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Left Bundle Branch Block 
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1. Het linker bundeltak blok (LBBB) dat ontstaat na een transcatheter aortaklep implantatie 

(TAVI) is een frequent voorkomende en ernstige postoperatieve complicatie (dit 

proefschrift). 

2. Het TAVI-geïnduceerd LBBB ontstaat vrijwel altijd vóór ontslag uit het ziekenhuis en 

verdwijnt spontaan in een derde van de gevallen. (dit proefschrift). 

3. Het optreden van LBBB na aortaklep interventies wordt sterk bepaald door de toegepaste 

techniek, de gebruikte klepprothese en de ervaring van de implanterend arts. Deze 

factoren dienen voor elke patiënt in overweging genomen te worden bij de keuze van het 

type interventie (dit proefschrift). 

4. Cardiale resynchronisatie therapie dient overwogen te worden bij patiënten met een 

persisterend linker bundeltak blok na aortaklep interventies (dit proefschrift). 

5. Alhoewel zwart-wit, voegt de echocardiografie kleur toe aan de dagelijkse cardiologische 

praktijk. 

6. Het gebruik van spreadsheet programma’s als database voor wetenschappelijke 

doeleinden dient ten stelligste ontraden te worden. 

7. Bij het rapporteren van kwaliteit van zorg, worden te weinig eisen gesteld aan de kwaliteit 

van de verzamelde data. Echter, ook hier geldt “Rubbish in, rubbish out”. 

8. Les in bescheidenheid zou deel moeten uitmaken van de kerncompetentie “Communicatie” 

in de opleiding tot cardioloog. 

9. Ons huidig economisch model en onze gebrekkige lange-termijn visie vormen een 

rechtstreekse bedreiging voor ons voortbestaan. 

10. Hoe veel te meer ge er van weet, hoe veel te meer ge weet dat ge te weinig weet (Steve 

Stevaert). 

11. Je kinderen zijn je carrière (Paula Houthuizen). 
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Introduction 

The heart, as a complex organ, is capable to maintain blood supply to the body under 
varying physiological circumstances. To do so, a coordinated contraction sequence 
of the ventricles is required, which is facilitated by rapid activation via a specialized 
conduction system of which the right and left bundle branches are the main constit-
uents. An important disorder of the ventricular conduction system is left bundle 
branch block (LBBB). In a heart with LBBB, activation of the left ventricle (LV) is no 
longer achieved through the conduction system, but by much slower myocyte-to-my-
ocyte conduction. As a consequence, this type of activation results in a delayed acti-
vation of the LV. This thesis investigates the importance of LBBB in relation to differ-
ent aortic valve repair procedures and in relation to cardiac resynchronization ther-
apy (CRT). 

Historical controversies of left bundle branch block 

Although LBBB is an important conduction disorder, there has been a major contro-
versy about its diagnosis from the electrocardiogram (ECG). The early concepts of its 
pathophysiology date back to the beginning of the twentieth century along with Eint-
hoven’s development of the string galvanometer.1 In 1910, Eppinger and Rothberger 
were the first to induce left and right bundle branch block in a canine heart model by 
division of the respective bundle branches (Figure 1). Based on a single ano-oesoph-
ageal lead ECG, they described the changes to morphology and duration of the QRS-
complex.2 By comparison of the ECG of patients, these results were extrapolated to 
the human heart thereby neglecting the effects of differences in chest anatomy and 
position of the heart as well as the specific properties of the distinctive ano-oesoph-
agal lead.3 This resulted in a per-
sistent and erroneous transposi-
tion of LBBB and right bundle 
branch block (RBBB). This confu-
sion has been maintained not the 
least by Lewis, even despite 
growing criticism of his contem-
poraries.1 Although Fahr was the 
first to draw attention to the 
transposition,4 it was not until 
the early 1930s that the misinter-
pretation was finally acknowl-
edged by Barker, Macleod and Al-
exander.5 

Figure 1. Single ano-esophagal lead electrocardiogram 

recordings of the first experimental left bundle branch 

block.  
After mechanical division of the left bundle branch, the QRS 
complex of the baseline electrocardiogram (panel A) ab-
ruptly changes in duration and voltage (panel B). From Ep-
pinger and Rothberger. Klin Med; 1910: 70: 1-20. 
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The ventricular conduction system starts in the atrioventricular (AV) node. This 
node is located deep within the interatrial septum in proximity of the septal tricusp-
idal valve leaflet, coronary sinus and Eustachian valve. It penetrates the membrane-
ous interventricular septum to continue as the His bundle which in turn give rise to 
the fascicles of the left bundle branch at the crest of the muscular ventricular septum. 
The bundle is in close proximity of the interleaflet triangle of non- and right-coronary 
cusp of the aortic valve (Figure 2).6,7 The left bundle branch first runs as a ribbon-
like structure under the septal endocardium in order to separate into a narrow ante-
rior fascicle, a broader and earlier branching posterior fascicle and often septal radi-
ations which can have heterogeneous patterns.8–11 
 In the healthy heart, rapid conduction of the electrical impulse from the AV node 
through the His bundle, bundle branches and the Purkinje system activates the whole 
left ventricle LV within 60-80 milliseconds (msec). Ventricular activation proceeds 
from subendocardially located exit points of the bundle branches to the epicardium 
in a centrifugal and tangential direction.12,13  
 

 
Figure 2. Anatomy of the atrioventricular conduction system. 
The left panel shows a superior view of the heart after removal of both atria and the aortic non-coronary 
cusp. It shows the atrioventricular node that gives rise to the His bundle. In an opened aortic root view 
from the left ventricle (right panel) the close relationship of the His bundle and left bundle branch (broken 
black line) is visible. Adapted from van der Boon et al. Nat Rev Cardiol 2012; 9(8) :1-10, with permission. 

Historically, a QRS-duration ≥120 msec is required for the diagnosis of LBBB, how-
ever this threshold has been achieved as a result of extrapolation from experimental 
canine data. It further is merely a pragmatic choice, as it is easy to read from the 
conventional ECG where it equals 3 mm at a recording speed of 25 mm/s. Already in 

Functional anatomy of the conduction system 

Electrocardiographic diagnosis of left bundle branch block 



I N T R O D U C T I O N  

 13 

1965, Grant and Dodge published a study of 128 patients with a QRS-duration ≥120 
msec and a previously normal QRS complex. By comparison of both ECG’s they con-
cluded that, in LBBB, the average QRS-prolongation was 50 to 60 msec. In up to one 
third of the cases, the prolongation was even 70 msec.14 This assessment is logically 
sound, as right-to-left septal activation in LBBB requires 40 msec after which it takes 
50 msec to reach the posterolateral wall and another 50 msec to completely activate 
the posterolateral wall (Figure 3). In the paper of the Ad Hoc Working Group of the 
World Health Organization and International Society and Federation of Cardiology 
in 1985, Willems et al. already acknowledged the former by stating that “the QRS-
duration usually exceeds 140 msec in most patients with complete bundle branch 
block”. Surprisingly, in their criteria for diagnosing LBBB, the threshold value of 120 
msec was persevered.9 

 

  

Figure 3. Total activation time of the left ventricle. 

In the left pane, it can be appreciated that total electrical 
activation time of the left ventricle is 80 msec with a left-
to-right septal activation. In left bundle branch block on 
contrary (right pane), the right ventricle is activated first 
and it takes approximately 40-50 msec before the left 
ventricular endocardium is activated (right-to-left septal 
activation). Subsequently, the activation front progresses 
in another 50 msec to re-entry into the Purkinje network 
followed by 40 msec time to activate the posterolateral 
wall. Each color line represents successive 10 msec. 
Adapted from Strauss et al. Am J Cardiol 2012; 107 (6):
927-934, with permission. 

 
In more recent years, the importance of differentiating true LBBB from more diffuse 
intravascular conduction delays has gained importance due to the application of car-
diac resynchronization therapy (CRT). Several studies have demonstrated that the 
likelihood of CRT-response is dependent on QRS morphology and duration. In fact, 
the highest response rates have been described in patients with LBBB morphology 
and/or QRS-duration ≥150 msec. The Comparison of Medical Therapy, Pacing and 
Defibrillation in Heart Failure (COMPANION) trial randomized patients with ad-
vanced heart failure (New York Heart Association (NYHA) class III or IV) to optimal 
medical therapy alone or combined with CRT-P(acemaker) or CRT-D(efibrillator). 
Patients with a QRS-duration ≤147 msec did not benefit from CRT compared with 
optimal medical therapy alone. In the Multicenter Automatic Defibrillation Implan-
tation Trial – Cardiac Resynchronization Therapy (MADIT-CRT), heart failure pa-
tients with NYHA class I or II were randomized to CRT-D or intracardiac defibrillator 



C H A P T E R  1  

 14 

(ICD) therapy. A subgroup analysis categorized patients into LBBB or non-LBBB 
based on QRS-morphology and -duration with a cut-off value of ≥130 msec. It was 
found that only LBBB patients demonstrated a significant reduction in the primary 
endpoint of heart failure events or death when comparing CRT-D with ICD therapy.15 
Based on these results and in conjunction with the previous arguments, Strauss et al. 
proposed a contemporary definition of LBBB using a threshold in QRS-duration of 
130 msec for women and 140 msec for men.16 Nevertheless, the most recent guide-
lines of both the European Society of Cardiology (ESC) and American Heart Associa-
tion (AHA) stick to a QRS-duration ≥120 msec for the diagnosis of LBBB (Table 1).17 
Some large clinical trials investigating LBBB as a predictor of effective CRT even used 
more simplified criteria and defined LBBB as a V1-negative QRS-complex of more 
than 120-130 msec in the absence of Q-waves in the lateral leads.15,18 

 

Table 1. Criteria for the diagnosis of left bundle branch block.  
Current LBBB criteria of the European Society of Cardiology (ESC) and American Heart Association (AHA) 
are summarized in the two left columns. Contemporary criteria, as proposed by Strauss et al, are viewed 
in the right column. Adapted from van Deursen et al. J Electrocardiol 2014; 47 (2): 202-211, with permis-
sion. 

 ESC guidelines19 AHA guidelines17 Strauss criteria16 

QRS-duration ≥120 msec ≥120 msec ≥130 msec (female) 
≥140 msec (male) 

QS or rS V1 V1 V1, V2 

positive T-wave V1 – – 

normal intrinsicoid deflection (<60 msec) – V1-V3 – 

delayed intrinsicoid deflection (≥60 msec) I, V6 V5, V6 – 

notched or slurred R – I, aVL, V5 and V6 – 

mid-QRS notching/slurring (≥2 leads) – – V1, V2, I, aVL, V5, V6, 

RS pattern in V5, V6 allowed no yes yes 

Q-waves I, V5, V6 – not allowed allowed 

QS with positive T-wave aVR – – 

usually discordant T-wave all leads all leads – 

In the clinical setting it is not clear whether LBBB is an epiphenomenon rather than 
a causal factor in heart failure. In contrast, there is ample evidence in experimental 
literature that the electrical dyssynchrony caused by LBBB results in left ventricular 
remodeling and worsening of pump function. The induction of a proximal LBBB by 
radiofrequent ablation of the basal septum in a canine heart model, results in imme-
diate and persistent changes in both septal and lateral LV wall. Acutely after induc-
tion of LBBB, a decreased septal strain is observed in combination with an increased 
lateral strain with corresponding changes in external work and myocardial blood 

Pathophysiology of left bundle branch block 
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flow. These changes result in LV remodeling in the long run with progressive left 
ventricular dilation and decreasing ejection fraction (Figure 4).20,21 The mechanical 
dyssynchrony induced by LBBB can be visualized by both conventional M-mode 
echocardiography as well as by advanced imaging techniques like speckle tracking 
echocardiography. Figure 5 demonstrates the typical ultrasound image of a LBBB 
contraction pattern. In time, the septal wall is the first to contract, even before the 
actual aortic valve opening; this contraction therefore hardly contributes to the ejec-
tion of blood. The septal contraction stretches the still passive LV lateral wall. Around 
the time of aortic valve opening, the lateral wall starts to contract rather forcefully 
because of the earlier stretching (Frank-Starling mechanism). As a result of this con-
traction, shortening of the septal muscle fibers is interrupted and turned into the so-
called septal-rebound stretch.22 To recapitulate, the LBBB strain pattern is charac-
terized by a dyssynchronous LV activation causing the septal and lateral wall to pull 
at each other resulting in waste of energy. 
 

 
Figure 4. Physiological effects of a proximal left bundle branch block in a canine heart model. 
Immediately after the induction of a proximal left bundle branch block in a canine heart model, there is a 
significant decrease in external work and myocardial bloodflow in the septal wall, compared to an increase 
in the lateral wall. As a results of the electrical and mechanical dyssynchrony, the left ventricular end-
diastolic volume increases progressively with a decrease in ejection fraction. Adapted from Vernooy et al. 
Eur Heart J 2005; 26 (1) :91-98, with permission. 

 
In humans, these progressive pathophysiological effects of LBBB are more difficult 
to examine as the onset of LBBB is often a silent event. Still, by comparing 18 patients 
with LBBB in absence of cardiac disease with 10 healthy controls, Grines et al. were 
able to describe the electrical and hemodynamic characteristics of LBBB and its effect 
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on interventricular synchrony. They 
demonstrated that LBBB patients exhib-
ited larger LV systolic dimensions and re-
duced fractional shortening.23 More re-
cently, Lee et al. performed a retrospective 
analysis of 51 patients with prolonged 
QRS-duration (of whom 41% with LBBB) 
in which they demonstrated a progressive 
reduction in LV ejection fraction (LVEF) in 
patients with LBBB.24 Although these 
studies provide some insight in the effects 
of LBBB, prospective studies evaluating 
the pathophysiological changes of newly 
acquired LBBB are obviously lacking. 
However, the activation sequence of right 
ventricular (RV) pacing is very similar to 
that of LBBB and can therefore serve as a 
valuable surrogate.25 From this perspec-
tive, the Dual Chamber and VVI Implanta-
ble Defibrillator (DAVID) trial showed 
highly important data. In this study, pa-
tients with a LVEF ≤40% and indication 
for ICD therapy who were randomized to 
dual-chamber rate responsive pacing at 
70 beats per minute (bpm) had signifi-
cantly more heart failure hospitalizations 
than patients randomized to ventricular 
backup pacing at 40 bpm.26 Similarly, in 
patients with sinus node disease and pre-
served ejection fraction, the risk of heart 
failure hospitalization was proportional to 
the percentage of cumulative right ven-
tricular pacing as has been demonstrated in a subanalysis of the Mode Selection Trial 
(MOST).27 
 Finally, data from CRT-related research support the hypothesis that LBBB is the 
causal factor of LV dysfunction. Indeed, by treating the electrical dyssynchrony alone, 
CRT is able to induce LV reverse remodeling with improvement in LV function, re-
duction in heart failure symptoms and ultimately mortality.28–31 This is also sup-
ported by experimental research, showing that biventricular pacing reverses global 
and regional functional and structural abnormalities in a canine LBBB heart model.32 

 
Figure 5. Echocardiographic measurements 

in a canine heart with left bundle branch 

block.  
The grey level and color M-mode (upper image) 
show the typical biphasic septal contraction pat-
tern (with septal flash) with a large delay in sep-
tal to posterior wall motion (SPWMD). In the 
strain and strain rate graphs (lower image) the 
septal (blue) and lateral (red) contraction is 
plotted. The septal rebound stretch occurs when 
the delayed contraction of the lateral wall ab-
ruptly interrupts shortening of septal muscle fi-
bers. 
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In the second half of the past century, a wealth of literature has been published on 
the prognostic significance of LBBB. In those times, the interest in LBBB was mainly 
the result of the emerging application of the ECG as a screening tool in a varying study 
population. This was especially the case for LBBB in an apparently healthy popula-
tion (e.g. airforce crew members33–35 and people applying for a life insurance36). Not 
surprisingly, the clinical significance of LBBB became subject of debate. In general, 
the majority of studies do find a strong association between LBBB and cardiovascular 
disease, more specific hypertension, cardiomegaly, coronary artery disease and 
heart failure.34,37–43 The prevalence of LBBB is far below 0.5% in healthy, young indi-
viduals and increases up to 25% in patients with chronic heart failure.33–35,44 In terms 
of mortality, outcome is obviously dependent on the population studied with appar-
ent conflicting results (Table 2). Most of these studies, however, did not distinguish 
newly acquired from pre-existing LBBB nor did they have adequate control groups. 
The first population-based prospective study to overcome these flaws, was the Fram-
ingham Study. In that study, during a follow-up of 18 years, 55 people developed a 
new LBBB of whom only 11% remained free from cardiovascular disease. Also, 
within 10 years after onset of LBBB, 50% of these patients had died from cardiovas-
cular abnormalities compared to only 12% of an age- and gender-matched control 
population.38 Also, in patients with acute or chronic coronary artery disease and in 
patients with chronic heart failure, LBBB is an independent predictor of all-cause 
and/or cardiovascular mortality.44–47 Stenestrand et al. found a significant increase 
in all-cause mortality for patients with LBBB in univariate analysis. However, after 
adjustment for LVEF, LBBB did no longer predict one-year mortality. This observa-
tion could be consistent with the hypothesis that LBBB induces LV remodeling with 
deterioration of cardiac function. Therefore, the fact that LVEF is LBBB-dependent, 
might explain Stenestrand’s results in multivariate analysis.25,48 Yet, although these 
studies found an association between LBBB and adverse cardiovascular outcome, 
LBBB could still be cause or consequence of heart failure. 
  

Left bundle branch block as a risk factor for cardiovascular 

morbidity and mortality 



 
 

T
a

b
le

 2
. L

it
e

r
a

tu
r

e
 o

v
e

r
v

ie
w

 o
f 

th
e

 p
r

e
v

a
le

n
c

e
 a

n
d

 p
r

o
g

n
o

st
ic

 s
ig

n
if

ic
a

n
c

e
 o

f 
L

B
B

B
.*

 

A
u

th
o

r 
Y

e
a

r 
S

tu
d

y
 p

o
p

u
la

ti
o

n
 

N
 

M
e

a
n

 

A
g

e
 

ra
ti

o
 

M
:F

 

L
B

B
B

 p
re

v
a

le
n

ce
 

fo
ll

o
w

-u
p

 

(y
e

a
rs

) 

m
o

rt
a

li
ty

 

o
u

tc
o

m
e

 

L
B

B
B

 

e
ff

e
ct

 

u
n

iv
a

ri
a

te
 a

n
a

ly
si

s 
m

u
lt

iv
a

ri
a

te
 a

n
a

ly
si

s 

N
o

. 
ra

te
 

R
R

 (
9

5
%

 C
I)

 
P

-v
a

lu
e

 
R

R
 (

9
5

%
 C

I)
 

P
-v

a
lu

e
 

R
o

d
st

e
in

3
6
 

1
9

5
1

 
E

q
u

it
a

b
le

 L
if

e
 I

n
su

ra
n

ce
 

S
o

ci
e

ty
 

~
3

0
,0

0
0

 
–

 
–

 
5

2
 

0
.2

 
–

 
–

 
n

/
a

 
–

 
–

 
–

 
–

 

H
is

s3
3
 

1
9

6
2

 
U

S
 A

ir
fo

rc
e

 p
e

rs
o

n
n

e
l 

1
2

2
,0

4
3

 
3

0
 

m
a

le
 

1
7

 
0

.0
1

 
–

 
–

 
n

/
a

 
–

 
–

 
–

 
–

 

O
st

ra
n

d
e

r4
9
 

1
9

6
5

 
T

e
cu

m
se

h
 c

o
m

m
u

n
it

y
 

8
,6

4
1

 
4

0
 

0
.9

 
1

8
 

0
.2

1
 

–
 

–
 

n
/

a
 

–
 

–
 

–
 

–
 

E
d

m
a

n
d

s3
7
 

1
9

6
6

 
R

o
ss

m
o

o
r 

re
ti

re
m

e
n

t 
 

co
m

m
u

n
it

y
 

1
,5

6
0

 
6

9
 

0
.8

 
1

9
 

1
.2

 
–

 
–

 
n

/
a

 
–

 
–

 
–

 
–

 

S
ie

g
m

a
n

-I
g

ra
5

0
 1

9
7

8
 I

sr
a

e
li

 m
a

le
 s

e
rv

ic
e

 e
m

p
lo

y
e

e
s 

5
,2

0
4

 
5

0
 

m
a

le
 

6
 

0
.1

2
 

–
 

–
 

n
/

a
 

–
 

–
 

–
 

–
 

R
o

tm
a

n
3

4
 

1
9

7
5

 
U

S
 A

ir
fo

rc
e

 p
e

rs
o

n
n

e
l 

>
2

3
7

,0
0

0
 

n
/

a
 

m
a

le
 

1
2

5
 

0
.0

5
 

9
 

–
 

- 
–

 
–

 
–

 
–

 

S
ch

n
e

id
e

r3
8
†

 
1

9
7

9
 F

ra
m

in
g

h
a

m
 S

tu
d

y
 p

o
p

u
la

ti
o

n
 

5
,2

0
9

 
6

2
 

n
/

a
 

1
7

 
0

.3
 

1
8

 
a

ll
-c

a
u

se
 

+
 

n
/

a
 

<
0

.0
5

 
–

 
<

0
.0

5
 

R
a

b
k

in
3

5
 

1
9

8
2

 
R

o
y

a
l 

C
a

n
a

d
ia

n
 A

ir
fo

rc
e

  

W
W

II
 p

il
o

ts
 

3
,9

8
3

 
3

1
 

m
a

le
 

5
 

0
.1

3
 

3
0

 
a

ll
-c

a
u

se
 

+
 

1
3

.8
‡

 
<

0
.0

5
 

–
 

–
 

F
re

e
d

m
a

n
3

9
 

1
9

8
7

 
C

A
S

S
 s

tu
d

y
 p

o
p

u
la

ti
o

n
 

1
5

,6
0

9
 

5
4

 
5

.4
 

2
5

0
 

1
.6

 
5

 
a

ll
-c

a
u

se
 

+
 

3
.9

§
 

<
0

.0
0

1
 

2
.2

 
<

0
.0

0
1

 

H
a

rd
a

rs
o

n
4

0
†

 
1

9
8

7
 

R
e

y
k

ja
v

ik
 I

H
A

 s
cr

e
e

n
in

g
 

p
o

p
u

la
ti

o
n

 

1
7

,4
8

9
 

5
9

 
0

.9
 

4
4

 
0

.3
 

1
8

 
a

ll
-c

a
u

se
 

- 
1

.6
 (

0
.6

-4
.0

) 
N

S
 

–
 

–
 

F
a

h
y

4
1
†

 
1

9
9

6
 

IH
F

 s
cr

e
e

n
in

g
 p

o
p

u
la

ti
o

n
 

1
1

0
,0

0
0

 
5

1
 

2
.7

 
1

1
2

 
0

.1
 

1
0

 
ca

rd
ia

c 
+

 
1

.5
‡

 
0

.0
1

 
–

 
–

 

E
ri

k
ss

o
n

5
1
 

1
9

9
8

 
G

ö
te

b
o

rg
 S

tu
d

y
 o

f 
M

e
n

  

b
o

rn
 i

n
 1

9
1

3
 

8
5

5
 

5
0

 
m

a
le

 
–

 
–

 
3

1
 

a
ll

-c
a

u
se

, 

ca
rd

ia
c 

- 
–

 
N

S
 

–
 

N
S

 

B
ri

la
k

is
5

2
 

2
0

0
1

 A
M

I 
p

a
ti

e
n

ts
 O

lm
st

e
d

 C
o

u
n

ty
 

8
9

4
 

6
8

 
1

.6
 

5
3

 
5

.9
 

5
 

a
ll

-c
a

u
se

 
+

/
- 

3
.0

 (
1

.9
-4

.6
) 

<
0

.0
1

 
–

 
N

S
 

H
e

ss
e

4
5
 

2
0

0
1

 
C

C
F

 n
u

cl
e

a
r 

e
x

e
rc

is
e

  

te
st

in
g

 p
a

ti
e

n
ts

 

7
,0

7
3

 
6

0
 

3
.0

 
1

5
0

 
2

.0
 

7
 

a
ll

-c
a

u
se

 
+

 
2

.3
 (

1
.6

-3
.3

) 
<

0
.0

0
1

 
1

.5
 (

1
.0

-2
.0

) 
0

.0
2

 

M
il

le
r5

3
 

2
0

0
1

 A
M

I 
p

a
ti

e
n

ts
 O

lm
st

e
d

 C
o

u
n

ty
 

9
0

7
 

6
9

 
1

.6
 

2
7

 
3

.0
 

5
 

a
ll

-c
a

u
se

 
 

–
 

–
 

1
.9

 (
1

.1
-3

.4
) 

0
.0

3
 

B
a

ld
a

ss
e

ro
n

i4
4
 

2
0

0
2

 
It

a
li

a
n

 n
e

tw
o

rk
 C

H
F

 R
e

g
is

tr
y

 
5

,5
1

7
 

6
3

 
3

.2
 

1
,3

9
1

 
2

5
.2

 
1

 
a

ll
-c

a
u

se
 

+
 

1
.7

 (
1

.4
-2

.1
) 

–
 

1
.4

 (
1

.1
-1

.6
) 

<
0

.0
0

1
 

B
a

ld
a

ss
e

ro
n

i4
4
 

2
0

0
2

 
It

a
li

a
n

 n
e

tw
o

rk
 C

H
F

 R
e

g
is

tr
y

 
5

,5
1

7
 

6
3

 
3

.2
 

1
,3

9
1

 
2

5
.2

 
1

 
su

d
d

e
n

 
+

 
1

.6
 (

1
.2

-2
.1

) 
–

 
1

.4
 (

1
.1

-1
.7

) 
0

.0
2

 

S
te

n
e

st
ra

n
d

5
4
 

2
0

0
4

 
R

IK
S

-H
IA

 r
e

g
is

tr
y

 
8

8
,0

2
6

 
7

2
 

1
.4

 
8

,0
4

1
 

9
.1

 
1

 
a

ll
-c

a
u

se
 

+
/

- 
2

.2
 (

2
.1

-2
.2

) 
<

0
.0

0
1

 
0

.9
 (

0
.7

-1
.2

) 
0

.5
4

 

 
 



 

E
ri

k
ss

o
n

4
2
 

2
0

0
5

 
G

ö
te

b
o

rg
 p

ri
m

a
ry

  

p
re

v
e

n
ti

o
n

 s
tu

d
y

 

7
,3

9
2

 
5

2
 

m
a

le
 

4
6

 
0

.6
 

2
8

 
a

ll
-c

a
u

se
 

+
 

1
.9

 (
1

.2
-3

.1
)§

 
–

 
1

.9
 (

1
.2

-3
.0

)  
–

 

E
ri

k
ss

o
n

4
2
 

2
0

0
5

 
G

ö
te

b
o

rg
 p

ri
m

a
ry

  

p
re

v
e

n
ti

o
n

 s
tu

d
y

 

7
,3

9
2

 
5

2
 

m
a

le
 

4
6

 
0

.6
 

2
8

 
co

ro
n

a
ry

 
+

 
3

.8
 (

2
.0

-7
.1

)§
 

–
 

3
.3

 (
1

.8
-6

.2
)  

–
 

E
ri

k
ss

o
n

4
2
 

2
0

0
5

 
G

ö
te

b
o

rg
 p

ri
m

a
ry

  

p
re

v
e

n
ti

o
n

 s
tu

d
y

 

5
,7

1
9

 
–

 
m

a
le

 
3

1
 

0
.5

 
2

8
 

a
ll

-c
a

u
se

#
 

- 
1

.7
 (

0
.9

-3
.2

)§
 

–
 

1
.7

 (
0

.9
-3

.3
)  

–
 

E
ri

k
ss

o
n

4
2
 

2
0

0
5

 
G

ö
te

b
o

rg
 p

ri
m

a
ry

  

p
re

v
e

n
ti

o
n

 s
tu

d
y

 

5
,7

1
9

 
–

 
m

a
le

 
3

1
 

0
.5

 
2

8
 

co
ro

n
a

ry
#

 
+

 
4

.0
 (

1
.8

-8
.7

)§
 

–
 

4
.0

 (
1

.8
-8

.7
)  

–
 

G
u

e
rr

e
ro

4
6
 

2
0

0
5

 
P

A
M

I 
d

a
ta

b
a

se
 

3
,0

5
3

 
6

1
 

2
.7

 
4

8
 

1
.6

 
3

0
 d

a
y

s 
a

ll
-c

a
u

se
 

+
 

–
 

–
 

5
.2

 (
1

.8
-1

4
.9

)  
<

0
.0

0
1

 

G
u

e
rr

e
ro

4
6
 

2
0

0
5

 
P

A
M

I 
d

a
ta

b
a

se
 

3
,0

5
3

 
6

1
 

2
.7

 
4

8
 

1
.6

 
1

 
a

ll
-c

a
u

se
 

- 
–

 
–

 
–

 
N

S
 

W
o

n
g

5
5
 

2
0

0
6

 
H

E
R

O
-2

 t
ri

a
l 

1
7

,0
7

3
 

–
 

2
.4

 
3

0
0

 
1

.8
 

3
0

 d
a

y
s 

a
ll

-c
a

u
se

||
 

+
/

- 
1

.9
 (

1
.4

-2
.6

) 
 

0
.7

 (
0

.5
-1

.0
)  

 

W
o

n
g

5
5
 

2
0

0
6

 
H

E
R

O
-2

 t
ri

a
l 

1
5

,4
8

3
 

–
 

2
.4

 
2

5
 

0
.2

 
3

0
 d

a
y

s 
a

ll
-c

a
u

se
†

†
 

+
 

4
.7

 (
2

.0
-1

0
.9

) 
 

3
.0

 (
1

.2
-7

.6
)  

 

L
i4

3
 

2
0

0
8

 
L

IF
E

 t
ri

a
l 

9
,1

9
3

 
6

7
 

0
.7

 
5

6
4

 
6

.1
 

5
 

ca
rd

io
v

a
sc

u
la

r  
+

 
2

.0
 (

1
.4

-2
.6

) 
<

0
.0

0
1

 
1

.6
 (

1
.1

-2
.3

)  
<

0
.0

5
 

L
i4

3
 

2
0

0
8

 
L

IF
E

 t
ri

a
l 

9
,1

9
3

 
6

7
 

0
.7

 
5

6
4

 
6

.1
 

5
 

a
ll

-c
a

u
se

 
+

/
- 

1
.5

 (
1

.2
-1

.9
) 

<
0

.0
0

5
 

1
.3

 (
0

.9
-1

.7
)  

0
.1

1
 

* 
L

B
B

B
 d

e
n

o
te

s 
le

ft
 b

u
n

d
le

 b
ra

n
ch

 b
lo

ck
, M

 m
a

le
, F

 f
e

m
a

le
,  

R
R

 r
e

la
ti

v
e

 r
is

k
, C

I 
co

n
fi

d
e

n
ce

 i
n

te
rv

a
l,

 n
/

a
 n

o
t 

a
p

p
li

ca
b

le
, U

S
 U

n
it

e
d

 S
ta

te
s,

 W
W

II
 W

o
rl

d
 W

a
r 

II
, C

A
S

S
 

C
o

ro
n

a
ry

 A
rt

e
ry

 S
u

rg
e

ry
 S

tu
d

y
, 

IH
A

 I
ce

la
n

d
ic

 H
e

a
rt

 A
ss

o
ci

a
ti

o
n

, 
IH

F
 I

ri
sh

 H
e

a
rt

 F
o

u
n

d
a

ti
o

n
, 

N
S

 n
o

n
-s

ig
n

if
ic

a
n

t,
 A

M
I 

A
cu

te
 m

y
o

ca
rd

ia
l 

in
fa

rc
ti

o
n

, 
C

C
F

 C
le

v
e

la
n

d
 

C
li

n
ic

 F
o

u
n

d
a

ti
o

n
, 

C
H

F
 C

h
ro

n
ic

 h
e

a
rt

 f
a

il
u

re
, 

R
IK

S
-H

IA
 R

e
g

is
te

r 
o

f 
in

fo
rm

a
ti

o
n

 a
n

d
 k

n
o

w
le

d
g

e
 a

b
o

u
t 

S
w

e
d

is
h

 h
e

a
rt

 i
n

te
n

si
v

e
 c

a
re

 a
d

m
is

si
o

n
s,

 P
A

M
I 

P
ri

m
a

ry
 

a
n

g
io

p
la

st
y

 i
n

 m
y

o
ca

rd
ia

l 
in

fa
rc

ti
o

n
, 

H
E

R
O

-2
 H

ir
u

lo
g

 a
n

d
 e

a
rl

y
 r

e
p

e
rf

u
si

o
n

 o
r 

o
cc

lu
si

o
n

-2
, 

L
IF

E
 L

o
sa

rt
a

n
 i

n
te

rv
e

n
ti

o
n

 f
o

r 
e

n
d

p
o

in
t 

re
d

u
ct

io
n

 i
n

 h
y

p
e

rt
e

n
si

o
n

. 
A

 

h
y

p
h

e
n

 (
–

) 
in

d
ic

a
te

s 
th

a
t 

th
e

 d
a

ta
 w

a
s 

n
o

t 
p

ro
v

id
e

d
 i

n
 t

h
e

 p
a

p
e

r.
 

†
 S

u
rv

iv
a

l 
a

n
a

ly
si

s 
fo

r 
L

B
B

B
 w

a
s 

co
m

p
a

re
d

 w
it

h
 a

n
 a

g
e

- 
e

n
 g

e
n

d
e

r-
m

a
tc

h
e

d
 c

o
n

tr
o

l 
co

h
o

rt
 (

n
=

1
1

0
 f

o
r 

S
ch

n
e

id
e

r;
 n

=
1

5
7

 f
o

r 
H

a
rd

a
rs

o
n

; 
n

=
1

1
2

 f
o

r 
F

a
h

y
).

  

‡
 R

e
la

ti
v

e
 r

is
k

 w
a

s 
d

e
ri

v
e

d
 f

ro
m

 t
h

e
 r

a
ti

o
 o

f 
m

o
rt

a
li

ty
 r

a
te

s 
p

re
se

n
te

d
 i

n
 t

h
e

 p
a

p
e

r 
 

§
 t

h
e

 p
re

se
n

te
d

 r
e

la
ti

v
e

 r
is

k
 w

a
s 

a
d

ju
st

e
d

 f
o

r 
a

g
e

. 

#
 t

h
e

 p
re

se
n

te
d

 d
a

ta
 a

re
 b

a
se

d
 o

n
 a

 s
u

b
a

n
a

ly
si

s 
in

 t
h

e
 s

a
m

e
 p

a
p

e
r 

o
f 

p
a

ti
e

n
ts

 w
it

h
o

u
t 

a
n

g
in

a
 p

e
ct

o
ri

s 
o

r 
d

y
sp

n
e

a
. 

||
 a

ll
-c

a
u

se
 m

o
rt

a
li

ty
 f

o
r 

p
a

ti
e

n
ts

 w
it

h
 L

B
B

B
 a

t 
ti

m
e

 o
f 

ra
n

d
o

m
iz

a
ti

o
n

 

†
†

 a
ll

-c
a

u
se

 m
o

rt
a

li
ty

 f
o

r 
p

a
ti

e
n

ts
 w

it
h

 n
e

w
 L

B
B

B
 p

re
se

n
t 

w
it

h
in

 6
0

 m
in

u
te

s 
a

ft
e

r 
a

d
m

is
si

o
n

. 

  
 



C H A P T E R  1  

 20 

Left bundle branch block and aortic valve interventions 

As can be seen from figure 2, the left bundle branch is located in close proximity to 
the aortic valve. As a consequence, interventions for repairing this valve contain a 
risk for induction of LBBB. Early experiments with surgical aortic valve replacement 
(SAVR) suggested that LBBB was a relatively frequent surgical complication, with an 
incidence as high as 32%, whereas a more recent study by El-Khally et al. demon-
strated a much lower rate of 6%.56,57 The recently introduced transcatheter aortic 
valve implantation (TAVI) is complicated by LBBB in up to 60% of the patients. Con-
sidering that TAVI is a rapidly emerging intervention and that LBBB has been recog-
nized as a serious condition in other settings, the prognostic relevance of TAVI-in-
duced LBBB is questioned. This is the first main research question of this thesis. Com-
plementary, this thesis also focuses on the fate of TAVI-induced LBBB over time in 
order to elucidate whether the conduction disorder is temporary or persistent. 
 A second main research question is what the prevalence and clinical significance 
of LBBB following conventional SAVR are. After all, patients selected for TAVI are 
often considered as having a too high risk for postoperative morbidity and mortality 
when undergoing SAVR. However, in this consideration the frequent development of 
LBBB after TAVI is not taken into account. Most of the studies addressing LBBB after 
SAVR date back to 1970-1980 where different surgical techniques and materials 
were used.56,58,59 Moreover, the only contemporary paper on significance of SAVR-
induced LBBB was flawed by a small sample size and limited number of mortality 
events.57  
 Several factors are presumed to be responsible for the occurrence of LBBB after 
TAVI. As described above, there is an intimate connection between the native aortic 
valve and the left bundle branch which is located in the membranous septum. The 
majority of implanted TAVI devices until now are either the self-expanding Med-
tronic CoreValve System (MCS; Medtronic Inc, Minneapolis, MN, USA) or the balloon-
expandable Edwards SAPIEN valve (ES; Edwards Lifesciences LLC, Irvine, CA, USA). 
As the frequency of TAVI-induced LBBB is considerably higher with the MCS, there 
are also important device related factors influencing the development of LBBB. In-
deed, the distal skirt of the MCS protrudes relatively deep into the LVOT. Its frame is 
made of self-expanding nitinol exerting continuous and increasing pressure on the 
membranous septum. This in contrast with the ES device, which consists of a stain-
less steel or cobalt-chromium frame which is expanded by a balloon. Furthermore, 
the presence of calcium of the native aortic valve compressing the membranous sep-
tum is thought to be another causal factor.7 
 A novel device, the self-expandable Perceval S bioprosthesis (Sorin Biomedica 
Cardio Srl, Sallugia, Italy), claims to combine the advantages of TAVI (sutureless; ease 
of implantation) with those of conventional SAVR (possibility of native valve exci-
sion; visual access of the aorta). However, this prosthesis has comparable properties 
as the MCS device as it is also composed of self-expanding nitinol. This constituted a 
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third research question focussing on the frequency of LBBB occurrence after implan-
tation of the Perceval S valve. 

Controversies in cardiac resynchronization therapy 

During the last 15 years, CRT has emerged as an effective therapy in patients with 
symptomatic heart failure and conduction disorders, especially LBBB. As a consider-
able number of patients do not exhibit a response to CRT60 the question is whether 
the therapy should be tailored to the individual patient. To this purpose, a possible 
target is optimization of the AV- and ventriculo-ventricular (VV) timing of the CRT 
device.61 The spectrum of available methods is however broad and (patho)physio-
logical and/or scientific evidence is often absent. 
 To this purpose, several hemodynamic measurements are proposed to guide 
CRT optimization. As the effects of CRT exhibit an “on-off” phenomenon and result in 
acute and immediate electrical, hemodynamic and mechanical changes; they can be 
measured by for example maximum rate of rise in LV pressure (LV dP/dtmax), pres-
sure-volume loops, stroke volume and bloodpressure.28,62–65 To evaluate hemody-
namics, LV dP/dtmax has proven to be a valuable surrogate for LV contractility.66 Alt-
hough influenced to some extent by heart rate, preload and afterload,67 this is of mi-
nor importance in the setting of measuring the acute hemodynamic effect of CRT. 
After all, CRT improves regional and global contractility while preload and afterload 
remain fairly constant. LV dP/dtmax has been used to measure the acute hemody-
namic effects of CRT in for example the Pacing Therapies for Congestive Heart Failure 
(PATH-CHF) study,28 Whether an positive acute hemodynamic effect also translates 
into a favourable long-term clinical outcome is still unclear. In the PATH-CHF study 
no correlation was found between acute hemodynamic response (measured by LV 
dP/dtmax) and long-term response, however the sample size was low (n=25).68 There-
fore we finally questioned whether the acute increase in LV dP/dtmax would predict 
long-term outcome. 

Outline of the thesis 

In chapter 2 we describe the prognostic significance of TAVI-induced LBBB by com-
paring mortality during long-term follow-up between TAVI patients who did and did 
not develop a new LBBB. This was done in a retrospective study among 679 TAVI 
patients collected from 8 implanting centers in the Netherlands. Subsequently, we 
studied the behaviour of TAVI-induced LBBB after hospital discharge to see whether 
LBBB (dis)appears within 24 hours after implantation, before hospital discharge and 
during long-term follow-up (chapter 3). The relation between persistent LBBB and 
mortality was also investigated. To this purpose, data were combined from 3 centers 
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in the Netherlands and 1 center in Canada. In chapter 4 we focus on the effect of 
increasing experience together with newer implantation techniques on the occur-
rence of TAVI-induced LBBB in the same patient population. 
 The occurrence of LBBB as complication of SAVR (chapter 5) was studied in a 
patient cohort of 1,764 patients who underwent SAVR from 2002 to 2010 in a single 
center (Catharina Hospital, Eindhoven, the Netherlands). 
 In chapter 6, we report the early results of the self-expandable sutureless Per-
ceval S bioprosthesis, more specifically by addressing the issue of new LBBB. Insight 
from the performance of this valve could help to clarify the mechanism of LBBB after 
aortic valve interventions. Although the self-expanding design is comparable to MCS, 
there is a different delivery system and the possibility to surgically remove the native 
valve and its calcium. 
 In chapter 7 and chapter 8 we focus on the treatment of LBBB by CRT. We dis-
cuss the physiological rationale of AV/VV-optimization followed by a review of avail-
able invasive and non-invasive optimization methods with a critical appraisal of the 
literature. While the recognition of LBBB morphology on the ECG predicts outcome 
of CRT, a possibly complementary approach is to test the acute hemodynamic re-
sponse to CRT. To this purpose, we assessed whether the absolute level of contrac-
tility, assessed by measuring LV dP/dtmax or its acute increase upon initiation of CRT, 
predicts long-term clinical outcome in terms of mortality after initiation of CRT. 
 Finally, a general discussion is presented together with future perspectives with 
respect to aortic intervention-related LBBB and LV dP/dtmax-guided optimization of 
CRT (chapter 9).  
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Abstract 

Background 

Transcatheter aortic valve implantation (TAVI) is a novel therapy for treatment of 
severe aortic stenosis. Although 30% to 50% of patients develop new left bundle-
branch block (LBBB), its effect on clinical outcome is unclear. 
 

Methods and Results 

Data were collected in a multicenter registry encompassing TAVI patients from 2005 
until 2010. The all-cause mortality rate at follow-up was compared between patients 
who did and did not develop new LBBB. Of 679 patients analyzed, 387 (57.0%) un-
derwent TAVI with the Medtronic CoreValve System and 292 (43.0%) with the Ed-
wards SAPIEN valve. A total of 233 patients (34.3%) developed new LBBB. Median 
follow-up was 449.5 (interquartile range [IQR], 174–834) days in patients with and 
450 (IQR, 253–725) days in patients without LBBB (P=0.90). All-cause mortality was 
37.8% (n=88) in patients with LBBB and 24.0% (n=107) in patients without LBBB 
(P=0.002). By multivariate regression analysis, independent predictors of all-cause 
mortality were TAVI-induced LBBB (hazard ratio [HR], 1.54; confidence interval [CI], 
1.12–2.10), chronic obstructive lung disease (HR, 1.56; CI, 1.15–2.10), female sex 
(HR, 1.39; CI, 1.04–1.85), left ventricular ejection fraction 50% (HR, 1.38; CI, 1.02–
1.86), and baseline creatinine (HR, 1.32; CI, 1.19–1.43). LBBB was more frequent af-
ter implantation of the Medtronic CoreValve System than after Edwards SAPIEN im-
plantation (51.1% and 12.0%, respectively; P=0.001), but device type did not influ-
ence the mortality risk of TAVI-induced LBBB. 
 
Conclusions 

All-cause mortality after TAVI is higher in patients who develop LBBB than in pa-
tients who do not. TAVI-induced LBBB is an independent predictor of mortality.  
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Introduction 

Transcatheter aortic valve implantation (TAVI) is a relatively new, less invasive 
treatment for severe, symptomatic aortic stenosis and is advocated as an alternative 
to conventional surgical aortic valve replacement in patients who do not qualify for 
surgery. In the latter patient category, the PARTNER trial (Placement of Aortic 
Transcatheter Valve trial) has demonstrated that TAVI significantly reduces all-
cause mortality, repeat hospitalization and cardiac symptoms compared with stand-
ard therapy including balloon valvuloplasty.1 For patients at high risk for surgery, 
survival after TAVI was comparable to that of surgical replacement, albeit with dif-
ferent periprocedural risks.2 
 Recent studies describe that TAVI can induce cardiac conduction abnormalities; 
the most frequent one being left bundle branch block (LBBB). The incidence of TAVI-
induced LBBB has been reported to vary between 7% and 83% and seems to depend 
on the device being used.3-6 
 Although, in the light of valve implantation, LBBB may seem a fairly harmless 
side effect, LBBB leads to abnormal ventricular contraction and compromised car-
diac pump function.7-9 Clinical studies have shown that LBBB is associated with in-
creased morbidity and mortality in a broad population, varying from healthy individ-
uals to patients after myocardial infarction to patients with established heart fail-
ure.10  
 The aim of the present study was to investigate the impact of a new LBBB after 
TAVI on all-cause mortality in a series of 679 patients who underwent TAVI between 
November 2005 and December 2010 in 8 centers in the Netherlands. 

Methods 

Study population 

All patients who underwent TAVI with either the self-expandable Medtronic 
CoreValve System (MCS; Medtronic Inc, Minneapolis, MN, USA) or the balloon-ex-
pandable Edwards SAPIEN valve (ES; Edwards Lifesciences LLC, Irvine, CA, USA) be-
tween November 2005 up to December 2010 in any of the 8 participating centers 
were reviewed. The study population was defined by using prospectively collected 
clinical and procedural data that were entered into the dedicated TAVI database of 
each center. If necessary, additional information was collected retrospectively by 
analysis of medical records and/or telephone review.  
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Study design 

We compared patients who developed new LBBB within 7 days after TAVI with pa-
tients who did not. For this purpose, all electrocardiograms (ECG) before and within 
7 days after implantation were collected and reviewed by the first and third author 
(P.H. and T.P.) to extract heart rhythm, PR- and QRS-interval and QRS-axis. Newly 
developed LBBB was defined as a postprocedural V1-negative QRS-complex with a 
duration of more than 120 msec and a notched or slurred R-wave in at least one of 
the lateral leads (I, aVL, V5, V6), according to the established guidelines.11 As a surro-
gate for the extent of left ventricular hypertrophy, we measured the amplitude of the 
R-wave in aVL and V5/V6 as well as the amplitude of the S-wave in V1, based on the 
Sokolow-Lyon criteria.12 An absent Q-wave in V6 was regarded as indicator for septal 
fibrosis.13,14 
 Exclusion criteria for the study were an aborted procedure without valve implan-
tation, pre-existing permanent pacemaker (PPM) and/or pre-existing LBBB. All pa-
tients requiring postprocedural PPM implantation were excluded from analysis (re-
gardless of whether they developed LBBB or not), because a pacemaker intervention 
protects from bradyarrhythmic cardiac death, thereby influencing mortality. Moreo-
ver, it is known that intrinsic atrioventricular conduction apparently recovers within 
time, as some patients who have been implanted a permanent pacemaker do not re-
quire ventricular pacing at long-term follow-up.15 As a result, these patients have in-
trinsic ventricular activation and do not exhibit the dyssynchronous activation of 
right ventricular pacing. Cause of death was classified into three categories: cardio-
vascular, non-cardiovascular and sudden. Death was defined as cardiovascular if it 
was caused by pump failure (acute or chronic), coronary artery disease or cerebro-
vascular disease. The cause of death was categorized as sudden if a patient died sud-
denly.  

Primary endpoint 

The primary endpoint was all-cause mortality at follow-up and was collected by con-
sulting the Dutch civil registry. This governmental controlled registry contains vital 
records of the entire population, including date of death.  

Statistical Analysis 

Primary hypothesis of this study was that TAVI-induced LBBB affects all-cause mor-
tality of TAVI patients. This idea arose from studies that showed a reduced mortality 
due to cardiac resynchronization therapy (CRT) in LBBB patients. For patients with 
New York Heart Association (NYHA) class I or II, the MADIT-CRT trial demonstrated 
a 31% reduction in ventricular tachyarrhythmias or death due to CRT.16 Overall 1-
year mortality after TAVI in previous reports ranges from 24 to 31%.1,17 Assuming a 
30% incidence of LBBB and a 1-year mortality of 30% and 20% in patients with and 
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without TAVI-induced LBBB, respectively, we estimated that a minimum sample size 
of 231 patients with new LBBB and 462 patients without would be needed (two-
sided alpha of 0.05 and a power of 0.8). 
 Baseline variables were compared between both groups. Categorical variables 
are presented as numbers and proportions and were compared using the Fisher’s 
exact test. For continuous variables, normality of distribution was assessed with the 
Kolmogorov-Smirnov test. Normal and skewed continuous variables are presented 
as means with standard deviation (SD) and medians with interquartile range (IQR), 
respectively, and were compared accordingly, using either an unpaired t-test or the 
Mann-Whitney U test. A two-sided p-value less than 0.05 was considered to be sta-
tistically significant. Survival was estimated using the Kaplan-Meier method. The log-
rank test was used to compare mortality between patients with and without TAVI-
induced LBBB. All variables with a p-value ≤0.20 in univariate Cox regression analy-
sis, were entered into a multivariate Cox regression analysis using the enter method 
to determine the effect of TAVI-induced LBBB, adjusted for other potential predictors 
of the primary endpoint. To evaluate if TAVI-induced LBBB was subject to a learning 
curve, consecutive patients of each center were ranked according to their entry time 
into the local TAVI program. Next, patients were grouped into strata of 20 patients 
according to their ranking number. The 6th and last stratum consisted of case number 
100 and higher. Subsequently, data from all centers were combined. The aforemen-
tioned ranking and stratification was performed separately for both the MCS and the 
ES device. For descriptive purposes, we performed analysis of subsets with and with-
out LBBB with use of the Breslow-Day test for heterogeneity testing. All statistical 
analyses were performed using Statistical Package for Social Sciences (SPSS), version 
17 (IBM SPSS, Chicago, IL, USA). 

Results 

Study population 

Between November 15, 2005 and December 23, 2010, 1,013 patients underwent 
TAVI in the 8 participating centers in the Netherlands. Not eligible were 197 patients 
because of an aborted procedure without valve implantation (n=11) and pre-existing 
LBBB and/or pre-existing PPM (n=186). In addition, another 118 patients were ex-
cluded because of postprocedural PPM implantation (Figure 1). There were 19 pa-
tients who died shortly after implantation so that no follow-up ECG was available. As 
a consequence, it was not possible to categorize these patients. Therefore, a total of 
679 patients were eligible for analysis. Baseline characteristics of the total study pop-
ulation and patients with and without TAVI-induced LBBB are outlined in table 1. 
Patients were septua- and octogenerians with an almost even gender distribution. 
Baseline QRS duration was slightly, but significantly, shorter in patient with TAVI-
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induced LBBB. Based on electrocardiographic indices, there was no significant dif-
ference in left ventricular hypertrophy or septal fibrosis. All other baseline variables 
did not differ significantly between both groups. 
 

 
Figure 1. Study population. 
PPM denotes permanent pacemaker, LBBB left bundle branch block. Categorization in either group was 
made based on comparison of the preprocedural and ≤7 days postprocedural electrocardiogram. 

Procedural outcomes 

In 387 patients (57.0%) a MCS device was implanted (valve size 26 mm [n=192] and 
29 mm [n=195]) and in 292 patients (43.0%) an ES device (valve size 23 mm [n=109] 
and 26 mm [n=183]). Access was transfemoral in 463 (68.2%) patients, subclavial in 
10 (1.5%) and transapical (ES devices only) in 206 (30.3%). From the 8 participating 
centers, 2 centers implanted both ES and MCS, 3 centers used predominantly MCS 
and 3 centers implanted ES devices. All procedures were performed by experienced 
and skilled physicians who underwent extensive training of the procedure.  
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Table 1. Baseline and procedural characteristics of the patients.* 

Characteristic Study population 
(N=679) 

no LBBB 
(N=446) 

new LBBB 
(N=233) 

P value 

Demographics     

Age – yr 81 (77-85) 82 (77-85) 81 (78-85) 0.86 

Male gender – no. (%) 319 (47.0) 216 (48.4) 103 (44.4) 0.33 

Clinical     

Coronary artery disease – no. (%) 319 (47.0) 207 (46.4) 112 (48.1) 0.70 

Previous MI – no. (%) 127 (18.7) 91 (20.4) 36 (15.5) 0.12 

Previous PCI – no. (%) 193 (28.4) 119 (26.7) 74 (31.8) 0.18 

Previous CABG – no. (%) 164 (24.2) 114 (25.6) 50 (21.5) 0.26 

Cerebral vascular disease – no. (%) 120 (17.7) 75 (16.8) 45 (19.3) 0.46 

Peripheral vascular disease – no. (%) 141 (20.8) 100 (22.4) 41 (17.6) 0.16 

Diabetes mellitus – no. (%) 160 (23.6) 94 21.1) 66 (28.3) 0.04 

COPD – no. (%) 178 (26.2) 118 (26.5) 60 (25.8) 0.86 

Creatinine – mg/dl 1.07 (0.85-1.38) 1.07 (0.86-1.40) 1.05 (0.81-1.37) 0.60 

Logistic EuroSCORE† 16.0 (10.0-25.0) 16.0 (10.0-25.0) 16.0 (10.0-24.5) 0.64 

Electrocardiography     

sinus rhythm – no. (%) 535 (78.8) 355 (80.0) 180 (77.3) 0.48 

baseline PR–duration – msec 180 (160-202) 180 (160-202) 180 (160-202) 0.83 

baseline QRS–duration – msec 98 (89-110) 100 (90-110) 96 (88-106) 0.003 

baseline QRS-axis – degrees‡ 14.6±41.6 15.2±43.3 13.4±38.1 0.55 

R-wave aVL – mm 7 (3-11) 7 (3-11) 7 (4-11) 0.55 

S-wave V1 + R-wave V5/6 – mm 27 (20-35) 27 (19-35) 29 (22-35) 0.14 

absence of Q-wave V6 (%) 61.8 62.7 61.8 0.84 

Echocardiography     

Maximal aortic valve gradient – mmHg 74 (60-90) 74 (61-90) 74 (60-93) 0.86 

Mean aortic valve gradient – mmHg 45 (36-57) 44 (35-56) 45 (36-58) 0.54 

Aortic valve area – cm2 0.7 (0.6-0.8) 0.7 (0.6-0.8) 0.7 (0.5-0.8) 0.35 

LVEF <50% – no. (%)  190 (28.0) 122 (27.4) 68 (29.3) 0.65 

Procedural     

Medtronic CoreValve System – no. (%) 387 (57.0) 189 (42.4) 198 (85.0) <0.001 

Transapical access – no. (%) 206 (30.3) 180 (40.4) 26 (11.2) <0.001 

* Results are presented as median (interquartile range) or absolute number (percentage), unless stated 
otherwise. MI denotes myocardial infarction, PCI percutaneous coronary intervention, CABG coronary-
artery bypass grafting, COPD chronic obstructive lung disease, LVEF left ventricular ejection fraction 
† The logistic European System for Cardiac Operative Risk Evaluation (EuroSCORE) is a score system rang-
ing from 0 to 100% used to predict 30-day mortality of cardiovascular surgery. 
‡ Baseline QRS axis is presented as mean±SD (standard deviation). 

 
 In all 679 patients an ECG at baseline and before discharge was available for anal-
ysis. A new LBBB after TAVI occurred in 233 (34.3%) patients. In these patients, QRS-
duration increased from 96 (88–106) msec before to 150 (140–162) msec after TAVI 
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(P<0.001). Compared to patients without LBBB, those who developed a new LBBB 
also had a significantly larger increase in PR-interval (18 [-2–40] msec versus 0 [-
16–16] msec, respectively; P<0.001). 

Primary endpoint 

Median follow-up was 449.5 (IQR, 174–834) days in patients with and 450 (IQR, 
253–725) days in patients without new LBBB (P=0.90). At 30 days, all-cause mortal-
ity rate was 12.9% (n=30) in patients who developed new LBBB compared with 8.7% 
(n=39) in patients who did not (log-rank P=0.09). At 1 year after implantation the 

endpoint had occurred in 
62 (26.6%) patients with 
and in 78 (17.5%) of pa-
tients without new LBBB 
(log-rank P=0.006), indi-
cating an increment in ab-
solute and relative mortal-
ity risk for new LBBB of 
9.1% and 52.0%, respec-
tively. During total follow-
up, the primary endpoint of 
all-cause mortality was 
reached in 37.8% (n=88) of 
patients with and 24.0% 
(n=107) of patients with-
out new LBBB (log-rank 
P=0.002). Kaplan-Meier es-
timates of survival indicate 
a continuous worsening of 
outcome in patients with 
TAVI-induced LBBB (Fig-

ure 2). For the subset of 118 patients excluded from analysis because of PPM implan-
tation, mortality rate was 4.2% (n=5), 16.9% (n=20) and 28.8% (n=34) at 30 days, 1 
year and total follow-up, respectively. 
 Determinants of all-cause mortality at total follow-up are shown in Table 2. By 
univariate analysis following variables significantly predicted the endpoint in de-
scending order of hazard ratio (HR): chronic obstructive lung disease (HR, 1.56, CI, 
1.15-2.10), TAVI-induced LBBB (HR, 1.55, CI, 1.17-2.06), female gender (HR, 1.52, CI, 
1.15-2.03), left ventricular ejection fraction (LVEF) ≤50% (HR, 1.46, CI, 1.09-1.96), 
use of MCS prosthesis (HR, 1.41, CI, 1.05-1.90) and baseline creatinine (HR, 1.29, CI, 
1.18-1.42).  
 
  

 
Figure 2. Kaplan-Meier survival curves for the primary 

endpoint. 
“New LBBB” denotes patients who developed left bundle branch 
block (LBBB) upon the transcatheter aortic valve implantation 
(TAVI) procedure, whereas “no LBBB” denotes the patients who 
did not. Event-rates were compared using the log-rank test. 
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Table 2. Univariate and multivariate Cox regression analysis of the primary endpoint of all-cause 

mortality.* 

 Univariate Analysis Multivariate Analysis 

Variable HR CI P value HR CI P value 

Age 0.99 0.97-1.01 0.20    

Female gender 1.52 1.15-2.03 0.003 1.39 1.04-1.85 0.03 

Baseline creatinine 1.29 1.18-1.42 <0.001 1.32 1.19-1.43 <0.001 

Previous MI 1.24 0.88-1.74 0.23    

Previous CABG 0.95 0.68-1.32 0.75    

Cerebrovascular disease 0.98 0.68-1.41 0.92    

Peripheral vascular disease  1.09 0.77-1.55 0.61    

Diabetes mellitus 1.25 0.91-1.71 0.17 1.21 0.88-1.66 0.25 

COPD 1.52 1.13-2.05 0.006 1.56 1.15-2.10 0.004 

LVEF ≤50% 1.46 1.09-1.96 0.01 1.38 1.02-1.86 0.03 

MCS prosthesis† 1.41 1.05-1.90 0.02 1.13 0.81-1.56 0.48 

Transfemoral access 1.03 0.75-1.41 0.86    

TAVI-induced LBBB 1.55 1.17-2.06 0.002 1.54 1.12-2.10 0.007 

* HR denotes hazard ratio, CI 95% confidence interval, MI myocardial infarction, CABG coronary-artery 
bypass grafting, COPD chronic obstructive pulmonary disease, LVEF left ventricular ejection fraction, 
TAVI-induced LBBB new left bundle branch block induced by transcatheter aortic valve implantation 
† For calculation of the hazard ratio, the Medtronic CoreValve System (MCS) prosthesis was compared to 
the Edwards SAPIEN (ES) prosthesis. 

 
By multivariate analysis, TAVI-induced LBBB was one of the strongest independent 
predictors of all-cause mortality (HR, 1.54, CI, 1.12-2.10), together with chronic ob-
structive lung disease (HR, 1.54, CI, 1.13-2.09), followed by female gender (HR, 1.38, 
CI, 1.04-1.85), left ventricular ejection fraction ≤50% (HR, 1.38, CI, 1.02-1.86) and 
baseline creatinine (HR, 1.32, CI, 1.19-1.43).  
 Descriptive subset analysis showed that the effect of TAVI-induced LBBB on mor-
tality was constant throughout different subgroups, except for chronic obstructive 
lung disease. The mortality risk of new LBBB was similar in patients who received an 
MCS or ES device (Figure 3). 
 The cause of death was cardiovascular in 42 (39.3%) patients without and in 42 
(47.7%) patients with TAVI-induced LBBB. Death was non-cardiovascular in 47 
(43.9%) and 31 (35.2%) patients without and with TAVI-induced LBBB, respectively, 
whereas the cause of death was sudden in 18 (16.8%) patients without and in 15 
(17.0%) patient with new LBBB. In other words, cardiovascular mortality rate was 
9.4% for patients without and 18.0% for patients with TAVI-induced LBBB (log-rank 
P<0.001), whereas non-cardiac mortality rate was 10.5% and 13.3%, respectively 
(log-rank P=0.20). The mortality rate for sudden death was 4.0% for patients without 
and 6.4% for patients with TAVI-induced LBBB (log-rank P=0.13).  
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Determinants of TAVI-induced LBBB 

A binary logistic regression analysis was performed to identify baseline variables as-
sociated with the development of TAVI-induced LBBB. The use of the MCS prosthesis 
contributed significantly to the occurrence of LBBB in univariate analysis (HR, 7.69, 
CI, 5.13-11.54). By multivariate analysis, this interaction persisted (HR, 8.51, CI, 5.53-
13.11) (Table 3). 

Comparison of devices 

After MCS implantation, a new LBBB occurred in 198 out of 387 patients (51.1%), as 
opposed to 35 out of 292 patients (12.0%) who have been implanted an ES valve 
(P<0.001). Implantation of 26 and 29 mm MCS devices resulted in new LBBB in 95 
out of 192 (49.5%) and 103 out of 195 (52.8%) patients, respectively (P=0.54). 

Figure 3. Subset analysis of all-cause mortality. 
Hazard ratio and 95% confidence interval (CI) are plotted for the primary endpoint of all-cause mortality 
at follow-up comparing patients without (no LBBB) and with (new LBBB) TAVI-induced left bundle 
branch block (LBBB). MI denotes myocardial infarction, CABG coronary artery bypass grafting, CVA 
cerebrovascular accident, PAD peripheral artery disease, COPD chronic obstructive lung disease, LVEF left 
ventricular ejection fraction, MCS Medtronic CoreValve System, ES Edwards SAPIEN. 
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Table 3. Univariate and multivariate binary logistic regression analysis of TAVI-induced left bun-

dle branch block.* 

 Univariate Analysis Multivariate Analysis 

Variable HR CI P value HR CI P value 

Age 0.87 0.98-1.03 0.87    

Female gender 0.84 0.61-1.16 0.30    

Baseline creatinine 0.85 0.68-1.05 0.14 0.83 0.66-1.05 0.12 

Previous MI 0.71 0.47-1.09 0.12 0.78 0.49-1.24 0.29 

Previous CABG 0.80 0.55-1.16 0.24    

Cerebrovascular disease 1.18 0.79-1.78 0.42    

Peripheral vascular disease  0.74 0.49-1.11 0.14 1.57 0.97-2.55 0.07 

Diabetes mellitus 1.48 1.03-2.13 0.04 1.52 1.01-2.29 0.04 

COPD 0.96 0.67-1.38 0.84    

LVEF ≤50% 1.10 0.77-1.56 0.60    

R(aVL) >11 mm 0.87 0.56-1.36 0.55    

S(V1) + R(V5/6) >35 mm 1.01 0.97-1.04 0.72    

absent Q in V6 1.05 0.72-1.54 0.79    

MCS prosthesis† 7.69 5.13-11.54 <0.001 8.51 5.53-13.11 <0.001 

* HR denotes hazard ratio, CI 95% confidence interval, MI myocardial infarction, CABG coronary-artery 
bypass grafting, COPD chronic obstructive pulmonary disease, LVEF left ventricular ejection fraction. 
† For calculation of the hazard ratio, the Medtronic CoreValve System (MCS) prosthesis was compared to 
the Edwards SAPIEN prosthesis. 

 
For the ES device, new LBBB occurred less frequently with 23 mm valves (7 out of 
109 [6.4%]) than with 26 mm valves (28 out of 183 [15.3%]) (P=0.03). Table 4 shows 
the difference in mortality rate between patients with and without LBBB for the en-
tire study population and for subpopulations receiving the MCS and ES device. Mor-
tality rate did not differ significantly between MCS and ES for patients with or for 
patients without TAVI-induced LBBB (log-rank P-value=0.85 and 0.23, respectively). 
The frequency of LBBB development after MCS implantation decreased with increas-
ing entry time, from ~60% to ~40%. Entry time did not affect frequency of LBBB 
development after ES implantation (Figure 4). In the 2 centers implanting both MCS 
and ES, the frequency of new LBBB was significantly higher in MCS compared to ES 
implants (46.7% and 15.9%, respectively; P<0.001). Also, LBBB occurred in 53.7% 
of cases in the MCS implanting centers compared to 10.3% of cases in the ES implant-
ing centers (P<0.001). Of the 118 patients requiring postprocedural PPM implanta-
tion, 86.4% (n=102) was after MCS and 13.6% (n=16) after ES implantation. In this 
patient category, the distribution of the different valve types was 5.9% (n=7), 7.6% 
(n=9), 42.4% (n=50) and 44.1% (n=52) for the ES 23 mm, ES 26 mm, MCS 26 mm 
and MCS 29 mm valve, respectively. 
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Figure 4. Incidence of TAVI-induced LBBB according to valve type. 
The percentage of patients that develop a TAVI-induced LBBB for both the Medtronic CoreValve System 
(MCS) and the Edwards SAPIEN (ES) device. Patients were ranked into six different categories, according 
to their entry time into the local TAVI program. 

 

Table 4. Mortality of patients without and with new left bundle branch block for the total study 

population and for subpopulations receiving each device type.* 

 all no LBBB new LBBB 

 no./total no. (%) 

total study population 195/679 (28.7%) 107/446 (23.4%) 88/233 (37.8%) 

MCS 128/387 (33.1%) 52/189 (27.5%) 76/198 (38.4%) 

ES 67/292 (22.9%) 55/257 (21.4%) 12/35 (34.3%) 

* LBBB denotes left bundle branch block, MCS Medtronic CoreValve System, ES Edwards SAPIEN. 

Discussion 

The present study shows that all-cause mortality is significantly higher in TAVI pa-
tients who develop LBBB as compared with TAVI patients who do not. The higher all-
cause mortality is largely determined by a significantly higher rate of cardiovascular 
deaths in patients with LBBB. TAVI-induced LBBB is the one of the strongest predic-
tors of all-cause mortality in TAVI patients and this effect remains after adjustment 
for all potential confounders. Since the PARTNER trial showed that TAVI reduced all-
cause mortality at 1 year by 38% as compared with standard therapy.1, the ~60% 
increase in 1-year mortality due to new-onset LBBB in present study suggests that 
the benefit of valve replacement by TAVI is largely neutralized when LBBB develops. 
In wider perspective, the strong influence of abnormal conduction on clinical out-
come in patients with valvular heart disease, indicates that proper impulse conduc-
tion and valvular function are both, approximately equally, important for normal car-
diac function. 
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TAVI-induced LBBB as risk factor for mortality 

Previous TAVI-related studies have registered LBBB as a complication, but did not 
mention its possible clinical relevance,15,18 because little is known about the impact 
of LBBB in the setting of valvular heart disease. However, multivariate analysis of our 
data indicate that TAVI-induced LBBB is an independent and important risk factor 
for all-cause mortality after TAVI. Although it is not possible to completely exclude 
that LBBB is a surrogate for another baseline or procedural characteristic, we think 
that our data strongly indicate that TAVI-induced LBBB itself is a risk factor for mor-
tality. After all, most baseline characteristics of patient without and with TAVI-in-
duced LBBB were comparable. Notably, in the TAVI-induced LBBB group, there was 
no higher incidence of left ventricular hypertrophy or septal fibrosis, both known to 
be associated with a poorer prognosis. There was also no coincidental association of 
TAVI-induced LBBB with non-cardiovascular cause of death. In logistic binary re-
gression analysis, the use of the MCS prosthesis was a potent predictor of new-onset 
LBBB, however in multivariate Cox regression analysis for survival the device type 
being used did not predict mortality. This paradox can be explained by the fact that 
TAVI-induced LBBB is the predominant cause of mortality. 

Possible mechanism of increased mortality 

There are two possible explanations for the deleterious effect of TAVI-induced LBBB: 
the risk of progression to high degree atrioventricular conduction disorders and the 
adverse effects of dyssynchrony induced by LBBB. With regard to the latter, this pos-
sible effect of LBBB is in concordance with literature on electrocardiology and heart 
failure management, where LBBB is increasingly recognized as an important disor-
der, especially since the introduction of CRT.10,16 Moreover, the Dual Chamber and 
VVI Implantable Defibrillator (DAVID) trial demonstrated that continuous right ven-
tricular pacing (resulting in a left ventricular activation pattern comparable to that 
of LBBB) increases the combined endpoint of heart failure hospitalization and death 
compared to backup pacing only. In that trial with 250 patients in each study arm, 
HR for all-cause 1-year mortality was 1.61.19  
Both experimental LBBB and clinical right ventricular pacing lead to an early reduc-
tion in cardiac pump function followed by worsening over time, at least partly caused 
by left ventricular remodeling.9,20 Recently, a reduction in left ventricular function 
has also been observed in TAVI patients shortly after development of LBBB.21 Time-
wise similar, but directionally opposite changes are known after application of CRT 
in heart failure patients, where a rapid improvement in left ventricular function is 
seen followed by reverse remodeling and ultimately, reduction in mortality.22-24 
Therefore, a likely cause for the higher mortality after TAVI-induced LBBB is pro-
gression of heart failure as a consequence of left ventricular remodeling induced by 
the abnormal contraction pattern. This hypothesis is supported by the observed 
larger percentage of cardiovascular deaths in patients with TAVI-induced LBBB. This 
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is congruent with observations that in chronic right ventricular pacing, heart failure 
hospitalization occurs more frequently in patients with depressed than in patients 
with normal cardiac function.25 Except for pump failure, patients who develop dys-
synchrony induced left ventricular dysfunction, are also susceptible to ventricular 
tachyarrhythmias, which could be another possible explanation for the higher mor-
tality in the TAVI-induced LBBB group. 
 In our study, we were not able to differentiate between different (cardiac) causes 
of death. However, it is reasonable to presume that in our setting the significantly 
higher rate of cardiovascular death after TAVI-induced LBBB, is in a majority of cases 
caused by (dyssynchrony-induced) heart failure. As there is no significant difference 
in sudden death, it seems less likely that TAVI-induced LBBB is associated with 
brady-arrhythmias. Future studies are needed to confirm our hypotheses on mecha-
nisms of increased mortality by TAVI-induced LBBB. In this way, we will be able to 
choose a cost-effective treatment strategy that will improve quality of life and/or life 
expectancy (e.g. pacemaker or CRT implantation) in this patient population com-
posed of septua- and octogenerians. 

Possible mechanism of TAVI-induced LBBB 

The development of atrioventricular conduction disorders and LBBB observed with 
aortic valve disease26 as well as after TAVI4,27-29 or surgical aortic valve replace-
ment30-32, has been explained by the proximity of the atrioventricular node and left 
bundle branch to the aortic valve.33 During the TAVI procedure, pressure of the pros-
thesis skirt on the membranous septum and the nearby atrioventricular node and 
left bundle branch, may cause conduction disorders.4 Indeed, it has been demon-
strated that LBBB development was predicted by deeper MCS prosthesis implanta-
tion.34  
 Therefore, another possible cause of death for TAVI-induced LBBB is progres-
sion to high degree atrioventricular block, although a postprocedural new LBBB has 
not been identified as a risk factor for permanent pacemaker implantation, in con-
trast to pre-procedural LBBB.15 

Comparison of devices 

The present study corroborates data from other studies, demonstrating that the in-
cidence of TAVI-induced LBBB is higher for the MCS device than for the ES prosthe-
sis5,35. A similar difference was observed for requirement of PPM implantation due 
to high-degree atrioventricular block, which is also in agreement with earlier stud-
ies4,5. The higher chance of inducing conduction disorders by the MCS device has 
been attributed to the longer prosthesis skirt of the former.28 However, recently it 
has been shown that during MCS implantation procedures LBBB develops before ac-
tual insertion of the valve device in more than 50% of the cases and that contact of 
guidewire and/or compression of the left ventricular outflow orifice by the dilatory 
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balloon may be responsible for part of the damage to the conduction system.3,6 For 
the ES prosthesis, these data is not available. However, there are important differ-
ences between the delivery systems (catheters, balloon sizes and shapes) and vascu-
lar access route (i.e. transapical access where there is no need for a curved stiff guide-
wire in the left ventricle) that may explain the lower incidence of LBBB in ES im-
plants. Our data further indicate that the incidence of LBBB in MCS implants de-
creases to some extent with increasing experience. Still, even with increasing expe-
rience the frequency of LBBB is 40% for MCS as opposed to less than 10% for the ES 
prosthesis. Therefore, education on TAVI should not only be directed to optimal 
valve repair, but also to preventing LBBB. Clearly, there is a large urge for better un-
derstanding the origin of TAVI-induced LBBB in order to develop better tools to pre-
vent this conduction disorder. Our observation that TAVI-induced LBBB increases 
risk of mortality combined with a more than 4 times higher incidence of LBBB and 
PPM implantation in MCS implants, should be taken into consideration in making the 
choice between currently available devices and obtaining informed consent of the 
patient.  

Study limitations 

The present study is based on a multicenter Dutch registry, with the inherent limita-
tions of such a design. However, this study is composed of consecutive cases over a 
5-year period from 8 out of 11 TAVI implanting centers in the Netherlands. To war-
rant data quality and validity, we have chosen a hard endpoint (all-cause mortality). 
No monitoring board or core lab was available for ECG analysis, but we strictly ad-
hered to published guidelines for the diagnosis of LBBB11 and scored the presence of 
LBBB without knowledge of the actual outcome of the patient. The mean 30-day all-
cause mortality rate of our study is higher and the 1-year all-cause mortality rate is 
lower than compared to that of earlier reports, including the PARTNER trial,1,2,17 
probably as a result of differences in logistic EuroSCORE, patient characteristics, in-
clusion and exclusion criteria.  

Conclusion 

In patients who develop LBBB after TAVI all-cause mortality is significantly higher 
compared with patients who do not develop LBBB. The excess in mortality is largely 
determined by a significantly higher rate of cardiovascular deaths in patients with 
LBBB. The frequency of LBBB is strongly dependent on prosthesis type, however the 
mortality risk when LBBB occurs, is equal for both devices. These data indicate that 
LBBB is a serious complication of TAVI that may strongly attenuate the benefit of this 
procedure. Further research is warranted to clarify cause of death as well as causal 
factors of the TAVI-induced LBBB. 
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Abstract 

Introduction 

Transcatheter aortic valve implantation (TAVI) is frequently complicated by new left 
bundle branch block (new LBBB). We investigated the development and persistence 
of LBBB during follow-up and its clinical consequence. 
 

Methods and Results 

ECGs at baseline, within 24 hours, before discharge and at 12 months after TAVI were 
assessed in 476 patients without pre-existing LBBB and/or pacemaker before or af-
ter TAVI. TAVI-induced new LBBB was categorized based on timing of occurrence; 
within 24 hours (acute), after 24 hours but before discharge (subacute), and after 
discharge (late) in addition to persistence (transient or persistent). 
A total of 175 patients (36.8%) developed new LBBB of which 85.7% occurred within 
24 hours after TAVI, 12.0% before and 2.3% after hospital discharge and was persis-
tent in 111 patients (63.4%). Implantation of the Medtronic CoreValve System (MCS) 
led more frequently to new LBBB than the balloon-expandable Edwards SAPIEN 
valve (ES) (53.8% versus 21.7%) with less recovery during follow-up (39.0% versus 
9.5%). Late new LBBB was only seen in 4 patients (0.8%). During a median follow-
up of 915 (interquartile range [IQR], 578-1,234) days, persistent LBBB was associ-
ated with a significant increase in mortality as compared to no LBBB and temporary 
LBBB combined (hazard ratio, 1.49, 95% confidence interval, 1.10–2.03; P=0.01). 
 

Conclusion 

TAVI-induced new LBBB occurs in almost 40% of patients of which almost all before 
hospital discharge. It occurs 3 times more frequent after MCS than after ES valve im-
plantation and has a twofold lower tendency to resolve during follow-up. Persistent 
LBBB is associated with a higher mortality. 
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Introduction 

Since the first successful implantation in 2002,1 transcatheter aortic valve implanta-
tion (TAVI) has become an accepted and evidence-based alternative to surgical aortic 
valve replacement in selected patients with aortic valve stenosis.2,3 Despite its clini-
cal benefits, periprocedural conduction disorders, in particular new left bundle 
branch block (new LBBB), frequently occur after TAVI.4–6 New LBBB affects left ven-
tricular function, increases the risk for postoperative permanent pacemaker implan-
tation and has been associated with an increased mortality.4,5,7,8 
 New LBBB occurs more frequently after implantation of the self-expanding Med-
tronic CoreValve System (MCS; reported frequency 30-60%) than after the balloon-
expandable Edwards SAPIEN valve (ES; reported frequency 6-12%)6,9–13. 
 There are, however, scant detailed electrocardiographic data assessing the 
changes of QRS duration and morphology not only shortly after TAVI but also during 
follow-up. Recovery of TAVI-induced new LBBB may occur but is less frequent after 
MCS than ES valve implantation. Also, little is known about the development of intra-
ventricular conduction disorders after hospital discharge5,14–16. 
 This was subject of the present study in which a series of 476 patients who un-
derwent TAVI with the MCS or ES device without pre-existing LBBB, permanent 
pacemaker (PPM) or postprocedural PPM implantation were subjected to a detailed 
and prospective electrocardiographic assessment.  

Methods 

Patient population 

The patient population consists of 701 patients who underwent TAVI between Janu-
ary 2006 and July 2011 with the Medtronic CoreValve System (MCS; Medtronic Inc, 
Minneapolis, MN, USA) (n=339) or the balloon-expandable Edwards SAPIEN valve 
(ES; Edwards Lifesciences LLC, Irvine, CA, USA) (n=350) in any of following institu-
tions: Quebec Heart & Lung Institute (n=212; ES: n=206), Erasmus Medical Center 
Rotterdam (n=202; MCS: n=200), Catharina Hospital Eindhoven (n=173; MCS: 
n=139; ES: n= 30), Maastricht University Medical Center (n=114; ES: n=114). In 12 
patients the procedure was aborted without implantation of any valve. 
 For the purpose of the study, only patients with a minimum follow-up of 1 year 
after TAVI were eligible. Also, patients with pre-existing LBBB and/or permanent 
pacemaker (PPM) before TAVI were excluded from analysis, as well as patients who 
did not undergo valve implantation (aborted procedure). Patients who received a 
new PPM within 30 days after TAVI were also excluded, since it precludes accurate 
assessment of eventual LBBB or other conduction disorders. Therefore, the study  
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population consisted of 484 pa-
tients (Figure 1), of whom 6 pa-
tients (1.2%) died during or 
shortly after the procedure result-
ing in the absence of any postpro-
cedural electrocardiogram (ECG). 
From another 2 patients (0.4%) 
there were no ECGs available af-
ter the implantation. 
 
 
All clinical and procedural data 
were prospectively collected and 
entered into a dedicated central 
database. If necessary, additional 
information was collected by 
analysis of medical records. The 
use of anonymous clinical, proce-
dural and follow-up data for re-
search were in accordance with the institutional policies. 

Objectives & data collection 

The primary objective was to assess the changes in intraventricular conduction by 
comparing the 12-lead ECGs at baseline, within 24 hours, before discharge and 12 
months after TAVI. ECG tracings were stored digitally in either the portable docu-
ment (PDF) or Joint Photographic Experts Group (JPEG) format, depending on avail-
ability per patient and center. All tracings were analyzed by an experienced cardiol-
ogist (PH) to record heart rhythm, PR interval, QRS duration, QRS morphology and 
QRS axis in exact degrees. Digital files were zoomed to 800% to measure intervals 
and duration. Presence of first, second or third degree atrioventricular block, right 
bundle branch block (RBBB), LBBB, left anterior hemiblock (LAHB) and left posterior 
hemiblock (LPHB) were recorded according to the established criteria17. Accord-
ingly, LBBB was defined as a V1-negative QRS-complex of ≥0.12 seconds in duration 
with absent Q-waves and a notched or slurred R in leads I, aVL, V5 and/or V6. A LAHB 
was defined as a QRS-duration ≥0.10 seconds with a frontal plane QRS-axis between 
–45 and –90 degrees in the presence of a qR in leads I and aVL. In the presence of 
RBBB, LAHB was defined as a frontal plane QRS-axis between –45 and –90 degrees. 
Finally, a significant change in QRS duration was defined as an absolute change of 
more than 30 milliseconds (msec), based on reported interobserver variability of 
measured QRS duration.18 Examples of the ECG interpretation are shown in figure 2. 
 

 
Figure 1. Study population. 
PPM denotes permanent pacemaker, LBBB left bundle 
branch block. 
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Figure 2. Examples of changes in QRS-duration and/or morphology. 
Illustration of different patterns of change in QRS-duration and/or morphology after TAVI. Type 1 indi-
cates QRS-widening >120 msec without distinct conduction defect and type 2 and 3 are an example of new 
LAHB en new LBBB, respectively. Although there is a significant widening (>30 msec) of the QRS complex 
in type 1, this should not be considered a new LBBB. 

 
The occurrence of and recovery from LBBB was studied by comparing ECGs between 
the different time points. Distinction was made between acute LBBB (onset within 24 
hours after TAVI), subacute LBBB (onset after 24 hours but before discharge) and 
late LBBB (onset after discharge). In addition, persistent LBBB was defined by any 
LBBB that is present 12 months after TAVI and transient LBBB in case a new LBBB 
resolved within 12 months. In patients who died before 1 year follow-up (n=50; 
10.5%) and in those without an ECG at 1 year after TAVI (n=34; 7.1%), the last avail-
able ECG was used for classification of transient or persistent LBBB.  
The secondary objective was to compare mortality between patients with tempo-
rary, persistent and no LBBB. Mortality was checked by contacting the Civil Registry 
in the Netherlands which continuously collects all deaths and cause of all Dutch citi-
zens and inhabitants of the Netherlands. For the Canadian study population, mortal-
ity was checked by contacting the referring physician or general practitioner. 
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Statistical analysis 

Categorical variables are presented as numbers and proportions. For continuous 
variables, normality of distribution was assessed with the Kolmogorov-Smirnov test. 
Normal and skewed continuous variables are presented as means with standard de-
viation (SD) and medians with interquartile range (IQR), respectively. 
 Baseline variables between patients without a new LBBB, and patients with tran-
sient LBBB or persistent LBBB after TAVI were compared using repeated measures 
analysis of variance (ANOVA) in case of a continuous measurement. Binary logistic 
regression analysis was used to compare categorical variables. Where applicable, 
variables were compared using the unpaired t-test or Mann-Whitney U test for nor-
mal and skewed continuous variables, respectively. Categorical variables were com-
pared using the Pearson Chi-Square test. Survival was estimated using the Kaplan-
Meier method. Log-rank testing was used to compare differences in survival between 
patients without, with transient and with persistent LBBB. Survival was also com-
pared between patients with persistent and patients without persistent LBBB (i.e. 
patients with transient or no LBBB) using both log-rank testing and Cox regression 
analysis. In addition, Kaplan Meier estimates of survival were also constructed for 
patients who received a PPM after TAVI. 
 A two-sided p-value less than 0.05 was considered to be statistically significant. 
All statistical analyses were performed using Statistical Package for Social Sciences 
(SPSS), version 20 (IBM SPSS, Chicago, IL, USA). 

Results 

Baseline characteristics and procedural details of the study population of 476 pa-
tients eligible for analysis (Figure 1) and of those with a transient and persistent 
LBBB (Figure 3) are shown in Table 1. Overall, there was an almost even distribution 
of both devices (MCS in 223 patients or 46.8%; ES in 253 patients or 53.2%). The 
majority of patients (301 or 63.2%) underwent transfemoral TAVI and 168 (35.3%) 
underwent transapical TAVI.  
 There were 175 patients (36.8%) who developed a new LBBB that occurred 
within 24 hours after TAVI (acute LBBB) in 150 patients (31.5%), >24 hours but be-
fore hospital discharge (subacute LBBB) in 21 (4.4%) and after discharge (late LBBB) 
in 4 patients (0.8%) (Figure 2). At 12 months, TAVI-induced new LBBB was persis-
tent in 111 out of 175 patients (63.4%) and transient in 64 (36.6%).  
 ECG details are shown in Table 2. A new LAHB was the second most frequent 
ventricular conduction disorder and occurred in 17.2% (n=76) out of the 442 pa-
tients without LAHB at baseline and was persistent in 57 (75%). A new RBBB oc-
curred in 12 patients (2.7%) without baseline RBBB (n=446). Most conduction dis-
orders occurred before discharge. A new LBBB, LAHB and RBBB occurred during fol-
low-up in 4, 7 and 1 patient(s), respectively.  
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Figure 3. Frequency, timing and persistence of TAVI-induced, new LBBB. 
LBBB denotes left bundle branch block. 

 
By univariate analysis, a new LBBB occurred more frequently after MCS than after 
ES valve implantation and was also more often persistent (53.8% and 39.0% for MCS 
versus 21.7% and 9.5% for ES, respectively; p<0.001) (Table 1 and 3). As the trans-
femoral route is associated with MCS implantation, this access route was also more 
frequent in patients who developed new LBBB. Yet, a new LAHB was more frequent 
after ES valve implantation (27.5% versus 5.3%; p<0.001) that was also more often 
persistent (20.3% versus 4.4%; P<0.001).  
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Table 1. Clinical characteristics of the study population.*  

Characteristic study 
population 
(N=476) 

no 
LBBB 
(n=301) 

transient 
LBBB 
(n=64) 

persistent 
LBBB 
(n=111) 

P-value 

Demographics      

 Age – yr 81 (77–85) 81 (76–85) 81 (76–86) 80 (78–85) 0.98 

 Male gender – no. (%) 208 (43.7) 122 (40.5) 23 (35.9) 63 (56.8) 0.06 

 Height† – cm 165±10 164±9 163±12 169±8 0.003 

 Weight† – kg 73±15 72±15 71±15 78±16 0.001 

 Body Mass Index† – kg/m2 26.7±4.9 26.5±4.8 26.5±4.3 27.5±5.3 0.14 

 Body Surface Area† – m2 1.8±0.2 1.8±0.2 1.8±0.2 1.9±0.2 <0.001 

       

Clinical      

 New York Heart Association Class ≥III – 
no. (%) 

384 (80.7) 238 (79.1) 56 (87.6) 90 (81.1) 0.29 

 History of coronary artery disease –  
no. (%) 

252 (52.9) 155 (51.5) 39 (60.9) 58 (52.3) 0.38 

 Previous myocardial infarction – no. (%) 110 (23.1) 69 (22.9) 18 (28.1) 23 (20.7) 0.53 

 Previous PCI – no. (%) 136 (28.6) 80 (26.6) 22 (34.4) 34 (30.6) 0.39 

 Previous CABG – no. (%) 148 (31.1) 90 (29.9) 28 (43.8) 30 (27.0) 0.06 

 History of cerebrovascular disease –  
no. (%) 

94 (19.7) 62 (20.6) 12 (18.8) 20 (18.0) 0.82 

 History of peripheral artery disease –  
no. (%) 

122 (25.6) 84 (27.9) 14 (21.9) 24 (21.6) 0.33 

 History of diabetes mellitus – no. (%)  128 (26.9) 74 (24.6) 16 (25.0) 38 (34.2) 0.14 

 History of chronic obstructive lung  
disease – no. (%) 

131 (27.5) 73 (24.3) 21 (32.8) 37 (33.3) 0.11 

 Logistic EuroSCORE – %  16.4 (10.1–25.4) 16.1 (10.1–25.0) 17.2 (13.0–27.0) 15.9 (9.2–24.5) 0.80 

 Creatinine – mg/dl 1.10 (0.86–1.41) 1.09 (0.88–1.44) 1.04 (0.86–1.32) 1.19 (0.85–1.57) 0.13 

       

Baseline electrocardiogram      

 Sinus rhythm – no. (%) 388 (81.5) 254 (84.4) 51 (79.7) 83 (74.8) 0.08 

 PR-interval – msec  177 (160–202) 176 (156–202) 170 (159–200) 186 (166–218) 0.04 

 QRS-duration – msec  96 (86–108) 94 (85–107) 95 (84–106) 98 (88–110) 0.43 

 QRS-axis† – degrees  12±37 11±38 13±36 15±35 0.56 

       

Baseline echocardiography      

 Left ventricular ejection fraction ≤35% – 
no. (%)  

36 (7.6) 18 (6.0) 7 (10.9) 11 (9.9) 0.23 

 Aortic valve area – cm2 0.70 (0.55–0.80) 0.70 (0.56–0.80) 0.66 (0.51–0.80) 0.70 (0.55–0.80) 0.28 

 Peak aortic valve gradient – mmHg 74 (60–94) 73 (59–90) 70 (61–99) 76 (62–94) 0.08 

 Aortic valve regurgitation ≥III – no. (%) 85 (17.9) 54 (17.9) 10 (15.6) 21 (18.9) 0.28 
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Characteristic study 
population 
(N=476) 

no 
LBBB 
(n=301) 

transient 
LBBB 
(n=64) 

persistent 
LBBB 
(n=111) 

P-value 

Procedural characteristics      

 Type of access– no. (%)     <0.001 

  transfemoral  301 (63.2) 166 (55.1) 44 (68.8) 91 (82.0)  

  Transapical 168 (35.3) 131 (43.5) 20 (31.3) 17 (15.3)  

  transsubclavian  5 (1.1) 2 (0.7) 0 (0) 3 (2.7)  

 Prosthesis type and size – no. (%)     <0.001 

  Medtronic CoreValve System 223 (46.8) 103 (34.2) 33 (51.6) 87 (78.4)  

   26 mm 76 (16.0) 39 (13.0) 12 (18.8) 25 (22.5)  

   29 mm 147 (30.1) 64 (21.3) 21 (32.8) 62 (55.9)  

  Edwards SAPIEN 253 (53.2) 198 (65.8) 31 (48.4) 24 (21.6)  

   20 mm 1 (0.2) 1 (0.3) 0 (0) 0 (0)  

   23 mm 153 (32.1) 121 (40.1) 21 (32.8) 11 (9.9)  

   26 mm 94 (19.5) 72 (23.9) 10 (15.6) 12 (10.8)  

   29 mm 5 (1.1) 4 (1.3) 0 (0) 1 (0.9)  

* Results are presented as median (interquartile range) or absolute number (percentage), unless stated 
otherwise. PCI denotes percutaneous coronary intervention, CABG coronary-artery bypass grafting. 
† Height, weight, body mass index, body surface area and baseline QRS axis are presented as mean±SD. 

 

Table 2. Comparison of electrocardiographic characteristics at baseline, within 24 hours after pro-

cedure, before discharge and at long-term follow-up.*  

Characteristic baseline post 
procedure 

at 
discharge 

12 
months 

time postprocedure – days (IQR) – 0 (0–0) 4 (3–8) 366 (304–378) 

     

ECG’s analyzed – no. 476 468 467 392 

missing ECG – no. (%) 0 (0) 8 (1.7) 9 (1.9) 84 (17.6) 

no comparison ECG available – no. (%) 0 (0) 8 (1.7) 15 (3.2) 89 (18.7) 

     

Rhythm – no. (%)     

 Sinus rhythm 388 (81.5) 362 (77.4) 355 (76.0) 307 (78.3) 

 Atrial fibrillation/flutter 87 (18.3) 91 (19.4) 107 (22.9) 78 (19.9) 

 Ventricular pace 0 (0) 6 (1.3) 2 (0.4) 7 (0.1.7) 

 Other 1 (0.2) 9 (1.9) 3 (0.6) 0 (0) 

     

PR-interval – msec 177 (160–202) 182 (160–210) 187 (160–220) 184 (160–210) 

QRS-duration – msec 96 (86–108) 120 (100–145) 115 (100–144) 110 (95–136) 

QRS-axis – degrees 12±37 –2±46 0±43 –2±45 

     

Conduction disorders – no. (%)     

 First-degree AV block 81 (17.0) 97 (20.8) 120 (25.9) 91 (23.3) 
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 Second-degree AV block 0 (0) 1 (0.2) 1 (0.2) 0 (0) 

 Third-degree AV block 0 (0) 8 (1.7) 4 (0.9) 4 (1.0) 

 RBBB 17 (3.6) 14 (3.0) 17 (3.6) 7 (1.5) 

 LAHB 21 (4.4) 68 (14.5) 57 (12.2) 50 (12.8) 

 RBBB & LAHB 13 (2.7) 21 (4.5) 18 (3.9) 18 (4.6) 

 LBBB 0 (0) 150 (31.5) 134 (28.7) 89 (22.7) 

 Unspecified 2 (0.4) 9 (1.9) 4 (0.9) 6 (1.5) 

     

Change in conduction disorders – no. (%)    

 New RBBB – 8 (1.7) 3 (0.6) 1 (0.2) 

 New LAHB – 64 (13.4) 5 (1.1) 7 (1.5) 

 New LBBB – 150 (31.5) 21 (4.4) 4 (1.0) 

 Recovery from RBBB – – 3 (0.6) 5 (1.1) 

 Recovery from LAHB – – 19 (4.0) 0 (0) 

 Recovery from LBBB – – 34 (7.1) 30 (7.7) 

* IQR denotes interquartile range, ECG electrocardiogram, AV atrioventricular, RBBB right bundle branch 
block, LAHB left anterior hemiblock, LBBB left bundle branch block. 

 

Table 3. Comparison of devices.*  

Characteristic total 
population 
(N=476) 

MCS 
(n=223) 

ES 
(n=253) 

P-value 

New LBBB 175 36.8% 120 53.8% 55 21.7% <0.001 

 transient 58 12.2% 30 13.5% 28 11.1%  

 transient, evolving to persistent LAHB 6 1.3% 3 1.3% 3 1.2%  

 persistent 111 23.3% 87 39.0% 24 9.5%  

         

New LAHB 76 17.2% 11 5.3% 65 27.5% <0.001 

 transient 18 4.1% 1 0.5% 17 7.2%  

 transient, evolving to persistent LBBB 1 0.2% 1 0.5% 0 0%  

 persistent 57 12.9% 9 4.4% 48 20.3%  

         

New RBBB 12 2.7% 7 3.3% 5 2.1% n/a 

 transient 8 1.8% 5 2.4% 3 1.3%  

 persistent 4 0.9% 2 0.9% 2 0.8%  

* MCS denotes Medtronic CoreValve System, ES Edwards SAPIEN, LAHB Left anterior hemiblock, LBBB 
Left bundle branch block, RBBB right bundle branch block. 
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Outcome (mortality at follow-up) 

Median follow-up was 898 (IQR, 592–1,183), 944 (IQR, 691–1,321) and 914 (IQR, 
268–1,333) days in patients without, with temporary and with persistent LBBB, re-
spectively (P=0.08). Mortality at 1 year was 17.3% (n=52), 6.2% (n=4) and 27.0% 
(n=30) in patients without LBBB, with temporary LBBB and with persistent LBBB, 
respectively and was 38.2% (n=115), 31.2% (n=20) and 53.2% (n=59) at total fol-
low-up (Figure 4 – panel A). When comparing patients with persistent LBBB and pa-
tients without persistent LBBB (i.e. combining patients without LBBB and patients 
with temporary LBBB), mortality at total follow-up was 37.0% (n=135) and 53.2% 
(n=59) for patients without and with persistent LBBB, respectively (Figure 4 – panel 
B). By univariate regression model, the hazard of mortality was 1.49 (95% confi-
dence interval, 1.10–2.03; P=0.01). In total 73 patients received a PPM within 30 days 
after TAVI in whom the mortality at total follow-up was 47.9% (n=35) (Figure 4 – 
panel B). The indication of PPM after TAVI was total atrioventricular block in the ma-
jority of patients (75.3%; n=55) and 19.2% (n=14) had LBBB in the postprocedural 
period before PPM implantation. 
 

Figure 4. Kaplan-Meier survival estimate of patient without, with temporary and with persistent 

LBBB. 
Panel A compares survival between patients without, with temporary and with persistent LBBB. Panel B 
compares survival between patients with persistent and without persistent LBBB. The survival curve of 
patients who received a permanent pacemaker within 30 days is also shown (dashed line). Comparison 
was made using the log-rank test. “No LBBB” denotes patients without left bundle branch block (LBBB) 
induced by transcatheter aortic valve implantation (TAVI), “tLBBB” patients with temporary LBBB and 
“pLBBB” patients with persistent LBBB. 

Discussion 

This study demonstrates that approximately 40% of patients develop a new LBBB 
after TAVI of which most persists at follow-up. A new LBBB occurs 2.5 times more 
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often after MCS than after ES valve implantation and is also associated with less re-
covery. Persistent LBBB is associated with a worse prognosis (i.e. higher mortality 
during follow-up). These findings contribute to better insight into the occurrence, 
persistence and consequence of TAVI-induced LBBB. 
 Acknowledging the absence of direct comparisons between different valves, a 
consistently higher frequency of new LBBB has been reported after MCS (29-
65%)11,19 than after ES valve implantation (4-18%).20,21 Given the differences in de-
sign, mode of implantation and action, the difference between both valves is plausi-
ble but does not explain the variation in LBBB frequency of each valve separately.6 
This variation may be in part due intrinsic features of observational research22 and 
variations and difficulties in the application of diagnostic criteria of LBBB as illus-
trated in Figure 3. We also believe that –in addition to the morphologic ECG criteria– 
the timing of occurrence (within 24 hours, before and after hospital discharge) and 
recovery of new LBBB should be considered as demonstrated by Urena et al. and by 
the present study5. The present study does not allow to elucidate whether the prog-
nosis in case of a persistent LBBB differs between MCS and ES implantation. A differ-
ence in mortality is conceivable, given the lesser recovery of the conduction abnor-
mality after MCS implantation but remains to be proven. The sample size of present 
study, however, does not allow a valid analysis of an eventual different prognostic 
effect between both valves. 
 At variance with observations in smaller series –in which a lower frequency and 
degree of persistence of new LAHB was reported– we found that new LAHB occurred 
more often and persisted more after ES valve than after MCS valve implantation.21,23 
The difference in new LAHB between both valves may be explained by the fact that a 
much higher number of patients have a new (complete) LBBB after MCS valve im-
plantation. While new LBBB is known to be associated with a decrease in left ven-
tricular function, a higher risk of complete AV block and impaired survival, the prog-
nostic effects of a new LAHB after TAVI remains to be established.24,25  
 In concordance with a previous observation revealing a higher mortality in pa-
tients with a LBBB after TAVI at discharge,4 we presently found a higher mortality 
during follow-up in patients with a persistent new LBBB. These results are supported 
by a recent study, showing that mortality after TAVI increases with increasing QRS-
duration.26 In conflict with these studies, however, a recent Italian multicentre reg-
istry showed no difference in mortality between patients without and with new 
LBBB on the ECG before hospital discharge.27 This discrepancy between studies may 
be explained by differences in baseline risk of the study population, the application 
of diagnostic ECG criteria and differences in the degree of persistence of new LBBB. 
Therefore, prognostic factors other than LBBB may have played a more dominant 
role in the outcome of these patients. Furthermore, it is conceivable that an adverse 
prognostic effect is only seen in patients with a persistent LBBB. We found that up to 
35% of LBBB recovers at follow-up. A difference in the degree of persistence between 
present and the Italian study population may also explain the discrepancy. Registries 
comparing both the MCS and the ES prosthesis in large patient populations (U.K. 
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TAVI, FRANCE 2, PRAGMATIC)28–30 did not find a difference in 1-year mortality. Rate 
of postprocedural PPM implantation, however, was approximately 3 times higher for 
the MCS valve. These patients are protected from brady-arrhythmias thus influenc-
ing outcome.  
 The nature of the present study does not allow to establish the cause of death or 
reason why patients with a persistent LBBB after TAVI suffer from an increased mor-
tality. The increased risk of death in these patients may be explained by dyssyn-
chrony-induced heart failure which may in particularly have negative effects in el-
derly and hypertrophic hearts.  
 TAVI-induced LBBB has been reported to be associated with decrease in LV ejec-
tion fraction (LVEF) similar to the adverse effects of LBBB in patients or individuals 
with and without cardiovascular disease.5,7,8,31 Of note, a recent study reported a sub-
stantial increase in hospitalization of patients with a moderate increase in QRS-du-
ration indicating that decreased cardiac performance was the cause of clinical dete-
rioration.26 The prognostic effects of LBBB is further underscored by observations in 
a wide spectrum of patients with and without cardiovascular disease and the fact 
that after cardiac resynchronization therapy a reduction of 53% in both mortality 
and heart failure is seen in LBBB patients.32,33 Another potential cause of death may 
be progression to complete heart block as has been demonstrated in patients with 
LBBB after surgical aortic valve implantation.34 Survival of patients with new PPM is 
intermediary between survival of patients with and without persistent LBBB. This 
may be explained by the fact that these patients are protected from brady-arrhyth-
mic death, but not from dyssynchrony-induced heart failure. 

Limitations 

The main limitation of the study is its observational nature and does therefore not 
provide full insight into the pathophysiology of the observations. For instance, depth 
of implantation was not included, which is known to play an important role in LBBB 
development.5,19,20 This, in addition to the number of patients precluded a multivari-
ate analysis for assessment of predictors of both transient and persistent new LBBB. 
Echocardiographic data were not systematically available which precluded to assess 
the influence of LBBB on left ventricular function. Although the ECG’s were analysed 
by an experienced cardiologist (PH) using established criteria of conduction disor-
ders, independent CoreLab analysis was not performed. Median follow-up of present 
study was approximately 2.5 years. The cause of mortality is manifold. Therefore, 
analysis of mortality in larger populations with longer follow-up may help to increase 
understanding of the prognostic effects of new persistent LBBB after TAVI. 
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Conclusion 

TAVI-induced new LBBB occurs in almost 40% of patients of which most occur be-
fore hospital discharge. It occurs 2.5 times more frequent after MCS than after ES 
valve implantation and has a twofold lower tendency to resolve. Late new LBBB oc-
curs rarely. Persistent LBBB is associated with a higher mortality. 
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Abstract 

Background 

TAVI-induced new-onset left bundle branch block (TAVI-induced LBBB) is a frequent 
postoperative complication. New techniques are focused on the reduction of this con-
duction abnormality. The aim of the study was to investigate the changes in occur-
rence of new LBBB after TAVI in both the Medtronic CoreValve System (MCS) and 
Edwards Sapien valve (ES) over time. 
 
Methods and Results 

ECGs at multiple time points in 476 patients without baseline LBBB and/or pre- or 
postprocedural pacemaker were assessed to determine frequency of new LBBB and 
whether it was transient or permanent. To study the effect of experience, patients 
were subdivided per participating center into equal tertiles based on the number of 
procedures. Univariate and multivariate logistic regression was used to study the in-
dependent predictors of permanent LBBB after TAVI. 
TAVI-induced LBBB occurred in 175 patients (36.8%) and was transient in 111 
(63.4%) and persistent in 64 (36.6%) patients. The frequency of TAVI-induced LBBB 
significantly decreased over time from 47.2% in cohort 1 to 28.5% in cohort 3 
(p=0.002). This effect was dependent on the valve type implanted and was only sig-
nificant after MCS implantation (68.3%, 53.2% and 35.5%, respectively; P<0.001) 
and not after ES implantation (24.7%, 16.2% and 24.0%, respectively; P=0.73). This 
did also hold for depth of implantation (P<0.001 and P=0.21 for MCS and ES, respec-
tively). Multivariate analysis stratified for valve type revealed that cohort was the 
only significant predictor of permanent TAVI-induced LBBB in patients undergoing 
TAVI with the MCS (Cohort 3 odds ratio [OR], 0.12; 95% confidence interval [95% 
CI], 0.02-0.58) and not with the ES (Cohort 3 OR, 0.51; 95% CI 0.05-5.50). 
 
Conclusions 

Over time the frequency of transient and persistent LBBB after TAVI decreased sig-
nificantly. This effect was mainly seen in patients undergoing TAVI with the MCS in 
parallel to a reduction in the depth of implantation. Patients with ES valve had sig-
nificantly less LBBB of which persistent LBBB showed a trend to further reduction 
over time. 
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Introduction 

Transcatheter Aortic Valve Implantation (TAVI) is increasingly used to treat patients 
with aortic stenosis, who are ineligible or poor candidates for surgical aortic valve 
replacement (SAVR). In patients who are ineligible for SAVR, TAVI is superior to 
medical therapy in terms of mortality reduction and for those at high risk for SAVR, 
TAVI is equally effective.1–4 Yet, the perioperative occurrence of new conduction dis-
orders remains a vexing issue. TAVI-induced new-onset left bundle branch block 
(TAVI-induced LBBB) is reported in 29-65% of patients undergoing TAVI with the 
self-expanding Medtronic CoreValve System (MCS, Medtronic Inc, Minneapolis, MN, 
USA) and in 4-18% of the patients receiving the balloon-expendable Edwards SA-
PIEN valve (ES, Edwards Lifesciences LLC, Irvine, CA, USA).5 
 The occurrence of TAVI-induced LBBB has been reported to be associated with 
worse long-term outcome, including higher risk of complete atrioventrioventricular 
block (AVB), new permanent pacemaker implantation (PPI) and mortality.6–11 As a 
consequence LBBB has been included as a complication in the Valve Academic Re-
search Consortium Guidelines (VARC-2).12  
 It is conceivable that increased awareness and insight in the relationship be-
tween depth of implantation and new LBBB is in conjunction with new delivery sys-
tems incorporating more stable deployment of the valve. This may have led or will 
lead to a decreased incidence of new LBBB and permanent pacemaker (PPM) implan-
tation.13, 14 
 The aim of the present study was to investigate the changes in occurrence of new 
LBBB after TAVI in a series of 476 patients undergoing TAVI with the MCS or ES valve 
incorporating a detailed and prospective electrocardiographic assessment. 

Methods 

Study population 

The study population consisted of 701 patients who underwent TAVI between Janu-
ary 2006 and July 2011 with the MCS or the balloon-expandable ES valve in any of 
following institutions: Quebec Heart & Lung Institute (n=212); Erasmus Medical Cen-
ter Rotterdam (n=202), Catharina Hospital Eindhoven (n=173), Maastricht Univer-
sity Medical Center (n=114). 11 Patients with pre-existing LBBB and/or permanent 
pacemaker (PPM) before TAVI were excluded from analysis, as well as patients who 
did not undergo valve implantation (aborted procedure). Patients who received a 
new PPM within 30 days (n=76) after TAVI were also excluded, since it precluded 
accurate assessment of eventual LBBB and other conduction disorders. There were 
8 patients (1.7%) who died during or shortly after valve implantation resulting in the 
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absence of a post-procedural ECG. From another 2 patients (0.4%) there was no fol-
low-up ECG available. After exclusion of these patients, the final population consisted 
of 476 patients. 
 All clinical and procedural data were prospectively collected and entered into a 
dedicated central database. If necessary, additional information was collected by 
analysis of medical records. The use of anonymous clinical, procedural and follow-
up data for research were in accordance with the institutional policies. 

Measurement of depth of implantation 

To assess the depth of implantation, quantitative angiographic analysis (depth of im-
plantation) was performed using CAAS 5.9 software (Pie Medical, Maastricht, The 
Netherlands) in 3 of the 4 participating centers. Calibration was achieved using a 
graduated pigtail with radiopaque markers. The depth of implantation of the frame 
was defined as mean of the distance from the lower edge of the non-coronary and 
left coronary sinus to the ventricular edge of the frame. In one center only using the 
ES device, depth of implantation was assessed using postprocedural transthoracic 
echocardiography. Depth was defined as the distance between the hinge point of the 
anterior mitral leaflet and the ventricular end of the stent valve in the parasternal 
long axis view. 

Study Endpoints 

The primary endpoint was the occurrence of TAVI-induced LBBB before hospital dis-
charge and at 12-months follow-up. To study the effect of experience, patients were 
subdivided into equal tertiles per participating center which were pooled into 3 “con-
secutive” cohorts. All standard 12-lead ECGs at baseline, post-procedure, before dis-
charge and at 12-months follow-up were collected and were analyzed by an experi-
enced cardiologist (PH) to record heart rhythm, PR interval, QRS duration, QRS mor-
phology and QRS axis in exact degrees, as described earlier.11 LBBB was defined as a 
V1-negative QRS-complex of ≥0.12 seconds in duration with absent Q-waves and a 
notched or slurred R in leads I, aVL, V5 and/or V6 according to established guide-
lines. TAVI-induced LBBB was defined as the occurrence of any new LBBB, either 
transient or persistent.11 

Statistical Analysis 

Categorical variables are presented as frequencies and percentages and, compared 
with the use of the Pearson Chi Square Test or the Fisher’s exact test, as appropriate. 
Continuous variables are presented as means (±SD) (in case of a normal distribution) 
or medians (IQR) (in case of a skewed distribution) and compared with the use of 
analysis of variance. Normality of the distributions was assessed using the Shapiro-
Wilk test. To study the independent predictors of permanent LBBB after TAVI logistic 
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regression was performed. All characteristics with a p-value ≤0.10 on univariate 
analysis and those judged to be clinically relevant were included in the multivariate 
logistic regression model, taking into account the restricted number of variables. 
Separate models were constructed to stratify for valve type. A two-sided alpha level 
of 0.05 was used for all superiority testing. The statistical analyses were performed 
using SPSS software version 17.0 (SPSS Inc., Chicago, Illinois, USA).  

Results 

Baseline characteristics and procedural details 

The overall and cohort-based (Cohort 1 to 3) patient demographics and procedural 
characteristics are summarized in Table 1. Except for a decrease in the number of 
patients with severe symptoms of heart failure (New York Heart Association class III 
or IV; 89.8% vs. 80.9% vs. 73.9%, p = 0.001), there were no differences in the baseline 
clinical, electro- and echocardiographic characteristics between the three cohorts. 
The ES valve was used in 253 (53.2%) patients and the MCS in 223 (46.8%). Trans-
femoral TAVI was the most frequent modality (n=301, 63.2%) followed by transapi-
cal (n=168, 35.3%) and subclavian TAVI (n=5, 1.1%). Access strategy did not change 
over time in the three different cohorts. During the study period there was a signifi-
cant decrease in median depth of implantation for the total cohort (6.3 (IQR, 3.0-9.6), 
5.4 (IQR, 2.5-8.3) and 4.0 (IQR, 1.3-6.7) respectively; P<0.001). When stratified for 
valve type this trend was only significant in patients undergoing TAVI with the MCS 
(10.6 (IQR, 3.4-17.8), 8.1 (IQR, 5.1-11.0) and 6.9 (IQR, 4.4-9.5), respectively; 
P<0.001) (Figure 1).  

Postprocedural ECG 

Electrocardiographic details before discharge and at 12-months follow-up (366 
days; [IQR, 304–378]) are depicted in Table 2. No significant changes were found be-
tween the three cohorts on the last ECG before discharge. Follow-up ECG revealed a 
trend towards a higher frequency of variable heart rhythms (0% vs. 0% vs. 2.4%, 
p=0.04). There were no differences in PR-interval, QRS-duration or QRS-axis. The oc-
currence of any or permanent LBBB over time are shown in Figure 2 and 3. A total of 
175 patients (36.8%) developed a new LBBB after TAVI. At 12-months follow-up 
TAVI-induced LBBB was persistent in 111 of 175 patients (63.4%) and transient in 
64 (36.6%). The frequency of any TAVI-induced LBBB significantly decreased over 
time from 47.2% in cohort 1 to 28.5% in cohort 3 (p=0.002). After stratification for 
valve type this effect was driven by patients undergoing TAVI with the MCS (68.3%, 
53.2% and 35.5%, respectively; P<0.001) and not with the ES valve (24.7%, 16.2% 
and 24.0%, respectively; P=0.73). The same effect was found for the occurrence of 
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permanent TAVI-induced LBBB in the total population (30.8%, 24.5% and 14.6%, 
respectively; P=0.003) and in the MCS population (48.8% vs. 40.5% vs. 24.2%, 
p=0.011) and not in the ES population (11.7%, 9.8% and 8.3%, respectively; P=0.35). 
 

 
Figure 1. Depth of implantation for different cohorts and/or device. 
The depth of implantation for the 3 different cohorts are shown for the total study population (panel A), 
the Medtronic CoreValve System (MCS) population (panel B) and the Edwards SAPIEN (ES) population 
(panel C). 

Univariate and multivariate analysis 

Univariate analysis revealed that age, male gender, body surface area, history of dia-
betes mellitus, baseline rhythm other than sinus rhythm, PR-interval, QRS-interval, 
earlier procedure and cohort were associated with an increased risk of permanent 
TAVI-induced LBBB ( p<0.10). The crude and adjusted odds ratios stratified for the 
different devices are shown in Table 3. In patients undergoing TAVI with the MCS, 
cohort was the only significant predictor of permanent TAVI-induced LBBB (Cohort 
3; OR, 0.12; 95% CI 0.02 - 0.58; p=0.009). In patients undergoing TAVI with ES valve 
there was no significant difference from cohort 1 to cohort 3 (Cohort 3; OR, 0.51; 
95% CI, 0.05-5.50; p=0.58). 
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Table 2. Electrocardiographic characteristics  before discharge and at long-term follow-up.* 

Characteristic Overall T1 T2 T3 P value 

Before Discharge      

ECG’s analyzed – no. 467 158 156 153  

      

Rhythm – no. (%)      

 Sinus rhythm 355 (76.0) 115 (72.8) 128 (82.1) 112 (73.2) 0.10 

 Atrial fibrillation/flutter 107 (22.9) 40 (25.3) 26 (16.7) 41 (26.8) 0.07 

 Ventricular pace 2 (0.4) 0 (0) 2 (1.3) 0 (0) 0.14 

 Other 3 (0.6) 3 (1.9) 0 (0) 0 (0) 0.05 

      

PR-interval – msec 188 (158-218)184 (154-214)186 (161-211)188 (162-214)0.89 

QRS-duration – msec 115 (95-136) 120 (99-141) 110 (88-132 ) 110 (90-130) 0.07 

QRS-axis – degrees 0±43 0±47 -3±41 4±41 186 

      

Long-term follow-up      

ECG’s analyzed – no. 392 138 131 123  

      

Rhythm – no. (%)      

 Sinus rhythm 307 (78.3) 108 (78.3) 110 (84.0) 89 (72.4) 0.08 

 Atrial fibrillation/flutter 78 (19.9) 28 (20.3) 20 (15.3) 30 (24.4) 0.19 

 Ventricular pace 4 (1.0) 2 (1.4) 1 (0.8) 1 (0.8) 0.82 

 Other 3 (0.8) 0 (0) 0 (0) 3 (2.4) 0.04 

      

PR-interval – msec 184 (159-209)186 (90-130) 184 (164-204)183 (158-208)0.77 

QRS-duration – msec 110 (91-130) 110 (90-130) 110 (90-131) 105 (86-125) 0.11 

QRS-axis – degrees -2± 45 -2±49 -5±40 1±45 0.55 

* ECG denotes electrocardiogram. 
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Figure 2. Incidence of any LBBB depending on cohort and/or device. 
The incidence of any left bundle branch block (LBBB) for the 3 different cohorts are shown for the total 
study population, the Medtronic CoreValve System (MCS) population and the Edwards SAPIEN (ES) pop-
ulation. 

 
 
 

 
Figure 3. Incidence of persistent LBBB depending on cohort and/or device. 
The incidence of persistent left bundle branch block (LBBB) for the 3 different cohorts are shown for the 
total study population, the Medtronic CoreValve System (MCS) population and the Edwards SAPIEN (ES) 
population.  
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Table 3a. Independent predictors of permanent LBBB in MCS patients.* 

Characteristic Crude OR Adjusted OR 

  ( 95% C.I.) ( 95% C.I.) 

Cohort 1 reference reference 

Cohort 2 0.72 (0.38-1.33) 0.40 (0.13-1.28) 

Cohort 3 0.34 (0.16-0.69) 0.12 (0.02-0.58) 

   

Age – yr 1.00 (0.96-1.04) 1.04 (0.98-1.10) 

Male gender 1.36 (0.79-2.34) 1.03 (0.46-2.35) 

Body Surface Area – m2 2.70 (0.73-0.01) 2.57 (0.37-18.15) 

   

History of diabetes mellitus   1.49 (0.80-2.77) 1.50 (0.63-3.58) 

   

Sinus rhythm  0.71 (0.39-1.33) - 

PR-interval – msec  1.00 (0.99-1.02) 1.00 (0.99-1.01) 

QRS-duration – msec  0.98 (0.97-1.00) 0.98 ( 0.95-1.00) 

   

Year of procedure 0.82 (0.64-1.04) 1.44 (0.83-2.50) 

* LBBB denotes left bundle branch block, MCS Medtronic CoreValve System, OR odds ratio, CI confidence 
interval. 

 

Table 3b. Independent predictors of permanent LBBB in ES valve patients. 

Characteristic Crude OR Adjusted OR 

  ( 95% C.I.) ( 95% C.I.) 

Cohort 1 reference reference 

Cohort 2 0.73 (0.26-2.05) 0.56 (0.10-2.88) 

Cohort 3 0.69 (0.25-1.87) 0.51 (0.05-5.50) 

   

Age – yr 0.99 (0.94-1.05) 1.04 (0.96-1.31) 

Male gender 3.59 (1.47-8.74) 2.07 (0.65-6.53) 

Body Surface Area – m2 11.55 (1.70-78.32) 3.41 (0.22-53.59) 

   

History of diabetes mellitus   3.26 (1.38-7.65) 4.53 (1.42-14.38) 

   

Sinus rhythm  0.78 (0.25-2.44) - 

PR-interval – msec  1.01 (1.00-1.02) 1.00 (1.00-1.02) 

QRS-duration – msec  1.01 (0.99-1.03) 1.00 (0.97-1.03) 

   

Transfemoral access 0.83 (0.33 - 2.09) 0.64 (0.20-2.03) 

Year of procedure 0.92 (0.64 - 1.32) 1.13 (0.46-2.73) 

* LBBB denotes left bundle branch block, ES Edwards SAPIEN, OR odds ratio, CI confidence interval 
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Discussion 

The main finding of present study is the reduction of TAVI-induced LBBB over time 
after both MCS and ES valve implantation. This was predominantly seen in patients 
receiving the MCS valve, which is associated by a much higher frequency of new 
LBBB. Multivariate analysis revealed that cohort was the only independent predictor 
of a decrease in LBBB over time in parallel to a significant decrease in the depth of 
implantation. These findings underscore that both device- and procedure-related 
factors play a role in the occurrence of LBBB after TAVI. Patient- and device stratifi-
cation, continued training and eventually advanced guidance during valve position-
ing and release, may help to further reduce TAVI-induced LBBB. This is not trivial 
since LBBB is associated with interventricular dyssynchrony that in turn may affect 
cardiac performance, thereby, affecting quality of life and eventually also prognosis. 
 With respect to treatment stratification, it reasonable to avoid the MCS valve in 
patients who have an increased perioperative risk to develop new LBBB or high-de-
gree atrioventricular block. For that purpose, determinants of perioperative LBBB 
and the interplay between patient-, procedure-, and device- related factors need to 
be more clearly established.15 For instance, one may decide not to use the MCS valve 
in a patient with a pre-existing RBBB (patient related factor). Yet, the contribution of 
the procedure/operator related factors (e.g. sizing, depth of implantation, experi-
ence) on top of the contribution of the device itself remains to be elucidated.  
 The observations of present study in both valves and the findings of the valve 
specific multivariate analysis suggests that experience was the overriding factor in 
the reduction of TAVI-induced LBBB. Yet, refinements in valve technology and deliv-
ery catheter (e.g. Accutrack system) may have played a role as well and preclude firm 
conclusions.12, 13 The reduction of the depth of implantation over time in both valves, 
however, is supporting the role of experience. In previous reports, depth of implan-
tation has been reported to be associated with LBBB.8, 12, 16–21 Although we were not 
able to study this effect in a multivariate fashion due to multicolinearity (between 
depth of implantation and cohort), a relation between reduced depth of implantation 
and reduction in TAVI-induced LBBB is most likely present. Moreover, we observed 
that for depth of implantation, the interquartile range became smaller. However, in 
contrast with Binder et al. who found that depth of implantation was a predictor of 
TAVI-induced LBBB and PPI in ES valve patients,21 we did not find the same trend for 
our patients undergoing ES valve implantation. These differences might be explained 
by differences in measurement of depth of implantation or in ECG criteria for LBBB. 

Clinical Implications 

In subjects without and with cardiovascular disease, LBBB is associated with an in-
creased cardiovascular morbidity and mortality.22 In patients who underwent SAVR, 
postoperative LBBB is associated with syncope, permanent pacemaker implantation 
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and sudden death during follow-up.23–25 The effects of TAVI-LBBB on mortality is 
subject of debate.6–11 Yet, TAVI-induced LBBB may progress to complete atrioven-
tricular block, syncope and PPI.7–9 LBBB and PPM implantation are associated with 
interventricular dyssynchrony which in turn may lead to impaired cardiac perfor-
mance that has been shown to predict adverse long-term outcome.8, 9, 26, 27 Also, LBBB 
may be associated with impared left ventricular recovery after TAVI.8, 27 It is there-
fore plausible that TAVI-induced LBBB is also associated with increased morbidity 
and mortality during follow-up similar to the findings in patients and apparently 
healthy individuals. Several studies have proposed a role for cardiac resynchroniza-
tion therapy in patients with heart failure and atrioventricular dyssynchrony, how-
ever, data on patients after TAVI is scarce.32–35 
 The gradual shift towards younger and less-sick patients highlights the need to 
further reduce perioperative complications that may not have an immediate but 
long-term effect on cardiac function and well-being.36 As mentioned above, measures 
such as tailored valve selection, continued training, guidance of valve positioning and 
refinements in catheter and valve technology may serve this objective.37, 38 

Study limitations 

This study is observational and thus subject to limitations of such a study design. 
Data were analyzed by an expert cardiologist using established criteria for conduc-
tion abnormalties, However, independent Corelab analysis was not performed. Alt-
hough, this analysis included both clinical, electrocardiographical and procedural 
predictors of LBBB, we cannot preclude the role of hidden bias due to uncollected 
data. 

Conclusion 

Over time the frequency of LBBB after TAVI decreased significantly. This effect was 
mainly seen in patients undergoing TAVI with the MCS in parallel to a reduction in 
the depth of implantation. Patients with ES valve had significantly less LBBB of which 
persistent LBBB frequency showed a trend of further reduction over time. 
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Abstract 

Introduction 

The frequent occurrence of left bundle branch block (LBBB) induced by transcathe-
ter aortic valve implantation (TAVI) has led to renewed interest in its prognostic sig-
nificance after aortic valve intervention. There is little contemporary data on fre-
quency and prognosis of new bundle branch block (BBB) after surgical aortic valve 
replacement (AVR). 
 

Methods and Results 

All-cause mortality was compared between patients who did and did not develop 
persistent new BBB within 7 days after AVR with or without concomitant bypass sur-
gery in an observational cohort of patients who underwent AVR from 2002 up to 
2010 in a single center. Prospectively collected data from a central registry were ex-
tracted into a dedicated database. Electrocardiographic (ECG) data were retrospec-
tively collected by reviewing medical records. Patients were not eligible if they had a 
baseline ECG with BBB and/or pacemaker activity on baseline or postoperative ECG. 
A postoperative time frame of 3 to 12 months was used to collect follow-up ECGs.  
Of the 2,279 patients who underwent AVR 2,033 patients were eligible for analysis. 
In 269 patients (11.8%) no baseline and/or follow-up ECG were available, resulting 
in 1,764 patients qualifying for analysis. Early LBBB and RBBB occurred in 71 (4.0%) 
and 92 (5.2%) respectively. At follow-up, the bundle branch block was persistent in 
28 (1.6%) for LBBB, and 73 (4.2%) for RBBB, respectively.  
During a median follow-up of 4.5 (interquartile range [IQR], 2.4-6.5) years mortality 
rate was 16.3% (n=271) in patients without, 24.1% (n=7) patients with persistent 
LBBB and 18.9% (n=14) patients with persistent RBBB (log-rank P=0.49). Also in 
multivariate analysis, neither AVR-induced LBBB nor AVR-induced RBBB was iden-
tified as a predictor of mortality. 
 

Conclusion 

AVR-induced LBBB and RBBB occur infrequently in 4.0% and 5.2% of patients, re-
spectively and at follow-up most of these conduction disorders resolve. Neither 
LBBB or RBBB are associated with a significant increase in all-cause mortality during 
long-term follow-up, partly due to the low number of these conduction abnormali-
ties. 



F R E Q U E N C Y  A N D  L O N G - T E R M  P R O G N O S I S  O F  A V R - I N D U C E D  L B B B  

 83 

Introduction 

Surgical aortic valve replacement (SAVR) is the evidence based treatment of choice 
for patients with severe aortic valve stenosis. Nevertheless, in recent years 
transcatheter aortic valve implantation (TAVI) has emerged as an attractive alterna-
tive for selected patients with a high operative risk.1, 2 TAVI is however complicated 
by new left bundle branch block (LBBB) in up to 65% of patients.3 It is generally ap-
preciated that LBBB is an independent predictor of cardiovascular morbidity and 
mortality.4 Not surprisingly, TAVI-induced LBBB leads to a decrease in left ventricu-
lar function5-7 and to an increased risk of conduction disorders necessitating pace-
maker implantation.6 Moreover, during long-term follow-up a TAVI-induced LBBB 
may be associated with an increase in total and cardiovascular mortality.8  
 Despite these recent insights, there is little contemporary data on frequency or 
prognostic impact of bundle branch block (BBB) after SAVR. Still, it is asserted that 
SAVR is complicated by new LBBB in 16-32%9-11 and by new right bundle branch 
block (RBBB) in 11-13%,12, 13 thereby often referring to reports from the eighties.14, 

15 These data need to be interpreted with caution as knowledge, materials and tech-
niques have changed over time. Data on the relationship between SAVR-induced 
bundle branch block (BBB) and mortality in the past decade has been limited.12, 16  
 The primary purpose of present study was to investigate the frequency and per-
sistence of SAVR-induced bundle branch block (LBBB and RBBB) and its impact on 
all-cause mortality in a series of 1,764 patients who underwent SAVR from 2002 up 
to 2010 in a single center in the Netherlands. Secondly, we analyzed predictors of 
SAVR-induced bundle branch block. 

Methods 

Study Population 

All patients who underwent SAVR with or without concomitant bypass surgery in the 
Catharina Hospital Eindhoven (the Netherlands) from 2002 up to 2010 were re-
viewed. Data were collected prospectively in a central registry and relevant data to 
the purpose of this study were extracted into a dedicated database. In the central 
registry, mortality was collected by consulting the Dutch civil register. This govern-
mental controlled register contains vital records of the entire population, including 
date of death. Electrocardiographic data were retrospectively collected by reviewing 
medical records. The medical ethics committee of the hospital waived the need for 
informed consent. 
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Study objectives 

The primary objective of this study was to assess frequency, persistence and prog-
nosis of SAVR-induced bundle branch block. For this purpose, electrocardiograms 
(ECG) before and within 7 days after implantation and were assessed by the first au-
thor (T.P.) to extract heart rhythm, PR- and QRS interval, QRS axis in exact degrees 
and intra-ventricular conduction delay (IVCD). Afterwards, all ECGs with a QRS >120 
msec were reviewed by the second author (P.H.). Subsequently, follow-up ECGs of all 
patients with new bundle branch block on the postoperative ECG were collected and 
reviewed. A postoperative time frame of 3 to 12 months was used to collect these 
ECGs. At the time of ECG analysis, both reviewers were blinded to the outcome of the 
patients.  
 Patients were not eligible if they had a baseline ECG with LBBB, RBBB or pres-
ence of pacemaker activity. If the postprocedural ECG demonstrated pacemaker 
rhythm, patients were also excluded as it was not possible to assess the intrinsic con-
duction of these patients.  
 According to the established guidelines, LBBB was defined as a postprocedural 
V1-negative QRS-complex ≥120 msec with absent Q-waves and a notched or slurred 
R-wave in the left lateral leads (I, aVL, V5, V6). RBBB was defined as a postprocedural 
QRS-complex ≥120 msec with a triphasic QRS-complex in V1 together with a domi-
nant S wave in leads I and V6.(17)  
 Any new bundle branch block on the postoperative ECG was defined as early 
LBBB or early RBBB, respectively. If the bundle branch block was still present on the 
follow-up ECG, it was considered a persistent LBBB or persistent RBBB, respectively. 
In case of a missing follow-up ECG or ventricular pacing, the patient was classified 
according to the postoperative ECG. 
 Prostheses size was defined by ranking the prostheses size in tertiles. 

Statistical Analysis 

Categorical variables are presented as numbers and proportions. For continuous 
variables, normality of distribution was assessed with the Kolmogorov-Smirnov test. 
Normal and skewed continuous variables are presented as means with standard de-
viation (SD) and medians with interquartile range (IQR), respectively. 
 Baseline variables between different patients categories were compared using 
repeated measures analysis of variance (ANOVA) in case of a continuous measure-
ment. Binary logistic regression analysis was used to compare categorical variables.  
 Survival was estimated using the Kaplan-Meier method. Cox regression analysis 
test was used to compare mortality between patients with and without SAVR-in-
duced bundle branch block. All characteristics in the univariate analysis with a p-
value less than 0.10 were included in a multivariate analysis. This analysis was also 
used to plot adjusted survival curves for patients with and without SAVR-induced 
bundle branch block. A binary logistic regression analysis test was used to analyze 
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predictors of the occurrence of SAVR-induced bundle branch block. All characteris-
tics in the univariate analysis with a p-value less than 0.10 were included in a multi-
variate analysis. All statistical analyses were performed using Statistical Package for 
Social Sciences (SPSS), version 19 (IBM SPSS, Chicago, IL, USA). 

Results 

Study population 

Between January 2002 up to December 2010, a total of 2,279 patients underwent 
SAVR with or without concomitant bypass surgery in our center. As per protocol 246 
patients were not eligible, either because of pre-existing LBBB (n=81), pre-existing 
RBBB (n=104) or baseline pacemaker rhythm (n=38). Another 23 patients demon-
strated pacemaker rhythm on the postprocedural ECG and were therefore excluded. 
In the remaining 2,033 patients eligible for analysis, we were not able to retrieve a 
baseline and/or follow-up ECG in 269 patients (11.8%). Subsequently these patients 

were excluded, resulting in 
1,764 patients who were ana-
lyzed in this study (Figure 1). 

Procedural outcome; early 

versus persistent bundle branch 

block 

All patients underwent success-
ful implantation of the aortic 
valve prosthesis and 40.6% 
(n=717) also had concomitant 
bypass surgery. A total of 71 
(4.0%) patients developed an 
early LBBB which was persis-
tent in 28 (1.6%) patients; in 
other words 43 (60.6%) pa-
tients showed resolution of the 
conduction disorder. Another 2 
(2.8%) patients with early LBBB 

showed ventricular pacing on the follow-up ECG. Early RBBB developed in 92 (5.2%) 
patients. On follow-up, there was resolution of RBBB in 19 (20.7%) and ventricular 
pacing in 11 (12.0%) patients (Figure 2). In 2 patients with RBBB, there was no fol-
low-up ECG available; they were therefore classified as persistent RBBB according to 
their postoperative ECG. Baseline and procedural characteristics of patients with and 

 
Figure 1. Study Population. 
LBBB indicates left bundle branch block; RBBB, right bundle 
branch block; PPM, permanent pacemaker and ECG, electro-
cardiogram. 
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without persistent bundle branch block were comparable between all groups (Table 
1). 
 

 
Figure 2. Frequency, timing and persistence of SAVR-induced Bundle Branch Block. 
SAVR indicates aortic valve replacement. Early bundle branch block is defined as bundle branch block 
within 7 days postoperatively. Persistent bundle branch block is defined as bundle branch block existing 
at 3-12 months follow-up. 
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Table 1. Clinical characteristics of the study population. 

Characteristic Study Population 
(n=1,764) 

No bundle  
branch block 
(n=1,661) 

Persistent LBBB 
(n=29) 

Persistent RBBB 
(n=74) 

P value 
Value 

Demographics      

Age - years 70 (62-76) 70 (62-76) 71 (63-76) 69 (58-76) 0.54 

Male gender – no.(%) 1064 (60.3) 995 (59.9) 21 (72.4) 48 (64.9) 0.29 

Clinical      

Previous MI – no.(%) 235 (13.3) 218 (13.1) 3 (10.3) 14 (18.9) 0.32 

Previous PCI – no.(%) 156 (8.8) 145 (8.7) 2 (6.9) 9 (12.2) 0.56 

Previous CABG – no.(%) 73 (4.1) 66 (4.0) 0 (0.0) 7 (9.5) 0.08 

Reoperation – no.(%) 146 (8.3) 132 (7.9) 2 (6.9) 12 (16.2) <0.05 

Cerebral vascular disease – no.(%) 80 (4.5) 68 (4.1) 4 (13.8) 8 (10.8) <0.05 

Peripheral vascular disease – no.(%) 171 (9.7) 163 (9.8) 4 (13.8) 4 (5.4) 0.35 

Diabetes mellitus – no.(%) 289 (16.4) 274 (16.5) 6 (20.7) 9 (12.2) 0.51 

COPD – no.(%) 308 (17.5) 290 (17.5) 5 (17.2) 13 (17.6) 1.00 

Renal disease† – no.(%) 64 (3.6) 59 (3.6) 1 (3.4) 4 (5.4) 0.71 

Dialysis – no.(%) 12 (0.7) 12 (0.7) 0 (0.0) 0 (0.0) 1.00 

Hypertension – no.(%) 768 (43.5) 722 (43.5) 13 (44.8) 33 (44.6) 0.97 

Electrocardiography      

Baseline QRS duration - msec 96 (88-102) 96 (88-102) 100 (91-108) 96 (88-104) 0.11 

Echocardiography      

LVEF<50% – no.(%) 246 (13.9) 230 (13.8) 3 (10.3) 13 (17.6) 0.57 

Procedural      

Calcification – no.(%) 1454 (82.4) 1365 (82.2) 26 (89.7) 63 (85.1) 0.48 

Endocarditis – no.(%) 66 (3.7) 59 (3.6) 1 (3.4) 6 (8.1) 0.15 

Cristalloid cardioplegia – no.(%) 1417 (80.3) 1334 (80.3) 20 (69.0) 63 (85.1) 0.19 

Intra-aortic balloon pump – no.(%) 20 (1.1) 17 (1.0) 0 (0.0) 3 (4.1) 0.09 

Aortic occlusion time – minutes 63 (50-80) 63 (50-80) 73 (56-97) 71 (54-94) <0.05 

Concomitant CABG – no.(%) 717 (40.6) 676 (40.7) 12 (41.4) 29 (39.2) 0.96 

Duration ECC – minutes  85.5 (67-110) 85 (67-110) 96 (78-125) 95 (70-120) <0.05 

Rethoracotomy – no.(%) 134 (7.6) 127 (7.6) 2 (6.9) 5 (6.8) 0.95 

Follow-up – days 1642 (867-2364) 1639 (872-2349) 1393 (399-2525) 1800 (809-2562) 0.59 

Biological prostheses – no.(%) 978 (55.4) 928 (55.9) 15 (51.7) 35 (47.3) 0.32 

Prostheses size¦     <0.05 

Small – no.(%) 463 (26.2) 433 (26.1) 9 (31.0) 21 (28.4)  

Medium – no.(%) 641 (36.3) 601 (36.2) 10 (34.5) 30 (40.5)  

Large – no.(%) 660 (37.4) 627 (37.3) 10 (34.5) 23 (31.1)  

* LBBB indicates left bundle branch block; RBBB, right bundle branch block; bundle branch block, bundle 
branch block; MI, myocardial infarction; PCI, percutaneous coronary intervention; CABG, coronary artery 
bypass grafting; COPD, chronic obstructive lung disease; and LVEF, left ventricular ejection fraction. Re-
sults are presented as median (interquartile range) or absolute No. (percentage). 
† Renal disease was demined as creatinine >1.14  
¦ Prostheses size was defined by ranking the prostheses size in tertiles. 
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Prognosis of SAVR-induced persistent bundle branch block 

Median follow-up was 3.8 (interquartile range [IQR], 0.0–8.9), 4.9 (IQR, 0.0-9.4) and 
4.5 (IQR, 0.0–9.4) years in patients with persistent LBBB, persistent RBBB and with-
out new bundle branch block, respectively (P=0.59).  
 At 30 days, mortality rate was 3.1% (n=51) in patients without, 6.9% (n=2) in 
patients with persistent LBBB and 6.8% (n=5) in patients with persistent RBBB (log-
rank P=0.11). At 1 year, these numbers were 6.9% (n=115), 6.9% (n=2) and 10.8% 
(n=8), respectively (log-rank P=0.43). During total follow-up, the primary endpoint 
of all-cause mortality was reached in 271 (16.3%) of patients without, in 7 (24.1%) 
patients with persistent LBBB and in 14 (18.9%) patients with persistent RBBB and 
(log-rank P=0.49) (Figure 3). 
 

 
Figure 3. Kaplan Meier survival curve of patients with SAVR-induced LBBB, SAVR-induced RBBB 

and without SAVR-induced bundle branch block. 
“Persistent LBBB” indicates patients who developed a persistent left bundle branch block (LBBB) induced 
by aortic valve replacement. “Persistent RBBB” indicates patients who developed persistent right bundle 
branch block (RBBB) induced by aortic valve replacement, whereas “no bundle branch block (no BBB)” 
indicates patients who did not. Event rates were compared by log-rank test. 

Predictors of mortality 

In univariate analysis, SAVR-induced persistent LBBB (hazard ratio, HR, 1.54; 95% 
confidence interval, CI, 0.56-3.27, P=0.51) nor SAVR-induced persistent RBBB (HR, 
1.10, 95% CI 0.66-2.19, P=0.55) was a predictor of mortality. In multivariate Cox re-
gression analysis, following variables emerged as independent predictors of all-
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cause mortality in descending order of their hazard ratio: dialysis, intra-aortic bal-
loon pump (IABP), rethoracotomy, cerebral vascular disease (CVA), chronic obstruc-
tive pulmonary disease (COPD), renal disease, peripheral vascular disease, small 
valve size, left ventricular ejection fraction (LVEF) <50%, age and duration of the ex-
tra corporeal circulation (ECC). Again, SAVR-induced permanent LBBB (HR, 1.08, 
95% CI, 0.50-2.38, P=0.84) and SAVR-induced permanent RBBB (HR, 1.00, 95% CI, 
0.58-1.73, P=0.99) did not predict the endpoint (Table 2). 

Predictors of SAVR-induced persistent bundle branch block 

Binary logistic regression analysis was performed to identify baseline and proce-
dural factors associated with the development of a persistent LBBB and persistent 
RBBB. In multivariate analysis the duration of QRS on the preoperative ECG was as-
sociated with risk of development of SAVR-induced permanent LBBB. (Table 3). En-
docarditis was the only factor associated with the risk of development of persistent 
RBBB (Table 4). 
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Table 2. Univariate and multivariate Cox regression analysis of the primary endpoint of all-cause 

mortality. 

 Univariate analysis Multivariate analysis 

Variable HR CI P value HR CI P Value 

Demographics       

Age - per year 1.05 1.03-1.06 <0.05 1.04 1.02-1.05 <0.05 

Male gender 0.87 0.69-1.10 0.23    

Clinical       

Previous MI 1.49 1.10-2.02 <0.05 1.05 0.76-1.45 0.79 

Previous PCI 1.22 0.83-1.81 0.31    

Previous CABG 2.34 1.54-3.55 <0.05 1.04 0.51-2.10 0.92 

Reoperation  1.77 1.25-2.50 <0.05 1.17 0.65-2.10 0.60 

Cerebral vascular disease 1.99 1.31-3.02 <0.05 1.69 1.10-2.59 <0.05 

Peripheral vascular disease 2.10 1.53-2.89 <0.05 1.59 1.13-2.23 <0.05 

Diabetes mellitus 1.51 1.14-1.99 <0.05 1.26 0.94-1.67 0.12 

COPD 1.71 1.32-2.21 <0.05 1.63 1.25-2.12 <0.05 

Renal disease† 2.87 1.86-4.43 <0.05 1.62 1.01-2.59 <0.05 

Dialysis 5.65 2.66-11.97 <0.05 4.15 1.89-9.13 <0.05 

Hypertension 1.11 0.88-1.40 0.37    

Electrocardiography       

Baseline QRS duration - per msec 1.00 0.99-1.01 0.60    

Echocardiography       

LVEF<50% 1.74 1.32-2.30 <0.05 1.51 1.12-2.04 <0.05 

Procedural       

Calcification 0.98 0.72-1.33 0.89    

Endocarditis 1.49 0.88-2.50 0.14    

Blood cardioplegia 1.04 0.79-1.38 0.77    

Intra-aortic balloon pump - per minute 6.30 3.44-11.51 <0.05 3.40 1.69-6.85 <0.05 

Aortic occlusion time - per minute 1.01 1.01-1.01 <0.05 1.00 0.99-1.01 0.79 

Concomitant CABG 1.45 1.15-1.83 <0.05 0.97 0.72-1.30 0.83 

Duration ECC - per minute 1.00 1.00-1.01 <0.05 1.00 1.00-1.01 <0.05 

Rethoracotomy 2.34 1.68-3.27 <0.05 1.94 1.37-2.76 <0.05 

SAVR-induced LBBB 1.54 0.56-3.27 0.51 1.08 0.50-2.38 0.84 

SAVR-induced RBBB 1.10 0.66-2.19 0.55 1.00 0.58-1.73 0.99 

Biological prostheses  1.65 1.30-2.09 <0.05 1.19 0.88-1.62 0.26 

Prostheses size¦ 0.76 0.66-0.88 <0.05 0.80 0.68-0.93 <0.05 

Small 1.73 1.30-2.30 <0.05 1.56 1.15-2.12 <0.05 

Medium  1.15 0.87-1.54 0.32 1.03 0.77-1.39 0.83 

Large 0.58 0.44-0.77 <0.05 0.64 0.47-0.87 <0.05 

* HR indicates hazard ratio; CI, 95% confidence interval; LBBB, left bundle branch block; bundle branch 
block, bundle branch block; MI, myocardial infarction; PCI, percutaneous coronary intervention; CABG, 
coronary artery bypass grafting; COPD, chronic obstructive lung disease; and LVEF, left ventricular ejec-
tion fraction, SAVR surgical aortic valve replacement, LBBB left bundle branch block, RBBB right bundle 
branch block. 
† Renal disease was demined as creatinine >1.14mg/dl 
¦ Prostheses size was defined by ranking the prostheses size in tertiles. 
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Table 3. Univariate and multivariate binary regression analysis of SAVR-induced permanent left 

bundle branch block. 

 Univariate analysis Multivariate analysis 

Variable HR CI P value HR CI P Value 

Demographics       

Age - per year 1.01 0.98-1.05 0.47    

Male gender 1.74 0.77-3.95 0.19    

Clinical       

Previous MI 0.75 0.22-2.49 0.64    

Previous PCI 0.76 0.18-3.23 0.71    

Previous CABG 0.00 0.00-0.00 1.00    

Reoperation 0.82 0.19-3.48 0.79    

Peripheral vascular disease 1.50 0.52-4.37 0.46    

Diabetes Mellitus 1.34 0.54-3.32 0.53    

COPD 0.99 0.37-2.60 0.98    

Renal disease† 0.95 0.13-7.08 0.96    

Dialysis 0.00 0.00-0.00 1.00    

Hypertension 1.06 0.50-2.21 0.89    

Electrocardiography       

Baseline QRS duration - per msec 1.03 1.00-1.07 <0.05 1.03 1.00-1.06 <0.05 

Echocardiography       

LVEF<50% 0.71 0.21-2.36 0.57    

Procedural       

Calcification 1.86 0.56-6.20 0.31    

Endocarditis 0.92 0.12-6.85 0.93    

Blood cardioplegia 0.54 0.24-1.19 0.13    

Intra-aortic balloon pump - per minute 0.00 0.00-0.00 1.00    

Aortic occlusion time - per minute 1.02 1.01-1.03 <0.05 1.03 1.00-1.06 0.08 

Concomitant CABG 1.03 0.49-2.17 0.94    

Duration ECC - per minute 1.00 1.00-1.01 <0.05 0.99 0.97-1.02 0.51 

Rethoracotomy 0.90 0.21-3.82 0.89    

Biological prostheses  0.86 0.41-1.79 0.69    

Prostheses size¦ 0.88 0.56-1.40 0.60    

* HR indicates hazard ratio; CI, 95% confidence interval; LBBB, left bundle branch block; bundle branch 
block, bundle branch block; MI, myocardial infarction; PCI, percutaneous coronary intervention; CABG, 
coronary artery bypass grafting; COPD, chronic obstructive lung disease; and LVEF, left ventricular ejec-
tion fraction. 
† Renal disease was demined as creatinine >1.14mg/dl 
¦ Prostheses size was defined by ranking the prostheses size in tertiles. 
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Table 4. Univariate and multivariate binary regression analysis of SAVR-induced permanent right 

bundle branch block. 

 Univariate analysis Multivariate analysis 

Variable HR CI P value HR CI P Value 

Demographics       

Age - per year 0.99 0.97-1.01 0.38    

Male gender 1.23 0.75-1.99 0.42    

Clinical       

Previous MI 1.55 0.85-2.82 0.15    

Previous PCI 1.45 0.71-2.98 0.31    

Previous CABG 2.57 1.14-5.82 <0.05 1.54 0.45-5.27 0.50 

Reoperation 2.25 1.18-4.27 <0.05 1.50 0.56-3.99 0.46 

Peripheral vascular disease 0.52 0.19-1.45 0.21    

Diabetes Mellitus 0.70 0.34-1.42 0.32    

COPD 1.01 0.55-1.86 0.98    

Renal disease† 1.55 0.55-4.39 0.41    

Dialysis 0.00 0.00 1.00    

Hypertension 1.05 0.66-1.67 0.85    

Electrocardiography       

Baseline QRS duration - per msec 1.00 0.98-1.03 0.69    

Echocardiography       

LVEF<50% 1.33 0.72-2.46 0.36    

Procedural       

Calcification 1.23 0.64-2.36 0.53    

Endocarditis 2.40 1.00-5.74 0.05 2.50 1.02-6.13 <0.05 

Blood cardioplegia 0.70 0.37-1.35 0.29    

Intra-aortic balloon pump - per minute 4.16 1.19-14.52 <0.05 3.01 0.70-12.96 0.14 

Aortic occlusion time - per minute 1.01 1.00-1.02 <0.05 1.01 0.99-1.03 0.24 

Concomitant CABG 0.94 0.58-1.51 0.79    

Duration ECC - per minute 1.00 1.00-1.01 0.09 1.00 0.98-1.01 0.60 

Rethoracotomy 0.88 0.35-2.21 0.78    

Biological prostheses  0.71 0.45-1.13 0.15    

Prostheses size¦ 0.87 0.65-1.17 0.35    

* HR indicates hazard ratio; CI, 95% confidence interval; LBBB, left bundle branch block; bundle branch 
block, bundle branch block; MI, myocardial infarction; PCI, percutaneous coronary intervention; CABG, 
coronary artery bypass grafting; COPD, chronic obstructive lung disease; and LVEF, left ventricular ejec-
tion fraction. 
† Renal disease was demined as creatinine >1.14mg/dl 
¦ Prostheses size was defined by ranking the prostheses size in tertiles. 
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Discussion 

In this observational study of a large patient cohort who underwent SAVR, we have 
demonstrated that new LBBB and new RBBB occurred in 4.0% and 5.2%, respec-
tively. After 3 to 12 months follow-up, LBBB was persistent in 1.6% and RBBB in 
4.2% of the patients.  
 Neither persistent LBBB nor persistent RBBB was associated with an increased 
risk in mortality during long-term follow-up. After correction for potential confound-
ers, we found preoperative QRS duration to be associated with development of a per-
sistent LBBB and endocarditis with development a persistent RBBB.  

Frequency and persistence of SAVR-induced bundle branch block 

In parallel with progressive insight in the anatomy of the conduction system,18 the 
occurrence of intraventricular conduction defects after SAVR was already appreci-
ated in the early ‘70s.14 In subsequent decennia, a frequency up to 25% of new left 
bundle branch conduction disorders after SAVR has been reported,13, 15, 19 and some 
authors noted an increased rate of sudden and/or cardiac death during long-term 
follow-up in patients who developed LBBB.15 In a more recent study of El-Khally et 
al., it was demonstrated that LBBB occurred in 6.4% and RBBB occurred in 11.2% in 
a series of 262 SAVR patients.12  
 In the light of these results, we found (early) LBBB and RBBB to be less than re-
ported by El-Khally’s study. The former study reports on earlier procedures (1995 
to 1997) and improvement in operation techniques possible have led to a decrease 
in incidence of bundle branch block. For example, extracorporeal circulation time 
was longer than in our study. Also, El-Khally’s study used other criteria for the diag-
nosis of LBBB and there is growing evidence that these classic criteria may lead to 
over-interpretation of LBBB.20, 21  
 A recent study by Houthuizen et al.22 showed that in 476 patients, 36.8% devel-
oped a TAVI-induced new LBBB which was persistent in 63.4% of these patients at 
one-year follow-up. Acknowledging the absence of head-to-head comparison be-
tween TAVI and SAVR, the frequency of new LBBB after SAVR in present study is 
considerably lower.  

Prognosis of persistent SAVR-induced bundle branch block 

SAVR-induced LBBB 

In the aforementioned study of El-Khally, patients with postoperative conduction 
disorders (defined as both RBBB and LBBB) had significantly more adverse events 
defined as syncope, total atrioventricular block and/or sudden cardiac death.12 In 
our study, no significant difference in mortality was found between patients with and 
without bundle branch block. Explanations for these discrepancies may be that El 
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Khally used a combined endpoint, in addition to only implementing early and not 
persistent bundle branch block. Given the low sample size and low rate of sudden 
cardiac death, the significant difference in outcome in their study was possibly driven 
by a higher frequency of atrioventricular block and/or syncope.  
 Although subject of debate, there is evidence that TAVI-induced LBBB is associ-
ated with an increased risk of cardiovascular mortality.8, 23-25 Such higher mortality 
may, at least partly, be the result of dyssynchrony-induced heart failure. Of note, 
LBBB is a well-known independent predictor of cardiovascular morbidity and mor-
tality in a broad patient population.4  
 We expected to find the same results in the SAVR population, however this was 
not the case in present study. Still, the majority of patients undergoing SAVR are of 
younger age, have less comorbidities, preserved ejection fraction and considerably 
lower mortality rate. As a result, the effect of LBBB is less profound and a longer fol-
low-up might be needed to develop overt heart failure. This idea is reminiscent of the 
effect of right ventricular pacing which causes dyssynchronous activation and a con-
sistent decrease in left ventricular ejection fraction, but only affects mortality in pa-
tients with already depressed cardiac function.26 Also, the number of patients with 
SAVR-induced LBBB in our study is relatively low, which could results in a too low 
sample size to detect statistically significant differences. Indeed, there seems a ten-
dency to higher mortality in patients with SAVR-induced LBBB, however, present 
study is inadequately powered to detect a statistical significant difference. 
From this perspective, SAVR offers an important advantage over TAVI, given the very 
low frequency of persistent LBBB, especially in the light of possible detrimental ef-
fects of this conduction disorder. 

SAVR-induced RBBB  

SAVR-induced RBBB occurred more frequently than LBBB and was also more persis-
tent. It is not associated with an increase in all-cause mortality, in concordance with 
the general belief that RBBB is a benign finding in asymptomatic healthy individu-
als.27-31 Still, more recently it has been postulated that that RBBB in healthy individ-
uals is associated with increased cardiovascular mortality.28 Also, among patients 
with heart failure, the presence of RBBB has been associated with an adverse prog-
nosis.28, 32, 33 At follow-up a large proportion (12.0%) of patients with early RBBB 
were ventricular paced. This may indicate that patients with an SAVR-induced RBBB 
are prone to develop high-degree atrioventricular conduction disorders as has been 
described by El-Khally et al.12 

Predictors of SAVR-induced bundle branch block 

Except for preoperative QRS duration, we were not able to identify other baseline or 
procedural characteristics to be associated with the development of SAVR-induced 
LBBB, which is in line with a previous report by Habicht et al.13 Still, there are several 
other factors that may contribute to operative damage to the conduction system, 
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namely trauma by sutures, injury as a result of valve decalcification, local edema/he-
matoma and/or micro-infarction of the bundle branch due to micro-thrombi.13, 15 
Based on autopsy reports, microscopical traumatic lesions have been found in the 
atrioventricular conduction tissue and left bundle.34  
 SAVR was more frequently complicated by (early and persistent) RBBB than by 
LBBB, although the right bundle is not in such close proximity to the aortic valve 
complex than the left bundle.3, 35 Moreover, traumatic lesions to the right bundle 
branch block are seldom seen on autopsy specimens of the heart after SAVR.34 Alt-
hough speculative, it is more likely that the right bundle is affected by ischemic dam-
age rather than by direct trauma. This could be explained by the fact that the right 
bundle is solely perfused by the septal branches of the left anterior descending artery 

Study Limitations 

As a result of the observational design, our study could be hampered by the intrinsic 
risk of information and selection bias. Still, all data were collected prospectively in a 
central database with established definitions. To ensure data quality and validity, we 
further chose a hard end-point (all-cause mortality). No monitoring board or core 
laboratory was available for ECG analysis, but we strictly adhered to published guide-
lines for the diagnosis of LBBB and RBBB and scored the presence of conduction dis-
orders without knowledge of the actual outcome of the patient.  

Conclusions 

SAVR-induced LBBB and RBBB occur infrequently in 4.0% and 5.2% of patients, re-
spectively and at follow-up most of these conduction disorders resolve. Neither 
LBBB or RBBB are associated with an increase in all-cause mortality during long-
term follow-up, although present study is inadequately powered to detect a statisti-
cal significant difference.  
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Abstract 

Background 

Minimally invasive techniques for aortic valve replacement (AVR) have been devel-
oped as an alternative to conventional AVR for patients with high operative risk. Still, 
these techniques are associated with an increased risk of postoperative conduction 
disorders. This study aims to identify the incidence and fate of postoperative conduc-
tion disorders in patients undergoing sutureless (SU) AVR with the Perceval S bio-
prosthesis. 
 

Methods and Results 

In this observational study, patients who underwent SU AVR with the Perceval S 
prosthesis in the Catharina Hospital (the Netherlands) were analysed. Electrocardi-
ograms (ECGs) at baseline, within 24 hours postoperatively, before hospital dis-
charge and at follow-up were collected by reviewing patients’ records. The ECGs 
were analysed by two independent investigators to record QRS-duration and con-
duction disorders. 
All patients (n=31) who underwent implantation of the Perceval S bioprosthesis be-
tween September 2010 and September 2012 were included. At baseline, 2 patients 
(6.5%) had pre-existing left bundle branch block (LBBB) and one patient (3.2%) had 
a permanent pacemaker (PPM). New-onset LBBB developed in 12 patients (41.4%); 
being transient in three patients (10.3%). Postoperatively, four patients (13.3%) re-
quired PPM implantation because of total atrioventricular block; all of these patients 
had either pre-existing LBBB (n=1) or new LBBB (n=3). 
 

Conclusions 

SU AVR with the Perceval S bioprosthesis is frequently complicated by new LBBB, 
which was persistent in the majority of patients. A relatively high incidence of post-
operative PPM implantation was also observed.  
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Introduction 

The number of patients in need for aortic valve replacement (AVR) is increasing. Con-
ventional surgical aortic valve replacement (SAVR) is the treatment of choice for pa-
tients with severe aortic stenosis. However, the operative risk for the elderly popu-
lation with comorbidities is often too high, which stimulated the development of less 
invasive techniques. Recently, the transcatheter aortic valve implantation (TAVI) 
proved to be a valuable alternative to SAVR in patients with high operative risk.1–3 
Despite its success, TAVI has a relatively high incidence of paravalvular aortic regur-
gitation, ventricular conduction disorders and postoperative permanent pacemaker 
implantation.4,5 These complications have been attributed to the inability to remove 
the native aortic valve resulting in presence of the calcified native leaflets around the 
percutaneous valve and near the atrioventricular conduction system.5,6  
 From this perspective, the recently developed sutureless aortic valve replace-
ment (SU AVR) combines the advantages of a less invasive technique with the possi-
bility of surgical removal of the native valve.7 One of the available prostheses for SU 
AVR is the stent-mounted Perceval S aortic valve (Sorin Biomedica Cardio Srl, Sal-
lugia, Italy). This prosthesis is mounted in a nitinol stent, which presumably has com-
parable mechanical properties as the self-expandable Medtronic CoreValve prosthe-
sis (MCS) used for TAVI. For the latter, it is well known to be associated with a high 
incidence of postoperative left bundle branch block (LBBB) and atrioventricular con-
duction disorders necessitating implantation of a permanent pacemaker (PPM).5,8  
 In present study, we aimed to identify the incidence and fate of postoperative 
conduction disorders in patients undergoing AVR with the sutureless Perceval S bi-
oprosthesis in our center. 

Methods 

Patient population 

We analyzed all patients in whom a Perceval S bioprosthesis was implanted since 
September 2010 through September 2012 in the Catharina Hospital (the Nether-
lands). The indication for surgical aortic valve replacement was made by consensus 
agreement of both the cardiologist and cardiothoracic surgeon adhering to the Euro-
pean guidelines for aortic valve replacement.9,10 The choice for the Perceval S bio-
prosthesis was made depending on patient’s age, comorbidity and clinical frailty. The 
local medical ethical committee approved the study and waived the need for an in-
formed consent.  
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Surgical procedure 

Partial upper sternotomy (J-sternotomy) in the third intercostal space (n=10) or full 
sternotomy (n=21) was performed to get access to the aorta. The choice for partial 
sternotomy was made according to the preference of the surgeon. Standard cardio-
pulmonary bypass was used, cannulating the aorta and right atrium with venting via 
the right superior pulmonary vein. After intermittent warm blood cardioplegia was 
administered, a transverse aortotomy just above the sinotubular junction was done. 
The native valve was removed and the annulus was decalcified.  

Device and implantation 

The Perceval S bioprosthesis consists of a 
trileaflet bovine pericardial valve mounted 
in a self-expandable nitinol stent (Figure 1) 
and is available in 3 sizes (21, 23 and 25 
mm). To implant the valve, it is first com-
pressed using a crimping tool and loaded 
into a dedicated delivery system. The valve 
is guided to its correct position by three su-
tures stitched to the native annulus, in the 
lowest part of each valve sinus. After posi-
tioning, the valve is deployed and delivery 
system and sutures are removed. Finally, the valve is further expanded by balloon 
inflation of 4 atmosphere during 30 seconds.7 Valve position was visually checked 
and afterwards aortotomy is closed, cross clamp is removed and the heart is weaned 
off from cardiopulmonary bypass. 

Data and ECG collection 

All baseline and procedural data were collected prospectively in a central registry 
and relevant data were transferred to a dedicated database. Patients were interro-
gated by telephone interview to inform if a permanent pacemaker had been im-
planted after hospital discharge. After treatment, electrocardiograms (ECGs) were 
recorded at least daily until discharge from the intensive care unit; thereafter ECGs 
were obtained on indication and during every outpatient visit. For the purpose of 
this study, ECG’s at baseline, 24 hours after surgery, before hospital discharge and at 
follow-up were retrospectively collected by reviewing patient records. 
 All tracings were analyzed by an independent investigator and an experienced 
cardiologist (PH) to record heart rhythm, PR interval, QRS duration, QRS morphology 
and QRS axis in exact degrees. Presence of first, second or third degree atrioventric-
ular block, right bundle branch block (RBBB), LBBB, left anterior hemiblock (LAHB) 

Figure 1. Photographic example of the self-

expandable Perceval bioprosthesis. 
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and left posterior hemiblock (LPHB) were recorded according to the established cri-
teria.11 Accordingly, LBBB was defined as a V1-negative QRS-complex of ≥0.12 sec-
onds in duration with absent Q-waves and a notched or slurred R in leads I, aVL, V5 
and/or V6. A LAHB was defined as a QRS-duration ≥0.10 seconds with a frontal plane 
QRS-axis between –45 and –90 degrees in the presence of a qR in leads I and aVL. In 
the presence of RBBB, LAHB was defined as a frontal plane QRS-axis between –45 
and –90 degrees. A conduction disorder was considered transient if it disappeared 
after hospital discharge; a persistent conduction disorder was present during follow-
up. LBBB resulting in postoperative PPM implantation was also considered persis-
tent. 

Statistical analysis 

Categorical variables are presented as numbers and proportions. For continuous 
variables, normality of distribution was assessed with the Kolmogorov-Smirnov test. 
Normal and skewed continuous variables are presented as means with standard de-
viation (SD) and medians with interquartile range (IQR), respectively. A two-sided 
p-value less than 0.05 was considered to be statistically significant. All statistical 
analyses were performed using Statistical Package for Social Sciences (SPSS), version 
19 or higher (IBM SPSS, Chicago, IL, USA). 

Results 

From September 2010 through September 2012, 31 patients underwent surgical im-
plantation of the Perceval S bioprosthesis. Baseline characteristics of the study pop-
ulation are outlined in table 1. Implantation was successful in all patients but one, 
who required surgical valve replacement (day 23) because of prosthesis dysfunction 
with severe aortic regurgitation. This patient was not excluded from analysis in order 
to analyse the immediate postoperative ECG’s (until day 23). One patient required 
pericardiocentesis (day 21) because of pericardial tamponade and another patient 
suffered from a non-fatal ischemic stroke (day 4). There was one patient (3.2%) with 
pre-existing PPM who however exhibited intrinsic conduction on all ECG’s (i.e. was 
not pacemaker dependent). Another two patients (6.5%) had a pre-existing LBBB. 
All patients were alive during a median follow-up period of 282 (198-548) days. 
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Table 1. Clinical characteristics of the study population.*  

Characteristic Total population 
(N=31) 

Demographics  

 Age – yr 76.4±5,2 

 Male gender – no. (%) 13 (41.9) 

 Height – cm 166±8 

 Weight – kg 73±12 

 Body Mass Index – kg/m2 26.4±4.0 

 Body Surface Area – m2 1.8±0.2 

Clinical  

 New York Heart Association Class ≥III – no. (%) 5 (16.1) 

 History of coronary artery disease – no. (%) 9 (29.0) 

 Previous myocardial infarction – no. (%) 3 (9.7) 

 Previous PCI – no. (%) 2 (6.5) 

 Previous CABG – no. (%) 0 (0) 

 History of cerebrovascular disease – no. (%) 5 (16.1) 

 History of peripheral artery disease – no. (%) 5 (16.1) 

 History of diabetes mellitus – no. (%)  11 (35.5) 

 History of chronic obstructive lung disease – no. (%) 4 (12.9) 

 Logistic EuroSCORE – %  1.7±1.0 

 Pre-existing permanent pacemaker – no. (%) 1 (3.2) 

Baseline electrocardiogram  

 Sinus rhythm – no. (%) 30 (96.8) 

 PR-interval – msec  178±41 

 QRS-duration – msec  96±17 

 QRS-axis – degrees  11±31 

 Pre-existing left bundle branch block – no. (%) 3 (9.7) 

Baseline echocardiography  

 Left ventricular function – no. (%)   

  normal (LVEF ≥50%) 30 (96.8) 

  moderately reduced (LVEF 35-50%) 1 (3.2) 

  severely reduced (LVEF≤35%) 0 (0) 

 Aortic valve area – cm2 0.69±0.13 

 Peak aortic valve gradient – mmHg 88±32 

 Aortic valve regurgitation ≥III – no. (%) 7 (22.6) 

Procedural characteristics  

 Aortic occlusion time – min 48±24 

 Extracorporal circulation time – min 68±29 

 Concomitant CABG – no. (%) 6 (19.4) 

* Results are presented as mean (±standard deviation) or absolute number (percentage), unless stated 
otherwise. PCI percutaneous coronary intervention, CABG coronary-artery bypass grafting, msec millisec-
onds, LVEF left ventricular ejection fraction, min minutes. 
† The logistic EUROpean System for Cardiac Operative Risk Evaluation (EuroSCORE-II) is a score system 
ranging from 0 to 100% used to predict 30-day mortality of cardiovascular surgery. 
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Postoperative conduction disorders 

The results of ECG comparison at the different time points are shown in table 2. In 
patients without pre-existing LBBB (n=29), 12 patients (41.4%) developed new 
LBBB which was transient in 33.3% of these patients (n=4). In patients without pre-
existing PPM (n=30), there were four patients (13.3%) who developed total atrio-
ventricular block (AVB-III) requiring PPM implantation (at postoperative day 7, 10 
(2x) and 100, respectively). All of these patients had either a pre-existing LBBB (n=1) 
or new postoperative LBBB (n=3). None of the patients without LBBB were im-
planted a postoperative PPM. 
 First-degree atrioventricular block (AVB-I) was pre-existing in 3 patients. In the 
remaining 28, there were 5 patients (17.9%) who had a transient AVB-I and 8 pa-
tients (28.6%) with persistent AVB-I (Table 2). 

Discussion 

This observational cohort study demonstrates that implantation of the Perceval S su-
tureless bioprosthesis is complicated by LBBB in 40% of patients. The conduction 
disorder was transient in one third of the cases. Secondly, 13% of patients required 
implantation of a PPM and all of these patients had either pre-existing or new post-
operative LBBB.  

Frequency and clinical relevance of new LBBB 

In the contemporary era, the frequency of new LBBB after conventional surgical AVR 
is as low as 6-7%.12,13 On the other hand, this frequency is considerably higher after 
TAVI with a range from 10-60% and is strongly dependent on the prosthesis used.5 
To the best of our knowledge, there are no published data available on the frequency 
of postoperative new LBBB after SU AVR. With a new LBBB frequency of 40% and a 
persistence of 66.6% in the present study, the frequency seems comparable to that 
of TAVI, more specific of the MCS device.14,15 This is an important issue, as LBBB after 
aortic valve interventions is associated with higher risk for need of permanent pace-
maker implantation,13,16 a decrease in left ventricular function16,17 and ultimately 
mortality.8 Our data suggest that SU AVR with the Perceval S prosthesis has the same 
disadvantages as TAVI with respect to the occurrence of conduction disorders. These 
disadvantages may neutralize the surgical/technical benefits of this prosthesis above 
conventional AVR.  

Incidence and clinical relevance of postoperative PPM 

In contrast to the occurrence of new LBBB, more data is available on postoperative 
PPM implantation after conventional AVR, although reported frequency in larger 
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study populations varies between 1% and 4%.13,18 For SU AVR, studies of small sam-
ple size suggest that the incidence of PPM implantation range between 7 and 
19%19,20, although Flameng et al. reported only 1 implantation in 29 patients receiv-
ing the Perceval S bioprosthesis.21 In the present study, the PPM implantation rate 
was 13.3%, which is in concordance with previous studies19,20. Noteworthy is that 
the majority of patients receiving a PPM first developed a new LBBB. This is in agree-
ment with observations by van Mieghem et al. who previously reported that a post-
operative new LBBB after SAVR is associated with an increased risk of postoperative 
PPM implantation.13 The effect of PPM implantation on long-term morbidity and 
mortality after aortic valve intervention is still unclear. Nevertheless, for patients re-
ceiving a PPM for sinus node dysfunction, the detrimental effects of chronic right 
ventricular pacing on left ventricular function are well known.22 
 

Table 2. Comparison of electrocardiographic characteristics at baseline, within 24 hours after pro-

cedure, before discharge and at follow-up.*  

Characteristic Baseline within 24 hours 
after surgery 

before hospital 
discharge 

follow-up 

Time postprocedure – days (IQR) – 0 (0–0) 5 (2–8) 221 (103–355) 

ECGs available – no. (%) 31 (100%) 31 (100%) 31 (100%) 28 (90.3%) 

Rhythm – no. (%)     

 Sinus rhythm 30 (96.8%) 30 (96.8%) 24 (77.4%) 27 (96.4%) 

 Atrial fibrillation/flutter 1 (3.2%) 0 (0.0%) 5 (16.7%) 1 (3.6%) 

 Ventricular pace 0 (0.0%) 0 (0.0%) 1 (3.3%) 0 (0.0%) 

 Other 0 (0.0%) 1 (3.2%) 1 (3.3%) 0 (0.0%) 

PR-interval – msec 178 (±41) 188 (±31) 200 (±49) 184 (± 38) 

QRS-duration – msec 96 (±17) 113 (±23) 118 (±28) 119 (±33) 

QRS-axis – degrees 11 (±31) 11 (±41) 13 (±49) 17 (±49) 

AV conduction disorders – no. (%)     

 None 28 (90.3%) 19 (61.3%) 17 (56.7%) 17 (60.7%) 

 First-degree AV block 3 (9.7%) 11 (35.4%) 11 (35.4%) 11 (39.3%) 

 Second-degree AV block 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

 Third-degree AV block 0 (0.0%) 2 (6.5%) 2 (6.5%) 1 (3.6%) 

Bundle branch block – no. (%)     

 None  27 (87.1%) 18 (58.1%) 18 (58.1%) 17 (60.7%) 

 RBBB 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

 LAHB 2 (6.5%) 1 (3.2%) 0 (0.0%) 0 (0.0%) 

 Incomplete LBBB 0 (0.0%) 1 (3.2%) 1 (3.3%) 0 (0.0%) 

 LBBB 2 (6.5%) 9 (29.0%) 9 (30.0%) 11 (35.7%) 

 Unspecified 0 (0.0%) 2 (6.5%) 3 (10.0%) 1 (3.6%) 

Change in conduction disorders – no. (%)    

 New first-degree AV block - 8 (25.8%) 3 (9.7%) 2 (7.1%) 

 Resolution of first-degree AV - 0 (0.0%) 3 (9.7%) 2 (7.1%) 
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Characteristic Baseline within 24 hours 
after surgery 

before hospital 
discharge 

follow-up 

block 

 New LBBB - 7 (22.6%) 3 (9.7%) 2 (7.1%) 

 Resolution of LBBB - 0 (0.0%) 3 (9.7%) 1 (3.6%) 

* IQR denotes interquartile range, ECG electrocardiogram, AV atrioventricular, RBBB right bundle branch 
block, LAHB left anterior hemiblock, LBBB left bundle branch block. 

Mechanism of (atrio)ventricular conduction disorders 

The frequency of TAVI-induced LBBB is highly dependent on the prosthesis type be-
ing used with a higher frequency for the MCS (reported frequency 30-60%) than for 
the Edwards SAPIEN (ES) device (reported frequency 6-12%).5,14,15,23 This difference 
is attributed to the different material properties and design of both valves. The ES 
valve consists of a balloon-expandable, cobalt-chrome frame with a height of approx-
imately 15 mm, while the MCS valve is mounted in a self-expanding, nitinol frame of 
approximately 55 mm in height. As the left bundle branch is in close proximity to the 
subaortic membranous septum, it assumed that the prosthesis causes damage to the 
conduction system by localized pressure of the frame. This is presumed to cause the 
high frequency of LBBB with the MCS valve, because the large stent lands deeper into 
the left ventricular outflow tract5,24 This effect is probably amplified by the presence 
of calcium from the native aortic valve leaflets that are compressed against the mem-
branous septum. From this respect, it is interesting to note that the frequency of new 
LBBB with the Perceval S is comparable to the MCS prosthesis. In other words, the 
development of new LBBB couldn’t be only attributed to the calcified annulus but 
possibly to valve design and other technical aspects as well. It is more plausible to 
presume, that any pressure at the level of the membranous septum damages the left 
bundle branch. For the Perceval S bioprosthesis, the large intra-annular sealing coil 
is probably responsible for the large frequency of new LBBB.  

Study limitations 

The number of patients in the present study is relatively small, so the findings should 
be cautiously interpreted. Electrocardiograms were collected retrospectively, how-
ever all baseline and procedural data were extracted from a prospective, local regis-
try. 

Conclusions 

SU AVR with the Perceval S is frequently complicated by new-onset LBBB. Moreover, 
the incidence of postoperative need for PPM was relatively high. These findings need 
to be further investigated in larger studies.  
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Abstract 

In this review the physiological rationale for atrioventricular and interventricular 
delay optimization of cardiac resynchronization therapy is discussed including the 
influence of exercise and long-term cardiac resynchronization therapy. The broad 
spectrum of both invasive and non-invasive optimization methods are reviewed with 
critical appraisal of the literature. Although the spectrum of both invasive and non-
invasive optimization methods is broad, no single method can be recommend for 
standard practice as large-scale studies using hard endpoints are lacking. Current 
efforts mainly investigate optimization during resting conditions, however, there is 
a need to develop automated algorithms to implement dynamic optimization in or-
der to adapt to physiological alterations during exercise and after anatomical remod-
eling. 
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Introduction 

In patients with symptomatic systolic heart failure and prolonged QRS duration, car-
diac resynchronization therapy (CRT) has proven to be of additional value on top of 
recommended medical therapy.1,2 Nevertheless, there remain a considerable num-
ber of non-responders to CRT that can be as high as 30%.3 The non-response can be 
partly caused by inappropriate settings of atrioventricular (AV) and interventricular 
(VV) intervals leading to persistent atrioventricular, interventricular and intra-
ventricular dyssynchrony. In this review we will discuss the physiological and path-
ophysiological rationale for AV and VV optimization followed by an overview of 
available optimization methods. 

Physiological electrical activation and mechanical contraction 

A coordinate contraction sequence of the heart chambers is facilitated by rapid acti-
vation via the specialized conduction system. The cardiac action potential originates 
in the sinus node and reaches the atrioventricular node (AV-node) within 100 milli-
seconds (msec). Slowing of conducting through the AV-node delays onset of ventric-
ular activation with approximately 80 msec to allow optimal atrial contribution to 
ventricular preload. Rapid conduction of the electrical impulse through the His bun-
dle, bundle branches and the Purkinje system activates the whole left ventricle (LV) 
within 60-80 msec. Ventricular activation proceeds from subendocardially located 
breakthroughs of the bundle branches to the epicardium in a centrifugally and tan-
gentially direction.4  
 Cardiac output is dependent on preload (Frank-Starling relation), afterload and 
myocardial contractility. The latter is not only influenced by neurohormones, but 
also dependent on heart rate (staircase phenomenon or Bowditch effect) and after-
load (Anrep effect). Autonomic and neurohormonal regulatory mechanisms ensure 
adequate cardiac output under varying physiological conditions. Regulation and 
feedback is provided by pressure sensors in the venous and arterial vascular sys-
tem.5 
 Sympathetic stimulation at increasing heart rate shortens AV delay and ventric-
ular systole, thus preventing atrial systole to occur against a closed mitral valve dur-
ing exercise. Shortening of ventricular systole also enables longer ventricular filling 
time.6 
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Pathophysiological electrical activation and mechanical 

contraction 

Apart from decreased myocardial contractility, there are several other causes for de-
creased cardiac output in heart failure. First, in a subset of patients there is a disturb-
ance in coordination of atrial and ventricular activation with suboptimal timing of 
atrial contraction (AV dyssynchrony). 
 The atrial contraction enhances ventricular preload by optimizing sarcomere 
length of ventricular myocytes prior to contraction which in turn increases LV stroke 
volume. This booster function generates an increase in LV enddiastolic pressure at a 
relatively low mean venous pressure, thus protecting the pulmonary system from 
edema.7 In case of a shortened or prolonged AV conduction this preload enhance-
ment is diminished or even lost. As the atrial booster effect also contributes to timely 
closure of the atrioventricular valves, a prolonged AV delay can also lead to prema-
ture inversion of the atrioventricular pressure gradient resulting in diastolic mitral 
regurgitation.6,8 
 Secondly, a large number of heart failure patients have ventricular conduction 
disturbances, predominantly left bundle branch block (LBBB). Although the term 
"block" suggests an abrupt interruption of conduction, there is a spectrum of conduc-
tion abnormalities varying from a proximal barrier to a more diffuse slowing of con-
duction. As a consequence, the LV is electrically activated throughout myocardial tis-
sue.9 Compared to the specialized conduction system, conduction velocity in myocar-
dial tissue is slower and the activation front spreads preferably in a circumferential 
than a perpendicular direction.10 This can lead to mechanical interventricular (and 
intraventricular) dyssynchrony.  
 Because of their serial alignment and intimate anatomical relationship the me-
chanical properties of both ventricles are influenced by each other. This close inter-
action is further influenced by the interventricular septum and pericardium. Changes 
in preload or afterload of one ventricle alters the pressure in the other ventricle.11,12 
Although this interaction is negligible in the healthy heart, both systolic and diastolic 
interaction is augmented in case of heart failure.13,14 Difference in activation timing 
with the right ventricle (RV) contracting earlier than the LV (as with LBBB), deterio-
rates LV function.15,16 
 Thirdly, asynchronous electrical activation of the LV in case of LBBB leads to an 
altered contraction pattern. Initially, the septum shortens during the isovolumic con-
traction time causing an early systolic stretching of the opposing, still non-activated 
posterolateral wall. Eventually, this posterolateral wall is activated late and exhibits 
a late systolic or even postsystolic shortening after the aforementioned early systolic 
stretching. This intraventricular dyssynchrony reduces the efficiency of the LV 
pumping function as part of the metabolic energy is wasted in intraventricular vol-
ume shifts rather than in ventricular ejection.17 
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Atrioventricular and interventricular synchronization in CRT 

Physiological rationale for optimization 

As outlined above, from a physiological point of view it seems reasonable to assume 
that correction of atrio-, inter- and intraventricular dyssynchrony improves cardiac 
function and efficiency. In the contemporary era of CRT this can be achieved by pro-
gramming both AV and VV timing. 
 It should be stressed that intrinsic AV, programmed AV and programmed VV de-
lay can all influence ventricular activation and filling. Thus, depending on the device 
settings there can be up to three activation fronts that potentially determine the de-
gree of intraventricular dyssynchrony: intrinsic right bundle branch activation, right 
and left ventricular pacing respectively (Fig. 1).16  
 

 
Figure 1 
Schematic pathway of different ventricular activation fronts during normal conduction, LBBB and LBBB 
with biventricular pacing. During normal conduction (left), activation of right ventricle (RV) and left ven-
tricle (LV) occurs through intrinsic activation and the time of activation (TRV and TLV) is similar. During 
LBBB (middle) activation to the LV lateral wall (TLV) is delayed because of slow myocardial conduction 
(TRV-LV). During biventricular pacing (right) RV and LV lateral wall can be activated by a pacing stimulus 
(TA-RVpace and TA-LVpace, respectively) if stimulation occurs before intrinsic activation. From Vernooy 
et al. Heart Rhythm 2007; 4: 76, with permission. 

 
The interaction between these three activation fronts is illustrated in figure 2 show-
ing a 12-lead electrocardiogram (ECG) recording during three different programmed 
AV delays in two patients with a CRT-device. In figure 2A it can be appreciated that 
there is a progressive change in QRS-morphology between the AV delays. As the in-
trinsic PR-interval of this patient is 156 msec, the smallest QRS-complex is seen at a 
programmed AV delay of 170 msec allowing maximal contribution of all three acti-
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vation fronts. In figure 2B on contrary, no change in QRS-morphology is noted be-
tween the AV delays. The intrinsic PR-interval of this patient is 289 msec and there-
fore intrinsic conduction does not contribute to ventricular activation. 
 

  

Figure 2. 
Registration of 12-lead electrocardiogram 
in 2 patients with different intrinsic con-
duction during biventricular pacing with 
varying AV delays. Panel A: in this patient 
with an intrinsic PR- interval of 156 msec, 
there is progressive change in QRS-mor-
phology between different AV delays. At an 
AV delay of 170 msec there is maximal 
contribution of all 3 activation fronts re-
sulting in the smallest QRS-complex. Panel 
B: in case of a very long intrinsic PR-inter-
val of 289 msec, there is no change in QRS-
complex at different AV delays as intrinsic 
conduction does not contribute to ventric-
ular activation. 

 
Most patients not only have variable intra-atrial, interventricular an intraventricular 
conduction delays, but also different positions of right atrial, RV and LV leads making 
it difficult to predict the optimal AV and VV timing.18 This supports the concept of an 
individualized and tailored optimization of AV en VV timings. 
 The importance of AV and VV optimization has already been shown in general 
pacing. RV single chamber pacing disturbs the temporal relation between atria en 
ventricles leading to decreased ventricular performance especially in case of com-
promised cardiac function.19,20 In the early nineties the use of DDD-pacing was pro-
posed in patients with refractory terminal heart failure and a long atrioventricular 
delay.21 It was anticipated that improvement of the atrioventricular dyssynchrony by 
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sequential atrioventricular pacing would lead to improved outcome. However, this 
potentially beneficial effect was hampered by the aggravated inter- en intraventric-
ular dyssynchrony caused by RV pacing.22 These observations have set the base for 
the current therapy of biventricular pacing. 
 It has been demonstrated that diastolic mitral valve regurgitation (MR) can be 
reversed by AV sequential pacing with short AV intervals.23 The mechanism for im-
provement in functional systolic MR is more complex. It is caused by an imbalance 
between closing and tethering forces on the mitral valve leaflets. Due to LV and mi-
tral valve annular dilation there is a restrictive leaflet motion requiring a higher (sys-
tolic) transmitral pressure gradient to close the valve.24 Moreover, LV dyssynchrony 
can lead to dyscoordinate contraction of both papillary muscles contributing to a 
synchronization of tethering forces.25 In contrast, closing forces are reduced as a con-
sequence of decreased LV systolic function. CRT improves LV systolic function and 
can result in an immediate reduction of MR.24 In patients with late activation of the 
posterior papillary muscle an acute reduction can also be observed with CRT. Long-
term resynchronization induces LV reverse remodeling with reduction in LV and mi-
tral annular dimension resulting in further improvement of MR.26 

Evidence for atrioventricular optimization 

The beneficial effect of optimizing AV timing has been mainly investigated in patients 
with an indication for permanent dual-chamber (right atrial and RV) pacing. The ma-
jority of these small-scale, non-randomized studies focus on acute hemodynamic ef-
fects of atrioventricular optimization without evaluation of long-term morbidity and 
mortality. However, these results cannot be directly extrapolated to the CRT popula-
tion.27 
 In a CRT population, the PAcing THerapies in Congestive Heart Failure (PATH-
CHF) trial demonstrated a significant acute hemodynamic effect of varying the AV 
delay in both RV, LV and biventricular pacing.28,29 Interestingly, the optimal AV delay 
for left ventricular dP/dtmax (LV dP/dtmax) was significantly shorter for RV and 
biventricular pacing compared to LV pacing in the group of responders. This variable 
acute hemodynamic response to different AV delays was also observed in the PATH-
CHF-II trial.30 This could be explained by the fact that during left ventricular pacing 
a left sided atrioventricular delay is set which should be longer to allow fusion with 
intrinsic conduction coming from the normal-conducting right bundle branch (Fig. 
1).  
 An example of the effect of varying AV delay during left ventricular pacing is 
shown in figure 3. At an AV delay that is programmed 40 msec shorter than the in-
trinsic PR-interval (indicated as "AV1" in figure 3) there is fusion with intrinsic right 
bundle branch conduction which can be appreciated from the surface ECG and RV 
electrogram. Fusion is lost with shorter AV delays (AV2, AV3 and AV4).31  
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Figure 3. 
During LV pacing there is fusion at AV interval 1 (AV1), however no fusion is observed at shorter AV in-
tervals (AV2, AV3 and AV4), as can be appreciated from the 12-lead electrocardiogram. Notice the change 
in morphology of the RV electrogram (RV EGM) when there is no fusion with the intrinsic RBB. From van 
Gelder et al J Am Coll Cardiol 2005; 46: 2308, with permission. 

 
Atrial sensing or atrial pacing will result in different optimal AV delays and has to be 
accounted for during optimization. Compared to atrial sensing, the optimal AV delay 
needs to be prolonged during atrial pacing in order to obtain similar synchronization. 
In practice, one could first optimize AV and VV delays during atrial pacing. To get the 
same resynchronization it suffices to adjust the AV delay during atrial sensing to 
match QRS morphology of the optimal AV delay obtained during atrial pacing (Fig. 
4).32 

 

 

Figure 4. 
Example of the difference in optimal paced 
AV (PAV) interval and optimal sensed AV 
(SAV) interval. In this patient, CRT was op-
timized during sequential AV pacing using 
LV dP/dtmax. The optimal PAV interval 
was 150 msec resulting in a LV dP/dtmax 
of 862 mmHg/s. To determine the optimal 
SAV interval the stimulation rate was re-
duced below the intrinsic sinus rate, and a 
12-lead electrocardiogram was recorded 
during incremental shortening of the SAV 
interval. At a SAV interval of 110 msec, the 
QRS complex matches the QRS complex at 
the optimal PAV interval. Determination of 
optimal SAV interval is also confirmed by 
the LV dP/dtmax measurement. 
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Only a small number of prospective and/or randomized clinical studies compare op-
timization of AV delay to an empirical AV delay. Although these studies are small-
scale and use different optimization techniques, optimization of the AV delay shows 
a significant beneficial effect on acute hemodynamic response, New York Heart As-
sociation (NYHA) class, LV ejection fraction and brain natriuretic peptide level.33-35 
 So far there has been no large-scale, prospective and randomized trial evaluating 
the effect of AV optimization on morbidity and mortality. Nevertheless, most large 
CRT-trials applied some form of AV delay optimization.1-3,18 It is unknown if the ben-
eficial effects of CRT in these trials would also be present without AV delay optimi-
zation. Based on the trials methodology and results, current guidelines of the Euro-
pean Society of Cardiology recommend to optimize the AV delay.36 

Evidence for interventricular optimization 

The relative position of right and left ventricular leads also influences timing of acti-
vation. As a consequence, VV optimization may compensate for suboptimal lead 
placement.37 However, even in case of optimal lead placement VV delay optimization 
can be of importance: some patients exhibit a significant delay between LV pace-
maker stimulation and LV depolarization which can be counteracted by preexciting 
the LV pacing lead relative to the RV pacing lead (Fig. 5). 
 

  

Figure 5. 
Twelve-lead electrocardiogram recording 
during RV pacing (left panel), LV pacing 
(middle panel) and biventricular (BV) pac-
ing with VV delay of 80 msec (right panel). 
The total activation time, defined as time 
from onset of pacing until the end of the 
QRS-complex, indicated between the two 
vertical dotted lines in each panel. During 
RV pacing the total activation time is 218 
msec, however it is increased during LV 
pacing until 274 msec. During BV pacing 
this delayed activation can be compen-
sated by pre-activating LV 80 msec before 
RV. 

 
None of the larger CRT-trials included VV optimization in their protocol, partly be-
cause this feature was not available at time of inclusion [38]. In smaller studies an 
improvement in acute hemodynamic response measured by LV dP/dtmax [39, 40], 
exercise capacity [41] and echocardiographic left ventricular ejection fraction has 
been demonstrated [42, 43]. However, the larger, randomized “Device Evaluation of 
Contak Renewal 2 and Easytrak 2: Assesment of Safety and Effectiveness in Heart 
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Failure” (DECREASE-HF) trial showed a trend towards greater reduction in left ven-
tricular systolic diameter for the group with simultaneous biventricular pacing com-
pared to sequential biventricular pacing44 and the single-blinded, randomized “Re-
synchronization for the Hemodynamic Treatment of Heart Failure Management II” 
(RHYTHM-II) trial did not find a benefit on functional endpoints of VV optimization 
compared to simultaneous biventricular pacing45 The recent randomized, multi-cen-
ter “Response of Cardiac Resynchronization Therapy Optimization With Ventricle to 
Ventricle Timing in Heart Failure Patients” (RESPONSE-HF) trial evaluated the effect 
of VV-optimization on top of AV-optimization. Patients who were non-responders af-
ter 3 months of CRT (with simultaneous biventricular pacing) were randomized to 
either sequential biventricular pacing with VV-optimization or simultaneous biven-
tricular pacing. Non-response was defined on base of NYHA class and 6-minute hall 
walk distance. After 9 months of follow-up the response rate in the sequential group 
(n=29) was 18.9% higher than the simultaneous group (n=36).46 
 In all but one of these studies39 VV delay optimization was performed on top of 
prior AV optimization. In the overall CRT population, the benefit of VV optimization 
compared to simultaneous biventricular pacing is relatively small: van Gelder et al. 
noted a mean increase in LV dP/dtmax of 66 mmHg/s (7%) on top of simultaneous 
biventricular pacing with optimized AV delay.40 VV-optimization may probably be 
more beneficial in a subset of patients who show no or little response to CRT. It can 
be concluded on base of current data that the role of VV optimization is still under 
debate. This could partly be explained by the use of inaccurate optimization methods 
with high inter- and intraobserver variability. 
 There is no consensus in what order to optimize the AV and VV delay. However, 
in a small study the hemodynamic effect (measured by fingerphotoplethysmogra-
phy) of simultaneously adjusting AV and VV delays were evaluated. There was a cur-
vilinear effect with a clear optimal combination of AV and VV delay. VV optimization 
provided an additional, but smaller hemodynamic effect compared to AV optimiza-
tion alone.47  

Intra-individual variation of optimal AV and VV delay 

The optimal AV and VV delays should not be regarded as static values, but may vary 
in time and in different circumstances. In general, optimization of AV and VV delays 
is performed during resting conditions in a supine or sitting position thus neglecting 
the effect of exercise. In the healthy heart, AV conduction time shortens during exer-
cise as a result of increased sympathetic tone and inter- and intraventricular activa-
tion delays are virtually absent and not different from the resting condition.48 This is 
also the rationale for rate-adaptive atrial pacing with progressive shortening of the 
programmed AV delay during exercise. However, in the CRT population it is ques-
tionable whether rate-adaptive pacing is favourable, as the effect of exercise on atrial 
and ventricular conduction is more heterogeneous and complex.49 Several small 
studies investigating the effect of exercise on the optimal AV delay reported mixed 
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results: some reported individual variation in optimal AV delay during exercise,50 
others advise prolongation of the AV delay during exercise51 whilst others notice no 
change in optimal AV delay.52 
 VV optimization during exercise has been only sporadically investigated, using 
different optimization methods and including a limited number of patients. Lafitte et 
al. reported a change in interventricular dyssynchrony (defined as the interventric-
ular mechanical delay) during bicycle exercise testing in 60% of 65 heart failure pa-
tients.48 In contrast, Valzania et al showed no significant change in interventricular 
mechanical delay during dobutamine stress testing.53 Two other small studies 
showed that the optimal VV delay changes during bicycle exercise testing in about 
55% of patients. 52,54 In one study in patients with atrial fibrillation and absent in-
trinsic AV conduction a decrease in optimal VV delay with increasing pacing rate was 
noted.55 
 Besides the effect of exercise, optimal AV and VV delays may also change in time 
as a result of reverse remodeling. Also here, data regarding the effect of long-term 
CRT on optimal AV en VV delays are limited and contradicting. In one study there 
was a decrease in optimal AV delay and increase of LV preexcitation in VV setting 
after 6 months of CRT;56 however another study showed an opposite effect after 9 
months of CRT.57 Although patient population was comparable, both trials used dif-
ferent optimization methods. 
 The large prospective, randomized and multicenter “Frequent Optimization 
Study Using the QuickOpt method (FREEDOM)” trial compared frequent AV and VV 
optimization every 3 months using an algorithm based on the intracardiac electro-
gram to standard care with empiric programming or one-time optimization at the 
discretion of the investigator. A heart failure clinical composite score was used as 
primary endpoint after 12 months of follow-up. In 1525 patients analyzed, there was 
no significant difference in primary endpoint regardless of optimization.58 

Methods for optimization of AV and VV delay 

There are numerous invasive and non-invasive methods available to optimize both 
AV and VV delay. It seems reasonable to assume that optimal delays results in highest 
forward stroke volume. The ideal optimization method should therefore be able to 
measure left ventricular (forward) stroke volume or an equivalent in a preferably 
reproducible, easy-to-perform and non-invasive way. 

Invasive optimization methods 

First derivate of left ventricular pressure pulse 

The ultimate way to determine contractile properties is measuring the force that is 
generated by a muscle, however it not possible to measure this in clinical practice. 
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As an alternative, the rate of left ventricular pressure change (LV dP/dt) has been 
proposed.59,60 Pressure is defined as force per unit area and is thus related to wall 
force. The rate of pressure development is influenced by the contractile properties 
of the LV. Changes in contractility alter the slope of the pressure curve resulting in 
an increased or decreased peak rise in intraventricular pressure (dP/dtmax) during 
isovolumetric contraction.61 However, LV dP/dt is a complex function which is not 
only dependent on contractility, but also on preload, afterload and heart rate.62,63 
However, within physiological limits LV dP/dtmax shows mainly dependence on con-
tractility and preload.64 This properties make LV dP/dtmax a useful instrument to 
evaluate the effect of both AV and VV delay on myocardial performance.  
 LV dP/dt is optimally derived from a left ventricular pressure curve obtained by 
a micromanometer which is introduced endovascular into the LV.65 We have previ-
ously describe an alternative method using a 0.014” high-fidelity pressure wire 
(Radiwire, St. Jude Medical Inc., St. Paul, MN, USA) introduced either retrogradely or 
transseptally into the LV.40 In order to adequately determine the effect of different 
pacing settings on LV dP/dtmax different protocols have been described.65,66 
 In order to overcome the influence of heart rate on LV dP/dt, the atrium is paced 
at 5 to 10 beats above the intrinsic rate. In patients with atrial fibrillation, ventricular 
stimulation is performed above the intrinsic rate to ensure continuous capture. First, 
a baseline LV dP/dtmax is measured and averaged out over several heart beats or sec-
onds, excluding premature and post-extrasystolic beats from analysis. After baseline 
measurement, AV optimization is performed first during simultaneous biventricular 
pacing. The optimal AV delay with the highest LV dP/dtmax is selected to perform the 
subsequent VV optimization. The optimization procedure should proceed under sta-
ble conditions to minimize any influence on LV dP/dt measurement. 
 This method has the advantage that it is easily implemented, even during the im-
plantation procedure. Interpretation is not dependent on operator skills or technical 
limitations as with echocardiography. Also, it allows evaluation of multiple pacing 
sites in a short time frame. Due to these characteristics it is a suitable method to eval-
uate the acute hemodynamic effect of different pacing sites, either epicardially or 
even endocardially as has been demonstrated in a recent case report.67 As an exam-
ple, we implanted a left endocardial lead in a patient who showed no clinical or echo-
cardiographic response to standard CRT. The definite LV pacing site was determined 
with optimal LV dP/dtmax during a temporary pacing study of different endocardial 
sites. At long-term follow-up there was both clinical and echocardiographic improve-
ment. 
 A disadvantage of the LV dP/dtmax optimization method is its invasive nature. 
However, as only a 4-French guiding is needed, no more complications than with 
standard angiography are to be expected. Nevertheless, in our opinion the ad-
vantages of this invasive technique outweigh the relatively low risk. Alternatively the 
pressure wire can be introduced via the radial artery or even via transseptal punc-
ture.  
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 The use of continuous wave Doppler imaging of the mitral regurgitation signal is 
advocated as a non-invasive alternative to determine LV dP/dtmax.68 Importantly, this 
method does not measure the true maximal LV dP/dt, but an averaged slope of the 
left ventricular pressure curve between 4 mmHg and 36 mmHg. This measure has 
not been validated in an experimental physiological set-up, as has been in case of 
invasively measured LV dP/dtmax.61,63,64 Further, it requires the presence of a detect-
able mitral regurgitation signal which is not always present,69 has a lower temporal 
resolution than the invasive method and is more laborious to average over multiple 
heart beats. 
 Both PATH-CHF and PATH-CHF II trials used invasive LV dP/dtmax to optimize 
the AV delay.30,65 So far, there are no randomized controlled trials evaluating the 
long-term outcome of CRT-optimization by LV dP/dtmax.  

Pressure-volume loops 

LV pressure-volume loops can be used to calculate stroke work defined as the inte-
grated area within the pressure-volume loop (in mmHg ∙ mL). This index is mainly 
dependent on contractility and preload with little effect of changes in afterload.64  
 To acquire pressure-volume curves a 6-French or 7-French pressure-conduct-
ance catheter is inserted in the LV via the femoral artery. The signals are digitized 
and transformed to pressure-volume loops by dedicated software.64,70 
 Except for its invasiveness, there are other disadvantages to the use of pressure-
volume loops. Changes in LV volume are relatively inaccurate measured in dilated 
hearts and combined with a low signal-to-noise ratio, it might be difficult to acquire 
a reliable signal in heart failure patients.71 Also, the pressure-conductance catheter 
needs calibrating, has a larger size and is more expensive compared to the microma-
nometer used for left ventricular pressure measurements.72 
 In contrary to LV dP/dtmax measurement, the pressure-volume loop covers both 
the systolic and the diastolic phase of the cardiac cycle and incorporates both pres-
sure and volume changes. This makes stroke work more sensitive to measure CRT-
induced volume changes caused by alteration in mitral regurgitation. Further, the 
internal flow fraction derived from the conductance signals can be used to quantify 
LV mechanical dyssynchrony [73]. In selected cases this dyssynchrony index could 
be used to support the indication for resynchronization therapy.74 
 Compared to LV dP/dtmax, pressure-volume loops have been used only limited in 
early cardiac resynchronization studies.71 Interestingly, when evaluating the acute 
hemodynamic response to CRT by both LV dP/dtmax and stroke work, both measures 
do not match in up to 50% of the cases when using a cut-off value of 10% change to 
define response to CRT.72 A sustained long-term hemodynamic response at six 
months has been demonstrated in a small-scale trial.70 
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Automated algorithms 

Several manufacturers of CRT devices have implemented automated algorithms to 
adjust AV and/or VV delays. As the optimal delays may change in time as a conse-
quence of reverse remodeling after CRT as well as during exercise, these algorithms 
may be of additional value. However, adaptation during exercise can only be 
achieved if optimization performed continuously in a closed loop configuration. Op-
timization for reverse remodeling could be performed intermittently with auto-
mated algorithms. 

Algorithms based on the intracardiac electrogram 

 QuickOpt. The QuickOpt algorithm (St. Jude Medical, St. Paul, MN, USA) has been 
designed to optimize both AV and VV delays using intracardiac electrograms. It has 
been demonstrated that the optimal AV delay can be calculated by measuring the 
time difference between onset of right atrial activation and end of left atrial activa-
tion using the intracardiac electrogram.75 The QuickOpt algorithm uses the right in-
tra-atrial electrogram to calculate the interatrial conduction delay. Depending on this 
delay an offset is added to determine the optimal AV delay. For VV delay optimization 
it is assumed that ventricular activation is optimal when the two depolarization wave 
fronts from right and left ventricular lead meet near the interventricular septum. The 
optimal VV delay is based on the conduction delay of both intrinsic rhythm and ven-
tricular pacing. To measure this delay intracardiac electrograms of both right and left 
ventricular lead are used. The interval between intrinsic activation of RV and LV lead 
is defined δ and the difference between RV pacing to LV sensing and LV pacing to RV 
sensing is defined ε. The optimal VV interval is then calculated using the formula 0.5 
∙ (δ + ε). Although, the algorithm shows a strong linear correlation with echocardio-
graphic measurement of aortic velocity time integral,76 there is no correlation with 
the optimal VV-delay determined by LV dP/dtmax.77 The correlation with the optimal 
AV and VV-delay measured by echocardiography (using the iterative method for AV-
optimization and left ventricular outflow tract velocity time integral for VV-optimi-
zation) is also poor.78 
 The recent FREEDOM trial demonstrated that frequent optimization using 
QuickOpt did not significantly influence outcome as defined by the heart failure clin-
ical composite score.58 However, these results may be due to inaccuracy of the 
QuickOpt algorithm. 
 SMART-AV. The “SmartDelay determined Atrioventricular Optimization” 
(SMART-AV) electrogram algorithm (Boston Scientific Corporation, St. Paul, MN, 
USA) is part of the Expert Ease for Heart Failure feature and has been developed from 
results of large clinical trials.3,30,79 Both sensed and paced AV delay are derived from 
the intracardiac electrogram and added to the QRS-duration on the surface electro-
cardiogram in either mode. A correction factor is used depending on left ventricular 
lead position. This algorithm has been compared to two echocardiographic optimi-
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zation methods (Ritter's and aortic velocity time integral method). In 28 patients ex-
amined, the electrogram optimization method correlated significantly better with LV 
dP/dtmax than the Ritter method.80 The on-going randomized, multicenter SMART-
AV trial has been designed to compare the effect of different atrioventricular optimi-
zation methods on left ventricular remodeling. The electrogram optimization 
method will be compared to echocardiographic AV optimization (iterative method) 
and a fixed AV delay.81 

Peak endocardial acceleration 

During the isovolumetric contraction period the myocardium generates vibrations 
that are transmitted throughout the heart. The audible frequencies of these vibra-
tions can be appreciated as the first (and second) heart sound. With a microaccel-
erometer (SonR, Sorin Biomedica, Saluggia, Italy) located on a lead inside the heart 
it is possible to record the full frequency spectrum and derive the peak endocardial 
acceleration (PEA). Early experimental research has shown that changes in PEA cor-
relates well with changes in contractility induced by inotropic stimulation.82 The op-
timal AV delay determined by PEA correlates well with those obtained by echocardi-
ography (Ritter's method).83-85 In CRT, PEA increases significantly during LV or 
biventricular pacing compared to RV pacing only.86 
 The randomized, multicenter Clinical Evaluation of Advanced Resynchronization 
(CLEAR) study compared AV- and VV-optimization by PEA to standard care for the 
composite endpoint of NYHA class, heart failure hospitalization and quality of life at 
12 months in 186 patients. Patients optimized with PEA (n=66) showed a signifi-
cantly higher response rate.87  

Finger photoplethysmography 

The conventional pulse oximetry probe measures the arterial pulsations of the fin-
gertip vascular bed using a photo detector. It is possible to measure systolic blood 
pressure, pulse pressure and mean arterial pressure. As aortic pulse pressure is in-
fluenced by stroke volume and thus left ventricular performance, finger photople-
thysmography may be used to optimize atrioventricular and interventricular delay. 
It seems a promising tool in cardiac resynchronization optimization because of its 
non-invasive nature and high reproducibility. However, measurements are highly in-
fluenced by waveform reflections in the arterial system and autonomic effects on pe-
ripheral resistance. 
 To overcome these issues, measurements are only made a few beats after an atri-
oventricular delay change and an algorithm is used to correct for vasodilation and/or 
vasoconstriction. In patients who show a positive change in aortic pulse pressure 
during CRT (invasively measured), finger photoplethysmography (using the correc-
tion algorithm described) was able to predict the AV delay with the highest aortic 
pulse pressure change in up to 80% of the patients.88 



C H A P T E R  7  

 128 

 Another technique uses a volume-clamp circuit around the finger that dynami-
cally follows arterial pressure (Finapres Medical System, Amsterdam, the Nether-
lands).89 The use of systolic blood pressure change measured by this technique re-
sponds to changing AV intervals and is claimed to be highly reproducible.89,90 Alter-
natively, Nexfin (BMEYE B.V., Amsterdam, the Netherlands) combines the volume-
clamp technique with a dedicated algorithm to calculate stroke volume.91 This 
method shows a good agreement with aortic valve velocity time integral to measure 
changes in stroke volume and to determine the optimal AV-delay.92 

Echocardiography 

Echocardiographic techniques for optimization of both AV and VV delays have been 
comprehensively described in recent review papers.27,93,94 In general, echocardiog-
raphy is a widely available and noninvasive technique without significant burden for 
the patient. However, these optimization techniques are subject of higher intra- en 
interobserver variability than invasive measurements. Still, echocardiography re-
mains a cornerstone in CRT because of its ability to evaluate response to CRT in 
terms of reverse remodeling and to identify other factors that might influence a non-
response to CRT (e.g. RV failure, pulmonary hypertension, valvular disease). 

Evaluation of LV systolic function 

 Pulsed wave left ventricular outflow tract velocity time integral (LVOT-

VTI). This parameter has been used to optimize both AV and VV delays. In a few 
small-scale, uncontrolled studies the optimal AV delay was defined as the delay with 
the highest stroke distance measured by LVOT-VTI but there is no correlation with 
outcome.35,51 In a post-hoc analysis, the InSync III study compared VV-optimization 
using LVOT stroke volume to simultaneous biventricular pacing. There was only a 
significant improvement in 6 minutes walking test (6MWT) compared to the control 
group; quality of life and NYHA class were not significantly different [95]. Also, the 
previously described RHYTHM II ICD trial used LVOT-VTI measurements for VV-op-
timization, but reported no benefit on functional endpoints.45 One small, non-ran-
domized study used LVOT-VTI to optimize both AV and VV delays after 3 months of 
non-optimized CRT and concluded that the method was feasible, reproducible and 
able to improve response to CRT.96  
 Continuous wave aortic valve velocity time integral (AV-VTI). Sawhney et al. 
showed in a randomized, prospective trial in 40 patients that compared to an empir-
ical AV delay of 120 msec, AV-optimization using AV-VTI yields a significant improve-
ment in NYHA class, quality of life and 6MWT.33 Another prospective study in 40 pa-
tients compared AV-optimization by AV-VTI to the Ritter's method and concluded 
that the AV-VTI method resulted in greater systolic improvement.97 However, the 
methodology of both studies has been questioned.27  
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 LV dP/dt. Even though proposed as a surrogate for invasive LV dP/dtmax meas-
urement,68 this measurement is not recommended as optimization method as repro-
ducibility has been reported as suboptimal.96 
 Tissue Doppler imaging (TDI). Although TDI has the potential to assess left 
ventricular dyssynchrony, it is subject to high inter- and intra-observer variabil-
ity.96,98 TDI was used to optimize VV delay and was compared to empirical AV and VV 
delays by Vidal et al. in 100 patients99 The optimal VV delay was defined as the setting 
with the greatest superposition of TDI curves of opposing LV walls in 2-chamber and 
4-chamber view. There was only a significant improvement in 6MWT in the opti-
mized group. However, 25% of patients in the optimized group did not receive AV 
optimization because of atrial fibrillation and a power calculation justifying the in-
cluded number of patients is lacking. Another study used TDI based on measurement 
of regional electromechanical delay of 18 LV segments in the 3 apical views. The AV 
and VV delays were defined as optimal when the basal septal segment and the seg-
ments containing the right and left ventricular leads (as identified by computer to-
mography) were synchronized. Comparing a limited number of VV intervals, derived 
optimal VV delay coincided with the greatest cardiac output as measured by ther-
modilution. Although complex and time-consuming, this method is one of the few 
based on the underlying physiological concept of synchronizing the three activation 
fronts.100 

Evaluation of LV diastolic function 

 Iterative method. The AV delay is shortened by increments of 20 msec until 
truncation of the A-wave on the pulsed Doppler transmitral flow pattern. Next, the 
AV delay is increased again by increments of 10 msec until A-wave truncation disap-
pears. The latter is defined as the optimal AV delay. The iterative method was used 
for AV optimization in the CARE-HF trial and the aforementioned study of Vidal et 
al.99,101 
 Ritter's formula. This method was originally proposed for patients with com-
plete heart block.102 Even though, it has only been presented as an abstract and no 
further validation has been published, its use has been extrapolated to the CRT pop-
ulation without extensive validation. The formula defines the optimal AV delay as the 
AV interval that bridges the end of the A-wave with closure of the mitral valve or the 
onset of ventricular contraction. To do so, the time from onset of QRS-complex to 
time of termination of the A-wave (QA-interval) are measured at both a long (AV-
long) and a short AV delay (AVshort). The optimal AV delay is calculated from fol-
lowing formula: AVopt = AVlong- (QAshort-QAlong). Ritter's formula has also been 
compared to the QuickOpt algorithm and AV-VTI for AV optimization using LV 
dP/dtmax as gold standard. This study showed that Ritter's formula was least accu-
rate.80 
 Mitral inflow velocity time integral. On the pulsed Doppler transmitral flow 
pattern the VTI is calculated representing the stroke distance of mitral inflow as a 
surrogate of LV filling volume. The AV delay with the largest VTI is considered the 
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optimal setting. The method showed a good correlation with optimization by LV 
dP/dtmax (r=0.96) in a small study of 30 patients.103 
 Meluzin's method. A simplified method to merge the end of atrial contraction 
with mitral valve closure was proposed by Meluzin.104 A long AV delay is pro-
grammed and the pulsed Doppler transmitral inflow pattern is recorded. The time 
between end of the A-wave and onset of systolic mitral regurgitation is calculated. 
This time is subtracted from the programmed AV delay to determine the optimal AV 
interval. The method was only validated in a study of 18 patients which showed a 
significantly higher cardiac output measured by thermodilution when comparing the 
optimal AV delay to longer and shorter AV delays.104 Obviously, application of this 
method is dependent on a clear mitral regurgitation signal.  

Evaluation of LV systolic and diastolic function. 

Myocardial performance index (MPI). The MPI (or Tei index) is based on cardiac 
timing intervals and has been introduced as a measurement incorporating both LV 
systolic and diastolic function. The mitral-closure-to-opening (MCO) interval is 
measured on the pulsed Doppler transmitral flow signal and the ejection time (ET) 
is derived from the pulsed Doppler LVOT flow signal. As the total of the isovolumetric 
contraction and relaxation time (ICT and IRT) is obtained by subtracting ET from 
MCO, the index incorporates both systolic and diastolic indices.105 Two small studies 
used MPI to optimize AV delay106,107 and/or VV delay.106 Both studies lacked a control 
group and well-defined endpoints. 

Conclusion 

Experimental physiological and pathophysiological research support the rationale to 
optimize AV and VV delays in CRT. Although there is a spectrum of possible optimi-
zation methods, no evident golden standard has emerged, partly due to the lack of 
large-scale studies evaluating these methods to outcome. Thus at present no single 
method can be recommended for standard practice. Present studies support the 
physiological rationale for AV optimization, but data concerning VV optimization are 
still conflicting. As the incremental benefit of VV optimization is relatively small, the 
effect is probably more of importance in a subset of CRT patients (with special atten-
tion for non-responders). Although current efforts mainly investigate optimization 
during resting conditions, there is a need to develop automated algorithms to imple-
ment dynamic optimization in order to adapt to physiological alterations during ex-
ercise and after anatomical remodeling. 
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Abstract 

Background 

The maximum rate of left ventricular (LV) pressure rise (dP/dtmax) has been used to 
assess the acute hemodynamic effect of cardiac resynchronization therapy (CRT). We 
tested the hypothesis that LV dP/dtmax predicts long-term clinical outcome after ini-
tiation of CRT.  
 

Methods and Results 

This was a retrospective observational multicenter study in 285 patients in whom 
dP/dtmax was measured invasively following implantation of a CRT device. The min-
imum required follow-up was 1 year. We analyzed the relationship between dP/dtmax 

and time to the composite endpoint, consisting of all-cause mortality, heart trans-
plantation (HTX) or LV assist device (LVAD) implantation within the first year of 
CRT.  
Thirty-four events occurred after a mean follow-up of 160 days (range 21-359). Pa-
tients with event had lower dP/dtmax than patients without event both at baseline 
(705± 194 mmHg/s versus 800±222 mmHg/s, P=0.018) and during CRT (894±224 
mmHg/s versus 985±244 mmHg/s, P=0.033), but the acute increase in dP/dtmax was 
similar in patients with and without event (190±133 mmHg/s versus 185±115 
mmHg/s, P=NS). LV dP/dtmax-level at baseline and during CRT both predicted the 
clinical outcome after adjustment for gender, etiology and New York Heart Associa-
tion (NYHA) class: hazard ratio (HR) 0.791 (95% confidence interval [95% CI] 0.658-
0.950, P=0.012) and HR 0.846 (95% CI 0.723-0.991, P=0.038), respectively.  
 

Conclusion 

LV dP/dtmax measured at baseline and during CRT are predictors of 1-year survival 
free from all-cause mortality, HTX or LVAD implantation, but the acute improvement 
in dP/dtmax is not correlated to clinical outcome.  
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Introduction 

Cardiac resynchronization therapy (CRT) improves morbidity and mortality in pa-
tients with symptomatic heart failure, poor left ventricular (LV) function and pro-
longed QRS duration.1,2 One of the ways to assess the acute hemodynamic effect of 
CRT is by measuring the maximum first time derivative of the LV pressure curve 
(dP/dtmax). LV dP/dtmax occurs during the isovolumetric contraction period of the 
cardiac cycle and is regarded as a good surrogate for LV contractility and function.3,4 
Also, dP/dtmax is known to be sensitive for asynchrony.5 Therefore it has been sug-
gested that LV dP/dtmax can aid in guiding the LV lead to an optimal position6-8 and 
optimizing the atrioventricular (AV) and interventricular (VV) delay.7-11 Whether 
this translates into better prognosis after CRT is unknown. Although many of the 
landmark CRT trials performed AV delay optimization in all patients,1,2,12-14 a long-
term beneficial effect has not been proven yet and the recently updated guidelines 
on device therapy in heart failure15 do not mention a statement about whether or not 
to perform individual optimization of CRT.  
 We hypothesized that the LV dP/dtmax level during CRT and the acute change in 
dP/dtmax correlate to long-term clinical outcome after CRT and assessed whether 
these parameters predict 1-year risk of mortality, heart transplantation (HTX) or LV 
assist device (LVAD) implantation.  

Methods 

Study design 

All patients from the University Medical Center Utrecht (UMCU) and the Catharina 
Hospital Eindhoven (CHE) in whom LV dP/dtmax was measured for AV and VV delay 
optimization were included in this retrospective observational study. Patients with 
atrial fibrillation or AV block were also included. The composite endpoint consisted 
of all-cause mortality, LVAD implantation or HTX in the first year after CRT implan-
tation. Information was collected at regular outpatient visits in the implanting hos-
pitals, from hospital records of referring hospitals or from phone contact with pa-
tient’s general practitioners. Unless an event had occurred within 1 year after CRT 
device implantation, patients were excluded from this analysis if follow-up data were 
not available up to 1 year. The UMCU is an academic hospital with facilities for LVAD 
implantation and HTX and CHE is a general tertiary care center. Implantations were 
performed between January 2002 and February 2009. All subjects gave informed 
consent. 
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Implantation 

Implantation of the CRT device was performed under local anesthesia and all leads 
were implanted via the cephalic and/or subclavian vein. The LV lead was aimed at a 
tributary of the coronary sinus overlying the LV free wall. For LV dP/dtmax measure-
ment, a pressure wire (PressureWire® 5, St.-Jude Medical, Inc., St. Paul, MN, USA) 
was introduced into the LV via the femoral artery as described previously.8,11 Meas-
urements were performed immediately following the implantation procedure or 
within 24h after implantation. If optimization was performed after implantation, no 
pressure wire was placed during implantation. Patients were excluded from invasive 
measurement of dP/dtmax if they had a mechanical aortic valve replacement, severe 
aortic valve stenosis, LV thrombus, or inability to access both femoral arteries or due 
to logistic reasons. 

Left ventricular dP/dtmax measurement 

After a baseline measurement of dP/dtmax, the acute effect of CRT on dP/dtmax was 
assessed. LV dP/dtmax was automatically derived from continuous invasive pressure 
measurements digitized at 100 Hz (Radi Analyzer Physio Monitor v1.0 beta4, St. Jude 
Medical, Inc., St. Paul, MN, USA). Measurements were averaged over a 10-30 seconds 
(sec) period for each setting and premature ventricular beats and the first post-ex-
trasystolic beat were manually excluded from analysis. The baseline dP/dtmax was 
determined during atrial pacing (in patients with sinus rhythm) or right ventricular 
pacing (in patients with atrial fibrillation or third degree AV block). Lower rate limit 
was programmed 5-10 bpm above intrinsic heart rate throughout the optimization 
procedure to eliminate variation in heart rate as a possible cause of dP/dtmax changes. 
In each patient, first the AV delay (if applicable) and then the VV delay were consec-
utively optimized during atrio-biventricular pacing to maximize the increase in 
dP/dtmax compared with baseline. The AV delay was optimized during simultaneous 
biventricular pacing and the VV delay was optimized at the optimal AV delay. LV 
dP/dtmax during active CRT (CRT dP/dtmax) was determined during atrio-biventricu-
lar pacing with optimal AV delay (if applicable) and optimal VV delay.  

Statistical analysis 

Four LV dP/dtmax indices were evaluated for their ability to predict clinical outcome: 
baseline LV dP/dtmax without CRT (baseline dP/dtmax), LV dP/dtmax during active CRT 
(CRT dP/dtmax), and absolute and relative increase in LV dP/dtmax achieved by CRT. 
LV dP/dtmax was analyzed primarily as a continuous variable; for exploratory cate-
gorical analyses baseline and CRT dP/dtmax were also dichotomized. Survival curves 
were determined according to the Kaplan-Meier method, and cumulative event rates 
compared by log-rank test. A separate Cox proportional hazards model was created 
for each dP/dtmax variable together with three other variables: ischemic etiology 
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(yes/no), gender, and New York Heart Association (NYHA) functional class (IV). 
These variables were chosen based on previous literature.16,17 The number of varia-
bles was kept limited to assure a sufficient number of events for each independent 
variable. A log(-log) plot was used for the survival analysis to validate the propor-
tionality assumption. Hazard ratios (HR) and 95% confidence intervals (95% CI) are 
reported. Hazard ratios for dP/dtmax as continuous variable are based on incremental 
steps of 100 mmHg/s. For exploratory purposes, additional separate analyses of the 
Cox proportional hazards models were performed for patients with and without 
atrial fibrillation. 
 One-year event rates were determined by dividing the number of events by the 
sum of all included patients. Continuous variables were expressed as mean ± SD un-
less stated otherwise, and compared by independent t-test as appropriate. The de-
gree of correlation between two continuous variables was assessed by Pearson’s cor-
relation coefficient. Categorical variables were summarized as frequencies and per-
centages and compared by two-sided Pearson χ2 test. Correlations of dP/dtmax values 
to the following variables were tested: heart failure etiology, QRS width, NYHA class, 
and gender. A p-value of <0.05 was considered significant. Data analysis was per-
formed with SPSS 17.0 (SPSS Inc, Chicago, IL, USA).  

Results 

Study population 

Of 411 patients who received a CRT device during the study period, LV dP/dtmax was 
measured in 285 patients. The clinical characteristics are outlined in Table 1. Mean 
age was 67±10 years, 72% of the population was male, mean QRS duration was 
169±27 ms and 56% had heart failure of ischemic etiology. Mean dP/dtmax at baseline 
was 789±221 mmHg/s. The activation of CRT increased dP/dtmax by 186±117 
mmHg/s (26±18%).  

Correlates of left ventricular dP/dtmax 

Significant correlations existed between baseline and CRT dP/dtmax (Pearson’s R 
0.877, P<0.001), baseline and relative increase in dP/dtmax (R -0.435, P<0.001), CRT 
dP/dtmax and absolute increase in dP/dtmax (R 0.423, P<0.001) and absolute and rel-
ative increase in dP/dtmax (R 0.875, P<0.001). 
 Patients with QRS width ≥150 ms had lower baseline dP/dtmax and showed a sig-
nificantly larger absolute and relative increase in dP/dtmax (Table 2). During active 
CRT there was no difference in dP/dtmax between the two QRS groups. The preva-
lence of left bundle branch block morphology was the same in patients with QRS 
width ≥150 ms versus <150 ms (77% versus 79%). Baseline and CRT dP/dtmax were 
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lower in patients with non-ischemic etiology. None of the four dP/dtmax variables 
(baseline, during CRT, relative and absolute increase in dP/dtmax) was significantly 
different between patients with NYHA class IV vs. below IV or between male versus 
female patients (Table 2). 
 Patients with an event had a significantly lower baseline dP/dtmax and CRT 
dP/dtmax compared with patients without event (Table 1). There was no difference 
in absolute or relative increase in dP/dtmax between patients with or without event. 
Patients with event were more often male, had a worse functional class (NYHA class 
IV), more often had atrial fibrillation and tended to have an ischemic etiology of heart 
failure more often (Table 1). 

Follow-up 

By design of the study, no patients were lost to follow-up in the first year after im-
plantation. Within the first year, 34 events occurred after a mean follow-up of 160 
days (range 21-359). Events represented 29 deaths, 4 HTX and 1 LVAD implantation. 
The principal cause of death was cardiac in 15, non-cardiac in 4, and unknown in 10. 
The overall one-year event rate was 11.9% and did not differ between patients with 
CRT-defibrillator compared with patients with CRT-pacemaker (Table 1). 

Predictive value of left ventricular dP/dtmax 

In univariable analysis, baseline and CRT dP/dtmax emerged as predictors of the com-
posite endpoint with a hazard ratio of 0.812 and 0.855, respectively, for every 100 
mmHg/s increase (Table 3). Based on the log(-log) plot, there was no evidence that 
the proportional hazards assumption was violated by etiology, gender, NYHA class, 
or dP/dtmax. In a multivariable analysis, baseline and CRT dP/dtmax also predicted the 
endpoint independent of heart failure etiology, gender, and NYHA class with a hazard 
ratio (HR) of 0.791 and 0.846, respectively (Table 3). The absolute and relative in-
creases in dP/dtmax achieved by CRT were not predictive of clinical outcome (unad-
justed HR 1.041 and 1.011, respectively; Table 3). 
 Exploratory multivariable analysis of baseline and CRT dP/dtmax as a dichoto-
mous variable revealed that patients with a baseline dP/dtmax <650 mmHg/s or CRT 
dP/dtmax <900 mmHg/s had lower survival rates free from the composite endpoint 
(HR, 3.229; 95% confidence interval [CI], 1.604–6.498 and HR, 2.515; 95% CI, 1.245–
5.078), respectively; Figure 1 and Table 3).  
 The prognostic value of dP/dtmax was analyzed separately for patients with atrial 
fibrillation (n=62, 12 events) and patients without atrial fibrillation (n=223, 22 
events). For baseline dP/dtmax as a continuous variable the hazard ratio was similar, 
and for baseline dP/dtmax as a dichotomous variable the hazard ratio was higher in 
patients without atrial fibrillation (Table 4). The hazard ratio’s for CRT dP/dtmax, both 
as continuous and dichotomous variable, were closer to 1 for patients with atrial fi-
brillation compared to patients without atrial fibrillation (Table 4).  
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Table 1. Clinical characteristics. 

 n Total 
 

No event 
(n=251) 

Event 
(n=34) 

p 
 

Age (years) 285 67.1 ± 10.1 67.0 ± 10.0 68.3 ± 11.0 0.468 

Male (%) 285 72.3 70.1 88.2 0.027 

QRS duration (ms) 282 169 ± 27 169 ± 27 170 ± 25 0.863 

PR duration (ms) 192 195 ± 45 195 ± 46 200 ± 40 0.645 

LBBB /  RBBB / RVP / nQRS (n) 285 219 / 10 / 49 / 7 190 / 10 / 45 / 6 29 / 0 / 4 / 1 0.213 * 

Rhythm SR / AF / RVP / AP (n) † 285 195 / 62 / 49 / 9 175 / 50 / 45 / 7 20 / 12 / 4 / 2 0.041 ‡ 

NYHA class I / II / III / IV (n) 284 8 / 17 / 209 / 50 8 / 16 / 191 / 35 0 / 1 / 18 / 15 <0.001§ 

LVEF (%) 215 21.9 ± 7.2 22.1 ± 7.3 20.2 ± 6.6 0.213 

Ischemic etiology (%) 284 56.0 54.0 70.6 0.068 

LV lead position AL / L / PL / P (n) 281 8 / 71 / 125 / 77 7 / 60 / 113 / 68 1 / 11 / 12 / 9 0.737 

Baseline dP/dtmax (mmHg/s) 285 789 ± 221 800 ± 222 705 ± 194 0.018 

CRT dP/dtmax (mmHg/s) 285 975 ± 243 985 ± 244 894 ± 224 0.033 

∆ dP/dtmax (mmHg/s) 285 186 ± 117 185 ± 115 190 ± 133 0.835 

∆ dP/dtmax (%) 285 26 ± 18 25 ± 18 29 ± 21 0.251 

CRT-D (%) 285 74.7 74.9 73.5 0.863 

* Proportion of patients with	LBBB	compared	to	no	LBBB.	†	The	number	of	patients	exceeds	the	total	num-
ber	of	included	patients	due	to	overlap	between	categories.	‡	Proportion	of	patients	with	AF	compared	to	

no	AF.	§	Proportion	of	patients	with	NYHA	class	IV	compared	to	other	classes.	A,	anterior;	AF,	atrial	fibril-

lation;	AL,	anterolateral;	AP,	atrial	pacing	dependent;	CRT-D,	CRT-defibrillator;	L,	lateral;	LVEF,	LV	ejec-

tion	fraction;	nQRS,	narrow	QRS	<120	ms;	P,	posterior;	PL,	posterolateral;	RVP,	right	ventricular	pacing	

dependent;	SR,	sinus	rhythm.	

	

Table 2. Correlations between LV dP/dtmax and other clinical characteristics. 

 Baseline dP/dtmax 

(mmHg/s) 
CRT dP/dtmax 
(mmHg/s) 

∆ dP/dtmax 

(mmHg/s) 
∆ dP/dtmax 

(%) 

QRS width     

 ≥150 ms 769 ± 211* 969 ± 241 200 ± 119 † 28 ± 19 † 

 <150 ms 867 ± 227 999 ± 235 132 ± 95 16 ± 13 

HF etiology     

 Ischemic 818 ± 224 ‡ 1007 ± 249 ‡ 189 ± 122 25 ± 18 

 Non-ischemic 752 ± 213 933 ± 232 181 ± 111 26 ± 18 

NYHA class     

 4 766 ± 220 960 ± 263 194 ± 127 27 ± 19 

 <4 791 ± 219 976 ± 239 184 ± 115 26 ± 18 

Gender     

 Male 781 ± 222 966 ± 247 185 ± 120 26 ± 19 

 Female 811 ± 220 998 ± 235 187 ± 108 25 ± 16 

P-values are based on a comparison of dP/dtmax between patients classified by dichotomous clinical char-

acteristics. * p<0.01; † p<0.001; ‡ p=0.01 
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Table 3. Cox proportional hazard ratio’s (95% confidence interval) for LV dP/dtmax variables. 

  Unadjusted p Adjusted* p 

Baseline dP/dtmax Continuous 

(100 mmHg/s) 

0.812 

(0.683 – 0.965) 

0.018 0.791 

(0.658 – 0.950) 

0.012 

 Dichotomous 

< 650 mmHg/s 

3.044 

(1.552 – 5.971) 

0.001 3.229 

(1.604 – 6.498) 

0.001 

CRT dP/dtmax Continuous 

(100 mmHg/s) 

0.855 

(0.735 – 0.995) 

0.043 0.846 

(0.723 – 0.991) 

0.038 

 Dichotomous 

< 900 mmHg/s 

2.442 

(1.233 – 4.834) 

0.010 2.515 

(1.245 – 5.078) 

0.010 

∆ dP/dtmax, relative Continuous 

(1 percentage point) 

1.011 

(0.994 – 1.028) 

0.218 - - 

∆ dP/dtmax, absolute Continuous 

(100 mmHg/s) 

1.041 

(0.782 – 1.387) 

0.782 - - 

*Adjusted for: etiology, gender, NYHA class. 

 

Table 4. Adjusted* Cox proportional hazard ratio’s (95% confidence interval) for LV dP/dtmax var-

iables for patients with atrial fibrillation and patients without atrial fibrillation. 

  No atrial fibrillation 

(n=223, 22 events) 

p Atrial 

fibrillation 

(n=62, 12 events) 

p 

Baseline LV dP/dtmax Continuous 

(100 mmHg/s) 

0.772 

(0.614 – 0.971) 

0.027 0.779 

(0.532 – 1.140) 

0.199 

 Dichotomous 

< 650 mmHg/s 

4.730 

(1.860 – 12.033) 

0.001 2.264 

(0.664 – 7.718) 

0.192 

CRT LV dP/dtmax Continuous 

(100 mmHg/s) 

0.803 

(0.659 – 0.978) 

0.029 0.904 

(0.652 – 1.253) 

0.544 

 Dichotomous 

< 900 mmHg/s 

3.639 

(1.425 – 9.290) 

0.007 1.852 

(0.575 – 5.969) 

0.302 

*Adjusted for: etiology, gender, NYHA class. 

 

Discussion 

Our data suggest that LV dP/dtmax is not only a parameter of acute hemodynamic 

condition, but is also related to long-term clinical outcome in CRT patients. Unlike 

baseline dP/dtmax or dP/dtmax during active CRT, the change in dP/dtmax (absolute or 

relative) achieved by initiation of CRT was not predictive of clinical outcome in the 

first year after CRT implantation.  
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Figure 1. 

Cumulative survival free from all-cause mortality, heart transplantation (HTX) or left ventricular assist 

device (LVAD) implantation, categorized by dP/dtmax-levels at baseline and during cardiac resynchroniza-

tion therapy (CRT) 

 

 Several factors may explain the lack of a correlation between acute hemody-

namic improvement and long-term outcome after CRT. First of all, the total range of 

baseline dP/dtmax-levels (95% CI, 435-1328 mmHg/s) is much larger than that of 

delta dP/dtmax (95% CI, -28-471 mmHg/s). Therefore, a patient starting at the lower 

end of the spectrum will not likely be able to make it to the upper end, however good 

CRT is. In the absence of a matched control group in whom CRT was turned off after 

implantation, we cannot pass judgment on the benefit of a large systolic improve-

ment for the prognosis of the individual patient (in other words, the CRT response).  

Secondly, measurement of LV dP/dtmax only during resting conditions may not rep-

resent the full picture of daily life after CRT implantation. LV dP/dtmax is not a fixed 

value that remains the same during the day and it will be influenced by changes in 

for example sympathetic tone and heart rate. Previously the value of measuring LV 

contractile reserve during exercise was emphasized18,19 and chronotropic incompe-

tence was suggested to be a critical determinant of response to CRT.20 Therefore, ad-

ditive predictive information may be gained by a combined assessment of resting and 

exercise dP/dtmax.  

 In addition, the acute increase in dP/dtmax may be rather a measure of response 

to CRT than of prognosis per se. This corresponds to the observation that the in-

crease in dP/dtmax was significantly higher in patients with QRS width ≥150 ms, a 

patient group that is known to respond better to CRT.1,21 Previously however, CRT 

response as assessed by echocardiographic reverse remodeling was linked to long 

term outcome.22,23 A disagreement between acute hemodynamic response and re-

verse remodeling was observed by Mullens et al.,24 who showed that in a subset of 

patients deleterious cardiac enlargement may occur despite a beneficial hemody-

namic effect of CRT. Acute hemodynamic improvement may reflect a fundamentally 
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different effect of CRT (response) than reverse remodeling. This may also be due to 

different timing of assessing response: while reverse remodeling is typically as-

sessed 3-12 months after CRT, the hemodynamic response is assessed acutely after 

initiation of CRT and therefore does not include information on spontaneous disease 

progression.  

 Consistent with our findings, Suzuki et al.25 recently found that invasively meas-

ured dP/dtmax during CRT was a predictor of cardiac mortality and morbidity, 

whereas relative change in dP/dtmax was not. This study had a lower statistical power 

due to a smaller sample size (n=68) and a low number of events (n=14). Further-

more, in their study only a low proportion of patients had ischemic heart disease 

(10%), and no information was given on baseline dP/dtmax values and their correla-

tion with CRT dP/dtmax and other clinical characteristics.25  

 In our study, analyses including dP/dtmax as a categorical variable revealed that 

patients with baseline dP/dtmax ≥650 mmHg/s or CRT dP/dtmax ≥900 mmHg/s had a 

significantly better clinical outcome. Previously, a binary discrimination by baseline 

dP/dtmax >700 mmHg/s was suggested to predict the acute hemodynamic response 

to CRT,3 and a threshold of >750 mmHg/s for CRT dP/dtmax discriminated patients 

with higher chance of survival from cardiac death and heart failure hospitalization.25 

Although the use of cut-off points may be appealing for usage in daily clinical prac-

tice, it is important to stress that dP/dtmax is fundamentally a continuous variable and 

these exploratory categorical analyses should be interpreted with care. Furthermore 

the cut-off values were based on measurements during continuous atrial pacing and 

may be different during intrinsic sinus rhythm. 

 The predictive value of dP/dtmax seemed smaller and was not statistically signif-

icant in patients with atrial fibrillation. The HRs may however have been depressed 

by the small number of events in a limited number of patients with atrial fibrillation. 

We should not yet discard left ventricular dP/dtmax as an optimization parameter 

This study was not designed to assess the value of LV dP/dtmax as a parameter for AV 

and/or VV delay optimization and a definite answer cannot be given. However, the 

versatility of dP/dtmax as a parameter of LV function was shown in this study by its 

correlation to QRS width, heart failure etiology and clinical outcome after CRT. Since 

long, dP/dtmax has been considered a fair surrogate for contractility, although it is 

also influenced by altered loading conditions.4,26,27 Stroke work derived from com-

bined measurement of LV pressure and volume (pressure-volume loops) may be 

considered physiologically preferable to dP/dtmax since it incorporates the LV func-

tion during the entire cardiac cycle 28 while dP/dtmax is achieved during the isovolu-

metric phase of contraction. However, LV dP/dtmax as a measure for the acute re-

sponse to CRT has several practical advantages. It is easy to acquire using a regular 

pressure wire which is flexible, has a small diameter of 1 French and requires little 

calibration; and unlike most echocardiographic parameters, it does not require ex-

tensive training to collect and interpret dP/dt-data and the method is objective, 



L V  D P / D T M A X  A N D  C L I N I C A L  O U T C O M E  

 149 

avoiding observer variability. Acute increase in dP/dtmax has been frequently used as 

a reference to evaluate new optimization methods or to assess acute response to 

CRT,29-31 but a gold standard optimization parameter cannot be advised with our cur-

rent knowledge.  

 The reasons for the lack of relation between acute dP/dtmax increase and clinical 

outcome in CRT patients (see above) may also apply to other hemodynamic indices. 

This observation does not mean that we cannot rely on dP/dtmax as a parameter for 

optimization of, for example, the AV delay, VV delay or LV lead position. The acute 

increase in dP/dtmax achieved by CRT reflects at least one aspect of CRT response, i.e. 

the extent of resynchronization, as has been shown in animal experiments.32  

 The invasive nature of LV pressure measurement limits its use in current daily 

practices. The incidence of local vascular complications at the site of puncture was 

not prospectively recorded in this study and was therefore not available. Local vas-

cular complication rates of using a pressure wire in CRT patients have not been pub-

lished, but will likely not exceed the complication rate of 1.6% observed after diag-

nostic cardiac catheterization.33 To overcome the invasive nature, it has been pro-

posed to determine dP/dt by echocardiography from the slope of the continuous-

wave Doppler signal of the mitral regurgitation jet.34 However, for this measurement, 

sufficient mitral regurgitation is necessary which is not the case in up to 45% of pa-

tients eligible for CRT.35 Moreover, echocardiographic dP/dt does not represent the 

true peak dP/dt (dP/dtmax) and its timing during the cardiac cycle is different from 

dP/dtmax. 

Limitations 

This study was a non-randomized retrospective observational study with concurrent 

limitations. Due to the absence of a control group not receiving CRT it was not possi-

ble to determine the relationship between acute increase in systolic LV function and 

CRT response. A prospective randomized controlled study will be needed to confirm 

a possible favorable effect of LV dP/dtmax-guided AV and VV delay optimization on 

prognosis and functional status after CRT. This study only reported clinical outcome 

defined by mortality, HTX and LVAD implantation rate; data on reverse remodeling, 

major adverse cardiac events or hospitalization due to worsening heart failure were 

not consistently available. Whether dP/dtmax and the acute increase in dP/dtmax cor-

relate to morbidity after CRT implantation therefore still needs to be determined. 

Due to the retrospective design of the study, some baseline characteristics were not 

available in all patients, as was shown in Table 1. 

 The study population was a selected group, since not all implanted patients un-

derwent AV and VV delay optimization by dP/dtmax and were therefore not included. 

Reasons not to measure dP/dtmax were not prospectively collected. However, char-

acteristics of the studied population were similar to those presented in previous CRT 

trials regarding distribution of age, sex and heart failure etiology.1,2 The number of 
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patients with NYHA class I or II was limited. Seven patients had narrow QRS and re-

ceived CRT because of the presence of echocardiographic dyssynchrony. The one-

year mortality rate after initiation of CRT in this study was 10.2%, which is compa-

rable with results of the CARE-HF (Cardiac Resynchronization in Heart Failure) trial 

(9.7%) and the Comparison of Medical Therapy, Pacing and Defibrillation in Heart 

Failure (COMPANION) trial (12% for CRT-defibrillator, 15% for CRT-pacemaker).1,2 

 Possible variation in LV dP/dtmax due to breathing pattern and varying venous 

return was kept limited by averaging dP/dtmax over 10-30 sec for each pacing setting. 

Baseline and CRT dP/dtmax were measured once during the optimization procedure. 

Depending on the duration of the optimization procedure, it may be recommendable 

to repeat dP/dtmax measurements several times and measure the effect of different 

pacing settings in randomized order. To the knowledge of the authors, the variability 

and reproducibility of dP/dtmax have not been published yet.  

Conclusions 

Left ventricular dP/dtmax is an objective and versatile determinant of LV function and 

the dP/dtmax-level measured at baseline or during CRT predicts 1-year survival free 

from all-cause mortality, HTX or LVAD implantation. The acute increase in dP/dtmax 

is not correlated to clinical outcome. Whether dP/dtmax-guided CRT optimization im-

proves individual outcome remains to be determined. 
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Introduction 

This thesis deals with the effect of left bundle branch block (LBBB) that develops 

during or after aortic valve interventions. The main findings of present thesis are: 

• LBBB induced by transcatheter aortic valve implantation (TAVI) is an independ-
ent predictor of all-cause mortality and might neutralize the beneficial effect of 
valve repair. 

• TAVI-induced LBBB occurs in up to 40% of the patients and develops almost al-
ways before hospital discharge. The conduction disorder is persistent in two 
thirds of the patients. Both LBBB before discharge and persistent LBBB are asso-
ciated with an increase in mortality. 

• New-onset LBBB is an infrequent complication of surgical aortic valve replace-
ment (SAVR) occurring in less than 5% of the patients. 

• Sutureless aortic valve replacement (SU AVR) is frequently complicated by new 
LBBB, which is persistent in the majority of patients. 

• The absolute value of LV dP/dtmax and not its absolute or relative increase imme-
diately after onset of cardiac resynchronization therapy (CRT) predicts long-term 
clinical outcome. 

Clinical significance of transcatheter aortic valve induced left 

bundle branch block 

In chapter 2 we found that TAVI-induced LBBB is an independent predictor of all-
cause mortality after adjustment for possible confounders. In this retrospective co-
hort, the excess in mortality was mainly related to cardiac causes. We furthermore 
demonstrated that TAVI-induced LBBB which persists during follow-up (persistent 
LBBB) is associated with an increased mortality in univariate analysis (chapter 3). 
It is therefore conceivable that TAVI-induced LBBB may antagonize the survival ben-
efit after TAVI as demonstrated in the Placement of Aortic Transcatheter Valves 
(PARTNER) study in which an overall reduction in mortality of 38% reduction was 
found in comparison to medical therapy.  
 Others have reported a decline in left ventricular ejection fraction (LVEF) in pa-
tients with TAVI-induced LBBB.1–3 These observations fit with the pathophysiologi-
cal concept that LBBB induces electrical (and mechanical) dyssynchrony resulting in 
impaired left ventricular (LV) function. Some case reports have described the occur-
rence of heart failure after development of TAVI-induced LBBB in patients with se-
verely reduced LVEF.4,5 These data are in line with the known adverse effects of LBBB 
in the general population or patients with cardiac disease6 and with the benefit of 
cardiac resynchronization therapy (CRT), indicating that LBBB is often cause and not 
consequence of heart failure.7–10 Since the time at which LBBB occurs is usually not 
known, the TAVI population may help to better understand the pathophysiological 
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and prognostic effects of new LBBB in patients with normal and impaired cardiac 
performance, acknowledging that TAVI patients are in general older and have long-
lasting increased afterload exposure.  

Controversies about the prognostic value of TAVI-induced LBBB 

The prognostic significance of TAVI-induced LBBB is subject of debate, as our find-
ings were not confirmed in other studies. On one hand, our findings are supported 
by a recent publication of Meguro et al. who demonstrated that the discharge QRS-
duration after TAVI was the strongest independent predictor of all-cause mortality 
and/or heart failure admission during follow-up.11  
 Urena et al.2, on the other hand, did not find an increased mortality in patients 
with LBBB at hospital discharge in a study population of 202 patients receiving the 
Edwards SAPIEN (ES) valve. The number of patients with persistent LBBB was how-
ever low (n=25) and the study was neither designed nor powered to conduct a mor-
tality analysis. Compared to other reports,12 the rate of new LBBB was high (30%) 
considering the ES device that had been used in this study. We found that the ES valve 
induces left anterior hemiblock (LAHB) more frequently than LBBB (chapter 3). It is 
therefore conceivable that in Urena’s study some patients with LAHB have been cat-
egorized as LBBB. The diagnosis of LBBB can be challenging, especially in TAVI-pa-
tients with left ventricular hypertrophy, since both LAHB and LBBB lead to postop-
erative QRS-prolongation (chapter 3).  
 In another paper, Testa et al.13 reported that LBBB was not associated with 
higher all-cause mortality in a population of 1,060 patients treated with the Med-
tronic CoreValve System (MCS) valve. Whether this is a true phenomenon or due to 
observational bias cannot be excluded. For instance, no information is provided on 
the methodology of ECG analysis. Also, the Kaplan-Meier survival curves suggest that 
follow-up was performed at fixed time intervals, instead of continuous monitoring. 
In addition, the mean QRS duration in the LBBB group was relatively low, indicating 
that patients without LBBB may have been included in the LBBB group. Also, the Ital-
ian registry consisted of more comorbid patients, as can be appreciated from the EU-
ROscore, indicating that other prognostic factors may have played a more dominant 
role in patient’s outcome. Finally, although not mentioned in the paper, a previous 
report from the same authors, suggest that the vendor was involved in database de-
sign and data collection.14 

Future research 

Available data on the prognostic impact of TAVI-induced LBBB are conflicting, urging 
the need for a prospective, international cohort study. This will overcome the flaws 
of retrospective and/or registry-based data and will provide standardized ECG anal-
ysis by a core lab. In such a study, the performance of different ECG criteria for LBBB 
(table 1 of chapter 1) can be assessed as well. 
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Device therapy after transcatheter aortic valve implantation 

Cardiac resynchronization therapy 

According to current guidelines, cardiac resynchronization therapy (CRT) is indi-
cated in patients with symptomatic heart failure despite optimal medical therapy, 
LVEF ≤35% and preferably LBBB.15 Still, TAVI-induced LBBB resolves in up to one 
third of patients after hospital discharge (chapter 3). CRT implantation in the early 
postoperative phase should therefore be discouraged in order to avoid unnecessary 
device implantation. 
The majority of patients with TAVI-induced LBBB have LVEF >35% and do not qual-
ify for CRT implantation. Nevertheless, based on various experimental and clinical 
studies, the benefit of CRT does not depend on LVEF.16–18 Given the effects of TAVI-
induced LBBB on left ventricular function1–3 and mortality (chapter 2 and 3), clinical 
and echocardiographic follow-up of these patients is warranted. In case heart failure 
with left ventricular dysfunction develops in presence of persistent LBBB, CRT im-
plantation may be considered irrespective of LVEF. Some case reports have shown 
that TAVI-induced LBBB is an excellent substrate for CRT.4,5 

Permanent pacemaker implantation 

TAVI-induced LBBB has been identified as a risk factor for high degree atrioventric-
ular (AV)-block and postprocedural PPM implantation.2 In chapter 3 we concluded 
that patients receiving a PPM post-TAVI have an early mortality benefit compared to 
LBBB patients. This suggests that patients with TAVI-induced LBBB and PPM are pro-
tected against brady-arrhythmic death explaining the favourable early survival. 
However, this does not justify early PPM implantation, as some studies indicate that 
half of the patients who received a PPM after TAVI are not pacemaker dependent at 
long-term follow-up.19,20  
 Moreover, as has been apparent from both the Mode Selection Trial (MOST) and 
the Dual Chamber and VVI Implantable Defibrillator (DAVID) trial,21,22 chronic right 
ventricular (RV) pacing is associated with an increased risk of heart failure and car-
diovascular death. This implies that TAVI-patients who are pacemaker dependent, 
are potentially at an increased risk. This was not confirmed by Buellesfeld et al. In a 
population of 353 patients receiving either the MCS or ES prosthesis, he found no 
difference in all-cause 1-year mortality between patients with and without postop-
erative PPM.23 Yet, as outlined above, up to 50% of patients are not pacemaker-de-
pendent at follow-up. Also, almost three quarters of implants occurred within 3 days 
after TAVI indicating liberal or low threshold criteria for PPM indication. Moreover, 
the low number of patients may preclude the detection of a difference in mortality.24 
The decision to implant a PPM in TAVI-patients should be based on current guide-
lines.15 However, in patients with reduced LVEF, the choice for a CRT-device could 
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be considered given the recent insights from the randomized Biventricular versus 
Right Ventricular Pacing in Heart Failure Patients with Atrioventricular Block 
(BLOCK-HF) trial. This study demonstrated that biventricular pacing is superior to 
right ventricular pacing in patient with AV block, heart failure New York Heart Asso-
ciation (NYHA) class I to III and LVEF ≤50%.18 These conditions apply for many TAVI-
patients who develop a LBBB. 

Future research 

The cause of death in patients with TAVI-induced LBBB needs to be elucidated. In 
particular, a distinction between the occurrence of brady-arrhythmias and dyssyn-
chrony-induced heart failure can help to propose recommendations whether to im-
plant a PPM- or CRT-device. To do so, an implantable loop recorder could be used to 
compare the incidence of AV conduction disorders between patients with and with-
out TAVI-induced LBBB. Echocardiography using an ultrasound contrast agent and 
speckle tracking analysis will allow follow-up of LV function and dyssynchrony. 

Frequency of TAVI-induced LBBB and timing of diagnosis 

Already with the introduction of TAVI, it was appreciated that a large amount of pa-
tients develop LBBB during or after the procedure.12 Most of the studies used the ECG 
at hospital discharge for the diagnosis of LBBB, thereby neglecting the possible tran-
sient character of the conduction disorder.12 In chapter 3 we confirmed that TAVI-
induced LBBB is a frequent conduction disorder. Yet, we found that it has a transient 
character in more than one third of patients. In patients receiving the MCS, TAVI-
induced LBBB had a lower tendency to resolve compared to patients with the ES 
valve. Also, recovery of new LBBB was seen in almost 20% of patients with new LBBB 
before hospital discharge. These observations might, at least partly, explain the dif-
ferences in frequency of TAVI-induced LBBB between different studies since the tim-
ing of the diagnosis of LBBB is important. 

Mechanism and cause of transcatheter aortic valve implantation 

induced left bundle branch block 

Interaction between patient- and device-related factors 

The pathophysiology of TAVI-induced LBBB has not been subject of our research, but 
several findings may help to understand the mechanism of development of LBBB. It 
is presumed that pressure of the lower end of the prosthesis on the left ventricular 
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outflow tract (LVOT) is a causative factor.12,25 Post-mortem investigation has de-
scribed microscopic injury at the site of the basal interventricular septum in patients 
dying from high-degree AV-block.26,27 This concept is supported by the observation 
that the self-expanding MCS prosthesis results in significantly more LBBB than the 
ES valve (chapter 2 and 3). Also, the self-expandable Perceval S prosthesis (Sorin 
Biomedica Cardio Srl, Sallugia, Italy) is associated with a similar risk of LBBB induc-
tion in comparison to MCS. It is conceivable that this is because of the large cushion 
protruding into the LVOT, despite removal of the native valve and calcium. It suggests 
that valve properties rather than patient characteristics (i.e. valve calcification) play 
a more important and potentially causative role in the development of LBBB. Yet, 
other procedural factors are also involved in the mechanism of LBBB, as Nuis et al. 
reported that LBBB develops before the actual valve implantation in up to 50% of the 
patients.28 Also, the size of the valve might be important, as LBBB is proportional to 
the size of the ES valve (Figure 1). 
 

 
Figure 1. 
Frequency of TAVI-induced LBBB comparing device type and size. ES denotes Edwards SAPIEN, MCS Med-
tronic CoreValve System. 

 

Experience and learning curve 

Experience and newer implantation techniques (i.e. depth of implantation13,29,30) 
may play a role in the development of LBBB, as we have described a difference in 
frequency of LBBB when comparing procedures before and after June 2010 in chap-

ter 3 (Figure 2). For the MCS valve in particular, the incidence of TAVI-induced LBBB 
decreases over time due to less occurrence of LBBB (chapter 4), presumably due to 
a combination of increased experience, insight in the development of TAVI-induced 
conduction disorders and improved delivery systems. 
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Figure 2. 
Frequency of TAVI-induced LBBB comparing experience and devices. In the left pane, the frequency of left 
bundle branch block (LBBB) is viewed depending on the device used (MCS Medtronic CoreValve System, 
ES Edwards SAPIEN). The middle and right pane show the effect of experience by comparing interventions 
before June 2010 with those after June 2010. 

Surgical aortic valve implantation and left bundle branch block 

In chapter 5 we demonstrated that new LBBB after surgical aortic valve replacement 
(SAVR) is infrequent and not associated with an increase in all-cause mortality. How-
ever, the latter should be interpreted with caution. Indeed, the number of patients 
who developed LBBB was low. Moreover, the impact of LBBB on patients who un-
derwent SAVR may be less profound, because they are younger and have less comor-
bidities. 
 As opposed to the low incidence of SAVR-induced LBBB, our early experience 
with the Perceval S prosthesis suggest that new LBBB occurs frequently with this 
device (chapter 6). In the light of the aforementioned adverse effects of TAVI-in-
duced LBBB, larger studies with the Perceval device are needed to investigate the 
incidence of LBBB and its possible impact on clinical outcome. 

Response and long-term outcome after cardiac 

resynchronization therapy 

Although CRT has an established role in the treatment of heart failure, the issue of 
non-response remains subject of debate and controversy. It is increasingly being rec-
ognized that non-response is a sliding scale rather than a binary phenomenon with 
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multiple factors being involved. CRT should be custom-made and tailored to the in-
dividual patient.31  
 After CRT-implantation the atrioventricular (AV) and ventriculo-ventricular 
(VV) interval can also be programmed to the individual patient’s need. We have dis-
cussed that there is a physiological rationale to optimize the AV/VV interval, how-
ever in the broad spectrum of available optimization methods no single method can 
be recommended, as large-scale and randomized studies are limited (chapter 7). For 
automated algorithms, there are some randomized studies available, but results are 
variable.32-34 The conflicting evidence for AV/VV optimization in general, might be 
explained by the fact that measurements are prone to a low signal-to-noise ratio. To 
overcome this issue, measures should be repeated, averaged and fitted to a curve in 
order to determine to optimal setting.35 Also, all methods lack the possibility to dy-
namically adjust the intervals to altering physiological circumstances, for example 
exercise. 
 The electrocardiogram is a key element for the adequate selection of patients 
who are potential candidates for CRT. During implantation, hemodynamic measures 
may, at first sight, also aid in predicting long-term response to CRT. Indeed, the acute 
hemodynamic response to CRT as measured by the maximum rate of rise in LV pres-
sure (LV dP/dtmax), occurs immediately and lasts as long as the therapy is delivered.36 
Although it is presumed that a positive acute response translates into favourable 
long-term outcome, we were not able to find a relation between the acute increase 
in LV dP/dtmax and all-cause mortality (chapter 8). These findings are in line with 
other reports, indicating that the acute, relative increase is not associated with a re-
duction in LV end-systolic volume (LVESV), heart failure hospitalizations and/or car-
diac mortality.37,38 In contrast, Duckett et al. found that a the relative increase in LV 
dP/dtmax was a predictor of chronic volumetric response (as defined by a ≥15% in-
crease in LVESV).39 The sample size was however small (N=32) and the study fo-
cussed on the predictive value of LV dP/dtmax as a dichotomous variable, whereas the 
correlation between acute hemodynamic and long-term response was modest 
(R=0.6).40 More recently, de Roest et al. added to this controversy by their finding 
that the acute increase in stroke work (SW; as measured by pressure-volume loops) 
and not the increase in LV dP/dtmax predicted long-term (volumetric) response.41 
Given the accumulating evidence against LV dP/dtmax, this suggests that SW might be 
a better alternative to measure the acute hemodynamic response. Theoretically, this 
could be explained by the fact that LV dP/dtmax focalizes on the isovolumetric con-
traction phase of systole, while SW incorporates the full cardiac cycle. Still, recording 
of pressure-volume loops is technically challenging and, more important, it is unclear 
what is being measured in dilated and dyssynchronous hearts. Indeed, pressure-vol-
ume loops measurements in these hearts result in obstinate artifacts of the signal.42  
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Future perspectives 

Choice of aortic valve intervention and device 

In recent years, treatment possibilities of patients with aortic valve stenosis have ex-
panded tremendously. Beside SAVR with its inherent (peri)operative risks though 
excellent long-term results, alternative and less invasive therapies have become 
available, including the sutureless aortic valve replacement and TAVI.  
The minimally invasive character and favourable results of both PARTNER trials,43–

46 have resulted in an exponential growth in the number of TAVI procedures world-
wide. Although still reserved for patients who are considered too high risk for SAVR, 
TAVI will expand towards younger and less sick patients. Despite the apparent suc-
cess, TAVI is often complicated by a number of clinical and technical complications 
such as paravalvular regurgitation, LBBB, AV conduction disorders and/or stroke 
that all affect outcome.45  
 The sutureless Perceval S aortic valve replacement is supposed to fill the gap be-
tween SAVR and TAVI by combining the advantages of native valve removal with 
shorter clamping time and easier implantation.47 Still, early experience demon-
strates a high rate of PPM implantation and LBBB48,49 and most patients undergo full 
sternotomy with a cardiopulmonary bypass (chapter 6). This questions whether the 
advantages still outweigh the possible disadvantages of SAVR. 
 The choice for a specific operative technique and/or device should be tailored to 
the individual patient. SAVR remains the first choice for patients with symptomatic 
aortic valve stenosis due to its low complication rate. However, in eldery patients 
with comorbidities and/or very high operative risk, TAVI is an attractive and even 
preferable treatment. Given the issue of new conduction abnormalities discussed in 
this thesis, we believe that the choice of the prosthesis should depend on the baseline 
characteristics of the patient. Patients with severely reduced LV function are more 
vulnerable to the deleterious effects of LBBB-induced heart failure. Therefore, the 
use of devices and/or valve sizes with high risk of developing LBBB are to be avoided 
in such patients. Similarly, patients with bi- or trifascicular block at baseline are at 
risk for postoperative PPM implantation.50–52 A prosthesis with a low postoperative 
PPM implantation rate is therefore preferable.  
 For a surgical procedure, limited data suggest that the frequency of new LBBB 
(and PPM) after implantation of the Perceval S prosthesis is high. Future research 
has to elucidate whether this device is an alternative to classical SAVR.  

Device development 

Currently, a large number of new TAVI devices are entering the market. The risk of 
new LBBB after these prostheses are at present unknown. This thesis emphasises 
that recording this adverse event is of importance.  
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Cardiac resynchronization therapy and optimization 

Despite the apparent gap between acute hemodynamic response and long-term clin-
ical outcome, measurement techniques like LV dP/dtmax are still of clinical value. Af-
ter all, the response to CRT is complex and not merely an acute phenomenon. On the 
long run, a reverse remodeling process is initiated that induces molecular changes. 
Measurement of LV dP/dtmax is relatively easy, reproducible and has the advantages 
to guide lead implantation and/or AV and ventriculo-ventricular (VV) delay optimi-
zation. Incorporation of LV dP/dtmax measurement in future devices create possibil-
ities to dynamically adjust AV and VV delays depending on altering physiological con-
ditions (like improvement of LV function and exercise).53 
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The transcatheter valve revolution: time 

for a compensatory pause.  

Welt FGP, Davidson MJ, Eisenhauer AC. Circulation 2012; 126: 674-676. 

Editorial to 

Houthuizen P, Van Garsse LAFM, Poels TT, de Jaegere P, van der Boon RM, Swinkels 
BM, ten Berg JM, van der Kley F, Schalij MJ, Cocchieri R, Brueren BRG, van Straten 
AHM, den Heijer P, Bentala M, van Ommen V, Kluin J, Stella PR, Prins MH, Maessen JG, 
Prinzen FW. Left bundle-branch block induced by transcatheter aortic valve implan-
tation increases risk of death. Circulation 2012; 126: 720–708. 
 
 
 
The last 2 years have seen a torrent of information regarding transcatheter aortic 
valve replacement (TAVR), and it is no exaggeration to say that this compelling tech-
nology has revolutionized our approach to treatment of valvular aortic stenosis. 
High-risk and inoperable patients heretofore relegated to minimally effective medi-
cal therapies have been offered a return to activity and, in some cases, a longer life.1,2 
 Yet, not all the news is good. Although the rate of vascular complications has sub-
sided with lower profile tools and increased experience, the incidents of such com-
plications remain vexingly high. Similarly, stroke rates hover around 5%, with some 
data suggesting they are higher than the risk associated with conventional surgery.3 
Earlier this year, data emerged that even mild paravalvular leak (a common occur-
rence postimplantation) was associated with considerably worse outcome.4 Finally, 
the durability of these valves remains undetermined. 
 All of these issues gain additional import when seen in the context of the explo-
sive growth of this procedure. An estimated 40,000 to 50,000 cases have been per-
formed worldwide, with the majority being in Europe. In Germany, where the most 
enthusiastic adoption has taken place, reports are that ≈30% of valves implanted are 
via a transcatheter route. In the United States, we have just seen the approval of the 
device for commercial use in inoperable patients. Adoption is much more conserva-
tive at present, but growing. 
 In addition to the complications noted above, and germane to this editorial, there 
has been a well-recognized incidence of conduction system disturbance in patients 
post-TAVR. Although it has been assumed by many that this is a nuisance phenomena 
simply requiring the insertion of a permanent pacemaker in those with high-degree 
AV block, evidence presented by Prinzen and colleagues5 in this issue of Circulation 
shows that new left bundle-branch block (LBBB) induced by TAVR is associated with 
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increased mortality with a hazard ratio of 1.54 and an absolute increase in mortality 
of 13.8% at 450 days. Although this has prognostic significance, this finding also 
raises several fundamental questions about this specific condition and about the field 
in general that can only be answered by further investigation. 

Mechanistic questions 

That LBBB should be associated with higher mortality should be of little surprise to 
the clinician because there is abundant evidence that in a wide variety of clinical sce-
narios, including asymptomatic patients without known cardiovascular disease, 
LBBB is consistently found to be a potent risk factor for death.6 Whether this is 
simply a marker for increased risk or causative cannot be answered definitively by 
the current study. However, the authors found that the increased mortality is cardiac 
in nature and not sudden, suggesting that a possible mechanism is dyssynchrony-
induced left ventricular dysfunction. A correlation between higher rate of LBBB after 
TAVR and of need for permanent pacemaker implantation has been documented in 
prior registries,7 but a specific connection with mortality in this group has not been 
previously identified. Presumably, impingement of the prosthesis on the conduction 
system is the specific causative event. 
 Mechanistic insight is more than an academic question both in terms of the im-
portance for patients currently being treated and the ramifications for device devel-
opment moving forward. If bradyarrhythmias are the culprit for associated mortal-
ity, then it would be reasonable to assume that pacemaker therapy would be the so-
lution. However, if cardiac dyssynchrony is responsible, it is much more problematic 
to assume that cardiac resynchronization therapy would restore longevity. Current 
guidelines suggest that the greatest benefit of cardiac resynchronization therapy is 
in patients with advanced heart failure, reduced (<35%) left ventricular ejection 
fraction, and LBBB with a prolonged QRS (>120 ms).8 Recent meta-analysis suggests 
that real benefit is restricted to those patients with a QRS 150 ms.9 The baseline ejec-
tion fraction of the population studied in the report of Prinzen and colleagues5 was 
less than 50% in only ~29% of patients developing new LBBB and the QRS length in 
those patients ranged from 140–162 msec suggesting that the vast majority of pa-
tients with new LBBB would not fall into a previously identified subgroup that would 
reasonably expect symptomatic or mortality benefit. Although case reports have sug-
gested clinical improvement after cardiac resynchronization therapy for LBBB post-
TAVR,10 this benefit cannot yet be generalized to this population. In addition, there 
are issues of both cost and incremental risk that would need to be taken into consid-
eration for patients requiring an additional invasive procedure. 

Device comparisons 

Undoubtedly, what will receive the most interest is the fact that there was a much 
higher incidence of induced LBBB among patients treated with the Medtronic 
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CoreValve device compared with the Edwards Sapien device. We do not have the 
benefit of head-to-head randomized trials to understand the relative strengths and 
weaknesses of the devices as they now exist. A recent meta-analysis of 3,519 patients 
from 16 studies using both the Edwards and Medtronic devices found rates of per-
manent pacemaker implantation of 4.9% versus 28.9%, respectively, which was a 
statistically significant finding.11 The generally accepted reason for a higher rate of 
conduction system disorders with the Medtronic device is that it often extends 
deeper within the outflow tract and applies constant outward radial pressure as a 
result of its self-expanding platform. 
 The most obvious conclusion, but potentially incorrect, is to assume that this rep-
resents a sign of superiority of one device over the other. This study cannot answer 
that question. Rather, we suggest that the study illustrates that there are likely sig-
nificant differences in clinical performance of the valves that follow from their differ-
ent materials, design, and methods of insertion. Furthermore, the authors illustrate 
a phenomenon of a learning curve with the Medtronic CoreValve device in which the 
incidence of LBBB falls with increased experience. This observation, coupled with 
previous data showing that many patients develop LBBB before actual insertion of 
the valve,12 suggests that the valve itself may not be the predominant cause of con-
duction system defects but rather the method of insertion. It is certainly possible that 
there are other substantive differences in clinical performance between the 2 valves 
that would favor one over the other in certain clinical circumstances. An obvious 
comparison can be made with the decision regarding the selection of surgical aortic 
valve replacement between bioprosthetic and mechanical valves. Although one of the 
few trials showed a long-term survival advantage of mechanical valves (resulting 
from earlier valve failure of bioprostheses), this came at a cost of a higher rate of 
bleeding.13 Thus, for older patients who have shorter expected survival and higher 
risks of bleeding, bioprosthetic valves, despite their lesser durability, are more com-
monly implanted. 

Lessons from the surgical experience 

There are few data in the surgical literature to shed light on the particular question 
of procedure-induced LBBB. Early experience with surgical valve replacement sug-
gested that LBBB was a relatively frequent complication of surgery, with an incidence 
as high as 32%,14 whereas a more recent study by El-Khally et al15 demonstrated a 
much lower rate at ~6%. This single-center experience suggested that new LBBB af-
ter surgical AVR was associated with a high adverse event rate postoperatively. Alt-
hough a higher incidence of death has been associated with new LBBB, most of the 
reported deaths were sudden and presumed to be associated with a high-degree AV 
block. 14 Only one study has compared new conduction delay rates after transcath-
eter versus surgical AVR. Although limited by its nonrandomized design and small 
sample size, this report suggested that new and persistent conduction delay rates are 
lower (12% versus 28%) in surgical versus transcatheter patients.16 
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 There is more to be learned from the surgical experience when the field is exam-
ined from a broader perspective. Prospective randomized trials of surgical valves are 
relatively few in number. In the early days of surgical valve replacement, it was as-
sumed to be essentially unethical to randomize patients with severe AS to medical 
therapy given the dismal natural history of untreated critical AS. Accordingly, the 
mortality advantage conferred by surgical valve replacement has been studied only 
in nonrandomized and retrospective studies. Even the randomized trials of mechan-
ical versus bioprosthetic valves have been greeted by many with suspicion. A rather 
remarkable discussion documented in the “Sounding Board” of the New England 
Journal of Medicine in 1979 suggested that randomized trials were of limited value 
in the realm of surgical procedures and that “the referring physician is … the sur-
geon’s Food and Drug Administration,” as poor results would be greeted by fewer 
referrals.17 In the same piece and speaking of the Veterans Administration random-
ized study comparing the efficacy of different prosthetic valves, it was said that “one 
might question a plan to offer different prostheses to randomized patients who might 
best be served by a particular prosthesis,” suggesting what could be called a proce-
duralist knows best policy. One could hardly imagine such a conversation in today’s 
highly regulated environment, where we are increasingly being confronted with ran-
domized data questioning the relative lack of benefit of many of the invasive proce-
dures that have become so common in cardiology and cardiac 
surgery. 

The way forward 

So how should we react to the finding that acquired LBBB during TAVR is frequent 
and associated with worse mortality? What are we to make of this finding, how 
should it inform our current practice, and what is needed to resolve uncertainty mov-
ing forward? The prognostic importance of a factor that is induced by the procedure 
is of inherently little value in patient selection unless there are other predictive fea-
tures that can be identified and, unfortunately, none are suggested in this report. 
However, this study should spur further investigation into the patient characteristics 
that predict this outcome, to therapies that can mitigate the increased mortality, and 
to device design modifications that cause fewer conduction system disorders. 
 These issues are increasingly important in the era of commercialization and 
rapid increased use of this technology. The danger, of course, is that the spectacular 
results of the tightly controlled early randomized trials will fail to be reproduced 
when applied to a broader uncontrolled population. Findings such as those reported 
by Prinzen and colleagues5 are a constant reminder of the knowledge gaps present 
in this relatively nascent technology now being applied to an increasingly sick and 
complex patient population. This and other issues are unlikely to be resolved without 
eventually conducting further investigations including randomized, head-to-head 
trials of devices. 
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Cardiac conduction disturbances after 

transcatheter aortic valve replacement: 

much remains to be learned.  

Nazif T, Kodali SK. EuroIntervention 2014; 9: 1136-1138. 

Editorial to 

Houthuizen P, van der Boon RMA, Urena M, Van Mieghem M, Brueren BRG, Poels TT, 
Van Garsse LAFM, Rodés-Cabau J, Prinzen FW, de Jaegere P. Occurrence, fate and con-
sequences of ventricular conduction abnormalities after transcatheter aortic valve 
implantation. EuroIntervention 2014; 9: 1142-1150. 
 
 
 
Over the past decade, transcatheter aortic valve replacement (TAVR) has emerged as 
a less invasive alternative to surgical aortic valve replacement (SAVR) for high-risk 
surgical candidates and the treatment of choice for inoperable patients with symp-
tomatic, severe aortic stenosis (AS). Recently, there has been explosive growth in the 
clinical adoption of TAVR worldwide. With this increasing role, intense research ef-
forts have focused on understanding and reducing procedural complications of 
TAVR, the most common of which are cardiac conduction disturbances. 
 Two reports in the current issue of EuroIntervention, by Houthuizen et al and 
Lange et al, focus on cardiac conduction disturbances after TAVR. The study by Hou-
thuizen et al elaborates on the incidence, fate, and clinical impact of left bundle 
branch block (LBBB), the most frequent conduction disturbance after TAVR.1 The re-
port of Lange et al, on the other hand, explores the impact of balloon aortic valvulo-
plasty (BAV) balloon sizing on the occurrence of the most threatening conduction 
disturbance after TAVR, complete atrioventricular block requiring permanent pace-
maker implantation (PPI).2 These complications occur with varying frequency after 
TAVR, and it is of critical importance to understand their aetiologies, clinical impli-
cations, and possible means of prevention. 
 New-onset LBBB is the most frequent conduction disturbance to complicate both 
SAVR and TAVR. The incidence of new LBBB after SAVR has been reported to range 
from 6 to 20%.3,4 Following TAVR, the exact frequency varies with the transcatheter 
heart valve (THV) system used and the elapsed time from the procedure. The rate of 
new LBBB with the Edwards SAPIEN valve (ESV; Edwards Lifesciences, Irvine, CA, 
USA) is similar to SAVR, with recent large series reporting rates ranging from 10 to 
30%.5-7 The incidence of new LBBB with the Medtronic CoreValve (MCV; Medtronic, 
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Minneapolis, MN, USA) is substantially higher, ranging from approximately 40 to 
55% in large series.5,8,9 While the wide range of rates across studies may reflect dif-
ferences in populations, it may also be due to differences in definition, intensity of 
surveillance, and time of assessment of LBBB after TAVR. 
 In the current study, Houthuizen et al analysed the occurrence of LBBB after 
TAVR in 476 patients (223 MCV, 253 ESV) without pre-existing LBBB or pacemaker. 
The overall rate of new LBBB was similar to previously published reports: approxi-
mately 37% overall, 54% after MCV, and 22% after ESV. However, this study makes 
an important contribution in its close examination of the time course of development 
and resolution of new LBBB. It is notable that the vast majority of new LBBB devel-
oped within 24 hours of the procedure (86%) or during the index hospitalisation 
(98%). In agreement with prior studies, the authors also found that a significant pro-
portion of new LBBB after TAVR resolve over time.6-8 Importantly, the degree of res-
olution of new LBBB was significantly less with MCV than ESV (28% vs. 56%). The 
fact that new LBBB is both substantially more frequent and also less likely to resolve 
with MCV may have important implications for the choice of THV in certain patients, 
such as those with reduced left ventricular function in whom dyssynchrony may lead 
to worsening cardiac function and clinical heart failure. 
 Importantly, the authors also propose a new classification scheme for the time 
course of new LBBB after TAVR, in which LBBB is defined as acute, subacute, or 
chronic based on occurrence within 24 hours, from 24 hours to discharge, and after 
discharge, respectively. LBBB is further classified as transient or persistent based on 
whether or not it remains at one year. Of note, this definition of “persistent” differs 
from prior studies, which have used the term to refer to LBBB persisting at hospital 
discharge.6,7 Furthermore, in our recent analysis from the PARTNER trial, we demon-
strated that the vast majority of LBBB resolution occurred by 30 days, which may 
also be a candidate time point for defining “persistent”. The Valve Academic Research 
Consortium (VARC), which standardised definitions for many TAVR endpoints, has 
recommended systematic reporting of data on conduction disturbances, but has 
stopped short of proposing specific definitions.10 It may, therefore, be hoped that the 
new classification scheme proposed by Houthuizen et al will be a first step in clarify-
ing the vague, often confusing terminology that currently exists in the literature re-
garding LBBB after TAVR. 
 The clinical impact of new-onset LBBB after TAVR received substantial attention 
after a study in 2012 by Houthuizen et al reported higher one-year mortality in pa-
tients with new LBBB after TAVR with either ESV or MCV.5 However, multiple subse-
quent publications, including large cohorts of patients treated with both ESV and 
MCV, have failed to substantiate this finding.6-8 In contrast to these studies, Hou-
thuizen et al once again report an association of new-onset LBBB with mortality, this 
time with a median follow-up of 915 days. However, this finding must be interpreted 
with caution given the likely overlap of the current patient population with the pre-
viously published cohort and the failure of other groups to replicate the findings in 
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independent populations. Although there may be differences in definitions and pa-
tient characteristics that explain the discrepancy with other studies, it is also possi-
ble that the association of new LBBB with mortality is due to unidentified confound-
ers. Furthermore, given the known incomplete pacemaker dependency of patients 
who undergo PPI after TAVR, it is not clear that PPI within 30 days should be an ex-
clusion criterion when analysing the clinical impact of new LBBB. The ongoing de-
bate regarding the impact of new LBBB on mortality does not, however, imply that it 
is benign, given its association with PPI and impaired recovery of left ventricular 
function.6-8 Unfortunately, analyses of these additional endpoints was not possible in 
the current study. 
 The other important conduction disturbance after TAVR is complete atrioven-
tricular block and related conduction abnormalities requiring PPI. Contemporary 
studies have reported PPI rates ranging from 3 to 7% after isolated SAVR for AS.11,12 
Recent, large-scale meta-analyses have shown similar average PPI rates after TAVR 
with ESV (5.9 to 6.5%).13-15 However, PPI rates with MCV are reported to be signifi-
cantly higher (24.5-25.8%).13-15 Multiple studies have examined predictors of PPI af-
ter TAVR and have clearly established the use of MCV and pre-existing RBBB as the 
most reliable and potent predictors of PPI.13,16 More limited studies have identified 
an array of other electrocardiographic, anatomic, and procedural risk factors for PPI. 
Important among these are modifiable, procedural risk factors, such as depth of THV 
implantation.9,17 
 More recently, BAV has been identified as another potentially modifiable, proce-
dural risk factor for conduction disturbances after TAVR.18,19 While the incidence of 
PPI after isolated BAV is less than 1.5%, studies have shown that up to half of all 
conduction disturbances during TAVR occur prior to valve deployment, most often 
during BAV.20-22 As postulated by Lange et al, this suggests a “two-hit model”, in 
which an initial conduction system injury during BAV is exacerbated and becomes 
permanent due to a second injury from THV deployment. It is therefore rational that 
avoidance of BAV during TAVR may minimise conduction disturbances, including 
PPI. Several small pilot studies have now shown that TAVR with both MCV and ESV 
may be feasible without BAV and that this strategy may minimise conduction dis-
turbances.18,23 
 A prior, small study of patients treated with MCV showed that the ratio of the 
BAV balloon diameter, but not the THV prosthesis, to the aortic valve annulus was 
associated with conduction disturbances.22 The current study by Lange et al extends 
this work by analysing the impact of BAV balloon size on PPI in a larger cohort of 237 
patients without prior pacemaker who underwent TAVR with MCV. In this analysis, 
the overall incidence of PPI was 21.1%, but was significantly higher when a 25 mm 
balloon was used (27.1%) than when a 23 mm or smaller balloon was used (15.4%) 
for the BAV. Furthermore, when stratified by THV size (26 or 29 mm), there was a 
step-wise increase in PPI rate with each increase in balloon size. The association of 
balloon size with PPI remained significant after multivariable adjustment for differ-
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ences in baseline patient characteristics. Overall, these results suggest that pace-
maker rates after TAVR may be safely decreased by using the smallest possible BAV 
balloon. 
 There are several limitations of this analysis that should be considered. First, the 
rationale for choosing different balloon sizes in individual cases was not discussed. 
It remains possible that smaller balloons were utilised in patients in whom conduc-
tion disturbances or other complications were feared and that unidentified con-
founders, such as the burden of calcification, affected the result. The indications for 
PPI were also not provided, although the authors state that pacemakers were only 
placed at their institution for complete atrioventricular block or symptomatic brad-
ycardia. Finally, the potential impact of BAV size on THV valve areas and rates of 
paravalvular regurgitation were not investigated. Additional, prospective studiesare 
necessary to understand better the impact on clinical outcomes of minimising the 
balloon size or deferring BAV altogether. 
 Cardiac conduction disturbances, including LBBB and complete atrioventricular 
block or other abnormalities requiring PPI, are the most frequent complication of 
TAVR. The studies in this issue of EuroIntervention contribute to our understanding 
of the aetiology, time course, and clinical impact of conduction disturbances. Future 
studies should aim to further this understanding with a particular focus on clinical 
implications and modifiable risk factors. 
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Summary 

Left bundle branch block (LBBB) causes a delayed activation of the left ventricle (LV) 
which results in an uncoordinated LV contraction (interventricular dyssynchrony). 
This in turn induces immediate and persistent inhomogeneities in local myocardial 
strain and blood flow of both the septal and lateral wall, leading to a reduction in 
stroke work with subsequent progressive dilation and decrease in LV ejection frac-
tion (LVEF). Epidemiological studies have shown that LBBB is associated with an in-
creased cardiovascular morbidity and mortality in varying patient populations. Alt-
hough most of these studies were not able to demonstrate that LBBB is cause and not 
consequence of heart failure, insight from cardiac resynchronization therapy (CRT) 
has shown that reversal of LBBB-induced dyssynchrony restores LV function and re-
duces morbidity and mortality. 
 Transcatheter aortic valve implantation (TAVI) has rapidly emerged as a valua-
ble and evidence-based alternative to surgical aortic valve replacement (SAVR) in 
patients who do not qualify for surgery. Still, TAVI is associated with specific compli-
cations, such as amongst others, stroke, atrioventricular conduction disorders and 
LBBB. Given its effect on ventricular contraction, it is important to know the fre-
quency of LBBB, its nature (persistent or transient) and its effects on mortality. 
 In chapter 1 of this thesis, we outline the historical perspective of LBBB together 
with a description of its functional anatomy and pathophysiology in order to under-
stand why LBBB is a causative factor in the development of heart failure. We focus 
on the historical and contemporary controversies regarding the diagnosis of LBBB, 
followed by revision of studies investigating its clinical significance. The available 
data on the frequency of LBBB after aortic valve interventions, including TAVI and 
SAVR is presented together with the presumed mechanism of TAVI-induced LBBB. 
Finally, attention is paid to CRT, that is aimed at the correction or restoration of 
LBBB-induced dyssynchrony. While generally successful, the benefit for the individ-
ual patient varies considerably. We pay specific attention to the role of measuring 
the maximum rate of rise in LV pressure (LV dP/dtmax) to determine the acute hemo-
dynamic response to CRT and effect on long-term outcome. 
 The results of our study investigating the impact of TAVI-induced LBBB on mor-
tality are presented in chapter 2. In this multicentre registry of 679 TAVI patients, 
we demonstrated that TAVI-induced LBBB is a frequent postoperative conduction 
disorder occurring in more than one third of the patients. TAVI-induced LBBB oc-
curred about four times more frequently with implantation of the Medtronic 
CoreValve System (MCS) than with the Edwards SAPIEN (ES) device (51.1% and 
12.0%, respectively). During a median follow-up of 15 months, TAVI-induced LBBB 
was an significant and independent predictor of all-cause mortality irrespective of 
the device being used (hazard ratio, HR, 1.54). 
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 This first study focussed on the development of TAVI-induced LBBB within 7 
days after implantation, and did not address its resolution or occurrence over time. 
This was investigated in a subsequent observational multicentre international study 
encompassing 476 TAVI patients and is presented in chapter 3. We confirmed that 
TAVI-induced LBBB occurs in more than one third of the patients of which almost all 
developed before hospital discharge. At 1 year post-implantation, the conduction dis-
order was persistent in 63.4% (n=111) of patients who developed LBBB. As demon-
strated earlier, implantation of the MCS was associated with 2.5 times more LBBB 
than the ES device and also showed four times less recovery during follow-up. Per-
sistent LBBB was associated with a significant increase in all-cause mortality com-
pared to patients with no LBBB or temporary LBBB (HR, 1.49). 
 Our observation in chapter 2 indicating that the frequency of TAVI-induced LBBB 
after MCS implantation decreased with increasing entry time into the TAVI pro-
gramme, led us to the study described in chapter 4. The previously described study 
population of 476 TAVI patients was divided into three equally distributed cohorts 
of consecutive patients ranked in chronological order of implantation. For the three 
cohorts, we observed a significant decrease of any TAVI-induced LBBB over time 
(47.2%, 34.6% and 28.5%, respectively). Development of TAVI-induced LBBB was 
dependent on the device type and the decrease between the consecutive cohorts was 
only significant after MCS implantation. Parallel with this observation, was the find-
ing that there was a significant decrease in median depth of implantation, in partic-
ular after MCS valve implantation from the first to the latest cohort. The findings in-
dicate that experience as well as improved implantation techniques are responsible 
for the reduction in new LBBB. 
 Given the impact of TAVI-induced LBBB on mortality, we questioned the clinical 
significance of this conduction disorder after surgical aortic valve replacement 
(SAVR). This was subject of investigation of chapter 5, in which we retrospectively 
analysed pre- and postprocedural electrocardiograms (ECGs) of 1,764 patients who 
underwent SAVR in the Catharina hospital (Eindhoven, the Netherlands). SAVR-in-
duced LBBB occurred in less than 5% of the patients (n=71) and resolved in almost 
60% of patients at follow-up. This persistent SAVR-induced LBBB was not identified 
as a predictor of all-cause mortality, partly due to the low number of this conduction 
abnormality. This study shows that TAVI is currently inferior to SAVR with respect 
to the induction of conduction abnormalities. 
 In chapter 6, we report the first series of 31 patients who underwent implanta-
tion of the self-expandable stent-mounted Perceval S bioprosthesis. In this early re-
port, we found that new LBBB occurred in 40% of the patients with persistence in 
two-thirds of these patients. Although these results may, at least partly, be influenced 
by a learning curve, they indicate that the frequency of LBBB after implantation of 
the Perceval S prostheses is considerably larger than after SAVR. Notably, the Perce-
val S device has a similar design as the MCS device (self-expanding, nitinol frame). 
Despite removal of the native valve and its calcium, the Perceval S still induces new 
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LBBB. This suggest that trauma inflicted by the valve itself on the left ventricular out-
flow tract (LVOT) is a causative factor in the development of conduction disorders. 
 In chapter 7 we review a controversial topic in the area of cardiac resynchroni-
zation therapy (CRT), namely optimization of the atrioventricular (AV) and ventric-
ulo-ventricular (VV) interval. We discuss the physiological rationale for optimization 
and present available invasive and non-invasive methods and their limitations. 
 With the development of (CRT), the maximum rate of rise in LV pressure (LV 
dP/dtmax) was reintroduced as a surrogate for measuring contractility to determine 
the acute hemodynamic response to CRT. In chapter 8, we present the results of ret-
rospective observational study in 285 patients from the Catharina hospital (Eindho-
ven) and University Medical Center Utrecht, who underwent CRT implantation with 
subsequent optimization of the AV/VV interval using LV dP/dtmax. Neither the acute, 
nor the relative increase in LV dP/dtmax was associated with a decrease in mortality. 
The opposite was true for the absolute values of both LV dP/dtmax at baseline and 
after CRT optimization: a lower LV dP/dtmax value was a strong predictor of poor 
survival. 
 Chapter 9 recapitulates the main findings of present thesis and provides future 
perspectives. Controversies regarding the prognostic value of TAVI-induced LBBB 
are highlighted and causes for these discrepancies are discussed. We conclude that 
TAVI-induced LBBB does impact patient’s outcome and may prevented by increased 
experience and novel delivery systems enhancing more appropriate valve position-
ing and release. For patients who develop LBBB, we propose to withhold PPM or CRT 
implantation in the early postoperative phase given the often transient character of 
the conduction disorder. 
 From the data presented in present thesis, our main conclusion is that LBBB 
induced by aortic valve interventions is a serious adverse event that impacts pa-
tient’s outcome. The occurrence of LBBB is dependent on the intervention technique 
(TAVI versus SAVR), device (MCS and Perceval S versus ES), experience and/or im-
proved implantation techniques. This insight may be taken into account during pa-
tient selection and type of aortic valve intervention and in particular when choosing 
TAVI. 
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Samenvatting 

Het linker bundeltak blok (LBTB) kenmerkt zich door een vertraagde activatie van 
de linker hartkamer. Als gevolg van deze vertraging, verloopt de samentrekking (con-

tractie) van de hartspier ongecoördineerd (dyssynchronie). Er treden veranderingen 
op in het contractiepatroon van verschillende delen van de hartspierwand, met name 
tussen het kamertussenschot (septum) en de zijwand (laterale wand). Door de inef-
ficiënte samenwerking tussen de verschillende delen van de hartspier, treedt pro-
gressieve verwijding op van de linker hartkamer en gaat de pompfunctie achteruit. 
Epidemiologische studies hebben laten zien dat LBTB vaak gepaard gaat met een ho-
gere sterftekans in verschillende patiëntengroepen. Deze studies zijn meestal niet in 
staat een onderscheid te maken tussen “de kip en het ei”; het is niet duidelijk is of 
LBTB oorzaak dan wel gevolg is. Sinds deze eeuw bestaat er echter een behandeling 
die in staat is om het effect van LBTB te verminderen met een specifiek type pacema-
ker (cardiale resynchronisatietherapie, kortweg CRT). Deze therapie herstelt de 
pompfunctie van het hart en leidt tot een vermindering van de sterftekans. Dit is een 
indirect bewijs dat LBTB inderdaad minstens een deel van de oorzaak van hartfalen 
is. 
 Onafhankelijk van bovenstaande ontwikkelingen, is er in de afgelopen jaren een 
nieuwe behandeling gekomen voor patiënten met een ernstige vernauwing van een 
hartklep, meer bepaald de aortaklep. De transcatheter aortaklep implantatie (TAVI) 
maakt het mogelijk om een nieuwe hartklep te plaatsen zonder dat open-hart chirur-
gie noodzakelijk is. TAVI is een waardevol alternatief voor de klassieke hartoperatie 
bij mensen die daar niet voor in aanmerking komen (door bijvoorbeeld een te hoog 
risico). Toch is TAVI gekenmerkt door verschillende complicaties, zoals bijvoorbeeld 
beroerte en stoornissen in de impulsgeleiding waaronder LBTB. Gezien bovenge-
noemde kennis over LBTB in andere patiëntengroepen, vonden wij het belangrijk om 
meer te weten over de frequentie, aard en risico’s van het door TAVI veroorzaakte 
LBTB. 
 In hoofdstuk 1 van dit proefschrift, blikken we terug op de wetenschappelijke 
geschiedenis van het LBTB waarbij we ook diens anatomie en gevolgen beschrijven 
om zo beter te begrijpen waarom LBTB een belangrijke oorzaak is in de ontwikkeling 
van hartfalen. We stippen de historische en actuele tegenstrijdigheden in de litera-
tuur aan samen met een overzicht van relevante studies. De actuele kennis over het 
voorkomen van LBTB na ingrepen aan de aortaklep wordt besproken waarbij dieper 
ingegaan wordt op het vermoedelijke ontstaansmechanisme van het door TAVI ver-
oorzaakte LBTB. In het laatste deel ligt de focus op CRT als behandeling van LBTB. In 
het algemeen is dit een succesvolle therapie, maar het effect varieert sterk van pati-
ent tot patiënt. De mogelijkheid bestaat om tijdens implantatie van CRT het effect op 
de bloeddruk te meten. Hiertoe wordt de maximale waarde van de afgeleide van de 
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linker kamer drukcurve (LV dP/dtmax) gebruikt. Alhoewel dit een goede maat is van 
het acute effect van CRT, is het niet duidelijk of deze maat ook een voorspelling tot 
over de langetermijnprognose van de patiënt. 
 Hoofdstuk 2 vermeldt de resultaten van onze studie naar het gevolg van door 
TAVI veroorzaakte LBTB op de overlevingskansen van patiënten. In een bestand van 
679 TAVI patiënten uit acht centra in Nederland, toonden we dat het door TAVI ver-
oorzaakte LBTB een frequent voorkomende complicatie is en voorkomt in 34% van 
de patiënten. Het optreden wordt sterk bepaald door de gebruikte hartklepprothese 
want het komt vier keer meer voor na implantatie van de Medtronic CoreValve Sys-
tem (MCS) dan na implantatie van de Edwards SAPIEN (ES) hartklep (51,1% en 
12,0%, respectievelijk). Na een mediane duur van 15 maanden, bleek het door TAVI 
veroorzaakte LBTB een belangrijke voorspeller voor sterfte, en dit onafhankelijk van 
andere factoren die de sterftekans verhogen: patiënten met een door TAVI veroor-
zaakt LBTB hadden 55% meer kans om te sterven in vergelijking met patiënten zon-
der de geleidingsstoornis. De sterftekans veroorzaakt door LBTB was niet afhanke-
lijk van de gebruikte hartklepprothese (MCS of ES), anders gezegd het optreden van 
LBTB was in beide gevallen even slecht. 
 In deze eerste studie onderzochten wij het optreden van LBTB binnen 7 dagen 
na implantatie van de hartklepprothese en hebben we geen aandacht besteed aan 
het eventueel verdwijnen hiervan. In hoofdstuk 3 beschrijven we een vervolgonder-
zoek in 476 TAVI patiënten uit centra in Nederland en Canada. We bevestigden in 
deze studie dat het door TAVI veroorzaakte LBTB optreedt in meer dan een derde 
van de patiënten. Het LBTB manifesteerde zich bijna altijd voor ontslag uit het zie-
kenhuis. Eén jaar na de aortaklepbehandeling was het LBTB nog aanwezig in 63.4% 
van de patiënten die eerder het LBTB ontwikkelden. Ook in deze studie zagen we dat 
implantatie van de MCS prothese tot 2,5 maal meer LBTB leidde dan implantatie van 
de ES hartklep. Bovendien bleef het LBTB veroorzaakt door de MCS prothese vaker 
bestaan. Indien het door TAVI veroorzaakte LBTB persisteerde na een jaar, was er 
een hogere sterftekans voor deze patiënten in vergelijking met patiënten zonder 
LBTB of met een voorbijgaand LBTB. 
 In hoofdstuk 2 zagen we reeds dat het optreden van LBTB na implantatie van de 
MCS prothese afnam naarmate de ervaring met deze klepimplantatie steeg. Dit was 
reden tot de studie beschreven in hoofdstuk 4. De eerder beschreven groep van 476 
patiënten werd verdeeld in 3 gelijke cohorten na chronologische rangschikking in 
volgorde van implantatie. In deze 3 cohorten zagen we dat het optreden van LBTB 
daalde in de tijd (van 47,2% naar 34,6% naar 28,5%, respectievelijk). Daarnaast 
bleek opnieuw dat het optreden van door TAVI veroorzaakte LBTB afhankelijk was 
van de gebruikte hartklepprothese waarbij de afname van LBTB in de tijd alleen 
werd gezien bij de MCS prothese. Bij meer recentere implantaties, werden de hart-
kleppen ook minder diep in de linker hartkamer geplaatst; dit zou er op kunnen wij-
zen dat ervaring en verbeterde implantatietechnieken mede verantwoordelijk zijn 
voor het verminderd optreden van LBTB. 
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 Gezien het door ons vastgestelde effect van het door TAVI veroorzaakte LBTB op 
het sterfterisico, stelden we ons de vraag hoe vaak LBTB ontstaat na de klassieke 
aortaklepvervanging zoals deze wordt uitgevoerd door de hartchirurg. Ook wilden 
we weten of dit type LBTB een vergelijkbaar nadelig effect heeft op de sterftekans. 
Dit was onderwerp van het onderzoek in hoofdstuk 5. We vergeleken het hartfilmpje 
(electrocardiogram, kortweg ECG) voor en na een aortaklepoperatie in 1.764 patiën-
ten die geopereerd waren in het Catharina ziekenhuis te Eindhoven. Een nieuw LBTB 
trad op in minder dan 5% van de patiënten (n=71) en verdween bovendien in bijna 
60% van de gevallen. Ook hier stelden we vast dat de sterfte zo’n 40% hoger was in 
de groep met een nieuw LBTB, maar deze groep was te klein om hier betrouwbare 
uitspraken over te doen. Belangrijker was dat LBTB een zeer zeldzame complicatie 
van klassieke aortaklepvervanging was. Onze studie toont daarom aan dat TAVI on-
dergeschikt is aan de klassieke aortaklepoperatie voor wat betreft het ontstaan van 
geleidingsstoornissen zoals LBTB. 
 In hoofdstuk 6 rapporteren we de eerste resultaten van een nieuwe hartklep-
prothese, namelijk de Perceval S hartklepprothese. De Perceval S is, net als de MCS, 
gemonteerd in een geraamte van een geheugenmetaal (nitinol) en oefent dus conti-
nue druk uit op het omliggende weefsel. Een belangrijk verschil is dat bij implantatie 
van de Perceval S, de zieke en verkalkte hartklep van de patiënt zelf integraal wordt 
verwijderd; desondanks treedt LBTB nog steeds frequent op. In de eerste serie van 
31 patiënten stelden we vast dat een nieuw LBTB optrad in 40% van de patiënten 
waarbij de geleidingsstoornis bleef bestaan in twee derde van de gevallen. Alhoewel 
deze resultaten beïnvloed kunnen zijn door het effect van training (leercurve), sug-
gereert dit dat het optreden van LBTB bij de Perceval S veel frequenter is dan met de 
klassieke hartklepprothesen. Een en ander doet vermoeden dat kleppen zoals Perce-
val S en MCS lokale beschadiging veroorzaken in de buurt van de linker bundeltak. 
 De negatieve effecten het LBTB op de pompfunctie van het hart, kunnen groten-
deels opgeheven worden door het toepassen van CRT. Eén van de problemen bij deze 
behandeling is dat ongeveer een derde van de patiënten geen verbetering laat zien 
in pompfunctie. Meer en meer is men tot het besef gekomen dat CRT dan ook “maat-
werk” is, aangepast aan de individuele patiënt. Een deel van deze behandeling op 
maat bestaat in het optimaliseren van de pacemakerfunctie waarbij geprogram-
meerd wordt wanneer de beide hartkamers dienen samen te trekken. In hoofdstuk 

7 beschrijven we dat deze optimalisatie nodig is om een zo natuurlijk mogelijk wer-
king van het hart te garanderen. We laten echter ook zien, dat er tot op heden geen 
goede manier beschikbaar is om de pacemaker op een effectieve manier te program-
meren. 
 Zoals eerder beschreven, beleefde meting van LV dP/dtmax een herintroductie 
met de ontwikkeling van CRT en dan met name als surrogaat om de contractiliteit 
van de linker hartkamer te bepalen als maat voor het acute effect van CRT. In hoofd-

stuk 8 beschrijven we een studie in 285 patiënten die CRT implantatie onderging in 
het Universitair Medisch Centrum Utrecht of het Catharina ziekenhuis in Eindhoven. 
We stelden vast dat noch de absolute noch de procentuele toename in LV dP/dtmax 
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door CRT een voorspeller was voor de sterftekans op langere termijn. De absolute 
waarde van LV dP/dtmax voor en na CRT implantatie was dit echter wel: hoe lager LV 
dP/dtmax hoe slechter de overlevingskans van de patiënt. Met andere woorden, de 
uitgangspositie van de patiënt is bepalend voor zijn of haar prognose waarbij pati-
enten met een slechtere pompfunctie van het hart (uitgedrukt in LV dP/dtmax) een 
lagere overlevingskans hebben. Het acute effect van CRT gemeten door middel van 
LV dP/dtmax is weliswaar niet voorspellend voor de overleving, maar hierbij dient 
opgemerkt dat er tussen dit acute effect en het lange termijn effect vele andere fac-
toren van invloed kunnen zijn op de prognose.  
 Hoofdstuk 9 vat de belangrijkste bevindingen van dit proefschrift samen en 
plaatst deze in een toekomstperspectief. Het effect van door TAVI veroorzaakte LBTB 
op de sterftekans blijkt een controversieel onderwerp te zijn, daarom proberen we 
een verklaring te geven voor de tegenstrijdige bevindingen op dit gebied in de we-
tenschappelijke literatuur. In veel studies werden patiënten die na TAVI een pace-
makerimplantatie niet uitgesloten van statistische analyse; het is juist het bescher-
mend effect van de pacemaker op plotseling overlijden dat het effect van LBTB op de 
sterftekans beïnvloedt. Ook is de diagnose van LBTB niet eenvoudig waardoor pati-
ënten ten onrechte als LBTB geclassificeerd kunnen worden. Onze conclusie is dat 
het door TAVI veroorzaakte LBTB een invloed heeft op de prognose van de patiënt, 
waarbij het optreden van LBTB voorkomen kan worden door training en verbeterde 
implantatietechnieken die leiden tot een betere positionering van de prothese. CRT 
is in staat om het effect van LBTB grotendeels te reduceren waarbij de prognose van 
de patiënt verbetert. Er zijn ook in de wetenschappelijke literatuur enkele gevallen 
beschreven waarbij CRT een gunstig effect had bij patiënten die hartfalen ontwikkel-
den onder invloed van een door TAVI veroorzaakt LBTB. Als een patiënt daarom een 
LBTB ontwikkelt dat niet verdwijnt in de tijd, lijkt het raadzaam om implantatie van 
CRT te overwegen. 
 Onze belangrijkste conclusie gebaseerd op de gegevens in het huidige proef-
schrift luidt: LBTB dat ontstaat tijdens een behandeling van de aortaklep is een ern-
stige complicatie en beïnvloedt de prognose van de patiënt. Het optreden van LBTB 
is sterk afhankelijk van de techniek (TAVI of klassieke aortaklepvervanging), de hart-
klepprothese (MCS en Perceval S in vergelijking met ES) en/of verbeterde implanta-
tietechnieken. Deze bevindingen zouden mede bepalend kunnen zijn bij de keuze van 
het type aortaklepbehandeling voor de individuele patiënt en dan met name bij de 
keuze voor TAVI. 
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Dankwoord 

Serendipiteit is het sleutelwoord voor het onderzoekstraject dat aan dit proefschrift 
voorafgegaan is. Niemand had tevoren geanticipeerd dat de nadruk uiteindelijk op 
aortaklepinterventies en bijhorende complicaties zou komen te liggen. In de aanloop 
zijn er dan ook vele andere projecten geweest waarbij een groot aantal personen 
hebben bijgedragen aan mijn klinische en wetenschappelijke vorming. Ik zou dan 
ook graag iedereen willen bedanken die op directe of indirecte wijze hebben meege-
werkt aan de totstandkoming van het huidige manuscript. 
 Naast serendipiteit speelden ook toevalligheden een belangrijke rol. Alhoewel 
geboren in Maastricht, dacht ik na het afronden van mijn middelbare schoolperiode 
nooit meer terug te keren naar Zuid-Limburg. Uitgeloot voor de studie geneeskunde, 
dwaalde ik in de zomer van 1994 rond in Utrecht zoekende naar een kamer als aan-
staand student biologie. Mijn ouders wisten mij evenwel te overtuigen om in België 
de opleiding geneeskunde aan te vangen. In 2008 leidde een ontmoeting tussen twee 
bekende onbekenden op een luchthaven in de Verenigde Staten tot het begin van 
mijn huidige onderzoekstraject en keerde ik geheel onverwacht terug naar Maas-

tricht. Een door linker bundeltak blok gebiologeerde fysioloog (nota bene afgestu-
deerd in Utrecht…) en een interventiecardioloog uit België met een voorliefde voor 
artikelen in een korte, mannelijke en sexy stijl, werden de sturende kracht achter het 
huidige eindresultaat.  
 En dan, aan het eind van de werkdag, is het altijd weer gezellig samen zijn met 
mijn vier lieve vrouwen in ons fijne huisje. Het bewijst voor mij dat geluk immaterieel 
is. Gelukkig maar… 
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Abbrevations 

6MWT six-minutes walking test 
AHA American Heart Association 
AL anterolateral 
AMI acute myocardial infarction 
ANOVA analysis of variance 
AP atrial pacing 
AV atrioventricular 
AVR aortic valve replacement 
BL baseline 
BLOCK-HF Biventricular versus Right Ventricular Pacing in Heart Failure 

Patients with Atrioventricular Block 
bpm beats per minute 
CABG coronary artery bypass grafting 
CARE-HF Cardiac Resynchronization in Heart Failure 
CASS Coronary Artery Surgery Study 
CCF Cleveland Clinic Foundation 
CHE Catharina Hospital Eindhoven 
CHF chronic heart failure 
CI confidence interval 
CLEAR Clinical Evaluation of Advanced Resynchronization 
COMPANION Comparison of Medical Therapy, Pacing and Defibrillation in 

Heart Failure 
COPD chronic obstructive lung disease 
CRT cardiac resynchronization therapy 
CRT-D cardiac resynchronization therapy with defibrillator 
CRT-P cardiac resynchronization therapy with pacemaker 
CVA cerebrovascular accident 
DAVID Dual Chamber and VVI Implatable Defibrillator 
DECREASE-HF Device Evaluation of Contak Renewal 2 and Easytrak 2: Asses-

ment of Safety and Effectiveness in Heart Failure 
ECC extracorporeal circulation 
ECG electrocardiogram 
EGM electrogram 
ES Edwards SAPIEN 
ESC European Society of Cardiology 
ET ejection time 
EuroSCORE European System for Cardiac Operative Risk Evaluation 
F female 
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FREEDOM Frequent Optimization Study Using the QuickOpt method 
HERO-2 Hirulog and Early Reperfusion or Occlusion-2 
HF heart failure 
HTX heart transplantation 
IABP intra-aortic balloon pump 
ICD intracardiac defibrillator 
ICT isovolumetric contraction time 
IHA Icelandic Heart Association 
IHF Irish Heart Foundation 
IQR interquartile range 
IRT isovolumetric relaxation time 
IVCD intraventricular conduction delay 
JPEG Joint Photographics Expert Group 
L lateral 
LAHB left anterior hemiblock 
Lat lateral 
LBBB left bundle branch block 
LBTB linker bundeltak blok 
LIFE Losartan Intervention for Endpoint Reduction in Hypertension 
LPHB left posterior hemiblock 
LV left ventricle 
LV dP/dtmax maximum rate of rise in left ventricular pressure 
LVAD left ventricular assist device 
LVEF left ventricular ejection fraction 
LVESV left ventricular endsystolic volume 
LVOT left ventricular outflow tract 
M male 
MADIT Multicenter Automatic Defibrillation Implantation Trial 
MCO mitral closure to opening 
MCS Medtronic CoreValve System 
MI myocardial infarction 
MOST Mode Selection Trial 
MPI myocardial performance index 
msec millisecond 
no. number 
nQRS narrow QRS 
NS non-significant 
NYHA New York Heart Association Class 
OR odds ratio 
P posterior 
PAD peripheral artery disease 
PAMI Primary Angioplasty in Myocardial Infarction 
PARTNER Placement of Aortic Transcatheter Valve 
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PATH-CHF Pacing Therapies for Congestive Heart Failure 
PAV paced atrioventricular 
PCI percutaneous coronary intervention 
PDF Portable Document File 
PEA peak endocardial acceleration 
PL posterolateral 
PPM permanent pacemaker 
PRAGMATIC Pooled Rotterdam-Milano-Toulouse In Collaboration 
RBBB right bundle branch block 
RESPONSE-HF Response of Cardiac Resynchronization Therapy Optimization 

With Ventricle to Ventricle Timing in Heart Failure Patients 
RHYTHM-II Resynchronization for the Hemodynamic Treatment of Heart 

Failure Management II 
RIKS-HIA Register of Information and Knowledge about Swedish Inten-

sive Care Admissions 
RR relative risk 
RV right ventricle 
RVP right ventricular pacing 
SAV sensed atrioventricular 
SAVR surgical aortic valve replacement 
SD standard deviation 
SD standard deviation 
Sep septal 
SMART-AV SmartDelay determined Atrioventricular Optimization 
SPSS Statistical Package for Social Sciences 
SPWMD septal to posterior wall motion delay 
SU AVR sutureless aortic valve replacement 
SW stroke work 
TAVI transcatheter aortic valve implantation 
TDI tissue Doppler imaging 
THV transcatheter heart valve 
UK United Kingdom 
UMCU University Medical Center Utrecht 
US United States 
VARC Valve Academic Research Consortium 
VTI velocity time integral 
VV ventriculo-ventricular 
WWII World War II 
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