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Aortic stenosis, currently the most prevalent valvular heart disease in Europe [1], is an 
important public health problem, affecting thousands of patients every year. While sur-

gical aortic valve replacement is still considered the “gold standard” treatment [2-4], recent 
innovations in transcatheter valve therapies have offered an attractive alternative: transcath-
eter aortic valve implantation (TAVI). In 2002, Cribier et al. announced the first human case 
description of a percutaneously implanted heart valve in a patient suffering from severe aor-
tic stenosis [5]. Since then, the number of patients that undergo TAVI has increased expo-
nentially. Preliminary early and midterm results following TAVI have been promising [6-
9]. However, despite satisfactory hemodynamic results, TAVI procedures still face impor-
tant safety issues such as paravalvular leaks, vascular complications, stroke, conduction dis-
orders and the need for pacemaker implantation. Currently, TAVI is offered only to patients 
who are considered high risk candidates for surgical aortic valve replacement.
	 A fundamental characteristic of percutaneous interventions is the lack of direct visu-
alization of the target organ/tissue. Consequently, interventional cardiology is greatly re-
lated to and depending on imaging. Especially in TAVI, which is entering the field of tra-
ditional valve surgery, the role of multimodality cardiac imaging is mandatory. Contrast 
aortography, multi slice computed tomography (MSCT), magnetic resonance imaging and 
echocardiography can provide a detailed characterisation of vascular anatomy, aortic root 
dimensions, aortic valve calcifications and left ventricular (LV) function. The use of these 
imaging techniques is invaluable for patient selection and planning of the procedure. In 
addition, some techniques can be used during the operation to guide the implantation, as 
well as after the procedure to evaluate the positioning and function of the prosthesis. 
	 TAVI is a fascinating technology but it is still in its infancy. Further studies are need-
ed in order to understand and modulate TAVI. The aim of the present thesis is to investi-
gate the role of advanced cardiac imaging for TAVI.
	 In Part I (Chapters 2 and 3), we look into the pathophysiology of aortic stenosis using 
speckle tracking echocardiography, which is a new echocardiographic imaging modality 
that is able to relatively angle-independently quantify myocardial wall motion. In Chap-
ter 2, LV rotation parameters are compared between patients with aortic stenosis and age-
matched healthy controls. In Chapter 3, speckle tracking echocardiography is used for the 
assessment of subendocardial contractile function in aortic stenosis.
	 Part II (Chapters 4 and 5) comprises two papers related to the anatomy of the aortic 
root. Chapter 4 describes a comparison between MSCT, contrast aortography and trans-
thoracic echocardiography in the assessment of the aortic annulus. In Chapter 5, we val-
idate a prototype software which is designed to estimate the best fluoroscopic working 
view during TAVI.
	 Part III (Chapters 6 to 10) includes five publications related to the evaluation of pa-
tients following TAVI. In Chapter 6, MSCT is used to investigate the determinants of par-
avalvular aortic regurgitation. The vexing issue of conduction abnormalities following 
TAVI in relation to LV systolic function is explored in Chapter 7. Prosthesis-patient mis-
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match after TAVI (i.e. the situation when the prosthetic valve is too small in relation to 
the patient’s body size) is examined in Chapter 8. In Chapter 9, we investigate the changes 
in mitral regurgitation severity (which commonly accompanies aortic stenosis) following 
TAVI, and Chapter 10 shows the effects of TAVI on LV mass one year after the procedure. 
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Abstract 

Background: To optimally exploit the potential added diagnostic and 
prognostic value of new left ventricular (LV) deformation parameters, 
better understanding of LV mechanics in aortic stenosis (AS) is war-
ranted. We sought to determine a broad spectrum of LV rotation pa-
rameters in AS patients and age-matched healthy controls, in order to 
gain insight into the mechanical properties of the LV in AS. 

Methods: The study comprised 48 AS patients with an aortic valve 
area <2.0 cm2 and LV ejection fraction >50%, and 24 healthy – for 
age and gender matched – control subjects. LV peak systolic rotation 
(Rotmax), LV peak systolic twist (Twistmax), untwisting rate (mean di-
astolic untwisting velocity from Twistmax to mitral valve opening), 
peak diastolic untwisting velocity, and time-to-peak diastolic untwist-
ing velocity were determined by speckle tracking echocardiography. 

Results: AS patients had normal basal Rotmax and increased apical 
Rotmax, resulting in increased Twistmax (13.4±4.0° vs. 11.4±2.7°, 
P<0.05). Apical Rotmax and Twistmax correlated significantly to echo-
Doppler indicators of AS severity. Time-to-peak diastolic untwisting 
velocity was increased (20±10% vs. 15±9%, P < 0.05) and untwisting 
rate was decreased (–38±21°/s vs. –50±28°/s, P < 0.01) in AS patients. 

Conclusions: Twistmax increases proportionally to the severity of AS, 
which might serve as a compensatory mechanism to maintain systol-
ic LV function. LV diastolic untwisting is delayed and the untwisting 
rate is reduced in AS. 
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 Introduction

The timing of aortic valve replacement in patients with severe aortic stenosis (AS) is based 
on symptoms and left ventricular (LV) ejection fraction [1]. Newer LV deformation pa-
rameters, such as strain and rotation, may serve as better estimates of LV function [2]. 
However, to optimally exploit the added value of these new parameters, better under-
standing of LV mechanics in AS is warranted. In previous tagged magnetic resonance 
imaging (MRI) studies changes in LV rotation parameters in AS patients have been de-
scribed [3–6]. However, these studies were limited by small numbers of patients [3–6] 
and not for age-matched control subjects [4–6]. Since LV rotation parameters are known 
to be influenced by age [7,8], the latter is a serious limitation. Speckle tracking echocar-
diography (STE) is a new imaging modality that is able to assess LV rotation [9,10]. The 
purpose of the current study was to determine a broad spectrum of LV rotation parame-
ters in a large group of AS patients compared to age-matched healthy controls, in order to 
gain insight into the mechanical properties of the LV in AS. In addition, LV rotation pa-
rameters were correlated to echocardiographic indicators of AS severity. 

 Methods

Study participants 

The study population consisted of 46 consecutive patients (mean age 65±14 year, 26 men) 
referred for echocardiography because of a murmur or follow-up of known AS, in si-
nus rhythm, with an aortic valve area <2.0 cm2, normal LV ejection fraction (>50%), and 
good echocardiographic image quality that allowed for complete segmental assessment of 
LV rotation at both the basal and apical LV level, and without moderate to severe mitral 
regurgitation. During the enrolment of these 46 patients, 26 other patients (36%) were ex-
cluded because of suboptimal echocardiographic image quality not fulfilling this criteri-
on or the presence of atrial fibrillation. Of the 46 included patients, 33 (72%) were symp-
tomatic (dyspnoea in 23 [50%], angina in 12 [26%], and collapse in 1 [2%]). Mild mi-
tral regurgitation was present in 14 patients (30%). The AS patients were compared to 23 
healthy – for age and gender matched – control subjects in sinus rhythm, without hyper-
tension, diabetes, or regular use of medication for cardiovascular disease, and with nor-
mal left atrial dimensions, LV dimensions, LV ejection fraction and LV diastolic func-
tion for age (in elderly subjects >60 years an impaired relaxation pattern [grade 1 diasto-
lic dysfunction, defined as: E/A ratio <0.75 and E-wave velocity deceleration time >240 
ms] was not considered abnormal). Control subjects were recruited from our department 
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(personnel) or were family members or friends. The study protocol conformed to the eth-
ical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the 
institution’s review board and all subjects gave informed consent. 

Echocardiography 

Two-dimensional grayscale harmonic images were obtained in the left lateral decubitus 
position using a commercially available ultrasound system (iE33, Philips, Best, The Neth-
erlands), equipped with a broadband (1–5 MHz) S5-1 transducer (frequency transmit-
ted 1.7 MHz, received 3.4 MHz). All echocardiographic measurements were averaged 
from three heartbeats. From the M-mode recordings the following data were acquired: 
left atrial size, LV end-diastolic anteroseptal and inferolateral wall thickness, and LV end-
diastolic and end-systolic dimension. LV mass was assessed with the two-dimensional 
area–length method [11]. LV ejection fraction was calculated from LV volumes by the 
modified biplane Simpson rule in accordance with the guidelines [11]. From the mitral-
inflow pattern, peak early (E) and late (A) filling velocities, E/A ratio, and E-wave veloc-
ity deceleration time were measured. Tissue Doppler was applied end-expiratory in the 
pulsed-wave Doppler mode at the level of the inferoseptal side of the mitral annulus from 
an apical 4-chamber view. To acquire the highest wall tissue velocities, the angle between 
the Doppler beam and the longitudinal motion of the investigated structure was adjusted 
to a minimal level. The spectral pulsed-wave Doppler velocity range was adjusted to ob-
tain an appropriate scale. The timing of the beginning and ending of the isovolumic re-
laxation time were determined using pulsed wave Doppler. Aortic valve areas were cal-
culated by the continuity equation and also indexed by body surface areas, calculated us-
ing the Mosteller formula [12]. The severity of aortic and mitral regurgitation was deter-
mined according to the guidelines [13]. 
	 To optimize STE, images were obtained at a frame rate of 60 to 80 frames/s. Paraster-
nal short-axis images at the LV basal level (showing the tips of the mitral valve leaflets) 
with the cross section as circular as possible were obtained from the standard parasternal 
position, defined as the long-axis position in which the LV and aorta were most in-line 
with the mitral valve tips in the middle of the sector. To obtain a short-axis image at the 
LV apical level (just proximal to the level with end-systolic LV luminal obliteration) the 
transducer was positioned 1 or 2 intercostal spaces more caudal as previously described 
by us [14]. From each short-axis image, three consecutive end-expiratory cardiac cycles 
were acquired and transferred to a QLAB workstation (Philips, Best, The Netherlands) for 
off-line analysis. 

Speckle tracking analysis 

Analysis of the datasets was performed using QLAB Advanced Quantification Software 
version 6.0 (Philips, Best, The Netherlands), which was recently validated against MRI for 
assessment of LV twist [10]. To assess LV rotation, six tracking points were placed man-
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ually (after gain correction) on the mid-myocardium on an end-diastolic frame in each 
parasternal short-axis image. Tracking points were separated about 60° from each other 
and placed on 1 (30°, anteroseptal insertion into the LV of the right ventricle), 3 (90°), 5 
(150°), 7 (210°), 9 (270°, inferoseptal insertion into the LV of the right ventricle), and 11 
(330°) o’ clock to fit the total LV circumference (Fig. 1). 

Figure 1. Left. Positioning of the tracking points at the left ventricular apical level. Right. Left ventricular rotation–time 
curve (x-axis: time in ms; y-axis: left ventricular apical rotation in degrees). The grey line represents left ventricular apical 
rotation (peak systolic rotation 8.2°), and the white line recruitment, which was not activated in this example. The elec-
trocardiogram is displayed at the bottom. 

Data were exported to a spreadsheet program (Excel, Microsoft Corporation, Red-
mond, WA) to determine LV peak systolic rotation during ejection (Rotmax), time to  
Rotmax (from R wave to Rotmax), instantaneous LV peak systolic twist (Twistmax,defined as 
the maximal value of instantaneous apical systolic rotation–basal systolic rotation), time to 
Twistmax (from R wave to Twistmax), and LV untwisting at 5%, 10%, 15%, and 50% of dias-
tole. The degree of untwisting was expressed as a percentage of maximum systolic twist: 

untwisting = (Twistmax –Twistt) / Twistmax × 100%, 
where Twistt is twist at time. Furthermore, peak systolic rotation velocity and peak diasto-
lic de-rotation velocity, peak systolic twist velocity and peak diastolic untwist velocity, and 
the timing of these parameters were assessed. Normalized velocities were determined by 
correcting for Rotmax or Twistmax. Finally, untwisting rate was defined as the mean diasto-
lic untwisting velocity from peak systolic twist to mitral valve opening and calculated as: 
(twist at mitral valve opening–peak systolic twist)/time interval from peak systolic twist 
to mitral valve opening. To adjust for intra-and intersubject differences in heart rate, the 
time sequence of systolic and diastolic events was normalized to the percentage of systol-
ic and diastolic duration, respectively. End-systole was defined as the point of aortic valve 
closure. In each study it was verified that heart rate for the cardiac cycle in which the tim-
ing of aortic valve closure was assessed, was the same as the cardiac cycle used for analy-
sis of LV rotation parameters. 

Statistical analysis 

Matching of controls and AS patients was achieved by randomly matching each control 
with two AS patients with the same sex and age±5years. Measurements are presented as 
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mean±SD. Variables were compared using Student’s t test, or Chi-square test when ap-
propriate. Kolmogorov–Smirnov test with Lilliefors significance correction was used for 
testing normality of distribution. The homogeneity of variance in the data for AS patients 
and control subjects was checked with Levene’s test. Relations between parameters were 
assessed using Pearson’s and Spearman’s test for parametric and nonparametric correla-
tions. A P value < .05 was considered statistically significant. Intraobserver and interob-
server variability for LV twist in our center are 6%±6% and 9%±5%, respectively [15]. 

 Results

Characteristics of the study population 

In Table 1, the clinical and echocardiographic characteristics of the study population are 
shown. On average, AS was moderate-to-severe with a mean jet velocity of 3.9±0.9 m/s, 
a mean gradient of 41±20 mmHg, an aortic valve area of 1.0±0.5 cm2, and an aortic valve 

Table 1. Clinical and echocardiographic characteristics of the study population. 

Control subjects 
(n=23)

Aortic stenosis 
patients (n=46)

P value

Clinical characteristics
Age, year 61±7 65±14 0.117
Male, n (%) 12 (54) 25 (54) 0.330
Heart rate, bpm 60±11 67±11 0.015
Hypertension, n (%) 0 9 (20) 0.054
Diabetes, n (%) 0 5 (11) 0.245
Coronary artery disease, n (%) 0 18 (39) 0.002

Echocardiographic characteristics
Left atrial size, cm 3.8±0.5 4.4±0.9 0.004
Left ventricular mass, g 162±54 236±112 0.004
Left ventricular ejection fraction, % 60±8 56±8 0.054
E, cm/s 60±11 81±30 0.002
A, cm/s 69±17 89±30 <0.001
E/A ratio 1.1±0.3 1.0±0.5 0.381
Deceleration time, ms 185±29 239±85 0.004
Em septal, cm/s 8.0±1.9 5.3±2.5 <0.001
E/Em ratio 8.4±2.2 17.4±9.4 <0.001

Aortic valve
Velocity, m/s 1.3±0.3 3.9±0.9 <0.001
Mean gradient, mmHg 4±2 41±20 <0.001
Valve area, cm2 3.0±0.4 1.0±0.5 <0.001
Valve area indexed by BSA, cm2/m2 1.60±0.23 0.45±0.27 <0.001
Regurgitation grade (1–4), mean 0.0±0.0 1.1±0.9 <0.001

Values are means ± SD. E = peak early phase filling velocity, A= peak atrial phase filling velocity, Em=peak early diastolic wave 
velocity, BSA =body surface area. 
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area indexed by body surface area of 0.45±0.27 cm2/m2. Heart rate, left atrial size and LV 
mass were increased in AS patients as compared to control subjects. E-wave and A-wave 
velocities, the E-wave velocity deceleration time, and the E/Em ratio were increased in AS 
patients as well, whereas the E/A ratio was comparable. 

Systolic LV rotation parameters 

AS patients had normal basal Rotmax, and increased apical Rotmax, resulting in increased 
Twistmax (Fig. 2). Apical peak systolic rotation velocity and peak systolic twist velocity 
were increased in AS patients, although these differences were lost when the velocities 
were normalized for apical Rotmax and Twistmax, respectively. The time to-peak systolic 
twist velocity was decreased in AS patients (Table 2). 

Diastolic LV rotation parameters 

AS patients had decreased untwisting at 10% and 15% of diastole. Furthermore, AS pa-
tients had normal basal peak diastolic de-rotation velocity, and increased apical peak 
diastolic de-rotation velocity, resulting in increased peak diastolic untwisting velocity.  

Table 2. �Systolic left ventricular rotation parameters in aortic stenosis patients and control 
subjects. 

Control subjects
(n=23)

Aortic stenosis
patients (n=46)

P value

Left ventricular basal level
Rotmax, degree −3.9±1.6 −3.8±2.3 0.852
Peak systolic rotation velocity, °/s −42±10 −46±15 0.252
Normalized peak systolic rotation velocity, s−1 11.4±2.4 10.7±5.0 0.528
Time to Rotmax, % 94±12 92±12 0.516
Time-to-peak systolic rotation velocity, % 47±10 46±18 0.805

Left ventricular apical level
Rotmax, degree 7.5±2.2 9.7±2.5 <0.001
Peak systolic rotation velocity, °/s 52±11 67±18 <0.001
Normalized peak systolic rotation velocity, s−1 7.9±3.0 7.4±3.2 0.535
Time to Rotmax, % 95±5 95±8 1.000
Time-to-peak systolic rotation velocity, % 51±14 47±18 0.354

Left ventricular twist
Twistmax, degree 11.4±2.7 13.4±4.0 0.034
Peak systolic twist velocity, °/s 69±17 81±22 0.025
Normalized peak systolic twist velocity, s−1 6.4±1.0 6.7±1.7 0.438
Time to Twistmax, % 96±5 97±6 0.494
Time-to-peak systolic twist velocity, % 56±11 45±14 0.002

Values are means±SD. Normalized rotation and twist velocities adjusted for Rotmax and Twistmax, respectively. Time to peak as 
a percentage of duration of systole. Rotmax =left ventricular peak systolic rotation during ejection, Twistmax =instantaneous left 
ventricular peak systolic twist. 
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Figure 2.
Peak systolic left 

ventricular rotation 
and twist. 

Figure 3. Linear regressions between aortic valve area and aortic valve area indexed by body surface area and left  
ventricular peak systolic apical rotation and twist.
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However, again these differences were lost when apical peak diastolic de-rotation veloci-
ty and peak diastolic untwisting velocity were normalized for apical Rotmax and Twistmax, 
respectively. The time to-peak apical diastolic de-rotation velocity and time-to-peak di-
astolic untwisting velocity were increased in AS patients. Untwisting rate was decreased 
in AS patients (Table 3). 

Table 3. �Diastolic left ventricular rotation parameters in aortic stenosis patients and con-
trol subjects. 

Control subjects
(n=23)

Aortic stenosis
patients (n=46)

P value

Left ventricular basal level
Peak diastolic de-rotation velocity, °/s 50±13 56±19 0.178

Normalized peak diastolic de-rotation velocity, s−1 −12.6±4.3 −12.5±10.3 0.965

Time-to-peak diastolic de-rotation velocity, % 17±11 23±14 0.077

Left ventricular apical level
Peak diastolic de-rotation velocity, °/s −62±23 −81±26 0.004

Normalized peak diastolic de-rotation velocity, s−1 −9.1±3.6 −9.4±5.2 0.805

Time-to-peak diastolic de-rotation velocity, % 11±7 22±13 <0.001

Left ventricular untwist
Untwisting at 5% of diastole, % 14±6 12±8 0.294

Untwisting at 10% of diastole, % 30±13 22±15 0.033

Untwisting at 15% of diastole, % 43±17 32±18 0.017

Untwisting at 50% of diastole, % 70±10 68±14 0.544

Peak diastolic untwisting velocity, °/s −89±22 −103±27 0.035

Normalized peak diastolic untwisting velocity, s−1 −8.7±2.4 −8.3±2.9 0.570

Time-to-peak diastolic untwisting velocity, % 15±9 20±10 0.042

Untwisting rate, °/s −50±27 −37±21 0.031

Values are means±SD. Normalized de-rotation and untwist velocities adjusted for Rotmax and Twistmax, respectively.  
Time to-peak as a percentage of the duration of diastole.

Relations of LV rotation parameters to echocardiographic indicators 
of AS severity 

Apical Rotmax and Twistmax correlated positively to aortic valve jet velocity (R2=0.22, 
and R2=0.21, respectively, both P=0.006) and mean gradient (R2=0.19, and R2=0.20, re-
spectively, both P = 0.005), negatively to aortic valve area (R2=0.30, and R2=0.27, respec-
tively, both P<0.001), and aortic valve area indexed by body surface area (R2=0.34, and 
R2=0.30, respectively, both P<0.001) (Fig. 3). To investigate the influence of the bimo-
dally distributed patients group (relatively many patients had either severe or very mild 
AS) on these correlations, a separate analysis was performed in AS patients with an aor-
tic valve area <1.5 cm2. In this subgroup, all relationships remained identifiable (apical 
Rotmax and Twistmax correlated positively to aortic valve jet velocity [R2 =0.14, P=0.01 and 
R2 =0.13, P=0.02, respectively] and mean gradient [both R2 =0.12, P=0.02], negatively to 
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aortic valve area [R2=0.20, P=0.006 and R2=0.17, P=0.008], and aortic valve area indexed 
by body surface area [R2=0.20 and R2=0.19, both P=0.006]). The only velocity parameter 
that was related to echocardiographic indicators of AS severity, was the time-to-peak api-
cal de-rotation velocity (positively to aortic valve jet velocity [R2=0.24, P=0.008], and aor-
tic valve mean gradient [R2=0.18, P =0.02], and negatively to aortic valve area [R2=0.20, 
P=0.007] and aortic valve area indexed by body surface area [R2=0.22, P=0.009]). LV 
mass was not related to any of the LV rotation parameters. 

Mutual relations of LV rotation parameters 

Basal and apical Rotmax correlated positively to basal (R2=0.61, P<0.001) and apical 
(R2=0.46, P< 0.001) peak systolic rotation velocity, respectively, and to basal (R2=0.34, 
P=0.003) and apical (R2=0.24, P< 0.009) peak diastolic de-rotation velocity, respectively. 
Twistmax correlated positively to peak systolic twist velocity (R2=0.63, P< 0.001) and peak 
diastolic untwisting velocity (R2=0.45, P< 0.001).

 Discussion

This study sought to assess a broad spectrum of LV rotation parameters in a large group 
of AS patients compared to age-matched healthy controls and to correlate these param-
eters to echocardiographic indicators of AS severity. The main findings of this study 
are, 1) Twistmax is increased in AS, driven by increased apical Rotmax, 2) this increased 
Twistmax may facilitate maintenance of peak diastolic untwisting velocity, although 
overall untwisting is delayed and untwisting rate is decreased, and 3) apical Rotmax and 
Twistmax are related to the severity of AS. 

Systolic LV rotation in AS 

LV twist is caused by the dynamic interaction between oppositely oriented subepicar-
dial and subendocardial myocardial fibre helices and has an important role in LV ejec-
tion [16]. The direction of LV twist is governed by the subepicardial fibres, mainly owing 
to their longer arm of movement [17]. Subendocardial ischemia has long been recognized 
as an early sign of myocardial suffering from pressure overload caused by AS [18,19]. Api-
cal Rot max and Twistmax were increased in AS patients, possibly because subendocardial 
ischemia diminishes the counteraction of the subendocardial myofibres. Another poten-
tial mechanism may be LV hypertrophy with an increased arm of force over which the 
subepicardial fibres work, although LV mass was not related to any of the LV rotation pa-
rameters in the current study. Nevertheless, both mechanisms may be expected to lead 
to increased basal Rotmax as well, supported by findings in a previous study in which in-
creased basal Rotmax was found in hypertrophic cardiomyopathy patients [20].The lack of 
increased basal Rotmax in the current study may be explained by stiffening of the atrioven-
tricular valvular plane that might prevent basal Rotmax to increase. 
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	 The current study is the first to relate LV rotation parameters to echocardiographic 
indicators of AS severity. Apical Rotmax and Twistmax correlated positively to aortic valve 
jet velocity and mean gradient, and negatively to aortic valve area and aortic valve area in-
dexed by body surface area. This underlines the potential role of subendocardial ischemia 
as the cause of increased apical Rotmax and Twistmax in AS since the severity of suben-
docardial ischemia is known to be related to the severity of AS [21].We have previous-
ly shown that septal and lateral mitral annular velocities are reduced in patients with se-
vere AS and normal LV ejection fraction [22]. Increased Twistmax may serve as a com-
pensatory mechanism to balance loss of LV myocardial contraction in other directions 
due to subendocardial ischemia. LV apical rotation, and in particular changes within one 
patient, may therefore provide an easy assessable marker of subendocardial ischemia. 
However, before large-scale clinical studies will be started, the relation between increased  
Twistmax and subendocardial ischemia should be investigated in more detail, perhaps by 
using more objective measures of subendocardial ischemia, such as provided by contrast 
perfusion echocardiography. 
	 In previous tagged MRI studies increased Twistmax in AS patients has also been de-
scribed [3–6]. However, these studies were limited by small numbers of patients [3–6] 
and not for age-matched control subjects [4–6]. It is well known that LV rotation param-
eters are influenced by age [7,8], so this latter is a serious limitation not present in our 
study. In other small tagged MRI studies, LV rotation parameters before and after aor-
tic valve replacement were investigated [23,24]. Sandstede et al. [23] found that the com-
pensating increased Twistmax in AS patients declined with increasing LV hypertrophy 
and dilatation, and that aortic valve replacement led to normalization of Twistmax. The 
former may be a surprising finding since increasing LV hypertrophy would be expected 
to be accompanied by increasing subendocardial ischemia and a larger difference in lever 
arms between the subendocardial and subepicardial fibres, leading to a further increase 
in Twistmax. Sandstede et al. explained their finding by suggesting a reverse mechanism 
in which a smaller degree of compensating increased Twistmax might result in more LV 
hypertrophy and dilatation. Biederman et al. [24] investigated the role of coronary artery 
disease and found that independent of the presence of concomitant coronary artery dis-
ease, Twistmax decreased after aortic valve replacement. Finally, Tzemos et al. [25] stud-
ied women with congenital aortic stenosis and found that Twistmax was increased in this 
population as well. Furthermore, during pregnancy, LV twist further increased in the an-
tepartum period, except in those women who experienced functional deterioration re-
quiring urgent aortic balloon valvuloplasty. 

Diastolic LV rotation in AS 

The LV myocardium adapts to increased pressure overload due to AS by hypertrophy of 
individual myocytes. In addition, this pathological hypertrophy is accompanied by inter-
stitial and perivascular fibrosis, and thickening of the media of intramyocardial coronary 
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arteries [26]. Each of these factors in turn contributes to diastolic dysfunction common-
ly seen in AS patients [27,28]. In our study, LV untwist was delayed and the untwisting 
rate was reduced. 
	 Normally, over 40% of diastolic LV untwisting has been completed after the first 15% 
of diastole, which contributes to the large pressure decrease during the isovolumic relax-
ation phase [29,30]. This early, rapid LV untwisting process may be supported by active 
and passive mechanisms. There is a temporal dispersion in endocardial and epicardial re-
polarization, with in early diastole still depolarized endocardial fibres (as opposite to the 
already repolarized epicardial fibres) that may actively untwist the LV (normally the ac-
tion of these fibres are, as mentioned in the previous section, overruled by the epicardial 
fibres). However, the effective force of contraction of myocardial fibres is expected to be 
minimal during this part of the cardiac cycle. Nevertheless, dissimilarities of apparent 
stiffness of the endocardium and epicardium caused by differences in breakdown of ac-
tin-myosin cross-bridges may be of influence. Furthermore, high levels of stored potential 
energy from the active systolic twist are transformed into kinetic energy, adding a passive 
component to rapid early diastolic untwisting [31]. Subendocardial ischemia in AS pa-
tients may lead to loss of the active part of diastolic untwisting and the relaxation abnor-
mality seen in AS patients may further compromise LV untwisting, evidenced by delayed 
and reduced early (and thus overall) LV untwisting. Surprisingly, peak diastolic untwist-
ing velocity was higher in AS patients. This may be explained by the increased potential 
energy stored in the more twisted LV that will be released after all. This may lead to in-
creased, but delayed, peak diastolic untwisting velocity, that may serve as a compensatory 
mechanism to help LV filling.

Conclusion

Twistmax is increased in AS patients, proportionally to the severity of LV outflow obstruc-
tion. This increased Twistmax might serve as a compensatory mechanism to maintain 
systolic function in the pressure overloaded LV. Conversely, LV untwist is delayed and the 
untwisting rate is reduced. However, the increase in Twistmax may cause an (although de-
layed) increase in peak diastolic untwisting velocity that may partially compensate for the 
decrease in untwisting rate. 
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Abstract 

Aims: Angina and an electrocardiographic strain pattern are potential 
manifestations of subendocardial ischemia in aortic stenosis (AS). Left 
ventricular (LV) twist is known to increase proportionally to the sever-
ity of AS, which may be a result of loss of the inhibiting effect of the 
subendocardial fibres due to subendocardial dysfunction. It has also 
been shown that the ratio of LV twist to circumferential shortening of 
the endocardium (twist-to shortening ratio, TSR) is a reliable param-
eter of subendocardial dysfunction. The aim of the present study was 
to investigate whether these markers are increased in AS patients with 
angina and/or electrocardiographic strain.

Methods and Results: The study comprised 60 AS patients with an 
aortic valve area <2.0 cm2 and LV ejection fraction >50%, and 30 
healthy – for age and gender matched – control subjects. LV rota-
tion parameters were determined by speckle tracking echocardiogra-
phy. Compared to control subjects, AS patients had comparable peak 
systolic LV basal rotation and increased peak systolic LV apical rota-
tion, resulting in increased peak systolic LV twist. Comparison of pa-
tients without angina and strain (n=22), with either angina or strain 
(n=28), and with both angina and strain (n=8), showed highest peak 
systolic LV apical rotation (9.2±3.2 vs. 10.5±3.2 vs. 13.0±3.4 degree, 
P<0.05), peak systolic LV twist (12.1±4.2 vs. 14.0±4.4 vs. 19.1±5.1 de-
gree, P<0.001), and TSR (0.5±0.2 vs. 0.7±0.3 vs. 0.8±0.3 degree / %, 
P<0.001), in patients with more signs of subendocardial ischemia. In a 
multivariate linear regression model only severity of AS and the pres-
ence of angina and/or strain could be identified as independent pre-
dictors of peak systolic LV twist and TSR. 

Conclusion: Peak systolic LV twist and TSR are increased in AS pa-
tients and related to the severity of AS and symptoms (angina) or 
electrocardiographic signs (strain) compatible with subendocardial 
ischemia. 
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 Introduction

Angina in aortic stenosis (AS) patients with normal coronary arteries is most likely a re-
sult of subendocardial ischemia, caused by increased myocardial oxygen demand and in-
creased systolic impedance to coronary flow as a result of perivascular compression and 
a reduction in diastolic perfusion time [1]. Identification of subendocardial ischemia is 
important because it may ultimately lead to subendocardial fibrosis and other structur-
al changes that are likely to influence the patient’s morbidity and mortality [2]. Another 
potential manifestation of subendocardial ischemia is an electrocardiographic strain pat-
tern. Strain has been associated with adverse events in a variety of populations [3-5], and 
an electrocardiogram is recommended yearly in the asymptomatic adolescent or young 
adult with moderate to severe AS [6]. The pathophysiology of strain remains incompletely 
understood, although it has been linked to increased LV mass and myocardial oxygen de-
mand [7,8]. Unfortunately, strain is not very sensitive to identify subendocardial ischemia 
[9]. Therefore, a search for a reliable nonin-
vasive quantitative tool able to assess sub-
endocardial ischemia seems warranted. 
	 Left ventricular (LV) twist results from 
the dynamic interaction of counteracting 
muscle fibres arranged in subendocardial 
and subepicardial spiral loops [10]. The di-
rection of LV twist is governed by the sub-
epicardial fibres, mainly owing to their 
longer arm of movement (Figure 1) [11]. 

Recently, our group has shown that LV 
twist increases proportionally to the sever-
ity of AS, which may be a result of a com-
plete or partial loss of the inhibiting effect 
of the subendocardial fibres due to suben-
docardial dysfunction [12]. It has also been 
shown by others that the ratio of LV twist 
to circumferential shortening of the endo-
cardium (twist-to shortening ratio, TSR) is 
a reliable parameter of subendocardial dys-
function [13-16]. The aim of the present 
study was to investigate whether these 
markers are increased in AS patients with 
angina and/or strain. 

Figure 1. Left ventricular twist results from the dynam-
ic interaction of counteracting muscle fibres arranged in 
subendocardial (blue dotted line) and subepicardial (red 
line) spiral loops. The direction of LV twist is governed 
by the subepicardial fibres, mainly owing to their longer 
arm of movement (green
line).
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 Methods

Study participants 

The study population consisted of 60 AS patients (mean age 66±15 year, 32 men) re-
ferred for echocardiography because of a murmur or follow-up of known AS, in sinus 
rhythm, with an aortic valve area <2.0 cm2, normal LV ejection fraction (>50%), and 
good echocardiographic image quality that allowed for complete segmental assessment of 
LV rotation at both the basal and apical LV level. The presence of coronary artery disease 
was determined by coronary angiography in a subgroup of patients (n=48). AS patients 
were compared to 30 healthy – for age and gender matched – control subjects in sinus 
rhythm, without hypertension, diabetes, or regular use of medication for cardiovascular 
disease, and with normal left atrial dimensions, LV dimensions, and LV ejection fraction. 
Control subjects were recruited from our department (personnel) or were family mem-
bers or friends. All subjects gave informed consent and the institutional review board ap-
proved the study. An electrocardiographic ‘strain pattern’ was defined as high lateral pre-
cordial voltages in association with ST-T-depression in V5-V6 [5,17]. In case of a left bun-
dle branch block, electrocardiographic strain could not be determined. 

Echocardiography 

Two-dimensional grayscale harmonic images were obtained in the left lateral decubitus 
position using a commercially available ultrasound system (iE33, Philips, Best, The Neth-
erlands), equipped with a broadband (1-5MHz) S5-1 transducer (frequency transmitted 
1.7MHz, received 3.4MHz). All echocardiographic measurements were averaged from 
three heartbeats. From the M-mode recordings the following data were acquired: left atri-
al size, LV end-diastolic anteroseptal and inferolateral wall thickness, and LV end-diasto-
lic and endsystolic dimension. LV mass was assessed with the two-dimensional area–
length method [18].  LV ejection fraction was calculated from LV volumes by the mod-
ified biplane Simpson rule in accordance with the guidelines [18]. From the mitral-in-
flow pattern, peak early (E) and late (A) filling velocities, E/A ratio, and E-velocity decel-
eration time were measured. Tissue Doppler was applied end-expiratory in the pulsed-
wave Doppler mode at the level of the inferoseptal side of the mitral annulus from an api-
cal 4-chamber view. To acquire the highest wall tissue velocities, the angle between the 
Doppler beam and the longitudinal motion of the investigated structure was adjusted to 
a minimal level. The spectral pulsed-wave Doppler velocity range was adjusted to obtain 
an appropriate scale. Aortic valve areas were calculated by the continuity equation and al-
so indexed by body surface areas, calculated using the Mosteller formula [19]. The severi-
ty of aortic regurgitation was determined according to the guidelines [20]. 

	 To optimize STE, images were obtained at a frame rate of 60 to 80 frames/s. Parasternal 
short-axis images at the LV basal level (showing the tips of the mitral valve leaflets) with the 
cross section as circular as possible were obtained from the standard parasternal position, 
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defined as the long-axis position in which the LV and aorta were most in-line with the mi-
tral valve tips in the middle of the sector. To obtain a short-axis image at the LV apical level 
(just proximal to the level with end-systolic LV luminal obliteration) the transducer was po-
sitioned 1 or 2 intercostal spaces more caudal as previously described by us [21]. From each 
short-axis image, three consecutive end-expiratory cardiac cycles were acquired and trans-
ferred to a QLAB workstation (Philips, Best, The Netherlands) for off-line analysis. 

Speckle tracking analysis 

Analysis of the datasets was performed using QLAB Advanced Quantification Software 
version 6.0 (Philips, Best, The Netherlands), which was recently validated against mag-
netic resonance imaging for assessment of LV twist [22]. To assess LV rotation, six track-
ing points were placed manually (after gain correction) on the mid-myocardium (to as-
sess endocardial circumferential shortening [end-systolic length segment / end-diastol-
ic length segment] on the endocardium) on an end-diastolic frame in each parasternal 
short-axis image. Tracking points were separated about 60° from each other and placed 
on 1 (30°, anteroseptal insertion into the LV of the right ventricle), 3 (90°), 5 (150°), 7 
(210°), 9 (270°, inferoseptal insertion into the LV of the right ventricle), and 11 (330°) 
o’ clock to fit the total LV circumference. 
	 Data were exported to a spreadsheet program (Excel, Microsoft Corporation, Red-
mond, WA) to determine LV peak systolic rotation during the isovolumic relaxation 
phase (Rotearly), LV peak systolic rotation during ejection (Rotmax), and instantaneous LV 
peak systolic twist (Twistmax, defined as the maximal value of instantaneous apical systol-
ic rotation – basal systolic rotation). Finally, twist-to-shortening ratio (TSR) was calculat-
ed as mean ΔLV twist / Δmean of LV basal and apical endocardial circumferential short-
ening during ejection (Figure 2) [23]. 

Statistical Analysis 

Matching of controls and AS patients was achieved by randomly matching each control 
with two aortic stenosis patients with the same sex and age ± 5 year. Measurements are 
presented as mean ± SD. Variables were compared using Student’s t test, Chi-square test, 
or ANOVA when appropriate. Kolmogorov-Smirnov test with Lilliefors significance cor-
rection was used for testing normality of distribution. The homogeneity of variance in 
the data for AS patients and control subjects was checked with Levene’s test. Relations be-
tween parameters were assessed using Pearson’s and Spearman’s test for parametric and 
nonparametric correlations. 
	 ANCOVA was used to analyze the association between LV twist or TSR and angi-
na and/or an electrocardiographic strain after adjusting for potential confounding varia-
bles, including age, LV mass, coronary artery disease, and severity of AS. A P value < .05 
was considered statistically significant. Intraobserver and interobserver variability for LV 
twist in our center are 6%±6% and 9%±5%, respectively [24].
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 Results

Characteristics of the study population 

In Table 1, the clinical and echocardiographic characteristics of the study population are 
shown. On average, AS was moderate-to-severe with a mean jet velocity of 3.8±0.9 m/s, 
a mean gradient of 40±19 mmHg, an aortic valve area of 0.9±0.5 cm2, and an aortic valve 
area indexed by body surface area of 0.4±0.2 cm2/m2. Symptoms of either dyspnea (33 
[55%]), angina (15 [25%]), or collaps 2 [3%]) were present in 37 (62%) AS patients. A 
right or left bundle branch block was identified in 5 (8%) and 2 (3%) AS patients, respec-
tively. In 23 (40%) out of 58 AS patients without a left bundle branch block, a strain pat-
tern could be identified. 

Figure 2. Twist-to-shortening ratio is determined by the ratio of left ventricular twist and subendocardial shortening. In 
the normal heart, systolic endocardial circumferential shortening (black dotted line) is accompanied by shortening of 
oblique subepicardial (red line) and subendocardial (blue dotted line) myofibres. Because of their longer lever arms, the 
subepicardial fibres dominate and lead to left ventricular apical rotation and twist in a counterclockwise direction (ar-
row). In aortic stenosis patients subendocardial contractile dysfunction may lead to decreased systolic endocardial cir-
cumferential shortening (black dotted line), and loss of counteracting shortening of subendocardial oblique fibres (blue 
dotted line). The latter will lead to increased left ventricular apical rotation and twist (arrow), which, together with the 
decreased endocardial circumferential shortening, will lead to an increased twist-to-shortening ratio in aortic stenosis.
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LV rotation parameters in AS patients and control subjects 

Compared to control subjects, AS patients had comparable basal Rotmax (–3.7±3.1 
vs. –4.0±1.9 degree, P=NS), and increased apical Rotmax (10.2±3.4 vs. 8.0±2.2 de-
gree, P<0.01), resulting in increased Twistmax (13.6±4.2 vs. 11.4±3.1 degree, P<0.01). 
In a high proportion of AS patients, counterclockwise basal Rotearly and clockwise api-
cal Rotearly were absent (65% and 47% respectively), whereas in all but one control sub-
jects both parameters were measurable (P<0.001). In the AS patients with available ba-
sal and apical Rotearly, reduced values were seen compared to control subjects (0.8±0.6 
vs. 1.1±0.4 degree, and -0.5±0.6 vs. –0.8±0.5 degree, respectively, both P<0.05). 
TSR was increased in AS patients (0.6±0.3 vs. 0.4±0.1 degree / %, P<0.01) (Figure 2,  
Table 2). Furthermore, TSR was related to apical Rotmax (R2=0.37, P<0.01) and Twistmax 
(R2=0.39, P<0.01). 

Table 1. Characteristics of the study population.

Aortic stenosis patients (n = 60) Control subjects (n = 30)

Clinical characteristics

Age, year 66±15 61±14

Male, n (%) 32 (53) 16 (53)

Heart rate, beats per minute 67±12** 60±11

Systolic blood pressure, mmHg 138±17 130±14

Diastolic blood pressure, mmHg 77±7 76±9

Dyspnea / Angina / Collaps, n (%) 33 (55)*** / 15 (25)** / 2 (3) 0 / 0 / 0

Coronary artery disease, n (%)(1) 20 (42) 0

Electrocardiographic characteristics

Right bundle branch block, n (%) 5 (8) 0

Left bundle branch block, n (%) 2 (3) 0

Strain pattern, n (%)(2) 23 (40%)*** 0

Echocardiographic characteristics

Left atrial size, cm 4.3±0.9** 3.9±0.4

Left ventricular mass, g 224±108** 165±51

E/A ratio 1.1±0.6 1.0±0.2

Deceleration time, ms 231±85* 192±26

E/Em ratio 17.0±9.3*** 7.9±3.4

Aortic valve

Velocity, m/s 3.8±0.9*** 1.2±0.3

Mean gradient, mmHg 40±19*** 4±2

Valve area, cm2 0.9±0.5*** 3.0±0.3

Valve area indexed by BSA, cm2/m2 0.4±0.2*** 1.6±0.2

Regurgitation grade (1-4), mean 1.1±0.9*** 0.0±0.0

(1) Data for 48 patients with available coronary angiography. (2) Strain pattern in 58 patients without left bundle branch block.  
E = peak early phase filling velocity, A = peak atrial phase filling velocity, Em = peak early diastolic wave velocity, BSA = body 
surface area. *P <0.05, **P <0.01, ***P <0.001 versus control subjects.
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Table 2. Left ventricular rotation parameters in aortic stenosis patients and control subjects.

Aortic stenosis patients (n = 60) Control subjects (n = 30)

Basal Rotmax,  degree –3.7 ± 3.1 –4.0 ± 1.9

Basal Rotearly	 absent, n (%) 39 (65) ** 0 (0)

	 degree(1) 0.8 ± 0.6* 1.1 ± 0.4

Apical Rotmax, 	 degree 10.2 ± 3.4* 8.0 ± 2.2

Apical Rotearly	 absent, n (%) 28 (47) ** 1 (3)

	 degree(1) –0.5 ± 0.6* –0.8 ± 0.5

Twistmax,  degree 13.6 ± 4.2* 11.4 ± 3.1

Twist-to-shortening ratio, degree / % 0.6 ± 0.3* 0.4 ± 0.1

(1) Data for patients with a present basal or apical Rotearly. Rotmax = left ventricular peak systolic rotation during ejection,  
Rotearly = left ventricular early peak of systolic rotation during isovolumic contraction phase, Twistmax = instantaneous left  
ventricular peak systolic twist. *P <0.05, *P <0.01, **P <0.001 versus control subjects.

Relation of angina, electrocardiographic strain, and LV rotation parameters 
to other clinical characteristics 

Patients were subdivided into 3 groups according to the presence of angina and strain 
(both angina and strain absent, n=22; either angina or strain present, n=28; both angi-
na and strain present, n=8; patients with left bundle branch block excluded, n=2) (Ta-
ble 3). Age and the presence of coronary artery disease were comparable between AS pa-
tients with or without angina and/or strain. Conversely, LV mass was increased in pa-
tients with both angina and strain (276±95 g) as compared to patients with either angi-
na or strain (233±83 g) and patients without angina and strain (184±41 g, P<0.01). Fur-
thermore, comparison of these groups, revealed a trend toward higher aortic valve veloc-
ity and gradient and a significant smaller aortic valve area in patients with more signs of 
subendocardial ischemia (P<0.05). 
	 LV mass was not related to any of the LV rotation parameters in AS, whereas age was 
only significantly related to TSR (R2=0.19, P<0.05). Investigation of the 48 AS patients 
with available coronary angiography did not reveal any differences in LV rotation pa-
rameters between patients with (n=23) and without (n=25) coronary artery disease. Api-
cal Rotmax, Twistmax, and TSR correlated positively to aortic valve jet velocity (R2=0.20, 
R2=0.19, and R2=0.22, respectively, all P<0.01) and mean gradient (R2=0.18, R2=0.18, and 
R2=0.19, respectively, all P<0.01), and negatively to aortic valve area (R2=0.28, R2=0.26, 
and R2=0.25, respectively, all P<0.001) and aortic valve area indexed by body surface area 
(R2=0.30, R2=0.29, R2=0.19, and R2=0.29, respectively, all P<0.001). 
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Relation of angina and electrocardiographic strain to LV rotation parameters 
in AS patients 

Comparison of patients without angina and strain, with either angina or strain, and with 
both angina and strain, showed highest apical Rotmax, Twistmax, and TSR, and lowest 
Rotearly in patients with more signs of subendocardial ischemia (Table 3). 

Multivariate analysis 

In a multivariate linear regression model using ANCOVA, only severity of AS and the 
presence of angina and/or strain could be identified as independent predictors of Twistmax 
and TSR (both P<0.05). 

Table 3. Echocardiographic indicators of aortic stenosis severity and left ventricular rotation 
parameters in patients with and without angina or an electrocardiographic strain pattern.

No angina or
electrocardio-

graphic 
strain pattern 

(n = 22)

Angina or
electrocardio-

graphic
strain pattern

(n = 28)

Angina and
electrocardio-

graphic
strain pattern

(n = 8)

F
(ANOVA)

Age, year 63±13 67±19 72±18 2.22

Left ventricular mass, g 184±41 233±83 276±95 5.32**

Available coronary angiogram, n (%) 21 (95) 20 (71) 7 (88) NS (Chi–Square)

Coronary artery disease, n (%)(1) 8 (38) 12 (60) 3 (43) NS (Chi–Square)

Severity aortic stenosis

Velocity, m/s 3.6±0.9 4.0±0.8 4.2±0.5 1.99

Mean gradient, mmHg 36±20 45±19 48±11 2.30

Valve area, cm2 1.1±0.6 0.7±0.4 0.6±0.3 3.50*

Valve area indexed by BSA, cm2/m2 0.5±0.3 0.4±0.2 0.3±0.1 1.16

LV rotation parameters

Basal Rotmax, degree –3.6±3.6 –3.7±3.1 –3.9±3.2 0.32

Basal Rotearly absent, n (%) 19 (86) 15 (54) 5 (63) NS (Chi–Square)

degree(2) 0.9±0.6 0.7±0.5 0.6±0.3 2.34

Apical Rotmax, degree 9.2±3.2 10.5±3.2 13.0±3.4 4.33*

Apical Rotearly absent, n (%) 11 (50) 12 (43) 5 (63) NS (Chi–Square)

degree(2) –0.6±0.4 –0.3±0.4 –0.2±0.2 6.81**

Twistmax, degree 12.1±4.2 14.0±4.4 19.1±5.1 7.96***

Twist–to–shortening ratio, degree / % 0.5±0.2 0.7±0.3 0.8±0.3 9.07***

(1) Data for 42 patients with available coronary angiography. (2) Data for patients with a present basal or apical 
Rotearly. NS = not significant, other abbreviations as in Table 2. *P <0.05, **P <0.01, ***P <0.001 between age–groups (analysis 
of variance).
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 Discussion

The most important conclusion of the current study is that apical Rotmax, Twistmax, and 
TSR are increased in AS patients and related to the severity of AS and symptoms (angina) 
or electrocardiographic signs (strain) compatible with subendocardial ischemia. 

Assessment of subendocardial contractile function in AS 

In the normal heart, myocardial fibre helices in the inner and outer layers of the wall 
exert opposite torques. Torques caused by the outer layers are larger than torques due 
to the inner layers because of the longer lever (Figure 1). This causes LV twist to occur 
in favour of the outer layers. In AS patients, increased myocardial oxygen demand and 
relative impairment of coronary flow to the subendocardium may result in subendo-
cardial ischemia. During subendocardial ischemia the counteracting torque of the in-
ner layers is diminished and therefore LV twist increases [25,26], proportionally to AS 
severity [12,13]. Added to reduced subendocardial fibre shortening that is seen dur-
ing ischemia, the absolute value of the slope of the relation between LV twist and endo-
cardial circumferential shortening is expected to increase [13-16,23,27], as is shown in 
this study. Both increased Twistmax and the decreased circumferential shortening it may 
compensate for, are caused by subendocardial contractile dysfunction, making the TSR 
a potentially sensitive marker of subendocardial ischemia [23,27]. Since the severity of 
subendocardial ischemia and the increase in LV twist are both known to be related to 
the severity of AS [28], LV rotation parameters may have an important role as markers 
of subendocardial ischemia. The decreased basal and apical Rotearly in AS (that was even 
completely absent in a high proportion of patients in our study), are likely to be caused 
by subendocardial contractile dysfunction as well since normal counterclockwise basal 
Rotearly and clockwise apical Rotearly are caused by the predominant mechanical activi-
ty that develops along the subendocardial helical direction during the isovolumic con-
traction phase [10,29].
	 According to current guidelines, angina in patients with severe AS is a class I indica-
tion for aortic valve replacement [6]. This indication is largely based on the 1968 publica-
tion by Ross and Braunwald [30], in which the mean survival of 5 years after the onset of 
angina in severe AS was based on data retrieved from post-mortem studies and observa-
tions on patients with severe AS not undergoing aortic valve replacement for several rea-
sons, leading to significant selection bias [31-33]. Angina in AS is most likely caused by 
subendocardial ischemia resulting from increased myocardial oxygen demand and rela-
tive impairment of coronary flow to the subendocardium. Although history-taking is a 
valuable, fast and easy diagnostic tool, the inherent subjectivity of symptoms may limit its 
use in clinical decision-making. Furthermore, patients may deny symptoms because they 
significantly reduce their activities. Therefore it may be better to study a more objective 
sign of subendocardial ischemia, such as the TSR. 
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	 To further prevent sudden cardiac death and irreversible LV damage, it is also advo-
cated to perform aortic valve replacement in asymptomatic patients at high-risk, based 
on aortic valve calcification severity, rate of stenosis progression, response to exercise test-
ing, and LV ejection fraction [6,34]. According to the ischemic cascade, angina is the fi-
nal step, and thus often not present [35]. Before angina develops, electrical and func-
tional changes occur in the ischemic endocardium that may guide earlier aortic valve re-
placement. However, it is well known that a surface electrocardiogram can also remain 
completely normal in the presence of subendocardial ischemia [36]. One of the earliest 
signs of perfusion abnormalities are alterations in contractile function [35]. In the cur-
rent study and other studies [37] it has been shown that abnormalities in longitudinal and 
circumferential contraction and rotation precede changes in LV ejection fraction. In fu-
ture large-scale studies it should be investigated whether such abnormalities, and in par-
ticular the TSR, in asymptomatic patients with severe AS identify patients at high-risk for 
sudden cardiac death and irreversible LV damage. However, it should be noticed that un-
like angina and strain, which can be assessed in virtually all patients, reliable assessment 
of the TSR relies on echocardiographic image quality [24] and the ability of two-dimen-
sional echocardiography to image the true LV apex [21,22]. This may limit the use of the 
TSR in clinical practice at this moment. 
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Abstract 

Objective: We sought to determine the level of agreement and the re-
producibility of trans-thoracic Echocardiography (TTE), contrast aor-
tography (CA) and multislice computed tomography (MSCT) for the 
assessment of the aortic annulus, in patients referred for Transcatheter 
Aortic Valve Implantation (TAVI). 

Background: Correct measurement of the aortic annulus is important 
for TAVI. 

Methods: The dimensions of the aortic annulus were measured using 
TTE, CA and MSCT in 70 patients with severe aortic stenosis, referred 
for TAVI. Agreement between imaging techniques and interobserver 
variability was assessed using the Bland -Altman method and a line-
ar regression model. 

Results: The MSCT Coronal view provided the largest mean annulus 
diameter (26.3 mm) followed by CA (24.4 mm), MSCT Mean (23.7 
mm), TTE (22.6 mm), and MSCT Sagittal (21.8 mm) view. Differ-
ences in the annulus measurements were significant: MSCT Coronal 
view versus CA (mean, 95% con����������������������������������� fifififififififififififififififififififififififififififififififidence interval, Pearson’s correla-
tion) 2.0 mm, –1.9 to 6.0 mm, r=0.72, CA versus MSCT Mean 0.2 mm, 
–3.3 to 3.7 mm, r=0.76, MSCT Mean versus TTE 1.3 mm, –2.9 to 5.5 
mm, r=0.61, TTE versus MSCT Sagittal view 0.9 mm, –3.6 to 5.4 mm, 
r=0.59, CA versus TTE 1.5 mm, –3.0 to 5.9 mm, r=0.57. Interobserver 
variability was: TTE (mean, 95% con���������������������������������fifififififififififififififififififififififififififififififidence interval, Pearson’s corre-
lation) 0.29 mm, –4.2 to 4.8 mm, r=0.57, CA 0.14 mm, –3.5 to 3.8 mm, 
r=0.77, MSCT Mean 0.20 mm, –1.4 to 1.8 mm, r =0.95. 

Conclusions: We found significant differences in the dimensions of 
the aortic annulus measured by MSCT, CA, and TTE. Interobserver 
variability for TTE and CA was substantially higher compared with 
MSCT. 
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 INTRODUCTION 

Transcatheter Aortic Valve Implantation (TAVI) is increasingly being used to treat eld-
erly or high-risk patients with aortic stenosis [1,3]. In current clinical practice, eligibility 
for treatment and sizing of the bioprosthesis is predominantly based upon the measure-
ments of the aortic annulus by trans-thoracic (TTE) or trans-esophageal (TEE) echocar-
diography. Yet, some investigators advocate the use of multi-slice computed tomogra-
phy (MSCT) since it may provide more accurate morphologic and quantitative details of 
the aortic annulus, whereas others use contrast aortography (CA) since it is an inherent 
part of the procedure [4,8]. Given the intrinsic differences between these various imaging 
techniques and their potential value in either the planning, execution or evaluation of the 
procedure, we sought to determine the level of agreement and the reproducibility of TTE, 
CA and MSCT for the assessment of the dimensions of the aortic annulus in patients with 
aortic stenosis referred for TAVI. 

 METHODS 

Patient population

The study population comprises 70 patients with severe aortic stenosis who were referred 
for TAVI and who underwent a TTE, a MSCT and a CA of adequate quality during the 
evaluation process. They stem from a series of 97 consecutive patients of whom 27 were 
rejected from the current study because of either inadequate image quality (TTE 9 pa-
tients, CA 2 patients, MSCT 8 patients) or inability of calibration (CA 8 patients). The 
inclusion and exclusion criteria for TAVI have been described in detail elsewhere [2]. 
Briefly patients were included if they had severe native valvular aortic stenosis with an 
area <1 cm2 or <0.6 cm2/m2, with or without aortic regurgitation and were deemed high 
risk surgical candidates by the Heart Team (specifically, an interventional cardiologist and 
a cardiothoracic surgeon). 

Trans-thoracic echocardiography

TTE was performed with the patient in the left lateral decubitus position, by using a 
Philips iE33 or a Sonos 7500 system (Philips, Best, The Netherlands). Complete echocar-
diographic studies were performed for each patient in a standard fashion and were saved 
as loops or still images for off-line analysis with the QURAD software package (Curad 
BV, Wijk Bij Duurstede, The Netherlands). The diameter of the aortic annulus was ob-
tained in the parasternal long-axis view, by using the zoom mode and standard 2D caliper 
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measurements (Figure 1A). All measurements were obtained in mid-systole, coinciding 
with the onset of the T wave on the surface electrocardiogram. This offers optimal visual-
ization of the aortic valve leaflets with the annulus at its largest diameter [9]. Specifically, 
the distance between the aortic lea��������������������������������������������������������flflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflet insertions to the anterior versus the posterior aor-
tic wall was measured after choosing the frame in which correct positioning of the caliper 
was not biased by artifacts such as shadows or a blurred image. The effective orifice area 
was calculated using the continuity equation approach. Aortic regurgitation was assessed 
semiquantitatively according to the current guidelines [10]. 

Contrast aortography

CA was performed in all patients with a 20-ml bolus of contrast (Visipaque® 320 mg l/
ml, GE Health Care, Eindhoven, The Netherlands), given at a rate of 20 ml/sec through a 

Figure 1. Methodology for the assessment of the aortic annulus. 

Panel A: Trans-Thoracic Echocardiography, parasternal long axis view (the white dotted arrow indicates the aortic annu-
lus). Panel B: Contrast Aortography, anterior–posterior view (the white dotted arrow indicates the aortic annulus). Pan-
els C to F: Multislice Computed Tomography oblique sagittal (C), oblique coronal (D), and axial view (E–F). The black ar-
row indicates the aortic annulus in the MSCT Sagittal view and the black dotted arrow indicates the aortic annulus in 
the MSCT Coronal view. The white arrow heads are indicating the positions of the most caudal attachments of the three 
leaflets. On a clock face these are located at 12 (right leaflet), 5 (left leaflet), and 8 o’clock (noncoronary leaflet). It can 
be seen on the axial image that the coronal cut-plane cuts through the annulus from 10 to 4 o’clock whereas the sagit-
tal plane cuts through the annulus from 1 to 7 o’clock. The sagittal and coronal windows were selected as shown to cut 
through the centre of the annulus. This is verified during the analysis on the axial view. 
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6-F marker pigtail catheter (Super Torque MB®, Cordis, Miami Lakes, FL), positioned in 
the nadir of the noncoronary sinus. The X-ray C-arm was positioned in such way that all 
three aortic sinuses were depicted in one line, corresponding to the MSCT Coronal view. 
All angiograms were analyzed with the Rubo Dicom Viewer 2.0 software package (Rubo 
Medical Imaging BV, The Netherlands). The radiographic markers, spaced by 1 cm on 
the pigtail catheter, were used for calibration purposes. The aortic annulus diameter was 
measured in mid-systole (onset of the T wave) at the level of lea�������������������������flflflflflflflflflflflflflflflflflflflflflet insertion to the aor-
tic wall (Figure 1B). 

Multislice computed tomography

The MSCT acquisition protocol has been described before [11,12]. In brief, all patients 
were scanned using dual source CT (Somatom Definition, Siemens Medical Solutions, 
Forchheim, Germany) with a 2×detector collimation of 32×0.6 mm2 and a z-axis flying 
focal spot, a rotation time of 330 ms, tube voltage of 120 kV, and with variable pitch ad-
justed to heart rate. Typically, a contrast bolus of 50–60 ml Visipaque 320 mg/ml was in-
jected in an antecubital vein at a flow rate of 5.0 ml/ sec, followed by a second contrast 
bolus of 30-40 ml at 3.0 ml/sec. Bolus tracking was used as a trigger. Images were recon-
structed in end-systole as follows: single segmental reconstruction algorithm; slice thick-
ness 1.5 mm; increment 0.4 mm; medium-to-smooth convolution kernel (B26f). The re-
sulting spatial resolution was 0.6-0.7 mm in-plane and 0.4-0.5 mm through-plane, and 
a temporal resolution of 83 ms. Radiation doses ranged from 8 to 20 mSv depending on 
body habitus and table speed. 
	 MSCT images were analyzed on a Siemens Circulation workstation. The sagittal and 
coronal windows were adjusted so that an axial cut was obtained through the aortic root 
(Figure 1C,D), wherein the most caudal floor of the three aortic leaflet attachments could 
be seen simultaneously (Figure 1E) [13]. The aortic annulus was defined as the base of 
the aortic root where the lowest point of all three native lea������������������������������flflflflflflflflflflflflflflflflflflflflflflflflets could be seen in one axi-
al image. The sagittal diameter of the annulus (MSCT Sagittal) was de������������������fififififififififififififififined along the at-
tachment line of the left and noncoronary leaflets and through the centre of the annulus 
with the coronal diameter (MSCT Coronal) orthogonal to it (Figure 1F). A mean diame-
ter between the coronal and sagittal view was calculated for each patient [MSCT Mean= 
(MSCT Coronal + MSCT Sagittal) / 2]. 

Interobserver variability

Four observers (three cardiologists and one radiologist, experienced in imaging relat-
ed to TAVI) did the analyses. They were blinded to the other respective measurements. 
The interobserver variability was determined as follows: TTE: First observer (A.T.) ana-
lyzed all 70 echocardiograms and a second observer (N.P.) analyzed 45 randomly cho-
sen echocardiograms. CA: First observer (N.P.) analyzed all 70 angiograms and a second 
observer (A.T.) analyzed 45 randomly chosen angiograms. MSCT: First observer (C.S.) 
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analyzed all 70 scans and a second observer (A.M.) analyzed 48 randomly chosen scans. 
Interobserver variability was assessed by using the Bland -Altman methodology and a lin-
ear regression model [14]. 

Treatment strategy

Treatment strategy for TAVI was assessed in 61 patients who were treated with the 
Medtronic Core-Valve SystemTM (Medtronic-CoreValve Inc., Minneapolis, MN), on the 
basis of the diameters derived from the various imaging modalities used in this study and 
the manufacturer’s matrix: 26 mm in������������������������������������������������flflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflow prosthesis to be implanted in a 20-23 mm an-
nulus and 29 mm prosthesis in a 23-27 mm annulus. 

Statistical analysis

Variables are presented as mean ± standard deviation (SD) or, in case of a non-Gaus-
sian distribution, as median and interquartile range (IQ-range). Comparisons of different 
measurements in the same patient were done using the Student t-test for paired data or, in 
case of non-Gaussian distribution using the Wilcoxon rank test for two related samples. 
Agreement between MSCT, TTE and CA, and interobserver variability was assessed by 
linear regression analyses and the Bland-Altman methodology [14]. The limits of agree-
ment are represented by four standard deviations (+2SD to –2SD) of the differences (95% 
confidence interval). Two-tailed tests were used for all the analyses. Statistical analysis 
was done using SPSS 16.0. Statistical significance was defined as P<0.05. 

 RESULTS 

The baseline patient characteristics and echocardiographic indices are shown in the Table 
1. Sixty-one patients received a Medtronic-CoreValve (26 mm inflow; 22 patients, 29 mm 
in�����������������������������������������������������������������������������������flflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflow; 39 patients) and 2 patients received an Edwards -SAPIEN valve (Edwards Lifesi-
ences, Inc., Irvine, CA). One patient underwent surgical valve replacement, two were re-
jected for valve replacement and the remaining 4 are on the waiting list for TAVI. TAVI 
with the Medtronic-CoreValve was successful in 58 out of 61 patients. Two patients died 
during the procedure, one because of LVOT rupture and one due to asystole after bal-
loon valvuloplasty. Another patient with severe congenital kyphoscoliosis died 14 days af-
ter TAVI because of severe aortic regurgitation. There was no valve embolization and no 
dissection of the ascending aorta. The mean trans-aortic gradient (mean±SD) decreased 
from 48±15 to 8±3 mm Hg. The effective orifice area [median (IQ range)] increased from 
0.56 (0.44-0.80) to 1.58 (1.33-2.03) cm2. Paravalvular aortic regurgitation was seen in 49 
patients (trivial to mild in 34 patients and mild to moderate in 15 patients). 
	 The dimensions of the aortic annulus are summarized in Figure 2. The MSCT Coronal 
view provided the largest mean diameter (26.3 mm) followed by CA (24.4 mm), MSCT 
Mean (23.7 mm), TTE (22.6 mm) and MSCT Sagittal (21.8 mm) view. Paired sample sta-
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tistical analysis revealed a signi��������������������������������������������������������fifififififififififififififififififififififififififififififififififififififififififififififificant difference in the annulus diameter between all im-
aging modalities, except for the comparison of the means between CA and MSCT Mean. 
Using the Bland -Altman method and a linear regression model, best agreement was also 
found between CA and MSCT Mean (mean difference 0.2 mm, SD of differences 1.8 mm, 
y = 0.77x +5.8, r = 0.76, Figure 3).
	 The interobserver variability is shown in Figure 4. TTE was found to be the least 
reproducible technique in the quantification of the aortic annulus (SD of difference = 
2.25 mm, y = 0.40x +13.6, r = 0.57). MSCT was found to be the most reproducible; MSCT 
Mean in particular revealed the lowest interobserver variability (SD of difference = 0.81 
mm, y = 0.99x + 0.1, r = 0.95). 

Table 1. Baseline Patient Characteristics and Echocardiographic Indices (n=70). 

Age (y)         82 (80–86)

Male 36 (51)

Height (cm) 167±9

Weight (kg) 74±13

Body Mass Index (kg/m2) 26 (24–29)

Body Surface Area (m2) 1.84±0.20

Antecedents

Cerebro-vascular events 17 (24)

Acute myocardial infarction 16 (23)

Percutaneous coronary intervention 16 (23)

Coronary artery bypass 18 (26)

Comorbidity

Atrial fibrillation 14 (20)

Diabetes 15 (21)

Chronic obstructive pulmonary disease 19 (27)

Renal disease 8 (11)

Peripheral vascular disease 5 (7)

NYHA class III–IV 52 (74)

Logistic EuroScore 11 (8–16)

Echocardiography 

LV ejection fraction (%) 53±17

Peak AV gradient (mm Hg) 77±25

Mean AV gradient (mm Hg) 46±15

Aortic valve area (cm2) 0.60 (0.49–0.79)

Aortic valve area indexed (cm2/m2) 0.33 (0.26–0.43)

Aortic regurgitation grade III–IV 24 (34)

Mitral regurgitation grade III–IV 10 (14)

Variables are presented as n (%), mean ± SD or median (interquartile range). 
NYHA, New York Heart Association; LV, left ventricular; AV, aortic valve. 
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Figure 3. Agreement between imaging modalities. Bland -Altman and corresponding linear regression analysis plots 
comparing A: Contrast Aortography -MSCT Mean, B: MSCT Mean -TTE, C: Contrast Aortography -TTE, MSCT, multislice 
computed tomography; TTE, trans-thoracic Echocardiography; Dif, mean difference in mm, SD, standard deviation in 
mm; CI, confidence interval in mm; r, Pearson’s correlation coefficient. 

Figure 2. Aortic annulus di-
ameters (mm).The P values at 
the top represent the results 
of statistical analysis (NS, non-
significant). MSCT, multislice 
computed tomography; TTE, 
trans-thoracic Echocardiogra-
phy; IQ, interquartile.
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Figure 4. Interobserver variability of each technique. Bland -Altman and corresponding linear regression analysis plots. 
A: Contrast Aortography, B: Trans-Thoracic Echocardiography, C: MSCT Mean. Abbreviations are as shown in Figure 3. 

Figure 5. Changes in treatment strategy that would occur if the aortic annulus dimensions were measured only by 
MSCT or Contrast Aortography or TTE. Abbreviations are as shown in Figure 3.
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	 Treatment strategy according to the manufacturer’s guidelines was assessed in 61 pa-
tients who received a Medtronic-CoreValve. When using the MSCT Coronal and Sagit-
tal view 36% and 28% of the patients should have been excluded from treatment due to 
an annulus being too large or too small respectively. By CA, MSCT Mean and TTE, 16%, 
15%, and 13% of patients should have been rejected (Figure 5). Following TAVI, sizing 
based on CA, MSCT Mean and TTE was in agreement with the operator’s choice in 69%, 
70%, and 57% of patients, respectively (Figure 6). There was no association between un-
der-and/or over-sizing of the prosthesis and paravalvular aortic regurgitation. Finally, un-
der-sizing and/or over-sizing were not associated with device embolization. 

Figure 6. Agreement on sizing between MSCT, Contrast Aortography and TTE and the operator’s choice. Abbreviations 
are as shownin Figure 3.

 DISCUSSION 

In this study, we found a significant difference in the dimensions of the aortic annulus 
measured by MSCT, CA, and TTE in patients with aortic stenosis referred for TAVI. We 
also found a substantial interobserver variability in the measurement of the aortic annu-
lus dimensions by TTE, while MSCT proved to be the most reproducible technique. 
	 The aortic annulus is described as a virtual ring formed by joining the basal attachments 
of aortic valvular leaflets [15]. Several studies have shown that in many patients the aortic 
annulus has an oval shape and, thereby, the use of a single diameter to describe it may lead 
in under-or over-estimation of its dimensions [5–8]. With respect to these observations, 
the differences in the measurements obtained by the MSCT Coronal and Sagittal view are 
not surprising (Figure 1F). This also holds for the differences between CA and TTE since 
the former corresponds to MSCT Coronal and the latter to MSCT Sagittal view. However, 
the oval anatomy does not fully explain the observed differences. As demonstrated by 

The Role of Advanced Imaging in Transcatheter Aortic Valve Implantation	54

54

 C Y	 M B

 C Y	 M B



Piazza et al, measurements made by two-dimensional (2D) techniques using the basal 
attachments of the leaflets do not transect the full diameter of the outflow tract but 
instead a tangent cut across the aortic root [15]. This is the case with CA in which the 
annulus is defined by the shadowgram showing the opening of the aortic leaflets (usually 
the basal attachment of the noncoronary and the left leaflet; Figure 1B). As a result, CA 
underestimates the annulus when compared to MSCT Coronal view. Finally, it should 
be noted that the MSCT ‘‘mean’’ annulus diameter can be also extrapolated from the 
annulus area or the annulus circumference after making simple calculations. However, 
in a previous study published by our group, the way of calculation did not influence the 
final result [12]. Thereby, we chose to use the simplest way to calculate the MSCT Mean 
annulus diameter. 
	 In a study comparing the aortic annulus measurements in 26 patients, Wood et al. re-
ported mean differences between MSCT Coronal, MSCT Sagittal, TTE and CA that were 
similar to our study [7]. However, the 95% confidence interval (CI) of the differences for 
all comparisons was more narrowed than in the present study. Yet, the Bland Altman 
plots depicting the –2SD to +2SD of the mean differences on the Y-axis reveal a much 
larger variation which is consistent with the findings of this study.
	 Recently, in a study involving 45 patients, Messika-Zeitoun et al. reported analogous 
mean differences between TTE and MSCT Long-axis (equivalent to MSCT Coronal), 
MSCT Short-axis (equivalent MSCT Sagittal), and MSCT Mean for the assessment of the 
aortic annulus [8]. In this study, another MSCT view was introduced (3-chamber view) 
and, using this view, the mean annulus measurements were similar to the ones obtained 
by TTE (P = 0.73). However, the Pearson’s correlation was only moderate (r = 0.71) and 
the reported interobserver variability for the MSCT 3-chamber view was two times high-
er than the MSCT Mean. The latter may be explained by the lack of a precise methodolo-
gy for reconstruction of the MSCT 3-chamber view. 
	 The clinical implications of the differences in the measurements of the aortic annu-
lus are important. Patients can be denied therapy when using one technique or under-
go TAVI when using another, whereas different imaging modalities may suggest different 
sizes of bioprostheses. In our current clinical practice, we use MSCT for the evaluation of 
TAVI candidates and for sizing purposes. In case of contraindications for MSCT (e.g., re-
nal insufficiency), we combine the findings of TTE, CA, and TEE, bearing in mind that 
CA may overestimate and TTE may underestimate the annulus. For example, if the an-
nulus measurement obtained by TTE is 23 mm (which is a cutoff value for the use of 26 
mm or 29 mm inflow Medtronic-Core-Valve) we select a large valve, whereas if the same 
measurement is obtained by CA we prefer a small bioprosthesis. 
	 At variance with surgical aortic valve replacement, TAVI does not allow a direct 
quantification of the aortic annulus. Given the importance of the correct measurement of 
the aortic annulus in patients scheduled to undergo TAVI, the findings of this study raise 
the question which imaging modality should be used in the planning of the procedure in 
order to ensure appropriate patient selection, procedure safety, proper valve function, and 
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durability [16,17]. Echocardiography plays a central role in evaluating patients with val-
vular heart disease. However, in contrast with Messika-Zeitoun et al., we consider MSCT 
as the reference technique for the assessment of the aortic root and for prosthesis sizing. 
Obviously, MSCT has several disadvantages, namely radiation exposure, iodine injection, 
accessibility, and cost, but it is currently the only technique that combines 3D capabilities 
with high spatial and temporal resolution and, moreover, it is less invasive than TEE. It is 
true that MSCT requires a detailed acquisition–analysis protocol and experienced oper-
ators. We anticipate that in the future 3D TEE and 3D CA will achieve higher resolution 
and may replace MSCT for the assessment of the aortic root anatomy. 

Limitations 

This study is limited by the relatively small number of observations and by the fact that 
it was performed in a single center. Both limitations preclude the generalizability of the 
findings. In addition, this study lacks the power to define which imaging modality should 
be considered the ‘‘gold standard’’ for the assessment and quanti�������������������������fifififififififififififififififififififification of the aortic an-
nulus. Finally, TEE readings were not compared to CA, MSCT or TTE because TEE was 
available in a limited number of patients. 

 CONCLUSIONS 

In this study, we found significant differences in the dimensions of the aortic annulus 
measured by MSCT, CA, and TTE, in patients referred for TAVI. Interobserver variabili-
ty for TTE and CA was substantially higher compared with MSCT. 
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Abstract 

We investigate the accuracy of a new software system (C-THV, Paieon) 
designed to calculate the optimal projection (OP) view for transcathe-
ter aortic valve implantation (TAVI) based on two aortograms, and its 
agreement with the operator’s choice. An optimal �����������������flflflflflflflflflflflflflflflfluoroscopic work-
ing view projection with all three aortic cusps depicted in one line, is 
crucial during TAVI. In our institution selection of the OP is based 
on multislice computed tomography (MSCT). Seventy-three consec-
utive patients referred for TAVI were divided into two groups. For the 
first group (53 patients, retrospective cohort) we compared the OP 
views estimated by C-THV with the ones estimated by MSCT. For the 
second group (20 patients, prospective cohort), we compared the OP 
views estimated by C-THV with the operator’s choice during TAVI. 
For the retrospective cohort, the mean absolute difference (mean ±SD) 
between C-THV and MSCT was 6.6±4.9 degrees. In 77% of the cases 
the mean difference between C-THV and MSCT was <10 degrees. For 
the prospective cohort, the mean absolute difference (mean ±SD) be-
tween C-THV and the operator’s choice was 5.5±3.4 degrees. A mean 
difference of <10 degrees was found in 90% of the cases. In this study 
we found that the C-THV software estimated the OP view for TAVI 
with good accuracy. The level of agreement between C-THV and ei-
ther the MSCT or the operator’s choice was deemed satisfactory, with 
the vast majority of observed differences being <10 degrees. 

The Role of Advanced Imaging in Transcatheter Aortic Valve Implantation	60

60

 C Y	 M B

 C Y	 M B



 INTRODUCTION

Recent innovations in transcatheter aortic valve implantation (TAVI) led to a widespread 
proliferation of transcatheter treatment strategies for aortic valve disease. Currently, the 
two leading technologies are the Medtronic CoreValve SystemTM (Medtronic, Minneapo-
lis, MN) and the Edwards SAPIEN valve (Edwards Lifesiences, Irvine, CA) [1,3]. Both bi-
oprostheses are implanted under ����������������������������������������������������flflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflfluoroscopic guidance (transesophageal echocardiogra-
phy is sometimes also used for additional monitoring). A good fluoroscopic working view 
projection provides essential anatomical landmarks and is crucial during implantation 
of the device. Positioned too high the bioprosthesis may embolize to the aorta, whereas 
a very low implantation may lead to signi����������������������������������������������fififififififififififififififififififififififififififififififififififififififififificant paravalvular aortic regurgitation. More-
over, positioning of the bioprosthesis occurs in relation to the diseased aortic valve and 
should take into account the proximity of the conduction system, mitral valve and cor-
onary arteries. A too high position might jeopardize the ostia of the coronary arteries, 
whereas a too low implantation could induce electrical conduction abnormalities or in-
terfere with normal mitral valve physiology. In the optimal projection (OP) view all three 
aortic cusps are depicted in one line. Therefore, the OP ameliorates the intrinsic limita-
tion of �����������������������������������������������������������������������������flflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflfluoroscopy to produce only two-dimensional images and the inaccuracies relat-
ed to the parallax effect. 
	 The OP during the implantation procedure is reached by orienting the C-arm so that 
the X-ray beam is orthogonal to the axial plane of the aortic valve annulus, and is unique 
for each patient. In our institution selection of the OP is based on a multi-slice computed 
tomography (MSCT), obtained before the procedure [4,5]. MSCT can generate a 3D ana-
tomical reconstruction of the aortic root from which a range of gantry angulations in the 
plane of the aortic valve can be determined [4-8]. In this study, we investigate the accura-
cy of a new software system (C-THV, Paieon) designed to calculate the OP based on two 
angiographic views of the aortic root. In addition, we study the agreement between the 
OP views estimated by the C-THV with the view that was chosen by the operator during 
the procedure. 

 METHODS

Patient population and study design 

The study population consists of 73 consecutive patients with severe aortic stenosis re-
ferred for TAVI. Patients were divided into two groups. The ���������������������������fififififififififififififififififififififififirst group comprised 53 pa-
tients that were treated before the introduction of the C-THV software in the catheteriza-
tion laboratory, and the second comprised 20 patients that were treated while the C-THV 
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was available. For the ��������������������������������������������������������������fifififififififififififififififififififififififififififififififififififififififififififififififififififirst group, we compared the OP views estimated with the retro-
spective use of C-THV on contrast aortography versus the OP views estimated by MSCT 
(retrospective cohort). For the second group, we assessed prospectively the agreement be-
tween the OP view that was estimated by C-THV and operator’s decision on the OP view 
during the procedure (prospective cohort). 

Multislice computed tomography (MSCT)

Details regarding acquisition and analysis of MSCT scans have been previously described 
[4,5]. Briefly, the three orthogonal viewing planes were oriented so that the most caudal 
attachments of all three aortic leaflets could be seen simultaneously in one axial image 
(Figure 1). The OP was estimated using the coronal window (which corresponds to con-
trast aortography). By rotating the cut plane in the axial window multiple viewing angles 
axial to the aortic valve can be obtained through 360 degrees. In order to avoid very steep 
cranial or caudal angulations of the C-arm, a single OP view was extrapolated from the 
MSCT analysis and was available in the catheterization laboratory, ranging from left an-
terior oblique (LAO) 0 to 20 degrees, with corresponding cranial–caudal angulations that 
were less than 20 degrees. 

Contrast-aortography, C-THV Software

Diagnostic contrast-aortography views, recorded before the implantation, were ana-
lyzed using a prototype version of the C-THV software (Paieon). The OP curve (Figure 

Figure 1. Obtaining the optimal 
projection by multi-slice com-
puted tomography. The three 
orthogonal analysis windows 
are arranged so that the nadir of 
all three aortic leaflets are seen 
in one axial image (D, yellow ar-
rowheads). The axial image is 
then parallel shifted to the lev-
el of the sinuses (C), where the 
sagittal cut-plane is then rotat-
ed on the axial image so that it 
cuts through the coaptation line 
of the noncoronary (NC) and left 
coronary (LC) leaflets, dividing 
the right coronary (RC) sinus in-
to two halves. The coronal win-
dow (B) then provides the C-arm 
angulations for the angiograph-
ic view (A), where all three sinus-
es can be seen on one line with 
the NC to the left the RC in the 
middle and the LC to the right. 
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2) consists of an unlimited number of pairs of C-arm angulations which are orthogonal 
to the axial plane of the aortic valve, and is calculated using two aortograms. The opera-
tor marks the aortic direction on the ��������������������������������������������������fifififififififififififififififififififififififififififififififififififififififififirst aortogram (Figure 3A). For the purpose of se-
lecting the second projection, the available projections are graded by the software using 
a color coded area map (Figure 3B). The green and blue areas represent projections pro-
ducing ideal and acceptable OP curves, respectively, whereas projections in the black area 
are automatically rejected. The operator selects the second projection based on the map 

Figure 3. Estimation of the 
optimal projection view us-
ing the CTHV software -The 
Optimal Projection (OP) 
view is derived from the OP 
curve. A: Marking of the aor-
tic direction on the first aor-
togram. B: Color coded area 
map on which all available 
aortograms are displayed 
and graded; green zone is 
ideal, blue zone is accept-
able. The operator choos-
es the second aortogram. 
C: Marking of the aortic di-
rection on the second aor-
togram. D: The OP curve is 
calculated and the operator 
can choose the OP among 
several projections that 
are orthogonal to the axial 
plane of the aortic valve. 

Figure 2. The optimal projection curve –the 
optimal projection curve consists of an unlimit-
ed number of pairs of C-armangulations which 
are orthogonal to the axial plane of the aortic 
valve. Red box, for any given pair of C-arm an-
gulations (φ, θ) a difference in degrees (δ) can 
be calculated using a mathematical model (see 
text).
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and marks the aortic direction on the selected aortogram (Figure 3C). Finally, the soft-
ware calculates the OP curve (Figure 3D). During the analyses with the C-THV software 
the operator was unaware of the OP views that were estimated by MSCT. It should be not-
ed that the C-arm angulations for the two aortograms that are recommended by the man-
ufacturer of the C-THV software are an LAO 30 Cranial 20 and a right anterior oblique 
(RAO) 20 caudal 30. However, in this study this particular recommendation was not fol-
lowed because the first group of patients was studied retrospectively and because for the 
second group the TAVI strategy remained the same regardless of the on site availability of 
the C-THV software. 

Level of agreement: C-THV versus MSCT and C-THV versus operator’s choice 

In order to assess the agreement between the OP views suggested by C-THV on contrast 
aortography and the ones estimated by MSCT (for the retrospective cohort), we calcu-
lated the angular difference between them, for each patient. Analogously, to assess the 
agreement between the C-THV and the operator’s choice (prospective cohort) we cal-
culated the angular difference between the OP views estimated by the CTHV software 
on contrast aortography and the ����������������������������������������������������fififififififififififififififififififififififififififififififififififififififififififinal working view that was used by the operator dur-
ing the procedure. It should be noted that in 19 out of the 20 prospectively studied cas-
es an OP based on MSCT was still provided to the operator before the procedure. The 
C-THV was also available but as a secondary tool, which was still considered to be un-
der evaluation. 

Mathematical calculation of the angular deviation of the C-arm position 
from the OP curve

Using φ to denote the C-arm LAO/RAO angle and θ for the cranial/caudal angle, the 
C-arm position is denoted as (φ,θ) (Figure 2). Each C-arm position (φ,θ) defines a 
direction in space (unit vector) which we denote as (x1, y1, z1), where x1 =Sin(φ) Cos(θ), 
y1 = Sin(θ), and z1 = Cos(φ)Cos(θ). Then we denote as (x2, y2, z2) the direction in space 
perpendicular to the plane of the annulus that was calculated by the C-THV software. The 
angular deviation of the C-arm position from the OP curve (δ), calculated in degrees, is 
given by the formula δο = 90ο–Cos–1(x1x2 + y1y2 + z1z2) [9]. 

Statistical Analysis 

Variables are presented as the mean±standard deviation (SD) or, if the distribution was 
not Gaussian, as the median and interquartile range (IQ range). The independent samples 
t-test was used for comparisons between measurements. Statistical analysis was done us-
ing SPSS 16.0. Statistical significance was defined as P<0.05. 
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 RESULTS 

The baseline patient characteristics are shown in Table 1. 

Table 1. Baseline Characteristics (n=73). 

Age (yrs), median [IQ range] 81 [78–85]

Male, n (%) 33 (45)

Height (cm), mean ± SD 167 ± 9

Weight (kg), median [IQ range] 70 [62–86]

Body mass index (kg/m2), median [IQ range] 26 [23–29]

Body surface area (m2), median [IQ range] 1.79 [1.69–2.03]

Table 2. Agreement Between C-THV and MSCT (Retrospective Cohort, n=53).

Total Ideal zone Acceptable zone P

n (%) 53 31 (58) 22 (42)

Difference ( ο ), mean ± SD 6.6 ± 4.9 5.3 ± 3.8 8.6 ± 5.7 0.014

Difference <10ο, n (%) 41 (77) 26 (84) 15 (68) 0.202

Retrospective Cohort: Agreement Between C-THV and MSCT (n=53) 

For the retrospective cohort, the mean absolute difference (mean±SD) between C-THV 
and MSCT was 6.6±4.9 degrees (Table 2). If the second projection was located in the ide-
al zone (58%) the mean difference was 5.3±3.8 degrees. If the second projection was lo-
cated in the acceptable zone (42%) the mean difference was 8.6±5.7 degrees (P = 0.014). 
In 77% of the cases the mean difference between C-THV and MSCT was less than 10 de-
grees (ideal zone 84%, acceptable zone 68%). 

Table 3. Agreement Between C-THV and Operator’s Choice (Prospective Cohort, n=20) .

Total Ideal zone Acceptable zone P

n (%) 20 11 (55) 9 (45)

Difference ( ο ), mean ± SD 5.5 ± 3.4 4.6 ± 3.0 6.6 ± 3.7 0.214

Difference <10ο, n (%) 18 (90) 11 (100) 7 (78) 0.189

Prospective Cohort: Agreement Between C-THV and Operator’s Choice (n=20) 

For the prospective cohort, the mean absolute difference (mean±SD) between C-THV 
and the operator’s choice was 5.5±3.4 degrees (Table 3). The mean differences were 
4.6±3.0 and 6.6±3.7 degrees if the second projection was located in the ideal and accept-
able zone, respectively. A mean difference of less than 10 degrees was found in 90% of the 
cases (ideal zone 100%, acceptable zone 78%). 
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	 In the majority of cases (64 out of 73, 88%) one of the two projections was LAO 90, 
cranial 0, due to biplane recordings. This projection was far from the corresponding OP 
curve [median (IQ range): 42 (38-51) degrees]. The second projection varied but on av-
erage it was located closer to the OP curve [median (IQ range): 13 (7-21) degrees]. The 
mean analysis time (mean±SD) with the C-THV software was 8±2 minutes. 

 DISCUSSION

In this study we found that the C-THV software estimated the OP view for TAVI with 
good accuracy. For both the retrospectively and prospectively studied group the level of 
agreement between C-THV and either the MSCT or the operator’s choice was satisfacto-
ry, with the vast majority of observed differences being less than 10 degrees. 
	 The capability of MSCT to provide high quality 3D imaging of the aortic root has 
been well established [6,8]. Before the introduction of MSCT for the evaluation of TAVI 
candidates the OP was estimated empirically, requiring an excess of contrast agent and ra-
diation, and often resulting in suboptimal working projections while performing TAVI. 
In our institution, since 2007, MSCT has become the standard reference technique for the 
estimation of the OP. However, MSCT itself increases the radiation exposure, and a con-
trast agent is commonly used. In addition, MSCT is always acquired preoperatively and 
can be affected by variations in patient position (more an issue with trans-apical proce-
dures). Obviously, the potential advantages of a dedicated software requiring only two 
aortograms for the estimation of the OP for TAVI are important, especially if TAVI would 
be offered to younger patients and given the limited availability of MSCT in some medi-
cal centers. 
	������������������������������������������������������������������������������ In the retrospectively studied group, the C-THV software provided OP views ap-
proaching the projections that were suggested by MSCT. Of note, the agreement was 
good despite the fact that in the majority of cases one of the two projections was an LAO 
90 cranial 0. This projection is usually far from the OP curve and, therefore, the aortic an-
nulus appears almost as a circular structure, facing the operator and overlaying the aor-
tic sinuses. That makes the marking of the aortic direction more difficult and may explain 
the difference of >10 degrees which was found in some patients. The use of that projec-
tion is not recommended but if it is the only one available, as in our study, the operator 
should align the markings of the aortic root direction more tangentially to the right than 
to the left aortic wall (Figure 3A). In addition, marking of the aortic direction is prefera-
ble during systole when the aortic annulus is better visualized. In the prospectively stud-
ied group, the accuracy of the C-THV software was even better, especially if the second 
projection that was used was located in the ideal zone. Again, most of the times, the first 
projection was an LAO 90 Cranial 0. In addition, the choice of the OP was still based al-
most exclusively on MSCT, the C-THV tool being under evaluation. Despite such a sub-
optimal use of the CTHV its accuracy for the estimation of the OP for TAVI was deemed 
satisfactory. 
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Study Limitations 

Although the findings of this study demonstrate the feasibility of C-THV in estimating 
the OP for TAVI, the impact on procedural success and clinical outcome could not be in-
vestigated because C-THV was used in parallel with the standard TAVI procedure, with 
no impact on the decision making. In addition, the cut-of values (e.g. <10 degrees) that 
were used to grade the software’s accuracy may seem arbitrary. For that reason absolute 
differences are also reported in order to allow independent conclusions. Finally, for the 
reasons mentioned above, the recommendations of the manufacturer regarding the sug-
gested angulations of the two aortograms were not strictly followed. Thereby, it can be an-
ticipated that the accuracy of the software might further improve in case of a more ‘‘op-
timal’’ use. 

 CONCLUSIONS 

In this study we found that the C-THV software estimated the OP view for TAVI with 
good accuracy. The level of agreement between C-THV and either the MSCT or the op-
erator’s choice was deemed satisfactory, with the vast majority of observed differences be-
ing less than 10 degrees. 
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Abstract 

Background: To investigate the causes of paravalvular aortic regurgi-
tation (PAR) after the implantation of the Medtronic CoreValve pros-
thesis (MCRS). 

Methods and Results: 56 patients underwent MSCT before TAVI with 
a MCRS and PAR was assessed with transthoracic echocardiography 
(TTE) between 5 and 10 days after TAVI. The aortic annulus small-
est and largest orthogonal diameters and the mean diameter from the 
area were determined on MSCT on an axial image at the nadir of all 
3 native leaflets. PAR was related to relevant anatomical structures on 
MSCT according to a clockface in the orientation of the parasternal 
short axis view on TTE. 

PAR ≥ 1 was present in 25% of the patients and was associated with a 
larger annulus, a lower degree of oversizing and with a more aortic root 
calcification. On MSCT post TAVI malapposition was seen predomi-
nantly at the aorto-mitral fibrous continuity and the aspect of the larg-
est diameter of the aortic annulus on the inside curve of the ascending 
aorta. PAR was predominantly seen at these two anatomic locations 
and less frequent in the area that contains the ventricular membranous 
septum and the area between the non-and right coronary sinus.

Conclusions: Mild to moderate PAR is common after TAVI. The avail-
ability of additional (larger) prosthesis sizes in combination with im-
proved sizing based on mean annulus diameter (e.g. DCSA) may help 
to reduce PAR. 
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 Introduction

Transcatheter Aortic Valve Implantation (TAVI) is increasingly being performed to al-
leviate symptoms of severe aortic stenosis in patients at high surgical risk [1-6]. Despite 
promising clinical results, TAVI is associated with a high incidence of (mostly mild) par-
avalvar aortic regurgitation of which the long terms effects are unknown [7].  
	 Whereas surgical aortic valve replacement (SAVR) prostheses are sewn into the de-
calcified aortic annulus, both the commercially available TAVI prostheses rely on the ap-
position of a section of the frame to the base of the aortic root in order to assure a stable 
position [1,2]. This part of the frame is covered with a protective skirt to prevent paraval-
vular aortic regurgitation. Achieving a good seal may rely on procedural factors such as 
accurate sizing and correct positioning of the prosthesis in addition to adequate predila-
tation of the native stenotic valve [7]. It may also be affected by anatomical factors such as 
the non-circular shape of the aortic annulus and the degree of calcification of the aortic 
leaflets, which are pushed aside to make space for the prosthesis. 
	 The purpose of this study was to investigate the causes of aortic regurgitation related 
to anatomy and prosthesis-anatomy interaction after the implantation of the Medtronic 
CoreValve prosthesis, using a combination of multislice computer tomography (MSCT) 
and transthoracic echocardiography (TTE). 

 Methods

This study complies with the declaration of Helsinki. The study population consists of 
56 patients who had an implantation of a Medtronic CRS valve because of severe val-
vular aortic stenosis. Consecutive patients who underwent a preprocedure MSCT and 
a TTE >5 but <10 days post implantation were included. Details of the selection process 
for TAVI, procedure and valve have been described in detail elsewhere [8]. MSCT was re-
peated in 34 of these 56 patients post procedure at >5 days post TAVI.

MSCT protocol pre-procedure

The MSCT acquisition protocol has been described before [9,10]. In brief all patients 
were scanned using dual source CT (Somatom Definition, Siemens Medical Solutions, 
Forchheim, Germany). A non-contrast calcification score acquisition was performed be-
fore contrast MSCT. The contrast MSCT scanning parameters were: 2× detector collima-
tion of 32×0.6 mm with a z-axis flying focal spot, rotation time 330 ms, tube voltage 120 
kV, with variable pitch adjusted to heart rate. The scan ranged from the top of the aortic 
arch to the diaphragm. The volume of iodinated contrast material was adapted to the ex-
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pected scan time. A contrast bolus (50-60 ml Visipaque® 320 mg l/ml, GE Health Care, 
Eindhoven, The Netherlands) was injected in an antecubital vein at a flow rate of 5.0 ml/s 
followed by a second contrast bolus of 30-40 at 3.0 ml/s. Bolus tracking was used to trig-
ger the start of the scan. Reconstructions were made in end systole using a single-segmen-
tal reconstruction algorithm with slice thickness 1.5 mm; increment 0.4 mm; medium-to-
smooth convolution kernel (B26f) resulting in a spatial resolution of 0.6-0.7 mm in-plane 
and 0.4-0.5 mm through-plane and a temporal resolution of 83ms. The radiation doses 
ranged from 8 to 20 mSv depending on body habitus and table speed. 

MSCT protocol post TAVI 

The MSCT acquisition protocol has been described before [10]. In brief it was similar to 
the pre-implantation protocol but with reconstructions of functional MSCT datasets with 
a slice thickness 0.75 mm; increment 0.4 mm; medium-to-smooth convolution kernel 
(B26f); sharp kernel (B46f), resulting in a spatial resolution of 0.6-0.7 mm in-plane and 
0.4-0.5 mm through-plane

Definition of the aortic annulus on pre-procedural MSCT on an axial image 

Siemens Circulation software was used to analyse MSCT images. Axial cuts through the 
aortic root were obtained by aligning the two longitudinal analysis planes, respective-
ly oblique sagittal and oblique coronal, so that the most caudal attachments of all 3 aor-
tic leaflets could be seen simultaneously in the third (axial) image [9]. The aortic annu-
lus was defined as the base of the aortic root where the nadir of all 3 native leaflets could 
be seen in one axial image as described before [9] (Figure 1). At the level of the aortic an-
nulus the cross-sectional surface area (CSA) and the smallest (Dmin) and largest (Dmax) 
orthogonal diameters were measured on the axial image (Figure 1). The mean diameter 
(DCSA) was derived from the equation DCSA = 20× square root (CSA/π) as described pre-
viously [9]. The interobserver variation of annulus measurements in percent (mean (SD)) 
as assessed by 2 independent readers blinded to each other’s results in 49 patients were as 
follows: for Dmax = 0.2% (4.1), for Dmin = 3.4% (6.6), and for DCSA = 2.1% (5.1). 

Evaluation of the CRS frame

MSCT images throughout the cardiac cycle were reviewed (functional datasets) because 
the motion improved the evaluation of malapposition on the grayscale images. On axial 
images malapposition of the inflow section of the frame was considered to be present if it 
was seen over an arc of ≥30°. At the upper level of the skirt covered section of the frame 
malapposition was considered to be present if an intersinus triangle (IST) was not ap-
posed to the frame even if the arc of malapposition was less than 30° (Figure 2). The loca-
tion of malapposition was recorded according to a clockface both at the inflow and at the 
upper level of the sealing skirt of the CRS (generally RC/LC triangle at 1-2 o’ clock, LC/
NC triangle at 5-6 o’ clock and NC/RC triangle at 9 to 10 o’ clock) (Figure 2). 
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Calcium score analysis method

Non-contrast calcium scoring MSCT scans were not always performed in patients with 
previous CABG or coronary stenting and were available in addition to the contrast scans 
in 48 out of 56 patients with pre-procedural MSCT. In order to measure aortic root cal-
cification the aortic root was defined as the region stretching from just above the origin 
of the left main stem to the anterior leaflet of the mitral valve, because these structures 
could be identified, when calcified, on the non-contrasted MSCT acquisitions. Calci-
um scoring (Volume, Mass, Agatston score) was limited to the region so defined. In cas-
es where the calcification was confluent to beyond these boundaries the images limited 
to this region were selectively loaded into the analysis software to avoid overestimation 
of calcification. 

Echocardiography acquisition

TTE was performed with the patient in the left lateral decubitus position, using a Philips 
iE33 or a Sonos 7500 system (Philips, Best, The Netherlands). Complete echocardio-
graphic studies were performed for all patients in a standard fashion, and were saved 
as loops or still images for off-line analysis with the QURAD software package (Curad 
BV, Wijk Bij Duurstede, The Netherlands). Aortic regurgitation was assessed semi-quan-
titatively based on the vena contracta width to LVOT diameter ratio, Mild: <= 25%, 

Figure 1: Definition of the aor-
tic annulus and measurements 
on contrast MSCT. 

Axial cuts through the aortic 
root were obtained by align-
ing the two longitudinal analy-
sis planes, respectively oblique 
sagittal (Panel A) and oblique 
coronal (Panel B), so that the 
most caudal attachments of all 
3 aortic leaflets could be seen 
simultaneously in the third (ax-
ial) image (Panel C) (9). The aor-
tic annulus was defined as the 
base of the aortic root where 
the nadir of all 3 native leaflets 
(Panel C, yellow arrows) could 
be seen in one axial image. At 
the level of the aortic annulus 
the cross-sectional surface area 
(CSA) and the smallest (Dmin) 
and largest (Dmax) orthogonal 
diameters were measured on 
the axial image. 
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Moderate 26-64%, Severe >=65% and was graded as follows: absent or trivial=0, mild=1, 
moderate=2, severe=3 (Figure 3) [11,12]. PAR was graded by two independent cardiol-
ogists who were experienced in TAVI imaging. In case of disagreement, consensus was 
reached.

Figure 2: Evaluation of malapposition at the intersinus triangles (IST) at the upper level of the skirt (orange line) and at 
the inflow (base, green line) of the Medtronic CRS prosthesis.

Inset A demonstrates on an anatomical specimen the location of the right-&left intersinus triangle (Left anterior fibrous 
trigone or LAFT) and the non-&right intersinus triangle (Right anterior fibrous trigone or RAFT) relative to the ventricu-
lar membranous septum (VMS), tricuspid valve (TV), right coronary ostium (RCA) and left coronary artery (LCA). Inset B 
demonstrates the components of the Medtronic CRS prosthesis. A pericardial skirt designed to prevent paravalvular re-
gurgitation covers the lower segment of the CRS from the inflow to the nadir of the leaflets. 

The upper row of 3D MSCT images show the intersinus triangles stretching above the upper level of the sealing skirt of 
the CRS (orange line) and the inflow (green line). The axial images (bottom 2 rows) demonstrate lack of apposition (ar-
row heads) of the CRS frame at the upper level of the skirt in 3 patients at the corresponding inter-sinus triangle and at 
the level of the inflow in another 3 patients. 

The anatomical image is from W.A. McAlpine, Heart and Coronary Arteries: An Anatomical Atlas for Clinical Diagnosis, Radi-
ological Investigation, and Surgical Treatment, Springer Verlag, October 1974.
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Echocardiography analysis method and Comparison of PAR data on TTE with 
anatomical data from MSCT (Figure 4)

The origin of paravalvular aortic regurgitation (PAR) after TAVI was assessed using the 
TTE parasternal short axis view, between 5 and 10 days after TAVI. More specifically, a 
short axis of the Medtronic CRS frame was visible at the level of the native aortic valve, 
and Color-flow Doppler signals were measured and placed over a clock-face map. In or-
der to increase the precision of measurements, the results of the clock-face map were ad-
ditionally verified using all TTE views with available Color-flow Doppler signals (par-
asternal long axis, apical 3-chamber and 5-chamber views).

Figure 3: Grading of the severity of paravalvular aortic regurgitation (PAR) on transthoracic echocardiography (TTE).

PAR grading is based on the assessment of the regurgitant jet(s) using multiple echocardiographic views. Column A: 
parasternal long-axis view; PAR is often underestimated in this view. Column B: parasternal short-axis view; the origins 
of paravalvular leaks can be identified, especially if the operator slightly modifies the cut-plane in order to capture jets 
that originate from different levels around the prosthesis. This view may underestimate or overestimate the severity of 
AR if multiple or eccentric jets are present. Column C: Apical five-chamber view. Column D: Apical three-chamber view. 
By using apical views the operator can identify and assess the majority of paravalvular jets and then grade the severi-
ty of AR. However, exact quantification using the Doppler signal is rarely feasible because commonly jets are multiple 
and move in a non-parallel direction. 
* Images from trans-esophageal echocardiography. Parasternal views on TTE could not be obtained.
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	 In order to localise PAR to anatomical structures relevant to TAVI on MSCT the 
presence of PAR grade ≥ 1 was located to a clockface, in the orientation of the paraster-
nal short axis view on TTE, and was then simplified to 3 quadrants (Figure 4). The first 
quadrant (Q1) between 12o’ clock and up to and including 4 o’ clock includes the inters-
inus triangle between the right and left aortic cusps and the leftmost aspect of Dmax adja-
cent to the right ventricular outflow tract. The second quadrant (Q2) between 4 o’ clock 

Figure 4. Localisation of paravalvular aortic regurgitation (PAR) on transthoracic echocardiography (TTE) to anatomical 
structures seen on multislice computer tomography (MSCT).

The coronal view of the aortic root on MSCT (Panel A): its relations to cross sectional views of the mid part of the sinus 
of Valsalva (Panel B) and at the base of the aortic root or annulus (Panel C) are shown. The presence of PAR localised on 
a clockface around the inflow of the CRS on TTE (Panel D) was simplified to 3 quadrants (Panels B & C ). The first quad-
rant (Q1) between 12o’clock and up to and including 4 o’clock includes the intersinus triangle between the right and 
left aortic cusps and is illustrated on the anatomic specimen in Panel E. This quadrant represents the leftmost aspect 
of Dmax adjacent to the right ventricular outflow tract. The second quadrant (Q2) between 4 o’clock and up to and in-
cluding 8 o’clock includes the intersinus triangle between the left and non-coronary aortic cusps and the fibrous sec-
tion of the annulus confluent with the anterior mitral leaflet (11). The third quadrant (Q3) includes the intersinus trian-
gle between the non-coronary and right aortic cusps and the rightmost border of Dmax adjacent to the membranous 
inter-ventricular septum. In panel D jets of PAR can be seen at 9 and 2 o’clock which were localised to the junctions of 
the NC and RC cusps and RC and LC cusps respectively. Some clockwise rotation of the anatomy on TTE relative to that 
on MSCT is anticipated because MSCT is performed in the supine position whereas TTE is performed with the patient 
on the left side. 

RC=right coronary cusp, LC=left coronary cusp, NC=non-coronary cusp.
Q1: from 12 up to and including 4 o’ clock; Q2: from 4 up to and including 8 o’ clock;
Q3: from 8 up to and including 12 o’ clock.
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and up to and including 8 o’ clock includes the intersinus triangle between the left and 
non-coronary aortic cusps and the fibrous section of the annulus confluent with the ante-
rior mitral leaflet [13]. The third quadrant (Q3) includes the intersinus triangle between 
the non-coronary and right aortic cusps and the rightmost border of Dmax adjacent to the 
membranous inter-ventricular septum (Figure 4). 
	 The evaluation of aortic regurgitation after valve implantation was performed by TTE 
just before discharge. 

Statistical methods

The assessment of the determinants of PAR ≥ 1 was performed by means of an univari-
ate analysis.
	 Variables that were normally distributed are given as the mean and standard devia-
tion (SD) or otherwise as the median and inter-quartile range (IQ-range). The Student’s 
t-test for independent data and the Mann Whitney U-test were respectively used to com-
pare covariates with Gaussian and non-Gaussian distributions between groups with and 
without PAR. For the comparison of proportions the Chi-square test was used to deter-
mine statistical significance. Statistical analysis was done using SPSS 16.0. Statistical sig-
nificance was defined as p<0.05. 

 Results

Clinical characteristics of patients are given in Table 1. The aortic annulus minimum and 
maximum diameters (Dmin, Dmax) given in Table 1. The ratio of Dmax / Dmin was >1.2 in 
78% of patients so that the annulus was considered oval in the majority (Table 1). The 
aortic root was densely calcified (Calcium volume >100) in all but two patients. 
	 Respectively 21 and 35 patients received size 26 and 29 mm inflow CRS’s. The nominal 
size of the prosthesis inflow was on average 38% larger than the CSA of the native annulus. 
	 Invasively measured haemodynamic data both pre- and post TAVI were available in 
47 patients. There were no differences in invasively measured haemodynamic data either 
pre- or post TAVI between patients with or without PAR≥1 (Table 2). 

Prevalence, location and determinants of PAR 

Prevalence of PAR
Immediately post implantation contrast aortography was used to evaluate regurgitation. 
Balloon post dilatation was performed in 4 patients and a valve in valve procedure in one 
patient. Before hospital discharge PAR grade≥1 was seen in 14 (25%) of the 56 patients. 
Of the 3 patients (5%) with PAR grade≥2, one who had severe kiphoscoliosis with an un-
usual anatomy (compassionate implant) died one week later and two patients with grade 
2 PAR despite correctly positioned prostheses remained at the same grading 6 months lat-
er and were symptomatically much improved.
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Table 1. Patient characteristics.

Mean (SD) or N(%) or Median [IQ-range] MSCT pre-procedure

Clinical N=56

Male: N (%) 31 (55)

Age (y) 80 (6)

Height (cm) 167 (9)

Weight (kg) 73 (14)

BMI 26 (4)

BSA (m2) 1.8 (0.2)

MSCT pre-TAVI

Diameters in mm

Dmin 21 (3)

Dmax 27 (3)

DCSA 24 (3)

Dmax/ Dmin 1.28 (0.13)

Calcium score 

Agatston 3337 [2438-4721]*

Mass 752 [507-1250]*

Volume 2649 [1803-4054]*

Procedural factors

Prosthesis implanted 26:29 (N) 21:35

Ratio of nominal prosthesis CSA at inflow to 
CSA of the native annulus

1.38 (0.21)

* N=48 patients had non-contrast cal-
cium scoring MSCT in addition to con-
trast enhanced scans
BMI: body mass index; 
BSA: body surface area; 
Dmin: minimum annulus diameter; 
Dmax: maximum annulus diameter; 
DCSA: diameter from annulus area; 
CSA: cross-sectional surface area.

PAR: paravalvular aortic regurgitation; 
LVEDP: Left ventricular end diastolic 
pressure.

Table 2. �Invasively measured haemodynamic data pre- and 
post TAVI in patients with and without PAR≥1.

Median [IQ-range]
PAR<1
N=36

PAR≥1
N=11

Pre TAVI 

LVEDP 16  [11-21] 16  [13-21]

Aorta systolic 122  [105-154] 127  [104-143]

Aorta diastolic 54  [44-65] 50  [44-58]

Peak gradient 46  [31-63] 48  [38-59]

Post TAVI 

LVEDP 17  [13-30] 21  [12-30]

Aorta systolic 136  [120-172] 140  [100-184]

Aorta diastolic 56  [50-63] 49  [41-61]

Peak gradient 1  [0-4] 6  [0-9]
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Anatomical location of PAR

PAR≥1 was predominantly located at Q1 (20%), which contains the aspect of the larg-
est diameter of the aortic annulus on the inside curve of the ascending aorta, and in Q2 
(16%), which contains the aorto-mitral fibrous continuity, and less frequent in Q3 (13%), 
which contains the ventricular membranous septum and the aspect of the largest diame-
ter of the aortic annulus on the outside curve of the ascending aorta.

Clinical and anatomical determinants of PAR

Patients with PAR≥1 were associated with being taller (p<0.05), a larger Dmin (p<0.05), 
Dmax (p<0.05) and DCSA (p<0.01), a higher calcification score of the aortic root (p<0.01) , 
and a smaller ratio of the nominal prosthesis inflow CSA (26mm CRS = 5.32cm2; 29mm 
CRS=6.62 cm2) to the native pre-implantation aortic annulus CSA (p<0.05), when com-
pared to those with PAR<1 (Table 3). Weight, BSA, BMI, the difference between Dmin 
and Dmax or the ratio of Dmin/Dmax were not significantly different (Table 3). The corre-
lation coefficient of PAR grade (0-3) with the different annulus diameter measurements 
was strongest for DCSA followed by Dmin and Dmax (respectively r=0.43, r=0.40, r=0.38, 
all p<0.01).

Table 3. Determinants of PAR≥1 in patients with preprocedural MSCT.

Mean (SD)
Median [IQ-range]
N (%)

AR<1

N=42

AR≥1

N=14

Male: N (%) 16 (42) 10 (71)

Age (y) 78 [72-88] 83 [79-85]

Height (cm) 165 (8) 171 (10)*

Weight (kg) 68 [62-82] 72 [63-86]

BMI 26 (4) 25 (4)

BSA (m2) 1.8 (0.2) 1.9 (0.2)

Diameters in mm

 Dmin 21 (2) 23 (3)*

 Dmax 26 (3) 28 (2)*

 DCSA 23 (2) 25 (3)**

Ratio Dmax /Dmin 1.27 (0.09) 1.27 (0.18)

Calcium score 

 Agatston 2883[2039-4308] 4083 [3420-5860]*

 Mass 621[487-1176] 976[806-1517]**

 Volume 2333 [1743-3693] 3449 [2817-4589]*

Ratio of nominal prosthesis CSA at inflow to 
CSA of the native annulus

1.41 (0.20) 1.28 (0.22)*

*p<0.05; **p<0.01
BMI: body mass index; BSA: body surface area; Dmin: minimum annulus diameter; Dmax: maximum annulus diameter;  
DCSA: diameter from annulus area; CSA: cross-sectional surface area. 
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Evaluation of malapposition of the CRS frame post implantation

PAR≥1 was present in 8 of 34 (24%) patients with MSCT post-procedure. Malapposition 
at the inflow of the frame was seen in 51% of patients and was more common at the as-
pect of the largest diameter of the annulus on the inside curve of the ascending aorta (Q1, 
41%) than on the outside curve (Q3, 11%). Malapposition at the inflow of the frame was 
seen at the aorto-mitral fibrous continuity (Q2) in 38% A non-apposed intersinus trian-
gle was present in 46% of patients and was more common at the aorto-mitral fibrous con-
tinuity in Q2 (44%) than in either Q1 (12%) or Q 3 (3%). 

 Discussion

We observed PAR grade ≥1 in 25% of patients after TAVI with the Medtronic CRS where-
as at least trivial PAR was seen in the majority of patients. We found that PAR grade ≥1 
was predominantly seen in the area of the aorto-mitral fibrous continuity and occurred 
more often in patients with a larger annulus, more aortic root calcification or in whom 
there was a lower degree of oversizing of the prosthesis in relation to the native annulus. 
	 Similar rates and severity of PAR were recently reported after TAVI with the Edwards 
Sapiens prosthesis [7]. Haemodynamically significant PAR (grade ≥2) is rarely reported 
after TAVI because it is poorly tolerated peri-procedure in elderly patients with hypertro-
phied stiff ventricles and is therefore usually corrected during the index procedure either 
by post dilatation, removal and repositioning of the prosthesis or placement of a second 
prosthesis [14]. After surgical AVR the reported incidence of PAR ranges from 6% to 48% 
but in contrast to TAVI it is mostly trivial (rather than mild) and the more recent series 
report incidences of PAR at the lower end of the range [15-18]. The differences in report-
ed incidence in PAR between surgical AVR and TAVI partly reflect the difficulties in ac-
curately quantifying PAR because signal attenuation from the metal frame obscures the 
origin of the PAR jet. This factor may affect evaluation of PAR with the Medtronic CRS 
more than other surgical or TAVI prostheses due to the fact that the frame is much higher 
(56mm) and may extend deeper below the annulus in a proportion of patients. After sur-
gical AVR mild PAR is usually benign, is only rarely associated with progression in sever-
ity in the absence of endocarditis or prosthesis degeneration, and only rarely is associated 
with significant haemolysis [15-17]. Although there are no randomized comparisons the 
frequency of mild PAR after TAVI may be higher than after SAVR [19] and long term ef-
fects may be unlikely but are yet to be determined. 
	 We report that anatomical factors and sizing may be more important after TAVI 
whereas the causes of PAR after SAVR are mainly related to technical aspects of the pro-
cedure [15,16]. This may in part be because in contrast to SAVR the operator during TAVI 
can not directly visualize the anatomy but has to rely on imperfect (usually 2D) imaging 
of the aortic root and clinical data for sizing [20]. Furthermore, as the stenotic valve and 
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the surrounding root calcifications are not excised during TAVI in addition to the fact 
that the TAVI prosthesis is not sutured into place but relies on apposition to surround-
ing tissue inaccurate sizing may be more likely to result in PAR. Two of the factors asso-
ciated with PAR in our study were related to sizing (prosthesis inflow to native annulus 
area, annulus diameter). Annulus diameter was also a determinant of PAR as assessed by 
trans-oesophageal echocardiography (TEE) after TAVI with a balloon expandable pros-
thesis [7]. In that study only diameter measurements from echocardiography were used 
[7] which correspond approximately to the Dmin in our study [21]. It is now recognized 
that the aortic annulus is non-circular and that sizing with 2D modalities such as TTE/
TEE may lead to undersizing, because 2D TTE/TEE does not allow the measurement of 
DCSA or Dmax [9,22-25]. In the study using TEE a lower degree of oversizing was a deter-
minant of PAR, in addition to annulus diameter, after TAVI with a balloon expandable 
prosthesis [7]. We confirm this observation using different imaging techniques (MSCT, 
TEE) and a self expanding prosthesis. 
	 In the present study the association of PAR with Dmax and with the ratio of pros-
thesis inflow to native annulus CSA may indicate that the use of a 3D modality such as 
MSCT, CMRI or 3D echo would improve size selection for TAVI [9]. The question is 
how to translate this information into a sizing decision algorithm. The implications of us-
ing MSCT for sizing rather than TTE or TEE may be quite different for the Erwards and 
MCRS prostheses [9,26], in part because the available sizes of Edwards prostheses are de-
signed for smaller annuli and in part due to differences in prosthesis configuration and 
method of deployment. More sizes of TAVI prostheses may be needed as MSCT provides 
larger measurements than echocardiography on the basis of which the manufacturer’s 
guidelines of sizing are based. 
	 In the present study the association of PAR grade with DCSA was stronger than for 
Dmax or Dmin. We have previously reported that the CRS inflow conforms to the annu-
lus dimensions (i.e. Dmin, Dmax) when the annulus is non-circular [10]. The best sin-
gle estimate of the Dmin and Dmax is the mean of Dmin and Dmax, which is very similar 
in magnitude to DCSA [9]. DCSA would also correspond best to operator choice once the 
operator has taken into account all available clinical data [9]. Therefore if current indus-
try guidelines were to be applied size selection based on DCSA is likely to give the best an-
atomical match between native annulus dimensions and the prosthesis inflow 
	 In the present study the prosthesis inflow was larger relative to the native annulus 
area. The Medtronic CRS is self-expanding and is designed to be oversized, within de-
sign limits, in order to wedge in the LVOT and under the calcified native leaflets there-
by maintaining a stable position and reducing PAR [1]. Nonetheless in the present study 
a higher grade of PAR was associated with lower degree of oversizing. Deliberate over-
sizing (implanting a size 29 where a size 26 is indicated according to current guidelines) 
would likely reduce PAR, but on the other hand may increase the risk of conduction ab-
normalities due to a theoretical increase of pressure on the thin walled ventricular mem-
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branous septum [13], increase the risk of aortic root rupture [27] and potentially also re-
duce the prosthesis durability due to distortion of leaflet coaptation [28,29]. Alternative-
ly sizing based on mean annulus diameter (either mean of Dmin and Dmax or DCSA) to-
gether with the availability of prosthesis sizes larger than 29 inflow may reduce PAR by 
reducing undersizing. 
	 In addition to annulus dimensions and sizing the volume of calcium in the aortic root 
was a determinant of PAR in the present study. MSCT may reproducibly measure aortic 
root calcification which may facilitate procedural planning before SAVR [30,31]. Where-
as the aortic root is decalcified during SAVR the calcium is merely pushed aside during 
TAVI and has to be overcome by the predilatation balloon and prosthesis frame expan-
sion. The disrupted calcium may contribute to PAR by preventing full or symmetric pros-
thesis expansion, reducing prosthesis apposition and potentially perforating the sealing 
skirt or the leaflets. A study of a custom made balloon deployable valve demonstrated that 
calcium could cause distortion of leaflet coaptation due to under- or asymmetrical expan-
sion of the prosthesis frame [32]. However, due to limitations of current analysis software 
we were not able to measure the degree of calcification in the 3 quadrants. Interestingly 
aortic root calcium burden was only associated with AR in Q1. 
	 Due to leverage of the 5cm long prosthesis frame exerted by the leftward curvature of 
the aorta the force of apposition of the frame to the adjacent tissue of the annulus would 
be higher in Q3 (outside curve or right-hand side of the annulus) and lower in Q1 (inside 
curve or left hand side of the annulus). Additionally tension on the delivery catheter dur-
ing TAVI may push the device toward the outside curve of the aorta. These hypotheses 
are supported by the higher rate of malapposition in Q1 compared with Q3. Both of these 
factors would reduce the ability of the frame to overcome the resistance posed by dense-
ly calcified tissue and thereby increase the risk of PAR in the presence of a non-apposed 
frame in Q1. These factors may explain the higher incidence of PAR in Q1 and may sug-
gest that calcification may exacerbate the effects of other determinants of AR such as un-
dersizing. These data may suggest that in cases with substantial curvature of the aorta and 
a large Dmax improvements in the prosthesis delivery technology or less likely a prosthe-
sis with less height may be preferable in order to reduce PAR at the right-left coronary in-
tersinus triangle, although this requires further study. 
	 We also observed a higher incidence of PAR in Q2 when compared to Q3. In Q2 the 
prosthesis lies adjacent to the aorto-mitral fibrous continuity. This structure is thin walled 
and may offer less and to some extent a dynamic (anterior mitral valve leaflet) force of ap-
position to the prosthesis frame. Furthermore due to the oval shape of the aortic annu-
lus the curvature of the CRS frame, when viewed axially, would be flatter along Q2, which 
may further reduce the ability to ensure apposition in the often densely calcified non- and 
left coronary intersinus triangle. These anatomical factors may suggest that PAR in Q2 
may be a consequence of limitations in prosthesis design.
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Limitations

This is a small hypothesis generating study in a selected group of patients and the results 
require verification. In keeping with the exploratory nature of the study many statistical 
tests were done relative to study size so that there is a possibility of type 2 error. The se-
verity of PAR is difficult to assess in particular because the point of origin of a regurgitant 
jet can often not be accurately identified and furthermore there is no consensus or guide-
lines on how this should be done. TEE is the modality of choice for detecting PAR, but we 
did not have these data available. Yet by obtaining multiple views on TTE of the prosthe-
sis the under diagnosis of PAR was minimized and it is highly unlikely that any haemo-
dynamically significant PAR (grade 2 or more) was be missed on TTE with this approach. 
Although we have shown that aortic root calcium volume is a significant determinant of 
PAR we were unable to investigate the contribution of calcification at the various anatom-
ical structures of interest due to limitations in current analysis software. Although the de-
terminants of PAR for the MCRS in the present study were similar to those seen for the 
Edwards prosthesis in another study [7], not all these results may not be applicable to oth-
er TAVI prostheses due to differences in geometry and implantation method.

 Conclusions

Mild PAR is common after TAVI. PAR was more common at the aorto-mitral fibrous 
continuity and the left (inside curve of LVOT/ascending aorta) aspect of Dmax. The max-
imum annulus diameter and a lower degree of prosthesis oversizing were determinants of 
PAR suggesting that improved sizing based on a 3D imaging modality e.g. MSCT should 
reduce PAR. The volume of calcification in the aortic root may exacerbate PAR. The avail-
ability of additional (larger) prosthesis sizes in combination with improved sizing based 
on mean annulus diameter (e.g. DCSA ) may help to reduce PAR. 
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Abstract 

New conduction abnormalities occur frequently after TAVI. The rela-
tion between new conduction disorders and LV systolic function fol-
lowing TAVI is unknown. The purpose of this prospective single-cent-
er study was to investigate the effect of transcatheter aortic valve im-
plantation (TAVI) on left ventricular (LV) systolic function in relation 
to TAVI-induced conduction abnormalities. Twenty-seven patients 
had an electrocardiogram and a trans-thoracic echocardiogram the 
day before and 6 days after TAVI with the Medtronic-CoreValve sys-
tem. LV ejection fraction (EF) was calculated using the biplane Simp-
son’s method. Systolic mitral annular velocities and longitudinal strain 
were measured using Speckle Tracking Echocardiography. After TAVI, 
18 patients (67%) had new conduction abnormalities; 4 patients (15%) 
had a new paced rhythm and 14 patients (52%) had a new left bun-
dle branch block. In patients with new conduction abnormalities the 
EF decreased from 47 ± 12 to 44 ± 10 % whereas in those without new 
conduction abnormalities the EF increased from 49 ± 12 to 54 ± 12 %. 
The change in EF was significantly different among patients with and 
without new conduction abnormalities (p < 0.05). In patients without 
new conduction abnormalities an improvement was found in systol-
ic mitral annular velocities and longitudinal strain (p < 0.05), whereas 
in patients with new conduction abnormalities changes were not sig-
nificant. In conclusion, the induction of new conduction abnormali-
ties following TAVI with the Medtronic-CoreValve is associated with a 
lack of improvement in LV systolic function. 
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Introduction

Transcatheter aortic valve implantation (TAVI) is a new promising therapeutic option for 
high-risk patients with severe aortic stenosis. [1-5] Most experience has been achieved 
with the Medtronic-CoreValve system (Medtronic-CoreValve Inc., Minneapolis, MN, 
USA) and the Edwards SAPIEN (Edwards Lifesiences, Inc., Irvine, CA, USA) bioprosthet-
ic valve. Both devices have demonstrated favorable hemodynamic results with a significant 
decrease in trans-aortic gradients and considerable clinical improvement. Despite this im-
mediate decrease in trans-aortic gradient, left ventricular (LV) ejection fraction (EF) has 
been reported to remain unchanged after TAVI with the Medtronic-CoreValve. [6,7] More 
subtle measurements of LV systolic function include mitral annular velocities and longi-
tudinal strain (active deformation of the cardiac muscle). Speckle tracking echocardiogra-
phy (STE) can assess both parameters reliably, independently from the angulation of the 
transducer and with optimal reproducibility. [8] Following TAVI with the Medtronic-Cor-
eValve, a left bundle branch block (LBBB) or an atrioventricular block needing permanent 
pacemaker implantation occur in 40-65% and 20-33% of patients, respectively. [9-12] To 
date the relation between conduction disorders and LV systolic function following TAVI is 
unknown. The purpose of this prospective single-center study was to investigate the effect 
of TAVI on LV systolic function in relation to TAVI-induced conduction abnormalities. 

 Methods

The study population comprised 27 consecutive patients that underwent TAVI with the 
Medtronic-CoreValve and had trans-thoracic echocardiograms (TTE) of adequate quali-
ty before and after the procedure. The inclusion and exclusion criteria for TAVI have been 
described in detail elsewhere [3]. Briefly, patients were included if they had severe na-
tive aortic valve stenosis with an aortic valve area <1 cm2 or <0.6 cm2/m2, with or with-
out aortic regurgitation and were deemed high risk surgical candidates. Written informed 
consent was obtained in all patients (post-marketing surveillance registry). The Medtron-
ic-CoreValve System consists of a tri-leaflet porcine pericardial tissue valve, mounted in 
an hour-glass shaped, self-expanding nitinol frame (50-51 mm high). Currently, the pros-
thesis is available in sizes of 26 and 29 mm inflow diameter for patient annulus diameters 
between 20 and 27 mm. 
	 Twelve-lead electrocardiographic tracings were obtained in all patients before and af-
ter treatment and were analyzed for rhythm, heart rate, PR interval duration, QRS dura-
tion and morphology, and presence of atrioventricular/fascicular block according to re-
cent recommendations [13]. In addition, an electronic single-lead rhythm strip was con-
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tinuously recorded during the echocardiographic studies. Patients were considered hav-
ing new conduction abnormalities when a new LBBB or a new paced rhythm was record-
ed following the index procedure. Decision to implant a permanent pacemaker was based 
upon the latest guidelines [14]. 
	 Two-dimensional TTE was performed by an independent experienced echocardiog-
rapher the day before and one week after the procedure, using a commercially availa-
ble system (iE33, Philips, Best, The Netherlands) with the patient in a left lateral decubi-
tus position, according to published recommendations [15]. All echocardiograms were 
saved as video loops or still frames in a digital database and were analyzed by a second in-
dependent investigator. LV EF was calculated using the biplane modified Simpson’s rule. 
Trans-aortic peak velocity, peak and mean gradient and velocity-time integral were meas-
ured using continuous-wave Doppler through the native or prosthetic aortic valve. The 
aortic valve area was estimated using the continuity equation approach [AVA=LVOTarea x 
(velocity time integralLVOT / velocity time integralvalve)]. Aortic regurgitation and mitral 
regurgitation were assessed semi-quantitatively according to the current guidelines for 
the evaluation of native valves [16]. 
	 Speckle tracking echocardiography (STE) was performed using 2-dimensional 
grayscale harmonic images at a frame rate of 70 – 80 frames/s. Datasets were transferred 
to a QLAB workstation for analysis using QLAB Advanced Quantification Software 
version 6.0 (Philips, Best, The Netherlands). Details regarding Speckle Tracking analysis 
have been previously published [8]. For the purpose of this study, systolic mitral annular 
velocities and longitudinal wall strain were assessed from the infero-septal and antero-
lateral sides of the LV (from the base to the distal part of the particular wall) in an 
apical 4-chamber view. The inter-observer variabilities were 3.7±3.3% and 4.8±5.2%, 
respectively [8].  
	 Continuous variables are presented as means (±SD) and categorical variables are 
presented as frequencies and percentages. For comparisons between two time-points, 
a paired sample t-test or a Wilcoxon signed rank test for 2 related samples were used 
for normally distributed or skewed data, respectively. For ordinal variables (AR and MR 
grade), a constant difference between values was assumed. A two-sided p value <0.05 was 
considered statistically significant. All statistical analyses were performed with SPSS 17.0 
software (SPSS Inc., Chicago, IL, USA). 

 Results

Baseline patient characteristics are summarized in Table 1. The study population consist-
ed of elderly patients with a number of co-morbidities. Four patients (15%) had a baseline 
EF≤35%. Eight patients (30%) underwent TAVI using a 26 mm and 19 (70%) using a 29 
mm inflow Medtronic-CoreValve. Post – deployment balloon dilatation was performed in 
3 patients (11%). No patient required a second bioprosthesis as a valve-in-valve bailout.
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Table 1. Baseline characteristics.

Variable
Study population 

(n = 27)

Age (years) 81 (78 – 86)

Male 14 (52%)

Body Mass Index (kg/m2) 26 ± 4

Body Surface Area (m2) 1.84 ± 0.19

Antecedents

Cerebro-vascular events 6 (22%)

Myocardial infarction 6 (22%)

Percutaneous coronary intervention 8 (30%)

Coronary artery bypass 7 (26%)

Co-morbidities

Chronic obstructive pulmonary disease 8 (30%)

Chronic renal disease 3 (11%)

Peripheral vascular disease 5 (19%)

Atrial fibrillation 6 (22%)

Diabetes mellitus 6 (22%)

Ejection Fraction ≤ 35% 4 (15%)

New York Heart Association status

 I-II 5 (19%)

 III-IV 22 (81%)

Logistic EuroSCORE 11 (9 – 22)

Data are presented as mean ± SD, median (IQ range) or number (%).

	 Before TAVI (1 day before), no patient had a paced rhythm, 1 patient (4%) had an 
LBBB and 4 patients (15%) a left anterior fascicular block (LAFB). After TAVI (day 6), 4 
patients (15%) had a paced rhythm, 15 patients (56%) had an LBBB [14 patients (52%) a 
new LBBB] and none an LAFB. Therefore, 18 patients (67%) had new conduction abnor-
malities. With respect to the baseline characteristics, a comparison between patients with 
and patients without new conduction abnormalities did not reveal statistically significant 
differences. The indication for permanent pacemaker implantation was (in all 4 cases) a 
complete heart block. 
	 Echocardiographic changes following TAVI are shown in Table 2. Mean trans-aor-
tic gradient decreased from 44±14 to 9±3 mmHg and aortic valve area increased from 
0.62±0.20 to 1.65±0.38 cm2 (p<0.001). A small, non-significant decrease in aortic re-
gurgitation and mitral regurgitation severity was observed. Overall, EF and longitudinal 
strain did not change significantly, whereas systolic mitral annular velocities improved. 
A subgroup analysis of LV systolic parameters in relation to new conduction abnormali-
ties is shown in Table 3. In patients with new conduction abnormalities the EF decreased 
from 47±12 to 44±10% whereas in those without new conduction abnormalities the EF 

93Chapter 7. Frequency of conduction abnormalities following TAVI with the Medtronic CoreValve and the effect on LVEF 

﻿

93

 C Y	 M B

 C Y	 M B



increased from 49±12 to 54±12% (Figure 1). The change in EF was significantly different 
among patients with and without new conduction abnormalities (p<0.05). In addition, 
in patients without new conduction abnormalities an improvement was found in systol-
ic mitral annular velocities and longitudinal strain (p<0.05), whereas in patients with new 
conduction abnormalities changes were not significant. In the 4 patients with EF≤35% at 
baseline the EF increased from 29±6 to 34±8% (p=0.28)

 Discussion

The main finding of the present study is that induction of new conduction abnormalities 
following TAVI with the Medtronic-CoreValve is associated with a lack of improvement 
in LV systolic function. 

Table 2. �Echocardiographic changes following Transcatheter Aortic Valve Implantation 
(n=27).

Variable Pre-TAVI Post-TAVI p value

Peak aortic gradient (mmHg) 75 ± 23  18 ± 7 < 0.001

Mean aortic gradient (mmHg) 44 ± 14 9 ± 3 < 0.001

Peak aortic velocity (cm/sec) 422 ± 58 210 ± 40 < 0.001

Aortic valve area (cm2) 0.62 ± 0.20 1.65 ± 0.38 < 0.001

Aortic regurgitation grade (1-4) 1.8 ± 1.0 1.6 ± 1.2 0.61

Mitral regurgitation grade (1-4) 1.8 ± 0.7 1.6 ± 0.8 0.06

Ejection Fraction (%) 47 ± 11 48 ± 12 0.94

Mitral annular velocity (cm/sec)

 Infero-septal 4.0 ± 1.2 5.1 ± 1.7 < 0.05

 Antero-lateral 4.5 ± 1.4 5.6 ± 1.9 < 0.05

Longitudinal strain (%) 11 ± 3 12 ± 3 0.64

Data are presented as mean ± SD. Sm = peak systolic wave mitral annular velocity. 

Table 3. Left Ventricular systolic function in relation to new conduction abnormalities.

 
Variable

New conduction abnormalities

No (n = 9) Yes (n = 18)

Pre-TAVI Post-TAVI Pre-TAVI Post-TAVI

Mitral annular velocity (cm/s)

 Infero-septal 4.3 ± 1.4 6.5 ± 2.2* 3.8 ± 1.0 4.4 ± 0.8

 Antero-lateral 4.8 ± 1.3 6.6 ± 2.5* 4.4 ± 1.5 5.1 ± 1.4

Longitudinal strain (%) 11 ± 3 13 ± 3* 11 ± 4 11 ± 2

Ejection Fraction (%) 49 ± 12 54 ± 12 47 ± 12 44 ± 10**

*p < 0.05 versus pre-TAVI in patients without new conduction abnormalities.
**p < 0.05 versus post-TAVI in patients without new conduction abnormalities.
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	 After surgical aortic valve replacement the incidence of new LBBB has been reported 
to be 6% [17], whereas a need for permanent pacing ranged from 3-6% [18]. Conduction 
disorders have been associated with longer hospital stays and more cardiac adverse events 
within 1 year following surgical aortic valve replacement [17]. To date, there is no report 
on the long-term effects of TAVI – induced conduction abnormalities. However, it should 
be noted that epidemiological studies have shown increased mortality in patients with a 
combination of complete heart block or LBBB and structural heart disease [19]. 
	 Conduction disorders occur frequently after TAVI. The anatomic proximity of the 
aortic valve to the branching atrioventricular bundle, degeneration and calcification of 
the conduction system, direct trauma by guidewires and catheters and pre-implanta-
tion balloon valvuloplasty may provide possible explanations [9-12]. TAVI using the 
Medtronic-CoreValve has been associated with a higher incidence of conduction dis-
orders compared to the Edwards SAPIEN valve [10]. This may be explained by the dif-
ferent size of the bioprostheses (height 50-51 mm versus 15-16 mm) and different ways 
of deployment (self- versus balloon-expandable) [20]. The depth of implantation of the 
Medtronic-CoreValve within the LV outflow track has been reported to predict the oc-
currence of new conduction abnormalities, whereas the self-expandable frame per se 
may produce a more permanent trauma to the adjacent tissue by applying continuous 
pressure on it [10,20]. Pre-existing conduction disorders such as right bundle branch 

Figure 1. Changes in ejection fraction (EF) following transcatheter aortic valve implantation (TAVI) .

Overall, the EF did not change significantly following TAVI (black line). In patients without new conduction abnormal-
ities (blue doted line) the EF increased whereas in those with new conduction abnormalities (green doted line) the EF 
decreased. The change in EF was significantly different among patients with and without new conduction abnormali-
ties (paired sample t-test, two-sided p<0.05).

95Chapter 7. Frequency of conduction abnormalities following TAVI with the Medtronic CoreValve and the effect on LVEF 

﻿

95

 C Y	 M B

 C Y	 M B



block have been found to predict the need for pacemaker implantation following TAVI 
[10]. In the present study, no patient had a right bundle branch block before or after 
TAVI. The single patient with baseline LBBB remained in the same status post-TAVI 
whereas 2 of 4 patients with baseline LAFB developed LBBB and 2 developed complete 
heart block and received a pacemaker.
	 Most studies investigating the echocardiographic outcome following TAVI used EF 
to assess LV systolic function (Table 4). Not all investigators reported the EF after TAVI 
with the Medtronic-CoreValve [3,4]. It seems reasonable to assume that the reason for 
not reporting the EF post-TAVI was a lack of significant changes. Nevertheless, in most 
studies that EF was reported, changes were insignificant, with the exception of subgroup 
analyses of patients with low baseline EF in whom a significant immediate improvement 
was found [6,21]. Lack of improvement in EF was also observed by our group in a previ-
ous cohort of 74 patients that are not included in the present study [7]. On the contrary, 
most of the studies on TAVI with the Edwards SAPIEN valve have shown a significant 
immediate increase in EF, which was more prominent in patients with low EF [1,2,5,22-
24]. The results of the present study provide a possible explanation for this discrepancy. 
Normally, LV and right ventricular contraction is synchronous. In the presence of LBBB 
or right apical pacing, right ventricular activation/contraction precedes LV activation/
contraction. Consequently, this inter-ventricular asynchrony results in paradoxal sep-
tal movement that has been associated with a decrease in global EF, even in the absence 
of heart failure [25]. Lack of improvement in EF following TAVI with the Medtronic-
CoreValve may be explained by the higher incidence of new conduction abnormalities, 
which influence LV synchronous contraction and thus systolic performance. It should 

Table 4. �Reported immediate changes in left ventricular ejection fraction following Tran-
scatheter Aortic Valve Implantation.

First author [ref #] Year Device
Number 

of patients

Pre-TAVI
EF %

mean ± SD

Post-TAVI
EF % 

mean ± SD
p value

Bauer et al. [23] 2004 Edwards 8 48 ± 18 57 ± 12 < 0.01

Cribier et al. [1] 2006 Edwards 22 45 ± 18 53 ± 14 0.02

Webb et al. [2] 2007 Edwards 43 53 ± 15 57 ± 13 < 0.0001

Clavel et al. [22] 2009 Edwards 50 54 ± 16 59 ± 12 < 0.05

Ye et al. [5] 2010 Edwards* 71 56 ± 13 61 ± 7 NS

Bauer et al. [24] 2010 Edwards 88 48 ± 17 57 ± 15 < 0.01

Grube et al. [3] 2007 CoreValve 86 54 ± 16 NA NA

Jilaihawi et al. [21] 2009 CoreValve 50 50 ± 14 56 ± 9 0.001

Tzikas et al. [7] 2010 CoreValve 71 52 ± 15 52 ± 15 NS

Buellesfeld et al. [4] 2010 CoreValve 168 51 ± 16 NA NA

Gotzmann et al. [6] 2010 CoreValve 39 57 ± 10 59 ± 10 NS

* Transapical 
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be noted, however, that although EF and/or longitudinal strain measurements are useful 
for the assessment of LV systolic function they are not synonymous to it. Thereby, results 
should be interpreted with caution.
 	 LV systolic function following TAVI was evaluated using Doppler tissue imaging in 
two studies. In the first, involving 8 patients who underwent TAVI with the Edwards SA-
PIEN valve, Bauer et al. found a significant increase in EF, systolic mitral velocities and 
longitudinal strain [23]. In the second, involving 39 patients, the EF showed no signif-
icant change following TAVI with the Medtronic-CoreValve but there was a small im-
provement in systolic mitral velocities at 30-day follow-up, similar to our findings [6]. 
Noteworthy, in our study, systolic mitral velocities and longitudinal strain increased sig-
nificantly in the group of patients without new conduction abnormalities, whereas in pa-
tients with new conduction disorders changes were insignificant, in line with the chang-
es in EF. Systolic mitral velocities and longitudinal strain were assessed using STE, which 
is more sensitive and reproducible than the EF measurements obtained by conventional 
echocardiography [8]. In addition, accuracy of STE is higher than Doppler tissue imag-
ing. STE directly tracks the speckles on an echocardiogram and thereby myocardial mo-
tion and deformation and is therefore independent of the angle of insonation [8]. 
	 This was a single-center prospective study, designed to investigate the immediate ef-
fects of TAVI on the LV function. Other studies are needed in order to conclude whether 
TAVI – induced conduction disorders persist or recover during follow-up. Another lim-
itation is the relatively small number of patients. However, it should be noted that all da-
ta (pre- and post-TAVI, including speckle tracking measurements) were 100% complete 
which allowed a robust paired statistical analysis. Nevertheless, generalizability of our re-
sults should be tested in larger scale studies. 
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Abstract 

A prosthesis-patient mismatch (PPM) is present when the prosthet-
ic valve is too small in relation to the patientís body size. The pur-
pose of the present study was to investigate the frequency of PPM af-
ter the implantation of the Medtronic CoreValve System, and its rela-
tion to the clinical outcome. The indexed effective orifice area (EOA) 
was measured in 74 patients with symptomatic severe aortic stenosis, 
who had undergone successful trans-catheter aortic valve implantation 
with the Medtronic CoreValve System, at baseline and discharge. PPM 
was defined as severe (indexed EOA <0.65 cm2/m2) or moderate (in-
dexed EOA 0.65 to 0.85 cm2/m2). The indexed EOA increased from 
0.35±0.13 to 0.97±0.34 cm2/m2 after transcatheter aortic valve implan-
tation (p<0.001) and was accompanied by signi�����������������������fifififififififififififififififififififificant clinical improve-
ment. Severe and moderate PPMs were found in 16% and 23% of pa-
tients, respectively. Patients with severe PPM were more symptomatic 
and had a smaller indexed EOA at baseline than those with moderate 
or no PPM (0.28±0.09 vs 0.36±0.12 cm2/m2, p<0.05). Functional sta-
tus and mortality at 30 days and 6 months was not signi���������������fifififififififififififificantly differ-
ent between the patients with severe PPM and those with moderate or 
no PPM. In conclusion, the indexed EOA increased significantly after 
transcatheter aortic valve implantation. Severe PPM was observed in 
16% of the patients and was not associated with the clinical outcome.
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Introduction

Prosthesis-patient mismatch (PPM) is present when the prosthetic valve is too small in 
relation to the patient’s body size [1]. PPM is associated with a greater than expected 
transprosthetic gradient and increased left ventricular after-load, which, in turn, can ad-
versely affect the immediate and long-term clinical outcome [2]. PPM is considered severe 
when the indexed effective orifice area (EOA) is <0.65 cm2/m2 and moderate when the in-
dexed EOA is 0.65 to 0.85 cm2/m2 [3]. After surgical aortic valve replacement, PPM has 
been reported to range from 20% to 70% and to be severe in 2% to 28% of patients [2,4,5]. 
Notwithstanding the con�����������������������������������������������������������������flflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflicting reports of the effect of PPM on outcome, the general con-
cept has been that PPM should be avoided by the careful selection of the prosthesis type 
and size and possibly by the use of additional surgical techniques, such as aortic root en-
largement, to accommodate a larger prosthesis [2,4]. Recently, in a study investigating the 
incidence and predictors of PPM after Medtronic CoreValve System (Medtronic, Minne-
apolis, Minnesota) implantation in 50 patients, Jilaihawi et al [6], reported that severe PPM 
was present at discharge in 2% of patients. In a series of 50 patients who had received the 
Edwards SAPIEN bioprosthetic valve (Edwards Lifesiences, Irvine, California), Clavel et 
al [7], reported that severe PPM was present in 11% of patients at discharge. The effect of 
PPM after transcatheter aortic valve implantation (TAVI) on the clinical outcome is un-
known. We investigated the frequency of PPM after the implantation of the Medtronic 
CoreValve System and its relation to 30-day and 6-month mortality and functional status. 

 Methods

The study population included a series of 74 of 96 consecutive patients with symptomat-
ic severe aortic stenosis who had undergone successful TAVI with the Medtronic Cor-
eValve System and were discharged alive and in whom the image quality of transthoracic 
echocardiography allowed accurate measurements of the EOA at baseline and discharge. 
The inclusion and exclusion criteria for Medtronic CoreValve implantation have been 
previously described in detail [8,9]. In brief, the patients were eligible for TAVI in the case 
of severe valvular aortic stenosis (EOA <1 cm2 or <0.6 cm2/m2) and considered at high or 
prohibitive operative risk. 
	 The Medtronic CoreValve System consists of a trileaflet porcine pericardial tissue 
valve, mounted in a self-expanding nitinol frame [8,9]. The selection of the size of the 
prosthesis was determined by the assessment of the aortic annulus using transthoracic 
echocardiography and/or multislice computed tomography before the procedure. With 
increasing operator experience, the latter technique became the single most important 
method for selecting the valve size [10,11].
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	 Transthoracic Echocardiography was performed at baseline and before discharge us-
ing a Philips iE33 or a Sonos 7500 system (Philips, Best, The Netherlands). Complete 
echocardiographic studies were performed in a standard fashion and analyzed by an ex-
perienced echocardiographer. During the studies, patients had a normal at rest heart rate 
(60 to 90 beats/min) and blood pressure within normal limits. The left ventricular (LV) 
ejection fraction was calculated using the Teichholz method. Low-gradient aortic steno-
sis was defined by a mean transaortic gradient of <40 mm Hg and a LV ejection fraction 
of <35% [12]. The EOA was estimated using the continuity equation approach (EOA=LV 
outflow tract [LVOT]area X velocity time integralLVOT/velocity time integralvalve). Accord-
ing to the published guidelines, the LVOT area was measured just underneath the pros-
thesis, assuming a circular geometry. In addition, the pulse wave Doppler sample volume 
was located in the LVOT, adjacent to the in-flow segment of the prosthesis but not inside 
it, avoiding the region of subvalvular acceleration [13]. The indexed EOA was calculated 
by dividing the EOA by the patient’s body surface area. The PPM was defined as follows: 
no PPM if the indexed EOA was >0.85 cm2/m2, moderate PPM if the indexed EOA was 
0.65 to 0.85 cm2/m2, and severe PPM when the indexed EOA was <0.65 cm2/m2 [3]. 

	 For the purposes of the present study, functional status (New York Heart Association) 
and mortality data were collected at baseline and 30 days and 6 months and were com-
plete for all patients. Early and short-term mortality was defined by all-cause mortality at 
30 days and 6 months after TAVI, respectively (for patients who were discharged alive). 
	 Continuous variables are presented as the mean±SD. The mean values of the contin-
uous variables were compared using the t test. Categorical variables are presented as fre-
quencies and percentages and were compared using the chi-square test or Fisher’s ex-
act test. The significance of the differences among the 3 groups (severe PPM, moderate 
PPM, no PPM) was tested using 1-way analysis of variance, followed by the Bonferroni 
method for post hoc comparisons of the mean values. Univariate analysis was performed 
to delineate the differences between the patients with severe PPM and those without or 
with moderate PPM. Statistical signi���������������������������������������������������fififififififififififififififififififififififififififififififififififififififififififificance was assumed at p<0.05. All statistical anal-
yses were performed using the Statistical Package for Social Sciences, version 15.0, soft-
ware (SPSS, Chicago, Illinois). 

 Results

The baseline characteristics are summarized in Table 1. The study population consisted 
of 74 elderly patients with signi�������������������������������������������������������fifififififififififififififififififififififififififififififififififififififififififififififificant co-morbidities. Of the 96 patients who had under-
gone successful TAVI with the Medtronic CoreValve System during the study period, 22 
were excluded from the analysis but had baseline characteristics similar to those of the 
study population. The reasons for exclusion were procedural death (3 patients), in-hospi-
tal death (6 patients), and suboptimal image quality on transthoracic echocardiography 
(13 patients). None of the deaths was related to the prosthesis. For patients discharged 
alive, the median length of stay was 10 days (interquartile range 7 to 18 days). 
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Table 1. Baseline characteristics of study population and excluded patients. 

Variable
Study Population 

(n=74) 
Excluded Patients 

(n=22)
p Value 

Age (years) 81±7 82±4 0.51

Men 35 (47%) 8 (36%) 0.37

Weight (kg) 71±12 74±15 0.30

Height (cm) 166±8 167±9 0.91

Body mass index (kg/m2) 26±4 27±4 0.36

Body surface area (m2) 1.81±0.18 1.85±0.23 0.37

Antecedents 

Cerebrovascular events 18 (24%) 5 (23%) 1.00

Acute myocardial infarction 15 (20%) 6 (27%) 0.56

Percutaneous coronary intervention 18 (24%) 3 (14%) 0.39

Coronary artery bypass 21 (28%) 6 (27%) 0.91

Co-morbidities

Chronic obstructive pulmonary disease 22 (30%) 2 (9%) 0.06

Chronic renal disease 11 (15%) 4 (18%) 0.74

Peripheral vascular disease 4 (5%) 1 (5%) 1.00

Atrial fibrillation 17 (23%) 9 (41%) 0.10

Diabetes mellitus 12 (16%) 6 (27%) 0.35

New York Heart Association class 

I–II 15 (20%) 2 (9%) 0.34

III–IV 59 (80%) 20 (91%)

Logistic EuroSCORE 15±8 19±10 0.08

Medtronic CoreValve sizes available (mm) 

26 20 (27%) 4 (18%) 0.52

26 or 29 54 (73%) 18 (82%) 

Data are presented as mean±SD or numbers (%). 

	 Of the 74 patients, 59 (80%) had New York Heart Association class III to IV at base-
line. Twenty patients (27%) were treated during a period when only the 26-mm inflow 
Medtronic CoreValve System was available. TAVI was associated with a signi���������fififififififificant im-
provement in EOA (from 0.62±0.20 to 1.74±0.59 cm2, p<0.001), indexed EOA (from 
0.35±0.13 to 0.97±0.34 cm2/m2, p <0.001), and mean transaortic gradient (from 47±16 
to 9±5mmHg, p<0.001). Moreover, TAVI was accompanied by signi������������������fififififififififififififififificant clinical im-
provement. The percentage of patients with New York Heart Association class I to II in-
creased from 20% at baseline to 66% at discharge. Severe and moderate PPM, however, 
was identified in 16% and 23% of patients, respectively (Table 2). 
	 Univariate analysis was performed to delineate the differences between patients with 
severe PPM and those without or with moderate PPM (Tables 3 and 4). Patients with se-
vere PPM had a greater prevalence of a history of myocardial infarction. All patients with
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Table 2. Frequency of prosthesis–patient mismatch (PPM) at discharge. 

Variable Total
PPM

Severe Moderate Absent p Value

Patients 74 (100%) 12 (16%) 17 (23%) 45 (61%)

Effective orifice area (cm2) 1.74±0.59 1.02±0.17 1.34±0.14 2.08±0.49 <0.001* 

Effective orifice area indexed (cm2/m2) 0.97±0.34 0.56±0.08 0.74±0.06 1.17±0.04 <0.001* 

Mean gradient (mm Hg) 9±5 14±6 10±4 8±4 <0.001** 

Data are presented as mean±SD or number (%). 
* Between group without PPM and groups with severe or moderate PPM. 
** Between group without PPM and group with severe PPM. 

Table 3. Severe prosthesis–patient mismatch (PPM), relation to baseline characteristics. 

Variable
Severe PPM 

Yes (n=12) No (n=62) p Value 

Age (years) 82±6 81±7 0.73

Men 7 (58%) 28 (45%) 0.40

Weight (kg) 72±12 71±12 0.69

Height (cm) 168±6 166±9 0.45

Body mass index (kg/m2) 26±4 26±4 0.94

Body surface area (m2) 1.83±0.17 1.80±0.18 0.59

Antecedents

Cerebrovascular events 3 (25%) 15 (24%) 0.60

Acute myocardial infarction 7 (58%) 8 (13%) <0.001

Percutaneous coronary intervention 4 (33%) 14 (23%) 0.32

Coronary artery bypass 3 (25%) 18 (29%) 0.54

Co-morbidities 

Chronic obstructive pulmonary disease 4 (33%) 18 (29%) 0.51 

Chronic renal disease 2 (18%) 9 (15%) 0.57

Peripheral vascular disease 0 (0%) 4 (6%) 0.48

Atrial fibrillation 2 (18%) 15 (24%) 0.44

Diabetes mellitus 2 (18%) 10 (16%) 0.62 

New York Heart Association class

I–II 0 (0%) 15 (24%) 0.05

III–IV 12 (100%) 47 (76%) 

Logistic EuroSCORE 15±7 15±9 0.83

Medtronic CoreValve sizes available (mm) 

26 5 (42%) 15 (24%) 0.18 

26 or 29 7 (58%) 47 (76%)  

Data are presented as mean±SD or number (%). 
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Table 4. �Severe prosthesis–patient mismatch (PPM), Echocardiography, and procedure-re-
lated indexes.

Variable Total
Severe PPM

Yes (±12) No (n±62) p Value

Baseline (n±74) (n=12) (n=64)

Ejection fraction (%) 52±16 49±18 53±16 0.50

Ejection fraction <35% 9(12%) 3 (25%) 6 (10%) 0.16

Low-gradient aortic stenosis* 3 (4%) 1 (8%) 2 (3%) 0.07

Aortic annulus diameter (mm) 22±2 22±2 23±2 0.13

Peak gradient (mm Hg) 81±26 92±31 78±25 0.10

Mean gradient (mm Hg) 47±16 56±17 46±15 0.05

Peak velocity (cm/s) 438±72 469±844 433±69 0.11

Effective orifice area (cm2) 0.62±0.20 0.52±0.16 0.64±0.20 <0.05

Effective orifice area indexed (cm2/m2) 0.35±0.12 0.28±0.09 0.36±0.12 <0.05

Discharge

Peak gradient (mm Hg) 18±9 26±10 17±8 <0.001

Mean gradient (mm Hg) 9±5 14±6 8±4 <0.001

Peak velocity (cm/s) 206±53 252±52 197±48 <0.001

Effective orifice area (cm2) 1.74±0.59 1.02±0.17 1.88±0.54 <0.001

Effective orifice area indexed (cm2/m2) 0.97±0.34 0.56±0.08 1.05±0.31 <0.001

Aortic regurgitation grade 0.44

None to mild 57 (77%) 10 (83%) 47 (76%)

Moderate to severe 17 (23%) 2 (17%) 15 (24%)

Medtronic CoreValve size (mm) 0.06

26 37 (50%) 9 (75%) 28 (45%)

29 37 (50%) 3 (25%) 34 (55%)

Outcome

At 30 days

New York Heart Association class 1.00

I–II 49 (66%) 8 (67%) 41 (66%)

III–IV 24 (33%) 4 (33%) 20 (32%)

Mortality** 1 (1%) 0 (0%) 1 (2%) 0.84

At 6 months

New York Heart Association status 0.45

I–II 49 (66%) 6 (50%) 43 (69%)

III–IV 19 (26%) 4 (33%) 15 (24%)

Mortality** 6 (8%) 2 (17%) 4 (7%) 0.25

Data are presented as mean±SD or number (%). 
* Mean gradient <40 mm Hg and ejection fraction <35%. 
** For patients who were discharged alive. 
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severe PPM had New York Heart Association class III to IV at baseline. Furthermore, pa-
tients with severe PPM had a greater severity of aortic stenosis at baseline (indexed EOA 
0.28±0.09 vs 0.36±0.12 cm2/m2, p<0.05). No difference was seen in LV function or aortic 
annulus size. Patients with severe PPM were more likely to have received a 26-mm inflow 
CoreValve (75% vs 25%, p=0.06). Clinical improvement was found in most patients af-
ter TAVI that was maintained at 6 months. We found no difference in functional status or 
mortality between patients with severe PPM and those without or with moderate PPM 
(Table 4). An inverse exponential relation was found between the indexed EOA and the 
mean transprosthetic gradient at discharge (r2=0.38; Figure 1). 

Figure 1. Correlation between mean aortic gradient and indexed EOA at discharge. 

 Discussion

In the present study, we found a signi�������������������������������������������������fififififififififififififififififififififififififififififififififififififififificant increase in the indexed EOA after TAVI. Se-
vere and moderate PPM, however, was identi�������������������������������������������fififififififififififififififififififififififififififififififififififified in 16% and 23% of patients, respective-
ly. Severe PPM at discharge was observed more often in patients with a greater severi-
ty of aortic stenosis at baseline, in patients who had received a smaller (26-mm inflow) 
Medtronic CoreValve, and in those with a history of myocardial infarction. No associa-
tion was found between severe PPM and the clinical outcome. 
	 To date, the indexed EOA and the prevalence of PPM after TAVI have been report-
ed in 2 studies. In a series of 50 patients, reported by Jilaihawi et al [6], the frequency of 
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PPM after TAVI with the Medtronic CoreValve System was 32%, comparable to the 39% 
found in our study. However, the frequency of severe PPM was significantly different (2% 
vs 16%). This could be explained in part by the differences in method. The measurement 
of the LVOT area after TAVI was obtained “just below hinge points of the visible pros-
thetic leaflets … and from inner edges of the stent” (eg, within the Medtronic CoreValve 
frame). If the velocity time integralLVOT was also obtained at that location, it would have 
been overestimated owing to the subvalvular acceleration effect and would lead to an 
overestimation of the EOA. Also, that study did not investigate the severity of aortic sten-
osis at baseline as a predictor of PPM. 
	 In another study, comparing the hemodynamic performance of the balloon expand-
able Edwards SAPIEN valve with 2 surgically implanted bioprostheses, Clavel et al [7] re-
ported a frequency of severe PPM of 11% at discharge after TAVI, significantly lower than 
the frequency observed in 2 matched groups of patients who had undergone surgical aor-
tic valve replacement (26% to 28%). It is questionable whether the differences in the de-
sign between the Medtronic CoreValve and the Edwards SAPIEN and the level at which 
the bioprostheses were implanted (intra-vs supra-annularly) explain the differences in 
PPM thus far reported. 
	 The Medtronic CoreValve System consists of an hourglass-shaped, self-expand-
ing nitinol frame (50 to 51 mm high), in which a trileaflet porcine pericardial valve is 
mounted. After implantation, the frame extends from the LVOT up to the ascending aor-
ta. However, the bioprosthetic leaflets are mounted in the constraint mid-portion, which 
is located above the native aortic annulus; therefore, the device functions supra-annular-
ly [8,9]. The Medtronic CoreValve is implanted in patients with an aortic annulus of 20 
to 23 mm (26-mm inflow bioprosthesis) and 23 to 27 mm (29-mm inflow bioprosthesis). 
In the present study, 1/3 of the patients were treated before October 2007 when only the 
26-mm in����������������������������������������������������������������������������flflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflow Medtronic CoreValve was available. Even though patients with a large an-
nulus were excluded, a number of patients might have received a prosthesis that was too 
small during that period (inappropriate patient and valve selection could be explained by 
the absence of a multislice computed tomographic reading of the annulus). This could ex-
plain the greater frequency of severe PPM (42% vs 24%) observed in the first period when 
only the 26-mm inflow valve was available compared to the period when the 2 sizes were 
available (58% vs 76%). 
	 The LV ejection fraction did not differ between patients with severe PPM and those 
with moderate or without PPM, whether examined as a categorical or a continuous var-
iable. Low-gradient aortic stenosis can lead to an underestimation of the EOA, because 
the LV out������������������������������������������������������������������������������flflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflflow is too low to open the valve cusps. As a result, low-gradient aortic sten-
osis could lead to an overestimation of the incidence and severity of PPM. In addition, 
we found a greater frequency of PPM in patients with a history of acute myocardial in-
farction. However, the relatively small number of patients in our study did not allow us 
to draw any firm conclusions. Finally, the calculation of the ejection fraction using the 
Teichholz method can be influenced by wall motion abnormalities. 
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	 The general consensus among surgical aortic valve replacement studies has been to 
try to avoid PPM by selecting the most appropriate type and size of valve and by eventu-
ally performing additional surgical procedures such as aortic root enlargement [2]. TAVI 
differs from surgical valve replacement in that we cannot intervene with the patient’s anat-
omy and only 2 sizes of valves are available. Moreover, the operator cannot measure the 
dimensions of the annulus directly, such as is done during surgical aortic valve replace-
ment, and the manufacturer’s proposal of sizing has not been validated [11]. In general, 
operators try to oversize the prosthesis to avoid paravalvular aortic regurgitation. Giv-
en the role of valve size selection and valve performance, the manufacturers of catheter-
based aortic bioprostheses are developing a wider range of valve sizes, similar to surgical 
aortic valve replacement. 
	 The clinical effect of PPM is still a matter of debate, in the elderly in particular. We 
found an improvement in functional status and New York Heart Association class after 
TAVI for most patients. However, it was not significantly different between patients with 
severe PPM and those without or with moderate PPM. In accordance with recent obser-
vations after surgical aortic valve replacement in patients >70 years old, we found no as-
sociation between PPM and early and short-term mortality after TAVI [14,15]. The pa-
tients undergoing TAVI were not only older than their surgical counterparts, but also had 
more co-morbidities. Therefore, it is possible that, with respect to the outcomes, PPM is 
an “innocent bystander,” as has been suggested by Monin [3]. The logistic EuroSCORE of 
our study population was not very high. However, the EuroSCORE does not take into ac-
count several important risk factors such as frailty, liver cirrhosis, previous chest radia-
tion, and so forth. 
	 PPM is generally defined by the projected indexed EOA, which is the ratio between 
the projected EOA provided by the manufacturer for each type and size of prosthetic 
valve and the patient’s body surface area. The projected indexed EOA might help the sur-
geon to select the valve size and thereby prevent PPM. However, the projected indexed 
EOA differs from the actual or measured indexed EOA (i.e., after valve insertion) because 
of a combination of valve-and patient-related properties, such as the morphology of the 
outflow tract and the base of the aortic root, which, in turn, could affect the angle of the 
valve in the aortic root and, thus, performance [3,4]. Florath et al [5], who demonstrated a 
weak correlation between the projected indexed EOA and the actual indexed EOA meas-
ured by echocardiography, have recently corroborated this. In the present study, we used 
the actual indexed EOA, measured by transthoracic echocardiography, to define PPM. In 
accordance with the study by Pibarot et al [2], we found a similar correlation between the 
indexed EOA and the mean gradient in patients who underwent TAVI (Figure 1). 
	 The main limitations of the present study were its sample size, the selected population 
(elderly patients), and the duration of follow-up. These factors precluded a precise estima-
tion of the incidence of PPM, an in-depth analysis of its determinants, and the relation to 
the outcome. 
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Abstract 

Objectives: To assess the acute and intermediate changes in mitral re-
gurgitation (MR) severity after transcatheter aortic valve implantation 
(TAVI) with the CoreValve Revalving SystemTM (CRS). 

Background: Following surgical aortic valve replacement, improve-
ment in MR is reported in 27-82% of the patients. The changes in MR 
severity following CRS implantation are unknown. 

Methods: Trasnsthoracic echocardiography was performed in 79 con-
secutive patients before and after treatment, and at the first outpatient 
visit. Left ventricular dimensions and ejection fraction (LVEF), left 
atrial (LA) size, and aortic gradient were measured. MR was assessed 
by color flow mapping and was graded as none, mild, moderate, or se-
vere. It was defined as organic or functional. The depth of CRS implan-
tation was measured by angiography. 

Results: Post-treatment, the mean gradient decreased from 48±16 
mmHg to 9±5mmHg (P<0.0001). There was no significant change in 
the left ventricular dimensions, LA size, and LVEF. MR pretreatment 
was mild, moderate, or severe in 57%, 18%, and 1% of the patients, re-
spectively. It was defined as organic in 27 patients (36%) and function-
al in 27 patients (36%). The degree of MR remained unchanged in 61% 
of the patients, improved in 17%, and worsened in 22%. MR improve-
ment was associated with a lower baseline LVEF (P=0.02). There was 
no association between the changes in MR severity and the depth of 
CRS implantation. 

Conclusions: Most patients who underwent TAVI had some degree of 
MR. Overall there was no change in the degree of MR post-treatment. 
Patients in whom MR improved had a lower LVEF at baseline. 
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 INTRODUCTION

Mitral regurgitation (MR) is present in approximately two-thirds of patients with aortic 
stenosis (AS) [1]. It may be secondary to AS (functional) or due to intrinsic pathology of 
the mitral apparatus itself (organic) [2,3]. Moderate to severe MR is observed in 27-48% 
of patients undergoing transcatheter aortic valve implantation (TAVI) [4,5]. 
	 Following surgical aortic valve replacement (SAVR), improvement in MR is report-
ed in 27-82% of patients [3,6-17]. Given the inherent differences in the technique of valve 
replacement between SAVR and TAVI, one may question whether MR will improve or 
worsen after TAVI. In TAVI, the prosthesis is implanted intraannular, with some part ex-
tending into the left ventricular outflow tract (LVOT) [18]. This may be, in particular, the 
case with the CoreValve Revalving SystemTM (CRS), because the average depth of im-
plantation is ~8 mm below the base of the aortic root (Figure 1) [19]. Even more, it is pos-
tulated that the impact of the ventricular end of the CRS frame on the motion of the an-
terior mitral leaflet may induce or adversely affect MR [20]. 

Figure 1. A: CoreValve ReValving SystemTM 
(CRS) prosthesis. B: Contrast aortography high-
lighting the depth of implantation. C: Tran-
sthoracic Echocardiography 3-chamber view 
after CRS implantation. LV, left ventricle; LA, 
left atrium. [Color figure can be viewed in the 
online issue, which is available at www.inter-
science.wiley.com.] 
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	 We investigated, therefore, by means of 2D transthoracic echo-Doppler-cardiography 
(TTE) the acute and intermediate temporal changes in MR severity after TAVI. 

 METHODS 

Patient Population 

The study population consists of 79 consecutive patients with severe symptomatic AS, 
considered to be at high or prohibitive surgical risk, who underwent TAVI with the CRS 
(CoreValve, Irvine, CA) between November 2005 and March 2009 at the Thoraxcenter, 
Rotterdam. Before the procedure, consensus was achieved between a cardiologist and 
a cardiac surgeon regarding surgical risk, and all patients provided informed written 
consent. The inclusion and exclusion criteria have been described in detail elsewhere [18]. 
Briefly, patients were included if they had severe native valvular AS with an area <1 cm2 

or <0.6 cm2/m2, with or without aortic regurgitation; aortic valve annulus diameter 
≥20 mm and ≤27 mm; and a diameter of sinutubular junction ≤43 mm, measured by 
echocardiography. 

Device Description and Procedure

The Core Valve aortic valve prosthesis consists of a trileaflet bioprosthetic porcine peri-
cardial tissue valve, which is sutured in a self-expanding nitinol tri-level frame (Figure 1). 
Details regarding the device and technical aspects of the procedure have been previously 
described [18]. TAVI was carried out under general anesthesia via transfemoral approach. 
All patients were extubated immediately after TAVI, in the catheterization laboratory. The 
selection of the size of the CRS prosthesis was based on the measurements of the aortic 
valve annulus obtained by angiography, multislice computed tomography, and/or TTE. 
CRS positioning and deployment were performed under fluoroscopic guidance. 

Echocardiography

TTE was performed pretreatment (last echo study before TAVI), post-treatment (at dis-
charge), and post-discharge (first outpatient clinic visit), using a Philips Ie33 or a Sonos 
7500 system (Philips, Best, The Netherlands). 
	 Complete echocardiographic studies were performed for each patient in a standard 
fashion. Using the parasternal long-axis view and either M-mode or 2D echocardiogra-
phy, left ventricular end-diastolic (LVEDD) and end-systolic (LVESD) dimensions and 
left atrial (LA) size measurements were obtained. The diameter of LVOT was also ob-
tained in the parasternal long-axis view, by using the zoom mode and standard 2D calli-
per measurements. Quantification of LVEF was performed by using the equation LVEF = 
(LVEDD2  – LVESD2) / LVEDD2 [21]. 
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	 To assess the severity of AS peak aortic velocity, peak instantaneous gradient, mean 
transaortic gradient, and velocity-time integral were measured. A peak instantaneous 
valve gradient was derived from the continuous-wave Doppler velocity across the aortic 
valve, by using the modified Bernoulli equation (dP = 4v2). Aortic valve area was estimat-
ed using the continuity equation approach [AVA = LVOTarea (velocity time integralLVOT /
velocity time integralvalve)]. 
	 The color-flow Doppler signal was used to assess aortic and mitral regurgitation. 
According to the European Society of Cardiology guidelines and American Society of 
Echocardiography recommendations, valvular insufficiency was graded as none, mild, 
moderate, or severe [22,23]. More specifically, MR was assessed by visual inspection and 
by using color-flow mapping of the regurgitant jet as described by Helmcke et al. [24]. 
The maximum jet area was measured by planimetry where it reached its greatest percent-
age of LA area, in the four-chamber apical view, with the use of Curad off-line analysis 
package. MR was then expressed as jet area as a percentage of left atrium area (MR per-
centage), and its severity was graded as follows: none ≤5%, mild = 5 to 20%, moderate = 
20 to 40%, and severe ≥40%. 
	 MR was defined as organic in the presence of calcifications or myxomatous degener-
ation of the mitral annulus and/or leaflets and functional in case of LV dysfunction and 
absence of morphological abnormalities of the mitral apparatus [12,13]. 
	 All echocardiograms were obtained with the patient in a stable hemodynamic con-
dition, with blood pressure within normal limits. No patient was on mechanical ventila-
tion during the studies. Two independent experienced cardiologists, blinded to the pa-
tient clinical status, graded MR. In case of discrepancies in MR grading between the two 
cardiologists consensus was achieved. 

Angiography

To examine the association between the depth of implantation of the CRS and the se-
verity of MR following CRS implantation, the distance of the ventricular end of the CRS 
within the LVOT (depth of implantation) was assessed by using quantitative angiographic 
measurements (CASS 5.0). More specifically, we estimated the distance between the low-
er edge of: (1) the right coronary cusp (or the noncoronary cusp) and (2) the left coronary 
cusp and the ventricular end of the frame (Figure 1) [19]. 

Statistical Analysis

Categorical variables are expressed as frequencies and continuous variables are expressed 
as mean ± SD. For comparison between categorical variables a chi-square test was used. 
A one-way ANOVA test was used for comparison between continuous variables. A 
Bonferroni test was used to define statistical difference between groups at each time point. 
A P-value of  <0.05 was considered statistically significant. 
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 RESULTS

The baseline clinical and echo characteristics are summarized in Tables 1 and 2. Successful 
valve implantation was achieved in 78 out of 79 patients (99%). One patient died during 
induction of anesthesia and did not receive a valve. A 26-mm inflow CRS was implanted 
in 40 patients, and 38 patients received a 29-mm inflow CRS. Completeness and reasons 
for missing echocardiographic studies is shown in the patient flow diagram (Figure 2). 

Table 1. Baseline Characteristics (n=74).

Age (yr), mean ± SD 81 ± 7

Male, n (%) 34 (46%)

Atrial fibrillation, n (%) 20 (27%)

Diabetes, n (%) 16 (22%)

Acute myocardial infarction, n (%) 18 (24%)

Percutaneous coronary intervention, n (%) 18 (24%)

Coronary artery bypass, n (%) 22 (30%)

Cerebrovascular events, n (%) 17 (23%)

Peripheral vascular disease, n (%) 15 (20%)

Renal disease, n (%) 15 (20%)

NYHA Class, n (%)

I 0(0%)

II 9 (12%)

III 51 (69%)

IV 14 (19%)

COPD, n (%) 19 (26%)

Logistic EuroScore, mean ± SD 16 ± 8

COPD, chronic obstructive pulmonary disease; NYHA, New York Heart Association.

Figure 2. 
Patient flow 

diagram.
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Table 2. Mean Echocardiographic Indices Before and After TAVI.

Measurement
Pretreatment 

n = 74
Posttreatment 

n = 71
Follow-up 

n = 46
P-value

LV end-diastolic dimensions (mm) 50 ±7 49 ± 7 50 ± 7 0.90

LV end-systolic dimensions (mm) 35 ± 9 34 ±9 35 ± 9 0.98

LV ejection fraction (%) 52 ± 15 52 ± 15 52 ± 14 0.98

Left atrial size (mm) 46 ±7 46 ± 7 46 ± 7 0.99

Peak AV gradient (mm Hg) 80 ± 28 18 ± 9 18 ± 9 <0.0001

Mean AV gradient (mm Hg) 48 ± 16 10 ± 5 9 ± 5 <0.0001

Aortic valve area (cm2) 0.62 ± 0.20 1.71 ± 0.61 1.60 ± 0.52 <0.0001

Aortic regurgitation grade (1–4) 2.27 2.08 2.07 0.29

Mitral regurgitation grade (1–4) 1.91 1.89 1.98 0.89

Type of MR

	 Organic MR, n (%) 27 (36%)

	 Functional MR, n (%) 27 (36%)

	 Prosthetic MV, n (%) 2 (3%)

	 No MR, n (%) 18 (25%)

LV, left ventricle; AV, aortic valve; MR, mitral regurgitation; MV, mitral valve.

Echocardiographic Evaluation

The echocardiographic findings are summarized in Table 2. There was a statistically 
significant decrease in the peak and mean gradient after CRS implantation (from 80±28 
mm Hg to 18±9 mm Hg and from 48±16mm Hg to 9±5 mm Hg, respectively), which was 
associated with an increase in the aortic valve area (pretreatment 0.62±0.20 cm2 vs. post-
treatment 1.71±0.61 cm2 vs. postdischarge 1.60±0.52 cm2, P<0.0001). LVEF, LA size, aor-
tic regurgitation grade, and MR grade did not change significantly during follow-up. MR 
was organic in 27 patients (34%) and functional in another 27 patients (34%). Two pa-
tients (3%) had a prosthetic mitral valve, precluding precise assessment of the cause of 
eventual MR. Eighteen patients (26%) did not have MR at baseline. 
	 The degree of MR before and after CRS implantation is shown in Figure 3. Overall, 
there was no change in the degree of MR (P =0.89). Figure 4 summarizes the changes in 
MR in the individual patients in whom an echocardiogram was available at all three time 
points (46 patients); the degree of MR did not change after CRS implantation in 28 pa-
tients (61%), it improved in eight patients (17%), and worsened in 10 patients (22%) (Fig-
ure 5). Patients in whom an improvement in MR was found had a lower LVEF (Table 3, 
P=0.017). We found no association between the changes in MR and baseline LA size and 
atrial fibrillation. There was also no association with the depth of CRS implantation or the 
cause of MR (organic, functional) (Table 3). 
	 Table 4 summarizes the changes in MR in the 14 patients with moderate-severe MR at 
baseline. An improvement in MR after CRS implantation was observed in most patients, 
in particular those with functional MR. In one patient there was a worsening of MR. 
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Τable 3. �Changes in Mitral Regurgitation in Relation to Patient and Procedural Variables 
(n=46). 

Overall 
(n = 46)

Improved 
(n = 8)

Unchanged 
(n = 28)

Worsened 
(n = 10)

P-value

Left ventricular ejection fraction (mm), 
mean ± SD

53±15 40±13 57±15 50±14 0.017*

Left atrial size (mm), mean ± SD 46±8 49±7 45±7 45±9 0.403

Atrial fibrillation at baseline, n (%) 12 (26%) 4 (50%) 6 (21%) 2 (20%) 0.249

Distance between device end and left 
coronary cusp (mm), mean ± SD

8.8±3.7 9.6±2.2 8.2±4.1 9.9±3.4 0.212

Distance between device end and 
right coronary cusp (mm), mean ± SD

8.2±2.8 8.9±0.9 8.1±3.1 7.8±3.3 0.062

Type

Organic MR at baseline, n (%) 15 (33%) 3 (38%) 11 (39%) 1 (10%) 0.225

Functional MR at baseline, n (%) 19 (41%) 5 (62%) 10 (36%) 4 (40%) 0.396

No MR at baseline, n (%) 12 (26%) 0 (0%) 7 (25%) 5 (50%) –

*P value = 0.017 between the group that improved and the group that remained unchanged (Bonferroni test). 

Table 4. Patients with Moderate-Severe MR at Baseline.

Pt  
No

LVEF 
(%)

LA size  
(mm)

Depth 
of right  

(mm)

Depth 
of left 
(mm)

MR grade  
pretreat-

ment 

MR grade  
posttreat-

ment 

MR grade  
postdis-
charge 

Type of MR
Postdischarge  
change in MR

1 34 57 NA NA 3 2 2 Functional Improved

3 32 36 9.8 10.5 3 1 1 Functional Improved

9 21 59 9.5 12.5 3 3 (3)a Functional (Unchanged)a 

18 45 46 7.8 8.1 3 2 2 Functional Improved

30 32 53 8.7 7.3 3 3 2 Functional Improved

32 75 47 7.1 6.6 3 3 3 Organic Unchanged

33 24 60 4.9 2.5 3 3 3 Organic Unchanged

36 32 53 8.4 9.6 4 3 3 Organic Improved

42 47 43 8.2 13.8 3 3 4 Functional Worsened

44 69 31 NA NA 3 3 2 Organic Improved

51 44 39 3.5 4.3 3 3 3 Organic Unchanged 

66 49 45 9.6 11.5 3 2 NAb Organic –

69 66 44 NA NA 3 3 NAb Organic –

72 47 54 NA NA 3 3 NAb Functional – 

LVEF, left ventricular ejection fraction; LA, left atrium; Depth of right/left, read definition on text; MR grade: 1=none, 2=mild, 
3=moderate, 4=severe.
aFollow-up reassigned to another hospital.   bDid not reach follow-up time point. 
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Figure 3. Degree of 
mitral regurgitation 
pretreatment, post-
treatment, and at the 
first outpatient visit 
(postdischarge). There 
was no significant 
change in mean MR 
severity after CRS 
implantation (P=0.89).

Figure 4. Changes in 
MR before and after 
treatment in patients 
with available pre 
and postdischarge 
echocardiography 
(n=46).

Figure 5. Proportion of 
patients who experienced 
an improvement, no 
change, or worsening 
in MR severity after CRS 
implantation (n=46).
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 DISCUSSION

In this series of 74 elderly patients with severe AS, we found that the majority of patients 
(76%) had some degree of MR at baseline. Overall, there was no change in MR after CRS 
implantation. We found no correlation between the change in MR and the depth of CRS 
implantation or the type of MR at baseline (organic, functional). 
	 The absence of improvement in MR after CRS implantation in this study may be ex-
plained by the fact that only 19% of the patients had moderate to severe MR (e.g., a great-
er potential for improvement). The low number of patients with moderate to severe MR 
is in accordance with the inclusion and exclusion criteria of the Safety and Feasibility 
studies and Expanded Evaluation Registry after obtaining CE mark (April 2007). Webb 
et al. reported an improvement in MR in 24 out of the 50 patients (48%) with moderate 
to severe MR following the implantation of the EDWARDS Sapien valve [5]. Of note, we 
found an improvement in MR in 6 out of the 10 patients who had moderate to severe MR 
before CRS implantation (Table 4). 
	 The relatively small number of patients with moderate-severe MR may also explain 
the fact that no relation was found between the cause and the changes in MR. In accord-
ance with previous studies, improvement was predominantly seen in patients with func-
tional MR at baseline (Table 4) [8-11,13-17]. 
	 Noteworthy, we found that patients in whom MR improved after CRS had a low-
er LVEF at baseline in comparison with those in whom no improvement was observed. 
This is consistent with the observations of Brener et al. who found that in longstanding 
AS left ventricular dilation and dysfunction is a maladaptive response to pressure over-
load that causes MR [2]. It is also consistent with the finding that following SAVR MR im-
proves in patients with a low LVEF [8,13]. At variance with a surgical series reported by 
Tassan-Mangina et al., we found no relation between changes in MR and LA size or atrial 
fibrillation [13]. This is most likely explained by our small sample size and the limitation 
of a single anterior-posterior dimensional estimation of LA size. 
	 No relation was found between the depth of CRS implantation and the outcome of 
MR. This appears to be a true observation considering the values of the depth of implan-
tation summarized in Table III. The average depth was ~8 mm but considering the SD, in 
a number of patients the depth exceeded 8 mm. One may argue that longer follow-up is 
needed to rule out any detrimental effects on the mitral valve, especially in patients with 
an implantation exceeding 6-8 mm below the base of the aortic root. 
	 The findings of this study need to be interpreted in light of the sample size, the type 
of patients treated, and the variability in the assessment of the severity of MR. Color-flow 
mapping is a qualitative method for the assessment of MR and despite the fact that it has 
been used by the majority (9 out of 12) of SAVR studies in the past, it is not ideal. We, 
therefore, cannot propose recommendations on the management of elderly patients with 
combined AS and MR. Neither this study nor the literature provide data to decide wheth-
er such patients should be excluded from TAVI or whether they should undergo a com-
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bined aortic and mitral valve treatment. For that purpose, more detailed pathophysiolog-
ic data on the effects of TAVI on MR are needed in addition to longer-term clinical fol-
low-up. As TAVI and catheter-based mitral repair are still in the experimental phase, it is 
too early to consider a combined percutaneous aortic and mitral treatment. 

 CONCLUSIONS

Most patients who underwent TAVI had some degree of MR. Overall, there was no change 
in the degree of MR after CRS implantation. Patients in whom MR improved had a low-
er LVEF at baseline. There was no association between the changes in MR severity and ei-
ther the cause of MR (organic, functional) or the depth of CRS implantation. 
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Abstract 

Background. Left ventricular (LV) hypertrophy is associated with LV 
diastolic dysfunction and constitutes a risk factor for cardiac morbid-
ity and mortality. The objective of this study was to investigate the de-
gree of LV mass regression and the changes of LV diastolic function 
one year after transcatheter aortic valve implantation (TAVI). 

Methods. Echocardiography was performed at baseline, before dis-
charge, and at one-year follow-up in 63 consecutive patients with se-
vere aortic stenosis who underwent TAVI with the Medtronic Cor-
eValve System (Medtronic Inc, Minneapolis, MN). The LV mass was 
calculated using the Devereux formula and indexed to body surface 
area. 

Results. One-year all-cause mortality was 29%. The LV mass index de-
creased from 126±42 g/m2 at baseline to 110±30 g/m2 at one-year fol-
low-up (p<0.001). Left ventricular ejection fraction and LV diastolic 
function did not change significantly. Mean transaortic gradient de-
creased from 47±19 mm Hg at baseline to 9±5 mm Hg at discharge 
and 9±4 mm Hg at one year (p<0.001), and was accompanied by sig-
nificant clinical improvement. More than mild paravalvular aortic re-
gurgitation was found in 24% and 15% of patients at discharge and 
one-year follow-up, respectively. 

Conclusions. A significant regression in LV mass was found one year 
after TAVI. However, regression was incomplete and was not accom-
panied by an improvement in LV diastolic function.
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 INTRODUCTION

Left ventricular (LV) hypertrophy is associated with LV diastolic dysfunction and consti-
tutes a risk factor for cardiac morbidity and mortality [1,2]. Within one year after surgi-
cal aortic valve replacement for aortic stenosis, LV afterload reduction results in regres-
sion of LV mass in the majority of patients. However, in some patients regression is in-
complete and diastolic dysfunction does not improve [3,4]. Transcatheter aortic valve im-
plantation (TAVI) is a feasible alternative for high-risk patients with aortic stenosis. Pre-
liminary early and midterm results after TAVI have been promising, with significant re-
duction in transaortic gradient and clinical improvement [5-9]. Unlike surgical valve re-
placement, during TAVI the native aortic valve is left in place leading sometimes to un-
derexpansion and (or) incomplete apposition of the prosthetic stent frame and secondary 
paravalvular aortic regurgitation (AR) [9-11]. In addition, patient selection for TAVI has 
led to treat very old patients with several comorbidities. The long-term impact of TAVI 
on LV mass and LV diastolic function is unknown. Therefore, the objective of this study 
was to investigate the degree of LV mass regression and the changes of LV diastolic func-
tion one year after TAVI.  

 PATIENTS AND METHODS

Patient Population, Procedure, and Outcome 

The study population comprised 63 consecutive patients with symptomatic, severe aor-
tic stenosis who underwent TAVI with the CoreValve system (Medtronic Inc, Minneap-
olis, MN) and reached at least one-year follow-up. The study had the approval of The In-
stitutional Ethics Committee and all patients signed an informed consent form before 
TAVI. The inclusion and exclusion criteria for TAVI have been described in detail else-
where [5,6]. Briefly, patients were included if they had severe native valvular aortic steno-
sis with an aortic valve area less than 1 cm2 or less than 0.6 cm2/m2, with or without aor-
tic regurgitation, and were deemed high-risk surgical candidates by the heart team (spe-
cifically, an interventional cardiologist and a cardiothoracic surgeon). The CoreValve sys-
tem consists of a trileaflet porcine pericardial tissue valve, mounted in a self-expanding 
nitinol frame [5,6]. The selection of the size of the prosthesis was based on the assessment 
of the aortic annulus by transthoracic echocardiography (TTE) and (or) multislice com-
puted tomography before the procedure. For the purpose of this study, functional status 
(New York Heart Association class) was assessed at baseline, at discharge, and at one-year 
follow-up. Mortality was defined as all-cause mortality one year after TAVI. No patient 
was lost to follow-up.
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Transthoracic Echocardiography

Two-dimensional TTE was performed at baseline, before discharge, and at one-year fol-
low-up using a Philips iE33 or a Sonos 7500 system (Philips, Best, The Netherlands) with 
the patient in the left lateral decubitus position. Echocardiographic studies were per-
formed by an independent experienced echocardiographer, blinded to the patient’s clin-
ical status. All echocardiograms were saved as video loops or still frames in a digital da-
tabase and were reanalyzed retrospectively by an experienced cardiologist. Left ventricu-
lar dimensions were obtained from the parasternal long-axis view, with measurement of 
end-diastolic interventricular septum thickness, LV posterior wall thickness, and LV end-
diastolic and endsystolic internal diameters just below the tips of the anterior mitral leaf-
let. The LV mass was calculated using the Devereux formula [12] and indexed to body 
surface area (LV mass index, LVMI). The LV hypertrophy was defined by LVMI greater 
than 115 g/m2 for males and LVMI greater than 95 g/m2 for females. Relative wall thick-
ness (RWT) was calculated (RWT=2 × LV posterior wall thickness/LV end-diastolic di-
ameter), and considered abnormal when RWT was greater than 0.42 [13]. The RWT and 
LVMI were used to assess LV geometry. Patients were categorized as having the follow-
ing: normal geometry (normal RWT-normal LVMI); concentric remodeling (increased 
RWT-normal LVMI); eccentric hypertrophy (normal RWT-increased LVMI); and con-
centric hypertrophy (increased RWT-increased LVMI). Left ventricular end-diastolic and 
end-systolic volumes were obtained from the apical view and indexed to body surface ar-
ea. The LV ejection fraction was calculated using the biplane modified Simpson rule. The 
mitral inflow velocity profile (E:A wave ratio, E wave deceleration time) and tissue Dop-
pler imaging (septal annular early diastolic mitral annular motion, e’ wave, E:e’ wave ra-
tio) were used to determine the diastolic function grade [14]. If the e’ or A wave was not 
available (eg, poor quality signal, atrial fibrillation), diastolic grade was assessed using the 
remaining available parameters. Patients were categorized as having mild (grade 1, im-
paired relaxation), moderate (grade 2, pseudonormal), or severe (grade 3, restrictive) LV 
diastolic dysfunction. Transaortic peak velocity, peak and mean gradient, and velocity-
time integral were measured using continuous-wave Doppler through the native or pros-
thetic aortic valve. The Doppler signal was acquired from multiple views after achieving 
optimal alignment with the direction of transaortic blood flow. The AVA (aortic valve 
area), was estimated using the continuity equation approach (AVA=LVOTarea × [velocity 
time integralLVOT / velocity time integralvalve]). Aortic regurgitation and mitral regurgita-
tion were assessed semiquantitatively according to the current guidelines for the evalua-
tion of native valves [15]. 
	 For hypertensive patients, medical therapy was instituted in-hospital in order to 
achieve a systemic blood pressure less than 140 over 90 mm Hg, and was reassessed and 
modified in each follow-up visit. Angiotensinconverting enzyme inhibitors were pre-
scribed as the treatment of choice in all hypertensive patients, in the absence of contrain-
dications.
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Statistical Analysis

Continuous variables are presented as means (±SD) and categoric variables are present-
ed as frequencies and percentages. In order to assess differences between baseline, dis-
charge, and one-year follow-up for continuous variables, a one-way analysis of variance 
for repeated measurements was used, followed by a post hoc Bonferroni method of mul-
tiple comparisons. The same strategy was used for ordinal variables, assuming a constant 
difference between values. If variables were not normally distributed, differences were as-
sessed using nonparametric tests for three related samples (Friedman test). For compar-
isons between two time points, a paired sample t test or a Wilcoxon signed rank test was 
used for normally distributed or skewed data, respectively. A Cox regression univariate 
analysis on death as a time-related response was performed to investigate predictors of 
mortality. A two-sided p value less than 0.05 was considered statistically significant. All 
statistical analyses were performed with SPSS 15.0 software (SPSS Inc, Chicago, IL).

 RESULTS

Baseline patient characteristics are summarized in Table 1. The study population consists 
of elderly patients with important comorbidities. Thirty-three patients (54%) underwent 
TAVI using a 26-mm and 30 patients (46%) using a 29-mm inflow CoreValve bioprosthe-
sis. A post-deployment balloon dilatation was performed in 16 patients (25%) and a sec-
ond CoreValve was implanted in 8 patients (13%). Eight patients (13%) underwent a per-
manent pacemaker implantation. Eighteen patients (29%) died within the first year after 
the index procedure (4 in hospital, 14 after discharge). Completeness of the echocardio-
graphic studies is shown in Figure 1. A TTE was not available in 5 patients; 2 patients had 
TTE of inadequate quality and 3 patients refused to come for one-year follow-up TTE. 
None of them reported a bad clinical status as the reason for not coming. Forty patients 
had a TTE available for repeated measurements at baseline, discharge (median [inter-
quartile range] 6 [4 to 8] days post-TAVI), and one-year follow-up (median [interquartile 
range] 383 [356 to 419] days post-TAVI).
	 Changes in LV dimensions, mass, and geometry are shown in Table 2. Interventricu-
lar septum and LV posterior wall thickness decreased significantly at one year. Also, at one-
year follow-up the LV mass index decreased from 126±42 to 110±30 g/m2 (p<0.001; Fig 2) 
and RWT decreased from 0.51 to 0.45 (p<0.001). However, the percentage of patients with 
LV hypertrophy and (or) RWT greater than 0.42 did not change significantly. Concentric 
remodeling and concentric hypertrophy were the predominant LV geometry patterns and 
remained unchanged one year after TAVI. The LV systolic and diastolic function did not 
change significantly (Table 3). However, after TAVI, a significant clinical improvement was 
observed in the majority of patients that was sustained at one-year follow-up. Also, TAVI re-
sulted in a significant decrease in transaortic gradient that was sustained at one-year follow-
up (Table 4). The AR post-TAVI was invariably paravalvular in origin; more than mild AR 
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Variable
Study population 

(n=63)

Age (years) 82 (78-86)

Male 27 (43%)

Weight (kg) 73±13

Height (cm) 167±8

Body mass index (kg/m2) 26±4

Body surface area (m2) 1.84±0.19

Antecedents

Cerebrovascular events 15 (24%)

Myocardial infarction 18 (29%)

Percutaneous coronary intervention 16 (25%)

Coronary artery bypass 20 (32%)

Comorbidities

Hypertension 36 (57%)

Chronic obstructive pulmonary disease 16 (25%)

Chronic renal disease 13 (21%)

Peripheral vascular disease 3 (5%)

Atrial fibrillation 18 (29%)

Diabetes 14 (22%)

Ejection fraction < 0.35 12 (19%)

New York Heart Association status

 I-II 5 (8%)

 III-IV 58 (92%)

STS score 5 (3-8)

Logistic EuroSCORE 15 (11-19)

Figure 1. 
Flow diagram. 

Completeness of 
echocardiographic 
studies at baseline, 

discharge, and one-
year follow-up. 

(TTE=transthoracic 
echocardiography.)

Table 1. 
Baseline 

Characteristics.

Data are presented as 
mean±SD, median 

(interquartile range),  
or number (%).

EuroSCORE = European 
system for cardiac  

operative risk evaluation;

STS = Society of Thoracic 
Surgeons.
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Table 2. Left Ventricular Dimensions, Mass and Geometry. 

Variable
Baseline
(n=40)

Discharge
(n=40)

One Year
(n=40)

p valuea

Baseline 
Versus

Discharge

Discharge 
Versus

 One Year

Baseline 
Versus

One Year

LV dimensions

Interventricular septum (mm) 13.5±2.6 13.3±2.4 12.0±2.0 0.15 < 0.001 < 0.001

Posterior wall (mm) 11.6±2.4 11.3±2.3 10.4±1.8 0.08 < 0.001 < 0.001

LV end-diastolic diameter (mm) 47±8 47±7 48±8 1.00 0.28 0.95
LV end-systolic diameter (mm) 32±10 32±9 34±9 1.00 0.09 0.42
LV end-diastolic volume index 
(cm3/m2)

116±29 121±31 122±33 0.06 1.00 0.21

LV end-systolic volume index 
(cm3/m2)

60±26 64±26 67±27 0.10 1.00 0.13

LV mass

LV mass (g) 232±85 222±76 201±60 0.11 < 0.05 < 0.001
LV mass regression (g) 0 10±29 31±46 0.11 < 0.05 < 0.001
LV mass regression (%) 0 3±12 10±16 0.52 < 0.05 < 0.05

LV mass index (g/m2) 126±42 121±38 110±30 0.11 < 0.05 < 0.001

LV mass index regression (g/m2) 0 5±16 17±24 0.11 < 0.05 < 0.001

LV hypertrophyb 23 (58%) 26 (65%) 23 (58%) 0.55 0.79 1.00

Relative wall thicknessc 0.51 0.49 0.45 0.66 < 0.001 < 0.001
Relative wall thickness >0.42 33(83%) 33(83%) 31(78%) 1.00 0.97 0.48

LV geometry

Νormal geometry 2 (5%) 3 (7%) 5 (13%) 1.00 0.59 1.00
Concentric remodeling 15 (38%) 11 (28%) 12 (30%)
Eccentric hypertrophy 6 (15%) 7 (17%) 7 (17%)
Concentric hypertrophy 17 (43%) 19 (48%) 16 (40%)

a Analysis of variance for repeated measurements with Bonferroni correction. b LV hypertrophy: LV mass index males  
>115 g/m2, females >95 g/m2. c Relative wall thickness: 2 × (posterior wall) / (LV end-diastolic diameter).
Data are presented as mean ± SD, or number (%).   LV = left ventricular.

Figure 2. Changes in left 
ventricular mass index. 
Box-plot indicating the 
changes in left ventricular 
mass index between 
baseline, discharge and
1 year follow-up
(* p<0.001).
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Table 3. Left Ventricular Function and Clinical Status.

Variable
Baseline
(n=40)

Discharge
(n=40)

One year
(n=40)

p valuea

Baseline
Versus

Discharge

Discharge 
Versus

 One Year

Baseline
Versus

One Year

Ejection fraction 0.49±0.14 0.48±0.13 0.46±0.13 1.00 1.00 0.37

Diastolic dysfunction 
grade (0-3)

1.59±0.79 1.62±0.71 1.54±0.68 1.00 1.00 1.00

0 – none 0 (0%) 0 (0%) 0 (0%)

1 – mild 23 (59%) 20 (51%) 22 (57%)

2 – moderate 9 (23%) 14 (36%) 13 (33%)

3 – severe 7 (18%) 5 (13%) 4 (10%)

NYHA class (1-4) 3.1±0.6 1.9±0.7 1.8±0.9 < 0.001 1.00 < 0.001

I 0 (0%) 11 (28%) 18 (45%)

II 4 (10%) 22 (55%) 12 (30%)

III 27 (68%) 6 (15%) 9 (23%)

IV 9 (23%) 1 (2%) 1 (2%)
a Analysis of variance for repeated measurements with Bonferroni correction.
Data are presented as mean ± SD or number (%).  NYHA = New York Heart Association.

Table 4. Aortic Valve and Mitral Valve Function.

Variable
Baseline
(n=40)

Discharge
(n=40)

One Year
(n=40)

p valuea

Baseline
Versus

Discharge

Discharge 
Versus

One Year

Baseline 
Versus

One Year

Aortic valve function

Peak aortic gradient (mm Hg) 79±32 17±9 17±8 < 0.001 1.00 < 0.001

Mean aortic gradient (mm Hg) 47±19 9±5 9±4 < 0.001 1.00 < 0.001

Peak aortic velocity (cm/sec) 432±90 198±57 199±48 < 0.001 1.00 < 0.001

Aortic regurgitation grade (1-4) 2.25±0.84 2.10±0.71 1.58±1.04 1.00 < 0.05 < 0.05

None - trivial 9 (22%) 7 (18%) 19 (47%)

Mild 13 (33%) 23 (58%) 15 (38%)

Moderate 17 (43%) 9 (22%) 4 (10%)

Severe 1 (2%) 1 (2%) 2 (5%)

Mitral valve function

Mitral regurgitation grade (1-4) 2.03±0.66 1.98±0.77 1.93±0.66 1.00 1.00 1.00

None - trivial   8 (20%) 11 (28%)   8 (20%)

Mild 23 (58%) 20 (50%) 26 (65%)

Moderate   9 (22%)   8 (20%)   6 (15%)

Severe 0 (0%) 1 (2%)  0 (0%)
a Analysis of variance for repeated measurements with Bonferroni correction.
Data are presented as mean ±SD or number (%).
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was observed in 22% of patients. At one-year follow-up the degree of AR decreased, with 
15% of patients having more than mild AR (p<0.05). More specifically, between discharge 
and one-year follow-up, AR grade remained the same in 19 patients (47%), it improved in 
18 patients (45%), and got worse in 3 patients (8%). There was no association between the 
change in AR grade and the degree of LV mass regression. Overall, mitral regurgitation 
grade did not change. Between discharge and one-year follow-up, MR grade remained the 
same in 25 patients (62%), improved in 8 patients (20%), and got worse in 7 patients (18%). 
Similarly to AR, no association was found between the change in MR grade and the degree 
of LV mass regression. Finally, LV mass regression was not found to be significantly differ-
ent in patients who underwent a permanent pacemaker implantation after the index proce-
dure. Survival after TAVI is shown in Figure 3. In Cox regression univariate analysis, a his-
tory of myocardial infarction (hazard ratio [HR] 2.56; 95% confidence interval [CI], 1.14 to 
5.74; p=0.02), a history of renal insufficiency (HR 2.63; 95% CI, 1.15 to 6.04; p=0.02), So-
ciety of Thoracic Surgeons score (HR 1.07; 95% CI, 1.02 to 1.12; p=0.003), and logistic Eu-
ropean system for cardiac operative risk evaluation score (HR 1.06; 95% CI, 1.02 to 1.10; 
p=0.003) were identified as prognostic factors of mortality. Age, gender, New York Heart 
Association class, history of hypertension, diabetes, atrial fibrillation, pulmonary disease, 
previous bypass surgery, baseline LV ejection fraction, LV mass index and LV hypertrophy, 
and AR grade or MR grade post-TAVI were not found to be predictors of mortality. 

Figure 3. Cumulative survival curves. The stepped regression line indicates cumulative survival of the study population. 
The straight line indicates cumulative survival of a matched healthy Dutch population (age 82 years).
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 COMMENT 

In the present study a significant regression in LV mass was found one year after TAVI. 
However, regression was incomplete and was not accompanied by an improvement in LV 
diastolic function. 
	 Incomplete LV mass regression can be explained by several factors. Due to restric-
tions in inclusion criteria for TAVI, the study population represents the most morbid 
cluster of patients with severe aortic stenosis [5-7]. One fifth of patients had an LV ejec-
tion fraction less than 0.35, which is usually found at the latest stages of aortic stenosis. 
Moreover, due to their advanced age, patients were exposed to the harmful effects of se-
vere aortic stenosis for many years, suffering from long-standing LV hypertrophy, which 
eventually becomes irreversible due to myocardial fibrosis [16,17]. In addition, 57% of pa-
tients had a history of hypertension. Despite optimal medical treatment, reduced system-
ic arterial compliance may have contributed to the incomplete LV mass regression [18]. 
Finally, genetic factors may have played a role [19]. 
	 In this study, in accordance with previous reports, concentric hypertrophy and remod-
eling were the most frequent LV geometry patterns [20]. Although concentric anatomy is a 
risk factor for mortality in patients with severe aortic stenosis, our study was underpowered 
to detect its prognostic impact on one-year mortality. In a recent publication, Gotzmann 
and colleagues [9] reported a significant decrease in LV mass index 6 months after TAVI 
using the Medtronic CoreValve, whereas LV ejection fraction and E:e’ ratio did not change 
significantly. As mentioned above, LV dysfunction may be more persistent in the elderly. 
After valve replacement, even though relief of the valvular afterload, LV is still facing an in-
creased “vascular afterload” due to reduced systemic arterial compliance [18, 20-24]. Nev-
ertheless, in our cohort, as in previous reports, clinical status improved considerably.
	 Paravalvular AR is a common finding after TAVI and has been characterized as one 
of the main problems of the technology [25]. However, the degree of AR remains stable or 
even improves slightly over time [9-11]. In the present study more than mild AR was found 
in 24% and 15% of patients at discharge and at one-year follow-up, respectively. Although 
preliminary data suggest AR is a benign bystander, medium and long-term results are still 
missing. In addition, assessment of the severity of AR after TAVI is complicated, mainly 
because of the common presence of multiple, eccentric regurgitant jets that originate from 
different levels around the bioprosthesis. For that reason the differences in AR severity be-
tween baseline and discharge that are presented in this and other studies should be inter-
preted with caution. In addition, one might argue that our reported frequency of more 
than mild AR of 24% at discharge is high and can be attributed to methodologic issues. 
Even so, AR grade was assessed (blindly) by the same cardiologist, using the same method 
both at discharge and at one-year followup. Therefore, the significant improvement in AR 
severity at one year can be considered as a valid observation. Continuing expansion of the 
prosthetic frame over time, remodeling of the base of the aortic root, and gradual coverage 
of paravalvular spaces with tissue (pannus) are possible explanations. Mitral regurgitation 
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is a common finding in patients with severe aortic stenosis. In the present study the overall 
severity of MR remained unchanged at discharge and at one year after TAVI, which is con-
sistent with previous observations published by our group [26]. 
	 One-year mortality after TAVI was analogous to reports of other groups [5-7]. Uni-
variate analysis revealed a history of myocardial infarction, renal insufficiency, Society of 
Thoracic Surgeons’ score, and logistic European system for cardiac operative risk evalua-
tion score as potential prognostic factors for mortality. However, the number of observa-
tions does not allow firm conclusions; larger studies are needed for this purpose.
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Transcatheter aortic valve implantation (TAVI) is a new treatment strategy for aortic 
stenosis. This thesis has evaluated the role of advanced imaging in the pathophysiolo-

gy of aortic stenosis as well as in the planning, performance and evaluation of TAVI.
In the introduction, the background and the outline of the thesis were brought into at-
tention.

PART I.  PATHOPHYSIOLOGY OF AORTIC STENOSIS

In Chapter 2, using speckle tracking echocardiography, we showed that LV twist increas-
es proportionally to the severity of aortic stenosis, which might serve as a compensato-
ry mechanism to maintain systolic LV function. In addition, we found that, in aortic ste-
nosis, LV diastolic untwisting is delayed and the untwisting rate is reduced. In Chapter 3, 
this Thesis provides evidence that LV twist and LV twist-to-shortening ratio are increased 
in patients with aortic stenosis and are related to symptoms (angina) or electrocardio-
graphic signs (strain) compatible with subendocardial ischemia. 

PART II.  �IMAGING OF THE AORTIC ROOT IN THE PLANNING AND DURING 
TRANSCATHETER AORTIC VALVE IMPLANTATION

Precise measurement of the aortic annulus is very important for TAVI. In Chapter 4 we 
found significant differences in the assessment of the aortic annulus by multi slice com-
puted tomography (MSCT), contrast aortography and trans-thoracic echocardiography. 
MSCT had considerably lower inter-observer variability in comparison with the other 
two techniques. During TAVI, it is crucial to achieve an optimal fluoroscopic working 
view projection, with all three aortic cusps depicted in one line. In Chapter 5, the valida-
tion of the new software C-THV (Paieon), designed to estimate the optimal projection for 
TAVI, showed good accuracy when compared to MSCT or to the final operator’s choice. 

PART III.  �ADVANCED IMAGING IN THE EVALUATION OF TRANSCATHETER AORTIC 
VALVE IMPLANTATION

Paravalular aortic regurgitation and conduction abnormalities are common complica-
tions following TAVI. In Chapter 6, we found that TAVI with the Medtronic CoreValve 
resulted in some degree of paravalvular aortic regurgitation in the majority of patients. 
Significant regurgitation was associated with a larger aortic annulus, more aortic root cal-
cification and with less oversizing of the prosthesis in relation to the native annulus. In 
Chapter 7, we reported the frequency of conduction abnormalities following TAVI with 
the Medtronic CoreValve and its association with the lack of improvement of LV systo-
lic function. Sometimes a prosthetic valve maybe too small in relation to the patient’s 
body size, a condition called prosthesis-patient mismatch. In Chapter 8, we showed that 
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the indexed effective orifice valve area is increased significantly following TAVI with the 
Medtronic CoreValve. Although severe prosthesis-patient mismatch was observed in 16% 
of the patients it was not associated with the clinical outcome. In Chapter 9, we found 
that, alike patients with severe aortic stenosis that are treated surgically, most patients 
who undergo TAVI have some degree of mitral regurgitation, which generally remains 
unchanged post-treatment. Patients in whom mitral regurgitation improved had a low-
er LV ejection fraction at baseline. Finally, relief of the obstruction caused by the stenotic 
aortic valve and the normalization of LV afterload is expected to lead in regression of LV 
mass. In Chapter 10, a significant regression of LV mass was found one year after TAVI. 
However, regression was incomplete and was not accompanied by an improvement in LV 
diastolic function. 

FUTURE DIRECTIONS

During the last decades, interventional cardiology has been driven by the need for less 
invasive treatment options. Similarly to the introduction of percutaneous coronary in-
terventions, transcatheter valve therapies have created a lot of enthusiasm in the scien-
tific community. Although the number of TAVI procedures is increasing exponential-
ly year by year, surgical aortic valve replacement remains the “gold standard” treatment. 
In order for TAVI to become available to all patients suffering from aortic stenosis sever-
al issues have to be addressed. With respect to patient safety, the rate of vascular compli-
cations, stroke, paravalular aortic regurgitation and permanent pacemaker implantation 
has to decrease. In addition, long term durability of the bioprostheses used in TAVI has 
to be confirmed. The knowledge and experience that has been achieved so far has to be 
applied in the design and development of new devices. Finally, TAVI-specific cardiovas-
cular imaging techniques should be further developed and tested. In the light of the first 
randomized clinical trials comparing TAVI with surgery we anticipate that in the near fu-
ture TAVI is going to become a routine procedure and thousand of patients are going to 
benefit from it.
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SAMENVATTING EN CONCLUSIES

Transkatheter aortaklep vervanging (TAVI) is een nieuwe behandmethode voor pa-
tiënten met aorta stenose. Dit proefschrift evalueert de rol van geavanceerde beeld-

vorming ten aanzien van de pathofysiologie van aorta stenose alsmede de planning, uit-
voering en evaluatie van TAVI. De achtergrond en structuur van deze scriptie komen aan 
bod in de introductie. 

DEEL 1.  PATHOFYSIOLOGIE VAN AORTA STENOSE

In hoofdstuk 2 is met behulp van speckle tracking echocardiografie aangetoond dat linker 
ventrikel twist proportioneel toeneemt met de ernst van aorta stenose, wat mogelijk een 
compensatoir mechanisme weerspiegelt om de systolische linker ventrikel (LV) functie te 
behouden. Ook vonden we dat bij aorta stenose de LV diastolische untwisting vertraagd 
is en dat de untwisting snelheid is verminderd. Hoofdstuk 3 van deze scriptie laat zien dat 
LV twist en de LV twist-to-shortening ratio zijn toegenomen in patiënten met aorta ste-
nose en dat deze zijn gerelateerd aan symptomen als angina of bevindingen op het elec-
trocardiogram die wijzen op subendocardiale ischemie. 

DEEL 2.  �BEELDVORMING VAN DE AORTA WORTEL VOOR DE PLANNING VAN EN GE-
DURENDE TRANSCATHETER AORTAKLEP VERVANGING.

Nauwkeurige metingen van de aorta annulus zijn van belang voor TAVI. Hoofdstuk 4 
toont dat wij een significant verschil vonden in de annulus dimensies gemeten volgens 
multi slice computed tomography (MSCT), contrast aortografie en transthoracale echo-
cardiografie. MSCT was geassocieerd met een lagere inter-observer variabiliteit in verge-
lijking met de andere twee beeldvormende technieken. Tijdens TAVI is het van cruciaal 
belang om een optimale projectie te verkrijgen bij fluoroscopie, waarbij alle drie de aor-
ta klep bladen in één lijn worden geprojecteerd. In hoofdstuk 5 is aangetoond dat de vali-
diteit van de nieuwe software C-THV (Paieon), ontworpen om een optimale projectie te 
schatten voor TAVI, nauwkeurig is als deze vergeleken wordt met MSCT of de projectie 
keuze van de behandelaar. 

DEEL 3. GEAVANCEERDE BEELDVORMING IN DE EVALUATIE VAN TAVI

Para-prothetische aorta insufficientie en geleidingsstoornissen vormen een frequente 
complicatie na TAVI. In hoofdstuk 6 is aangetoond dat TAVI met de Medtronic Core-
Valve prothese resulteerde in para-prothetische aorta insufficiëntie in het merendeel van 
de patiënten. Ernstige aorta insufficiëntie was geassocieerd met een grote aorta annulus, 
meer aorta wortel calcificatie en met minder ‘oversizing’ van de prothese in vergelijking 
met de natieve annulus.  Hoofdstuk 7 beschrijft de frequentie van geleidingsstoornissen 
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na TAVI met de Medtronic CoreValve prothese, alsmede de relatie met verminderde ver-
betering van de LV systolische functie. Soms is de prothese te klein in vergelijking tot de 
afmetingen van de patiënt (‘prosthesis-patient mismatch’). In hoofdstuk 8 is aangetoond 
dat de geïndexeerde effectieve aortaklep oppervlakte significant is toegenomen na TA-
VI met de Medtronic CoreValve prothese. Hoewel ernstige ‘prosthesis-patient mismatch’ 
was geobserveerd in 16% van de patiënten na TAVI werden er geen klinische sympto-
men geobserveerd. In hoofdstuk 9 vonden we dat de meeste patiënten die TAVI onder-
gaan in beperkte mate een mitralis klep insufficiëntie hebben, hetgeen eveneens bekend 
is bij chirurgische klepvervanging, die meestal onveranderd blijft na de ingreep. Patiën-
ten met een verbetering van de mitralis insufficiëntie hadden een lagere LV ejectie fractie 
voor de procedure. Het verhelpen van de door aorta stenose veroorzaakte obstructie en 
daarmee normalisatie van de LV afterload leidt naar verwachting tot regressie van de LV 
massa. In hoofdstuk 10 vonden wij een significante regressie van de LV massa 1 jaar na 
TAVI. De regressie was echter incompleet en niet geassocieerd met een verbetering van 
de LV diastolische functie. 

TOEKOMSTVISIE

Gedurende de laatste decennia is de interventie cardiologie enorm beïnvloed door de 
vraag naar minimaal invasieve behandelmethoden. Evenals bij de introductie van de per-
cutane coronaire interventie heeft de transkatheter klep therapie veel enthousiasme te-
weeggebracht in ‘de wetenschappelijke wereld’. Hoewel het aantal TAVI procedures expo-
nentieel is toegenomen, blijft de conventionele chirurgische aortaklep vervanging de gou-
den standaard. Voordat TAVI toegepast kan worden in alle patiënten met aorta stenose, 
dient de patiënt veiligheid verder verzekerd te worden door periprocedurele problemen, 
zoals vasculaire complicaties, beroerte, para-prothetische aorta insufficiëntie en de nood-
zaak tot pacemaker implantatie, te beperken. Eveneens dient de duurzaamheid van de 
bioprothesen die momenteel gebruikt worden voor TAVI, aangetoond te worden. De hui-
dige kennis en ervaring moet daarom efficiënt worden gebruikt voor nieuwe ontwerpen 
en de ontwikkeling van toekomstige prothesen. Tot slot is het van belang om de voor TA-
VI specifieke beeldvormingstechnieken verder te ontwikkelen en testen. In het licht van 
de eerste trials die TAVI met chirurgische klepvervanging vergelijken is het waarschijnlijk 
dat TAVI in de nabije toekomst een routine behandeling zal worden waarbij tal van pati-
ënten gebaat zullen zijn.
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It was a cold morning in January 2008 when I entered the office of Professor Patrick W. 
Serruys, on the fifth floor of the Thoraxcenter, to be interviewed for the Fellowship posi-
tion I had applied for.  It was this half hour conversation which gave birth to this thesis. 
I can honestly say, that conversation changed the course of my career.  I still vividly re-
member the Professor telling me, “Thirty years ago, when interventional cardiology was 
in its infancy, we were developing our technical skills in an empirical way, and at the same 
time we were struggling to understand and establish the basic principles for percutane-
ous interventions on the human heart. Today, things have changed dramatically, and rel-
evant scientific knowledge is growing exponentially. If you want to become a good inter-
ventionalist, besides developing your technical skills, you must dig into this knowledge.  
By learning how to design, conduct and publish a research assignment, besides discover-
ing new findings, you will be able to judge for yourself and choose the information you 
need in order to provide high quality treatment to your patients.” I listened to him, and 
he guided me well. I would like to thank Professor Serruys for, among many other things, 
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