b 5.3 mm)
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Fig.3 Bland-Altman analysis: difference between angiographic measurements and CT based 
measurements 2 measurement modalities versus the average measurements in mm. Linear 
regressesion r2= 0.019

Bland–Altman analysis revealed no appreciable relationship between the difference and 

the mean (data not shown). For all segments within the aorto-iliacofemoral tract, the 

mean paired differences in minimal diameter were signifi cantly different, ranging from a 

mean difference of 2.20 mm to 1.29 mm (Table 2). Maximum circular diameters measured 

on both modalities bilaterally at a fi xed point 25 mm distal from the bifurcation were 

also signifi cantly smaller on CT images compared to XA images (mean paired difference 

left side 2.28 ± 1.29mm, right side 2.55 ± 1.72mm.For 17.6% (18 patients) CTA based 

minimal diameters were bilaterally smaller than 6 mm whilst diameters measured on XA 

were at least unilateral larger than 6 mm, suffi cient for transfemoral approach (value 0.59) 

(Table 3).The interobserver agreement of the diameter measurements for both modalities 

was excellent with an intraclass correlation coeffi cient of 0.95.

Table 2: The mean paired difference in minimal diameter over the number of patient for each segment. 

Segment 

Paired Differences (mm)

Sig. Mean SD 

95% CI of Difference

Lower Upper

Distal Aorta XA-CT 1.85 2.39 1.38 2.31 < 0.001

L Common Iliac A. XA-CT 2.20 2.15 1.78 2.62 < 0.001

R Common Iliac A. XA-CT 1.78 1.79 1.43 2.13 < 0.001

L distal common iliac A. XA-CT 1.96 2.18 1.52 2.39 < 0.001

R distal common iliac A. XA-CT 1.60 2.30 1.14 2.05 < 0.001

L proximal femoral A. XA-CT 1.42 1.41 1.13 1.72 < 0.001

R proximal femoral A. XA-CT 1.29 1.41 1.01 1.57 < 0.001

25mm XA-CT L 2.28 1.29 1.80 2.75 < 0.001

25mm XA-CT R 2.55 1.72 1.93 3.16 < 0.001
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Tabel 3: discrepancies in bilateral vessel diameter under and above 6mm on computed tomography vs 
projection angiography

Min ØXA  < 6mm Min ØXA  ≥ 6 mm

Min ØCTA  < 6 mm 23 (22.5%) 18 (17.6%)

Min ØCTA  ≥ 6 mm 0 (0%) 61 (59.8%)

DISCUSSION

The current study demonstrated statistically significant smaller aortoiliac tract diameters 

measured on CTA compared to projection measurements on angiographic images. The 

diameter differences were apparent in all segments of the peripheral iliacofemoral tract.

Retrospective analysis of arteries with major diameter discrepancies on XA and CT revealed 

several potential causes of this difference in lumen diameter: (1) Foreshortening as well 

as overprojection in 2D images may impair diameter measurements; (2) in CTA images, 

the maximum circular diameter represented the minimal crossing of the lumen in the 

perpendicular plane, which may underestimate the actual diameter of the artery; (3) arte-

rial wall calcifications could be mistaken for contrast-filled lumen, with consequently an 

overestimation of the lumen (Fig. 4). On the other side, blooming effects of calcifications 

may introduce an error in measuring the diameter, and distinguish the actual vessel wall. 

Our results are in discordance with a recent study by Crowhurst et al. [21], who found a 

good agreement of measured diameters with dynaCT and angiography in 15 patients. 

A source of disagreement could be that in their study the diameters were determined at 

specific reference locations instead of the position of the minimal diameter.

Patient and treatment selection is of crucial importance for a successful TAVI [12]. The arte-

rial vasculature is key element in assessing eligibility for transfemoral TAVI [14]. With the 

persistent trend toward minimally invasive procedures, such as TAVI, imaging is simultane-

ously becoming increasingly important. This study suggests caution when using multiple 

imaging modalities; imaging cannot be blindly relied upon since different modalities result 

in different measurements and may even result in selecting a different of approach for 

TAVI procedures. The discrepancy in measurements as presented in this study has serious 

clinical implications: for 17.6 % (18 patients) of our study population, CTA measurements 

showed bilateral minimal diameters under 6 mm whilst XA measurements exceeded this 

threshold. For these cases, XA and CTA disagreed on the suitability of a TF trajectory for the 

TAVI procedure. Of these 18 patients, 16 patients were planned for transfemoral TAVI. In 

one patient, a planned periprocedural predilatation of the femoral artery was performed. 

A transfemoral transcatheter aortic valve was successfully implanted through femoral route 

in 15 patients, transapical in one patient, and transaortic in one patient. Closure device 

failure occurred in 2 patients. One patient was converted from a transfemoral to a transapi-

cal approach due to dissection of the femoral artery.
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8.4 mm 

Fig. 4 Illustration of a lumen diameter overestimation due to calcifi cations in the arterial wall. a 
The XA is shown with its measured diameter (white arrow). b CTA image of same artery is shown, 
perpendicular to the centerline. In the XA image the arterial wall calcifi cations are considered part of 
the lumen when determining the vessel diameters; on CTA image the calcium is not included in the 
lumen diameter measurement (diameters a 8.3 mm, b 5.3 mm)

In TAVI candidates, suboptimal iliofemoral vasculature is considered the main cause of 

ineligibility for transfemoral access, with numbers up to 30 % as reported in previous 

studies [22]. Accurate assessment of the peripheral tract is therefore crucial.

The large size sheaths (22- to 24-F) of the delivery systems in the initial TAVI procedures, 

has been associated with vascular complications and limited patient eligibility [23–25]. CT 

is becoming increasingly important in the TAVI work-up for a detailed anatomic assess-

ment of the aortic root, valve annulus and iliofemoral access routes [26, 27]. Currently, 

however, multiple imaging modalities are used interchangeably, including XA, CTA and 

ultrasonography [28].

Pros and cons of various imaging modalities are apparent. Both the ability to visualize 

calcifi cations and to construct 3D images to assess vessel tortuosity are advantages of CT 

images. The high spatial and temporal resolution of projection XA is superior compared 

to CT. However, the projection nature of XA is a limitation, especially in tortuous vessels. 

Avoidance of contrast administration and the radiation exposure are benefi cial features 

of ultrasonography. The availability of multiple imaging modalities [29] may therefore be 

conducive to patients; for example in case of renal failure imaging can be performed with-

out the necessity of contrast administration. The interchangeable application of various 

imaging modalities is only allowed if outcomes are in agreement is thus essential to be 

aware of possible intrinsic differences between the imaging modalities.

Both described imaging modalities showed excellent interobserver agreement, indicat-

ing that the observed difference in diameters is not due to observer induced variations. 

Software-assisted CTA measurements have advantages to manual assessment in previous 

studies [30]. Benefi ts of automatic analysis, besides its convenience, include time effi ciency 
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as well as reproducibility. Contrary, limitations of automatically analyzed images include 

inaccurate identification of calcifications and tortuosity [20].

Ideally, a gold standard with respect to the screening process [31], and assessment of 

aortoiliacofemoral tract diameter, degree of atherosclerosis, tortuosity and calcification, 

and subsequent corresponding criteria for eligibility for TAVI should be adopted. The ef-

ficacy of the screening might improve, whilst comparing reported outcome will be more 

appropriate with more identical procedures.

STUDy LIMITATIONS

Our study is limited by its retrospective character. The measurements were performed on 

a single measurement method for each imaging modality. This study combined two dif-

ferent imaging modalities therewith two measurement methods. It is not evident whether 

discrepancies are caused by the imaging modality or by measurement method.

CONCLUSION

In this study the use of software for semi-automated CTA diameter measurement of the 

aorta-iliac tract on CTA resulted in statistically significantly smaller diameter values com-

pared to XA-based measurements. This should be acknowledged when determining the 

approach for TAVI.
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ABSTRACT

Background: Current data about the impact of concomitant mitral regurgitation (MR) on outcome in 

patients who undergo transcatheter aortic valve implantation (TAVI) are conflicting. Our purpose was to 

analyze the clinical course of MR and to assess the influence of MR on survival and clinical status after 

TAVI.

Methods: We included 375 consecutive patients who underwent TAVI. MR grade and NYHA class were 

determined before TAVI and at follow-up.

Results: In total 171 patients (46%) had MR grade ≥ 2 at baseline and of these 29% improved to MR 

grade ≤ 1 after TAVI. MR grade ≤ 1 at baseline was present in 204 patients (54%) and of these 17% 

worsened to grade ≥ 2 after TAVI. Improvement of MR was associated with absence of atrial fibrillation 

(OR: 2.35, 95%CI: 1.17-4.71, p=0.02). Worsening of MR was associated with moderate or more aortic 

valve regurgitation after TAVI (OR: 4.2, CI: 1.83-9.49, p=0.001).  NYHA class improved at follow-up. Base-

line MR grade did not determine the degree of clinical improvement (MR grade ≤ 1: NYHA ≥3 from 67% 

to 17%; MR grade ≥ 2: NYHA ≥3 from 69% to 14%). Although patients with MR grade >=2 at baseline 

improved symptomatically, this degree of MR was associated with reduced two year survival compared 

with patients with MR grade <=1 (mortality 37% vs 26%; HR 1.99; 95% CI 1.27-3.13; p=0.003).

Conclusion: In patients who undergo TAVI almost half have MR grade ≥ 2 prior to the procedure. TAVI 

had no influence on MR grade at follow-up. Although patients with MR grade ≥ 2 at baseline improved 

symptomatically after TAVI, concomitant MR at baseline significantly reduced two year survival. 
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INTRODUCTION

Mitral regurgitation (MR) is frequently present in patients with aortic valve stenosis; 13% 

to 75% of patients undergoing surgical aortic valve replacement (SAVR) or transcatheter 

aortic valve implantation (TAVI) has concomitant MR.1-11 MR in TAVI patients is usually 

treated conservatively. MR is often functional and thought to be related to the hemo-

dynamic changes in aortic stenosis. Intuitively, it is expected that this MR improves after 

treatment of the aortic stenosis. Nevertheless, both improvement and worsening of MR  

have been reported after TAVI. Data about survival of patients with significant MR prior 

to TAVI are conflicting.1,3,7,10,12 The effect of MR grade on outcomes after TAVI and the 

influence of TAVI on MR has not been elucidated yet. 

Therefore the aim of this study was to study the clinical effect of TAVI on MR and to 

identify determinants for improvement and worsening of MR and analyze the influence of 

MR on functional class and survival after TAVI.

METHODS

Patient population and TAVI procedure

In this single-center study we included consecutive patients who underwent a TAVI proce-

dure, either by transfemoral, transapical or transaortic approach, between October 2007 

and December 2013. All patients had symptomatic severe AS and were declined for surgi-

cal aortic valve replacement by our multidisciplinary heart-team due to high age and other 

severe comorbidities. Patients who had undergone any form of mitral valve surgery in 

the medical history and patients without proper pre- and/or post-procedure transthoracic 

echocardiographic images of the mitral valve were excluded from the analysis. All patients 

gave written informed consent prior to the TAVI procedure and to data being collected 

and utilized as per the ethical guidelines of the institute. The transfemoral procedures 

were performed with the selfexpandable Medtronic CoreValve bioprosthesis (Medtronic 

Inc; Minneapolis, MN) or the balloon expandable Edwards SAPIEN bioprosthesis (Edwards 

Lifesciences LLC; Irvine, CA); all transapical and transaortic procedures were performed 

with the Edwards Sapien bioprosthesis. The procedures have been described in detail previ-

ously13-16 

Baseline characteristics including age, gender, relevant medical and surgical histories were 

systematically collected. New York Heart Association (NYHA) class was determined pre-

procedurally and during follow-up. All patients were invited for a follow-up visit between 

1-6 months after TAVI. Follow-up was obtained in 198 patients of the 325 surviving pa-

tients. Missing echocardiographic exams were mainly attributable to the distance between 
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living area of the patients and our institution. If data of multiple visits between 1-6 months 

were available, the latest follow-up data were used for our analyses.

Echocardiography

Transthoracic echocardiography (TTE) was performed prior to the TAVI procedure and 

post-procedurally (1-7 days after the procedure, before discharge) and during follow-up 

with a GE Vivid Dimension machine (GE Healthcare, Horten, Norway), all with 2D images. 

All views were obtained according to the recommendations of the American Society of 

Echocardiography.17,18 All echocardiographic analyzes were performed by qualified senior 

echocardiographers of our institution and the following parameters were reviewed retro-

spectively by two experienced investigators: MR grades and aetiology, left ventricular ejec-

tion fraction (LVEF), left ventricular end systolic and diastolic volumes (LVESV and LVEDV) 

and left atrial volumes. 

The MR grade was based on qualitative and quantitative data by color Doppler and con-

tinuous wave Doppler using color flow jet area in the left atrium, pulmonary vein flow 

(in case of no atrial fibrillation), vena contracta width, effective regurgitant orifice area 

(using the proximal isovelocity surface area method), regurgitant fraction and regurgitant 

volume. MR severity was scored from 0 to 4 (0:none, 1: trace, 2: mild, 3: moderate, 4: 

severe). Primary or degenerative aetiology of MR was assumed when intrinsic lesions to 

components of the mitral valve apparatus were present. Secondary or functional aetiology 

of MR was assumed when the anatomy of the mitral valve apparatus was intact and MR 

resulted from tethering and reduced closing forces.19

Left ventricular (LV) function and left atrial volumes were measured using the biplane 

Simpson’s method.20 The severity of aortic valve regurgitation (AR) after TAVI was deter-

mined (including both central and paravalvular jets). We used color-flow Doppler to visually 

estimate severity of AR based on % left ventricular outflow tract diameter18,19 and was 

graded as mild, moderate, severe.

Statistical analysis

All patients were divided in two groups: patients with baseline MR grade ≤1 and patients 

with a baseline MR grade ≥ 2. Categorical data are reported as percentages and continu-

ous data as mean ± SD or as median (25th and 75th percentile). Comparison of categorical 

data was conducted with a Chi square, Fischer’s exact or McNemar test, whichever was 

appropriate. An independent T-test test was performed for continuous data to detect sig-

nificant differences presuming normality assumption. Non parametric tests were used for 

not normally distributed data. For identification of independent predictors of improvement 

and worsening of MR backwards step-wise logistic regression analysis was used in which 

all variables with a p value of <0.05 in univariate analysis were entered. The Kaplan-Meier 

method was used for survival analysis and the log-rank test was used to compare two 
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groups. A p-value < 0.05 was considered statistically significant for all tests. Data analysis 

was performed with the SPSS (version 20, SPSS, Chicago, IL) software package.

RESULTS

Patients characteristics

Between October 2007 and December 2013 375 consecutive patients underwent TAVI in 

our institution. The mean age of these patients was 80±7 years and 40% of the patients 

were male. The patient baseline characteristics are given in Table 1. The total cohort was 

subdivided in two groups: MR grade ≤ 1 and MR grade ≥ 2. MR grade ≥ 2 at baseline was 

present in 171 patients (46%). Compared to patients with MR grade ≤ 1, patients with 

MR grade ≥ 2 had (at baseline) significantly: a higher incidence of atrial fibrillation and 

cerebro vascular accidents in the cardiovascular history, higher NT-proBNP levels, higher 

creatinine levels, a higher EuroSCORE, a higher STS score, a smaller aortic valve area, a 

poorer LV function, a higher LV end-systolic and diastolic volume and a larger left atrial 

volume indexed. 

Mitral regurgitation

In total 171 patients had MR grade ≥ 2 prior to TAVI. In the majority of patients the 

aetiology of MR was secondary (92%). Of these 171 patients, 49 patients improved to 

MR grade ≤ 1 after TAVI ( 29% of all patients with MR grade ≥ 2 at baseline; 13% of the 

total population, Figure 1). Of the 204 patients with MR grade ≤ 1, 34 patients worsened 

to MR grade ≥ 2 ( 17% of all patients with MR grade ≤ 1 at baseline; 9% of the total 

population). Post-procedural improvement to MR grade ≤ 1 was associated with absence 

of atrial fibrillation at baseline (AF: 33% (MR improved) vs 53% (MR unchanged), p=0.02) 

(Table 2). The aetology of MR at baseline had no influence on improvement of MR after 

TAVI. In multivariate analysis improvement of MR was also predicted by the absence of AF 

at baseline  (OR: 2.36, 95% CI: 1.17-4.76, p=0.02). Worsening of MR to grade ≥ 2 was 

associated with AR after TAVI (moderate or severe AR: 38%  vs 13% (in patients with 

worsening and unchanged MR respectively), p=0.001) (Table 2),  multivariate analysis (OR: 

4.2, 95% CI: 1.83-9.49, p=0.001). The grade of MR (grading from 0 to 4) at follow-up 

did not significantly change compared to baseline and post MR grade (Figure 2.). From the 

171 patients whit MR grade ≥ 2 prior to TAVI, 130 patients were determined as grade 2, 

26 patients were determined as grade 3 and 15 patients as grade 4. Post TAVI, 32% of the 

patients with MR grade 2 at baseline improved and 15% worsened in MR grade. Of the 

patients with MR grade 3 at baseline, 54% improved and 4% worsened in MR grade post 

TAVI. From the patients with MR grade 4 at baseline, 53% improved post TAVI.
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Table 1. Baseline characteristics

 
All patients 

(n=375)  
MR grade ≤ 1 

(n=204)  
MR grade ≥ 2 

(n=171)
P-value

Age, yrs 80 ±7 80 ±8 81 ±7 0.04

BMI, kg/m2 27.7 ±5.3 28.1 ±5.6 27.1 ±5.0 0.07

BSA, m2 1.87 ±0.21 1.88 ±0.21 1.86 ±0.20 0.2

Male gender, % 40 42 39 0.5

Clinical history

Hypertension,% 59 60 57 0.5

Diabetes, % 30 32 28 0.4

AF (paroxismal and chronic), % 36 26 47 <0.001

Previous myocardial infarction,% 20 20 20 1

Previous PCI,% 31 30 32 0.8

Previous aortic valve procedure, % 2 1 2 0.7

CABG,% 17 17 16 0.9

CVA,% 14 9 21 0.002

COPD, % 33 31 35 0.5

NYHA class ≥ 3, % 68 67 69 0.7

NT-proBNP (median), ug/L 1760 711-4300 1129 525-2587 3315 1284-6926 <0.001

Creatinine,umol/L 104 68 97 ±57 112 ±78 0.03

EuroSCORE 18.9 ±12 16.3 ±10.5 22.2 ±13.6 <0.001

STS score 5.4 ±4.3 4.9 ±3.9 6.0 ±4.8 0.03

Preoperative variables

AVA, cm2 0.76 ±0.22 0.79 ±0.23 0.74 ±0.22 0.04

AVPG max, mmHg 70 ±23 72 ±24 67 ±22 0.06

AVPG mean, mmHg 45 ±16 46 ±16 44 ±15 0.2

LVEF, % 48 ±13 51 ±12 45 ±14 <0.001

LVESV, ml 40 ±25 35 ±18 46 ±30 <0.001

LVEDV, ml 75 ±32 70 ±27 80 ±36 0.004

LAVI, ml/m2 35 ±15 31 ±13 40 ±15 <0.001

Procedure 0.2

Transfemoral (CoreValve), % 30 28 31

Transfemoral (Edwards), % 37 34 40

Transapical (Edwards), % 18 23 13

Transaortal (Edwards), % 15       15      16     

Data are expressed as n (%), mean ± SD or median (25th-75th percentile). BMI, body mass index; BSA, 
body surface area; AF: atrial fibrillation; CAD, coronary artery disease; PCI, percutaneous coronary 
intervention; CABG, coronary artery bypass graft; COPD, chronic obstructive pulmonary disease; 
NYHA: New York Heart Association; STS, society of thoracic surgeons; AVA, aortic valve area; AVPG, 
aortic valve pressure gradient; LVEF, left ventricular ejection fraction; LVESV: left ventricular end-systolic 
volume; LVEDV: left ventricular end-diastolic volume; LAVI: left atrial volume indexed;  MR, mitral 
regurgitation
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Figure 1. Mitral regurgitation and changes post TAVI
This fi gure represents the percentages of patients that do not change in MR group after TAVR and the 
percentages of patients that improve from MR grade ≥ 2 to MR grade ≤1 and worsen from MR grade 
≤1 to MR grade ≥ 2 after TAVR. 

Table 2. Improvement and worsening of mitral regurgitation after TAVI

 Logistic regresion

 MR reduced to 
grade ≤1 (n=49)

 MR unchanged 
grade ≥2 (n=122)

 
P-value

 Odds Ratio 
(95% CI)

 
P-value

     

Age 82 ± 6 81 ± 7 0.1

Male gender, % 43 37 0.5

LVEF, % 46 ± 15 45 ± 14 0.7

LAVI, ml/m2 38 ± 12 40 ± 17 0.3

Atrial fi brillation, % 33 53 0.02 2.35 (1.17-4.71) 0.02

Functional MR, % 94 92 1

STS score 7.9 ± 7.0 5.4 ± 3.6 0.07

EuroSCORE 23 ± 13 22 ± 14 0.6

CoreValve prosthesis, % 22 34 0.1

Moderate-severe AR, % 22      29      0.5        

  MR worsend to grade 
≥2 (n=34)

  MR unchanged grade 
≤1 (n=170)

 
   

 
 

         

Age 80 ± 7 77 ± 9 0.1

Male gender, % 44 42 0.9

LVEF, % 54 ± 11 50 ± 12 0.2

LAVI, ml/m2 34 ± 16 31 ± 13 0.4

Atrial fi brillation, % 21 27 0.5

STS score 4.3 ± 3.7 5.0 ± 3.9 0.4

EuroSCORE 14 ± 12 17 ± 10 0.1

CoreValve prosthesis, % 32 28 0.7

Moderate-severe AR, % 38      13      0.001   4.2 (1.83-9.49)   0.001

Data are expressed as % or mean ± SD. TAVI: transcatheter aortic valve replacement; LVEF: left 
ventricular ejection fraction;  LAVI: left atrial volume indexed; NYHA; New York Heart association; MR: 
mitral regurgitation; STS: society of thoracic surgeons; AR: aortic regurgitation
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Figure 2. Degree of mitral regurgitation prior to and post TAVI and at follow-up
There were no signifi cant differences between MR grade at baseline, post TAVI and at follow-up.

Mitral regurgitation and outcome

At baseline almost 70% of all patients were NYHA class ≥ 3 (Table 1), which improved at 

follow-up  (NYHA class ≥ 3 baseline: 68% vs NYHA class ≥ 3 follow-up: 15%, p<0.001). 

In patients with MR grade ≥ 2 at baseline, NYHA class improved signifi cantly at follow-up 

compared to baseline (NYHA class ≥ 3 baseline: 69% vs NYHA class ≥ 3 follow-up: 14%, 

p<0.001). In patients with MR grade ≤ 1 at baseline, NYHA class also improved signifi cantly 

at follow-up (NYHA class ≥ 3 baseline: 67% vs NYHA class ≥ 3 follow-up: 17%, p=0.047). 

MR grade at follow-up did not infl uence the NYHA class (Figure 3).

Median NT-proBNP at baseline (n=358) was: 1760 (711-4300) ug/L and decreased signifi -

cantly at follow-up (n=163) to: 1118 (502-2756) ug/L (for pairwise complete observations 

p<0.001). Patients with baseline MR grade ≥ 2 had a signifi cantly higher NT-proBNP than 

patients with a baseline MR grade ≤ 1(Table 1). This difference remained signifi cant at 

follow-up (1732 (915-3890) ug/L vs 909 (403-1461) ug/L, p<0.001). A signifi cant differ-

ence in follow-up NT-proBNP levels was also evident between follow-up MR grade ≥ 2 and 

MR grade ≤ 1 ( 1843 (1071-4613) ug/L vs 792 (402-1145) ug/L, p<0.001).

The overall survival within two years is 79%. There was no signifi cant difference in 30-day 

mortality between the groups of baseline MR grade ≤ 1 and ≥ 2 post (5% vs 8%, log-

rank p=0.3). Mortality at two years was higher in patients with MR grade ≥ 2 at baseline 

compared to those with MR grade ≤1(37% vs 26%; HR 1.99; 95% CI 1.27-3.13; p=0.003) 

(Figure 4). There was no signifi cant difference in mortality between patients with post TAVI 

MR grade ≤ 1 and ≥ 2 (18% vs 25%, log-rank p=0.07).  
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Figure 3. Mitral regurgitation and NYHA class
NYHA class at follow-up is divided in two groups: NYHA class I and II and NYHA class III and IV. This 
fi gures shows that NYHA class at follow-up is neither infl uenced by pre-procedural mitral regurgitation 
(MR) grade, nor by the MR grade at follow-up.

Figure 4. Kaplan Meier curve: Kaplan-Meier survival analysis after TAVI with endpoint all-cause 
mortality. Pre-procedural MR grade ≥ 2 is associated  with a signifi cantly reduced survival.
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DISCUSSION

The current study shows that MR grade ≥ 2  is present in almost half of the patients 

undergoing TAVI. From the 171 patients with MR grade ≥ 2, 29% improved to MR grade 

≤ 1. This improvement was associated with the absence of atrial fibrillation in the cardio-

vascular history. Worsening of MR in the 204 patients with MR grade ≤ 1 to grade ≥ 2 

occurred in 17% and was associated with AR after TAVI. TAVI had no influence on MR 

grade at follow-up. Furthermore this study demonstrates that TAVI results in improvement 

of NYHA class, even in patients with MR grade ≥ 2 at baseline. Concomitant grade >=2 

MR, however, is associated with a significantly reduced two-year survival.

Mitral regurgitation (MR) is a common finding in patients with aortic valve stenosis (AS), 

especially functional MR due to a hypertrophic or dilated left ventricle (LV) or a dilated 

annulus. Co-existing MR is frequently found in the high-risk population of patients who 

undergo TAVI. MR at different levels of severity prior to TAVI is reported in 19-54% of the 

patients.1,5-7,10,11,16 In our study population 46% had MR grade ≥ 2 prior to TAVI and in most 

of the cases this was a secondary MR. In our study, absence of atrial fibrillation was associ-

ated with improvement of MR. Atrial fibrillation is known to be associated with left atrial 

enlargement, which is associated with MR. In our population, patients with unchanged MR 

did not have a significant larger atrial volume. The absence of AF might be a sign of less ad-

vanced stage of MR with chance of improvement. The aetiology of MR had no influence on 

possible improvement of MR grade in our study population. However, the majority of our 

patients had secondary MR (92%) which may prohibit to find any association. This might in 

part be a result of the selection of the patients appropriate for TAVI in our multidisciplinary 

heartteam, since it is generally believed that secondary MR might improve after TAVI and 

primary MR not. However patients with severe aortic stenosis and organic MR may still 

benefit from TAVI. The improvement in functional class after TAVI in patients with organic 

MR is substantial and would be a valid argument for TAVI in these patients. For this reason 

we decided to keep the patients with organic MR included in this study.

In this study we also showed that AR after TAVI was associated with worsening of MR 

which might be related to the increased left ventricle volume overload in this situation.

Data about improvement and worsening of MR after an aortic valve procedure for aortic 

valve stenosis (SAVR and TAVI) are inconclusive. It is suggested that co-existing MR in 

patients with severe AS might improve after SAVR due to acute reverse remodeling of the 

LV and also aetiology (secondary MR) is associated with reduction of MR grade after SAVR 

.2,21,22 Various pre-procedural factors were found to be associated with improvement of MR 

after TAVI:  LV ejection fraction and diameters6, transaortic gradient10, functional MR, ab-

sence of pulmonary hypertension and atrial fibrilation3,10 and valve type (Edwards Sapien)5.  

Bedogni et al. explained that improvement of MR after TAVI might be a multifactorial 

process due to: 1) afterload reduction after treatment of the aortic valve stenosis which 
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results in a reduction of retrograde flow through the mitral valve; 2) an improved hemody-

namic balance by removing the aortic valve stenosis and their by reducing neurohormonal 

activity caused by the heart failure status 3) recovery of the normal contraction pattern of 

the LV by treatment of the aortic valve stenosis, resulting in a better function of the mitral 

valve apparatus.3 Some studies were however not able to identify factors associated with 

improvement of MR.1,11 

MR (without surgical or transcatheter interventions) is known to increase the risk of mortal-

ity.23-25 Current data about survival after SAVR and TAVI in patients with a significant MR 

prior to the procedure are conflicting. Impaired survival after SAVR1,2,4,8 and TAVI3,10 has 

been reported in patients with significant MR, this negative impact on survival has not 

been reported uniformly in other studies for both SAVR26,27 and TAVI1,7,12 The various ways 

of grading MR (none/trivial/mild/moderate/severe1,5,6,10 and none/mild/moderate/severe3,11) 

and the different severities of MR that were used for the survival analyses might partly 

explain the conflicting outcomes. 

Our data showed a significant decrease in long-term survival, but not in 30-day survival 

of patients with MR grade ≥ 2 prior to TAVI compared to patients with MR grade ≤ 1.  

Interestingly, MR grade after TAVI did not affect survival. The preexisting physical condition 

of patients with MR grade ≥ 2  prior to the procedure, such as more atrial fibrillation, 

more cerebro-vascular accident, higher NT-proBNP levels, higher creatinine levels, higher 

EuroSCOREs, higher STS scores, a poorer LV function, a higher LV end-systolic and diastolic 

volume and a larger left atrial volume indexed could offer an explanation. At least part of 

these conditions are the result of significant MR. Although significant MR was associated 

with a decrease in survival, an improvement in NYHA class in the majority of the patients 

was observed. The MR grade at baseline did not alter after TAVI in the majority of patients. 

The improvement in functional class, echo and biomarkers after TAVI are mainly related 

to the treatment of AS. Despite the functional improvement, any benefits on mortality of 

an isolated TAVI in patients with significant MR at baseline should be addressed in future 

prospective studies. 

Successful outcomes for TAVI procedures depend on careful patient selection. 28 It is con-

ceivable that MR grade ≥ 2 at baseline reflects an advanced stage of aortic stenosis. This 

suggests that early selection of patients is warranted (before development of more severe 

MR) in order to increase their prognosis. Moreover a mitral procedure could be considered 

in patients with concomitant mitral regurgitation, especially in those with atrial fibrillation 

at baseline since the persistence of MR grade ≥2 at follow-up is associated with diminished 

survival. A minimally invasive mitral procedure in addition to a TAVI procedure could be the 

best treatment option for this fragile patient population, however, the effect on survival 

should be subject of future studies. The improved symptoms despite reduced survival in 

patients with significant MR prior to TAVI are important considerations for the fragile, 
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mainly elderly population, during the process of selection for TAVI which should be an 

individualized patient based decision. 

LIMITATIONS

This single-center study was  part of a registry study and was therefore not randomized. 

We describe a cohort of consecutive patients without a control group. Our data were col-

lected prospectively but some data were analyzed retrospectively, which is more sensitive 

to potential confounding. Furthermore the echocardiographic data were not analyzed in a 

core-lab but were reviewed retrospectively by two experienced investigators. Unfortunately 

not all patients did return to our institution for follow-up, which might lead to bias.  A 

longer follow-up period of the patients could provide more solid data.

CONCLUSION

Almost half of the patients who undergo TAVI have MR grade ≥ 2 prior to the procedure. 

These patients have a higher likelihood of improvement of MR if they have no AF prior to 

TAVI. Worsening of MR was associated with the development of AR after TAVI. TAVI had 

no influence on MR grade at follow-up. Although patients with MR grade ≥ 2 at baseline 

equally improved symptomatically after TAVI compared to patients with MR grade ≤ 1, 

concomitant MR at baseline significantly reduced two year survival. 
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ABSTRACT

Background: Both general anaesthesia (GA) and local analgesia (LA) with or without seda-

tion are options for periprocedural anaesthetic management of transfemoral  transcatheter 

aortic valve implantation (TAVI). We report the safety and feasibility of TAVI under LA and 

provide our own experience in the largest cohort so far reported.

Methods: A total of 178 consecutive patients planned for transfemoral TAVI were included 

in this study. Patients were treated with the Medtronic CoreValve (n=77) or the Edwards 

SAPIEN (n=101), at operators discretion. Periprocedural anaesthetic management, proce-

dural characteristics and outcomes were assessed.

Results: Of the 178 patients (34% male) 4 (2.2%) needed a conversion to general an-

aesthesia (prosthesis embolism, 2 complicated peripheral vasculature puncture/closures, 

restlessness).  Periprocedural transesophageal echocardiography was not necessary. Pre-

medication included temazepam, lorazepam or midazolam in 76% of patients. In total 

115 patients (66%) received conscious sedation, 34%  received sedative medications. Only 

nine patients developed a delirium during  admission (5%). All-cause 30day-mortality was 

9 (5%). NYHA-class decreased significantly from 3±0.6 to 1±0.9 (p=0.04).  

Conclusion: Transfemoral TAVI performed using exclusively local analgesia and fluoro-

scopic guidance is safe and feasible with a very low rate of conversion. The fragile TAVI-

population may benefit from this anaesthetic management. 
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INTRODUCTION

Transcatheter aortic valve implantation (TAVI) has become an established treatment 

for severe aortic valve stenosis in patients with high or prohibitive surgical risk.1,2  With 

development of this technique, a number of approaches became available and are cur-

rently used worldwide. 3-6 The retrograde transfemoral approach is most frequently used. 

Periprocedural anaesthetic management of transfemoral TAVI varies; General anaesthesia 

is the common practice,  while local analgesia with or without sedation is an alternative 

option for transfemoral TAVI.  

In most centers the TAVI program was started using general anaesthesia. After the initial 

experience, a number of centers preferred sedation with local anaesthesia.7-10 

Guidance of periprocedural transesophageal echocardiography (TEE) is the most frequently 

reported advantage of performing the procedure under general anaesthesia. However, 

especially in the fragile patient population undergoing TAVI, this procedure is accompanied 

by an increased risk for hemodynamic instability and other serious complications. Hence, in 

particular during the initial procedures, monitoring and installation of the patient is similar 

to that for a high-risk surgical aortic valve replacement.2,9,11,12  Whether conscious sedation 

is superior to general anaesthesia has not been addressed in randomized controlled trials. 

Currently, no consensus has been reached yet12-14, which of the two is the most preferable 

method. In this report we provide our own experience.

METHODS

Setting

In our institution, a total of 381 transcatheter aortic valve implantations have been 

performed from October 2007 until May 2013 (77 transapical, 44 transaortic and 260 

transfemoral aortic valve implantations). The initial transfemoral TAVI procedures between 

October 2007 and April 2010 were performed under general anaesthesia (n=55). In April 

2010, we performed the first transfemoral procedure under sedation plus local anaes-

thesia, in an effort to minimize invasiveness of TAVI in this fragile patient population. 

Subsequently a short transitional period followed, in which alternating general anaesthesia 

and local analgesia were used, mainly anaesthesiologist dependent. Gradually the majority 

of procedures were performed under local analgesia. From October 2010 local analgesia 

became the standard method during transfemoral TAVI at our center. 

All patients were discussed in our multidisciplinary heart team. TAVI was indicated accord-

ing to international recommendations.15 Patients were treated with either the Medtronic 

CoreValve Revalving System (CRS TM, CoreValve Inc, Irvine, CA) or the Edwards Sapien/

Sapien XT (Edwards Lifesciences Inc, Irvine, CA), at the discretion of the operator. The 



60 Chapter 4

techniques of transcatheter aortic valve implantation have previously been described in 

detail.2,16  Each patient received preprocedural consultation by both the operator as well as 

the anaesthesiologist, one day prior to the procedure. 

Patients were pretreated with aspirin and postprocedurally with life-long aspirin daily and 

clopidogrel daily for 3 to 6 months, with exception of patients on chronic coumarine deri-

vates. All patients received preprocedural antibiotics (cefamandol 2 grams). Prescription of 

premedication and the utilization of conscious sedation during the procedure were left at 

the discretion of the cardio-anaesthesiologist. 

All procedures were performed by either two interventional cardiologists or an interven-

tional cardiologist and a cardiac surgeon, in the cardiac catheterization laboratory. Bilateral 

femoral access was achieved percutaneously, with the use of long acting local analgesia. 

In 3 patients the femoral access was surgically achieved with the use of local analgesia. 

A total of 40 cc Lidocaine 1% mixed with Bupivacaine 0.5% was injected into the skin, 

subcutis and around the femoral artery for local analgesia of the percutaneous access site. 

Venous access was provided by a 7 Fr sheath through which the pacemaker wires were 

implanted. The arterial pressure was monitored via the 7 Fr femoral sheath in which a 6 

Fr pigtail was positioned for aortography; hence, no extra puncture sites were necessary. 

Appropriate valve positioning was achieved by fluoroscopy and aortography, without TEE.  

Immediate results and complications were assessed based on hemodynamics, angiography 

and transthoracic echocardiography (TTE). A cardiac surgeon was stand-by during the 

procedure. An echocardiologist and TTE were available at all times. A cardiovascular anes-

thesiologist was present to monitor the patient and if necessary to stabilize hemodynamics 

or institute general anaesthesia at any moment, anesthesiologic equipment was available 

as also advocated by most authors.14  A perfusionist was scheduled to be available if 

necessary.  

Data collection and statistical Analysis

In total of 180 consecutive patients underwent transfemoral TAVI between October 2010 

and May 2013 and 178 patients were planned for local analgesia and included in this study 

(Figure 1). Reasons for general anesthesia in the two patients who were not included in 

this study, were: severe obesity with desaturations in supine position and one patients was 

planned as a transaortic procedure but due to a major ruptured retrosternal cyst which 

encountered perioperatively, the procedure was continued transfemorally under general 

anesthesia. 

Patient characteristics, medication, laboratory values and in-hospital outcomes of the index 

procedure were collected at the time of presentation and extracted from the institutional’s 

medical records. Data on premedication was extracted from the anaesthesia reports. Clini-

cal follow-up data were obtained from all patients until hospital discharge or in-hospital 
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death, and included procedural and postprocedural major adverse events and laboratory, 

electrocardiographic and echocardiographic findings. For the clinical end point definitions, 

the criteria of the Valve Academic Research Consortium were used.17,18

Device success was defined as correct position of a single prosthetic heart valve into the 

proper anatomical location including a stable function as assessed by angiography and 

echocardiography. Procedural success was defined as device success in the absence of major 

adverse cardiovascular and cerebral events (MACCEs) during the first 48 hours after device 

implantation. Cardiovascular mortality was defined as death due to a proximate cardiac 

cause. Immediate procedural mortality consists of intra-procedural events that result in im-

mediate or consequent death <72 hours post procedure. Kidney injury was defined accord-

ing to the modified Risk, Injury, Failure, Loss, End-stage (RIFLE) classification.19  MACCE was 

defined as the composite of all-cause death, major stroke, and MI. The VARC-combined 

safety end point refers to the occurrence of either one of the following events up to 30 

days postprocedure: all-cause mortality, major stroke, life-threatening or disabling bleed-

ing, acute kidney injury stage 3, periprocedural MI, and repeat procedure for valve-related 

dysfunction (surgical or interventional therapy).20 Normally distributed continuous variables 

are presented as means and standard deviations.  Non-normally distributed continuous 

variables are presented as medians with inter-quartile ranges. All statistical analyses were 

done using SPSS 13.0 (Chicago, IL). A p-value of ≤0.05 is considered significant.

RESULTS

Patients

Of the 178 included patients, a CoreValve was implanted in 77 patients (44%) and Ed-

wards Sapien/Sapien XT in 101 patients (56%). Patient demographics and preprocedural 

characteristics for the complete cohort of patients are presented in Table 1. 

Procedural characteristics

A total of four procedures were converted from local anaesthesia to general anaesthesia 

(Figure 1 and Table 2); one procedure was converted to cardiac surgery under general an-

aesthesia due to dislocation of the valve in the left ventricle. One procedure was converted 

from local analgesia to general anaesthesia because of severe restlessness of the patient. 

In two patients, the peripheral vasculature (closure by vascular surgeon, prostar and needle 

problem due to severe calficied vasculature) was the reason for conversion.

The mean duration of the TAVI procedure was 97±39 minutes. Device success rate was 

96.7%. In 4 patients, 2 valves were implanted due to an unsatisfying primary implantation 

position.  In 1 patient, no valve was placed because of a severely calcified and tortuous 

peripheral vasculature; a successful transaortic TAVI was performed a week later. The 
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patient converted to surgery was observed on the intensive care unit postprocedurally. The 

other patients converted to general anaesthesia were observed on the recovery room and 

subsequently the cardiac care unit (CCU), or directly to the CCU. All other patients were 

observed directly postprocedurally on the CCU. 

Table 1: Baseline characteristics (n=178)

Patient data

Age, yrs 80.4 ± 7.2

BMI, kg/m2 29 ± 5.9

Male gender 60 (34)

Clinical history

Hypertension 104 (58)

Diabetes 52 (29)

Hypercholesterolemia 47 (26)

Prior myocardial infarction 32 (18)

Prior PCI 58 (33)

Prior CABG 23 (13)

Prior stroke 29 (16)

Peripheral arterial disease 37 (21)

COPD 56 (31)

Renal insufficiency 74 (42)

Liver cirrhosis 2 (1)

Prior neoplasia 39 (22)

Atrial fibrillation 39 (22)

Prior pacemaker 21 (12)

NYHA class ≥ 3 105 (59)

Preprocedural hospitalization 46 (26)

Logistic EuroSCORE 19 ± 12.7

STS score 6.2 ± 5.2

Preprocedural variables

LVEF ≤ 40% 25 (14)

AVA, cm2 0.76 ± 0.24

Indexed EOA, cm2/m2 0.41 ± 0.13

AVPG max, mmHg 70.6 ± 23.6

AVPG mean, mmHg 45 ± 15.4

Annulus diameter, mm 21 ± 1.4

AR grade ≥ 2 30 (17)

MR grade ≥ 3 22 (12)

TR grade ≥ 2 56 (32)

PAP, mmHg 40 ± 17.3

Values are n (%) or mean ± SD. BMI, body mass index; PCI, percutaneous coronary intervention; 
CABG, coronary artery bypass graft; COPD, chronic obstructive pulmonary disease; NYHA, New York 
Heart Association; STS, society of thoracic surgeons; LVEF, left ventricular ejection fraction; AVA, aortic 
valve area; AVPG, aortic valve pressure gradient; AR, aortic regurgitation; MR, mitral regurgitation; TR, 
tricuspid regurgitation; PAP, pulmonary artery pressure
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180 patients planned for 
transfemoral aortic valve 

implantation

178 patients planned for 
local analgesia

2 patients planned for 
general anesthesia

4 conversions to general 
anaesthesia

2 due to peripheral vasculature
1 due to restlessness of the patient

1 conversion  to surgery

174 planned for local analgesia

115 conscious sedation
59 no anesthesia during 

procedure

OUTCOME:
- Mean Procedure time 100 min
- Delirium: 6 (5%)
- total admission days 11
- 30 day mortality 6 (5%)

OUTCOME:
- Mean Procedure time 85 min
- Delirium: 3 (5%)
- total admission days 9
- 30 day mortality 2 (3%)

Figure 1: Flowchart of 180 patients planned for transfemoral aortic valve implantation; A total of four 
procedures were converted from local anaesthesia to general anaesthesia.

Table 2: Procedural characteristics  (n=178)

conversion from local to general 4 (3.3)

conversion to surgery 1

puncture or closure of peripheral vasculature 2

restlessness of the patient 1

Post-dilatation 17 (9.4)

Contrast, mL 147 ± 51

Procedure time, min 97 ± 38

Device success 174 (96.7)

Average admission days 10 ± 8

Values are n (%) or mean ± SD.

Anaesthesia reports on premedication were available in 170 of the patients. Premedication 

the night before the procedure and 1 hour prior to the procedure included temazepam, 

lorazepam, and midazolam (Table 3) and was prescribed for 76% of patients. In 25% no 

premedication was administered. There was no association between premedication and 

the development of delirium (p=0.062).  
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Table 3: premedication 1 hour before procedure (n=170)

10 mg temazepam 33 (19)

lorazepam 1mg 40 (24)

midazolam 64 (38)

2.5 mg midazolam 1 (1)

3,75 mg midazolam 58 (34)

7.5 mg midazolam 5 (3)

1000 mg paracetamol 144 (85)

Values are n (%) 

Procedural medications to provide conscious analgo-sedation included Remifentanil, Al-

fentanil, Sufentanil, Propofol, Morfine, and Esketamine. Of the 174 patients receiving local 

analgesia, 115 patients (66%) received conscious sedation with low dosages of opioids 

during the procedure. The remaining 34 % of patients received sedative medications 

during the procedure. A longer mean procedure duration, i.e. catheterization lab time 

with was observed with conscious sedation (100 vs 85 minutes  p=0.008). There were no 

differences in baseline characteristics or outcomes between patients receiving conscious 

sedation or local analgesia. Hemodynamic stability during the procedure was achieved 

with small dosages of catecholamines (Norepinephrine, Phenylephrine, Atropinesulfate, 

Efedrine) in 65 ( 37%) of the 174 patients. 

In the total population the mean aortic valve area increased significantly from 0.79 to 2.2 

cm2 (p<0.001). Mean and maximum aortic valve pressure gradient significantly decreased 

from 70.1 to 18.7 mmHg and 44.0 to 10.7 mmHg respectively, p<0.001 (Table 4). 

Table 4: pre- and postprocedural hemodynamic characteristics

pre-procedure post- procedure p-value

Aortic valve area, cm² 0.79 ± 0.26 2.2 ± 0.72 <0.001

AVPG max, mmHg 70.1 ± 23.9 18.7 ± 8.6 <0.001

AVPG mean, mmHg 44.0 ± 15.3 10.7 ± 5.6 0.001

RR systolic, mmHg 143 ± 32 138 ± 27 0.09

RR diastolic, mmHg 64 ± 14 55 ± 12 <0.001

Values are mean ± SD. AVPG, aortic valve pressure gradient; RR, blood pressure

The 30-day mortality rate was 5%, of which 8 included a cardiovascular cause. The imme-

diate procedural mortality was 2 (1%). At 30 days NYHA functional Class decreased from 

3 ± 0.6 to 1± 0.9 (p=0.04). Mean hospital stay was 9 ± 8 days. During the total hospital 

admission only 9 patients (5%) developed a delirium for which Haldol was prescribed 

(Table 5). 
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DISCUSSION

In this large cohort of 178 patients planned for a transfemoral TAVI under local anaes-

thesia, only four procedures (2%) were converted from local to general anaesthesia. No 

complications occurred for which TEE was necessary. This study demonstrated the safety 

and feasibility of transfemoral TAVI performed under local analgesia. 

The results parallel reports from other cohorts; Covello et al21 reported the safety of TAVI 

under local anaesthesia in 3 patients, Vavuranakis in 30 patients.22  To our knowledge, we 

report the largest TAVI cohort under local analgesia thus far23-27, with the lowest conversion 

to general anaesthesia (2%) compared to recently reported  by Durand et al (3.3%), and 

by Bergmann et al (17%).23,25

Efforts to minimize invasiveness provided that safety is maintained, hasten patient recovery, 

without compromising clinical and procedural outcomes or patient satisfaction were the 

rationale for a simplified transfemoral TAVI using exclusively local analgesia and fluoro-

scopic guidance. Our results with exclusively local analgesia are similar3,28-30 to the short-

term clinical outcomes of cohorts of procedures performed under general anaesthesia.

Table 5: 30-Day clinical outcome (n=178)

All-cause mortality 9 (5.0)

Immediate procedural mortality 2 (1.1)

Cardiovascular mortality 8 (4.4)

MACCE 14 (7.8)

Myocardial infarction 3 (1.7)

Stroke 10 (5.6)

Disabling stroke 6 (3.3)

Non-disabling stroke 4 (2.2)

Bleeding

Life threatening bleeding 4 (2.2)

Major bleeding 30 (16.7)

Vascular access complication 32 (17.8)

Major 11 (6.1)

Minor 21 (11.7)

Acute kidney injury

Stage 1 18 (10)

Stage 2 2 (1,1)

Stage 3 0 (0)

VARC combined safety end-point 15 (8.3)

Postprocedural delirium 9 (5.0)

Values are n (%) or mean ± SD. MACCE, major adverse cardiac and cerebral events; VARC, Valve 
Academic Research Consortium
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Compared to large clinical trials, our the rate of conversions to surgery (1 patient, 0.6%) 

was low.2,3,25,31  The 30-day mortality rate was 5%, the rate of major bleeding 17%, and 

the rate of stroke/TIA was 6%, similar to reports of larger registries and trials of TAVI under 

general anaesthesia.2,16,25,29-35

Minimizing the invasiveness, number of puncture sites, the need for endotracheal intuba-

tion, ventilation and subsequent extubation, potentially reduces the risk for infections. 

A reason for general anaesthesia includes a granted patient compliance with better 

procedural tolerance but even solely maximizing comfort rather than providing analgesia 

has been reported .11,14,23 Hemodynamic stability, essential for patient compliance, was 

achieved using catecholamines in only 37% of our patients. Preprocedural consultation 

by the operator and anaesthesiologist is a major contributor for patient compliance. Only 

1 patient (0.6%) was restless to the extent of converting to general anaesthesia. All other 

patients were sufficiently comfortable during the procedure. 

The decreased sheath sizes of the newer generation prostheses, often allows safe percuta-

neous vascular access. Surgical access may be performed under sufficient local anaesthe-

sia25 with  stable hemodynamics and a reduced need for inotropic or vasopressor support.24 

In presence of an experienced cardio-anaesthesist, no delay is expected in initiating cardiac 

support and the facilitated management of complications.

The main reason for general anaesthesia is the possibility to perform a procedural transo-

esophageal echocardiography (TEE).9,36,37 TEE has however never been proven to increase 

safety and is not considered obligatory; TAVI can be performed safely without TEE.38 More-

over, superior monitoring with direct feedback of the awake patient can be hypothesized, 

with immediate appropriate actions upon complaints indicating possible complications.39 

Since post-implantation prosthesis assessment can be achieved by fluoroscopy and TTE, 

TEE is not often needed.  

Compared to general anaesthesia, a shorter preparation time and procedure duration, 

a shorter hospital stay as well as lower costs have been described with conscious seda-

tion.24,26,40 In our cohort, mean procedural time was 97 minutes compared to a reported 

120 to 167 minutes with general anaesthesia. Mean length of hospital stay was 9 days, 

similar to other reports (5 days- 12.6 days) and shorter than reported with general anaes-

thesia (11.9-15 days).23,24,26 An important advantage of shorter hospitalization and pro-

cedure time is the reduced risk of cognitive dysfunction, especially when patients remain 

conscious during the procedure. Early mobilization may contribute to reduce this risk

Older patients are at high risk of developing postoperative cognitive dysfunction, in par-

ticular after cardiovascular surgery.41  Delirium has been reported to occur in 10% to 60% 

of all surgical patients, with an increasing incidence, up to 90% in elderly. 42 Since delirium 

is an independent predictor of sustained poor cognitive and functional status after hospital 
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admission43 the very low rate of delirium in our study (5%)  of fragile patients is promising 

for the future of TAVI in the aging population.  

In addition to the safety and feasibility, in our experience it is beneficial for the fragile 

patient population of TAVI to avoid general anaesthesia. In this fragile patient population it 

is of major importance to keep the risk of postprocedural disorientation as low as possible. 

LIMITATIONS

Local analgesia and optional conscious sedation is our current standard anaesthetic 

management during a transfemoral TAVI. The association of general anaesthesia with the 

first part of the learning curve, the change in baseline risk scores as well as the number 

of patients, prohibites comparison between local and general anaesthesia. Evaluation of 

anaesthetic management in a randomized controlled trial would be a major contribution to 

the interpretation and conclusion regarding the anaesthetic care during TAVI procedures.

The reported kidney injury was defined according to the modified RIFLE classification19  

instead of the Acute Kidney Injury Network (AKIN) classification as suggested by the most 

recent VARC17, excluding the urine output from the definition. Detailed information on 

urine output of this patient cohort was not gathered systematically at the time of proce-

dure.

CONCLUSION

Transfemoral TAVI performed using exclusively local analgesia and fluoroscopic guidance is 

safe and feasible, as demonstrated by the results of this large single center cohort.

Appropriate valve positioning was achieved by fluoroscopy and aortography, without TEE, 

as was the assessment of immediate results and possible complications, based on hemo-

dynamics, angiography and TTE.

In addition to the safety and feasibility, in our experience it is beneficial for the fragile TAVI 

patient  to avoid general anaesthesia. Thus, the least invasive strategy with the required 

safety standards may benefit the outcome of TAVI in the high-risk elderly patient. This 

report may contribute to reaching further consensus concerning the best anaesthetic 

management for transfemoral TAVI. 



68 Chapter 4

REFERENCES

 1. Genereux P, Head SJ, Wood DA, et al. Transcatheter aortic valve implantation: 10-year an-

niversary part II: clinical implications. EurHeart J 2012;33:2399-402.

 2. Leon MB, Smith CR, Mack M, et al. Transcatheter aortic-valve implantation for aortic stenosis 

in patients who cannot undergo surgery. NEnglJMed 2010;363:1597-607.

 3. Genereux P, Head SJ, Wood DA, et al. Transcatheter aortic valve implantation 10-year an-

niversary: review of current evidence and clinical implications. EurHeart J 2012;33:2388-98.

 4. Guarracino F, Covello RD, Landoni G, et al. Anesthetic management of transcatheter aortic 

valve implantation with transaxillary approach. JCardiothoracVascAnesth 2011;25:437-43.

 5. Johansson M, Nozohoor S, Kimblad PO, Harnek J, Olivecrona GK, Sjogren J. Transapical versus 

transfemoral aortic valve implantation: a comparison of survival and safety. AnnThoracSurg 

2011;91:57-63.

 6. Latsios G, Gerckens U, Grube E. Transaortic transcatheter aortic valve implantation: a novel ap-

proach for the truly “no-access option” patients. CatheterCardiovascInterv 2010;75:1129-36.

 7. Basciani RM, Eberle B. Percutaneous aortic valve implants under sedation: our initial experi-

ence. CatheterCardiovascInterv 2009;74:148-9.

 8. Behan M, Haworth P, Hutchinson N, Trivedi U, Laborde JC, Hildick-Smith D. Percutaneous aortic 

valve implants under sedation: our initial experience. CatheterCardiovascInterv 2008;72:1012-

5.

 9. Billings FT, Kodali SK, Shanewise JS. Transcatheter aortic valve implantation: anesthetic consid-

erations. AnesthAnalg 2009;108:1453-62.

 10. Guinot PG, Depoix JP, Etchegoyen L, et al. Anesthesia and perioperative management of pa-

tients undergoing transcatheter aortic valve implantation: analysis of 90 consecutive patients 

with focus on perioperative complications. JCardiothoracVascAnesth 2010;24:752-61.

 11. Covello RD, Landoni G, Zangrillo A. Anesthetic management of transcatheter aortic valve 

implantation. CurrOpinAnaesthesiol 2011;24:417-25.

 12. Rex S. Anesthesia for transcatheter aortic valve implantation: an update. CurrOpinAnaesthesiol 

2013.

 13. Covello RD, Ruggeri L, Landoni G, et al. Transcatheter implantation of an aortic valve: anesthe-

siological management. Minerva Anestesiol 2010;76:100-8.

 14. Ruggeri L, Gerli C, Franco A, et al. Anesthetic management for percutaneous aortic valve im-

plantation: an overview of worldwide experiences. HSR ProcIntensive Care CardiovascAnesth 

2012;4:40-6.

 15. Kappetein AP, Head SJ, Genereux P, et al. Updated standardized endpoint definitions for 

transcatheter aortic valve implantation: the Valve Academic Research Consortium-2 consensus 

document. JThoracCardiovascSurg 2013;145:6-23.

 16. Grube E, Schuler G, Buellesfeld L, et al. Percutaneous aortic valve replacement for severe aortic 

stenosis in high-risk patients using the second- and current third-generation self-expanding 

CoreValve prosthesis: device success and 30-day clinical outcome. JAmCollCardiol 2007;50:69-

76.

 17. Kappetein AP, Head SJ, Genereux P, et al. Updated standardized endpoint definitions for 

transcatheter aortic valve implantation: the Valve Academic Research Consortium-2 consensus 

document. EuroIntervention 2012;8:782-95.



TAVI under local anaesthesia exclusively 69

4

 18. Leon MB, Piazza N, Nikolsky E, et al. Standardized endpoint definitions for transcatheter 

aortic valve implantation clinical trials: a consensus report from the Valve Academic Research 

Consortium. European heart journal 2011;32:205-17.

 19. Bellomo R, Ronco C, Kellum JA, Mehta RL, Palevsky P, Acute Dialysis Quality Initiative w. Acute 

renal failure - definition, outcome measures, animal models, fluid therapy and information 

technology needs: the Second International Consensus Conference of the Acute Dialysis Qual-

ity Initiative (ADQI) Group. Critical care 2004;8:R204-12.

 20. Wenaweser P, Pilgrim T, Roth N, et al. Clinical outcome and predictors for adverse events after 

transcatheter aortic valve implantation with the use of different devices and access routes. 

American heart journal 2011;161:1114-24.

 21. Covello RD, Maj G, Landoni G, et al. Anesthetic management of percutaneous aortic valve 

implantation: focus on challenges encountered and proposed solutions. JCardiothoracVasc-

Anesth 2009;23:280-5.

 22. Vavuranakis M, Voudris V, Vrachatis DA, et al. Transcatheter aortic valve implantation, patient 

selection process and procedure: two centres’ experience of the intervention without general 

anaesthesia. HellenicJCardiol 2010;51:492-500.

 23. Bergmann L, Kahlert P, Eggebrecht H, Frey U, Peters J, Kottenberg E. Transfemoral aortic valve 

implantation under sedation and monitored anaesthetic care--a feasibility study. Anaesthesia 

2011;66:977-82.

 24. Dehedin B, Guinot PG, Ibrahim H, et al. Anesthesia and perioperative management of patients 

who undergo transfemoral transcatheter aortic valve implantation: an observational study of 

general versus local/regional anesthesia in 125 consecutive patients. JCardiothoracVascAnesth 

2011;25:1036-43.

 25. Durand E, Borz B, Godin M, et al. Transfemoral aortic valve replacement with the Edwards 

SAPIEN and Edwards SAPIEN XT prosthesis using exclusively local anesthesia and fluoroscopic 

guidance: feasibility and 30-day outcomes. JACC CardiovascInterv 2012;5:461-7.

 26. Motloch LJ, Rottlaender D, Reda S, et al. Local versus general anesthesia for transfemoral aortic 

valve implantation. ClinResCardiol 2012;101:45-53.

 27. Yamamoto M, Meguro K, Mouillet G, et al. Effect of local anesthetic management with con-

scious sedation in patients undergoing transcatheter aortic valve implantation. AmJCardiol 

2013;111:94-9.

 28. Bosmans JM, Kefer J, De BB, et al. Procedural, 30-day and one year outcome following CoreV-

alve or Edwards transcatheter aortic valve implantation: results of the Belgian national registry. 

InteractCardiovascThoracSurg 2011;12:762-7.

 29. Lefevre T, Kappetein AP, Wolner E, et al. One year follow-up of the multi-centre European 

PARTNER transcatheter heart valve study. EurHeart J 2011;32:148-57.

 30. Thomas M, Schymik G, Walther T, et al. Thirty-day results of the SAPIEN aortic Bioprosthesis 

European Outcome (SOURCE) Registry: A European registry of transcatheter aortic valve im-

plantation using the Edwards SAPIEN valve. Circulation 2010;122:62-9.

 31. Smith CR, Leon MB, Mack MJ, et al. Transcatheter versus surgical aortic-valve replacement in 

high-risk patients. NEnglJMed 2011;364:2187-98.

 32. Buellesfeld L, Gerckens U, Schuler G, et al. 2-year follow-up of patients undergoing trans-

catheter aortic valve implantation using a self-expanding valve prosthesis. JAmCollCardiol 

2011;57:1650-7.



70 Chapter 4

 33. Eltchaninoff H, Durand E, Borz B, et al. Prospective analysis of 30-day safety and performance 

of transfemoral transcatheter aortic valve implantation with Edwards SAPIEN XT versus SAPIEN 

prostheses. ArchCardiovascDis 2012;105:132-40.

 34. Piazza N, Grube E, Gerckens U, et al. Procedural and 30-day outcomes following transcatheter 

aortic valve implantation using the third generation (18 Fr) corevalve revalving system: results 

from the multicentre, expanded evaluation registry 1-year following CE mark approval. EuroIn-

tervention 2008;4:242-9.

 35. Tamburino C, Capodanno D, Ramondo A, et al. Incidence and predictors of early and late mor-

tality after transcatheter aortic valve implantation in 663 patients with severe aortic stenosis. 

Circulation 2011;123:299-308.

 36. Guarracino F, Cabrini L, Baldassarri R, et al. Non-invasive ventilation-aided transoesophageal 

echocardiography in high-risk patients: a pilot study. EurJEchocardiogr 2010;11:554-6.

 37. Ree RM, Bowering JB, Schwarz SK. Case series: anesthesia for retrograde percutaneous aortic 

valve replacement--experience with the first 40 patients. CanJAnaesth 2008;55:761-8.

 38. Bagur R, Rodes-Cabau J, Doyle D, et al. Usefulness of TEE as the primary imaging technique to 

guide transcatheter transapical aortic valve implantation. JACCCardiovascImaging 2011;4:115-

24.

 39. Benjamin ME, Silva MB, Jr., Watt C, McCaffrey MT, Burford-Foggs A, Flinn WR. Awake pa-

tient monitoring to determine the need for shunting during carotid endarterectomy. Surgery 

1993;114:673-9.

 40. Ben-Dor I, Looser PM, Maluenda G, et al. Transcatheter aortic valve replacement under 

monitored anesthesia care versus general anesthesia with intubation. CardiovascRevascMed 

2012;13:207-10.

 41. Norkiene I, Ringaitiene D, Misiuriene I, et al. Incidence and precipitating factors of delirium 

after coronary artery bypass grafting. ScandCardiovascJ 2007;41:180-5.

 42. Damuleviciene G, Lesauskaite V, Macijauskiene J. [Postoperative cognitive dysfunction of older 

surgical patients]. Medicina (Kaunas) 2010;46:169-75.

 43. McCusker J, Cole M, Dendukuri N, Han L, Belzile E. The course of delirium in older medical 

inpatients: a prospective study. JGenInternMed 2003;18:696-704.







Chapter 5 
predICtors and prognostIC Value of 
myoCardIal Injury durIng transCatheter 
aortIC ValVe ImplantatIon 

Yong ZY, Wiegerinck EM, Boerlage-van Dijk K, Koch KT, Vis MM, Bouma BJ, 
Henriques JP, Cocchieri R, Piek JJ, de Mol BA, Baan J Jr.

Circ Cardiovasc Interv. 2012 Jun.



74 Chapter 5

ABSTRACT

Background: Myocardial injury is a common complication during cardiac surgery and 

percutaneous coronary intervention and is associated with postprocedural cardiovascular 

morbidity and mortality. Limited data have been reported about the occurrence of myocar-

dial damage associated with transcatheter aortic valve implantation (TAVI). Therefore, our 

purpose was to investigate the incidence, the predictors and prognostic value of myocardial 

injury during TAVI.

Methods and Results: We studied 119 patients (age 81±8 years, 47 male), who had 

undergone a TAVI with the Medtronic-CoreValve® bioprosthesis. Serum CK-MB and cTnT 

levels were measured before and after the procedure. Myocardial injury was defined as a 

postprocedural increase of CK-MB and/or cTnT level above 5 times the upper reference 

limit. Following TAVI the incidence of myocardial injury was 17%, which was indepen-

dently predicted by procedural duration (minutes, OR: 1.04; 95%CI: 1.01-1.06), preproce-

dural beta-blocker use (OR: 0.12; 95%CI: 0.03-0.45), peripheral arterial disease (OR: 6.36; 

95%CI: 1.56-25.87) and prosthesis depth (mm, OR: 1.31; 95%CI: 1.08-1.59). Thirty-day 

mortality following TAVI was 13%, and independently predicted by myocardial injury (OR: 

8.54; 95%CI: 2.17-33.52), preprocedural hospitalization (OR: 9.36; 95%CI: 2.55-34.38) 

and left ventricular mass index (g/m2, OR: 1.02; 95%CI: 1.00-1.03). 

Conclusion: Following transcatheter aortic valve implantation, serum levels of both CK-

MB and cTnT increase, which reflects the occurrence of periprocedural myocardial injury. 

A longer procedural duration, the absence of beta-blocker use, peripheral arterial disease 

and a deeper prosthesis insertion are associated with myocardial injury. Together with 

preprocedural hospitalization and left ventricular mass, myocardial injury is an independent 

predictor for 30-day mortality following TAVI. 
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INTRODUCTION

Transcatheter aortic valve implantation (TAVI) is a novel technique, which in the last few years 

has evolved as an effective alternative treatment of severe degenerative aortic valve stenosis 

in patients rejected for conventional surgical valve replacement or who have a high risk 

for peri- and postoperative morbidity and mortality.1-8 Perioperative myocardial injury, mani-

fested as myocardial stunning or infarction, is a frequent complication during cardiac surgery 

and percutaneous coronary intervention (PCI) and is shown to be strongly associated with 

postprocedural cardiovascular morbidity and mortality.9-18 In the setting of cardiac surgery, 

myocardial damage is not only caused by direct myocardial trauma, but more importantly, 

by global myocardial ischemia during aortic cross-clamping and cardiac arrest, and by insuf-

ficient myocardial protection.10, 11, 19-23 In some patients, reperfusion injury may play a role.24, 25 

Since there is no need for cardioplegia and aortic cross-clamping during TAVI, myocardial 

injury is expected to be less. However, myocardial damage during TAVI could be caused by 

periprocedural conditions resulting in myocardial oxygen supply-demand mismatch, such 

as balloon valvuloplasty, acute aortic regurgitation and temporary hypotension during 

rapid ventricular pacing and gradual deployment of the bioprosthesis. Furthermore, direct 

myocardial injury by catheter, wire and prosthesis manipulation may play a role. As in PCI,26, 

27 another potential mechanism for myocardial injury during TAVI is particle embolization 

into the coronary arteries arising from the mentioned manipulation at the calcified aortic 

valve leaflets. On the other hand, cardioprotective effects of certain preprocedural medica-

tion may protect the myocardium from damage during TAVI. Therefore, the purpose of 

this study was to investigate the incidence, predictors and prognostic value of myocardial 

injury during TAVI. 

METHODS

Patients 

In a prospective single-center observational study, 119 consecutive patients were included, 

who were planned between October 2007 and June 2011 for a transcatheter aortic valve 

implantation with the Medtronic-CoreValve® bioprosthesis (Corevalve Inc, Irvine, CA) via 

the retrograde transfemoral approach. All patients were selected for TAVI based on their 

symptomatic severe degenerative aortic valve stenosis and because they were rejected or 

had a high risk for conventional aortic valve surgery due to high age and comorbidity. The 

clinical and anatomical criteria for selection of patients for TAVI with the third generation 

18F Medtronic-CoreValve device are described elsewhere.2, 4 Patients, who died within 

12 hours after the procedure (n=3), precluding adequate assessment of postprocedural 

cardiac enzyme serum levels, were excluded, as well as patients in whom cardiac enzymes 
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were not assessed until they reached their peak level (n=3) and patients who underwent 

concomitant PCI during the TAVI procedure (n=2).  

All patients underwent coronary angiography as part of the screening for TAVI. In case of 

significant coronary artery disease, the strategy was to treat all significant coronary artery 

lesions (≥70% stenosis) by means of percutaneous coronary intervention (PCI), where pos-

sible. Percutaneous coronary intervention was performed at least one week prior to TAVI.

All patients were pretreated with aspirin and clopidogrel, with a loading dose of 300 mg, 

where needed. After TAVI, daily aspirin was continued for life-long and daily clopidogrel 

for at least 3 months after the procedure. Patients who used coumarines (n=42), had to 

discontinue with it at least three days before TAVI. In case of coumarin use and a CHADS 

score of ≥ 3, low weight molecular heparin (LWMH) was given in therapeutic dose for at 

least two days prior to TAVI. All patients received LWMH in prophylactic dose after TAVI, 

tot prevent thromboembolic events. Of the 39 patients with atrial fibrillation prior to TAVI, 

32 patients received coumarin treatment.

Implantation of the third generation 18F Medtronic-CoreValve aortic valve bioprosthesis 

was performed in the catheterization laboratory under general anesthesia (n=62) or only 

sedation (n=57). The procedural technique of TAVI with the Medtronic-CoreValve biopros-

thesis has been described previously.1, 4, 28 Heparin was given during the procedure at a 

dose of approximately 100 IU/kg aimed at an activated clotting time of 300 seconds. All 

patients treated in our percutaneous valve program have been entered in a prospectively 

designed protocol and dedicated database.

Blood sampling and analysis

Venous blood samples were drawn one day before TAVI (T0) and at 1 hour (T1), 6 (T6), 12 

(T12), 18 (T18), 24 (T24) and 30 (T30) hours after the procedure until serum levels of CK-MB 

and cTnT reached their peak and started to decrease. Before analysis, the blood samples 

were centrifuged at 1000g and stored at -20 °C. The serum levels of CK-MB and cTnT were 

determined by using electrochemiluminescence immunoassay on the Roche Elecsys 2010 

immunoassay analyzer (Roche Diagnostics GmbH, Germany). The upper reference limit 

(URL) (99th percentile) was 5.2 ng/mL for CK-MB and 0.1 ng/mL for cTnT. Myocardial injury 

was defined as postprocedural elevations of serum CK-MB or cTnT levels greater than 5 

times the URL with or without new Q-waves or new wall motion abnormalities. 

Periprocedural myocardial infarction was defined as postprocedural elevations of serum 

CK-MB and/or cTnT levels greater than 5 times the URL in combination with either new-Q 

waves and/or echocardiographically determined new persistent wall motion abnormali-

ties, as obtained from the Valve Academic Research Consortium consensus definitions of 

endpoints following TAVI.29  
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Evaluation of other parameters

A 12-lead electrocardiogram (EKG) was recorded one day before TAVI, direct after TAVI 

and every day after the procedure until discharge. Transthoracic echocardiography was 

performed within three months before TAVI and within a week postprocedurally, using 

the GE Vivid 7 machine (GE Healthcare, Horten, Norway). Aortic (prosthetic) valve hemo-

dynamics were assessed before and after TAVI and included aortic valve effective orifice 

area (EOA), peak and mean aortic valve pressure gradient (AVPG), and (paravalvular) aortic 

regurgitation (AR) grade. Other echocardiographical parameters assessed before and after 

TAVI were: global left ventricular (LV) systolic function, LV internal and wall dimensions, 

mitral regurgitation grade and pulmonary artery pressure. Left ventricular mass (LVM) was 

calculated using the corrected formula from Devereux and colleagues.30 

Preprocedural hospitalization was defined as hospital admission for at least one week just 

prior to the TAVI procedure because of severe symptomatic disease, direct or indirectly re-

lated to aortic valve stenosis. Significant coronary artery disease was defined as the presence 

of at least one unrevascularized coronary artery stenosis of more than 50% prior to TAVI. 

Clinical outcomes

Clinical outcomes included: (1) 30-day all cause mortality, (2) major cardiac events occurring 

between 1 day and 30 days after TAVI, including low cardiac output (requiring medical or 

mechanical left ventricular support), peri-operative myocardial infarction (postprocedural 

elevations of serum CK-MB or cTnT levels greater than 5 times the URL in combination with 

either new-Q waves and/or echocardiographically determined new persistent wall motion 

abnormalities, as obtained from the VARC consensus definitions),29 and sustained ventricu-

lar arrhythmia. The VARC-combined safety endpoint is defined as the occurrence of either 

one of the following events up to 30 days postprocedure: all-cause mortality, major stroke, 

life-threatening or disabling bleeding, acute kidney injury stage 3, periprocedural MI, and 

repeat procedure for valve-related dysfunction (surgical or interventional therapy).31

Statistical analysis

Categorical variables are expressed as number and percentages and compared between 

groups with a Fisher Exact test. Continuous variables are presented as mean and standard 

deviation. Differences of a continuous variable between two groups were analyzed with 

a two-tailed Student’s t-test or Mann-Whitney U test, where appropriate. The Wilcoxon 

signed rank test was used for within group comparison of biomarker levels between dif-

ferent time points. 

A stepwise logistic regression analysis including all variables with P-value < 0.1 in the 

univariable analysis was used to determine the predictive factors of both myocardial injury 

and 30-day mortality. Cumulative survival plots of patients with and without myocardial 

injury were estimated using the Kaplan-Meier method. The log-rank test was used to 
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compare the difference in survival between both groups of patients. To identify predictors 

of death within 1 year after TAVI, a Cox proportional hazard model was applied. Results are 

reported as adjusted hazard ratio (HR) with 95% confidence interval (CI). P-values <0.05 

were considered to be significant. Statistical analysis was performed using the statistical 

software SPSS 17.0 for windows (SPSS Inc., Chicago, IL). 

RESULTS

Pre-, peri and postprocedural characteristics of the 119 patients are summarized in table 

1. The mean age was 81±8 years and 47 (39%) patients were male. Two concomitant 

PCI’s were performed and one valve-in-valve procedure (implantation of a CoreValve in a 

CoreValve prosthesis, because the first one was inserted in a too high position). The mean 

duration of the TAVI procedure was 80±23 min. The 30-day mortality rate was 15 (13%), 

which included 9 non-cardiac deaths (due to pulmonary failure, infectious complications or 

stroke) and 6 cardiac deaths (due to terminal heart failure), all occurring between 1 week 

and 30 days after the procedure. Cardiac events within 30 days after TAVI occurred in 16 

patients, which all involved a low cardiac output syndrome, requiring intravenous therapy 

Table 1: Pre-, peri- and post-operative parameters of patients  (n=119)

Total
Myocardial injury

No myocardial 
injury P-value

(n = 119) (n = 20) (n = 99)

Patient data

Age, yrs 80.7 ± 7.8 83.4 ± 5.0 80.2 ± 8.2 0.12

BMI, kg/m2 27.7 ± 5.5 25.2 ± 4.7 28.2 ± 5.5 0.010

Male gender 47 (39 ) 10 (50 ) 37 (37 ) 0.32

Clinical history

Hypertension 60 (50 ) 9 (45 ) 51 (52 ) 0.63

Diabetes 31 (26 ) 2 (10 ) 29 (29 ) 0.095

Hypercholesterolemia 17 (14 ) 2 (10 ) 15 (15 ) 0.73

Prior myocardial infarction 22 (18 ) 2 (10 ) 20 (20 ) 0.36

Prior PCI 35 (29 ) 6 (30 ) 29 (29 ) 1

Prior CABG 15 (13 ) 2 (10 ) 13 (13 ) 1

Prior PCI / CABG 41 (34 ) 6 (30 ) 35 (35 ) 0.80

Significant CAD 24 (20 ) 6 (30 ) 18 (18 ) 0.23

Peripheral arterial disease 21 (18 ) 7 (35 ) 14 (14 ) 0.048

COPD 40 (34 ) 6 (30 ) 34 (34 ) 0.80

Atrial fibrillation 39 (33 ) 5 (25 ) 34 (34 ) 0.60

EuroSCORE 18.5 ± 12.7 19.4 ± 9.8 18.3 ± 13.2 0.25

STS score 6.1 ± 4.5 5.3 ± 3.3 4.4 ± 2.7 0.33

Preprocedural hospitalization 26 (22 ) 5 (25 ) 21 (21 ) 0.77



 Myocardial injury during TAVI 79

5

Preprocedural variables

CK-MB (ng/mL) 3.8 ± 1.3 3.9 ± 1.1 3.8 ± 1.3 0.71

cTnT (ng/mL) 0.04 ± 0.03 0.03 ± 0.01 0.04 ± 0.03 0.35

Hemoglobin, mmol/L 7.9 ± 1.1 7.6 ± 1.1 7.9 ± 1.1 0.13

eGFR, mL/min/1.73m2 67.7 ± 24.4 72.0 ± 16.4 66.8 ± 25.7 0.44

Betablocker use 66 (55 ) 6 (30 ) 60 (61 ) 0.014

Statin use 49 (41 ) 8 (40 ) 41 (41 ) 1

Coumarin use 42 (35 ) 5 (25 ) 37 (37 ) 0.44

LVEF ≤ 40% 28 (24 ) 4 (20 ) 24 (24 ) 0.78

LVMI, g/m2 151.8 ± 46.0 166.4 ± 51.9 148.8 ± 44.4 0.13

Indexed EOA, cm2/m2 0.41 ± 0.11 0.40 ± 0.07 0.41 ± 0.12 0.68

AVPG max, mmHg 76 ± 23 82 ± 25 75 ± 22 0.26

AVPG mean, mmHg 49 ± 16 54 ± 21 48 ± 15 0.33

MR grade ≥ 3 10 (8 ) 1 (5 ) 9 (9 ) 1

PAP, mmHg 42 ± 12 40 ± 9 42 ± 13 0.53

Procedural data

Sedative anesthesia 57 (48 ) 5 (25 ) 52 (53 ) 0.029

Valve-in-valve procedure 1 (1 ) 0 (0 ) 1 (1 ) 1

Large prosthesis size 36 (30 ) 5 (25 ) 31 (31 ) 0.79

Prosthesis depth, mm 7.0 ± 3.1 8.7 ± 3.2 6.7 ± 3.0 0.005

Contrast amount, mL 148 ± 59 158 ± 76 146 ± 55 0.75

Procedural duration, min 80 ± 23 93 ± 30 77 ± 21 0.031

Postprocedural variables

CK-MB (ng/mL) 15.9 ± 15.8 43.6 ± 21.5 10.3 ± 4.8 <0.001

cTnT (ng/mL) 0.28 ± 0.30 0.79 ± 0.40 0.18 ± 0.11 <0.001

RBCT 29 (24 ) 7 (35 ) 22 (22 ) 0.26

LVEF ≤ 40% 16 (13 ) 1 (5 ) 15 (15 ) 0.30

Indexed EOA, cm2/m2 1.09 ± 0.27 1.05 ± 0.23 1.10 ± 0.28 0.68

AVPG max, mmHg 20 ± 7 20 ± 8 20 ± 7 0.99

AVPG mean, mmHg 12 ± 5 12 ± 5 11 ± 5 0.80

AR grade ≥ 3 7 (6 ) 3 (15 ) 4 (4 ) 0.092

PAP, mmHg 45 ± 10 48 ± 16 45 ± 9 0.76

Postprocedural outcome

New PM 21 / 104 3 / 15 18 / 88 1

New LBBB 49 / 89 13 / 17 36 / 72 0.060

VARC-combined endpoint 24 (20 ) 7 (35 ) 16 (16 ) 0.065

Hospital admission, days 12 ± 8 16 ± 12 11 ± 7 0.047

30-day cardiac events 16 (13 ) 8 (40 ) 8 (8 ) 0.001

30-day mortality 15 (13 ) 7 (35 ) 8 (8 ) 0.004

Values are n (%) or mean ± SD. BMI, body mass index; PCI, percutaneous coronary intervention; 
CABG, coronary artery bypass graft; CAD, coronary artery disease; COPD, chronic obstructive 
pulmonary disease; NYHA, New York Heart Association; STS, society of thoracic surgeons; CK-MB, 
creatin kinase-MB; cTnT, cardiac troponin T; eGFR, estimated glomerular filtration rate; LVEF, left 
ventricular ejection fraction; LVMI, left ventricular mass index; EOA, effective orifice area; AVPG, aortic 
valve pressure gradient; MR, mitral regurgitation; PAP, pulmonary artery pressure; RBCT, red blood cell 
transfusion; AR, aortic regurgitation; PM, pacemaker; LBBB, left bundle branch block.
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with inotropics and/or diuretics. The cumulative one-year mortality rate was 30 (25%), 

which included 13 non-cardiac deaths and 17 cardiac deaths.

Following TAVI, CK-MB and cTnT serum levels increased in all patients compared to base-

line and reached values above the URL. The mean CK-MB level increased from 3.8±1.3 

ng/mL at baseline to a peak of 15.9±15.8 μg/L (p<0.0001) which occurred 9.5±7.0 hrs 

after the procedure. The mean serum concentration of cTnT increased from 0.04±0.03 

to 0.28±0.30 ng/mL at peak (p<0.0001), which was reached 14.3±11.2 hrs after TAVI. 

Twenty patients had postprocedural peak values greater than 5 times the URL of one or 

both serum markers. Seventeen patients had postprocedural CK-MB peak values of greater 

than 5 times the URL. No periprocedural myocardial infarction had occurred in these pa-

tients as defi ned by the previously stated VARC criteria, since they had no new-Q waves or 

echocardiographically determined new wall motion abnormalities. Mean concentrations, 

as multiple of the upper reference limit, of serum CK-MB and cTnT levels before and at 

different time points after TAVI are shown in fi gure 1. 

Figure 1: Mean and standard 
error of the mean of changes 
in serum levels of creatine 
kinase-MB (CK-MB) and cardiac 
troponin T (cTnT) at baseline 
and at different time points 
following transcatheter aortic 
valve implantation. Values are 
represented as multiples of the 
upper reference limit (URL). The 
URL (99th percentile) is 5.2 ng/
mL for CK-MB and 0.1 ng/mL 
for cTnT. T0: baseline; T6-T30: 
6, 12, 18, 24 and 30 hours 
after TAVI, respectively.

Predictors for myocardial injury

Periprocedural myocardial injury occurred in 20 (17%) patients (table 1). Compared with 

the patients without myocardial injury (n=99), the patients with myocardial injury had a 

lower body mass index (25.2±4.7 vs. 28.2±5.5 kg/m2, p=0.010), used less beta-blocker 

(30% vs. 61%, p=0.014), were treated less with only sedation (25% vs. 53%, p=0.029), 

had a deeper prosthesis insertion (8.7±3.2 vs. 6.7±3.0 mm, p=0.005) and a longer pro-

cedural duration (97±30 vs. 77±21 minutes, p=0.031). The independent predictors for 

myocardial injury are shown in table 2 and included preprocedural beta-blocker use (OR: 

0.12; 95%CI: 0.03-0.45), procedural duration (minutes, OR: 1.04; 95%CI: 1.01-1.06), 
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prosthesis depth (mm, OR: 1.31; 95%CI: 1.08-1.59) and peripheral arterial disease (OR: 

6.36; 95%CI: 1.56-25.87).  

Table 2: Independent predictors for myocardial injury following TAVI

Variables Odds ratio 95% CI P-value

Betablocker use 0.12 0.03 - 0.45 0.002

Peripheral arterial disease 6.36 1.56 - 25.87 0.010

Prosthesis depth (mm) 1.31 1.08 - 1.59 0.007

Procedural duration (minutes) 1.04 1.01 - 1.06 0.005

Univariate predictors for CK-MB peak levels above the 5 times URL are somewhat different 

(See the Appendix in the online-only Data Supplement).

Figure 2 shows the differences in peak CK-MB and cTnT serum levels between two groups 

which have been divided based on these four independent predictors. 

Figure 2: Comparison of peak postprocedural CK-MB and cTnT serum levels between two groups of 
patients which have been divided based on their procedural duration, beta-blocker use and prosthesis 
depth, respectively. P-value of difference between the two groups: *<0.05

Predictors for 30-day mortality

The 30-day mortality rate was 15 (13%) and was associated with a higher Society of 

Thoracic Surgeons (STS) risk score (7.8±3.7 vs. 5.9±4.6, p=0.013), more preprocedural 

hospitalization (60% vs. 16%, p=0.001), a higher left ventricular mass index (181.5±45.6 

vs. 147.5±44.7, p=0.008), and a higher incidence of myocardial injury (47% vs 13%, 

p=0.004) and  postprocedural AR grade ≥3 (20% vs 4%, p=0.042) (table 3). Multivariate 

analysis revealed myocardial injury (OR: 8.54; 95%CI: 2.17-33.52), preprocedural hospital-

ization (OR: 9.36; 95%CI: 2.55-34.38), and LVMI (g/m2, OR: 1.02; 95%CI: 1.00-1.03) to 

be independent predictors for 30-day mortality (table 4). 
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Table 3: Pre-, peri- and post-operative parameters of patients  (n=119)

Deceased Alive
P-value

(n = 15) (n = 104)

Patient data

Age, yrs 83.3 ± 7.0 80.3 ± 7.9 0.11

BMI, kg/m2 25.9 ± 4.9 28.0 ± 5.5 0.083

Male gender 9 (60 ) 38 (37 ) 0.096

Clinical history

Hypertension 8 (53 ) 52 (50 ) 1

Diabetes 4 (27 ) 27 (26 ) 1

Hypercholesterolemia 3 (20 ) 14 (13 ) 0.45

Prior myocardial Infarction 4 (27 ) 18 (17 ) 0.48

Previous PCI 5 (33 ) 30 (29 ) 0.77

CABG 1 (7 ) 14 (13 ) 0.69

Peripheral arterial disease 3 (20 ) 18 (17 ) 0.73

COPD 6 (40 ) 34 (33 ) 0.57

Atrial fibrillation 7 (47 ) 32 (31 ) 0.25

EuroSCORE 21.4 ± 13.1 18.0 ± 12.7 0.14

STS score 7.8 ± 3.7 5.9 ± 4.6 0.013

Preprocedural hospitalization 9 (60 ) 17 (16 ) 0.001

Preprocedural variables

CK-MB (ng/mL) 3.5 ± 1.2 3.9 ± 1.3 0.35

cTnT (ng/mL) 0.05 ± 0.03 0.04 ± 0.03 0.017

Hemoglobin, mmol/L 7.4 ± 0.9 7.9 ± 1.1 0.13

eGFR, mL/min/1.73m2 64.9 ± 26.0 68.1 ± 24.2 0.77

Betablocker use 8 (53 ) 58 (56 ) 1

Impaired systolic LVF 6 (40 ) 22 (21 ) 0.12

LVMI, g/m2 181.5 ± 45.6 147.5 ± 44.7 0.008

Indexed EOA, cm2/m2 0.42 ± 0.08 0.41 ± 0.12 0.54

AVPG max, mmHg 78 ± 27 76 ± 22 0.73

AVPG mean, mmHg 47 ± 18 49 ± 16 0.61

MR grade ≥ 3 2 (13 ) 8 (8 ) 0.61

PAP, mmHg 45 ± 9 41 ± 12 0.33

Procedural data

Sedative anesthesia 7 (47 ) 50 (48 ) 1

Large prosthesis size 3 (20 ) 33 (32 ) 0.55

Prosthesis depth, mm 8.4 ± 3.1 6.8 ± 3.1 0.091

Contrast amount, mL 167 ± 88 145 ± 53 0.53

Procedural duration, min 83 ± 32 80 ± 22 0.78
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Table 4:  Independent predictors for 30-day mortality following TAVI

Variables Odds ratio 95% CI P-value

Preprocedural hospitalization 9.36 2.55 - 34.38 0.001

Myocardial injury 8.54 2.17 - 33.52 0.002

LVMI (g/m2) 1.02 1.00 - 1.03 0.035

Predictors for 1 year cumulative mortality

The Kaplan-Meier survival analysis shows a significant difference in survival between the 

patients with myocardial injury and those without myocardial injury (p=0.013 by log-rank 

test) as shown in figure 3. Multivariable analysis of 1 year cumulative survival after TAVI 

revealed that myocardial injury was an independent predictor for one-year cumulative mor-

tality (HR: 2.86, 95%CI 1.28-6.39; p=0.011), together with preprocedural hospitalization 

(HR: 2.76, 95%CI 1.30-5.83; p=0.008), left ventricular mass index (per g/m2, HR: 1.01, 

95%CI 1.00-1.02; p=0.035) and preprocedural mean AVPG (per mmHg, HR: 0.97, 95%CI 

0.94-1.00; p=0.033).

Postprocedural variables

CK-MB max (ng/mL) 30.1 ± 27.7 13.9 ± 12.2 0.11

cTnT max (ng/mL) 0.59 ± 0.44 0.24 ± 0.25 0.001

Myocardial injury 7 (47 ) 13 (13 ) 0.004

RBCT 5 (33 ) 24 (23 ) 0.52

LVEF ≤ 40% 4 (27 ) 12 (12 ) 0.12

Indexed EOA, cm2/m2 1.07 ± 0.19 1.09 ± 0.28 0.93

AVPG max, mmHg 19 ± 6 20 ± 7 0.51

AVPG mean, mmHg 10 ± 4 12 ± 5 0.20

AR grade ≥ 3 3 (20 ) 4 (4 ) 0.042

PAP, mmHg 46 ± 10 45 ± 11 0.72

Postprocedural outcome

New PM 3 / 8 18 / 96 0.20

New LBBB 5 / 9 44 / 80 1

30-day cardiac events 10 (67 ) 6 (6 ) <0.001

Values are n (%) or mean ± SD.
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Figure 3: One-year survival after 
TAVI according to the occurrence of 
myocardial injury.

DISCUSSION

The present study is the fi rst to describe the clinical value of measuring biochemical mark-

ers of myocardial injury after transcatheter aortic valve implantation with the Medtronic-

CoreValve device. Serum levels of creatine kinase-MB and cardiac troponin T increase after 

TAVI, which refl ects the procedure-related myocardial injury. Myocardial injury appears to 

be independently predicted by a longer procedural duration, the absence of beta-blocker 

use, the presence of peripheral arterial disease and a deeper prosthesis insertion. Peripro-

cedural myocardial injury is revealed as an independent predictor of 30-day mortality after 

TAVI, together with preprocedural hospitalization and left ventricular mass. 

Following TAVI, both CK-MB and cTnT levels increased in all patients, reaching an average 

peak level of 3 times the upper reference limit. These mean postprocedural cardiac marker 

levels are comparable with those reported after TAVI (with transfemoral and transapical 

approach) with the Edwards SAPIEN (Edwards Lifesciences Inc., Irvine, California) device.32

The values of postprocedural markers are remarkably low compared with those found 

after surgical valve replacement and CABG,14, 19, 20, 33, 34 and higher compared with those 

following PCI.9, 12, 15, 17, 18 The absence of aortic cross-clamping and cardioplegia in combina-

tion with less direct myocardial trauma could explain the relatively lower biomarker levels 

after TAVI compared with cardiac surgery.34, 35 Importantly, no periprocedural myocardial 

infarction occurred, since none of our patients showed new Q-waves or new regional wall 

motion abnormalities. The higher levels of biomarkers in the TAVI patients compared with 

PCI could be explained by the presence of more particle embolization into the coronary cir-

culation, direct myocardial trauma and especially the presence of concentric left ventricular 

hypertrophy in most of the patients treated with TAVI.     

In order to investigate the etiology of myocardial injury during TAVI, multivariate logistic 

regression analysis was performed, which showed that a longer procedural duration, the 
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absence of beta-blocker use, the presence of peripheral arterial disease and a deeper 

prosthesis implantation were independent predictors for myocardial injury. 

Periprocedural myocardial damage during TAVI is probably for a large part attributed to 

global myocardial ischemia, as a result of a myocardial oxygen demand-supply mismatch. 

Especially hypertrophied left ventricles are susceptible for subendocardial myocardial 

damage, due to the reduced myocardial capillary density and high intracavitary pressures, 

even in the absence of obstructive coronary artery disease.36, 37 During TAVI, reduced 

myocardial oxygen supply may result from temporary aortic valve occlusion during balloon 

valvuloplasty and from hypotension by rapid ventricular pacing, bradycardia due to cardiac 

conduction disorders and theoretically distal embolization into the coronary (micro)circula-

tion. Patent coronary arteries were verified with aortic angiography in all patients after 

prosthesis deployment, which excludes (partial) coronary obstruction as cause of myocar-

dial injury.  Increased myocardial oxygen demand during TAVI may result from an acute 

increase in aortic regurgitation (causing increased wall stress due to increased end-diastolic 

pressures),38, 39 exposure to intravenous inotropics, and tachycardia. A longer procedural 

duration is associated with a longer exposure to the aforementioned factors that result in 

myocardial oxygen demand-supply mismatch, which explains why procedural duration is a 

strong predictor for myocardial injury. Alternatively, a longer procedural duration could be 

a reflection of the complexity and susceptibility of the treated patient. 

Reduction of myocardial oxygen consumption may account for less myocardial injury dur-

ing TAVI in patients pretreated with a beta-blocker, as shown in our study. This is in line 

with studies which have demonstrated the cardioprotective effect of beta-blockers during 

PCI.40, 41 

Our finding of a deeper prosthesis implantation as an independent predictor, may be 

explained by direct injury of the left ventricular outflow tract by the deployed metal frame 

of the Medtronic-CoreValve device. Accordingly, we previously reported that a deeper 

insertion of the Medtronic-CoreValve prosthesis was associated with a higher incidence 

of new left bundle branch block,42 and injury of the perivalvular myocardium may in part 

be the cause of the injured conduction system. Furthermore, oversizing of the balloon-

expandable Edwards prosthesis with respect tot the aortic annulus, was found to be 

associated with more myocardial injury in a previous study.32 Myocardial stretching by 

both a self-expandable or a balloon-expandable valve prosthesis probably results in direct 

myocardial trauma and a rise in cardiac enzyme levels.

Finally, peripheral arterial disease was identified as an independent predictor of myocardial 

injury. Patients with peripheral arterial disease may have a higher susceptibility to incur 

myocardial injury, since they have a higher extent of coronary artery disease (as expressed 

in significantly more prior myocardial infarction and coronary revascularization) and since 

they have a more complex TAVI procedure, leading to a longer procedural duration. 
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The present study shows that myocardial injury is strongly associated with mortality within 

30 days after TAVI. This finding corresponds with many previous reports, showing that 

peak levels of cardiac troponins and CK-MB are strong predictors for in-hospital mortality 

and other major adverse events, following percutaneous coronary intervention, coronary 

bypass and heart valve surgery.11, 13, 14, 33, 43 

Myocardial injury was also found as an independent predictor for one-year cumulative 

mortality. This is in line with an earlier report, which found that the degree in rise of cTnT 

was an independent predictor of cardiac mortality after TAVI.32 However, as can be seen 

in the Kaplan-Meier survival curves in figure 3, the effect of myocardial injury on one-year 

cumulative mortality is rather a reflection of its large impact on 30-day mortality.

Preprocedural hospitalization was a strong predictor for 30-day mortality and cumulative 

one-year mortality after TAVI in our study. Most of the patients in our study who were pre-

procedurally hospitalized for at least one week, were admitted because of decompensated 

aortic valve stenosis. These patients consequently had a much poorer functional status 

than patients who were admitted only one day before the procedure. In line with a previ-

ous report, we show that TAVI patients with a poorer preprocedural clinical and functional 

status have an increased risk of post-procedural mortality.44

An increased left ventricular mass index was identified in our study as an independent 

predictor for 30-day mortality and cumulative one-year mortality after TAVI, an expected 

finding in line with surgical aortic valve replacement.36, 45, 46 

The underlying mechanisms which can explain the relationship between myocardial injury 

and 30-day mortality after TAVI remain unclear. The extent of myocardial injury during 

TAVI is relatively small and diffuse and is not shown to impair myocardial function or cause 

ventricular arrhythmias leading to sudden cardiac death.    

It is therefore more likely that the amount of myocardial injury is a reflection of more 

extensive disease (for example these patients have more peripheral arterial disease) that 

makes a patient susceptible for postprocedural cardiovascular morbidity and mortality. 

Specifically in these susceptible patients, optimization of the aforementioned predictive 

factors may improve their clinical outcome, such as betablocker treatment (if tolerated by 

the patient with severe aortic stenosis), shortening of procedural duration and prevention 

of a deep prosthesis insertion. 

This study is limited by the relatively small number of events, which may have resulted in 

model overfitting in multivariable analysis. Furthermore the results were obtained from a 

prospective observational study, such that the effect of other unmeasured or unknown 

confounding factors on myocardial injury and mortality cannot be ruled out. The amount 

of myocardial injury was measured with postprocedural cardiac enzyme levels, which did 

not manifest in new Q-waves or new wall motion abnormalities. Cardiac MRI could be a 

helpful imaging modality to determine the presence, localization and amount of myocar-

dial injury following TAVI. 
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CONCLUSION

The present study shows that periprocedural myocardial injury occurs in all patients after 

transcatheter aortic valve implantation, albeit very limited compared with surgical aortic 

valve replacement. The occurrence of myocardial injury is associated with a longer proce-

dural duration, the absence of beta-blocker use, peripheral arterial disease and a deeper 

prothesis insertion. Together with preprocedural hospitalization and left ventricular mass, 

myocardial injury is shown to be prognostic for 30-day mortality following TAVI. Certain 

preventive measures could reduce the amount of myocardial injury and subsequently 

improve clinical outcome following TAVI.
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ABSTRACT 

Background

Aortic valve stenosis (AS) induces compensatory alterations in left ventricular hemodynam-

ics, leading to physiological and pathological alterations in coronary hemodynamics. Relief 

of AS by transcatheter aortic valve implantation (TAVI) decreases ventricular afterload and 

is expected improve microvascular function immediately. We evaluated the effect of AS on 

coronary hemodynamics and the immediate effect of TAVI.

Methods and Results 

Intracoronary pressure and flow velocity were simultaneously assessed at rest and at 

maximal hyperemia in an unobstructed coronary artery in 27 AS-patients before and im-

mediately after TAVI, and in 28 patients without AS. 

Baseline flow velocity was higher and baseline microvascular resistance (MR) was lower in 

AS-patients as compared to controls, which remained unaltered post-TAVI. In AS-patients 

hyperemic flow velocity was significantly lower as compared to controls (44.5±14.5 

versus 54.3±18.6 cm/s; p=0.04). Hyperemic microvascular resistance (HMR, expressed in  

mm Hg·cm·s−1) was 2.10±0.69 in AS-patients, as compared to 1.80±0.60 in controls 

(p=0.096). Coronary flow velocity reserve (CFR) in AS-patients was lower, 1.9±0.5 versus 

2.7±0.7 in controls (p<0.001). Improvement in coronary hemodynamics after TAVI was 

most pronounced in patients without post-TAVI aortic regurgitation (AR). In these patients 

(n=20), hyperemic flow velocity increased significantly from 46.24±15.47 pre-TAVI to 

56.56±17.44 cm/s post-TAVI(p=0.003). HMR decreased from 2.03±0.71 to 1.66±0.45 

(p=0.050). CFR increased significantly from 1.9±0.4 to 2.2±0.6 (p=0.009).  

Conclusion

The vasodilatory reserve capacity of the coronary circulation is reduced in AS. TAVI induces an 

immediate decrease in hyperemic microvascular resistance and a concomitant increase in hy-

peremic flow velocity, resulting in immediate improvement in coronary vasodilatory reserve. 
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INTRODUCTION 

Aortic valve stenosis (AS) induces a compensatory increase in left ventricular mass to counteract 

the resistance to cardiac outflow induced by the reduction in valve area.1 This compensatory 

change in the structure of the left ventricle leads to several physiological and pathological al-

terations in coronary and left ventricular hemodynamics,2-4 which are associated with coronary 

microvascular dysfunction. It is hypothesized that the main contributors to coronary micro-

vascular dysfunction are the increased hemodynamic load on the left ventricle, a reduction 

in diastolic perfusion time, and the absolute magnitude of aortic valve area.5 Relief of AS by 

transcatheter aortic valve implantation (TAVI) induces an immediate decrease in ventricular 

afterload, and would therefore be expected to provide an immediate and substantial improve-

ment in coronary microvascular function. However, data on the effect of TAVI on coronary 

hemodynamics is limited, and available data on clinical coronary physiology is mainly related to 

the effects of long-term regression of left ventricular hypertrophy on coronary flow reserve5-10. 

Simultaneous assessment of intracoronary pressure and flow using dual sensor-equipped 

guide wires allows the calculation of coronary flow reserve, as well as the selective evalua-

tion of the coronary microcirculation by means of the microvascular resistance index, both 

of which are unequivocally related to myocardial ischemia and prognosis in patients with 

obstructive coronary artery disease.11, 12 We sought to evaluate the effects of AS on coro-

nary hemodynamics as compared to a cohort of patients without AS, and to document 

the immediate effect of TAVI by means of comprehensive assessment of the coronary 

circulation using simultaneous invasive coronary pressure and flow velocity measurements.

METHODS

Patient Population

A total of 55 patients were included in the study. Twenty-seven patients with AS and 

angiographically unobstructed left coronary artery were included. TAVI was indicated ac-

cording to international recommendations.13, 14 Exclusion criteria were any previous coronary 

intervention in the study vessel or severely impaired renal function. Twenty-eight patients 

without AS with an angiographically unobstructed left coronary artery who were scheduled 

for elective physiological assessment of epicardial disease severity formed the control group. 

Exclusion criteria for this control group were recent myocardial infarction (<6 weeks), prior 

cardiac surgery, hypertrophic cardiomyopathy or severe heart failure. The institutional review 

committee approved the study protocol and all patients gave written informed consent.
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Coronary Angiography and Physiological Measurements

Coronary angiography was performed according to standard practice. After diagnostic 

angiography, a dual sensor-equipped guide wire (ComboWire, Volcano Corp., San Diego, 

USA) was used for simultaneous assessment of intracoronary pressure and flow velocity. 

Aortic pressure was concomitantly recorded through the guiding catheter. Measurements 

were acquired both during resting conditions, as well as during hyperemia, induced by an 

intracoronary bolus of adenosine (40 - 60μg). In the control group, nitroglycerin (0.1 mg 

intracoronary) was administered prior to intracoronary measurements. For clinical reasons, 

nitroglycerin was not administered in the AS patients. In all patients with AS, measure-

ments were performed during the TAVI procedure, immediately before and immediately 

after valve implantation, within a time frame of 15 minutes.  

Aortic valve stenosis and transcatheter aortic valve implantation procedure

Transthoracic echocardiography (TTE) was performed prior to the TAVI procedure with 

a GE Vivid Dimension machine (GE Healthcare, Horten, Norway), all with 2D images, to 

assess the severity of valvular stenosis and left ventricular function. All views were obtained 

according to the recommendations of the American Society of Echocardiography15. 

The TAVI procedures were performed with either the selfexpandable Medtronic Corev-

alve bioprosthesis (Medtronic Inc; Minneapolis, MN) or the balloon expandable Edwards 

SAPIEN/SAPIEN XT bioprosthesis (Edwards Lifesciences LCC; Irvine, CA) at discretion of 

the operator. The procedures have been described in detail previously16, 17. Four of the 

TAVI procedures were performed under general anesthesia, 23 procedures were performed 

under mild systemic conscious sedation with local analgesia for percutaneous access18. 

TTE was repeated before hospital discharge (1-7 days after the procedure), to document 

the position and function of the implanted prosthesis. 

Data Analysis

From the intracoronary pressure and flow signals, fractional flow reserve (FFR) was calculated as 

the ratio between mean distal coronary and mean aortic pressure during maximum hyperemia. 

Coronary flow reserve (CFR) was calculated as the ratio between coronary flow velocity at 

maximum hyperemia and coronary flow velocity at rest. The microvascular resistance index was 

defined as the ratio of mean distal coronary pressure to average peak flow velocity, and was 

calculated both during baseline (BMR) and peak hyperemia (HMR). The ability of the resistance 

vessels to dilate under maximal hyperemic conditions (variable arteriolar resistance (VAR)) was 

defined as the difference between baseline (BMR) and hyperemic microvascular resistance 

(HMR)19, and was expressed both in absolute terms, as well as a percentage of baseline.
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Statistical Analysis 

Continuous variables are presented as mean and standard deviation (SD). Between the 

control and AS group, continuous variables were compared using an unpaired Student’s 

t-test for different variances. Comparisons within the AS group before and after TAVI were 

performed with a paired Student’s t-test. Categorical variables are expressed as frequen-

cies (percentages) and were compared between groups using the Fisher’s exact test, as 

appropriate. Analyses of intracoronary physiological parameters were primarily performed 

in those patients with optimal TAVI results, defined as absence of, or trivial-to-mild residual 

aortic regurgitation post-TAVI (less than grade 2), since suboptimal hemodynamic results 

after TAVI may interfere with the effect of TAVI on the coronary circulation in patients with 

AS. A p-value <0.05 was considered statistically significant. All Statistical analyses were 

performed using SPSS version 21.0 (SPSS Inc., Chicago, IL). 

RESULTS

Patient population

The baseline characteristics of the overall patient population, as well as stratified by the 

presence of aortic stenosis are presented in Table 1.  Patients with aortic valve stenosis 

were significantly older (82±8 years for AS patients versus 63±5 years in the control group, 

p<0.001), and were less likely to be male (p=0.013). 

Table 1: Baseline clinical characteristics

Total AS-Patients Control
P-value

(n = 55) (n = 27) (n = 28)

Patients

Age, yrs 72 ± 8 82 ± 8 63 ± 5 <0.001

BMI, kg/m2 27,6 ± 5.6 28.67 ± 4.74 26.62 ± 2.76 0.070

Male gender 30 (54.5 ) 10 (37.0 ) 20 (71.4 ) 0.007

NYHA class ≥ 3 33 (60.0 ) 13 (48.1 ) 19 (67.9 ) 0.093

History

Hypertension 28 (50.9 ) 17 (63.0 ) 11 (39.3 ) 0.180

Diabetes 10 (18.2 ) 2 (7.4 ) 8 (28.6 ) 0.078

Hypercholesterolemia 22 (40.0 ) 3 (11.1 ) 21 (75.0 ) <0.001

prior MI 4 (7.3 ) 2 (7.4 ) 2 (7.1 ) 1.00

Prior PCI 49 (89.1 ) 3 (11.1 ) 3 (10.7 ) 1.00

CABG 0 (0 ) 0 (0 ) 0 (0 )

Medication

ACE-inhibitor 14 (25.5 ) 9 (33.3 ) 4 (14.3 ) 0.227

Statines 30 (54.5 ) 11 (40.7 ) 19 (67.9 ) 0.010

B-blocker 36 (65.5 ) 10 (37.0 ) 26 (92.9 ) <0.001

Values are n (%) or mean ± SD. BMI, body mass index; PCI, percutaneous coronary intervention; 
CABG, coronary artery bypass graft; NYHA, New York Heart Association;MI myocardial infarction
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Effect of TAVI on left ventricular hemodynamics

As measured by TTE, the mean aortic valve area in the AS patients increased from 0.8±0.2 to 

1.9±0.8 cm2 (p<0.001). Mean and maximum aortic valve pressure gradient decreased from 

67.3±16.9 to 17.8±8.4 mmHg and 42.8±14.3 to 9.0±4.5 mmHg respectively (p<0.001) 

(Table 2).  Significant aortic regurgitation after TAVI (at least moderate) was present in 

22% of patients (6 out of 27). In one patient, postprocedural AR was not assessed due 

to postprocedural complications, which was excluded from analyses across patients with 

optimal TAVI results. Consequently, the subgroup of patients with optimal TAVI results 

included 20 out of 27 patients (74%).

Table 2: pre- and postprocedural echocardiographic characteristics

pre-procedure post- procedure p-value

Aortic valve area, cm² 0.78 ± 0.17 1.86 ± 0.79 <0.001

EOAI 0.42 ± 0.09 1.1 ± 0.35 <0.001

AVPG max, mmHg 67.3 ± 23.9 17.1 ± 8.6 <0.001

AVPG mean, mmHg 42.8 ± 15.3 9.0 ± 5.6 <0.001

Values are mean ± SD. AVPG, aortic valve pressure gradient; EOAI, Effective orifice area index

Heart rate of patients with AS pre-TAVI was equivalent as compared to control patients, 

both during baseline conditions as well as hyperemia (Table 3).  In patients with AS, heart 

rate during baseline conditions increased slightly, although statistically significant, from 

68 ±11 bpm pre-TAVI to 72± 11 bpm post-TAVI (p=0.001). Similarly, heart rate during 

coronary hyperemia amounted to 70 ±12 bpm prior to TAVI, versus 75± 15 bpm after TAVI 

(p=0.006) (Table 4).  A similar trend in heart rate was observed in patients without pertinent 

AR post-TAVI (basal heart rate: 70±11 bpm pre-TAVI, and 75±10 bpm post-TAVI (p=0.002); 

hyperemic heart rate 72±12 pre-TAVI to 77±16 bpm post-TAVI (p=0.004; Table 5).  

Effect of TAVI on coronary flow

Baseline flow velocity was higher in patients with AS before TAVI as compared to control 

patients (24.4±8.6 cm/s versus 20.7±7.8 cm/s, respectively; p=0.10) (Table 3). TAVI did 

not materially alter baseline flow velocity in patients with AS (24.4±8.6 cm/s pre-TAVI 

versus 25.5±9.0 cm/s post-TAVI, p= 0.401) (Table 4). Similar, in patients with an optimal 

post procedural result, baseline flow velocity remained unaltered after TAVI (25.6±8.9 cm/s 

pre-TAVI versus 26.8±9.6 cm/s post-TAVI, p= 0.454) (Table 5). 

Hyperemic flow velocity was significantly lower in patients with AS before TAVI as com-

pared to control patients (44.5±14.5 cm/s versus 54.3±18.6 cm/s, respectively; p=0.04 

(Table 3)).  In AS patients, TAVI yielded a significant increase in hyperemic flow velocity 

(from 44.5±14.5 cm/s to 51.1±18.1cm/s, p=0.03). Consequently, hyperemic flow velocity 

in AS patients after TAVI was similar to reference values in the control group (p=0.535; 
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Table 6). In patients without pertinent post-TAVI aortic regurgitation (less than moderate), 

hyperemic flow velocity increased from 46.2±15.5 cm/s prior to TAVI to 56.6±17.4 cm/s 

immediately after TAVI (p=0.003) (Table 5, Figure 1) and thereby reached values equivalent 

to those observed in control patients.

Table 3: Aortic valve stenosis  vs. reference vessel

Baseline pre TAVI   Reference   p-value

HR 68 ± 11 65 ± 10 0.196

Pd 91 ± 14 96 ± 16 0.226

Pa 93 ± 14 99 ± 17 0.158

PdPa 0.99 ± 0.03 0.98 ± 0.04 0.487

bMR 4.16 ± 1.48 5.28 ± 2.02 0.023

APV 24.3 ± 8.6 20.7 ± 7.8 0.100

 

Hyperemia pre TAVI   Reference   p-value

HR 70 ± 12 66 ± 10 0.132

Pd 86 ± 12 88 ± 13 0.433

Pa 88 ± 13 94 ± 14 0.170

PdPa 0.97 ± 0.05 0.94 ± 0,04 0.043

hMR 2.10 ± 0.69 1.80 ± 0.60 0.096

APV 44.5 ± 14.5 54.3 ± 18.6 0.035

 

CFR 1.90 ± 0.46 2.73 ± 0.66 <0.001

VAR 2.06 ± 1.22 3.48 ± 1.70 0.001

VAR% 47.0 ± 15.5 64.0 ± 9.4 <0.001

Values are mean ± SD.  HR: heart rate(bpm) Pd: distal coronary pressure (mmHg)  Pa: aortic pressure 
(mmHg)  bMR: baseline microvascular resistance (mmHg·cm·s-1) APV: Flow Velocity (cm/s), hMR: 
hyperemic microvascular resistance (mmHg·cm·s-1) CFR: Coronary flow reserve VAR: variable arteriolar 
resistance VAR%: percentage variable arteriolar resistance.

Patients with AS had a significantly lower pre-TAVI CFR as compared to patients without 

aortic valve stenosis (CFR in AS 1.9±0.5 versus CFR in controls 2.7±0.7, P<0.001).  In 

AS patients, TAVI yielded a 10% increase in CFR, which did not reach formal statistical 

significance (from 1.9±0.5 pre-TAVI to 2.1±0.7 after TAVI, p=0.11). In patients without 

pertinent aortic regurgitation post-TAVI (less than moderate), a significant increase in CFR 

after TAVI was documented (CFR 1.9±0.4 pre-TAVI versus 2.2±0.6 post-TAVI, p=0.009)

(Figure 2). Hence, TAVI resulted in an increase in CFR towards reference values, but CFR 

remained substantially lower in AS patients, even in those patients in whom the acute 

procedural success was highest. 
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Table 4: pre-TAVI versus post TAVI 

Baseline pre-TAVI  post-TAVI  p-value

HR 68 ± 11 72 ± 11 0.001

Pd 91 ± 14 91 ± 14 0.914

Pa 93 ± 14 94 ± 15 0.768

PdPa 0.99 ± 0,03 0.97 ± 0.04 0.103

bMR 4.16 ± 1.48 3.96 ± 1.29 0.413

APV 24.4 ± 8.6 25.5 ± 9.0 0.401

 

Hyperemia pre-TAVI   post-TAVI  p-value

HR 70 ± 12 75 ± 15 0.006

Pd 86 ± 12 85 ± 15 0.915

Pa 88 ± 13 90 ± 15 0.471

PdPa 0.97 ± 0.05 0.95 ± 0.06 0.042

hMR 2,10 ± 0.69 1.83 ± 0.58 0.072

APV 44.5 ± 14.5 51.1 ± 18.1 0.027

 

CFR 1.90 ± 0.46 2.10 ± 0.65 0.113

VAR 2.06 ± 1.22 2.13 ± 1.05 0.768

VAR% 47.0 ± 15.5 51.1 ± 15.0 0.241

Values are mean ± SD.  HR: heart rate (bpm) Pd: distal coronary pressure (mmHg)  Pa: aortic pressure 
(mmHg)  bMR: baseline microvascular resistance (mm Hg·cm·s−1) APV: Flow Velocity (cm/s), hMR: 
hyperemic microvascular resistance (mm Hg·cm·s−1) CFR: Coronary flow reserve VAR: variable arteriolar 
resistance VAR%: percentage variable arteriolar resistance.

Table 5: pre-TAVI versus post-TAVI in patients without AR (n=20)

Baseline pre-TAVI  post-TAVI  p-value

HR 70 ± 11 75 ± 10 0.002

Pd 92 ± 15 94 ± 13 0.404

Pa 94 ± 15 97 ± 13 0.220

PdPa 0.99 ± 0.04 0.97 ± 0.05 0.186

bMR 3.90 ± 1.23 3.86 ± 1.18 0.886

APV 25.6 ± 8.9 26.8 ± 9.6 0.454

Hyperemia pre-TAVI  post-TAVI  p-value

HR 72 ± 12 78 ± 16 0.004

Pd 86 ± 13 87 ± 14 0.437

Pa 89 ± 14 93 ± 14 0.123

PdPa 0.96 ± 0.06 0.94 ± 0.07 0.122

hMR 2.03 ± 0.71 1.66 ± 0.45 0.050

APV 46.2 ± 15.5 56.6 ± 17.4 0.003

 

CFR 1.86 ± 0.39 2.23 ± 0.64 0.009

VAR 1.82 ± 1.01 2.20 ± 1.02 0.122

VAR% 46.2 ± 14.9 54.1 ± 14.5 0.021

Values are mean ± SD.  HR: Heart rate (bpm) Pd: distal coronary pressure (mmHg)  Pa: aortic pressure 
(mmHg)  bMR: baseline microvascular resistance (mm Hg·cm·s−1) APV: Flow Velocity (cm/s), hMR: 
hyperemic microvascular resistance (mm Hg·cm·s−1) CFR: Coronary flow reserve VAR: variable arteriolar 
resistance VAR%: percentage variable arteriolar resistance.
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Figure 1:  Baseline (Left Panel) and hyperemic (Right Panel) flow velocity in patients with aortic 
stenosis prior to TAVI, after TAVI without postprocedural aortic regurgitation and in the control group, 
during baseline and hyperemic conditions. APV: average peak flow velocity, AS: Aortic stenosis, TAVI: 
Transcatheter aortic valve implantation

Table 6: post TAVI  vs. reference vessel

Baseline post TAVI   Reference   p-value

HR 72 ± 11 65 ± 10 0.009

Pd 91 ± 14 96 ± 16 0.206

Pa 94 ± 15 99 ± 17 0.221

PdPa 0.97 ± 0.04 0.98 ± 0,04 0.478

bMR 3.96 ± 1.29 5.28 ± 2.02 0.006

APV 25.5 ± 9.0 20.7 ± 7.8 0.039

Hyperemia post TAVI    Reference   p-value

HR 75 ± 15 66 ± 10 0.012

Pd 85 ± 15 88 ± 13 0.437

Pa 90 ± 15 94 ± 14 0.366

PdPa 0.95 ± 0.06 0.94 ± 0,04 0.575

hMR 1.83 ± 0.58 1,80 ± 0.60 0.871

APV 51.1 ± 18.1 54.3 ± 18.6 0.524

 

CFR 2.10 ± 0.65 2.73 ± 0.66 0.001

VAR 2.13 ± 1.05 3.48 ± 1.70 0.001

VAR% 51.0 ± 15.0 64.0 ± 9.4 <0,001

Values are mean ± SD.  HR: heart rate(bpm) Pd: distal coronary pressure (mmHg)  Pa: aortic pressure 
(mmHg)  bMR: baseline microvascular resistance (mm Hg·cm·s−1) APV: Flow Velocity (cm/s), hMR: 
hyperemic microvascular resistance (mm Hg·cm·s−1) CFR: Coronary flow reserve VAR: variable arteriolar 
resistance VAR%: percentage variable arteriolar resistance.
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Figure 2. Coronary fl ow 
reserve in patients with aortic 
stenosis prior to TAVI, after 
TAVI without postprocedural 
aortic regurgitation, and in the 
control group. CFR: coronary 
fl ow reserve, AS: Aortic stenosis, 
TAVI: Transcatheter aortic valve 
implantation

Effect of TAVI on microvascular resistance

Microvascular resistance during baseline conditions was signifi cantly higher in the control 

group as compared to patients with AS prior to TAVI (5.28±2.02 mm Hg·cm·s−1 in the 

control group versus 4.16±1.48 mm Hg·cm·s−1  in patients with AS prior to TAVI, p=0.02). In 

AS patients, baseline microvascular resistance did not materially change immediately after 

TAVI (p=0.41). Similar fi ndings applied to patients without pertinent regurgitation (p=0.89)

 Hyperemic microvascular resistance was 1.80±0.60 in the control group, compared to 

2.10±0.69 in patients with AS prior to TAVI (p=0.096). TAVI resulted in an immediate 

decrease in hyperemic microvascular resistance, which showed a strong trend towards 

statistical signifi cance (2.10±0.69 mm Hg·cm·s−1 pre-TAVI versus 1.83 ±0.58 mm Hg·cm·s-1 

post-TAVI, p=0.07). In patients without pertinent aortic regurgitation post-TAVI, hyperemic 

microvascular resistance was 2.03 ±0.71 mm Hg·cm·s−1 pre-TAVI, which decreased to 

1.66±0.45 mm Hg·cm·s−1 immediately after TAVI (p=0.050) (Figure 3). 

The variable arteriolar resistance (VAR) amounted to 3.48±1.70 mm Hg·cm·s−1 in the con-

trol group, and to 2.06±1.22 mm Hg·cm·s−1 prior to TAVI, which improved to 2.13±1.05 

mm Hg·cm·s−1 directly after TAVI. In patients without pertinent aortic regurgitation post-

TAVI, VAR pre-TAVI was 1.82±1.01 mm Hg·cm·s-1 pre-TAVI and improved to 2.20 ±1.02 

mm Hg·cm·s-1 directly after TAVI (p=0.12). Hence, coronary vasodilation by intracoronary 

adenosine induced a 64% decrease in MR in the control group and a 47% decrease in the 

AS group before TAVI (p<0.0001), compared to a 51% decrease after TAVI. In patients 

without pertinent aortic regurgitation post-TAVI VAR% pre-TAVI was 46% pre-TAVI and 

improved signifi cantly to 54% directly after TAVI (p=0.021).

Notably, in patients with AS, FFR amounted 0.97±0.05 prior to TAVI, which decreased 

signifi cantly to 0.95±0.06 directly following TAVI (p=0.042)
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Figure 3: Baseline (Left Panel), and hyperemic (Right Panel) microvascular resistance in patients with 
aortic stenosis prior to TAVI, after TAVI without postprocedural aortic regurgitation and in the control 
group. BMR: baseline microvascular resistance index, HMR: hyperemic microvascular resistance index, 
AS: Aortic stenosis, TAVI: Transcatheter aortic valve implantation

DISCUSSION

The present study, involving patients with angiographically unobstructed left coronary 

arteries, comprehensively documents the alterations in coronary hemodynamics associated 

with aortic valve stenosis, and describes the immediate effects of TAVI on the coronary 

microvasculature and coronary fl ow by simultaneously assessed intracoronary pressure and 

fl ow velocity.

Our result suggest that microvascular dysfunction in aortic valve stenosis patients origi-

nates from a combination of physiological compensatory vasodilation of the autoregulated 

microvasculature and a pathological increase in minimal microvascular resistance, resulting 

in a reduction of the vasodilatory reserve capacity of the coronary microcirculation and 

CFR. Moreover, it documents that TAVI induces an immediate decrease in hyperemic mi-

crovascular resistance and an immediate increase in hyperemic fl ow velocity while resting 

hemodynamics remain unaltered. TAVI is thereby associated with an immediate improve-

ment in the reserve vasodilatory capacity of the coronary microcirculation and CFR, in 

particular in patients without AR after TAVI.

Physiological and pathological alterations of the coronary circulation in aortic valve stenosis

Advanced aortic valve stenosis leads to a compensatory increase in left ventricular mass to 

overcome the resistance induced by the outfl ow tract obstruction.1 This increase in myo-

cardial mass increases myocardial oxygen demand, while the same process simultaneously 

induces a counter effective capillary rarefaction.20 To maintain suffi cient myocardial blood 

fl ow, coronary autoregulation is therefore expected to induce compensatory vasodilation 

of the coronary resistance vessels.5, 6, 21, 22 This concurs with the results of the present study, 
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documenting a decrease in baseline microvascular resistance, thus an intrinsic compensa-

tory vasodilation of the coronary resistance vessels, to accommodate resting myocardial 

blood flow. Aortic valve stenosis not only induces physiological alterations in resting, au-

toregulated, microvascular resistance, wich is associated with the increase in myocardial 

mass, but is also associated with a pathological increase in minimal microvascular resis-

tance: both the abnormal loading conditions in aortic valve stenosis and the consequent 

increase in myocardial mass result in a pertinent increase in extravascular compression 

of the coronary microcirculation. Additionally, the increase in ventricular mass influences 

cardiac contraction, which results in a pathological reduction of diastolic perfusion time. As 

a result of these phenomena, minimal microvascular resistance is pathologically increased 

in patients with advanced aortic valve stenosis, resulting in an impairment of myocardial 

perfusion. Accordingly, in the present study, we document an increase in minimal micro-

vascular resistance in patients with aortic valve stenosis as compared to patients without 

aortic valve stenosis or left ventricular hypertrophy, which was associated with a pertinently 

reduced hyperemic coronary flow, and hence contributed to an impairment in coronary 

flow reserve.

Overall, the compensatory alterations in myocardial structure and function, in response to 

progressive aortic valve stenosis are associated with important dysfunction of the coronary 

microvasculature, which is expressed in all indices of microvascular function and coronary 

flow. Such coronary microvascular dysfunction is unequivocally associated with impaired 

clinical prognosis,4, 11 23, 24 25, 26 and its reversal could therefore impart a particularly impor-

tant prognostic value.

Effect of TAVI on coronary hemodynamics

Relief of aortic valve stenosis by TAVI induces an immediate decrease in ventricular hemo-

dynamic load, and is thereby expected to relieve, in part, the extravascular compression 

of the coronary microvasculature27-29. Accordingly, we documented that TAVI induces 

an immediate decrease in minimal microvascular resistance towards reference values as 

obtained in patients without aortic valve stenosis or myocardial hypertrophy. This observed 

reduction in minimal microvascular resistance was associated with an increase in hyperemic 

coronary flow, which was consequently responsible for an increase in the vasodilatory 

reserve of the microvasculature and coronary flow reserve. The hypothesis that ventricular 

loading is a major contributor to coronary microvascular dysfunction in AS is supported by 

the enhanced effect of TAVI on restoration of coronary flow reserve in patients with none 

or trivial to mild aortic regurgitation after TAVI. However, since resting coronary hemody-

namics did not improve immediately after TAVI, the vasodilatory capacity of the coronary 

circulation in AS patients treated by TAVI remained impaired in comparison with control 

patients without aortic valve stenosis or ventricular hypertrophy. The finding that resting 

coronary hemodynamics remains equivalent pre- and post-TAVI is consistent with previous 
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observations by Davies et al6, as well as Camuglia et al30, which conceivably results from 

the effects of coronary autoregulation. The difference in pre- and post-TAVI baseline micro-

vascular resistance and coronary flow in comparison with non-AS patients, likely originates 

from the fact that the lower magnitude of baseline microvascular resistance and higher 

magnitude of baseline coronary flow documented in AS patients reflect compensatory 

microvascular vasodilation in response to the increase in left ventricular mass and capillary 

rarefaction secondary to longstanding AS, which is not altered immediately after TAVI, but 

may regress and remodel over time. Hence, full restoration of coronary hemodynamics 

after TAVI likely requires longer follow-up studies. 

It is important to note however, that the changes in hyperemic coronary hemodynamics 

following TAVI were observed in the presence of a slight, though statistically significant, 

increase in heart rate post-TAVI. Such an increase in heart rate may affect coronary flow 

reserve since an increased myocardial demand is associated with exhaustion of the vasodi-

latory capacity of the coronary circulation, and, hence, CFR. As a result, the documented 

improvement in coronary flow reserve across the study population may well underestimate 

true relief of extravascular compression, which might be partly obscured by concomitant 

transient changes in hemodynamics. 

Effect of TAVI on stenosis physiology 

FFR, the mean distal coronary to mean aortic pressure ratio during hyperemia, is currently 

recommended to guide revascularization in coronary stenosis of equivocal angiographic 

severity. This is of clinical importance in the setting of aortic valve stenosis, since con-

comitant coronary artery disease is prevalent in up 70% of TAVI patients 16, 31, 32. However, 

it is important to acknowledge that the pressure drop across a stenosis, and hence FFR, 

is determined by the magnitude of trans-stenotic flow during hyperemia, which in turn 

depends on hyperemic microvascular resistance33. Since TAVI decreases hyperemic micro-

vascular resistance and thereby increases hyperemic flow, as documented in the present 

study, TAVI is likely to influence stenosis assessment using FFR. Accordingly, we document 

that FFR decreased significantly after TAVI, even in angiographically unobstructed refer-

ence coronary arteries where an increase in hyperemic trans-vascular flow induces a mild 

pressure loss due to the limited flow separation losses that occur in the absence of focal 

stenosis34.This finding, although hypothesis-generating, therefore suggests that FFR assess-

ment of coronary stenoses in aortic valve stenosis patients could underestimate functional 

stenosis severity. This warrants further evaluation in patients with aortic valve stenosis 

and obstructed coronary arteries where flow separation losses dominate, to document its 

potential effect on clinical decision-making. Interestingly, since basal flow prior to TAVI is 

similar to basal flow post-TAVI basal conditions might provide a more favorable condition 

for the evaluation of epicardial disease severity in the clinical setting of aortic valve stenosis 
35, 36 . 
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LIMITATIONS

The present study involves patients with symptomatic aortic valve stenosis whom under-

went TAVI based on international recommendations. As such, our results are applicable 

only to those patients with advanced aortic valve stenosis. Moreover, aortic valve stenosis 

patients were significantly older and less likely to be male as compared to patients without 

aortic valve stenosis; patient populations where microvascular dysfunction is known to be 

more prevalent. Hence, part of the remaining microvascular dysfunction between aortic 

valve stenosis patients and the control group could be governed by factors not associated 

with valvular stenosis itself. 

Since the intravenous administration of adenosine was precluded by the clinical setting of 

TAVI, adenosine was administered intracoronary in a conservative dose. Although there 

is an on-going discussion regarding the optimal dose of adenosine, the dose used in the 

present study has been validated extensively for its diagnostic characteristics against intra-

venously administered adenosine34, 37,and has shown to allow equivalent clinical benefit 

when used to determine FFR in clinical practice 38. Meanwhile, in the present study, an 

equivalent dosing regimen was maintained across pre- and post-TAVI measurements, as 

well as amongst control cases to facilitate comparison between groups, strengthening the 

findings in the present manuscript.

Optimally, calculation of microvascular resistance and FFR includes correction for right 

atrial pressure39, 40. Since high-fidelity right atrial pressure measurements were not routinely 

performed, the microvascular resistance indices as well as FFR were not corrected for right 

atrial pressure. As a sensitivity analysis, a fixed venous pressure of 5 mmHg was used to 

correct both the microvascular resistance indices, and FFR, which did not materially alter 

the findings and conclusions presented in the manuscript (Data not shown)

Simultaneous assessment of intracoronary pressure and flow velocity is dependent on 

operator experience with this specific armamentarium. Moreover, although a reliable Dop-

pler signal in general is more difficult to obtain in comparison with coronary pressure, all 

patients in the present study were evaluated in a large tertiary referral hospital by operators 

with ample experience in Doppler flow velocity measurements.  

At our institution, TAVI is routinely performed under local analgesia, which is in contrast 

to previous studies41, 42. This state is more varied than general anesthesia, while differing 

levels of conscious sedation may be associated with alterations in sympathetic tone and 

microcirculatory regulation. 

However, the majority of patients in this study received local analgesia (n=22). Within 

those that received conscious sedation, the dose of anesthetics administered was low and 

the level of conscious sedation remained unaltered throughout the procedure. Moreover, 

although TAVI procedures may introduce considerable variations in systemic hemodynam-
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ics, all patients remained hemodynamically stable during the measurements, and pre- and 

post- TAVI systemic hemodynamics remained similar. Alterations in anaesthetics as well 

as volume status during the procedure were trivial, and no interventions were required to 

support systemic hemodynamics during the procedure. Finally, the fact that the majority 

of patients did not receive any sedation has allowed a robust comparison of coronary 

hemodynamics between TAVI and control patients, whom did not receive sedatives, 

strengthening the conclusions presented in this manuscript.

CONCLUSION

Aortic stenosis induces both physiological and pathophysiological alterations in the coro-

nary microvasculature in response to cardiac outflow tract obstruction. As a result, the 

reserve vasodilatory capacity of the coronary circulation is reduced in patients with AS. 

TAVI immediately improves ventricular hemodynamics, and partly relieves a pathological 

increase in minimal microvascular resistance. TAVI is thereby associated with an improve-

ment in coronary vasodilatory reserve. In contrast, physiological changes in autoregulatory 

microvascular tone in response to an increase in ventricular mass remain unaltered immedi-

ately after TAVI, and conceivably exhibit gradual regression requiring long-term follow-up.
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ABSTRACT

Background: 

Aortic stenosis (AS) can cause angina despite unobstructed coronary arteries, which may 

be related to increased compression of the intramural microcirculation especially at the 

subendocardium. We assessed coronary wave intensity and phasic flow velocity patterns to 

unravel changes in cardiac-coronary interaction due to transcatheter aortic valve implanta-

tion (TAVI).

Methods and Results: 

Intracoronary pressure and flow velocity were measured at rest and maximal hyperemia in 

undiseased vessels in 15 patients with AS before and after TAVI and in 12 control patients. 

Coronary flow reserve (CFR), systolic and diastolic velocity time integrals (VTI), and the en-

ergies of forward (aorta-originating) and backward (microcirculatory-originating) coronary 

waves were determined. CFR was 2.8 ± 0.2 (mean ± SEM) in control and 1.8 ± 0.1 in AS 

(p<0.005) and was not restored by TAVI. Compared with control, the resting backward 

expansion wave (BEW) was 45% higher in AS. The peak of the systolic forward compres-

sion wave (FCW) was delayed in AS, consistent with a delayed peak aortic pressure, which 

was partially restored after TAVI. The energy of forward waves doubled after TAVI, while 

the BEW increased by more than 30%. The increase in FCW with TAVI was related to an 

increase in VTIsys. AS or TAVI did not alter VTIdia.

Conclusions: 

Reduced coronary forward wave energy and VTIsys imply a compromised systolic flow 

velocity with AS that is restored after TAVI, suggesting an acute relief of excess compres-

sion in systole that likely benefits subendocardial perfusion. Vasodilation is observed to be 

a major determinant of backward waves.
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BACKGROUND

With progressive outflow obstruction in aortic valve stenosis (AS), myocardial adaptations 

ensue to maintain adequate left ventricular (LV) output. These compensatory mechanisms 

lead to hypertrophy with increased LV mass and inotropic state.1, 2 Thirty to forty percent of 

patients with AS suffer from angina despite unobstructed coronary arteries but the defini-

tive cause of angina in AS remains uncertain.3-5 Ischemia in AS is frequently associated with 

reduced coronary flow reserve (CFR), especially in the subendocardium.
6-8 An impaired CFR 

in AS-related hypertrophy may result both from augmented basal flow due to a higher 

myocardial oxygen demand and compromised hyperemic flow caused by capillary rarefac-

tion, increased oxygen diffusion distance, intensified compression of intramural vessels, 

and possible reduced diastolic time fraction (DTF).9, 10 After surgical valve replacement, the 

long-term regression of hypertrophied LV mass was associated with a decrease in resting 

myocardial flow and restoration of CFR.11, 12 Transcatheter aortic valve implantation (TAVI) 

offers the opportunity to dissociate acute effects of AS removal on coronary blood flow 

from those of subsequent hypertrophy regression.

The coronary flow waveform is largely determined by the intramyocardial pump mecha-

nism13 which is modulated by aortic pressure (Pa), LV pressure, and inotropic state.9, 14 

Cardiac contraction increases intramural tissue and microvascular blood pressures, caus-

ing systolic flow impediment, which normally is partly counteracted by the systolic Pa.13 

However, systolic LV pressure in AS far exceeds systolic Pa and systolic flow impediment 

is less compensated. TAVI relieves the pressure gradient across the aortic valve, and one 

may expect an immediate change in especially the systolic coronary flow waveform. Wave 

intensity analysis (WIA) allows studying coronary pressure and flow velocity waveforms 

in terms of coincident forward traveling waves arriving via the aorta and backward 

traveling microcirculatory-generated waves.15 The direct effect of TAVI has been investi-

gated previously with WIA,16 but significant changes were reported only for the diastolic 

microcirculatory-generated wave.

Based on the contraction-coronary perfusion interaction we hypothesized that by reducing 

LV outflow resistance, TAVI promptly induces a rise in the forward waves from the aorta 

into the coronary arteries. Since the forward wave at the beginning of systole drives the 

rise in systolic flow this would principally benefit subendocardial perfusion.

METHODS

Fifteen patients with AS (7 male) and angiographically unobstructed coronary arteries 

were included. TAVI was indicated according to international recommendations. Exclusion 

criteria were any previous coronary intervention in the study vessel or severely impaired 
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renal function. Twelve patients without AS (9 male), scheduled for elective percutaneous 

coronary intervention in a different vessel, formed the control group. Exclusion criteria were 

subtotal or serial lesions, significant left main coronary artery stenosis, recent myocardial 

infarction (<6 weeks), prior cardiac surgery or severe heart failure. The local medical ethics 

committee approved the study protocol and all patients gave written informed consent.

Instrumentation

All intracoronary data were acquired during cardiac catheterization using a femoral artery 

approach. Pa was obtained via a 6F or 7F guiding catheter. Intracoronary pressure (Pd) and 

flow velocity (U) were measured with a 0.014-in dual-sensor guidewire (ComboWire® XT, 

Volcano Corp., San Diego, CA). In the control group, LV pressure was measured simul-

taneously with a 5-F pigtail catheter. The hemodynamic signals were processed with the 

associated instrument console (ComboMap®, Volcano Corp., San Diego, CA) and stored 

for offline analysis.

Hemodynamic Measurements

All patients were pre-treated with antiplatelet therapy and were heparinized (5000 IU). In 

the control group, nitroglycerin (0.1 mg, intracoronary) was administered. In the AS pa-

tients, hemodynamic measurements were obtained just prior to and immediately after the 

TAVI procedure. Intracoronary signals were obtained in an angiographically unobstructed 

vessel. Once the sensor-equipped guidewire was positioned and an optimal and stable 

velocity signal was obtained, hyperemia was induced by a 40 μg intracoronary bolus of 

adenosine. In four AS patients, the guidewire tip was advanced into the LV prior to TAVI in 

order to measure LV pressure for clinical purposes.

Transcatheter Aortic Valve Implantation

A temporary pacing wire was advanced into the right ventricle via a 7F sheath in the 

femoral vein. A 7F arterial sheath was inserted for angiography and for the coronary 

measurements with a guiding catheter. An 8F sheath was inserted in the other femoral 

artery for balloon valvuloplasty and valve implantation. Nine patients were treated with 

the CoreValve Revalving SystemTM (Medtronic, Minneapolis, MN) and six patients with 

the Edwards SAPIEN/SAPIENXTTM bioprosthesis (Edwards Lifesciences, Irvine, CA) at the 

discretion of the operator. The procedure was performed under general anesthesia (n=4) 

or with local anesthesia in combination with a mild systemic sedative (n=11). Transthoracic 

echocardiography was performed pre-procedurally and 2 to 5 days after TAVI. 

Data Analysis

Quantitative coronary angiography (QAngio XA 7.2, Medis Medical Imaging Systems, 

Leiden, Netherlands) was performed to obtain the diameter reduction of the study vessel. 



Transcatheter replacement of stenotic aortic valve normalizes cardiac-coronary interaction 119

7

Hemodynamic signals were analyzed using a custom-made program (Delphi v. 2010, Em-

barcadero, CA). Two to five consecutive representative beats were selected at baseline and 

two at peak hyperemia. Arterial pulse pressure (PP) was assessed from intracoronary pres-

sure. Microvascular resistance (MR) was defined as the ratio between Pd and U. Fractional 

flow reserve (FFR) was calculated as the ratio of Pd and Pa at maximum hyperemia and CFR 

as the ratio between flow velocity at hyperemia and baseline. Diastolic time fraction (DTF) 

was expressed as the percent duration of diastole in a cardiac cycle. Systolic and diastolic 

velocity time integrals (VTI) were quantified by the respective areas under the velocity 

curve. The beginning of diastole was derived from the ECG.

Net wave intensity (dI) was calculated as the product of incremental changes in local 

pressure (dP) and flow velocity (dU)15 and ensemble-averaged over the selected beats 

as previously described17 Forward traveling waves arriving via the aorta and backward 

traveling microcirculatory-generated waves were separated using coronary wave speed 

as determined by the sum-of-squares technique.18 Since wave speed during hyperemia is 

underestimated by this technique,19baseline wave speed was used for WIA at maximum 

hyperemia.20

Four dominant coronary waves can typically be recognized within the cardiac cycle: the 

backward and forward compression waves (BCW and FCW, resp.) during contraction, 

followed by the forward and backward expansion (or suction) waves (FEW and BEW, 

resp.) during relaxation21 Wave energy was obtained by integrating the area under each 

separated wave, normalized to the sampling interval.

Statistical Analysis

Values are expressed as mean ± standard error of the mean or counts and percentages. 

Differences in categorical variables were assessed with Fisher’s exact test. Differences in 

continuous variables were compared with an unpaired Student t-test for unequal vari-

ances (between control and AS group) or with a paired Student t-test (within the AS 

group before and after TAVI, as well as between baseline and hyperemic data). Multiple 

comparisons were followed by Bonferroni adjustment using p<0.05/9 =0.0055 as the 

significance criterion for each test. For paired ordinal data, differences were tested with a 

Wilcoxon signed-rank test. Relationships between variables were investigated with a linear 

mixed-effects model with group membership as a fixed effect at three levels and a unique 

identifier for each subject as a random effects term, to account for the different groups and 

for repeated measurements in the TAVI patients. Statistical analyses were performed using 

SPSS 20 (IBM, Armonk, NY). A p- value of p<0.05 was considered statistically significant.
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RESULTS

Patient Characteristics

Patient characteristics are depicted in Table 1. Subjects in the control group were younger 

and differed somewhat in distribution of co-morbidities and medication. All AS patients had 

concentric left ventricular hypertrophy. As summarized in Table 2, TAVI normalized aortic 

valve variables assessed by echocardiography. One patient did not survive the TAVI procedure 

for longer than 24h. Post-procedure echocardiography data therefore include 14 patients.

Table 1: Baseline clinical characteristics (n=14)

Total

(n = 14)

Patient data

Age, yrs 82.1 ± 8.5

BMI, kg/m2 27.8 ± 4.1

Male gender 7 (47)

Clinical history

Hypertension 8 (53)

Diabetes 1 (7)

Hypercholesterolemia 1 (7)

Prior myocardial infarction 2 (14)

Prior PCI 1 (7)

Prior CABG 0 (0)

Prior stroke 2 (14)

Peripheral arterial disease 6 (43)

COPD 6 (40)

Renal insufficiency 8 (57)

Liver cirrhosis 1 (7)

Prior neoplasia 5 (33)

Atrial fibrillation 7 (47)

Prior pacemaker 1 (7)

NYHA class ≥ 3 6 (43)

Dyspnea 10 (67)

angina 2 (13)

Preprocedural hospitalization 2 (13)

Logistic EuroSCORE 15.3 ± 8.9

Medications

Statin 6 (40)

coumarins 6 (40)

ACEI or A2 blocker 6 (40)

B-blocker 6 (40)

diuretics 9 (60)
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Table 2. Echocardiographic Parameters Before and After transcatheter Aortic Valve Replacement

Before TAVI  After TAVI  P

Peak gradient. mm Hg 72.17±18.5 18.9± 7.5 <0.001

mean gradient mmHg 47.7±1.5 10.8±4.5 <0.001

Aortic valve Area 0.79±0.17 2.00±0.41 <0.001

Effective aorifice area index 0.42±0.08 1.1±0.24 <0.001

Aortic regurgitation

None 1 2

Mild 11 7

Moderate 2 5

Hemodynamics

Figure 1 shows representative examples of coronary hemodynamic signals and associated 

wave intensity obtained at rest (A) and peak hyperemia (B). In the control subject (left), a 

characteristic biphasic flow velocity waveform is present, with symmetric dips at the begin-

ning and end of systole. In the AS patient before TAVI (middle), a lower early systolic dip, 

and less pronounced late systolic dip are apparent, especially during hyperemia. After TAVI 

(right), the mid-systolic velocity peak is much more evident with a clear late systolic dip. 

Mean Pa was similar in all conditions, while pulse pressure increased after TAVI. In general, 

peak Pa appears delayed both before and after TAVI. The corresponding net wave intensity 

profile (thick line) and its forward and backward components illustrate the increased energy 

of the dominant coronary waves during hyperemia that was further augmented after TAVI. 

Mean systemic and coronary hemodynamic variables are summarized in Fig 2. Heart rate 

remained relatively constant across all groups and conditions. The absence of a significant 

stenosis was confirmed by a diagnostically non-significant FFR >0.9. Left ventricular end- 

diastolic pressure (LVEDP) was 8.4 ± 2.4 mmHg in the control group and 20.9 ± 1.7 mmHg 

Preprocedural echocardiographic variables

LVEF ≤ 40% 2 (14)

AVA, cm2 0.79 ± 0.18

Indexed EOA, cm2/m2 0.42 ± 0.09

AVPG max, mmHg 70 ± 18,5

AVPG mean, mmHg 46 ± 14.9

Annulus diameter, mm 21 ± 1.6

AR grade ≥ 2 3 (21)

MR grade ≥ 3 0 (0)

TR grade ≥ 2 4 (29)

PAP, mmHg 31 ± 15.4

Values are n (%) or mean ± SD. BMI, body mass index; PCI, percutaneous coronary intervention; 
CABG, coronary artery bypass graft; COPD, chronic obstructive pulmonary disease; NYHA, New York 
Heart Association; STS, society of thoracic surgeons; LVEF, left ventricular ejection fraction; LVMI, left 
ventricular mass index; EOA, effective orifice area; AVPG, aortic valve pressure gradient; AR, aortic 
regurgitation; MR, mitral regurgitation; TR, mitral regurgitation, PAP, pulmonary artery pressure.
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(p<0.001) in those four pre-TAVI AS cases where LV pressure was measured. Also peak LV 

pressure tended to be higher in the presence of AS (157 ± 8 vs.141 ± 4 mmHg).

Figure 1. Hemodynamic waveforms and associated coronary wave intensity patterns at rest (A) and at 
maximum hyperemia (B) All four dominant coronary waves increase during hyperemia in the control 
and in the AS subject. The asymmetry of the systolic velocity waveform in AS is restored to a biphasic 
pattern after TAVI and pressure (P) pulsatility is enhanced. In this subject, TAVI strongly enhanced all 
dominant waves. BCW, backward compression wave; FCW, forward compression wave; FEW, forward 
expansion wave; BEW, backward expansion wave

After Bonferroni adjustment, primary coronary hemodynamic variables were similar be-

tween all groups. Distal vasodilation induced a 68% decrease in MR in the control group 

and a 50% decrease in the AS group before and after TAVI (p<0.001). Hyperemic fl ow 

velocity was enhanced in all groups compared with baseline (p<0.001), with a small reduc-
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tion in Pa in the control group and Pd in all groups (p<0.02). However, CFR was 34% lower 

in the AS group compared with control (1.8 ± 0.1 vs. 2.8 ± 0.2, p<0.0024) and did not 

improve after TAVI. PPd increased signifi cantly after TAVI from 64 ± 5 to 76 ± 4 mmHg 

(p<0.04).

Figure 2. System ic and coronary hemodynamics
CFR was reduced in AS compared with control. TAVI did not immediately affect hemodynamic 
variables except for an increase in coronary pulse pressure (distal PP) both at rest and hyperemia. 
MR, microvascular resistance *p<0.05 compared with control, †p<0.05 compared with AS, ‡p<0.01 
compared with rest

Coronary Flow Velocity Pattern

Characteristics of the coronary fl ow velocity profi le are depicted in Fig 3. DTF remained 

unchanged for all groups, at rest and hyperemia. VTIsys in AS was higher than control at 

rest (6.0 ± 0.5 vs. 2.9 ± 0.7 cm, p<0.02) and increased after TAVI both at rest (from 5.9 ± 

0.5 to 7.7 ± 0.8 cm,) and hyperemia (to 15.6 ± 1.5 cm, p<0.02). Similarly, VTIdia in AS pre- 

and post-TAVI was higher than control (p<0.001) and increased further during hyperemia 

(p<0.001). The difference in VTIsys was associated with a reduction in early and peak 
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systolic velocity (Fig. 4). The fl ow velocity dip in early systole was lower in AS compared 

with control both at rest (4.4 ± 0.4 vs. 7.1 ± 0.9 cm/s, p<0.01) and hyperemia (6.3 ± 1.2 

vs. 20.1 ± 3.8 cm/s, p<0.005). TAVI increased those values to 6.6 ± 0.7 cm/s at rest and 

to 13.5 cm/s at hyperemia (p<0.05). Peak systolic fl ow velocity tended to be lower in AS 

compared with control at peak hyperemia (34.7 ± 3.0 vs. 46.0 ± 5.4 cm/s,) and increased 

by almost 40% to 49.8 cm/s after TAVI (p<0.01).

Figure 3. Phasic coronary fl ow velocity pattern
Diastolic time fraction (DTF) and diastolic velocity-time integral (VTI) remained unaffected by TAVI. The 
systolic VTI in AS was
higher compared with control and increased after TAVI. *p<0.05 compared with control, †p<0.05 
compared with AS, ‡p<0.01 compared with rest

Figure 4. Systolic components of coronary fl ow velocity
Compared with control, the biphasic fl ow velocity (U) profi le with symmetric dips in early and late 
systole was distorted in AS, with a reduced velocity at the early dip and higher velocity at the late dip. 
TAVI largely restored this biphasic relation (left panel) as well as the peak systolic fl ow velocity (right 
panels). *p<0.05 compared with control; †p<0.05 compared with AS before TAVI; ‡p<0.01 compared 
with rest

Coronary Wave Intensity in Relation to Pulsatile Hemodynamics

Coronary wave speed averaged 23 ± 3 m/s in the control group, 18 ± 2 m/s in the AS group 

before TAVI and 21±2 m/s after TAVI, with no signifi cant differences between the groups. 
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The energies of the compression waves in AS were equivalent to those in the control group 

(Fig. 5), whereas the BEW at rest tended to be higher in the AS group (9.3±1.2 vs. 6.1±0.6 

x103 J·m-2
·s

-2). In general, coronary wave energies increased with hyperemia, except for 

the FEW. Differences between rest and hyperemic values of the BEW in AS pre and post 

TAVI no longer reached signifi cance after Bonferroni correction (p< 0.009). As expected, 

removal of the outfl ow obstruction especially augmented the forward waves (Fig. 5). Base-

line FCW energy was moderately related to the AS valve area (r=0.40, p<0.05) and almost 

doubled after TAVI (from 6.2 ± 0.6 to 12.3±1.4 x103 J·m-2·s-2 at rest and from 10.1 ± 1.3 

to 18.4±1.9 x103 J·m-2·s-2 at hyperemia, p<0.001). Similarly, the FEW increased more than 

two-fold (from 1.7±0.5 to 6.3±1.5 x103 J·m-2·s-2 at rest and from 1.7±0.5 to 9.2±1.4 x103 

J·m-2·s-2 at peak hyperemia, p<0.01). No changes in the BCW were observed. However, 

TAVI augmented the BEW by 32% at rest (from 9.3 ± 1.2 to 12.4±1.6 x103 J·m-2·s-2) and by 

42% at hyperemia (from 13.5±1.3 to 19.2±2.5 x103 J·m-2·s-2), although this trend was no 

longer signifi cant after Bonferroni adjustment. 

Figure 5. Energy of the four dominant separated waves
Energies of the forward compression wave (FCW), forward expansion wave (FEW), backward 
compression wave (BCW), and backward expansion wave (BEW) are depicted at rest and hyperemia. 
Except for the FEW, all waves increased with hyperemia.
After TAVI all waves except the BCW were augmented. *p<0.05 compared with control; 
†p<0.05compared with AS before TAVI; ‡p<0.01 compared with rest



126 Chapter 7

The hyperemic-to-rest BEW reserve was 3.3 ± 0.3 in the control group, but only 1.7 ± 0.2 

in AS (p<0.005) and unchanged by TAVI. Notably, the BEW reserve was strongly related to 

CFR, with no effect of group membership (Fig. 6).  

Similarly, the mixed effects model confi rmed that the BEW was signifi cantly associated 

with the corresponding ratio for VTIdia, with group as a signifi cant factor (not shown). 

The increase in the FCW after TAVI was strongly associated with an increase in VTIsys both 

at rest (r=0.80, p<0.002) and hyperemia (r=0.63, p<0.05), whereas no signifi cant relation 

was found between respective changes in BEW energy and VTIdia (Fig. 7).

Figure 7. Relation between TAVI-induced changes in FCW and BEW and in systolic and diastolic 
perfusion indices The increase in FCW energy by TAVI was strongly related to the change in systolic VTI 
while no signifi cant relation was found between changes in BEW and diastolic VTI.

As illustrated in Fig. 8, the FCW not only increased with coronary PP after TAVI (r=0.43, 

p=0.2 at rest, r=0.65, p<0.0005 at hyperemia), but the delayed time of peak FCW in the 

AS group (110 ms at rest and 70 ms at hyperemia, p<0.0005 compared with control) 

was shortened after TAVI to 50 and 23 ms, respectively (p<0.008). Moreover, the time 

of peak FCW was associated with the time of peak Pa both at rest (r=0.65, p<0.02) and 

hyperemia (r=0.42, p<0.02). Mixed-effect analysis demonstrated a signifi cant infl uence of 

group membership in all relationships (p<0.0005, not shown).

Figure 6. Relation between BEW reserve to CFR and diastolic VTI reserve
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DISCUSSION

This study demonstrates that coronary fl ow velocity is depressed in early and mid-systole 

in AS and restored by TAVI, suggesting a relief of subendocardial compression in systole. 

WIA revealed a delayed systolic FCW in AS which correlated with a delayed peak Pa. These 

delays were substantially shortened after TAVI and the energy of both forward traveling 

waves essentially doubled, in correspondence with an increased pulse pressure. Similarly, 

the diastolic fl ow accelerating BEW improved substantially after TAVI, although the re-

sponse to hyperemia remained compromised as evidenced by a consistently lower CFR 

and hyperemic- to-rest BEW reserve. These changes point to a normalization of cardiac-

coronary interaction induced by TAVI despite the impediment due to the still present LV 

hypertrophy.

Effect of AS and TAVI on Coronary Flow Velocity and CFR

Patients treated by TAVI rapidly experience relief from angina after valve replacement.5 An-

gina in AS is related to subendocardial ischemia resulting from excess systolic compression 

of the microcirculation close to the pressure-overloaded LV cavity.7 The observed changes 

in coronary fl ow velocity pattern and respective wave energies refl ect these mechanisms of 

cardiac-coronary interaction causing ischemia.

By removing the outfl ow obstruction, TAVI lowers cardiac work, extravascular coronary 

resistance or both.22 Consequently, one may expect a decreased baseline and/or increased 

hyperemic fl ow velocity after TAVI. However, mean fl ow velocities were unchanged by 

TAVI and CFR remained below 2 in our AS patients. Camuglia et al. recently also observed 

similar CFR levels as in as the present study, with no acute changes after TAVI.23 Hence, an 

improved clinical condition is most likely the result of perfusion redistribution from non- 

Figure 8. Relation between FCW and pressure profi le
A: The FCW increased with coronary pulse pressure (PP) both at hyperemia. B: Compared with control, 
the FCW in AS arrived 110 ms later at baseline and 70 ms later at hyperemia. These delays were 
substantially reduced by TAVI. C: The time of peak FCW was associated with the time of maximum Pa 
and raised in AS. TAVI largely normalized these times towards control values. *p<0.05 compared with 
control, †p<0.05 compared with AS
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ischemic towards subendocardial ischemic regions by TAVI.12 This reasoning is supported 

by the rise in early and peak systolic flow velocity resulting in an increased VTIsys (Fig. 4), 

which is consistent with earlier observations.24

In agreement with earlier studies,25we did not observe a difference in VTIdia, which fol-

lows from the altered diastolic velocity profile, characterized by slow acceleration and a 

higher peak diastolic velocity in AS. This is consistent with delayed relaxation in diastolic 

dysfunction due to concentric hypertrophic LV remodeling in patients with AS1 and delayed 

diastolic untwisting26 as a mechanical link to the phasic coronary hemodynamic observa-

tions in this scenario.

WIA in LV Hypertrophy and AS

Davies et al. reported a reduced energy of the BEW in patients with a normal aortic valve 

and hypertrophic cardiomyopathy compared with controls.27 In contrast, we observed a 

higher BEW after TAVI in patients with AS-induced hypertrophy than in the control group. 

Apart from the influence of aortic outflow obstruction, this difference may also be related 

to the specific patterns of LV remodeling in response to different causes of hypertrophy28 

which in turn may affect the interaction between contraction and coronary microcircula-

tion. Importantly, the baseline BEW in our study increased after TAVI whereas a decrease 

was reported by Davies et al.16 Also the strongly increased energies in both forward waves 

observed in the present study after TAVI were only marginally present in their study.

The internal consistency of our observations on the BEW at control and with LVH pre- 

and post-TAVI can be understood by the respective roles of arteriolar resistance and LV 

relaxation on pulsatile

coronary flow. According to the intramyocardial pump concept,14 the higher baseline 

energy of the pre-TAVI BEW compared with control can be explained by ameliorated 

propagation of this wave, attributable to metabolic vasodilation as corroborated by the 

additional augmenting effect of adenosine hyperemia. TAVI further increases this wave at 

baseline by improved LV relaxation. This is supported by the lower hyperemic BEW in AS, 

which reaches control levels when relaxation is restored post-TAVI.

It is important to note that the intramyocardial pump concept dissociates systolic-diastolic 

coronary arterial flow variations from the mean flow, and with it the energy of microvascu-

lar originating waves. Time-averaged flow is governed by the arterial-venous pressure dif-

ference and total microvascular resistance, while microvascular-originating waves depend 

on LV compression and relaxation of the microcirculation and only the arteriolar resistance. 

LVEDP is increased in AS compared with control and remains high after TAVI. Coronary 

venous pressure is similar to LVEDP29 and hence the pressure head for mean coronary flow 

is reduced, but the phasic difference between arterial and microcirculatory pressure is not 

affected by LVEDP.
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Vasodilation by adenosine also affected the BCW but no significant effect of AS and TAVI 

on hyperemic energy in this wave could be detected. This may be due to the timing of the 

waves with respect to left ventricular pressure development. The BCW appears rather early 

in systole when the elastance of the myocardium is still poorly developed and the effect of 

LV pressure development on tissue pressure is stronger than later in systole when elastance 

of the myocardium had time to develop.14 Hence, the postulated role of contractility on 

generation of the backward waves seems to hold better for the BEW than for the BCW.

Adenosine caused also a moderate increase in the energies of both forward waves that 

theoretically should not be affected by microvascular vasodilation. This is likely related 

to the similar length of the waves compared with the length of the coronary epicardial 

arteries.19

The dominant role of phasic aortic pressure in the creation of the FCW follows from the 

strong correlation between the energy of this wave and coronary PP and by the relation-

ship between the time of peak FCW and the time of peak Pa as shown in Fig. 8. Moreover, 

the time of peak FCW is clearly delayed in AS and only partly restored by TAVI, which is 

consistent with a delayed contraction associated with hypertrophy.25

Relation between WIA and coronary perfusion

Diastolic perfusion time has been implicated as an important player in impairing myocardial 

perfusion in AS4, 12. We did not observe a significant difference in DTF between the patient 

groups or conditions, however, Davies et al.16 used pacing stress, thereby reducing DTF to 

possibly different values pre- and post-TAVI despite the same heart rate.

As discussed earlier, direct associations between wave intensity or energy and myocardial 

perfusion should be done with caution, since by definition waves are related to rapid 

changes in velocity rather than its mean values and only influenced by the proximal mi-

crovessels.17 This is also demonstrated by the poor correlation between the TAVI-induced 

changes in BEW and diastolic VTI (Fig. 7b). Surprisingly, good correlations were found 

between TAVI- induced changes in the FCW with systolic VTI (Fig 7a). This finding un-

derscores the role of contraction-perfusion interaction and the positive effect of TAVI on 

systolic perfusion.

Although the correlation between absolute values of the BEW and velocity-based perfusion 

indices were poor, the hyperemia-induced relative changes in these variables were strongly 

correlated (Fig 6). This holds true not only for the “reserve” of BEW and perfusion index 

VTIdia but also for the BEW and CFR. These observations emphasize that the physiological 

variables involved in the BEW, although not identical, are highly relevant for myocardial 

perfusion. Relations between BEW and velocity-based reserves hold despite similar ener-

gies in the hyperemic BEW in the three groups. Hence the lower hyperemic reserve of 

the BEW is the consequence of a higher baseline BEW in the AS and TAVI group and the 
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reduction in CFR in AS is not only due to increased oxygen demand but also to a reduction 

of vasodilatory capacity.

STUDy LIMITATIONS

The patient group with AS differed from control in terms of age and comorbidity which 

could affect both cardiac mechanics and wave transmission.18 However, coronary wave 

speed was similar in both groups. The mechanical consequences of AS likely surpass the 

potential effect of differences in age or co-morbidities in the context of this investigation.

Wave intensity is derived from the derivatives of pulsatile signals, of which especially the 

flow velocity can be noisy why a combination of signal filtering and ensemble averag-

ing over selected beats was used.17 Filter settings were the same for all signals and, it is 

therefore unlikely that our conclusions are biased by the applied signal processing.

Nitroglycerine was administered only in control patients, but measurements were taken 

after its effect on WIA had passed.20

An increased LVEDP complicates interpretation of the ratio Pd/U as microvascular resis-

tance, since resistance would be better reflected by (Pd - LVEDP)/U.17A reduction of the 

pressure by 12 mmHg while Pd was about 75 mmHg means that MR was overestimated 

by about 20% in the AS and TAVI group. As a consequence, the unchanged flow velocity 

between control and AS at baseline implies some degree of dilatory adaptation of the 

coronary resistance vessels due to the reduced driving pressure.

In this small mechanistic study, post-hoc multiple comparison correction was performed 

using a rather conservative Bonferroni adjustment. In some instances this led to loss of 

statistical significance (as indicated by symbols in parenthesis in the figures), despite an ob-

vious trend that suggests relevant physiological mechanisms. The results should therefore 

be considered hypothesis generating, and warrant further studies into the dynamic nature 

of cardiac-coronary interaction in radical interventions such as TAVI. 

CLINICAL IMPLICATIONS

Both rapid and long-term adaptations will take place after TAVI. Our results demonstrate 

that coronary waves as assessed by WIA are strongly influenced by the twist-untwist 

mechanics of cardiac contraction and relaxation, which are altered in the presence of the 

AS. Despite the direct effect of TAVI on cardiac mechanics, no acute change in CFR was 

observed. However, in terms of supply-demand ratio, removal of the AS by TAVI should 

benefit myocardial perfusion since the drop in oxygen consumption following the decrease 

in systolic LV pressure is not counterbalanced by a decrease in flow velocity. Moreover, TAVI 
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rapidly improved three systolic flow velocity indices that reflect a better systolic inflow, 

which is associated with improved subendocardial perfusion.12

Changes in flow accelerating waves best reflect the acute effects of the TAVI procedure on 

cardiac-coronary interaction. Hence, the FCW and BEW are good candidates for prognostic 

value in future studies. Coronary wave intensity changes may also help elucidate the cause 

for onset of symptoms.

CONCLUSIONS

Our findings related to systolic perfusion are consistent with a disturbed systolic flow 

profile in AS, which is especially detrimental to subendocardial perfusion. Relief of systolic 

compression after TAVI normalizes respective systolic indices and augments the flow- ac-

celerating FCW. TAVI restores the impaired energy of the BEW but changes in BEW were 

not correlated with changes in diastolic perfusion, and CFR remained essentially unaltered. 

The baseline BEW in AS was somewhat larger than in control, disputing a sole dominant 

role of compromised relaxation in the generation of this wave in AS patients. We postulate 

that elevated LVEDP associated with hypertrophy in the AS and TAVI groups reduces the 

coronary arterial-venous pressure difference explaining the lower CFR in AS and lack of 

acute improvement of this index by TAVI while it does not affect the energy in the coronary 

waves. Vasodilation and LV relaxation should be better recognized as determining factors 

in wave intensity.
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ABSTRACT

Objectives:

Relief of AS by transcatheter aortic valve implantation (TAVI) decreases ventricular afterload 

and is expected to immediately improve LV dynamics.

Background:

In patients with aortic stenosis (AS), the afterload and endsystolic volume increases. These 

alterations are associated with a compensatory increase in end-diastolic volume and pres-

sure, and may eventually induce left ventricular(LV) dysfunction. 

Methods:

Invasive pressures and volumes (PV) were simultaneously measured by a pressure-conduc-

tance catheter in the LV of 10 patients with severe AS, before and immediately after TAVI. 

LVafterload was assessed by calculating arterial elastance (EA = ESP/stroke volume (mmHg/

ml)). The valvuloarterial impedance (Zva) was determined as index of the global LVafterload. 

Systolic and diastolic LV dynamics were measured including endsystolic and enddiastolic 

pressures (ESP, EDP) and volumes (ESV, EDV). Contractility was assessed by calculating end 

systolic elastance (EES  =ESP/ESV). To describe the interaction between LVperformance and 

systemic arterial system the ventricular-arterial coupling ratio was calculated by EES/EA . 

Results:

EA decreases from 2.50±0.95 mmHg/ml to 1.74 ±0.78mmHg/ml (p=0.002). Zva prior to 

TAVI was 5.05±1.9 and 3.6±1.0 post-TAVI (p=0.028). Immediately after successful TAVI, 

ESP decreased from 171.3±21 to 138±39mmHg (p=0.001) and ESV decreased from 71±27 

to 49±29 ml (p=0.001). Diastolic function remained unaltered immediately post-TAVI. EES/

EA increased from 1.23±0.64 to 2.63±2.15 post-TAVI (p=0.033).

Conclusions:

TAVI immediately reduces LVafterload and markedly improves LV systolic performance 

and interaction with the vascular system as assessed by invasive intraventricular PVloop 

measurements. Diastolic function remains unaltered immediately after TAVI due to direct 

unaltered intrinsic properties of LV hypertrophy.
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INTRODUCTION

In patients with aortic valve stenosis (AS) the outflow tract obstruction induces alterations 

in left ventricle (LV) dynamics by increased LV systolic pressures induced by a higher after-

load. However, in addition to the degree of outflow tract obstruction accounted for by the 

valvular stenosis the afterload is also determined by the systemic arterial system. Moreover, 

arterial stiffness may be a major contributor to LV systolic- as well as diastolic- dysfunc-

tion in patients with moderate degrees of valvular obstruction, and therefore may have 

an incremental influence on symptoms and prognosis1, 2. In response to the outflowtract 

obstruction and the increase in afterload, the LV mass compensatory increases and the 

extravascular compressive forces rise. These compensatory alterations of the left ventricle; 

concentric remodeling and hypertrophy, are eventually insufficient to compensate for the 

increased LV afterload 1. As a result a reduction in systolic LV function may be observed. The 

alterations induced by aortic valve stenosis are, at least in part, reversible by aortic valve 

replacement (AVR) 3-5. By reducing the stenosis in AVR, the resistance to cardiac outflow is 

reduced and the LV afterload will be reduced instantaneously.  

Relief of AS by transcatheter aortic valve implantation (TAVI) reduces the aortic pressure 

gradient, and decreases  the valvular stenosis induced ventricular afterload and is therefore 

expected to induce an immediate and substantial improvement in LV function. After relief 

of valvular stenosis by either AVR of by TAVI the systemic vascular afterload does remains 

of influence on systolic and diastolic LV function6.

Direct LV intracavitary pressure and volume measurements by pressure-conductance cath-

eter provide the opportunity to obtain instantaneous and continuous diastolic and systolic 

LV function responses to TAVI 7. We sought to provide insight in the effect of AS on left 

ventricular hemodynamics and the immediate effect of relief of the valvular stenosis by 

TAVI, by direct invasive assessment of ventricular hemodynamics. Furthermore, we aimed 

to assess the interaction between the LV performance and the systemic arterial system 

before and after TAVI in aortic valve stenosis.  

METHODS

Patient Population

Ten patients with severe AS were included in this study. A TAVI procedure was indicated 

according to international recommendations. The local medical ethics committee approved 

the study protocol and all patients gave written informed consent.

Aortic valve stenosis and transcatheter aortic valve implantation procedure

Transthoracic echocardiography (TTE) was performed prior to the TAVI procedure with a 

GE Vivid Dimension machine (GE Healthcare, Horten, Norway). To assess the severity of 
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valvular stenosis and left ventricular function 2D images were conducted. All views were 

obtained according to the recommendations of the American Society of Echocardiogra-

phy8. The TAVI procedures were performed with either the selfexpandable Medtronic Cor-

evalve bioprosthesis (Medtronic Inc; Minneapolis, MN) or the balloon expandable Edwards 

SAPIEN/SAPIEN XT bioprosthesis (Edwards Lifesciences LCC; Irvine, CA) at the discretion 

of the operator. The procedures have been described in detail previously9, 10. Three of the 

TAVI procedures were performed under general anesthesia, seven under mild conscious 

sedation with local analgesia for percutaneous access11. To document the position and 

function of the implanted prosthesis, TTE was repeated before hospital discharge (1-7 days 

after the procedure).  

Assessment of left ventricular function 

At time of the procedure, invasive intraventricular pressure and volume (PV) were simulta-

neously assessed by a pressure-conductance catheter positioned in the left ventricle (LV) of 

all 10 patients directly before and after TAVI. Just before dilatation of the native aortic valve 

a 7F pigtail equipped combined pressure-conductance catheter (CD Leycom, Zoetermeer, 

The Netherlands) was positioned in the LV via the contralateral femoral artery. For calibra-

tion purposes a Swan Ganz catheter was placed in the pulmonary artery via the femoral 

vein. Cardiac output was determined by thermodilution and parallel conductance was de-

termined by hypertonic saline injections to calibrate the volume signals of the conductance 

catheter7, 12, 13. Pressure volume loop assessment was performed and parameters for systolic 

and diastolic LV function as well as afterload were assessed. TAVI was performed according 

to standard procedures after the measurements. Immediately after successful aortic valve 

implantation, the conductance catheter and Swan Ganz catheter were reinserted for new 

calibration and repeated PV loop assessment for off line analysis.  

Data Analyses

Per-beat averages of the recorded variables were calculated as the mean of all beats during 

a steady state of at least 20 seconds. The following indices were obtained to assess global 

cardiac hemodynamics: heart rate (HR), cardiac index (CI), ejection fraction (EF), stroke 

volume (SV), Stroke volume index (defined as stroke volume/body surface area (BSA)), 

stroke work as the area of the PV-loop (SW).

The effects of TAVI on the LV afterload were assessed by the following parameters: Effective 

arterial elastance (EA), as an index of LV afterload, was calculated by ESP/SV. For reasons of 

comparability with previous literature the valvuloarterial impedance as an additional index 

for LV afterload comprising valvular and arterial loads was determined 14-16.

The valvuloarterial impedance (Zva) was used as an index of global left ventricular after-

load, incorporating valvular and arterial loads. It was determined as by calculating (systolic 

arterial pressure+mean gradient)/stroke volume index1, 6. The systolic arterial pressure was 
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measured invasively during the procedure; the mean transvalvular gradient was measured 

by echocardiography. 

Effects of TAVI on contractility were assessed by the end-systolic and end-diastolic volume 

(ESV, EDV), end-systolic and end-diastolic pressure (ESP, EDP), the maximal rate of pres-

sure change (dP/dtmax), the minimal rate of pressure change (dP/dtmin), the relaxation time 

constant Tau, defined as the time required for the cavity pressure at dP/dtmin to be reduced 

by half, and the preload recruited stroke work (PRSW), defined as the slope of stroke 

work-EDV relationship.

The interaction of the cardiovascular system was assessed by the end-systolic elastance 

(EES), estimated by ESP/ESV (the slope of the end systolic pressure volume relationship, 

ESPVR), and end-diastolic stiffness (EED) by EDP/EDV (the slope of the end diastolic pressure 

volume relationship (EDPVR)). Subsequently, arterial-ventricular coupling (EA/EES ), repre-

senting the index of energy efficiency was calculated. The ventricular-arterial coupling ratio 

was calculated by EES/EA, which describes the interaction between LV performance and the 

systemic arterial system17, 18. 

Data was analyzed using ConductNT software. A low-pass 10 Hz filter was used to filter 

out noise signal from surrounding. Data was analyzed on a beat per beat basis. Ventricular 

extrasystoles and irregular beats were excluded from the analyses.

Statistical Analysis 

Continuous variables are presented as means and standard deviations (SD). Comparisons 

within the AS group before and after TAVI were performed with a paired Student’s t-test. 

Categorical variables are expressed as frequencies (percentages) A p-value <0.05 was con-

sidered statistically significant. All Statistical analyses were performed using SPSS version 

21.0 (SPSS Inc., Chicago, IL).

RESULTS

Patient population

The baseline characteristics of the overall patient population are presented in Table 1. 

The average age of patients was 77.4±9 years for AS patients. Preoperative left ventricle 

function was graded as good in 6 patients, and moderate in 4 patients. 

Effect of TAVI on left ventricular hemodynamics non-invasively

As measured by TTE, the mean aortic valve area increased from 0.9±0.3 to 2.0±0.4 cm2 

(p<0.002). Mean and maximum aortic valve pressure gradient decreased from 38.5±8.4 
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to 11.3±5.1 mmHg  (p<0.001) and 65.4±16.9 to 20.4±8.9 mmHg (p<0.001) respectively 

(Table 2). Significant aortic regurgitation after TAVI (at least moderate) was present in 1 

patient. 

Table 1: Baseline clinical characteristics

Total

(n = 10)

Patients

Age, yrs 77.4 ± 9.1

BMI, kg/m2 30.6 ± 3.6

Male gender 5 (50 )

NYHA class ≥ 3 5 (50 )

History

Hypertension 7 (70 )

Diabetes 6 (60 )

Hypercholesterolemia 2 (20 )

prior MI 2 (20 )

Prior PCI 3 (30 )

CABG 1 (10 )

Table 2: pre- and postprocedural echocardiographic characteristics

pre-procedure post- procedure p-value

Aortic valve area, cm² 0.96 ± 0.28 2.29 ± 1.07 0.006

EOAI 0.48 ± 0.17 1.04 ± 0.189 0.002

AVPG max, mmHg 65.4 ± 16.8 20.4 ± 8.9 <0.001

AVPG mean, mmHg 38..5 ± 8.42 11.3 ± 5.1 <0.001

Values are mean ± SD. AVPG, aortic valve pressure gradient; EOAI, Effective orifice area index

Effects of TAVI on global cardiac hemodynamics

Prior to TAVI the mean heart rate (HR) was 69±10 beats per minute, which remained unaltered 

after TAVI (mean 71±9 beats per minute). Ejection fraction increased from a mean of 54% to 

62% after TAVI (p=0.047). Stroke volume pre-TAVI was 71 ml and increased to 85 ml (p=0.07). 

Stroke work decreased significantly from 11222 to 9518 mmHg*L (p=0.022) (Table 3).

Effects of TAVI on afterload 

The afterload decreased significantly after TAVI, as was indicated by a decrease in valvu-

loarterial impedance (Zva), as well as a decrease in effective arterial elastance  (EA). Zva 

prior to TAVI was 5.243±1.8, which decreased to 3.6±1.0 after the procedure (p=0.017). 

EA prior to TAVI was 2.61±0.95 mmHg/ml as compared to 1.75±0.77mmHg/ml after TAVI 

(p=0.006) (fig1, Table 4). 
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Figure 1: Decrease in 
afterload after in aortic valve 
stenosis patients after TAVI, 
(decrease in Ea)

The effects of TAVI on contractility  

Effects on systolic function

Immediately after successful TAVI, signifi cant improvements were observed in LV sys-

tolic function. Left ventricular ESP decreased after TAVI from 171.3±21 to 138±39mmHg 

(p=0.001), ESV decreased from 71±27 pre-TAVI to 49±29 ml (p=0.001) post-TAVI. (Figure 

2)
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Figure 2: Changes in systolic function after transcatheter aortic valve implantation, measured by 
endsystolic pressure and volume. 

Effects on diastolic function

LV diastolic function remained unaltered immediately post-TAVI; EDP pre TAVI was 17.6±5 

compared to 18.0±7mmHg post-TAVI (p=0.87) and EDV pre-TAVI was 142±27 as com-

pared to 134±27ml post-TAVI (p=0.48). The relaxation time constant Tau was 37.6±6.9 

versus 41.8±10.9 (p=0.052)
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The maximal rate of pressure change (dP/dtmax), decreased signifi cantly (1279 pre- to 1218 

post-TAVI (p=0.016).The preload recruited stroke work (PRSW) remained unaltered after 

TAVI (81 vs. 80, p= 0.84). TAVI immediately induced a leftward and concomitant downward 

shift in the LV systolic pressure volume relationship (Figure 3)
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Figure 3: schematic example of pressure-
volume loop curve of a patient pre- and 
post TAVI;Left and downward shift of the 
curve after TAVI.

Effects of TAVI on cardiovascular interaction 

The interaction of the cardiovascular system during systole improved signifi cantly after TAVI. 

The end-systolic elastance (EES), increased signifi cantly, indicating an increase in the slope of 

the end-systolic pressure volume relationship. The interaction of the cardiovascular system 

during the diastolic phase was not altered after TAVI. The end-diastolic stiffness (EED) was not 

altered by the procedure. The cardiovascular energy effi ciency improved after the procedure. 

The arterial- ventricular coupling prior to TAVI was 1.13±0.61 and decreased towards normal 

values; to 0.66±0.49 (p=-.001). The interaction between LV performance and the systemic 

arterial system increased as indicated by an increase in ventricular-arterial coupling ratio, from 

1.20±0.67 prior to TAVI, as compared to 2.62±2.15 after TAVI (p=0.030) (Figure 4, Table 5). 
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DISCUSSION

The present study is the first to document the immediate changes in left ventricular dy-

namics associated with aortic valve stenosis, measuring the immediate effects of TAVI on 

the left ventricular dynamics by obtaining intraprocedural intraventricular pressure-volume 

loops. 

This study shows that TAVI immediately reduces afterload, markedly improves LV systolic 

performance and improves the interaction of the left ventricle with the arterial system, 

while diastolic function remains unaltered immediately after TAVI. 

Tabel 3. pre- and post- TAVI LV global function

global cardiac function Pre (SD) Post (SD) p-value

HR 69 (9.90) 71 (8.50) 0.360

CI 4.24 (5.59) 5.11 (7.29) 0.229

EF 53.8 (10.6) 61.8 (15.7) 0.047

SV 70.1 (19.1) 86.0 (24.9) 0.070

SW 11222 2343 9518 3588 0.022

(HR ;heart rate  CI: cardiac index  EF: ejection fraction, SV: stroke volume, SW: stroke work as the area 
of the PV-loop SW

Tabel 4. pre- and post- TAVI afterload and contractility  

Afterload and contractility Pre (SD) Post (SD) p-value

Effective arterial elastance (EA) (ESP/SV) 2.610 0.953 1.751 0.771 0.003

the valvuloarterial impedance 5.243 1.783 3.587 0.986 0.017

end-systolic volume (ESV) 70.8 27.1 48.9 28.8 0.001

end-systolic pressure (ESP) 170.9 21.1 137.6 39.2 0.001

end-diastolic volume (EDV), 141.5 26.5 134.2 27.0 0.483

end-diastolic pressure (EDP), 17.6 4.7 18.0 7.1 0.872

 Max rate pressure change (dP/dtmax) 1.379 392 1.218 329 0.016

relaxation time constant Tau 37.6 6.9 41.8 10.9 0.052

preload recruited stroke work (PRSW) 81.0 18.5 79.6 20.2 0.836

Tabel 5. pre- and post- TAVI cardiovascular interaction 

Cardiovascular interaction Pre (SD) Post (SD) p-value

end-systolic elastance (Ees),estimated by ESP/ESV 2.767 1.135 3.618 1.659 0.039

 end-diastolic stiffness (Eed) by EDP/EDV 0.1256 0.0332 0.1336 0.0429 0.676

The ventricular-arterial coupling ratio ( Ees/EA) 1.230 0.639 2.628 2.148 0.033
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Direct effects on loading conditions

By using direct invasive measurements our study shows an immediate and marked decrease 

in LV afterload and an immediate improvement of the interaction of the LV performance 

with the vascular system as indicated by an improved ventricular-arterial coupling ratio. 

Furthermore an immediate improvement in LV contractility was shown, which has not been 

described previously. 

TAVI alters the valvular stenosis in aortic stenosis. However, the left ventricular afterload 

in patients with aortic stenosis is increased by both arterial load and the valvular stenosis. 

This LV afterload isa combination of arterial load and the valvular stenosis and has a major 

impact on LV performance. 

The arterial component of LV afterload is determined by the arterial elasticity and arteriolar 

resistance. Vascular stiffness is known to be a major contributor to LV systolic and diastolic 

dysfunction in patients with moderate degrees of aortic valve obstruction19. In patients 

with aortic stenosis, concomitant hypertension or atherosclerosis potentially decreases 

the arterial elasticity and thereby increases the afterload, in addition to the increase in 

afterload due to the valvular stenosis. 

Longstanding alterations in the structural and functional properties of the systemic arterial 

system may obscure the effect of TAVI on LV pressure and volumes, since both the aortic 

valve and the systemic arterial system contribute to the LV workload. AS and reduced 

systemic arterial compliance may often coexist in the same patient but their relative impact 

on LV function is not well understood1. Importantly, this interaction of the LV with the arte-

rial system is a determinant of cardiovascular performance20. Optimal arterialventricular 

coupling was documented to be 0.3 to 1.3 in the canine heart21. Various factors have been 

identified to alter the interaction, and change the arterialventricular coupling. In patients 

with hypertension, as well as the elderly, both the LV properties, as well as the arterial 

component alters22.; In elderly, the arterialventricular coupling thereby increases; in women 

possibly more pronounced as compared to men; in men the alterations in LV properties and 

arterial properties seem to match23,. In our study, the LV properties are altered immediately, 

while the arterial component is not directly unaltered. Changes in ventricular properties 

are reflected in the arterioventricular coupling; a significant decrease was documented in-

dicating an increase in energetic efficiency. Values of arterioventricular coupling decreased 

towards normal 20. This reveals a significant influence of the LV component in the energetic 

efficiency. However the magnitude of the arterial component in this patient population, , 

remains to be elucidated. 

Recently, it has been suggested to include additional valvular and arterial factors in the 

assessment of LV function and LV afterload and to ncorporate valvulo-arterial impedance 

Zva for patients with AS15. A high Zva in patients with severe aortic stenosis is associated 

with worse prognosis 24, 25. In patients with asymptomatic aortic stenosis, Zva was found to 

be the best mortality predictor, even measured noninvasively26. Our study shows that TAVI 
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is associated with an acute and significant reduction in Zva, which may contribute to the 

improvement in prognosis after TAVI. These measurement may be even more precise since 

the valvulo-arterial impedance was invasively measured.

Effects on contractility

Effects on systolic function

Our study showed an immediate improvement in systolic function as measured directly 

after TAVI. Discrepancy exists among follow-up studies after aortic valve replacement27, 28. 

Earlier studies with noninvasively measured ejection fraction that showed no improvement 

after TAVI 27 29. However in our study, a significant improvement in invasively measured 

ejection fraction was shown. The accurate, precise measurements performed in our study 

among patients with preserved left ventricle function, reveal limited immediate improve-

ments even in this patient population. Patients with severe heart failure or severe left 

ventricular dysfunction were excluded in our study  study while these patients have less 

potential to improve in left ventricle function.

Especially in the elderly patients with aortic stenosis, a possible contributing factor to the 

afterload is the vascular component, caused by concomitant arterial disease and athero-

sclerosis, and thereby the intracavitary pressure is not purely valve related. This should be 

considered when interpreting contractility after TAVI, despite the successfully decreased 

required pressure for the opening of the aortic valve 

Effects on diastolic function

The diastolic function remained unaltered, while a reduction in EDP was expected. The 

unaltered diastolic function likely originates from the fact that the remodeling in response 

to longstanding AS will not be altered immediately after TAVI. This is in contrast to the 

immediate improvement of LV compliance by reperfusion in acute infarct patients 17. Obvi-

ously, patients with an acute infarct do have an acute change in LV dynamics, which can 

be (potentially) reversible by immediate reperfusion. However, TAVI patients developed 

valvular stenosis and related LV dynamic changes over a longer period of time. Therefore 

the increase in ventricular stiffness is a structural process that has developed over longer 

period, causing intrinsic changes and LV hypertrophy. The LV geometry and structural 

characteristics may however, regress and remodel over time and improve end diastolic 

compliance depending on several factors 30. Hence, to assess restoration of diastolic prop-

erties and possibly full restoration of systolic LV function after TAVI  longterm follow-up 

studies are required 31. 

CONCLUSION

TAVI immediately reduces afterload and markedly improves LV systolic performance and 

interaction with the vascular system as assessed by invasive intraventricular PV loop mea-
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surements. TAVI immediately induces a leftward and concomitant downward shift in the 

LV systolic pressure volume relationship. Diastolic function remained unaltered immediately 

after TAVI. Our direct PV loop assessment revealed the first steps towards left ventricular 

remodeling after TAVI.

LIMITATIONS

The results of our study may be specific for patients with severe aortic valve stenosis, 

extrapolation may be limited. The complexity of the measurements precluded inclusion of 

a large patient population, however, the limited number of patients of this study could be 

interpreted as a limitation. Despite this limitation the study was able to show an evident 

and marked response induced by TAVI in all patients. 
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ABSTRACT 

Aims 

Autopsy after TAVI is a new field of interest in cardiovascular pathology. We provide an 

overview of the autopsy findings in patients with TAVI in their medical history, divided by 

the timing of the death with specific interest in the added value of such autopsies over a 

solely clinically determined cause of death. 

Methods and Results 

In 8 European cardiovascular centres, 72 cases of patients with a TAVI procedure in their 

medical history with detailed autopsy reports were available. Autopsies were divided ac-

cording to the time interval of death after the procedure. In 32 patients who died ≤72h 

postprocedure, mortality resulted from cardiogenic or haemorrhagic shock in 62.5% and 

34.4% respectively. No deaths from respiratory failure or sepsis were described. In 31 

patients with mortality >72h-≤30 days postprocedure, cardiogenic shock was the cause of 

death in 51.6% and sepsis or respiratory failure in 22.6% and 9.7% respectively. Among 

the 9 patients who died after 30 days, 88.9% died of sepsis (8 patients), of whom 4 died 

due to infective endocarditis. Autopsy revealed not clinically expected, relevant findings 

in 61.1% and resulted in a partly or completely different cause of death as was clinically 

determined (34.7% partly and 26.4% completely different). 

Conclusion 

A structured autopsy, performed with knowledge of the time of death in relation to the 

procedure is valuable for determination of the cause of death after TAVI. Our data support 

the role of autopsy in the quickly evolving era of cardiac device technology.
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INTRODUCTION 

Aortic valve stenosis is the most common valvular heart disease in adults, with strong 

age associated prevalence (1). As a result of increasing life expectancies, the prevalence 

of the disease increases simultaneously (2). For patients considered to be at high or pro-

hibitive risk for conventional cardiac surgery, transcatheter aortic valve implantation (TAVI) 

evolved as an alternative, less invasive treatment (3-5). Over the past decade, the increased 

prevalence of aortic valve stenosis combined with improvements in material, experience 

and techniques, resulted in an expanding number of TAVI procedures. Although a shift is 

noticeable in indications for TAVI to patients with lower surgical risks, the current patient 

population is relatively old and has complex comorbidities with associated mortality risks. 

The reported 1-year mortality after TAVI ranges from 14 to 31% (5-7). The novelty of the 

procedure creates a new field of interest in cardiovascular autopsy pathology. Current 

literature reviewing the causes of death at autopsy after TAVI is scarce and consists of small 

single centre case series (8, 9). To identify the cause of death, it is important to be familiar 

with specific findings at autopsy, with respect to the time interval between procedure and 

death after TAVI. Therefore we provide an overview of autopsy findings after TAVI proce-

dures in multiple centres divided by the timing of death after the procedure. In addition 

we consider the added value of an autopsy for determination of the cause of death over a 

solely clinically determined cause.

METHODS 

Institutional autopsy registries of 8 European pathology laboratories with specific cardio-

vascular expertise were screened for patients with TAVI in their medical history. Registries 

of the following laboratories were screened; Academic Medical Centre Amsterdam, VU 

medical centre Amsterdam, Erasmus Medical Centre Rotterdam, Sint Anthonius Nieuwe-

gein, Deutsches Herzzentrum Berlin, St. George Hospital Medical School London, Cardio-

vascular Pathology Unit University of Padua and the Pisa University Hospital. Autopsies 

were performed according to local legislation. A standardized questionnaire was used to 

evaluate the autopsy reports and archived tissues (heart specimens and/ or paraffin blocks). 

The following information was required for the questionnaire: baseline and procedural 

characteristics, the clinically suspected cause of death and the primary cause of death 

found at autopsy, other autopsy findings (general heart pathology, descriptions of the 

native valve, signs of ischemic heart disease, position of the implanted prosthesis, signs 

of valvular thrombosis or endocarditis, procedure-related trauma, sepsis and findings at 

cerebral autopsy). In order to divide the autopsies in time intervals of death, we used 

the standardized endpoints of the VARC-2 recommendations (10). We distinguished cases 
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with immediate procedural mortality (≤72 hours postprocedure), procedural mortality (> 72 

hours -30≤days postprocedure) and post procedural mortality (>30 days postprocedure). 

To compare baseline characteristics and findings at autopsy between the different time 

intervals we used one-way ANOVA and chi-squared test for trend as appropriate. Statistical 

analyses were performed on SPSS version 22.0 (IBM Corp., Armonk, New York, USA).

RESULTS

In the 8 participating centres, 72 cases of autopsy after TAVI were available. Procedures 

were performed between 2007 and 2015 with either the self-expandable Medtronic Core 

valve (Medtronic Inc.; Minneapolis, MN, USA), the balloon expandable Edwards SAPIEN/

SAPIEN XT/ Sapien 3 (Edwards Lifesciences LCC; Irvine, CA, USA) or the Lotus (Boston 

Scientific Corporation, Marlborough, MA, USA) bioprostheses at discretion of the operator. 

Reported access routes were; transfemoral (n=29), transapical (n=28), transaortic (n=5), 

and subclavian (n=2) (not documented n=8). Eleven procedures were performed under 

conscious sedation with local analgesia (15.3%), all other under general anaesthesia. 

In 7 patients the performed TAVI was a valve-in-valve procedure (9.7%), after degen-

eration of the initial surgical (n=6) or transcatheter (n=1) aortic valve prosthesis. Baseline 

characteristics of all patients divided per time interval of death are presented in Table 1. 

Cardiopulmonary resuscitation (CPR) prior to death was performed in 40 patients (55.6%). 

General findings at autopsy are described in Table 2; these findings were, however, not 

necessarily the primary cause of death at autopsy. In all but one case (98.6%) a pre-existent 

Table 1. Baseline characteristics at time of autopsy per time interval of death 

Characteristics ≤72 h >72 h -≤30 d >30 d

Number of patients 32 (100%) 31 (100%) 9 (100%)

Female 19 (59.4%) 16 (51.6%) 3 (33.3%)

Age 80 (±5) 79 (±8) 82 (±8)

Days of death after TAVI 1 (±1) 12 (±7) 304 (±369)

Body Mass Index 27.2 (±8.9) 25.5(±13.6) 29.0(±4.9)

Medical history

     Hypertension 24 (75.0%) 19 (61.3%) 7 (77.8%)

     Hypercholesterolemia 14 (43.8%) 12 (38.7%) 6 (66.7%)

     Diabetes 16 (50.0%) 11 (35.5%) 1 (11.1%)

     Atrial fibrillation 12 (37.5%) 15 (48.4%) 5 (55.6%)

     Stroke 2 (6.2%) 6 (19.4%) 0 (0.0%)

     CABG* 13 (40.6%) 9 (29.0%) 3 (33.3%)

     PCI† 12 (37.5%) 11 (35.5%) 1 (11.1%)

Dichotomous data are presented as number of patients (%); continuous data are expressed as mean (±SD)
*CABG = coronary artery bypass graft
† PCI = percutaneous coronary intervention 
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diseased heart was found, with hypertrophy and/or dilatation and signs of old ischemia. In 

52 patients, (72.2%) cerebral autopsy was performed in addition to the cardiac autopsy.

Timeframe

Immediate procedural mortality (≤72 hours postprocedure)

A total of 32 patients died within 72 hours of the procedure (44.4% of the total cohort) of 

whom 19 patients died on the day of the TAVI. In 3 patients, no prosthesis was implanted 

since death occured in an early phase of the procedure. The clinically suspected causes of 

death are described in Table 3. Death due to cardiogenic shock was clinically suspected in 

most patients; 22 of the 32 (68.8%). The primary causes of death found at autopsy are 

described in Table 4. In 20 of the 32 patients the primary cause of death was cardiogenic 

shock (62.5%). The described origin was mostly end stage cardiac failure with cardiac 

hypertrophy and dilatation; the procedure was believed to be the eliciting factor. In 10 

patients acute ischemia was described in addition to the end stage cardiac failure (31.3%).. 

In one patient a large hematoma in the right atrium was found, histological examination 

revealed recent bleeding in and around the AV node with ischemic signs. Haemorrhagic 

shock was described as the primary cause of death in 11 patients (34.4%), mostly as a 

consequence of aortic annulus rupture. Although brain autopsy revealed signs of a cere-

brovascular accident in 3 patients (Table 2), in only one patient the primary cause of death 

was described to be due to an ischemic stroke caused by a thrombus in the basilar artery 

which originated from thrombus at the prosthesis site. No infections were described in 

patients who died within 72 hours postprocedure (Table 2 and 4).

Table 2. Autopsy findings per time interval of death in relation to TAVI

Findings ≤72 h >72h -≤30 d >30 d

Number of patients 32 (100%) 31 (100%) 9 (100%)

Heart weight 584.9 (±148.0) 569.9 (±116.3) 602.4 (±196.6)

Cardiac hypertrophy 28 (87.5%) 28 (90.3%) 9 (100%)

Cardiac dilatation 14 (43.8%) 12 (38.7%) 5 (55.6%)

Old myocardial infarction 22 (68.8%) 18 (58.1%) 4 (44.4%)

Recent myocardial infarction 12 (37.5%) 12 (38.7%) 2 (22.2%)

Procedure related hemorrhage 11 (34.4%) 2 (6.5%) - (0.0%)

Not correctly positioned prosthesis 1 (3.1%) 5 (16.1%) 1 (11.1%)

Thrombus at prosthesis site 1 (3.1%) 3 (9.7%) 1 (11.1%)

Cerebrovascular accident 3 (9.4%) 7 (22.6%) 2 (22.2%)

 Ischemic 3 (9.4%) 6 (19.4%) 2 (22.2%)

 Hemorrhage 2 (6.3%) 3 (9.7%) - (0.0%)

 Microbleeds 1 (3.1%) 4 (12.9%) - (0.0%)

Endocarditis - (0.0%) 1 (3.2%) 4 (44.4%)

Sepsis - (0.0%) 8 (25.8%) 8 (88.9%)

Dichotomous data are presented as number of patients (%); continuous data are expressed as mean 
(±SD). Hypertrophy and dilatation are defined as described in the autopsy report.
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Procedural mortality (>72 hours-≤30 days postprocedure)

A total of 31 patients died between 72 hours and 30 days after the procedure (43.1% 

of the total cohort) after a mean of 12 days after TAVI (Table 1). The clinically suspected 

cause of death was cardiogenic in 14 patients (45.2%), followed by sepsis in 6 patients 

(19.4%) (Table 3). The primary causes of death found at autopsy are described in Table 

4. The leading cause was of cardiogenic origin in 16 patients (51.6%). Thirteen patients 

died due to end stage cardiac failure, with or without signs of acute myocardial ischemia. 

In one of the patients with ischemia, the prosthesis was implanted too high, obstructing 

the coronary ostia. In addition, 2 patients had worsening of heart failure due to severe 

mitral regurgitation caused by obstruction of the mitral leaflets by a too low implanted 

prosthesis. In another patient the prosthesis pressed on the cardiac septum, most likely 

damaging the conduction system. Two patients died of haemorrhagic shock (6.5%) and 7 

of multi organ failure due to sepsis (22.6%). In 2 of the patients with sepsis, thrombus was 

found at the site of implantation; in one patient with candida sepsis of unknown origin and 

in one patient with ischemic colitis. Acute respiratory distress syndrome (ARDS) leading to 

Table 3. Clinical suspected causes of death per time interval 

Cause of death ≤72 h N=32 >72h -≤30 d N=31>30 d N=9

Cardiogenic shock 22 (68.8%) 14 (45.2%) - (0.0%)

 Electromechanical dissociation 9 1 -

 Acute myocardial infarction 5 2 -

 Acute worsening heart failure 3 8 -

 Unknown cause 5 3 -

Hemorrhagic shock 7 (21.9%) 4 (12.9%) - (0.0%)

 Annular rupture 2 - -

 Retroperitoneal hematoma 1 1 -

 Pericardial perforation 1 - -

 Gastrointestinal - 2 -

 Unknown origin 3 1 -

Sepsis - (0.0%) 6 (19.4%) 7 (77.8%)

 Origin: endocarditis - 1 1

 Origin: infected feet - - 1

 Origin: pneumonia 2

 Origin: cellulitis 1

 Sepsis unknown origin - 5 1

Respiratory failure 1 (3.1%) 2 (6.5%) - (0.0%)

Cerebral infarction 2 (6.3%) 3 (9.7%) - (0.0%)

 Basilar artery 2 1 -

 Left Middle Cerebral Artery - 1 -

 Diffuse - 1 -

Multi organ failure unknown origin - (0.0%) 1 (3.2%) - (0.0%)

Renal insufficiency - (0.0%) 1 (3.2%) - (0.0%)

Malignancy - (0.0%) - (0.0%) 1 (11.1%)

Unknown cause - (0.0%) - (0.0%) 1 (11.1%)
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respiratory failure was the cause of death in 3 patients (9.7%). Although signs of a cere-

brovascular accident were found in 7 patients (Table 2), only in 2 cases a cerebral infarct 

was described as the primary cause of death (6.5%) (Table 4). This included one patient 

with a major infarct of the left middle cerebral artery in whom an embolic thrombus was 

found in a branch of the pulmonary artery and one patient with a brain stem infarct who 

showed extensive signs of endocarditis and myocarditis and thrombus at the prosthesis 

site. In one patient with a low inserted prosthesis, cerebral oedema with herniation of the 

cerebellar tonsils described as the primary cause of death.

Table 4. Primary causes of death at autopsy per time interval of death

Cause of death ≤72 h
N=32

>72h -≤30 d
N=31

>30 d
N=9

Cardiogenic shock 20 (62.5%) 16 (51.6%) 1 (11.1%)

 End stage cardiac failure with recent ischemia 10 6 1

 End stage cardiac failure without recent ischemia 9 7 -

  Large hematoma AV-node damaging conduction system  
with recent ischemia 

1 - -

 Mechanical obstruction mitral valve by TAVI prosthesis - 2 -

  Right ventricular failure secondary to pulmonary 
embolisms

- 1 -

Hemorrhagic shock 11 (34.4%) 2 (6.5%) 0 (0.0%)

 Annular rupture 5 - -

 Retroperitoneal hematoma 1 1 -

 Perforated pericardium by pacemaker wire in  
compromised heart 

1 - -

 Dissection thoracic aorta 1 - -

 Anastomosis previous CABG* 1 - -

 Transmural tear aortic wall 1 - -

 DIC† 1 1 -

Sepsis 0 (0.0%) 7 (22.6%) 8 (88.9%) 

 Cardiac origin: endocarditis of TAVI prosthesis - - 4

 Cardiac origin: pacemaker wire - 1 -

 Not (directly) cardiac origin: pneumonia - 3 2

 Not (directly) cardiac origin: ischemic colitis - 1 1

 Not (directly) cardiac origin: necrotizing cholecystitis - 1 -

 Not (directly) cardiac origin: unknown, candida found - 1 -

 Not (directly) cardiac origin: cellulitis - 1

Respiratory failure – ARDS‡ 0 (0.0%) 3 (9.7%) 0 (0.0%)

Cerebral infarction 1 (3.1%) 2 (6.5%) 0 (0.0%)

 Basilar artery 1 1 -

 Left Middle Cerebral Artery - 1 -

Cerebral edema 0 (0.0%) 1 (3.2%) 0 (0.0%)

*CABG = coronary artery bypass graft 
† DIC = diffuse intravascular coagulation
‡ARDS = acute respiratory distress syndrome
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Post procedural mortality (>30 days postprocedure)

Nine patients died more than 30 days after TAVI (12.5%). The interval of the time of death 

ranged from 33 to 936 days after the procedure. The most frequent clinically suspected 

cause of death was a septic shock; in 7 patients (77.8%) (Table3). At autopsy, sepsis was 

also the leading cause of death as 8 patients died primarily due to a septic shock (88.9%) 

(Table 4). In 4 patients sepsis was a consequence of endocarditis; in 2 within two months, 

in the other 2 after two years. In one of these patients, additional findings were a septic 

myocarditis and thrombus formation at the site of valve implantation. In one patient who 

died of sepsis caused by pneumonia, a too low implanted prosthesis was found, obstruct-

ing the mitral valve but not directly leading to death. Although not defined as the primary 

cause of death, in 2 patients signs of a cerebrovascular accident were found (Table 2). 

These cerebral infarcts originated from septic embolisms after endocarditis and ischemic 

colitis respectively.

Correlation of clinically suspected cause of death and cause of death at autopsy

The correlation between the clinically suspected cause of death and the cause of death at 

autopsy is described in Figure 1. In 28 of the 72 patients the clinically determined cause of 

death was confirmed as the primary cause of death at autopsy (38.9%). In 44 patients, au-

topsy revealed relevant additional findings (61.1%) that resulted in a partly or completely 

different cause of death as was determined clinically (34.7% and 26.4% respectively). 

In patients with mortality between 72 hours and 30 days, the discrepancy between the 

clinically suspected cause of death and the cause of death at autopsy was highest as the 

clinically suspected cause was only confirmed in 9 of the 31 patients (29.0%). In patients 

with mortality before 72 hours or after 30 days the clinically suspected and at autopsy 

determined cause of death correlated in 16 of the 32 patients (50.0%) and in 3 of the 9 

patients (33.3%) respectively.

DISCUSSION 

With an expanding number of procedures, pathologists will be exposed more often to au-

topsies of patients with TAVI in their medical history. In this study presents an overview of 

autopsy findings after TAVI procedures in multiple centres divided by the timing of death. 

It describes a difference in causes of death among the time-intervals and demonstrate a 

substantial added value of autopsy in addition to the solely clinical determined cause of 

death. This is the largest and only international multicentre study on autopsy findings in 

this relatively new patient population. Previous reports on autopsy after TAVI are limited 

with small single centre analyses of autopsies in 13 or 17 cases and did not focus on the 
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signifi cance of autopsy in changing a clinically determined cause of death (8, 9). For a 

pathologist clinical information of the patient and procedure is highly relevant. Since TAVI 

is the preferred therapy for patients with high or prohibitive risk for surgery, patients are 

relatively old, and have an extensive medical history of which the pathologist should be 

aware of. As could be expected in patients with (a history of) aortic valve stenosis, fi ndings 

of cardiac hypertrophy, -dilatation and evidence of old ischemia, were frequently described 

in the autopsy reports. Periprocedural details of the access route and complications are 

essential to appreciate the autopsy fi ndings. As demonstrated, it is extremely helpful to 

aim attention at the time interval between the TAVI procedure and death. Cardiogenic and 

especially haemorrhagic shock occurred less as time after the procedure passed. On the 

contrary, respiratory failure and sepsis only occurred after 72 hours. Among patients who 

died after 72 hours, a high incidence of prosthetic valve endocarditis of 12.5% (5 of the 40 

cases) was present, which is even higher than the reported incidence in literature of 3.1% 

in the fi rst year after TAVI (11)(Figure 2). Furthermore, we demonstrate the importance of 

paying attention to the position of the prosthesis at autopsy; in patients who died within 

30 days of the procedure, 9.5% had an incorrectly positioned prosthesis (6 of the 63 cases) 

(Figure 3). Incorrect positioned prosthesis may induce conduction disorders, severe mitral 

regurgitation or coronary obstruction (12-14). Demonstrating damage of the conduction 

system by histopathological analyses is diffi cult. Based on autopsy, of all our 72 cases a 

conduction disorder was suspected in only two; one patient with a prosthesis pressing on 

Figure 2. Two too low inserted TAVI prosthesis 
a) protrusion of the native aortic valve leafl ets, 
b) erosion of the anterior leafl et of the mitral 
valve (black arrow)  



Autopsy after transcatheter aortic valve implantation 163

9

the cardiac septum and one patient with a large hematoma in the right atrium caused by 

a recent bleeding in the AV node. Systematic examination of the AV node is not common 

in cardiac autopsy and may reveal more, small hematomas. In addition to these cardiac 

fi ndings we demonstrated the added value of cerebral autopsy since we found ischemic 

or haemorrhagic lesions in 12 of the 72 patients (16.7%) (Figure 4). Cerebral infarcts 

are a well-known complication of the procedure with a reported 30-day clinical stroke 

incidence of approximately 3-4% and the highest incidence within 24 hours after TAVI 

(15-17). A striking fi nding in our autopsy reports was the detection of thrombus at the site 

of the prosthesis in 5 patients (6.9%). Recently, Makkar et al. reported a high incidence 

of 13% to 40% of reduced leafl et motion after implantation of a bioprosthetic valve, 

identifi ed on Computed Tomography (CT). This condition resolved with administration of 

therapeutic anticoagulation, suggesting that reduced leafl et motion could be associated 

with subclinical leafl et thrombosis (18). In agreement with the report of Makkar et al., we 

hypothesize that although stroke after TAVI is multifactorial, valve thrombus with possible 

embolization of thrombotic material may play an important role in developing cerebral 

ischemic lesions. This is further supported by our analysis; in three of the fi ve patients with 

prosthesis site thrombus signs of ischemic stroke were found (Figure 4). We demonstrated 

that in only 38.9% of all patients, the clinically suspected cause of death was confi rmed 

at autopsy (Figure 1). Clinically relevant extra fi ndings were found in 61.1% of patients, 

which completely changed the perception on the cause of death in 26.4% of all patients. 

Figure 3. Endocarditis of the prosthetic valve; a) 
aortic valve prosthesis with vegetation, b) Gram 
stain of the material derived of the prosthesis, a 
gram positive staphylococcus was found 
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The correlation was especially low in patients with mortality between 72 hours and 30 

days postprocedurally, with only 29.0% of the clinical suspicions confi rmed at autopsy. 

These large discrepancies highlight the vital importance of autopsy s over a solely clinically 

determined cause of death, not just in the immediate post procedural period but also later 

after TAVI.

Recommendations for autopsy

In order to perform an autopsy after TAVI in the most accurate way we created a list 

of stepwise autopsy recommendations based on our expert opinion (Table 5). Autopsy 

induced damage should be avoided, it is therefore particularly important to record clinical 

information including technical aspects of the procedure before the heart is removed from 

the thorax. In general, the size and weight of the heart provide information on possible 

underlying cardiac morbidity. Attention should be paid to the position of the prosthesis in 

relation to the native valve; an X-ray could be helpful to determine this position. In case of 

a previous aortic valve replacement, the position of the TAVI prosthesis in relation to the 

(surgical) prosthetic valve should be assessed. Furthermore, the implantation height and 

Figure 4. Cerebrovascular infarction; a) 
prosthetic valve with thrombotic material, B, 
cerebral autopsy with infarction c) zoom in of 
the infarct zone
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its relation to the ostia of the coronary arteries as well as its relation to the mitral valve 

should be determined. It is helpful to carefully inspect the valve leaflets for thrombus and 

vegetation. It is recommended to remove the prosthesis, to assess the landing zone in the 

left ventricular outflow tract and the native leaflets and coronary ostia. An LDH stain could 

provide information not only of the presence of myocardial infarction, but also of the 

timing of the infarction. With the known high risk of cerebrovascular events during and 

after TAVI it is essential to perform cerebral autopsy in all patients after a TAVI procedure.

LIMITATIONS

This study is a retrospective analysis of the autopsy findings from 8 different pathology 

laboratories. Although pathologists with cardiovascular pathology expertise performed all 

autopsies, there was no standardized protocol. Therefore autopsies varied to some extent 

among the institutes. Moreover, in the analysed cohort the number of autopsies after 

a transapical procedure was relatively overrepresented since transfemoral procedures are 

usually more common. Furthermore, no timeframe for procedures was set. We analysed 

72 cases with procedures from 2007 to 2015. Only a minority of less than one fifth of the 

procedures was performed before 2010. However during this wide range in time of the 

procedure some technical and procedural aspects for TAVI changed. Newer generation 

prostheses will show different complications if compared to older prostheses due to, for 

example higher frame heights and larger sheaths. In addition, since this is an elderly patient 

population, death without autopsy is frequent. We showed the benefit of autopsy over a 

solely clinically determined cause of death. It is possible that autopsies were requested 

when the clinically suspected cause of death was not entirely clear. This may induce an 

overestimation of the advantage of autopsy over a solely clinically determined cause of 

death.

Table 5. Stepwise autopsy recommendations postprocedural TAVI patients

1. Recording of the clinical information, including the technical aspects of the procedure.

2. Careful removal of the heart, avoiding autopsy induced damage and manipulation of the root.

3. X-ray of the removed heart before opening is desirable to determine the position of the prosthesis.

4. Retrograde opening of the aorta up to the level of the prosthesis.

5. Assessment of the prosthesis in relation to the native valve, the mitral valve and the coronary arteries.

6. Transversal apically biventricular slices up to mid-level of the papillary muscle. One slice may be used for enzyme staining; 
other slices can be used for additional histopathological analyses.

7. Opening of the heart from apex to left ventricular outflow tract. 

8. It is recommended to remove the prosthesis after careful assessment, to reveal potential mural thrombi.

9. Opening of the heart according to the natural blood flow direction 

10. Assessment of the mitral valve for pathology
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CONCLUSION 

A structured autopsy, performed with knowledge of the general medical history, the tech-

niques of the procedure as well as the time of death in relation to the procedure, often 

reveals valuable information regarding the cause of death after TAVI. Clinicians should ap-

preciate autopsy over a solely clinically determined cause of death. Pathologists performing 

those autopsies should have knowledge of the procedure and recognize the importance of 

the time interval between the TAVI procedure and death.
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VALVE IMPLANTATIONS ON THE MOVE

Transcatheter aortic valve implantation (TAVI) has expanded rapidly since the first proce-

dure in 2002.  The first randomized control trial showed non inferiority of TAVI compared 

to surgical aortic valve replacement (AVR) in high risk patients with severe aortic valve 

stenosis (AS) and superiority as compared to conservative management, including balloon 

valvuloplasty1. Since 2012 TAVI has been incorporated into the international guidelines for 

treatment of severe AS for symptomatic, high risk patients2. This technology has evolved 

towards the routine therapy for high-risk patients with severe AS over the past decade. 

Since its introduction, more than 100.000 transcatheter aortic valve implantations have 

been performed worldwide.  

Three major approaches have emerged, including the retrograde transcatheter route 

(mainly transfemoral, subclavian, axillary), the directly aortic approach via a ministernotomy, 

and the antegrade transapical cardiac route via a small anterolateral thoracotomy. The 

retrograde transfemoral approach is the most frequently exploited technique. However, 

tortuosity and minimal vessel diameter of the peripheral artery tract are obstacles of this 

approach.  

The devices used for TAVI can be subdivided into two groups; balloon- expandable and 

self-expandable prostheses. The balloon expandable Edwards SAPIEN Transcatheter Heart 

Valve (Edwards Lifesciences, Irvine, CA, USA) and the self-expanding Medtronic CoreV-

alve™ (Medtronic, Minneapolis, MN, USA) are the most frequently used prostheses. 

In the current issue of Netherlands Heart Journal, Nijenhuis et al. describe their first experi-

ence with the JenaValve3. The JenaValve is a self-expanding device that received CE approval 

for AS in September 2011 and for aortic regurgitation in September 2013. It is currently a 

transapical positioned prosthesis, composed of a nitinol self-expanding stent, and three na-

tive porcine aortic valves. The device provides the option of repetitive repositioning before 

final release.  Rapid pacing is not necessary for positioning of this prosthesis. The JenaValve 

contains a clipping system that fixates the stent to the diseased native valve leaflets. This 

is in contrast to the aforementioned Edwards SAPIEN and Medtronic CoreValve devices, in 

which radial forces exerted on the aortic annulus provide alignment and fixation.

The authors describe the procedural and 6 months results of their first experience with 

implantation of the JenaValve. Patients with severe aortic stenosis and severe peripheral 

artery disease precluding transfemoral approach were the subject of the study. Somewhat 

surprisingly, patients with aortic regurgitation were not included in this small cohort of 

patients.  
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The prosthesis was implanted successfully in 21 patients (88%). There were no procedural 

deaths,  conversions to surgery, nor device malpositionings.  

The rate of major bleeding was low, taking into account the access route as well as the size 

of the delivery system. The only case of major bleeding was a gastrointestinal bleeding in 

one patient. 

One patient died during the thirty day follow-up period. It is conceivable that the anchor-

ing technology of the JenaValve, is associated with a low incidence of postprocedural 

cardiac conduction disorders, since radial force is not exerted on the aortic annulus nor 

endocardium. However, twelve patients developed a cardiac conduction disorder during 

hospitalization. This may be due to the high rate of post dilatation (67%) that was ap-

parently considered necessary to obtain a satisfactory procedural result. The low rate of 

paravalvular leakage reported with the JenaValve is promising as paravalvular leakage is a 

known complication in TAVI. This is relevant since moderate-to-severe paravalvular leakage 

is associated with an increase in late mortality.4

Technical refinements in TAVI are rapidly evolving. The JenaValve has several advantages 

compared to the current armamentarium of prostheses; a major advantage of this device is 

the approval not only for aortic stenosis, but for aortic regurgitation. The initial experiences 

with this device for treatment of pure aortic regurgitation have recently been reported and 

preliminary results are promising 5.  Furthermore, the device is retrievable, which potentially 

reduces the risk for malpositioning and improves device success rate, compared to unre-

trievable self-expandable prostheses.

The benefits of the JenaValve prosthesis are promising. However, technical refinements of 

this device are mandatory to penetrate in this highly competitive market. These improve-

ments of the device include downsizing of the 32 Fr delivery system of the transapical 

device. Furthermore the preferred approach in suitable patients is the transfemoral route 

in contrast to the transapical route.  A transfemoral JenaValve is evaluated in a multicenter 

first-in-men trial, currently. The largest series to date using the JenaValve involves 88 

patients, 79 patients with severe aortic stenosis and 9 with severe aortic regurgitation. 

This German experience reports a device success of 91%, and 10% 30-day mortality5. 

The experience described in this issue of the Netherlands Heart Journal is in line previous 

results. 

The improvement in technology of transcatheter aortic valve implantation will result in an 

expansion of clinical indications such as lower risk patients and younger patients that may 

benefit from this treatment, showing excellent longterm outcomes. Furthermore, TAVI can 

be used for aortic regurgitation, with devices such as the JenaValve.  However, data on 

long-term follow-up are essential to assess the safety and durability of new devices for 

expanding current indications in this rapidly changing area of transcatheter valve implanta-

tions.
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ABSTRACT 

Over the past decade Transcatheter aortic valve implantation (TAVI) has evolved towards 

the routine therapy for high-risk patients with severe aortic valve stenosis. Technical re-

finements in TAVI are rapidly evolving with a simultaneous expansion of the number of 

available devices. This review will present an overview of the current status of development 

of TAVI-prostheses; describes the technical features and applicability of each device and 

the clinical data available.
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INTRODUCTION 

Background

For patients with severe aortic valve stenosis, considered inoperable or high-risk for sur-

gery, transcatheter aortic valve implantation (TAVI) is a firmly established minimal invasive 

treatment option. In TAVI, the aortic valve is not excised; instead, a bioprosthetic valve is 

implanted over the native valve via a transcatheter procedure. The first TAVI was performed 

in Rouen by dr. Cribier in 20021, 2. A transseptal antegrade approach was used for aortic 

valve insertion in the first cases later followed by a retrograde approach,  with a success-

fuldelivery in 90% of cases3, 4. In 2005, gradual expansion of treatment with the two initial 

prostheses, the balloon-expandable Edwards SAPIEN and the self-expanding Medtronic 

CoreValve, followed5-8. The safety and efficacy of the Edwards SAPIEN and the Medtronic 

CoreValve were established through well-designed randomized control trials (RCT). The 

Placement of Aortic Transcatheter Valves (PARTNER) trials showed non-inferiority of 

TAVI compared to surgical aortic valve replacement in high risk patients and superiority 

compared to conservative management, including balloon valvuloplasty9, 10**. Since these 

first TAVI trials, the technology has been embraced and the number of procedures has 

expanded rapidly. Since 2012 TAVI has been incorporated into the international guidelines 

for treatment of severe symptomatic aortic valve stenosis11, and has evolved towards the 

routine therapy for patients unsuitable for surgery or with high-operative risk and more 

than 200.000 procedures have been performed worldwide12. Various approaches for 

TAVI have emerged: the retrograde transcatheter route (mainly transfemoral, -subclavian, 

-axillary), the directly aortic approach, via a ministernotomy and the antegrade transapical 

cardiac route, via a mini lateral thoracotomy. Preprocedural imaging of the transfemoral 

trajectory and cardiac anatomy with a computed tomography (CT)-scan has become key 

in the preoperative assessment for these minimally invasive procedures13. Currently, the 

retrograde transfemoral approach is the most frequently exploited and least invasive tech-

nique and can be performed under local or general anesthesia14. However not all patients 

have a suitable femoral access due to small diameters, calcifications or tortuosity of the 

femoral and iliac arteries. Over the years, femoral delivery systems decreased in sheath size, 

however a minimal arterial lumen diameter of less than 5.5 to 6 mm, found at CT-scan 

remains the most important limitation for a transfemoral approach. Valid alternatives are 

the transapical approach, first described in 200615 or the transaortic approach as described 

with the CoreValve 16, or with the Edward Sapien 17. 

Outcomes

The initial exploratory studies evaluated TAVI procedures, outcomes, complications and 

predictors of adverse outcomes, all in their own manner. After the first experience, postop-
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erative complications, management and long-term outcomes became subject of debate18. 

Although on all-cause mortality TAVI proved to be non-inferior to surgical aortic valve re-

placement, it was traditionally associated with a higher incidence of vascular complications 

and echographically determined postprocedural paravalvular regurgitation as compared to 

conventional cardiac surgery2, 19. Therefore, both complications have been introduced as 

the “Achilles heel” of TAVI procedures20. 

A major breakthrough in the research field was the consensus document of the Valve 

Academic Research Consortium (VARC) in 201121 with a revision in 2012 (VARC 2)22**. The 

VARC comprises an independent collaboration between US and European Academic Re-

search organizations and cardiology and cardiac surgery societies. Their consensus criteria 

were developed to improve comparability and interpretability of study results. Important 

complications were identified, partly based on what was known from conventional surgery. 

Furthermore, the first research endpoints were defined in the VARC consensus document. 

The VARC-2 criteria describe updated definitions of important endpoints including mor-

tality, myocardial infarction, stroke, bleeding complications, acute kidney injury, vascular 

complications, conduction disturbances and arrhythmias, and prosthesis performance23. In 

addition, quality of life (QOL) and echocardiographic criteria are provided for the evalu-

ation of prosthetic valve function including QOL-questionnaires, criteria for re-stenosis, 

paravalvular regurgitation and regular follow- up assessment23.

Prostheses

Various anatomic considerations are to be taken into account in developing  transcatheter 

devices, such as the access to the diseased valve24, 25adjacent structures, the coronary 

arteries, the pressure regimen which complicates anchorage of the device26, and finally, 

considerations regarding underlying disease. Since the first TAVI procedure, multiple pros-

theses have been developed and adapted. Prosthesis function and characteristics can have 

a crucial influence on indications as well as prognosis. In conventional valvular surgery, 

assessment of device function has always been of considerable interest. This has resulted 

in valuable advancements in device development. In the rapidly expanding field of TAVI 

evaluation of prostheses is therefore of uttermost importance. 

Currently several new generation valves have been introduced in an attempt to refine the 

procedure and reduce common TAVI complications. We will evaluate both the prostheses 

used with the initial TAVI experience and the most commonly used new generation pros-

theses with a glance on possible future devices (table1).
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Tabel 1: overview of TAVI prostheses

Prosthesis indication valve material
balloon expandable/
self expandable approach

CE 
Mark

first in 
human

Medtronic 
CoreValve   AoS Porcine pericardium self-expandable transfemoral 2007 2004

CoreValve Evolut R AoS Porcine pericardium self-expandable transfemoral 2013 2012

Edwards SAPIEN
AoS Bovine pericardium balloon expandable

transfemoral/ transapical/
transaortic 2007 2007

Edwards SAPIEN 
XT AoS Bovine pericardium balloon expandable

transfemoral/ transapical/
transaortic 2011 2011

Edwards Sapien 3 AoS Bovine pericardium balloon expandable
transfemoral/ transapical/
transaortic 2014 2014

Portico AoS Porcine pericardium self-expandable transfemoral 2012 2011

JenaValve AoS
porcine native aortic 
valve leaflets self-expandable transfemoral/transapical 2011 2009

JenaValve AoR
porcine native aortic 
valve leaflets self-expandable transfemoral/transapical 2013 2009

Lotus Valve system AoS Bovine pericardium self-expandable transfemoral 2013 2007

Acurate (Symetis AoS
porcine native aortic 
valve leaflets self-expandable transapical 2011 2009

Acurate (Symetis AoS
porcine native aortic 
valve leaflets self-expandable transfemoral 2013

Medtronic Engager AoS Bovine pericardium self-expandable transapical 2013 2008

Direct Flow 
Medical AoS Bovine pericardium inflation of ring balloons transfemoral 2013 2006

Edwards CENTERA AoS Bovine pericardium self-expandable transarterially 2014 2011

Colibri Heart Valve AoS Bovine pericardium self-expandable transfemoral 2014

heart leaflet 
technology AoS Porcine pericardium self-expandable transarterially awaiting 2009

Vanguard valve AoS Bovine pericardium self-expandable transapical 2014 2012

Trinity valve AoS Bovine pericardium self-expandable transfemoral/transapical 2015 2014

Innovare valve AoS Bovine pericardium balloon expandable transfemoral/transapical 2014 2008

AorTech valve AoS Biological transarterially 2015 2006

UCL TAV AoS polymeric leaflets self-expandable transarterially awaiting awaiting

Perc Valve AoS
nano-synthesised 
e-nitinol self-expandable transap awaiting awaiting

Initial prostheses

Sapien/sapien xt

The first TAVI was performed in 2002 with the Cribier–Edwards valve (Edwards Lifesciences 

Inc.,Irvine California, USA). After this initial experience, the Edwards Company developed 

the Edwards SAPIEN. The first randomized controlled trial in TAVI (PARTNER I), as men-

tioned above, was conducted with this prosthesis9, 10, 34. The PARTNER randomized trial, 

cohort B of 358 patients confirmed the superiority of the transfemoral TAVI, compared 
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with standard medical therapy with regard to overall survival and cardiac functional status., 

Cohort A showed non-inferiority of TAVI compared to surgical aortic valve replacement 

in 699 patients with high surgical risk. The Edwards SAPIEN received CE mark in 2007, 

and FDA approval in the USA in October 2012. The Edwards SAPIEN prosthesis consists 

of 3 bovine pericardial leaflets, mounted on a stainless steel stent. Using a crimper, the 

prosthesis is crimped around the catheter and is expanded by inflation of a balloon during 

rapid pacing. Radial force ensures fixation to the aortic annulus. The prosthesis can be 

implanted by retrograde or antegrade approach. The Edwards SAPIEN-XT subsequently 

followed the SAPIEN valve. The stainless steel frame was replaced by cobalt chromium 

making the frame thinner, stronger and compressible. The refinement of the stent frame 

has resulted in a lower prosthesis profile with a smaller diameter delivery system that 

depends on valve size35. Important progress in reducing vascular adverse events was made 

with the introduction of the subsequent SXT-THV, as demonstrated in the PARTNER IIB trial.

Recently the 5 year results of the PARTNER I trial were published as follow-up data of 

cohort A with 699 patients with high surgical risk, as well as of cohort B with 358 inoper-

able patients.

In patients participating in cohort A, the risk of all-cause mortality in the TAVI group was 

67.8% compared with 62.4% in the patients treated by surgical aortic valve replacement. 

Moderate or severe aortic regurgitation was significantly more frequent in patients treated 

by TAVI (14 vs 1%) and was associated with an increased 5-year risk of mortality in the 

TAVI group36. In addition the durability of the prosthesis was reported; hemodynamic 

benefit after TAVI was proven by echocardiographical assessment. There was no evidence 

of structural valve deterioration and the mean gradient over the prosthesis remained low 

(11mmHg)36**. In the patients participating in cohort B, the risk of all-cause mortality at 

5 years was 71.8% in the TAVI group versus 93.6% in the standard treatment group. Of 

the survivors in the TAVI group, 86% had New York Heart Association (NYHA) class 1 or 2 

symptoms compared with 60% in the standard treatment group37**. 

CoreValve 

The CoreValve (Medtronic Inc., Minneapolis, Minnesota, USA) prosthesis is one of the 

two pioneer prostheses in TAVI technology. It was the first transcatheter prosthesis that 

received aCE mark for transfemoral implantation in May 200727 and received FDA approval 

in January 2014. The first generation CoreValve system consisted of bovine pericardium. 

All more recent generations of the prosthesis consists of three porcine pericardial leaflets, 

mounted on a self-expanding nitinol stent. The stent is composed of shape memory al-

loy, acquiring its final shape once released. Three segments can be identified; an upper 

and lower segment with radial forces to provide stability and to anchor the stent, and a 

middle segment that contains the three leaflets and maintains alignment of the leaflets by 

circumferential forces. The prosthesis is crimped by hand, compressed into a sheath and 

positioned by removal of the sheath, usually during rapid ventricular pacing. This valve can 
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only be delivered by retrograde approach. The Pivotal Trial, conducted in the US was the 

landmark trial for the CoreValve28. Patients with symptomatic severe aortic stenosis were 

classified in an extreme- or high-risk cohort. Primary end point was a combined endpoint 

of all-cause mortality at 1 year. The CoreValve high-risk trial is the only randomized trial 

of TAVI vs surgical aortic valve replacement to show superior survival of TAVI. This was 

achieved with a numerically lower rate of major stroke and statistically superior changes in 

aortic valve function from baseline to 1 year. A significantly reduced risk of 1-year mortality 

by TAVI with CoreValve was reported (14.2% v 19.1%; p = 0.04)19. A permanent pacemaker 

was implanted in 23.7% of patients19. The incidence of a new permanent pacemaker is 

high compared to other prosthesis. The origin of cardiac conduction disorders after TAVI is 

thought to be compression of the endocardium containing the conduction system by the 

prosthesis, the prosthesis-tissue interaction29. Both the course of the left bundle branch as 

well as the proximity of the right atrium and the atrioventricular node to the implanted 

prosthesis, increase the risk for conduction disorders after TAVI 30

 The CoreValve remains the signature Medtronic prosthesis; alterations in prosthesis frame 

height and delivery system were realized, under the same name. Recently, the all-cause 

mortality up to 5 year was reported with rates of 21% at 1 year, 29% at 2 year and 55% 

at 5 year31. Prosthetic valve degeneration was 1.4% at 5 years. At follow-up, 17% required 

implantation of a permanent pacemaker. The CoreValve is currently evaluated in the surgi-

cal replacement and transcatheter aortic valve implantation (SURTAVI) trial, comparing TAVI 

to surgical aortic valve replacement in intermediate-risk patients with severe aortic stenosis 

(NCT01586910: full details available at www.clincialtrials.gov, (last verified June 2015)).

In 2013 CoreValve announced the first implants in the CoreValve Evolut R Clinical Study. 

The Evolut R is a recapture-enabled valve and delivery system providing the option to 

recapture and reposition the CoreValve Evolut R valve during deployment 32. Furthermore, 

the nitinol frame of the CoreValve Evolut R has been redesigned with consistent radial 

forces, potentially reducing stress on the left bundle branch. With this new delivery system 

transfemoral TAVI can be safely performed in patients with iliofemoral diameters as small 

as 5.4 mm33.

Self-expandable versus Balloon expandable devices

Both the Medtronic CoreValve and the Edwards SAPIEN/SAPIEN-XT have been used widely 

since the first TAVI procedure in 2002; however differences in hemodynamic performance 

as well as device success have been reported38-40.  The three major experiences published 

thus far; the Milan experience, the Pragmatic study and the French TAVI registry, showed 

no significant differences in both cardiovascular mortality and all-cause mortality39, 41, 42. 

However likewise there are studies with contradictory results;describing that patients who 

underwent CoreValve implantation had both lower all-cause mortality (1.9% vs 14.3%; 

p = 0.032) and cardiovascular mortality (0.0% vs 14.3%; p = 0.006) at 30 days follow-
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up43. and  an in 2014 published randomized trial, describing that device success was 

significantly more likely with the balloon-expandable rather than the self-expanding valve 

system (95.9% vs 77.5%), with a lower risk on aortic regurgitation (4.1% v 18.3%). In 

this randomized trial, placement of a new permanent pacemaker was less frequent in the 

balloon-expandable valve cohort44. At present, it should be concluded that the debate on 

balloon versus self-expanding systems remains ongoing. 

Current trials and prostheses 

Sapien 3

The Edwards Sapien 3 valve (Edwards Lifesciences Inc.,Irvine California, USA)  is a next gen-

eration balloon expandable valve with a design based on the Sapien/ Sapien XT. The valve 

was first used in January 2012 and received CE-mark in January 201445 with FDA approval 

in June 2015. The prosthesis can be used for transfemoral, transaortic and transapical 

access. It is currently available in four sizes: 20, 23, 26 and 29 mm and for the transfemoral 

access delivered in a low profile access sheath of 14F (or 16F (29mm device). The possibility 

to deliver prosthesis with a 14F sheath may lower vascular complication rates. The design 

of the valve leaflets and material remained bovine pericardium with ThermaFix Tissue Treat-

ment, which should reduce calcification of the prosthesis. The frame struts at the top of 

the valve are wide angled and composed of four rows and columns for radial strength. 

Compared to earlier generation Edwards prostheses, the enhanced frame geometry allows 

lower delivery profiles with concomitant higher radial strength. This serves to maintain 

the circularity after deployment. The height of the valve is increased compared to older 

Edwards valves. If a similar implantation technique is used this increased height may lead to 

more stent extension in the left ventricular outflow tract, which is an important predictor 

of pacemaker implantation46. The reported 30 day incidence of pacemaker implantation 

for the Edwards 3 are indeed at the high end of normal for Edwards valves with currently 

reported rates ranging from 4 4.0% to 17.2%45, 47. This is relatively high compared to the 

results of a search among studies using the older generation Edwards SAPIEN, reporting a 

median pacemaker rate of 6% (IQR 5-7)48. In older generation Edwards valves the lower 

two-third of the frame was already covered with an internal polyethylene terephthalate 

(PET) skirt. An innovative aspect of this new Edwards prosthesis is the outer skirt of PET, 

aimed to reduce paravalvular leakage49. Thus far this adjustment seems to be effective with 

reported low rates of ≥ mild postprocedural paravalvular regurgitation of 7% compared to 

42% in the Edwards XT group50 and compared with other studies with earlier generation 

valves51. Further studies are required to show the clinical impact of these hemodynamic 

improvements. Recently reported all-stroke rates are similar to incidences described for 

older valve types, varying from 1.1% to 5.7%. However the reported most meaningful 

incidence of disabling stroke is relatively low varying between 0% and 2%12, 47, 52, 53.  
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Currently the PARTNER II S3 RCT enrols intermediate-risk and high-risk patients to evaluate 

the safety and efficacy of the SAPIEN 3 system on short and long term. Patient data will be 

collected for 5 years after valve replacement. (NCT01314313 full details available at www.

clincialtrials.gov, (last verified April 2015))

Portico

The self-expanding Portico (St. Jude Medical, St. Paul, Minnesota, USA) THV has a radi-

opaque, nitinol stent54. CE Marking was issued in 2012 for the 23 mm valve and in 2013 

for the 25 mm valve. The stent design has wide-open struts at aortic level to limit the risk of 

coronary ostial occlusion. The stent can be resheathed up to 80% of deployment, making  

reposition of the valve after almost complete placement possible. The valve leaflets are 

made of bovine pericardium and are treated with the Linx anti-calcification technology (St. 

Jude Medical). The valve is made of porcine pericardium and is implanted and deployed at 

annular level and extents no more than 5 mm into the left ventricle. The valve is manually 

loaded on the catheter. The placement catheter has a diameter of 18F at the valve-loading 

segment, whereas the catheter itself has a 12F diameter. 

The initial experience showed the repositionability of the prosthesis, with a recapture and 

repositioning in 4 patients. Ten percent had moderate paravalvular regurgitation in this 

small series. No patient required pacemaker implantation55. Ventricular (rapid) pacing is 

not required during valve deployment56. In September 2014 St Jude temporarily halted 

the implementation of valves worldwide for safety issues and evaluation of reduced valve 

leaflet mobility reported on CT-scans. However, the issue seemed not to occur specifically in 

the Portico, moreover it was described as a class problem, including surgical prosthesis. As 

a result, In June 2015 FDA has cleared St. Jude Medical to resume its study of the Portico. 

Jenavalve

The self-expanding JenaValve ((JenaValve Technology GmbH, Munich, Germany) received 

CE approval for TAVI in aortic valve stenosis in September 2011. It is the only prosthesis that 

received CE-mark for aortic regurgitation (September 2013 57). The now certified JenaValve 

is a transapical positioned prosthesis, composed of a nitinol self-expanding stent and three 

native porcine aortic valves. The device provides the option of repetitive repositioning before 

final release. Rapid pacing is not necessary for positioning of this prosthesis. The JenaValve 

contains a clipping system that fixates the stent to the diseased native valve leaflets, a feature 

that creates the opportunity to implant the valve in minimally calcified aortic valves 58. This is in 

contrast to the aforementioned Edwards SAPIEN and Medtronic CoreValve devices, in which 

radial forces exerted on the aortic annulus provide alignment and fixation. A transfemoral 

JenaValve is currently being evaluated. The largest series to date using the JenaValve involves 

88 patients, 79 patients with severe aortic stenosis and 9 with severe aortic regurgitation. 

This German experience reports a device success of 91%, and 10% 30-day mortality59, 60.
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A JenaValve prosthesis for transfemoral use (The JenaValve TAVI Plus system) has been suc-

cessfully implanted in animal experiments and currently still a subject of research and will 

be available in three sizes: 23, 25 and 27 mm, delivered with an 18Fr catheter consisting of 

a sleeve which houses the prosthesis and a shaft that releases initially the feelers and finally 

the prosthesis during valve deployment61.

Lotus

The first in-man implantation of the Lotus Valve system (Boston Scientific Corporation, 

Marlborough, Massachusetts, USA) was in 200762. The system is CE marked, however in 

the United States it is still an investigational device. It consists of a valve prosthesis, pre-

attached to the delivery catheter. The prosthesis is composed of three bovine pericardium 

leaflets mounted in a braided nitinol frame. Currently the only access route is transfemoral. 

The delivery and anchoring method is based on controlled mechanical expansion; by rotat-

ing the delivery handle manually, the prosthesis is unsheathed, the device radially expands 

and shortens to achieve the final dimensions. The prosthesis is repositionable and retriev-

able even after full expansion, and the frame is designed with a central radiopaque marker 

to enable precise positioning. To minimize leakage, the valve is covered with an adaptive 

seal. The prosthesis is designed to function early during deployment and rapid pacing is not 

required, resulting in minimization of the hemodynamic changes during the procedure63.

Recently the REPRISE II, published 30 day outcomes in 120 patients. Successful valve im-

plantation was achieved in all patients with a significant improvement in functional NYHA 

classes64. The rate of paravalvular leakage was 1.0% of the patients, which is considerably 

lower than rates described in literature12, 51, 64. Opponents of repositioning during TAVI 

argue that extra manipulation during the procedure may induce strokes. However this 

could not be directly deduced from the REPRISE II; 30-day incidence of disabling stroke 

was 1.7% compared with 3.2% major strokes in a weighted meta-analysis of studies using 

mainly Sapien and CoreValve 12, 64. Furthermore stroke rates in the REPRISE II differed not 

significantly between patients with and without repositioning attempts. A major complica-

tion of the Lotus valve seems to be the high rate of permanent pacemaker implantations 

after a TAVI of 28.6%, which is similar to the rates reported after CoreValve implantation 

but considerably higher than the pacemaker implantation rates in trials with the Edwards 

SAPIEN valve12, 48.  The results have to be confirmed in larger trials and will be directly 

compared with other valve systems in the Reprise III, starting as a randomized controlled 

trial of the Lotus and CoreValve prostheses. (NCT02202434 full details available at www.

clincialtrials.gov, (last verified July 2015). Some interventionalists argue that the high rates 

of pacemaker implantation imply that the first clinical Lotus implantations should be per-

formed in patients who already have a permanent pacemaker. This will allow the operator 

to adjust to the implantation technique without negative consequences for the patient.
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Acurate 

The Acurate (Symetis, Ecublens, Switzerland) is a self-expandable supracoronary prosthe-

sis. The delivery systems consist of a flexible shaft, for the transapical approach equipped 

with two radio opaque markers and for transfemoral use with an 18 French sheath with 

radio opaque stent holder. The prostheses comprise three porcine leaflets, mounted on a 

nitinol stent with an inner and outer impermeable skirt, designed to prevent paravalvular 

regurgitation. The prostheses consist of stabilization arches, an upper and lower crown. 

Once deployed, resheathing, repositioning and retrieval are not possible. 

Initially the valve was developed for the transapical access route and received the CE mark 

in 201165-67, with now more than 1200 transapical implants. The prosthesis for transfemo-

ral access followed, with a CE mark in 2014. The first-in-man study for a transaortic system 

is expected to start in 2015. 

For the transapical device clinical follow-up results of 40 patients, showed a 30-day device 

success rate, as defined by VARC 1, of 92.5%, with two valve-in-valve procedures and one 

moderate leakage after implantation. At 6 months follow-up 96.7% demonstrated either 

none/trivial or mild paravalvular regurgitation68. A multicenter registry on 250 patients 

reports a 30-day mortality rate of 6.8%. At least moderate paravalvular regurgitation 

was reported in 2.3% of patients68, 69. A comparison between the transapical systems of 

Edwards Sapien and Acurate among 103 propensity matched pairs, showed more redilata-

tion after treatment with the Acurate device (40% vs 9%)70. The first-in-man trial for the 

transfemoral route reports procedural success of 95% in 20 patients, with two pacemaker 

implantations (10%). 

Medtronic Engager

The Engager (Medtronic Inc., Minneapolis, Minnesota, USA)is a transapical implantable 

prosthesis, consisting of 3 bovine pericardial leaflets, mounted on a self-expandable nitinol 

frame. The prosthesis consists of a main frame and a support frame. The main frame in 

sewn to a polyester sleeve. The support frame contains three control arms to fixate and 

position the prosthesis. The prosthesis is available in 23mm and 26mm size71. After a 

successful feasibility study72 a European pivotal trial was conducted with a total of 61 pa-

tients73. Overall device success, defined by modified VARC criteria, was achieved in 94.3%. 

All cause-mortality was 9.9% at 30 days. The CE mark was received in February 2013.

Direct flow 

The Direct Flow (Direct Flow Medical Inc., Santa Rosa, California, USA) has an entirely 

non-metallic framework double ring design, with upper (aortic) and lower (ventricular) 

ring balloons of Dacron polyester. In between the inflatable rings is the bovine pericar-

dial valve. The rings can be pressurized independently through position-fill lumens with 

saline and contrast solution, inducing immediate visibility  when inflated. The prosthesis 
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is repositionable and retrievable before anchoring, by deflation of the cuffs. Rapid pacing 

is not required for implantation since the valve leaflets are functional during expansion. A 

specific feature of the Direct flow medical is the ability to perform TAVI with minimal or 

no contrast; a feature especially favorable in patients with an impaired renal function. The 

Discover trial was the first multicenter nonrandomized study of the Direct Flow Medical74. 

The VARC-defined device success rate was 93% and 30-day freedom from VARC-defined 

safety event rate was 91% with an all-cause mortality rate of 1.0% (1 of 100) at 30 days. 

In January 2013 the direct flow medical has received CE Mark.  

Future valves at a glance

Centera

The Edwards CENTERA (Edwards Lifesciences, Irvine, California, USA) is a self-expandable 

prosthesis with a radiopaque nitinol frame pre-packaged on a catheter75. The design of 

the valve leaflets (bovine pericardium) is the same as the previous valves from the Edwards 

company, with an outer skirt consisting of polyethylene terephthalate, similar to the 

Edwards Sapien 3 prosthesis. The valve will be available in 23, 26 and 29 mm sizes. The 

design of the nitinol stent has a low frame height designed to minimize the risk for conduc-

tion disorders. Furthermore, the prosthesis does not extend into the ascending aorta for 

anchoring or self-alignment76. The prosthesis has a motorized, battery-powered, delivery 

system with a detachable handle. This handle allows positioning by a single-operator with 

repositioning during loading and deployment. 

The Centera received CE mark in 2014. The first experience with the Edwards CENTERA 

was gained in Canada and Germany with 15 patients; the reported survival was 87% at 

30 days and 80% at 1 year. Paravalvular aortic regurgitation at 30-day follow-up was 

moderate in 1 (8%) patient. Currently, a trial in the US as well as Europe is evaluating the 

Centera in the Safety and Performance Study of the Edwards CENTERA Self-Expanding 

Transcatheter Heart Valve (NCT01808274  full details available at www.clincialtrials.gov, 

(last verified July 2015)). 

Colibri

The Colibri prosthesis (Colibri Heart Valve, Broomfield, Colorado, USA) is a balloon expand-

able TAVI system for transfemoral use. It is a dry, pre-mounted, pre-crimped and pre-

packaged valve, currently only manufactured in 24 mm. The porcine pericardium leaflets 

are folded, reducing number of sutures needed (<200 in Colibri, >1500 other systems). 

It is delivered through a 14 French sheath, allowing a transfemoral approach in patients 

with smaller vasculature and possibly reducing the risks for access route complications. The 

Colibri received CE mark in 2014. The first in-man case has been presented in 201277, long 

term outcomes are awaited. 
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Inovare

The Inovare (Braile Biomédica, São José do Rio Preto, Brazil) transcatheter aortic valve is 

implanted by transapical or transfemoral approach78, 79. The prosthesis consists of a bovine 

pericardium mounted in a cobalt-chromium valve and is balloon expandable. It received 

CE mark in 2014. The initial experience with the valve describes a successful implantation 

through transfemoral approach in six cases. 

Trinity

TRINITY heart valve system (Transcatheter Technologies GmbH, Regensburg, Germany) is a 

prosthesis consisting of bovine pericardium mounted on a self-expanding nickel-titanium 

alloy frame. The prosthesis is repositionable and retrievable and can be implanted without 

the need for rapid ventricular pacing. Trinity underwent an in vivo animal trial in 2010 

and in the first-in-human study it was implanted by transapical approach80. Currently the 

prosthesis is available for either a transapical or transarterial catheter. CE mark for the 

trinity heart valve system was provided in 2015.

AorTx

The AorTxTM valve (Hansen Medical Inc., Mountain View, California, USA) consists of 

a solid nickel-titanium alloy frame which is formed into a convex triangular shape. To 

eliminate stress at hinge points, the framet is hinged at three points to allow rotational 

crimping. The valve delivered via an 18F system and can be recaptured and repositioned. 

First in human implantation occurred in 2006 with eight patients)81. In 2015, CE mark was 

received for the Aortx.

Venus A-Valve

The Venus A-valve (Venus MedTech, (Hangzou), Inc., Hangzou, China) is a self-expanding 

prosthetic heart valve with porcine pericardium leaflets, developed and manufactured and 

China. It is delivered with an 18-20 F retrievable system via a transfemoral, transaortic or 

transaxillary/subclavian route82, 83.  

Currently the safety and performance of the Venus-A is evaluated in 80 patients in a clinical 

trial initiated from Beijing ((NCT01683474  full details available at www.clincialtrials.gov, (last 

verified January 2015). Endpoints are the safety and clinical benefit in 30 days, 6 months 

and 1 year.  The primary outcome is all cause mortality and major stroke at 12 months post-

procedure. Data is expected early in 2016. First public results of 15 patients (11 femoral and 4 

aortic) were presented in 2013 on a conference in Hong Kong and showed a procedural suc-

cess rate of 93.3% (14 patients)83. Thirty day outcome showed a pacemaker rate of 33.3% 

(5 patients) , 1 major vascular complication and 1 major bleeding (6.7%) and no strokes. 

Already the prosthesis was used in a observational descriptive study describing the morpho-

logical characteristics of aortic valve stenosis in a China. This study included 120 patients of 
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whom 47.5% had a native bicuspid valve. Besides an extensive description of anatomy and 

morphology in this population, the procedure outcome is not discussed82. 

Hydra Aortic Valve

The Hydra Aortic Valve is a self-expandable prosthesis (Vascular Innovations Company, 

Bang Tanai, Nonthaburi, Thailand), developed and produced in Thailand,  with the aim to 

generate a more affordable TAVI prosthesis for this country’s patients84. The prosthesis con-

sists of bovine pericardium leaflets sutured to nitinol stent frame. To allow deployment and 

anchoring adjusted to the shape of the aorta. It the frame has three adjustable tentacles at 

the outflow trajectory. The prosthesis will be available in 3 sizes; Hydra22 for annulus sizes 

18-20 mm, Hydra26 for 20-24 mm and Hydra30 for annulus size ranging from 24-28 mm. 

It will be delivered through an 18F catheter and will be retrievable after positioning until 

70% deployment. . The first multicenter, prospective trial is expected to start in November 

2015 as a non-randomized investigational study among 70 patients in order to assess 

the safety and performance of the Hydra.(NCT02434263  full details available at www.

clincialtrials.gov, (last verified April 201585)). 

Optimum 

The Optimum TAVI system or the Thubrikar TAVR system (Thubrikar Aortic Valve Inc., Nor-

ristown, Philadelphia, USA)  is a self-expanding prosthesis consisting of bovine pericardium 

leaflets mounted on a nitinol frame.  developed with a low. Currently a 23 mm prosthesis is 

available and the company is planning on creating a 20 and 26 mm valve. It is claimed that 

the prosthesis is “designed for durability”, mimicking the natural aortic valve geometry. To 

date, animal studies, durability testing and human cadaver studies  have been completed 

with success.  

Heart leaflet technology

The heart leaflet technology (Heart leaflet technologies Inc., Maple Grove, Minnesota, 

USA) valve is a self-expanding prosthesis, composed of tricuspid porcine pericardial tissue. 

The prosthesis is implanted at the annular level and has an elastic wire frame with nitinol 

mesh, supporting the prosthetic valve and keeping it fixed within the native annulus. The 

company developed an integrated braided polyester liner to prevent regurgitant flow 

around the valve86. First-in-man studies have been successfully performed and  the Heart 

Leaflet Technology is awaiting FDA and European approval for clinical trials. 

Allegra

The Allegra (New Valve Technology AG, Muri, Switzerland, is a self-expandable prosthesis, 

implanted transfemorally through an 18F sheath. The prosthesis consists of a short nitinol 

stent frame with a valve made of bovine pericard. Permaflow technology allows early 
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functionality of the valve by avoiding ouflow obstruction during implantation and annular 

fixation is ensured through radial forces and the A single arm pilot trial was performed in 

2013 and presented in 201487. In this trial 21 patients were included, with a procedural 

success of 91% (19 patients). Thirty day survival rate was 95%, pacemaker the implanta-

tion rate was 19.1% and there were 5 patients with minor vascular complications (23.8%). 

Postprocedural aortic regurgitation was graded mild in 13 patients, moderate in 2 patients; 

there were no cases of severe aortic regurgitation87.  

Triskele 

The Triskele (UCL TAV™ ,University College London, London, United Kindom) consists of 

a stent composed of a nickel–titanium alloy designed to enhance anchoring and sealing 

without excessive radial pressure on the annulus. A promising durability of the prosthesis 

is claimed since the leaflets of the valve are composed of a l biocompatible polymeric 

nanocomposite, which is believed to have higher resistance to calcification. The prosthesis 

is fully retrievable and repositionable. The valve is still only in research phase88.

PercValve

The PercValve (Advanced Bioprosthetic Surface, Ltd., San Antonio, Texas, USA)) is a selfex-

pandable prosthesis. It is designed as a  monolithic valve with leaflets consisting of  nano-

synthesised e-nitinol mounted on a ‘thin film’, elastic nickel-titanium alloy frame. Animal 

studies demonstrated complete  endothelializion of the valve leaflets within 10 days. 

This potentially reduces valve thrombosis and subsequent  thromboembolic events. The 

prosthesis is delivered via a 10F delivery catheter by antegrade approach. In contrast to the 

majority of second-generation devices, it is not repositionable or retrievable.

5-yEAR VIEW

The field of transcatheter aortic valve procedures has expanded rapidly in the past decade. 

TAVI has proven to be superior to the conventional treatment for inoperable aortic stenosis 

and should be strongly considered for patients who are at high risk for surgical aortic valve 

replacement. As a result of clinical experience and continuous improvement in outcomes 

a gradual clinical shift is seen in TAVI towards intermediate-risk patients with severe aortic 

stenosis 89. However, this highly competitive field, technical refinements of the devices 

are mandatory to further decrease severe or frequently occurring complications (Table 2), 

exceeding the impact of complication management28 . 
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EXPERT COMMENTARy: EMERGING TECHNOLOGIC REFINEMENTS

The shortcomings in the first generation transcatheter prostheses led to design modifica-

tions and the development of second-generation transcatheter prostheses. Thus far, the 

decreased sheath sizes and sheath characteristics of the newer generation prostheses, 

improved percutaneous vascular access90 and will further decrease vascular complications. 

Prevention of paravalvular leakage has been achieved by optimal sizing using CT imagin. 

Further improvement has been  accomplished by application of a sealing skirt on new pros-

thesis.  However, additional improvements of the devices are mandatory specifically when 

moving towards treatment of low risk younger patients and should include further down-

sizing of the delivery systems, technical features to continue simplifying the procedure, 

shortening the operator’s learning curve. Furthermore, enabling unobstructed coronary 

access, either for acute or planned PCI, is mandatory65. Reducing the necessity of a new 

pacemaker implantation is obviously preferable wherever possible. This might be achieved 

by decreasing the radial forces on the endocardium and the conduction system as well 

as shortening of the frameand a decreased implantation depth. Although occurring with 

a relatively low incidence, a reduction of peri- or postprocedural stroke is required in the 

future of TAVI. Protection devices might play a role, although their efficacy is currently not 

established yet91-93. Safer delivery systems and medical regimes including antithrombotic 

medication are other potential targets in minimizing stroke incidence94, 95. Finally, decreas-

ing the invasiveness, number of puncture sites, the need for endotracheal intubation 

ventilation and subsequent extubation, will potentially optimize outcome. The durability of 

the prostheses remains an important feature, particularly if in the nearby future indications 

will shift and younger patients will be considered for TAVI. Durability is determined by the 

design of the prosthesis, the used tissue and frames, the crimping, the treatment of the 

valve tissue, gradients across the valve and multiple patient characteristics. It is important 

that mechanical pressure and stress do not lead to structural valve deterioration, including 

accelerated calcification, degeneration, frame fatigue or prosthesis tearing, and that the 

good hemodynamic performance of the prosthesis persists on long term. As the novelty 

of  the procedure precludes large trials on long-term durability, the only available durability 

data are the described  mid-term ( 5-years) results, which look  promising31, 36, 37.  Moreover 

the long-term (10 years), late-term (15 years), and very-late-term (20 years) outcome data 

are awaited. Nonetheless, for surgical aortic bioprostheses excellent long-term durability 

has previously been reported. This induces optimism about the durability of transcatheter 

aortic prostheses, since similar tissue fixation techniques are utilized. 
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EXPERT COMMENTARy: EXPANDING INDICATIONS

Presumably, part of the above mentioned improvements will decrease complication rates 

and result in an expansion of clinical indications for TAVI such as younger, lower risk pa-

tients that may benefit from this treatment96, 97. 

In addition, TAVI can be used for patients with specific risk factors deeming inoperability, 

and for expanding indications such as multiple valve procedures98 aortic regurgitation, 

valve-in-valve procedures99-104 and bicuspid aortic valve stenosis105. Specifically, the valve-in-

valve possibility may induce a shift in age from mechanical to biological surgical prosthesis. 

Appropriate selection of patients based on outcome predictors will further help to maxi-

mize the benefit of TAVI and reduce mortality. 

Table 3: Most desirable features of devices

Repositionability

Retreavability

High durability and long device lifetime

Proven safety of device 

Non-thrombogenicity

Dynamic responsiveness

Prosthesis-tissue interaction

Small delivery sheaths
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CONCLUSIONS

Combining individual patient characteristics with device characteristics to achieve the 

optimal hemodynamic result is essential for the best choice of prosthesis for the individual 

patient.  Evaluation of devices combined with individual patient characteristics will improve 

the selection of patients, selection of devices and optimize outcomes. Therefore, in this 

rapidly changing area of transcatheter valve implantations the future direction will be 

guided by assessing data on the safety and durability of the devices in long-term follow-up 

studies.  

trial is the only randomized trial of TAVI versus surgical aortic
valve replacement to show superior survival of TAVI. This was
achieved with a numerically lower rate of major stroke and
statistically superior changes in aortic valve function from base-
line to 1 year. A significantly reduced risk of 1-year mortality by
TAVI with CoreValve was reported (14.2% vs. 19.1%;
p = 0.04).[18] A permanent pacemaker was implanted in
23.7% of patients.[18] The incidence of a new permanent
pacemaker is high compared to other prosthesis. The origin of
cardiac conduction disorders after TAVI is thought to be com-
pression of the endocardium containing the conduction system
by the prosthesis, the prosthesis–tissue interaction.[30] Both the
course of the left bundle branch and the proximity of the right
atrium and the atrioventricular node to the implanted prosthesis
increase the risk for conduction disorders after TAVI.[31]
The CoreValve remains the signature Medtronic prosthesis;

alterations in prosthesis frame height and delivery system were
realized under the same name. Recently, the all-cause mortality
up to 5 years was reported with rates of 21% at 1 year, 29% at 2
years and 55% at 5 years.[32] Prosthetic valve degeneration was
1.4% at 5 years. At follow-up, 17% required implantation of a
permanent pacemaker. The CoreValve is currently evaluated in

the surgical replacement and transcatheter aortic valve implanta-
tion (SURTAVI) trial, comparing TAVI to surgical aortic valve
replacement in intermediate-risk patients with severe aortic
stenosis (NCT01586910: full details available at www.clincial
trials.gov; last verified June 2015).
In 2013, CoreValve announced the first implants in the

CoreValve Evolut R Clinical Study. The Evolut R is a recapture-
enabled valve and delivery system providing the option to recap-
ture and reposition the CoreValve Evolut R valve during deploy-
ment.[33] Furthermore, the nitinol frame of the CoreValve Evolut
R has been redesigned with consistent radial forces, potentially
reducing stress on the left bundle branch. With this new delivery
system, transfemoral TAVI can be safely performed in patients
with iliofemoral diameters as small as 5.4 mm.[34]

Self-expandable versus balloon-expandable devices
Both the Medtronic CoreValve and the Edwards SAPIEN/
SAPIEN-XT have been used widely since the first TAVI proce-
dure in 2002; however, differences in hemodynamic perfor-
mance as well as device success have been reported.[35–37]
The three major experiences published thus far—the Milan
experience, the Pragmatic study and the French TAVI registry

Figure 1. From left upper corner to right: Edwards SAPIEN, Edwards SAPIEN XT, Edwards SAPIEN 3, Medtronic CoreValve,
Medtronic Evolut-R, Boston Lotus, JenaValve, Medtronic Engager, Edwards CENTERA.
Reproduced with permission from Edwards Lifesciences, Medtronic Inc. a subsidiary of Medtronic plc, Boston Scientific and
JenaValve.
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Figure1: From left upper corner to right; Edwards SAPIEN, Edwards SAPIEN XT, Edwards SAPIEN 3, 
Medtronic CoreValve, Medtronic Evolut-R, Boston Lotus, JenaValve,  Medtronic Engager, Edwards 
CENTERA. Reproduced with permission from 
Edwards lifesciences, Medtronic Inc a subsidiary of Medtronic plc, Boston Scientifi c and JenaValve. 
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SUMMARy

There has been a rapid expansion in the application of TAVI worldwide. When conventional 

surgery is not an option due to high surgical risk, this less invasive technique is a firmly 

esthablished alternative that have shown to be an effective and safe treatment option in 

this patient population. The technique has been included in the current valvular guidelines. 

Several studies reported good mid-term survival rates while complication rates are low. 

More studies were needed to be able to select the optimal treatment and select the patient 

that will benefit most. Furthermore, studies that provide insight in the effect of this tech-

nique on left ventricular hemodynamics and coronary hemodynamics, improve knowledge 

and thereby provide opportunities to optimize techniques and outcomes.

Chapter 1 is the general introduction and outline of this thesis. 

PART I: PREPROCEDURAL CONSIDERATIONS

The choice of preferred access route for TAVI is mainly guided by the minimal aorto-femoral 

tract diameter. Currently, projection angiography (XA) and CT-angiography (CTA) are used 

interchangeably to assess this diameter in the TAVI work-up. In chapter 2 the agreement of 

XA and CTA diameter measurements in TAVI candidates is assessed. Diameters measured 

semi-automatically on CTA were statistically significantly smaller compared to XA. This 

should be acknowledged in the work-up for selecting the most appropriate approach for 

TAVI. In our population 17.6 % of patients would have been denied a transfemoral TAVI 

based on CTA measurements, whilst XA suggested diameters sufficient for a TF approach.

In patients who undergo TAVI almost half have MR grade ≥ 2 prior to the procedure as 

shown in Chapter 3. Although two year survival was reduced, patients with MR grade ≥2 

at baseline equally improved symptomatically after TAVI compared to patients with MR 

grade ≤ 1.  It is conceivable that MR grade ≥ 2 at baseline reflects an advanced stage of 

aortic valve stenosis. This suggests that early selection of patients is beneficial (prior to 

development of more severe MR) in order to improve their prognosis. Nevertheless, the 

symptomatic improvement, despite reduced survival in patients with significant MR prior to 

TAVI, is an important quality-of-life outcome in the fragile elderly population and indicates 

that the  selection for TAVI should be an individualized patient based process. 

PART II: INTRAOPERATIVE CONSIDERATIONS

Efforts to minimize invasiveness provided that safety is maintained, hasten patient recovery, 

without compromising clinical and procedural outcomes of patient satisfaction were the 

rationale for simplified transfemoral TAVI using exclusively local analgesia and fluoroscopic 

guidance, as demonstrated in Chapter 4. In addition to the safety and feasibility, which 

were both demonstrated in this study, it might be beneficial for the fragile TAVI patient 
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to avoid general anaesthesia. This may add to a better outcome of TAVI in this high-risk 

elderly patients.

Myocardial injury is a common complication during cardiac surgery and percutaneous 

coronary intervention and is associated with postprocedural cardiovascular morbidity and 

mortality In chapter 5 predictors and prognostic value of myocardial injury during transcath-

eter aortic valve implantation are described. After transcatheter aortic valve implantation, 

serum levels of both CK-MB and cTnT increase, reflecting the occurrence of periprocedural 

myocardial injury. A longer procedural duration, the absence of β-blocker use, peripheral 

arterial disease, and a deeper prosthesis insertion are associated with myocardial injury. 

Together with preprocedural hospitalization and left ventricular mass, myocardial injury is 

an independent predictor for 30-day mortality after TAVI.

PART III  PERIPROCEDURAL PHYSIOLOGICAL CONSIDERATIONS & IMPLICATIONS

Aortic stenosis induces both physiological and pathophysiological alterations in the coro-

nary microvasculature in response to cardiac outflow tract obstruction. As a result, the 

reserve vasodilatory capacity of the coronary circulation is reduced in patients with AS, 

as shown in chapter 6. TAVI immediately improves coronary hemodynamics, and partly 

relieves a pathological increase in minimal microvascular resistance. TAVI is thereby as-

sociated with an improvement in coronary vasodilatory reserve. In contrast, physiological 

changes in autoregulatory microvascular tone in response to an increase in ventricular 

mass remain unaltered immediately after TAVI, and conceivably exhibit gradual regression 

requiring long-term follow-up.

Aortic stenosis (AS) can cause angina despite unobstructed coronary arteries, which may 

be related to increased compression of the intramural microcirculation especially at the 

subendocardium. In chapter 7 coronary wave intensity and phasic flow velocity patterns are 

assessed.  Especially the systolic coronary flow velocity is compromised in AS as compared 

to normal patients and restored to normal values after TAVI. The forward compression 

wave (FCW) accelerating systolic flow was delayed with AS compared to controls. The early 

diastolic backward expansion wave (BEW) was higher in patients with AS than in controls, 

induced by the elevated LV end diastolic pressure (LVEDP) and increased intramyocardial 

vascular volume. After TAVI an acute relief of subendocardial compression in systoly likely 

benefits subendocardial perfusion immediately. 

In Chapter 8  the alterations in left ventricle hemodynamics in response to aortic stenosis 

are documented. In patients with aortic stenosis (AS), the afterload and end systolic volume 

increases. These alterations are associated with a compensatory increase in end-diastolic 

volume and pressure, and may eventually induce left ventricular (LV) dysfunction. Relief 

of AS by transcatheter aortic valve implantation (TAVI) immediately reduces afterload and 

markedly improves LV systolic performance and interaction with the vascular system as 

assessed by invasive intraventricular PV loop measurements. Diastolic function remains 
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unaltered immediately after TAVI due to unaltered intrinsic properties of LV hypertrophy, 

however is expected to improve over time. 

PART IV POSTOPERATIVE AND FUTURE CONSIDERATIONS

Chapter 9 provides an overview of autopsy findings after TAVI procedures in multiple cen-

ters divided by the timing of the death with specific considerations for the added value of 

an autopsy over a solely clinical determined cause of death.  It is evident that a structured 

autopsy, performed with knowledge about the general medical history, the techniques 

of the procedure as well as the time of death in relation to the procedure  often reveals 

valuable information on the cause of death after TAVI. 

Over the past decade Transcatheter aortic valve implantation (TAVI) has evolved towards 

the routine therapy for high-risk patients with severe aortic valve stenosis. Technical refine-

ments in TAVI are rapidly evolving with a simultaneous expansion of the number of avail-

able devices. Chapter 11 finally, presents an overview of the current status of development 

of TAVI-prostheses; it describes the technical features and applicability of each device and 

the clinical data available.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Transcatheter aortic valve implantation is an enthousiastically-embraced technique for 

treatment of severe aortic valve stenosis. In this thesis we studied potential risk factors 

associated with TAVI to be able to select the patients who will benefit the most from this 

treatment, and studied the optimal procedural choice for the patient. Furthermore, the 

hemodynamic effects of TAVI are studied, in order to provide more insight in this new field, 

and eventually optimizing patient, procedure and outcome.  

The existing and new bioprosthetic valves, delivery catheters and sheaths are continuously 

developed and adjusted to improve results and reduce complications. Key point has been 

the prevention of paravalvular leakage, achieved by optimal sizing using CT imagin com-

bined with the application of a sealing skirt on new prosthesis. Additional improvements of 

the devices and techniques are however mandatory especially when moving towards treat-

ment of low risk younger patients. These improvements should include further downsizing 

of the delivery systems and technical features to continue simplifying the procedure and 

shortening the operator’s learning curve.

In addition, to optimize patient selection, a risk score especially developed for potential 

TAVI candidates will provide a more accurate prediction of mortality than the currently 

used EuroSCORE and STS score, which both appear not appropriate for TAVI.  Finally, 

decreasing the invasiveness potentially optimizes outcome. The durability of the prostheses 
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remains an important feature, particularly if in the nearby future indications will shift and 

younger patients will be considered for TAVI. As the novelty of the procedure precludes 

large trials on late-term durability, the only available durability data are the described  

mid-term ( 5-years) and long-term (10-years) results, which look promising.  The very-late-

term (20 years) outcome data are awaited with curiousity. Nonetheless, for surgical aortic 

bioprostheses excellent long-term durability has previously been reported. This allows for 

optimism about the durability of transcatheter aortic prostheses, with utilization of similar 

tissue fixation techniques. 

Presumably, future improvements will decrease complication rates and will result in an 

expansion of clinical indications for TAVI such as younger, lower risk patients that may 

benefit from this treatment.  

In addition, TAVI can be used for patients with specific risk factors deeming inoperability, 

and for expanding indications such as multiple valve procedures aortic regurgitation, 

valve-in-valve procedures  and bicuspid aortic valve stenosis. Specifically, the valve-in-valve 

possibility may induce a shift in age from mechanical to biological surgical prosthesis. Ap-

propriate selection of patients based, on outcome predictors will further help to maximize 

the benefit of TAVI and reduce mortality. 

Combining the individual patient characteristics with procedural characteristics to achieve 

the optimal hemodynamic result is key for the best choice of treatment for each patient. 
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SAMENVATTING

Wereldwijd heeft een snelle groei plaatsgevonden in de toepassing van transcatheter 

aortaklep implantatie. Dit is een minimaal invasieve techniek, inmiddels een gefundeerde 

behandeling van aortaklepstenose, en een waardevol alternatief wanneer conventionele 

chirurgie geen goede optie is wegens een hoog risico. Het is bewezen dat TAVI een ef-

fectieve en veilige behandeloptie is. Deze techniek is zodoende opgenomen in de huidige 

richtlijnen voor hartklepziekten en behandelingen. Verscheidene studies hebben langere 

overleving aangetoond, en rapporteren daarnaast lage complicatiecijfers.

Meer studies waren noodzakelijk om het selectieproces te verbeteren van zowel de proce-

dure, als mede het selectieproces van de patienten. Inzicht in het effect van deze nieuwe 

transcatheter aortaklep implantatie techniek op ventriculaire hemodynamica en coronaire 

hemodynamica, levert kennis en biedt daarmee de mogelijkheid om de techniek en de 

uitkomsten verder te optimaliseren 

Hoofstuk1 is de algemene introductie en uiteenzetting van dit proefschrift. 

PART I: PREPROCEDURELE OVERWEGINGEN

In TAVI wordt de keuze van toegangsroute voornamelijk bepaald door de minimale di-

ameter van het aorto-femorale arterieen. Op dit moment worden zowel angiografie (XA)  

als CT-angiografie (CTA) gebruikt ter beoordeling van de vaatdiameters in de work-up 

voor TAVI. In hoofdstuk 2 wordt de overeenkomst tussen XA en CTA diameter metingen 

in preoperatieve screening van TAVI patienten beschreven. Semi-automatisch gemeten 

diameters op CTA waren significant kleiner dan gemeten diameters op XA. Dit is van 

belang voor de pre-operatieve work-up, met name voor de keuze voor meest geschikte 

toegangsroute voor de procedure. In deze studie zou, op basis van de CTA metingen, 

17.6% van de patienten zijn afgewezen voor  transfemorale TAVI op, in tegenstelling tot 

diameters van dezelfde aorta-femorale arterieen gemeten met XA,  welke wel geschikt 

waren voor transfemorale benadering. 

Mitralisklep regurgitatie (MR) graad≥ 2 is pre-operatief aanwezig in bijna de helft van de 

TAVI patienten, zoals beschreven in hoofdstuk 3. Hoewel de tweejaars overleving na TAVI 

lager is vergeleken met patienten met MR grade ≤1,  is de symptomatische verbetering van 

deze patientengroep evenveel als bij patiënten met MR grade≤1. MR graad≥2 bij baseline 

is mogelijk een teken van vergevorderde aorta klep stenose. Mogelijk is vroege selectie van 

patienten gunstig (voordat ernstiger MR ontwikkeld) ter bevoordering van de prognose. 

ondanks de lagere overleving is de symptomatische verbetering bij deze kwetsbare oud-

eren een belangrijke uitkomst voor kwaliteit van het leven 
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PART II: INTRAOPERATIEVE OVERWEGINGEN

In hoofdstuk 4 wordt een vereenvoudigde transfemorale TAVI met behulp van uitsluitend 

lokale analgesie en fluoroscopie beschreven. Het doel de procedure veilig, zo minimaal 

invasief mogelijk uit te voeren, met daardoor versneld herstel en het behouden van goede 

klinische en procedurele  uitkomsten was de rationale voor deze studie. Naast de veiligheid 

en haalbaarheid, beiden aangetoond in deze studie, kan het bevordelijk zijn voor de fra-

giele TAVI patiëntenpopulatie algemene anesthesie te vermijden. Dit kan bijdragen aan een 

betere uitkomst van Tavi in deze hoog-risico oudere patiënten.

Myocardiale schade is een veel voorkomende complicatie tijdens hartchirurgie en percutane 

coronaire interventie en is geassocieerd met postprocedurele cardiovasculaire morbiditeit 

en mortaliteit. In hoofdstuk 5 wordt de voorspellende en prognostische waarde van myo-

cardiale schade tijdens percutane aortaklep implantatie beschreven

Na transcatheter aortaklep implantatie verhogen zowel het serum CK-MB en cTnT, als 

gevolg van periprocedurele myocardschade. Een langere proceduretijd, de afwezigheid van 

β-blokker, perifere arteriële ziekte en een diepere prothese implantatie worden geassocieerd 

met myocardiaal letsel. Samen met preprocedurale hospitalisatie en linker ventrikel massa, 

is myocardinfarct een onafhankelijke voorspeller voor de 30-dagen mortaliteit na TAVI.

PART III: PERIPROCEDURELE FYSIOLOGISCHE  OVERWEGINGEN & CONSEQUENTIES

Aortastenose induceert zowel fysiologische en pathofysiologische veranderingen in coro-

naire microvasculatuur, als reactie op cardiale uitstroom-obstructie. Hierdoor vermindert 

reserve vasodilatoire capaciteit van de coronaire circulatie bij patiënten met aortaklepste-

nose, zoals aangetoond in Hoofdstuk 6. TAVI verbetert direct ventriculaire coronaire he-

modynamica, verlaagt de (pathologisch) verhoogde minimale microvasculaire weerstand. 

TAVI is geassocieerd met een verbetering van coronaire bloedstroom reserve (coronary 

flow reserve (CFR)). Daarentegen zijn de fysiologische aanpassingen in  autoregulerende 

microvasculaire tonus, die zijn ontstaan in reactie op een toename van ventrikelmassa, 

ongewijzigd direct na TAVI. Mogelijk ontstaat een graduele regressie na langere follow-up, 

met dientengevolge effect op de autoregulatie en microvasculaire tonus.  

Een disbalans tussen de behoefte aan zuurstof en de levering van zuurstof kan ischemie en 

angina veroorzaken. Deze symptomen kunnen echter aanwezig zijn bij aortaklep stenose 

(AS), zonder aanwezigheid van obstructie in de coronaire vaten. Met AS zou ischemie 

veroorzaakt kunnen worden door de verhoging van de druk in de microcirculatie door de 

verhoogde systolische linkerventrikeldruk in het subendocardium. Hoofdstuk 7 analyseert 

van het stroomsnelheidprofiel en de golfintensiteit bij rust en bij maximale hyperemie in 

patiënten met aortaklep stenose voor en na transcatheter aortaklep implantatie (TAVI). 

Deze patiënten zijn vergeleken met een controle groep zonder aortaklep stenose. De 

systolische stroomsnelheid bij AS was gereduceerd, vergeleken met controle patiënten; dit 
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herstelde naar normale waarden na TAVI. De vroege diastolische achterwaartse expansie 

golf (BEW) was hoger in patiënten met AS dan bij controle patiënten. Ten grondslag hi-

eraan ligt waarschijnlijk de verhoogde LV en diastolische druk (LVEDP), onder invloed van 

AS, waarmee het intramyocardiale vasculaire volume en daarmee ook de energie van de 

BEW vehoogd. De verbetering van de systolische stroming met TAVI suggereert een acute 

verlichting van de subendocardiale compressie in systole. 

In Hoofdstuk 8 worden de veranderingen in de linker ventrikel hemodynamiek bij aortaklep 

stenose gedocumenteerd. Bij patiënten met aortastenose (AS), nemen de afterload en het 

eind systolische volume toe. Deze veranderingen zijn geassocieerd met een compensatie 

mechanisme, met toename van eind-diastolische volume en druk. Uiteindelijk kan dit 

linker ventrikel (LV) dysfunctie veroorzaken. Opheffen van AS door TAVI verlaagt direct 

afterload en verbetert LV systolische functie en de interactie met het vaatstelsel, wat blijkt 

uit invasieve intraventriculaire PVloop metingen. De diastolische functie blijft ongewijzigd 

direct na TAVI mogelijk door ongewijzigde intrinsieke eigenschappen van LV hypertrofie. 

Verbetering van diastolische functie treedt mogelijk op na langere follow-up.  

PART IV POSTOPERATIEVE EN TOEKOMSTIGE OVERWEGINGEN

Hoofdstuk 9 geeft een overzicht van autopsiebevindingen na TAVI procedures in meer-

dere centra, onderverdeeld naar tijdstip van overlijden na de procedure, met specifiek 

aandacht voor de toegevoegde waarde van een autopsie op een enkel klinische verdachte 

doodsoorzaak. Een gestructureerde autopsie, uitgevoerd met kennis van de algemene 

medische voorgeschiedenis, de technieken van de procedure en het tijdstip van overlijden 

na de procedure, blijkt een waardevolle toevoeging voor vaststellen van de doodsoorzaak 

na TAVI

In het afgelopen decennium heeft TAVI zich ontwikkeld naar standaart therapie voor hoog-

risico patiënten met ernstige aortaklepstenose. Technische verfijningen in TAVI evolueren 

snel met tevens uitbreiding van het aantal beschikbare protheses. Hoofdstuk 11 ten slotte, 

geeft een overzicht van de huidige stand van de ontwikkelingen van TAVI-prothesen; Het 

beschrijft de technische kenmerken en de toepasbaarheid van elke prothese en de klinische 

gegevens die beschikbaar zijn.

SLOTOPMERKINGEN EN TOEKOMSTPERSPECTIEVEN

Transcatheter aortaklep implantatie is inmiddels een gevestigde  techniek voor de be-

handeling van ernstige aortaklepstenose. In dit proefschrift onderzochten we mogelijke 

risico factoren die samenhangen met TAVI om de patiënten die het meeste baat zouden 

hebben bij deze techniek te kunnen identificeren, alsmede de selectie van procedure te 
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optimaliseren. De hemodynamische veranderingen in TAVI zijn onderzocht, om meer 

inzicht te verschaffen en zodoende uiteindelijk optimalisatie van patiëntselectie, procedure 

en resultaten.

De bestaande en nieuwe bioprotheses, catheters en sheaths worden voortdurend verder 

ontwikkeld en aangepast om de resultaten te verbeteren en complicaties te verminderen. 

Preventie van paravalvular lekkage is inmiddels bereikt door een optimale sizing met be-

hulp van CT en door toepassing van een afdichtings verdikking bij de nieuwe protheses. 

Echter, verdere verbeteringen van de protheses en technieken zijn onontkoombaar,  in het 

bijzonder bij het een uitbreiding van toepassing richting laag risico patienten en jongere 

patiënten, waarbij verkleining van catheters,  vereenvoudiging van de procedure en het 

verkorten van de leercurve essentieel zijn.

Om de selectie van patiënten te optimaliseren, zal een risicoscore specifiek voor potentiële 

TAVI kandidaten ontwikkeld moeten worden, om een   betere voorspelling van sterfte 

mogelijk te maken dan EuroSCORE en STS score welke momenteel gebruikt worden. 

Het zo minimaal invasief verrichten van de procudure, zal daarnaast mogelijk resultaten 

verbeteren.

De duurzaamheid van de prothese blijft van belang, met name wanneer in de nabije 

toekomst indicaties verschuiven en jongere patiënten in aanmerking komen voor TAVI. 

Echter, met het recente ontwikkelen van deze techniek, zijn de beschikbare lange termijn 

gegevens betrekkelijk schaars,  de middellange termijn (5 jaar) resultaten. Lange termijn 

(10 jaar), late termijn (15 jaar), en heel-late termijn (20 jaar) uitkomst gegevens worden 

nog afgewacht. Voor chirurgische aorta bioprotheses is uitstekende duurzaamheid eerder 

gerapporteerd. Dit leidt tot optimisme over de duurzaamheid van transcatheter aorta 

protheses, gezien de vergelijkbare weefsel fixatie technieken.

Toekomstige verbeteringen zullen waarschijnlijk een uitbreiding van de klinische indicaties 

voor TAVI veroorzaken, naar jongere, lager risico patiënten. Daarnaast is TAVI toepasbaar 

bij patiënten met specifieke risicofactoren zoals multiple klep procedures, klep-in-kleppen 

procedures en procedures bicuspide aortaklepstenose  Met name de klep-in-klep mo-

gelijkheid kan een verschuiving in leeftijd van mechanisch naar biologische chirurgische 

protheses induceren. Een passende selectie van patiënten gebaseerd op resultaten, zal 

verder bijdragen voor optimalisatie van de behandeling

Het combineren van individuele kenmerken van patiënten met de meest geschikte proce-

dure voor een optimaal hemodynamisch resultaat is essentieel in het maken van de beste 

keuze van de behandeling voor iedere individuele patiënt.
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