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General introduction and outline of the thesis

Gerben J. de Roest

9

Chapter 1

THE HEART FAILURE SYNDROME
Chronic systolic heart failure (HF) is defined, clinically, as a s yndrome in which
patients have typical symptoms (e.g. breathlessness, ankle swelling, and fatigue)
and signs (e.g. elevated jugular venous pressure, pulmonary crackles, and
displaced apex beat) resulting from an abnormality of cardiac structure or function.

1

In the majority of patients the functional cardiac disorder is caused by ischemic heart
disease. However, other causes include hypertension, valvular heart disease or
2

primary idiopathic cardiomyopathy. The presence of clinical signs and symptoms
varies among patients or can be absent in an early stage of disease or due to
treatment. Demonstration of an underlying cardiac cause is therefore central to the
diagnosis of HF. The HF syndrome is an ongoing process in which cardiovascular
and renal adaptation mechanisms try to preserve cardiac output and consequently
organ perfusion. However, due to the increased preload and afterload, further
increase of wall stress will result in progressive left ventricle (LV) dilatation. One of
the consequences of this predominantly spherical LV dilatation is stretch of the
mitral annulus and papillary muscle apparatus leading to increasing mitral
regurgitation. This process of continuing LV dilatation will eventually result in
3

progressive HF and finally end-stage HF.

In The Netherlands, prevalent cases of HF now exceed 159.000 and each year
39.400 new cases are diagnosed. In 2010 clinical admissions for HF were around
30.000 and this number continues to rise. The total expenditures at which this
occurs are around 6.6% of all heart and vessel disease costs. The prognosis is that
a better survival of coronary artery disease, changing demographics, better
diagnostics and higher prevalence of obesity and diabetes in the general population
4

will lead to a higher burden of HF in the near future. Despite treatment including risk
factor reduction, lifestyle advice and m edications such as diuretics, beta-blockers,
angiotensin

converting

enzyme

inhibitors

and

characterized by high morbidity and mortality rates.

spironolactone,

HF

is

still

5,6,7,8

ASSESSMENT OF PUMP FUNCTION IN HEART FAILURE
It is essential for the diagnosis of heart failure, monitoring of disease progression
and evaluating treatment success, to assess the pump function of the heart
accurately. Non-invasive imaging techniques such as echocardiography and cardiac
magnetic resonance imaging (CMR) clinically play an important role in assessment
of abnormalities in cardiac structure and function in heart failure. However, invasive

10
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LV pump function assessment has played a c entral role in the understanding of
cardiovascular pathophysiology and the introduction of new therapies. The invasive
hemodynamic study is considered the gold standard for evaluation of LV pump
9

function as well as response to therapy (e.g. cardiac pacing).

Hemodynamic pump function is expressed in terms of LV pressure and volume
and various hemodynamic parameters can be derived from the LV pressure and
volume changes during the cardiac cycle (figure 1). From the LV pressures and
volumes during the cardiac cycle, the so-called pressure-volume (or pressurevolume loop) can be constructed (figure 1, right hand panel).

Figure 1 shows a schematic drawing of the ECG, left ventricular pressure (LVP) and left ventricular
volume (LVV) throughout a normal cardiac cycle on the left side. The grey shaded parts represent the
isovolumic contraction and r elaxation phase. The right-sided diagram shows a s chematic loop of the
combined LVP and LVV.

Figure 2 shows an example of a series of PV-loops (i.e. several successive cardiac
beats each generating a loop in a counter-clockwise manner), in which the phases
of the cardiac cycle and t he moments of valve opening and closure are depicted.
Several physiologically relevant hemodynamic parameters such as stroke volume,
cardiac output, ejection fraction, myocardial contractility and left ventricular work can
be determined from these loops.

11
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Figure 2 shows a schematic figure of a pressure volume loop, with volume on the x-axis and pressure on
the y-axis.

Two indices generally used to quantify LV pump function are maximum systolic
pressure rise (dP/dtmax) and stroke work (SW). DP/dtmax is a measure for contractility
often used for quantification of myocardial function. It is easily obtained since it is
derived from pressure measurements during the isovolumic contraction phase only.
Thus, it discards the larger part of the cardiac cycle as well as volumes, thereby
possibly offering an incomplete assessment. Overall LV pump function can be
quantified by SW or the external work delivered per heartbeat. Stroke work is
9

calculated as the area of a PV-loop. Therefore, SW comprises all phases of the
cardiac cycle. Left ventricular systolic function can further be q uantified by end9

systolic elastance (Ees) or contractility. End-systolic elastance can be assessed by
connecting the left upper corners of the PV-loop (the ESV) under varying loading
conditions. Also, Ees can be estimated using single PV-loop techniques, avoiding
vena cava occlusions or fluid challenges in the end-stage HF patient.

10

Similarly,

diastolic function can be quantified by assessment of end diastolic elastance (Eed).

12
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CONDUCTION DISORDERS AND DYSSYNCHRONOUS CONTRACTION
IN HF
In the normal heart, every heartbeat is initiated in the sinus node. Subsequently, the
atria, the atrio-ventricular (AV) node and both ventricles are activated. The normal
activation of the ventricles starts with activation of the His-bundle by the AV node,
which at the level of the basal septum splits into a r ight and a left bundle branch.
These bundle branches extent to the myocardium where they merge into a network
of subendocardially located Purkinje-fibers. The Purkinje-fiber endings directly
contact with ventricular myocytes. This specialized cardiac conduction system
ensures a very rapid (2-4m/s) and a synchronous activation of the ventricular
myocardium which is essential for adequate pump function.
The conduction system of the heart can be impaired. A left bundle branch block
(LBBB) causes delayed activation of the left ventricle. The impulse is transferred by
slow myocyte to myocyte conduction (0.5m/s), instead of by the rapid conduction
system. The part of the left ventricle that is furthest away, typically the posterolateral (PL) wall is then activated considerably later than the early activated
septum.

11

As a r esult of delayed activation, the contraction of the LV lateral wall starts
substantially later than septal contraction. Typically, when the septum contracts the
opposite lateral wall is still inactive and is stretched outward. Subsequently, the prestretched lateral wall is activated and starts contracting. Owing to the relative early
ending of septal contraction and the relatively larger force of the pre-stretched lateral
wall, the septum in turn is stretched outward into the right ventricle, as shown in
figure 3.

12
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Figure 3 shows the baseline segmental strain curves of the septum (in blue) and the lateral wall (in green)
as a function of time. The vertical lines indicate valve opening and closure times (avo = aortic valve
opening; avc = aortic valve closure; mvo = mitral valve opening).

In diastole (isovolumic relaxation period), an opposite pattern can be observed.
When the contraction of the lateral wall ends, usually after closure of the aortic
valve, the stretched septum shows a rebound shortening opposite to the relaxation
of the lateral wall.

13

Dyssynchronous contraction and r elaxation have an unfavourable effect on LV
pump function effectiveness.

14,15,16

This generally results in a lower dP/dtmax and a

prolonged isovolumic contraction phase. The isovolumic relaxation time is
prolonged, reflected by a lower rate in diastolic pressure fall (dP/dtmin) and a higher
time constant of relaxation (tau).

17,18,19

Maximum LV systolic pressure and the total

ejection time period usually remain equal. The prolongation of systole and the
isovolumic relaxation period result in a marked shortening of the diastolic filling
phase. Forward stroke volume (SV) might be further diminished in case of mitral
regurgitation, which is commonly present due to asynchronous activation of the
mitral valve apparatus and progressive LV dilatation.

20

Previous studies have shown

a decrease in LV contractility as well as SW by dyssynchronous contraction.

21 22

The

Ees was shifted to the right and downward as compared with patients with
synchronous contraction. The influence of dyssynchrony on the Eed is poorly
studied.
In time, the LV remodels with increasing end systolic volume (ESV) as well as
end-diastolic volume. In rest, SV and blood pressure might be preserved. A typical
example of a HF PV-loop is shown in figure 4.

14
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Figure 4 shows a schematic drawing of two pressure-volume (PV) loops. In green a PV-loop of a patient
without heart failure. In red, a PV-loop of a patient with end-stage heart failure.

CARDIAC RESYNCHRONIZATION THERAPY
On top of optimal medical therapy, pacing therapy for HF was introduced in the
nineties of the last century. The idea that the delayed LV lateral wall could be preexcited by electrical stimulation fuelled the introduction of cardiac resynchronization
therapy (CRT). Pre-excitation of the lateral wall was thought to restore the
coordinated contraction of the LV wall and reverse the detrimental effects of
uncoordinated

and

inefficient

pump

function.

Early

studies

showed

that

resynchronizing LV timing by stimulating the LV lateral wall was feasible.

23,24

Biventricular DDD pacing in comparison with intrinsic conduction significantly
improved cardiac performance in terms of acute hemodynamics in patients with
25

severe HF.

Gras et al. showed a significant improvement in NYHA functional class,

quality of life score and distance covered during a 6-minute walk test.
showed reverse HF progression and reverse remodelling of the dilated LV.

26

Others

27
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Following the promising results of the aforementioned early single centre trials, large
multicentre studies were performed. Patients with advanced HF, optimal medical
treatment and c onduction delay, treated with CRT showed significant improvement
in functional class, walking distance, quality of life and treadmill testing compared to
control patients.

28,29,30

CRT-D improved functional status in patients indicated for an

ICD compared to ICD alone.
severely dilated LV.

28,31

31,32

In addition, CRT caused reverse remodelling of the

Moreover, randomized trials demonstrated a r eduction in

mortality in patients treated with CRT. The Companion trial showed that CRT
decreased the combined risk of death from any cause or first hospitalization and,
when combined with an implantable defibrillator, significantly reduced mortality.

33

The CARE-HF study confirmed that CRT improved symptoms and the quality of life,
and reduced complications and the risk of death.

34

The above mentioned data apply to patients with advanced HF (NYHA class
III/IV). More recently, the same favourable effects were shown for patients with
milder HF (NYHA class I/II). CRT was shown to improve composite clinical
response, lead to improvement in cardiac structure and function and to decrease of
the risk of heart-failure events.

35,36,37

On the other hand, the benefit of the individual patient in terms of clinical yield
and structural improvement can be l ess apparent. Typically, clinical response is
defined as showing a NYHA class improvement, or a >15% increase in quality of life
score, >10% progress in 6-minute walking distance or a c ombination of the above
(clinical composite score).

38

However, there is no agreement in specific end-points

between most studies. Considering these rather flexible clinical end-points, overall
39

clinical response still is reported only between 70-80%.

In terms of structural LV

improvement, figures are even worse. Usually structural improvement or reverse
remodelling is measured by a reduction in ESV. End-systolic volume reduction
values vary between studies between a cut-off of 10-15%. Based on these cut-offs,
response is reported between only 50-60% in large clinical trials.

39

In addition, a part

of the patients which were classified as non-responders showed marked pump
function deterioration during follow-up. These so-called reverse responders have
been reported up to 20%.

40

It is unknown whether the LV deterioration was due to

progression of the underlying disease or to CRT treatment. However, experimental
studies showed that CRT could deteriorate LV pump function in a small subgroup of
patients.

41

Therefore, individual patients could experience negative effects of CRT.

Since patients may not benefit from the therapy, it is important to consider the
downsides of device implantations. A recent meta-analysis showed a CRT implant
success rate of 94.4%; peri-implantation deaths occurred in 0.3% of trial

16
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participants, mechanical complications in 3.2%, lead problems in 6.2%, and
infections in 1.4%.
replacement.

43,44

substantial costs.

42

The rate of infection might even be higher during device

Furthermore, the sophisticated device implantations come at
45

SELECTION OF PATIENTS FOR CRT
Accurate selection of patients can reduce the amount of non-response to CRT.
Patients are currently selected according to the European Society of Cardiology
(ESC) guidelines on cardiac pacing and cardiac resynchronization therapy.

46

Patients with a depressed pump function (EF<35%), a LBBB with a QRS duration of
>150ms, who are in NYHA class II, III or ambulatory IV despite optimal medical
treatment have a class IA indication for CRT. For similar patients with a Q RS
duration 120-150ms the level of evidence is lower (IB). For similar patients with a
QRS duration of >150ms but without a typical LBBB, the level of evidence is IIa-B.
Chronic HF patients with a depressed pump function (EF<35%), a non-LBBB pattern
and QRS duration between 120-150ms who are in NYHA class II, III or ambulatory
IV despite optimal medical treatment have a class IIb-B indication for CRT. All other
chronic HF patients are not recommended for CRT.
Selection of patients based on el ectrical dyssynchrony (i.e. QRS duration) has
been one of the cornerstones since the introduction of the therapy. The QRS
duration was shown to be a good representative and an easily to obtain measure of
electrical dyssynchrony. However, correlation of QRS duration and clinical and
echocardiografic response to CRT was shown to be moderate.

47

It seems logical that in order to restore a dyssynchronous LV contraction, actual
mechanical dyssynchrony at baseline has to be present. Bearing that in mind, a vast
amount of research has been performed to establish the value of LV mechanical
48,49

dyssynchrony parameters for the prediction of CRT response.

Mechanical

dyssynchrony can be as sessed by non-invasive imaging modalities that are
frequently used in clinical cardiology: echocardiography, cardiac magnetic
resonance (CMR) imaging and nuclear imaging. Echocardiographic techniques
provided the most practical approach to evaluate LV dyssynchrony. These
techniques include M-mode and Doppler echocardiography as well as tissue
Doppler imaging (TDI) with post-processing imaging techniques such as strain,
strain rate, tissue tracking, two-dimensional (2D)-derived strain analysis and 3D
echocardiography. Although single centre studies suggested otherwise, multi-center
studies showed that echocardiografic measures of dyssynchrony did not have an

17
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incremental value on i mproving response rates to CRT.

50,51

Recently, mechanical

discoordination (opposing shortening and stretch within the LV) has proven to be a
52,53,54,55,56

more powerful tool to predict CRT response than timing indices.

Indices

that reflect this discoordination such as Systolic Rebound Stretch and Internal
Stretch Factor are based on regional fiber strain and showed a close relation with
CRT response in single center studies.

53,54,55,57

However, for these parameters, as

well as for CMR or nuclear imaging derived measures of dyssynchrony, no
multicenter study has been performed to establish actual predictive value.

HEMODYNAMIC EVALUATION OF THERAPY
Preceding the large randomised clinical trials, initial proof of principle CRT-studies
used hemodynamic endpoints. Kass et al. showed that CRT improved dP/dtmax by
23.7+/-19.0% and pu lse-pressure by 18.0+/-18.4%.

58

With the failure of many

electrical and mechanical dyssynchrony response parameters to predict CRT
response a refocus emerged on e valuation of hemodynamic pump function.

59

Evaluating hemodynamic pump function, both LV pressure derived measures or LV
pressure combined with volume derived measures can be used. The LV pressure
can be assessed separately by a pressure wire or combined with LV volume by a
pressure-volume (PV) catheter (figure 5). The most simple and widely used
parameter is dP/dtmax., whereas the more comprehensive parameter is SW, which
takes slightly more effort to obtain.
Hemodynamic measurements can be used for reliable assessment of response
to therapy. In a broad spectrum of treatment options such as medical, surgical and
in device therapy, hemodynamic measurements have proven their value in response
assessment.

60

Also, pressure-volume loops have been used to study the effect of

CRT. Steendijk et al. showed the treatment effect on the long term.

61

While others

showed the hemodynamic evaluation of applying an extra LV lead in chronically RV
paced patients.

62

However, clinical hemodynamic evaluation of CRT response for

guiding LV lead placement or for optimization of pacing settings is still scarce.

18
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Figure 5 shows a s chematic drawing of the heart with a c onductance catheter positioned through the
aortic valve with the pig-tailed tip of the catheter in the apex. The conductance methodology is based on
the measurement of the electrical conductance of the blood contained in the LV cavity. To achieve this, a
catheter holding 12 el ectrodes is placed along the central axis of the LV. The two most proximal and
distal electrodes generate an electrical field and the voltage gradients are picked up pair-wise by the eight
electrodes in between. The resulting seven conduction signals represent the segmental volumes of the
LV. The total LV volume is calculated as the sum of segmental volumes. The relative volumes can be
calibrated using absolute volumes derived by e.g. cardiac magnetic resonance imaging or
echocardiography. The catheter also contains a s olid-state, high fidelity pressure sensor to measure
instantaneous LV pressure. Data derived from the pressure-conductance catheter can be monitored and
analyzed using dedicated equipment, for instance the cardiac function lab CFL- 512 (CD Leycom,
Zoetermeer, The Netherlands).

CONCLUSIONS
The HF syndrome is a still growing health care problem with an expected increase in
incidence and prevalence. A substantial amount of HF patients have an impaired
conduction system (LBBB) which leads to a dyssynchronous contraction of the LV. A
dyssynchronous contraction (further) impairs LV function and pump efficiency. Both
systolic and diastolic hemodynamic parameters, in terms of LV pressure and
volume, are decreased in dyssynchronous LV contraction. Theoretically, pre-

19
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excitation by CRT leads to restoration of synchronized and efficient LV contraction.
Although RCTs showed significant reduction in morbidity and mortality, treatment
success is still hampered by high non-response rates. Efforts to optimize the
selection criteria such as measures of mechanical dyssynchrony failed to improve
response rates.
The invasive hemodynamic study is considered the gold standard in the
evaluation of LV pump function and in the evaluation of the response to therapy.
Small studies showed the potential of pressure-volume derived measures in
assessment of response to CRT. However, the literature on acute hemodynamic
improvement

in

patients

with

end-stage

HF,

LV

conduction

delay

and

dyssynchronous LV contraction treated with CRT is still limited. In addition, the
relationship between the different acute hemodynamic parameters and l ong-term
response to CRT is ambiguous and a topic of ongoing debate. Furthermore, the
relationships between acute hemodynamic response and degree of conduction
delay, location of therapy delivery and LV tissue characteristics is still unclear. This
is important since hemodynamic measurements might serve as a c linical tool to
guide LV lead placement and to optimize pacing settings.

AIMS AND OUTLINE OF THE THESIS
This thesis describes several invasive hemodynamic studies of CRT in end-stage
HF patients with special attention to conduction delay, LV mechanical and tissue
properties as assessed by CMR imaging, the clinical setting and the relationship of
acute hemodynamics with long-term response to therapy. The general aims were as
follows:
• To advance the understanding of hemodynamic improvement of left
ventricular (LV) pump function during CRT.
• To study the relationship between acute hemodynamic response and l ong
term benefit of CRT.
• To study the relationship of hemodynamic improvements, LV pacing
location(s) and LV tissue characteristics, as assessed by CMR.
The end-stage HF patients studied in this thesis were recruited from the temporary
biventricular stimulation database (TBS) or enrolled in the E-pot study, a dual-centre
(VUmc Amsterdam, and I sala klinieken Zwolle, the Netherlands), prospective,
feasibility, non-randomized pilot study on the acute hemodynamics of pacing. All

20
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patients were referred from primary hospitals or were from our own clinic and
frequented the specialized out-patient HF clinic. Consequently, all patients received
optimal medical treatment. State of the art imaging of the heart was performed, such
as 3D-echocardiography and cardiac magnetic imaging to evaluate LV pump
function and tissue characteristics. Myocardial scar and def ormation are assessed
using late gadolinium enhancement imaging and myocardial tissue tagging
techniques.
Left ventricular pump function and acute change in pump function are assessed
by invasive pressure-volume loop evaluation, using state-of-the-art LV conductance
catheters. Pacing therapy is delivered during a temporary pacing protocol by which
the LV is stimulated using varying pacing combinations and locations of right
ventricular and LV pacing leads. The definite biventricular device was implanted
according to common clinical practice in a second procedure. Clinical and
echocardiographic follow-up was performed after six months. During post-hoc
analysis the clinical, the imaging and the hemodynamic data are related.
Chapter 2 describes a s tudy which evaluates the agreement between different
parameters used to assess acute hemodynamic response to CRT. The hypothesis is
that the agreement between parameters is poor. In chapter 3, the relation between
the acute hemodynamic response parameters and the long-term response to CRT is
investigated. It was hypothesized that acute hemodynamic response predicts longterm response to CRT and the more comprehensive hemodynamic parameter (SW)
is superior in the prediction of response. Chapter 4 evaluates the relation between
acute pump function improvement, the degree of conduction delay and the influence
of pacing location. The hypothesis is that the degree in conduction delay is positively
related to hemodynamic response. In chapter 5, the relation of baseline
hemodynamic parameters and ac ute hemodynamic improvement is studied. It is
hypothesized that the level of baseline pump function is negatively related to pump
function improvement during CRT. In chapter 6, the relation between myocardial
scarring, the location of pacing and ac ute pump function is studied. It is
hypothesized that pacing at the location of scarred myocardium is unfavorable for
LV pump function and relocating the LV lead to viable myocardium improves pump
function within the same ischemic CRT patient. In chapter 7, different LV pacing
strategies are compared. The hypothesis is that an optimal LV site is superior to
bifocal LV stimulation in terms of acute pump function improvement. Chapter 8
evaluates the influence of the loss of normal LV rotational capacities in relation to
acute response to CRT. The hypothesis is that that the loss of opposite basal and
apical rotation in end-stage HF patients predicts response to CRT. Chapter 9

21
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evaluates the relation of myocardial inefficiency or waste at baseline and the
potential of acute hemodynamic improvement. It is hypothesized that a high septal
waste at baseline enables CRT to improve LV pump efficiency and thus acute
response to CRT. The finalizing chapter 10 provides a general discussion of the
findings in this thesis and a clinical perspective. Also, future perspectives are
discussed.

22
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ABSTRACT
Background: Cardiac resynchronization therapy (CRT) is characterized by a ~30%
non-response. Invasive hemodynamic measurements are a t raditional method to
evaluate response to CRT. This study evaluates the correlation between acute
changes in dP/dtmax and Stroke Work (SW) during CRT.
Methods: Thirty-four CRT candidates were hemodynamically evaluated by pressurevolume loop analysis during biventricular pacing.
Results: Mean dP/dtmax and S W at baseline were 854±198 and 5186±2349, and
displayed an increase during pacing of 106±117 mmHg/s (13%±14%) and
1303±3039 ml/mmHg (30%±52%), respectively. No correlation was found between
the percentage change in dP/dtmax and SW (R=0.06, P=ns). When defining response
an augmentation of 10% relative to baseline for both parameters, 16 patients
demonstrated an ambiguous response.
Conclusion: Although both parameters display an average increase during pacing,
the change relative to baseline values of SW and dP/dtmax is not related.

INTRODUCTION
Cardiac resynchronization therapy (CRT) has become an es tablished treatment
strategy for recurrent symptomatic heart failure patients with impaired cardiac
function and conduction delay. However, approximately 30%-40% of these patients
do not respond to this therapy. Unfortunately, attempts to improve the response rate
1

using the non-invasive assessment of either the extent of conduction delay or
echocardiografic derived measures of mechanical dyssynchrony have shown to be
of limited value.

2

Traditionally, acute response to CRT has been evaluated by invasive
hemodynamic measurements, most commonly the change in maximum rate of
systolic pressure rise (dP/dtmax) and s troke work (SW), defined as the area of the
pressure-volume loop.

3

Although the invasive nature of this approach has

predominantly limited its use to research settings, the failure of the aforementioned
non-invasive parameters to identify patients most likely to respond, is enforcing a
shift towards the clinical application of these invasive parameters in an attempt to
improve response rate.
Change in dP/dtmax during CRT can be obtained by positioning a small calibre tip
manometer (pressure wire) within the left ventricular (LV) cavity at relatively low
cost. Conversely, SW measurements require an ex pensive conductance catheter,
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and is characterized by a relatively inaccurate estimate of change of LV volume in
these grossly dilated hearts. From a ph ysiological point of view however,
improvement in SW might better represent hemodynamic benefit to CRT than
3

changes in dP/dtmax. In that respect, SW measurement is theoretically the preferred
parameter to evaluate response to CRT, despite the difficulties in obtaining it.

AIMS
To date, data on the correlation between acute changes in dP/dtmax and SW in CRT
patients are lacking. The present study was conducted to evaluate the effect of CRT
on these invasively obtained parameters and s ubsequently investigates their
interaction.

METHODS
Patients with dilated cardiomyopathy, LV ejection fraction (LVEF) ≤35%, QRS-width
≥120ms, and NYHA-class III/IV, despite optimized medical regime, were enrolled in
the present study. Patients were in sinus rhythm and in stable hemodynamic
condition (i.e. not decompensated). During temporary biventricular pacing of the
right ventricular apex and the LV posterolateral wall, acute changes in dP/dtmax and
SW were simultaneously obtained, with the use of a c onductance catheter
positioned in the LV cavity (CD Leycom, Zoetermeer, The Netherlands). The
pressure-volume loops were calibrated using non-invasively obtained volumes from
a short-axis stack of cine-images acquired by cardiovascular magnetic resonance
imaging.
Data were acquired during baseline conditions and 10-20 seconds after initiating
pacing. A period of approximately 40-60 seconds was selected for off-line analysis.
Approximately 30 representative cardiac cycles were subsequently averaged. A
beneficial acute hemodynamic response for both dP/dtmax and SW was arbitrarily set
at an augmentation 10% or more relative to baseline values. The institutional ethics
review committee approved the study, and all patients gave informed consent. Data
are expressed as mean ± standard deviation, correlation between parameters was
assessed using linear regression analysis.
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RESULTS
Thirty-four patients were enrolled in the study (13 (38%) women, age 68±8 years).
All but 2 were in NYHA III, mean LVEF was 23%±7%, and m ean QRS-width was
157±23 ms. In 20 patients (59%) the aetiology of heart failure was ischemic.
Mean dP/dtmax and SW at baseline were 854±198 and 5186±2349, and displayed
an increase during pacing of 106±117 mmHg/s (13%±14%) and 1303±3039
ml/mmHg (30%±52%), respectively. No significant correlation was found between
baseline values of SW and dP/dtmax (R= 0.06, p= 0.48). Furthermore, as depicted in
figure 1, there was no correlation between percentual change in dP/dtmax and SW,
observed during biventricular pacing.

Relation between change in SW vs dP/dtmax
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Figure 1: Relation between percent change, showing SW on the x-axis and dP/dtmax on the y-axis.

Twenty-two patients exhibited an increase of more than 10% in SW, whereas 18
patients improved more than 10% in dP/dtmax. Eighteen out of 34 pat ients showed
concordant results in terms of response, either positively (n=12) or negatively (n=6).
The remaining 16 patients demonstrated an am biguous response with either a
positive response in SW that was not matched by a 10% increase in dP/dtmax (n=10),
or vice versa (n= 6) (see figure 2). Given de relative smaller percentual change in
dP/dtmax values, response rate was also set at 5%, which did not appreciably alter
the results (response mismatch 15 out of 34 patients)
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Figure 2: Left scatter plot: A cut-off of 5% for dP/dtmax and SW is used to define response (dashed lines). Right scatter plot A cut-off of
10% for dP/dtmax and SW is used to define response (dashed lines). Numbers represent patients in each group, concordant in the
right upper and left lower quadrant and non-concordant in the left upper and right lower quadrant.
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CONCLUSION
The present study was conducted to evaluate the agreement between the change of
invasively measured hemodynamic parameters, i.e. SW and dP/dtmax, as observed
during temporary biventricular pacing in patients meeting conventional criteria for
CRT. The results indicate that although both parameters display an average
increase during pacing, the relative change to baseline values of SW and dP/dtmax
are not related. Moreover, when a beneficial response was arbitrarily set at a 10%
augmentation, close to half of patients (16 out of 34) did not match. This
heterogeneous pattern of response suggests that SW and dP /dtmax

to identify

patients who are most likely to respond to CRT, are not interchangeable and
fundamentally different.
The lack of correlation might be ex plained by the fact that SW represents LV
function during the entire cardiac cycle and incorporates both pressure and volume
changes, whereas dP/dtmax merely represents the systolic pressure rise during the
isovolumetric contraction phase. For example, the possible reduction of mitral
regurgitation associated with CRT has a m ore profound effect on LV volume than
pressure characteristics, thus increasing the heterogeneity of responses in dP/dtmax
and SW.
It is important to realize that these observations do not provide insight into which
invasive parameter is superior to identify long-term response to CRT and how they
3

relate to the traditional identifiers of response . Studies in a larger patient population
evaluating long term clinical and echocardiographic response of CRT in relation to
acutely observed hemodynamic response are warranted to clarify this issue.

TECHNICAL CONSIDERATIONS
Previously, it has been demonstrated that conductance measurements may be
difficult to obtain in grossly dilated ventricles. However, new generation conductance
catheters, characterized by more flexible handling, allow for more accurate
positioning within the LV cavity, which is essential for reliable pressure-volume
measurements. Using these state-of-the-art catheters yields satisfactory quality of
pressure volume loops for subsequent clinical analysis in the vast majority of
patients. Furthermore, pressure-volume loops were calibrated using CMR obtained
LV volumes, which may hamper the routine applicability of this method.
Alternatively, calibration can be performed by means of hypertonic saline and
thermo dilution methodology or echocardiographically derived volumes.
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ABSTRACT
Aims: Invasive assessment of acute hemodynamic response to biventricular pacing
has been proposed as a tool to determine individual response and to optimize the
effects of Cardiac resynchronization therapy (CRT). However, the long term results
of this approach have been poorly studied. The present study relates acute
hemodynamic effects of CRT to long-term outcome.
Methods and results: Forty-one patients were analysed in the present study. During
temporary biventricular pacing before implantation, acute changes in left ventricular
(LV) pump function were assessed by pressure-volume loop measurements and
related to long-term response after CRT. In the study population (30 (71%) men,
NYHA class 2.9±0.4, ejection fraction (EF) 28±7%, QRS 150±25ms), baseline mean
stroke work (SW) and dP/dtmax were 4.6±2.6 L∙mmHg and 874±259 mmHg/s,
respectively. During biventricular pacing, mean SW and dP/dtmax increased
significantly to 43±39% (+2.2±2.4 L∙mmHg, P<0.001) and 13±18% (+96±136
mmHg/s, P<0.001), respectively. In long-term responders (n= 29, 71%) compared
with non-responders (n= 12, 29%), acute increase in SW was significantly higher
(+57%±33% vs. +10%±30%, P<0.001), whereas the acute increase in dP/dtmax was
not significantly different between responders and non-responders (+15%±18% vs.
6%±15%, P= 0.139). Receiver operating characteristic (ROC) curve analysis
indicated that SW was superior to dP/dtmax, QRS duration and LV dyssynchrony in
prediction of response to CRT. A cut-off value for SW of 20% yielded a sensitivity of
90% and specificity of 75% to predict reverse remodelling at 6 months.
Conclusion: Invasive assessment of acute hemodynamics is a reliable tool to
determine individual response to CRT. An acute increase in SW predicts long-term
response to CRT with a higher accuracy than an acute increase in dP/dtmax, baseline
QRS duration and degree of LV mechanical dyssynchrony.

INTRODUCTION
The benefits of Cardiac Resynchronisation Therapy (CRT) as treatment for patients
with drug-refractory end-stage heart failure and prolonged QRS duration are well
established. Large randomised trials have shown symptom reduction, improvement
in exercise capacity, reduction in hospitalisation and decrease of mortality risk in
patients treated with CRT.

1,2,3,4,5

However, a substantial number of patients does not show clinical benefit (~30%) or
reverse remodelling (~50%) in response to the therapy. Numerous factors are
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involved in optimal patient selection and subsequent outcome e.g. pacing site,
presence of scar tissue, dyssynchrony and contractile reserve, degree of mitral
regurgitation, as well as left ventricular (LV) diastolic function and r ight ventricular
(RV) function.

6,7,8,9,10,11,12,13

Although a number of non-invasive imaging techniques

may accurately assess some of these factors it is unlikely that a s ingle imaging
modality will adequately identify patients most likely to respond. Considering this
multifactorial determined response, invasive studies have been proposed instead to
assess pump function directly using pressure-volume (PV) loops to quantify
individual response to CRT.

14,15

However, it remains unknown whether these acute

hemodynamic changes are predictive of long-term response. The present study
investigates the relationship between acute hemodynamic response and long-term
response to CRT.

METHODS
Subjects
Patients were prospectively enrolled in the Temporary Biventricular Stimulation
(TBS) study at the VU University Medical Center. The TBS study evaluated the
relationship between acute haemodynamic effects of temporary multisite LV and/or
RV pacing and long-term response to CRT in patients with advanced heart failure.
Inclusion criteria were sinus rhythm, moderate to severe heart failure (New York
Heart Association class III or IV), severely depressed LV function (LVEF ≤35%) and
at least 3 months stable optimal tolerated medical therapy. Patients were included
irrespective of QRS duration. Exclusion criteria were myocardial infarction or acute
coronary syndrome within 3 months prior to study inclusion, previous pacemaker
implantation, aortic valve stenosis, mechanical aortic valve replacement and the
presence of LV thrombus.
Study protocol
After inclusion, patients underwent clinical screening, non-invasive imaging by
echocardiography and magnetic resonance imaging (CMR) and subsequently all
patients underwent an invasive temporary pacing procedure (see below).

16

Within 2

weeks after the temporary pacing procedure, a definitive CRT device was implanted
with LV leads in the hemodynamically most optimal configuration as determined by
stroke work (SW), dP/dtmax, LV end-diastolic pressure (EDP) and volume responses
during the acute pacing protocol. If the LV lead could not be placed at the most
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optimal site during implantation, the second best site was chosen for definitive
placement.
The clinical and echocardiographic status were assessed at baseline and at 6
months follow-up. Informed consent was obtained in all patients prior to the study
procedures. The local research ethics committee approved conduction of this study.

Non-invasive imaging
Echocardiographic acquisitions were made with the subject in the left lateral
decubitus position. A standard echocardiography machine (iE33, Philips, Andover,
MA, USA) was used. Two dimensional grey-scale four-, two-, and three-chamber
acquisitions were made triggered to the QRS complex and recorded as cine-loops of
3 consecutive heartbeats. During post-processing analysis (SQ, QLAB, Version 4.2,
Philips), LV end-diastolic volume (EDV), end-systolic volume (ESV) and ejection
fraction (EF) were assessed using Simpson’s biplane method of discs.
For

three-dimensional

echocardiographic

(3DE)

acquisitions,

the

same

echocardiography machine (iE33, Philips) equipped with an X3-1 matrix-array
transducer was used. Transthoracic apical acquisitions were made during 5 to 7
seconds breath-hold with the patient in a left lateral position. Care was taken to
include the entire LV volume within the 3D scan volume. Specifically designed
software (3DQADV, QLAB, Version 4.2, Philips) was used for quantification of
regional LV mechanical dyssynchrony. Dyssynchrony was defined as the standard
deviation (SD) of the mean time from the onset of the QRS-complex to the minimal
regional volume of the 16 LV segments (3D-SDI).

17

This 3DE SDI was indexed as a

percentage of the RR-interval to eliminate effects of heart rate variability. On the
basis of previous work, the presence of significant mechanical dyssynchrony by 3DE
18

was defined as 6.4% for 3D-SDI.

Subsequently, patients underwent CMR imaging using a 1. 5Tesla whole-body
MRI scanner (Magnetom Sonata, Siemens, Erlangen, Germany) with a 6 -channel
phased-array body coil. After survey scans, a retro-triggered, balanced, steady-state
free precession (SSFP) gradient-echo sequence was used for cine imaging. Longaxis cine images were obtained in the 4-, 3- and 2-chamber views. Subsequently a
cine dataset was acquired, planned on a 4-chamber view and perpendicular to the
ventricular septum, fully covering the LV. Cine images were acquired during 1 breath
hold in mild expiration. For these images, the parameters were as follows: field of
2

view: 330x270mm , flip angle: 60º, repetition time: 3.2ms, echo time: 1.6ms, receiver
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bandwidth: 930Hz/pixel, matrix size: 256x208, slice thickness: 5mm, temporal
resolution: 35-48ms.
The LV volumes were derived from the cine images, using dedicated software
(MASS, Medis, Leiden, The Netherlands). These absolute CMR-derived volumes
were used to calibrate the conductance catheter-derived volumes.

Temporary pacing procedure
One day after the CMR scan, patients underwent temporary biventricular stimulation
to assess the acute response to CRT. The procedure has been previously
described.

16

In brief, after infusion of 5000IE of heparin three temporary bipolar

pacing leads (NBIH, 6F, Bard Electrophysiology Department, Lowell, MA, USA)
were placed in the right atrium, the right ventricular apex (RVA) and outflow-tract
(RVOT). Two unipolar pacing leads (Visionwire, Biotronik, Berlin, Germany) were
targeted at the postero(lateral) and antero(lateral) position using the tributaries of the
coronary sinus. Subsequently, a c onductance catheter (CD Leycom Zoetermeer,
The Netherlands) was placed in a stable position in the LV apex to obtain reliable
PV loops. VDD pacing was performed with an atrioventricular delay set to <100 ms,
ensuring full ventricular capture and ventricular pacing was performed with a VV
interval of 0 ms. Hemodynamic measurements were obtained both at baseline and
during biventricular pacing using all LV and RV lead combinations.

Hemodynamic measurements
Left ventricular PV loops were recorded during pacing with each lead combination.
Baseline (no pacing) measurements were taken before and after each biventricular
run. Data were acquired during baseline conditions and 30 s after initiating pacing.
Approximately 60 representative cardiac cycles were subsequently averaged,
disregarding all inappropriate beats (i.e. extra-systoles).
LV function was quantified by EDV, ESV, stroke volume (SV), cardiac output
(CO) and EF. Also, end-systolic pressure (ESP), EDP and maximum rate of systolic
and diastolic pressure change (dP/dtmax, dP/dtmin) were determined. SW was directly
calculated as the surface of the PV loop. The effect of each run of biventricular
pacing was calculated as the relative change compared with the mean of the two
flanking baselines.

43

Chapter 3

Device implantation and follow-up
Within 2 weeks of the temporary pacing protocol all patients underwent an elective
transvenous biventricular device implantation under local anaesthesia using
standard techniques. All implanted devices were biventricular pacemakers combined
with an implantable cardioverter defibrillator (ICD). Clinical and echocardiographic
status was assessed at baseline and at 6-month follow-up by the same clinicians,
who were blinded to the results of the hemodynamic testing. Clinical response was
defined as no h ospitalization for heart failure and an i mprovement in NYHA
functional

class

or

an

improvement

of

more

than

25%

in

6MWD.

19

Echocardiographic response was defined as a reduction of ≥15% in LV ESV at 6
months.

20,21

Statistical analysis
The commercially available Statistical Package for Social Sciences software (SPSS
for Windows version 20.0, Chicago, IL, USA) was used for statistical analysis.
Continuous variables are expressed as mean ± SD. Categorical variables are
presented as absolute numbers and per centages. An independent Student t-test
was used to compare groups when appropriate. A paired t-test was used to compare
baseline and follow-up data. Proportions were compared using chi-square analysis.
Linear regression analysis was performed to determine the relationship between
acute hemodynamic response and reverse remodelling. Optimal cut-off values of
hemodynamic parameters to predict response to CRT were determined by receiver
operating characteristic (ROC) curve analysis. The optimal cut-off value was defined
as the level with the highest (sensitivity – [1 – specificity]) to distinguish between
responders and n on-responders. A P-value of <0.05 was considered statistically
significant.

RESULTS
Study population
Sixty patients (age, 65±10 years,43 (72%) male) with drug refractory end-stage
heart failure were prospectively enrolled in the study as depicted in figure 1. During
the acute pacing protocol seven patients were excluded, during implantation another
five patients, one patient died of cancer during follow-up and six patients were lost to
follow-up. Baseline patient characteristics of the remaining 41 patients are presented
in table 1.
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In this population, devices were implanted according to optimal acute hemodynamic
results obtained with a posterolateral (PL) and RVA pacing combination in 32
patients (78%), in three patients (7%) with a PL and RVOT pacing combination, in 5
patients (12%) with an anterolateral (AL) and RVA pacing combination and in one
patients (3%) with an AL and RVOT pacing combination.

Figure 1: Study recruitment.

45

Chapter 3

Table 1: Baseline patient characteristics
Parameter

n=41

Age, years

65±10

Sex, male/female

30/11

Ischemic origin n/N

24/17

NYHA class (II/III/IV)

5/35/1

EDV (mL)

204±55

ESV (mL)

151±50

EF (%)

28±7
2

BSA (m )

2.0±0.2

3D-SDI (%)

13.2±6.1

NT-pro-BNP (nmol)

2381±4125*

QRS duration (ms)

150±25*

QRS<120ms/ QRS≥120ms

7/34

Medication
Diuretics, n(%)

29(71)

ACE inhibitors, n(%)

34(84)

Spironolacton, n(%)

15(37)

β-Blockers, n(%)

30(73)

BSA, body surface area; 3D-SDI, mechanical dyssynchrony assessed by 3D echocardiography; EDV,
enddiastolic volume; ESV, end-systolic volume. *Except for a lower NT-pro-BNP and QRSd (P<0.05) no
differences at baseline were found between long-term responders and non-responders (response defined
as reduction of >15% in LV end-systolic volume at 6 months).

Baseline left ventricular pump function and acute improvement
Baseline LV pump function was impaired as demonstrated by an enlarged mean
EDV (260±72 ml) and E SV (212±73 ml), and i ncreased EDP (22±9 mmHg). In
addition, SV (49±21ml) and EF (20±9%) were severely depressed. Despite βblocker therapy (73%), heart rate was 80±13 bpm and r esulted in a CO at rest of
3.8±1.5 L/min. The mean SW was 4.6±3.5 L∙mmHg and both dP/dtmax and dP/dtmin
were considerably depressed, 874±259 and -866±184 mmHg/s, respectively. All
baseline hemodynamic parameters are shown in table 2.
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There are no statistical differences in baseline hemodynamics between long term echocardiographic responders and non responders. The last column shows the P-values for the difference in change in hemodynamic parameters between responders and
non-responders.

responders

Table 2: Baseline and change in acute hemodynamic parameters between long-term responders and non-
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Temporary biventricular pacing at the final implantation sites significantly improved
pump function. CO increased acutely by 0.8±1.2 L/min (+15±21%, P<0.001) and EF
increased acutely by 3%±6% (+9±19%, P=0.002) due to both an increase in EDV of
9±17mL (+4±9%, P<0.001) and SV of 9±16 mL (+14±21%, P<0.001). Moreover, SW
demonstrated a s ignificant increase of 2.2±2.4 L∙mmHg (+43±39%, P<0.001),
whereas dP/dtmax improved by 96±136 mmHg/s (+13±18%, P<0.001).

Acute response as a predictor of long-term response
Mean follow-up time was 6.5±1.0 months. Significant reductions in NYHA class
(from 2.9±0.4 to 2.2±0.6, -21±27%; P<0.001) and Quality of Life Questionnaire score
(from 37±20 to 22±19, -36%±58%; P<0.001), and an increase in six-minute hall walk
distance (from 422±118 m to 465±132 m, +17%±38%; P= 0.047) were observed in
the study population. Echocardiographic analysis showed a significant reduction in
EDV (206±54 to 174±51,-14%±19%; P<0.001) and ESV (152±50 to 118±48, 21%±24%; P<0.001) and a significant increase in EF (28±7 to 34±9, +25%±44%;
P<0.001). Based on a >15% decrease in ESV, 71% (n= 29) of the patients were
considered responders and 29% (n=12) were considered non-responders (Table 3).
Table 3: Baseline and change in clinical and echocardiographic parameters between
responders and non-responders.
Responder (n=29, 71%)

Non-Responder (12, 29%)

Parameter

Baseline

Follow-up

P

Baseline

Follow-up

P

NYHA (class)

2.9±0.3

2.1±0.5

<0.001

2.9±0.6

2.6±0,7

0.394

QoL (score)

33±19

19±16

<0.001

49±21

33±25

0.257

6-MWT (m)

444±105

508±101

<0.001

348±138

328±132

0.796

EDV (ml)

210±51

160±40

<0.001

197±63

210±60

0.091

ESV (ml)

156±46

103±32

<0.001

143±61

156±61

0.055

28±7

37±9

<0.001

29±8

26±10

0.080

EF (%)

QoL is quality of life score, 6-MWT is 6 minute walking test. Comparison between long-term
echocardiographic responders and non-responders.
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Long-term

echocardiographic

responders

demonstrated

a s ignificant

acute

improvement in pump function compared with baseline (SW +57%±33%, P<0.001;
CO +20%±21%, P<0.001; EF +8%±14%, P=0.003; dP/dtmax +15%±18%, P<0.001),
whereas long-term non-responders showed no acute improvement compared with
baseline (SW +10%±30%, P= 0.141; CO 2%±18%, P=0.164; EF 0%±17, P=0.313;
dP/dtmax +6%±15%, P=0.349), example loops are depicted in figure 2.

Figure 2: Pressure-volume loops of two different patients during baseline (dotted) and during biventricular
pacing (dark). A substantial acute change in a long-term responder, B negligible acute change in a longterm non-responder.

Pump function improvement in terms of SW, CO and EF was significantly higher in
long-term responders compared with non-responders, but did not reach significance
for dP/dtmax (P= 0.139) (Table 2). Individual data for changes in these four
parameters are depicted in Figure 3. The per cent reduction in ESV showed a
significant correlation with acute hemodynamic response for SW (R=0.401 P=0.011)
and to a lesser extent for dP/dtmax (R=0.335, P=0.037). Correlations with CO and
EF were not significant (R=0.22, P=0.175; R=0.13, P=0.434, respectively).
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Figure 3: Scatter plots of percentage change by temporary biventricular pacing in long-term responders
compared with non-responders for; (A) stroke work, (B) dP/dtmax (C), ejection fraction (D) cardiac output.
Squares represent patients with a QRS duration ≥120ms, whereas triangles represent patients with a
QRS duration <120ms.

Prediction of response
Receiver operating characteristic curve analysis was performed to study the
predictive values of the hemodynamic parameters SW and dP /dtmax, conventional
QRS duration and mechanical dyssynchrony for long-term response during CRT.
For prediction of reverse remodelling, per cent increase in SW showed an area
under the curve (AUC) of 0.86 (CI 0.72-1.00, P<0.001) as shown in table 4, whereas
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per cent increase in dP/dtmax revealed a non-significant AUC of 0.65 (CI 0.45-0.85,
P= 0.144). In comparison, electrical delay (QRS duration) and m echanical
dyssynchrony showed an AUC of 0.77 (CI 0.61-0.93, P=0.008) and AUC of 0.56 (CI
0.29-0.83, P= 0.622), respectively. For the prediction of clinical response, the per
cent increase in SW is the only parameter that showed a significant AUC of 0.76 (CI
0.60-0.92 ,P=0.010).
To predict reverse remodelling in this study population, an optimal cut-off value
for an acute SW increase of >20% yielded a sensitivity of 90%, a specificity of 75%,
and positive and negative predictive values of 90% and 75%, respectively.
Table 4: Predictive value for echocardiographic and clinical response
Echocardiographic response (n= 29 responders)
parameter
AUC (SD)
P
Cut-off
ΔSW
ΔdP/dtmax
QRSd
3D-SDI

0.86 (0.07)
0.65 (0.10)
0.77 (0.08)
0.56 (0.14)

<0.001
0.144
0.008
0.622

20%
7%
144ms
10%

Clinical response (CCS) (n= 29 responders)
parameter
AUC (SD)
P
Cut-off
ΔSW
ΔdP/dtmax
QRSd
3D-SDI

0.76 (0.08)
0.54 (0.11)
0.61 (0.09)
0.64 (0.12)

0.010
0.688
0.276
0.259

28%
9%
149ms
12%

Sensitivity

Specificity

PPV

NPV

90%
66%
83%
77%

75%
59%
75%
50%

90%
79%
89%
80%

75%
41%
64%
46%

Sensitivity

Specificity

PPV

NPV

72%
48%
69%
65%

67%
42%
58%
43%

84%
67%
80%
73%

50%
25%
47%
33%

Echocardiographic response based on ≥15% reduction in end-systolic volume (ESV), Clinical Composite
Score (CCS) is based on either a reduction in ≥1 NYHA functional class or an increase in 6 minute
walking distance of ≥25% at follow up. SW is stroke work. AUC is area under the curve. QRSd is QRS
duration. 3D-SDI is mechanical dyssynchrony assessed by 3D echocardiography.

Ischemic vs. non-ischemic cardiomyopathy
Twenty-four (59%) patients had an ischemic aetiology. No differences were found in
baseline patient characteristics between ischemic and non-ischemic cardiomyopathy
patients. Baseline hemodynamic parameters did not differ except for the baseline
ESV and EDV, which were significantly smaller in the ischemic patients
(respectively, 189±62 vs. 244±77, P= 0.018 and 240±60 vs. 300±82, P=0.035).
However, the hemodynamic response was comparable between ischemic and nonischemic patients (+41±42% vs. +47±34% for SW P=0.616, +11±17% vs. +15±18%
for dP/dtmax P= 0.531, +13±19% vs. +17±25%

for CO P= 0.523 and+5±15% vs.
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+13±22% for EF P=0.177). At follow-up, the number of responders was comparable
(15(65%) vs. 14(77%), P= 0.497) with similar reductions in ESV ( -17%±25% vs.25%±24% P= 0.375) for patients with ischemic and n on-ischemic cardiomyopathy,
respectively.

Narrow vs. wide QRS-duration
Seven patients had a Q RS duration below 120ms (110±8ms). No significant
differences

were

found

in

baseline

patient

characteristics

and

baseline

hemodynamic parameters between groups with a narrow and wide QRS duration,
except for higher baseline NT-pro-BNP levels in the narrow QRS group (5893±8980
vs. 1637±1533 nmol; P=0.011). During temporary biventricular pacing, no significant
overall increase in acute hemodynamic function was observed in the narrow QRS
group (CO +10±16%; P=0.144, SW +20±39%; P=0.141, dP/dtmax -5±6%, P=0.157),
but significant individual differences were found. At follow-up, 3 patients (43%) were
found to be responders, as depicted in Figure 3.

DISCUSSION
The present study was carried out to investigate the value of acute pump function
improvement in relation to long-term response in patients treated with CRT. The
major finding of the study is the clear association of acute pump function
improvement with reverse remodelling after 6 months of CRT. Furthermore, the data
strongly suggest that acute SW improvement predicts long-term response to CRT
more accurately as compared with other invasively measured variables such as
dP/dtmax, as well as more traditional parameters such as QRS duration and LV
dyssynchrony. An acute improvement in SW with a cut-off of >20% predicted longterm response with a sensitivity of 90% and a specificity of 75%.
Invasive studies have previously shown that CRT improves cardiac pump
22,23

function acutely

and that this is achieved at diminished energy cost.

24

Others

showed that in the long term, CRT is associated with reverse remodeling
26

improved myocardial efficiency.

25

and

We found the acute hemodynamic response to

biventricular stimulation to be significantly higher in long-term responders compared
with non-responders. This finding concurs with the notion that response to CRT is in
its origin an acute phenomenon, which provides the potential for reverse remodelling
of the LV in the long term. The most widely used invasive hemodynamic parameter
to express acute response to CRT is dP/dtmax, which, like the findings in our study, is
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reported to show an average increase between 10%-50%.

14,15,27,28

However, data on

the relationship between an acute increase in dP/dtmax during biventricular pacing
and long-term response to the therapy remain controversial. In the PATH-CHF
study, Stellbrink et al found that dP/dtmax changes during implant did not predict
reverse remodelling.

28

In a large cohort, Bogaard et al also demonstrated that an

acute increase in dP/dtmax did not predict clinical outcome after 1 year of CRT.

29

In

contrast, recent work by Duckett et al did demonstrate an as sociation between an
acute increase in dP/dtmax and reverse remodelling, although it should be noted that
in this study acute hemodynamic testing was performed using LV-DDD pacing
whereas the long term effect was achieved by biventricular pacing.

30

The present

study found no predictive value of dP/dtmax for long term response to CRT, whereas
the predictive value of QRS duration was acceptable. However, SW improvement
obtained by conductance catheter based PV-loop analysis was found to be a highly
robust predictor of reverse remodelling. In the present study, the average acute SW
increase to biventricular pacing was 43%, which is in line with previously published
15,31

data of acute SW increases ranging between 39%-66%.

However, these

previous studies did not relate acute SW changes to long-term outcome.
We previously reported dP/dt and SW to show discordant changes (an increase
in one parameter and a decrease in the other) on C RT in a substantial number of
patients.

32

When comparing dP/dt and SW from a ph ysiological standpoint, the

former represents only a small part of the systolic phase of the cardiac cycle
whereas the latter comprises the full cardiac cycle and integrates potential changes
in systolic and diastolic pump function upon biventricular pacing. Therefore, both
theoretical and experimental evidence points to SW as the stronger predictor of
pump function improvement.
There are some limitations considering the use of the conductance catheter.
Construction of pressure-volume loops requires simultaneous acquisition of a
pressure- and a v olume signal. Pressure signals obtained from a s olid-state
pressure transducer are very reliable and hardly dependent on catheter placement.
Volume signals obtained by conductance catheter, however, require careful catheter
placement, which may be challenging especially in dilated ventricles. Moreover,
determination of the end-diastolic and end-systolic PV points may be s ubject to
discussion since the QRS complex, which is typically used for determination of end
diastole, changes as a r esult of pacing. Similarly, aortic valve closure, which is
typically used to determine end-systole, also cannot easily be assessed. As a
consequence, measured end-diastolic and end-systolic volumes and pressures may
be subject to more variation than SW which is directly calculated from the complete
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PV-loop, i.e. the surface of the PV-loop, and therefore not affected by the
designated end-diastolic and end-systolic PV points.
Interestingly SW shows a more impressive increase than SV during pacing.
Although, the aforementioned difficulty in determining LV volumes may contribute to
this larger increase in SW, other factors come into play. A decrease in mitral
9

regurgitation, which is a documented acute effect of CRT, is reflected by an
increase in SW (i.e. ‘loop surface’ in the right upper corner), without increasing the
SV to the same extent. In addition, a s ubstantial increase in EDV and a t rend
towards a lower EDP, reflecting diastolic improvement during pacing, might
contribute to this larger increase in SW compared with SV.
In the present study, a 71% long-term response rate was observed in the overall
population, whereas the response rate would rise to a substantial 77%, if the
'narrow' QRS (<120ms) patients were to be excluded. These rates are considerably
higher compared with those mentioned in the literature, where the response rate
after CRT in terms of reverse remodelling lies between 44% and 6 2% in
conventional CRT patients.

33

This favourable result might be explained by the fact

that our patients were implanted according to the optimal lead position, which has
been shown to improve response to CRT.

34,35,36

In the present study, we also

included a small number of patients with a Q RS duration shorter than 120ms.
Although these patients are generally less likely to show response to CRT

37,38

,

increasing evidence suggest that a some of these patients may respond favourably
to this therapy.

39,40

Using optimised lead placement based on our TBS protocol, we

observed a 43% response rate to CRT in this specific population of patients. Since a
clinically significant number of patients with short QRS duration on ECG may
respond to CRT, pre-implantation pressure-volume loop evaluation might be
particularly appropriate in these patients. It should be taken into account that these
results are derived from a small single center analysis and therefore need to be
confirmed in larger prospective study. From a practical point of view however, with
adequate experience and fast online PV-loop analysis software, electrophysiologists
should be a ble to perform this evaluation and subsequent optimized CRT
implantation within one session.
In conclusion, invasive assessment of acute hemodynamic response to
biventricular pacing is a r eliable tool to determine individual response to CRT. An
acute increase in SW during biventricular pacing predicts long-term response to
CRT with higher accuracy than an acute increase in dP/dtmax, baseline QRS duration
and degree of mechanical dyssynchrony. A cut-off value for SW of >20% accurately
predicts long-term response to CRT.
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ABSTRACT
Cardiac resynchronization therapy (CRT) decreases morbidity and mortality in end
stage heart failure patient. However, patient selection remains challenging since a
considerable 30%-50% do not respond. Controversy exists on c ut-off values for
QRS duration as well as on optimal lead location. The present study relates these
parameters on an individual basis to acute pump function improvement using
invasively obtained pressure-volume loops. Fifty-seven patients with symptomatic
end-stage heart failure were included in our temporary biventricular stimulation
(TBS) study and were grouped according to QRS-duration (QRS<120ms;
120ms≤QRS<150ms; QRS≥150ms). All patients underwent pressure-volume loop
assessment of response to biventricular pacing comparing baseline measurements
to both RV apex pacing in combination with a LV lead in the posterolateral (PLRVA)
and in the anterolateral (ALRVA) region. Group analysis during conventional
(PLRVA) CRT did not show improvement in SW and dP/dtmax (-2%(p=ns) and -7%
(p<0.001)) in the narrow QRS group but a s ignificant increase in the intermediate
(+27%(p=0.020) and +5%(p=0.044)) and wide (+48%(p=0.002) and +18%(p<0.001))
QRS groups. CRT using the ALRVA configuration evoked a consistently lower
response compared to PLRVA, resulting in a significant hemodynamic deterioration
in the narrow QRS group. However, analysis on an individual basis identified 25% of
narrow QRS patients showing possible hemodynamic benefit of CRT as compared
to 83% of intermediate and wide QRS combined patients. Conversely, 15% of
patients deteriorated by conventional (PLRVA) CRT in the intermediate and wide
QRS groups, as compared to 31% in the narrow QRS group. 19% of patients could
be improved by lead placement in the AL rather than the PL region. In conclusion,
acute hemodynamic response to CRT is generally in line with long-term results from
large randomized trials, but individual variation is large. The TBS protocol may aid in
individual patient selection as well as in research aiming at reduction of nonresponders and improvement of lead positioning.

INTRODUCTION
Cardiac Resynchronization Therapy (CRT) is an established treatment option for
end-stage heart failure patients, but long-term follow-up has shown a considerable
non-response.

1,2,3,4

The presence of dyssynchrony is generally assumed to be a

prerequisite for successful treatment with CRT, which is thought to restore
5

synchronous LV contraction by pre- excitation of the late activated LV region. Two
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major issues hamper optimal treatment results: detection of clinically relevant
dyssynchrony and optimal lead placement. Current CRT guidelines use prolonged
QRS duration as determinant for dyssynchronous contraction, resulting in good
response especially in the subgroup of patients with a QRS duration of ≥150 ms.

6

However, in patients with QRS duration <150 ms and even QRS duration <120 ms,
improvement to CRT is also reported.

7,8

Assessment of dyssynchrony by

echocardiography did not improve prediction of response in individual patients, and
9

could not reliably determine the optimal LV lead location. Invasive assessment of
pump function by, e.g. LV pressure-volume analysis, is proposed to be a more
valuable tool for selecting patients for CRT and to select the optimal LV stimulation
10

site.

This strategy is supported by our recent finding that invasively obtained stroke

work (SW) improvement accurately predicts long term outcome.

11

The present study

was designed to relate acute hemodynamic response to QRS duration and LV
pacing location using pressure-volume loops in a cohort of CRT candidates.

METHODS
Patients were selected from the VU medical center Temporary Biventricular
Stimulation (TBS) study. The TBS study evaluated the relation between acute
haemodynamic effects of multisite LV and/or RV temporary pacing and long term
response of CRT in patients with advanced heart failure.

12

Inclusion criteria were

moderate to severe heart failure (New York Heart Association Class III or IV), a
severely depressed LV function (LVEF≤35%), sinus rhythm and at least 3 month
stable optimal tolerated medical therapy (including angiotensin converting enzyme
inhibitors, diuretics, β-blockers and s pironolacton). QRS duration was not an
inclusion criterion. Exclusion criteria were myocardial infarction or acute coronary
syndrome within 3 months prior to study procedure, previous pacemaker
implantation, aortic valve stenosis, mechanical aortic valve replacement and the
presence of LV thrombus.
For the present study, data were extracted from the TBS database of patients
who underwent a s uccessful TBS study with pacing leads in the RV apex, the
antero-(lateral) region and the postero-(lateral) region, allowing for biventricular
stimulation using both PL-RVA and AL-RVA lead combinations. In addition, only
patients that underwent a MRI study for reliable assessment of LV volumes were
eligible.
Patients were divided in 3 groups according to the QRS duration (narrow: QRS
<120ms; intermediate: 120ms≤ QRS <150ms and wide: QRS ≥150ms). Two weeks
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preceding device implantation, patients underwent clinical screening, cardiac
magnetic resonance imaging (CMR) and subsequently all patients underwent an
invasive temporary pacing procedure. The local research ethics committee approved
conduction of present study and written informed consent was obtained in all
patients prior to study procedures.
Patients were imaged using a 1.5T whole body MRI scanner (Magnetom Sonata,
Siemens, Erlangen, Germany) with a 6-channel phased-array body coil. After survey
scans, a r etro-triggered, balanced, steady state free precession (SSFP) gradientecho sequence was used for cine imaging. Long-axis cine images were obtained in
the 4-, 3- and 2-chamber views. Subsequently a cine dataset was acquired, planned
on a 4-chamber view and perpendicular to the ventricular septum, fully covering the
LV. Cine images were acquired during 1 br eath hold in mild expiration. For these
2

images, the parameters were as follows: Field of view: 330x270mm , flip angle: 60º,
repetition time: 3.2ms, echo time: 1.6ms, receiver bandwidth: 930Hz/pixel, matrix
size: 256x208, slice thickness: 5mm, temporal resolution: 35-48ms.
End-diastolic volume (EDV), end-systolic volume (ESV), stroke volume (SV), and
ejection fraction (EF) were derived from the cine images, using dedicated software
(MASS, Medis, Leiden, The Netherlands). These absolute CMR derived volumes
were used to calibrate the conductance catheter measurements.
One day after the CMR session, patients underwent temporary biventricular
stimulation to assess the acute response to CRT.

13

After arrival at the

catheterization lab, the invasive procedure was performed in patients in an
unsedated state and i n supine position. Access was obtained to the right femoral
artery and left and r ight femoral vein, and heparin was administered. An Amplatz
guiding catheter was introduced and positioned in the ostium of the coronary sinus.
After visualisation of the sinus and its tributaries by balloon occlusive venography,
two unipolar pacing electrodes (Visionwire®, Biotronik GmbH, Berlin, Germany)
were placed in epicardial veins in the posterior/ posterolateral (PL) and ant erior/
anterolateral (AL) regions respectively. Subsequently, bipolar pacing leads (Bard
Electrophysiology Department NBIH, 6F, Massachusetts, USA) were placed in the
right ventricular apex (RVA) and in the right atrium, allowing atrial sensed ventricular
14

pacing.

Definitive pacing locations were determined by oblique two-directional

fluoroscopy and scored using a LV segmentation bulls-eye.

15

Finally, a conductance

catheter (CD Leycom Zoetermeer, The Netherlands) was retrogradely placed in a
stable position in the left ventricular apex.

16

The conductance catheter was

connected to a C ardiac Function Lab (CD Leycom CFL 512), enabling on-line
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measurements of LV volumes, LV pressures, and electrocardiogram (ECG). LV
volume and pressure signals were digitized and stored for off-line analysis.
The pacing leads were connected to an ex ternal stimulation module and at rialsensed ventricular stimulation was performed using the RVA lead alternately in
combination with the PL lead (PLRVA) and AL lead (ALRVA). The AV delay was set
to 100 ms or lower, ensuring full ventricular capture and ventricular pacing was
performed with a VV interval of 0 ms.
LV pressure-volume loops were recorded during pacing with each lead
combination and baseline (no pacing) measurements were taken before and af ter
each biventricular run. Data were acquired during baseline conditions and 30
seconds after initiating pacing. Approximately 30 representative cardiac cycles were
subsequently averaged, disregarding all inappropriate beats (i.e. extra-systoles).
LV function was quantified by assessment of end-diastolic and end-systolic
pressure-volume points, estimated from the PV loop. From the volume data stroke
volume, ejection fraction and cardiac output were calculated. From the pressure
registration rate of systolic and diastolic pressure change (dP/dtmax, dP/dtmin) were
determined. Stroke work was directly calculated as the surface of the PV-loop,
independently from the measured end-diastolic and end systolic pressure-volume
points. Changes by biventricular pacing were calculated relative to the mean of the
two flanking baselines. Based on l iterature, we assumed that a 10% increase or
decrease in SW indicated a significant change.

17

The commercially available SPSS software was used for statistical analysis
(SPSS Inc., Chicago, US). Numerical values are expressed as mean ± standard
deviation (SD). An one way ANOVA or Chi-square test was used to compare the
groups when appropriate. A paired t-test was used to compare baseline and pacing
and different pacing location data. A p value of <0.05 was considered statistically
significant.

RESULTS
Fifty-seven patients (age, 66±10 years: range, 40 to 85 years) with drug refractory
end-stage heart failure resulting from ischemic (n= 36, 63%) and non-ischemic
(n= 21, 37%) cardiomyopathy were included in the study. Patients were divided in
three groups based on QRS duration; the narrow QRS group: QRS <120ms (n=16;
28%); the intermediate QRS group: 120ms≤ QRS <150ms (n=14; 25%) and the
wide QRS group: QRS ≥150ms (n=27; 47%). Baseline patient characteristics are
presented in table 1.
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Table 1: Baseline patient characteristics
Parameter

QRS<120ms
(n=16)

120≥QRS<15
0ms (n=14)

QRS≥150ms
(n=27)

P Value

Age, (years)

63±8

71±8

65±10

ns

Male/ Female

10/6

8/6

15/12

14 (88%)

10 (71%)

12 (44%)

ns
p=0.014*

Ischemic origin
NYHA class (3/4)

16/0

14/0

26/1

ns

NT-pro-BNP (nmol)

4004±6243

1766±1482

1700±1336

QRS duration (ms)

98±9

131±10

169±12

ns
p<0,001

Medication
Diuretics

14 (88%)

10 (71%)

23 (85%)

ns

ACE inhibitors

15 (94%)

13 (93%)

20 (74%)

ns

Spironolacton

9 (56%)

7 (50%)

13 (48%)

ns

β-Blockers

15 (94%)

14 (100%)

20 (74%)

ns

*QRS≥150ms vs. QRS<120.

Hemodynamic measurements are listed in table 2. Baseline hemodynamic
characteristics did not differ between groups, except for dP/dtmax, which significantly
decreased with increasing QRS-duration (p= 0.01). Typical examples of PV loops
without pacing and with pacing in PLRVA and ALRVA configurations are displayed
in figure 1.
In the wide QRS group, biventricular pacing using the conventional configuration
(PLRVA) resulted in a significant increase in stroke volume, accompanied by a nonsignificant increase in end diastolic and a non-significant decrease in end systolic
volumes.
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PLRVA: Left ventricle posterolateral and r ignt ventricle apex biventricular pacing, ALRVA: Left ventricle anterolateral and r ight ventricular apex
biventricalar pacing. *p<0.05, †p<0.01, ‡p<0.001 compared to baseline

Table 2: Hemodynamic response
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Figure 1: Showing the representative pressure-volume loops in the three specific patient groups: with narrow QRS duration (left), with intermediate QRS
duration (middle), and a wide QRS duration (right). Dotted line shows baseline (unpaced) PV-loop, green line shows PV-loop during PL and RVA pacing
and blue line shows PV-loop during Al and RVA pacing.
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Although a s mall but significant decrease in heart rate was noted, cardiac output
increased significantly. End systolic and en d diastolic pressures did not change
significantly, but dP/dtmax significantly increased (+18%, p= <0.001). SW was also
found to increase (48%, p=0.002).
In the intermediate QRS group, the same pacing configuration (PLRVA) resulted
in significant increases of EDV and ESV, which were not accompanied by significant
increases in SV and CO. However, in this group dP/dtmax (+5%, p=0.044) as well as
SW (+27%, p=0.020) were found to increase, although to a smaller extent compared
to the wide QRS group. In contrast, the narrow QRS group showed significant
decreases in dP/dtmax (-7%, p= 0.001) and E SP (-3%, p= 0.01) and an i ncrease in
ESV (+2%, p=0.01), indicating hemodynamic deterioration by PLRVA pacing. Other
parameters, including SW, did not change significantly (table 2).
In all subgroups ALRVA biventricular pacing resulted in a poorer hemodynamic
response compared to PLRVA stimulation (figure 2). ALRVA stimulation in the wide
QRS subgroup resulted in a significant hemodynamic benefit, although less
pronounced compared to PLRVA pacing based on SW (+40%, p<0.001; vs. PLRVA
p= 0.282 and d P/dtmax +8%, p<0.001; vs. PLRVA p<0.001). Changes in other
parameters were not significantly different from PLRVA pacing. In the intermediate
QRS subgroup, none of the parameters was significantly influenced compared to
baseline. In the narrow subgroup, a poorer pump function was noted both compared
to baseline and to PLRVA pacing (e.g. SW -14%, p= 0.026 and dP/dtmax -12%,
p<0.001 ALRVA compared to baseline).

Figure 2: Bar chart showing percentual changes for SW (left chart) and dP/dtmax (right chart) in all the
QRS duration groups (see legend) for PLRVA (left-side) and ALRVA (right side).
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Individual responses of biventricular pacing on SW and dP/dtmax are depicted in
figure 3. In the wide QRS group, 21 of 27 patients (78%) showed pump function
improvement (SW>10%) during PLRVA pacing, five of whom showed additional
improvement during ALRVA pacing. Two “non-responders” using the PLRVA
configuration could be changed into “responders” with ALRVA pacing. Four of the
wide QRS duration patients significantly deteriorated (> -10%) on P LRVA pacing
and two on ALRVA pacing.
In the intermediate QRS group, 10 of 14 patients (71%) showed pump function
improvement during PLRVA pacing, two of whom showed additional improvement
during ALRVA pacing. One patient showed pump function improvement during
ALRVA pacing without improvement during pacing PLRVA. Two of the intermediate
QRS duration patients significantly deteriorated (> -10%) on PLRVA pacing and four
on ALRVA pacing.

Figure 3: Dot-and-line graph for individual patients (left: SW, right: dP/dtmax). Upper row: patients with
QRS <120, middle row: patients with 120≤ QRS <150 and lower row: patients with QRS ≥150.
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In the narrow QRS group, 3 of 16 pat ients (19%) hemodynamically improved by
PLRVA stimulation, and one additional patient by ALRVA stimulation. However, five
patients deteriorated on PLRVA pacing and nine on ALRVA pacing. Four patients
deteriorated on both PLRVA and ALRVA stimulation.
Figure 4 shows the locations of the leads in this study. Although the number of
leads is limited, the figure suggests that lead placement in patients with a CRT
indication according to the guidelines (> 120 m s) in general should be directed
towards

the

mid-ventricular

(postero)lateral

region

to

obtain

the

optimal

hemodynamic response.

Figure 4: Bulls-eyes representing the LV with on the left side of the bulls-eye the septum and on the right
side the lateral wall of the LV. The middle circle of the bulls-eye represents the apex and outer ring the
base of the LV. The colours, ranging from red to green, represent the avaraged percentual change in SW
for the specific segment. The numbers represent the quantity of segments tested in the specific patients.
The left bulls-eye shows the range of averaged percentual SW change over the segments for the narrow
QRS patients (QRS <120ms) and the right bulls-eye for the patients with a prolonged QRS duration (QRS
≥120ms).

DISCUSSION
The present study evaluates the acute hemodynamic response to biventricular
pacing in three groups with respectively narrow, intermediate and wide QRS
complex, comparing two separate LV pacing sites, and using pressure volume loops
for analysis. A limited number of studies previously reported on the use of pressurevolume measurements to assess effects of pacing. Steendijk et al. published the first
quantitative study using pressure-volume loops for evaluation of response to CRT,
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but only long term data were acquired.

18

Others evaluated acute hemodynamic

response to pacing in a limited number of patients with a conventional CRT
indication, excluding patients with a nar row QRS, or analysed patients without a
conventional CRT indication.

19,17

The results of the present acute study are generally in line with long-term effects
of CRT observed in large randomized trials. Acute effects of CRT improve with
increasing QRS duration, concordant with for example the finding in the MADIT-CRT
study that the reduction in the risk of heart failure events was primarily driven by the
6

prespecified subgroup of patients with a Q RS duration of >150ms. Analysis of
individual data shows >10% SW increase in 78% and 71% of the wide QRS
complex and intermediate QRS complex patients paced in the PLRVA configuration,
respectively. These numbers are in the same order of magnitude as responder rates
reported in long term studies.
Controversy exists on the effects of CRT in patients with a narrow QRS complex.
In a randomized trail published by Beshai and colleagues no improvement in
exercise tolerance was shown comparing narrow-QRS patients receiving a C RT-D
with those receiving an ICD.

20

Williams et al, however, showed that patients with a
7

narrow QRS may respond to CRT. In our acute study, narrow QRS patients
generally showed a poor or even adverse acute effect of CRT, but we identified 4 of
16 patients with a > 10% SW increase either with PLRVA pacing (3 patients) or
ALRVA pacing (1 patient) indicating a possible benefit in selected patients.
We did not find significant differences in acute hemodynamic response in SW
and dP/dtmax between patients with ischemic or non-ischemic etiology, but the
number of patients is relatively small and therefore statistical analysis is less robust.
Evaluation of effects of lead location in our acute pacing protocol confirms
previous findings that generally PLRVA pacing is hemodynamically superior over
ALRVA pacing, independent of QRS duration. In an acute study using pressure
derived parameters, Butter and co-workers showed that PL pacing doubled
improvement compared to AL pacing.

21

Long term follow-up studies also showed

that implantation of a l ead in the PL region generally resulted in better functional
outcome and larger reverse remodeling.

22

Based on the data in figure 4, it is also suggested that mid ventricular position of
the LV lead is superior to either a basal or an apical position. This notion is
supported by Helm et al.

23

showing a ‘sweet spot’ for LV lead placement in the mid

PL region in a dog heart, and by long term studies pointing to a more mid LV lead
position to achieve optimal response to CRT.
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However, individual cases may show significantly distinct patterns with substantially
larger improvement by stimulation from locations other than the conventional PL
(19% of cases in this study). Non-responders may even be changed in responders
using these aberrant pacing locations (overall 7% of cases). Based on the results of
these acute measurements, 17 of 41 p atients (41%) eligible for CRT according to
the guidelines could have been hemodynamically improved either by positioning the
lead in an unconventional position (10 of 41, 24%) or withholding CRT (7 of 41,
17%). Of note, we show that not only in the narrow QRS group CRT decreased
pump function significantly in 4 of 16 patients (25%), also in patients eligible to CRT
according to the guidelines conventional CRT decreased pump function in 6 of 41
patients (15%). The TBS protocol described in this study may aid further research
into this issue.
There are some limitations considering the use of the conductance catheter.
Construction of pressure-volume loops requires simultaneous acquisition of a
pressure- and a volume signal. Pressure signals obtained from a s olid state
pressure transducer are very reliable and hardly dependent on catheter placement.
Volume signals obtained by conductance catheter, however, require careful catheter
placement, which may be challenging especially in large ventricles. Moreover,
determination of the end diastolic and end-systolic PV points may be subject to
discussion since the QRS complex (which is typically used for determination of end
diastole) changes as a r esult of pacing and aortic valve closure (typically used as
end systole) cannot readily be determined. As a consequence, measured EDV, ESV
but also EDP and ESP may be subject to more variation than SW which is directly
calculated from the complete PV-loop, i.e. the surface of the PV-loop, and
independent from the designated end-diastolic and end-systolic PV points.
Acute volume changes reported in this paper are small, as expected. We
therefore chose to focus on SW in this study. Since it is often used in literature, we
also evaluated dP/dtmax, which is directly calculated from the pressure signal. From a
theoretical point of view, however, this parameter is less comprehensive because it
fully discards volume changes and yet is preload dependent. Earlier we reported on
the discrepancy between SW and dP/dtmax in acute response to CRT.

26

As indicated, a >10% change in SW was assumed to be significant based on
literature.

17

This value was chosen rather arbitrarily, but the choice is supported by

our recent finding that this SW cut-off value is superior in predicting long term
response compared to dP/dtmax or QRS duration.

11

Therefore, the TBS protocol may

aid in the optimization of lead positioning and result in improvement of long term
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clinical relevant response, but this needs to be confirmed in a r andomized clinical
trial.
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ABSTRACT
Purpose: Cardiac resynchronization therapy (CRT) is an es tablished therapy for
drug-refractory heart failure with interventricular conduction delay. However, the
non-response rate is relatively high (30-50%). There is an o ngoing effort to select
patients likely to respond, as yet with inconclusive results. We studied invasively and
non-invasively obtained hemodynamic parameters associated with acute response
to CRT.
Methods: Invasive hemodynamic measurements were obtained at baseline and
during temporary biventricular pacing using a c onductance catheter, enabling
pressure and segmental volume measurements. Stroke work (SW), end-diastolic
and end-systolic volumes, end-diastolic and end-systolic elastance, dP/dtmax and
dyssynchrony were determined. Non-invasive end-systolic elastance (EES) was
calculated using non-invasive systolic blood pressure and end-systolic volume
obtained by CMR. CRT response was defined as change in SW (ΔSW) during CRT
compared to baseline. Patients with ΔSW>20% are considered responders.
Results: Forty-six patients (29(63%) males, aged 66±10years, QRS 155±20ms,
26(57%) ischemic cardiomyopathy) were included. There was no significant
difference

between

responders

and

non-responders

for

all

hemodynamic

parameters except for EES, which was higher in responders (0.77±0.38 versus
0.55±0.24mmHg/ml, p= 0.03). Additionally, multivariate regression analysis showed
that baseline invasive EES and non-invasive EES were significantly correlated with
response (β=0.50, p=0.02 and β=0.54, p=0.03, respectively).
Conclusions: Responders have a higher EES, indicating that their overall LV
performance is better compared to non-responders.

INTRODUCTION
Cardiac resynchronization therapy (CRT) is an es tablished therapy for drugrefractory symptomatic heart failure patients in the presence of electrical
intraventricular conduction delay. CRT alleviates heart failure symptoms and is
associated with a substantial survival benefit

1,2

. Unfortunately, roughly one third to

half of the treated patients do not respond to this therapy

3,4,5

. Attempts to improve

patient selection by assessment of the extent of mechanical dyssynchrony,
predominantly using echocardiographic parameters have been disappointing

6,7,8

.

Acute response to CRT has been evaluated by invasive hemodynamic
measurements, such as the change in stroke work (SW)
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. It has been
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suggested that these invasive parameters may also be of use in a clinical setting to
optimize patient selection

14,15,16

. In addition to SW other hemodynamic properties of

the left ventricle can be calculated, such as end-diastolic and end-systolic elastance
(EED and EES, respectively)

13

. Further, dyssynchrony quantification can be obtained

using a c onductance catheter which measures dyssynchrony by comparing
segmental LV volumes to the overall LV volume.
In patients with end-stage heart failure myocardial remodeling occurs, involving
alterations in cytoskeletal protein expression, increased fibrosis and degeneration of
myocytes

17

. These changes can eventually lead to cardiac dysfunction.

We studied a l arge number of invasively and non-invasively obtained
hemodynamic parameters at baseline in relation to acute hemodynamic response to
cardiac resynchronization therapy in patients with dilated cardiomyopathy.

MATERIALS AND METHODS
Study population
Patients were selected from a C RT database which was described earlier

18

. All

patients gave informed consent prior to the study procedures. The local research
ethics committee approved conduction of this study. Inclusion criteria were: mild to
advanced heart failure (New York Heart Association Class II and III), a severely
depressed LV function (LVEF ≤35%), sinus rhythm with QRS duration ≥ 120 ms and
at least 3 months optimal medical therapy. Exclusion criteria were: myocardial
infarction or acute coronary syndrome within 3 m onths prior to study inclusion,
previous pacemaker implantation, aortic valve stenosis, mechanical aortic valve
replacement, the presence of LV thrombus, severe renal dysfunction (eGFR <30
mL/min), RBBB or claustrophobia.

Invasive hemodynamic measurements
Prior to device implantation invasive hemodynamic measurements were obtained at
baseline and during temporary biventricular pacing, as previously reported

10

. In

brief, an 8 French guiding catheter was introduced under fluoroscopy to access the
coronary sinus via the femoral vein. Subsequently, a balloon-occlusive venogram of
the coronary sinus and its tributaries was obtained. Temporary pacing leads,
(isolated guide wires: VisionWire, Biotronik, Berlin, Germany) were placed in at least
two different tributaries of the coronary sinus. For the present analysis only data
from stimulation in the postero-lateral branch were used, since this is still the
conventional location to place the LV lead. Furthermore, temporary bipolar pacing
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catheters were positioned in the right atrial appendage and in the right ventricular
apex. Biventricular pacing was performed in intrinsic sinus rhythm and D DD-mode
with a fixed AV-delay of 100 ms. However, when full capture was absent AV-delay
was set to <100 ms. The VV-delay was set to 0 ms. In case of arrhythmias
interfering with analysable PV loops, atrial pacing was performed with a rate of 10%
above the intrinsic rhythm.
Hemodynamic parameters were obtained using a 7 French conductance catheter
(Leycom®, Zoetermeer, The Netherlands) with 12 electrodes with an interelectrode
space of 8, 10 or 12 m m. The chosen interelectrode space depended on the LV
cavity size which was determined by the EDV derived by CMR imaging, according to
previously described imaging protocol

19

. The conductance catheter was advanced

via the femoral artery into the LV cavity to acquire pressure-volume loops (PV loops)
20

. The PV loops were calibrated using non-invasively acquired volumes calculated

from the end-diastolic and end-systolic volumes derived from the imaging protocol.
Data were acquired at baseline and 10-20 seconds after initiation of biventricular
pacing. Data were recorded for several minutes and used for offline analysis.
Premature beats and 2 successive beats were excluded from analysis.
Approximately 40-60 representative heartbeats were averaged and used for
assessment of hemodynamic variables.

Hemodynamic parameters
Invasive hemodynamic parameters were calculated as described earlier

13

. In short,

EED was calculated as EDP divided by EDV, EES as ESP divided by ESV. SW was
calculated as the area of the PV loop. Finally, segmental LV volume changes
obtained by the conductance catheter were used to quantify invasive dyssynchrony,
which is correlated with septal-to-lateral delay, assessed by tissue Doppler
echocardiography

21

. The volume signals of LV segments corresponding to the

electrodes of the conductance catheter were compared to the simultaneous total LV
volume signal throughout the whole cardiac cycle. A segmental volume is
considered dyssynchronous when it is out of phase compared to the total LV
volume. The degree of dyssynchrony is expressed as a per centage; 0% meaning
completely synchronous. Invasive dyssynchrony was calculated as a m ean of the
segmental dyssynchrony and given for the systolic (Dyssys) and diastolic phase
(Dysdia)

21

. In addition, non-invasive EES was calculated as systolic blood pressure

obtained from the arm-cuff pressure measurement during CMR imaging divided by
end-systolic volume, derived from the CMR.
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Measurement of outcome of CRT
Stroke work was used to assess the hemodynamic response to CRT

11,12

. Patients

with ΔSW >20% were classified as responders, patients with ΔSW ≤20% were
classified as non-responders

11

.

Statistical methods
Continuous variables are expressed in mean ± standard deviation. The invasive
hemodynamic variables at baseline were compared to hemodynamic variables
during CRT using a paired t-test, after the data were tested for normal distribution.
Comparison between groups was performed using the unpaired t-test, when data
were normally distributed. Univariate regression analyses were used to determine
the relationship between age, gender, clinical status, LV volumes, LV hemodynamic
properties, dyssynchrony parameters and the outcome variable (SW response).
Parameters with a p -value <0.10 using univariate analyses were entered into the
multivariable regression analysis using backward elimination to identify independent
predictors for SW response. In addition, the correlations between invasively and
non-invasively obtained EES, and be tween invasively and non -invasively obtained
SW were calculated using Pearson correlation, after the data were tested for normal
distribution. A p-value ≤0.05 was considered statistically significant. Statistical
analysis was done using the IBM SPSS Statistics for Windows, Version 20.0.

RESULTS
Patients with stable PV loop measurements during temporary biventricular pacing,
who had undergone CMR imaging were selected from the CRT dataset. Forty-six
patients, (29 (63%) male, aged 66±10 years, 26 (57%) ischemic) were suitable for
analysis. Baseline characteristics are shown in Table 1.
Intraventricular conduction delay (IVCD), left bundle branch block (LBBB), New
York Heart Association functional class (NYHA), End-diastolic volume (EDV), endsystolic volume (ESV), left ventricular ejection fraction (LVEF).

Hemodynamic measurements
Hemodynamic parameters at baseline and during CRT are given in Table 2. For the
total study population, a significant acute increase was observed in stroke volume,
SW and dP /dtmax, whereas a s ignificant decrease was seen in Dyssys and Dysdia.
QRS duration, LV volumes, LV ejection fraction, end-diastolic and end-systolic
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pressure, EED and EES remained unaffected during CRT. None of the invasive
hemodynamic parameters were significantly different between responders and nonresponders except for EES which was significantly higher in responders (0.77±0.38
versus 0.55±0.24 mmHg/ml, p= 0.03). EES was also calculated using non-invasive
blood pressure measurements and CMR assessed end-systolic volume. Figure 1
shows that there is a s ignificant correlation between the invasively and noninvasively obtained EES (R= 0.92, p<0.01). In addition, invasively obtained SW is
moderately correlated with the non-invasively obtained SW (R=0.61, p<0.01).
Table 1: Baseline characteristics
n=46
66±10
29 (63%)
155±20
5 / 41
26 (57%)

Baseline characteristics
Age (yrs)
Male
QRS (ms)
IVCD / LBBB
Ischemic, n
NYHA, n
I / II / III /IV
EDV (ml)
ESV (ml)
LVEF (%)

0 / 9 / 37 / 0
277±90
218±89
23±10

Intraventricular conduction delay (IVCD), left bundle branch block (LBBB), New
York Heart Association functional class (NYHA), end-diastolic volume (EDV), endsystolic volume (ESV), left ventricular ejection fraction (LVEF).

R=0.92
p<0.01

Invasive EES (mmHg/ml)

2.0
1.5
1.0
0.5
0.0
0.0

0.5

1.0

1.5

2.0

Non-invasive EES (mmHg/ml)
Figure 1: Non-invasive end-systolic elastance is presented on the x-axis, invasive end-systolic elastance
is presented on the y-axis. A good correlation (R=0.92, p<0.01) was found.
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Patients are classified as responders when they have a SW increase of > 20%, otherwise they are classified as non-responders. Enddiastolic elastance (EED), end-diastolic pressure (EDP), end-diastolic volume (EDV), end-systolic elastance (EES), end-systolic pressure
(ESP), end-systolic volume (ESV), left ventricular ejection fraction (LVEF), longitudinal dyssynchrony of the diastolic phase (dysdia,),
longitudinal dyssynchrony of the systolic phase (dyssys), stroke volume (SV), stroke work (SW). These data are derived from invasively
obtained pressure-volume data.* p=0.03, compared to baseline values of the non-responders

Table 2: Acute hemodynamic measurements during CRT
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Univariate and multivariate regression analysis
The univariate and multivariate regression analysis of baseline variables and SW
response are presented in Table 3. Univariate analysis showed that baseline ESV,
LVEF, EDP and E ES were significantly correlated with SW response. However,
multivariate revealed that only EES at baseline was significantly correlated with SW
response, β=0.50, p=0.02. The same applies for the non-invasively obtained EES at
baseline, β=0.54, p=0.03.
Table 3: Univariate and multivariate regression analysis invasive parameters

QRS (ms)
Ischemic
CMP
(N/Y)
EDV (ml)
ESV (ml)
LVEF (%)
SV (ml)
EDP (mmHg)
ESP (mmHg)
EED (per 1/100
mmHg/ml)
EES (per 1/100
mmHg/ml)
SW (L·mmHg)
dP/dtmax (mmHg/s)
dysdia (%)
dyssys (%)

ΔSW response
Univariate analysis
β
p
0.22
0.54
-3.42
0.82
-0.14
-0.16
1.70
0.24
-1.55
0.42
-1.08

0.09
0.05
0.02
0.43
0.08
0.21
0.51

0.50

0.02

-3.22
0.06
-0.11
0.37

0.30
0.11
0.84
0.55

ΔSW response
Multivariate analysis
β
p

0.08
0.63

0.61
0.55

-1.36

0.10

0.50

0.02

Stroke work (SW), ischemic cardiomyopathy (ischemic CMP), no (N), yes (Y), end-diastolic volume
(EDV), end-systolic volume (ESV), left ventricular ejection fraction (LVEF), stroke volume (SV), enddiastolic pressure (EDP), end-systolic pressure (ESP), end-diastolic elastance (EED), end-systolic
elastance (EES), invasive dyssynchrony of the diastolic phase (dysdia,), invasive dyssynchrony of the
systolic phase (dyssys)

DISCUSSION
The present study was conducted to investigate the correlation between various
hemodynamic parameters at baseline and acute hemodynamic response to CRT in
patients eligible for CRT. Responders had a significant higher EES measured
invasively using PV loops, compared to non-responders to CRT. Multivariate
regression analysis revealed that the invasively obtained EES is significantly
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correlated with SW response β=0.50, p=0.02, the same applies for the noninvasively obtained end-systolic elastance, β=0.54, p=0.03.

Hemodynamic measurements
The data on the effects of CRT presented in this study are consistent with the
literature. Acute improvement in SW by CRT has also been shown by others

9,12,22,23

.

Acute changes in blood pressure and LV volumes are subject to some debate, since
some studies reported significant improvement

24,22,25

, while others did not

15,26,27

.

The present study showed that there is an excellent correlation between invasively
and non-invasively obtained EES. This is of importance since non-invasive
assessment of EES is more feasible and less expensive than invasive assessment.
In addition, a moderate, but significant correlation between invasive and noninvasive SW was found.

Baseline parameters to predict CRT response
Numerous studies have been conducted in an attempt to predict response to CRT,
mainly focussing on the assessment of dyssynchrony. Although smaller studies
reported promising results using echocardiography measures of dyssynchrony
28,29,30,31,27

8

, these results could not be confirmed in larger randomized trials . The

present study evaluated an invasive measure to study LV pump function. CRT was
found to improve both systolic and diastolic function in the entire study population.
The time-varying elastance concept was used to describe LV pump function, with
EES as a measure of contractility and EED as a m easure of diastolic function, both
independent from loading conditions. Several methods can be used to calculate the
EES. Although the method adopted in this study, proposed by Steendijk et al.

13

, is

rather crude but straightforward, the results were similar to the analysis method
according to Kjorstad et al.
improvement in EES

13,33

32

. Long-term follow-up CRT studies showed significant

. The present study, however, did not show significant

changes in both EES and EED, suggesting that these parameters are too insensitive
to detect subtle changes in the acute setting. In contrast, multivariate regression
analysis revealed that invasive EES at baseline is significantly correlated with SW
response (β=0.50, p=0.02), suggesting the better the EES, the more likely one will
respond to CRT. Diverse mechanisms are present in dilated hearts. One of the
characteristic of ventricular dilatation is lengthening of individual myocytes, which do
not facilitate the utilization of the Frank-Starling mechanism

34

. An additional

characteristic is the rearrangement of myofibrils, resulting in distortion of the
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contractile elements of the myocytes

34,35,36

. Both characteristics will hamper the

contractile function of the LV. Furthermore, in end-stage heart failure there is an
altered distribution and loss of titin

37

. Titin plays an important role in the alignment of

the contractile filaments and is responsible for passive and restoring forces in
myofilaments during sarcomere elongation and compression

38,37

. There are 2

isoforms present in the myocardium the N2B isoform, which causes passive tension
and the N2BA isoform, which is the more compliant isoform

35

. In end-stage heart

failure hearts, a shift toward more compliant titin-isoform occurs. This compensates
the increasing passive wall stiffness, caused by fibrosis. However, it may have
adverse effects on the Frank-Starling mechanism, due to changes in calcium
sensitivity

38

. It also slows down the passive shortening of sarcomeres

characteristics result in systolic dysfunction

35

39

, both

. In the present study, systolic

dysfunction in non-responders to CRT is shown by a higher EF and a smaller ESV in
CRT responders than in CRT non-responders but there was no significant difference
between the 2 groups. Further, no significant difference was found in ESP, however,
a combination of ESV and ESP (EES) is related to CRT response. Therefore, we
believe a combination of baseline parameters is more accurate than 1 single
parameter alone to represent the condition of the LV.
Finally, non-invasively obtained EES is excellent correlated with invasively
obtained EES and multivariate regression analysis shows that it is also correlated
with SW response. Non-invasive EES seems a useful tool to predict CRT response
and might be of value in selecting CRT patients.

LIMITATIONS
Most measured and calculated parameters presented in this study critically depend
on adequate measurement of LV pressure and volume. These were obtained using
a conductance catheter containing a s olid state pressure sensor, this is a r eliable
signal and barely dependent on catheter placement. The acquisition of volume data,
however, is more challenging and requires careful catheter placement. Repeated
baseline measurements and e laborate data optimisation (as described in the
Methods section) were used to ensure stable catheter position and data validity.
Calibration of volume data was performed using CMR data typically obtained within
48 hours prior to the temporary pacing procedure, possibly introducing calibration
errors. Since all patients were stable, we expect these errors to be small. In addition,
the outcome measure of this study (ΔSW) is a relative measure and will therefore be
largely unaffected. The present study was performed in a small number of patients.
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However, the results are consistent with the literature, suggesting that the studied
patients were not subjected to significant bias. Long-term follow-up was incomplete,
but studies have shown that acute hemodynamic response is well correlated with
long-term response

11,13,40

. Finally, the present study did not optimize the AV and

VV-delay during the measurements, since this would have substantially extended
the time of the invasive procedure. However, all large randomized controlled trials
on CRT have not optimized intervals.

CONCLUSION
The present study shows that baseline end-systolic elastance measured invasively
using LV pressure-volume loops is correlated with acute SW increase during CRT.
Patients with a high EES are more likely to respond to CRT, whereas patients with a
low EES are not. Non-invasive assessment of EES using blood pressure
measurements obtained from the arm-cuff pressure measurement during CMR
imaging and CMR derived end-systolic volume is well correlated with invasive EES
assessment.
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ABSTRACT
Background: Response to cardiac resynchronization therapy (CRT) is hampered by
the extent and location of left ventricular (LV) scar tissue. It is commonly advised to
avoid scar tissue while placing the LV lead. However, whether individual patients
benefit from this strategy remains unclear.
Methods: Thirty-two CRT candidates with ischemic cardiomyopathy were enrolled
from two successive clinical trials (TBS and E-pot study). Magnetic resonance
imaging with late contrast enhancement was performed to assess location, degree
and transmurality of LV scar tissue. Patients underwent invasive pressure-volume
loop measurements to assess acute LV pump function changes during pacing at
posterolateral (PL) and anterolateral LV sites.
Results: In the study population (26 (81%) men, ejection fraction (EF) 22±8%, QRS
149±20ms), baseline mean stroke work (SW) and dP/dtmax were 4.4±2.2 L∙mmHg
and 849±212 mmHg/s, respectively. The extent of scar tissue was inversely related
to the acute increase in SW during pacing (R=-0.53, P=0.002). Stimulating PL scar
tissue resulted in deterioration of pump function (∆SW -17±17%, P=0.018), whereas
pacing PL viable tissue led to an increase in pump function (∆SW +62±51%,
P<0.001). Switching from pacing at the location of scar tissue, irrespective of the
scar location, to viable tissue showed a significant increase in SW from (-8±20% vs.
+20±40, P=0.004).
Conclusions: The extent of LV scar tissue is inversely related to acute pump function
improvement during CRT. Pacing at the location of (transmural) scar tissue at any
site of the LV will generally deteriorate LV pump function. Placing the LV lead over
viable myocardium significantly improves pump function as compared with pacing at
the location of scar tissue in patients with ischemic cardiomyopathy.

INTRODUCTION
Over the last decade, cardiac resynchronization therapy (CRT) has become a
1

cornerstone in the treatment of selected patients with end-stage heart failure. The
therapy has led to a significant decrease in morbidity and mortality and an increase
in functional capacity in patients with severely depressed left ventricular (LV)
function, limited functional status, and a conduction delay.

2,3

Although both patients

with a dilated (DCM) and ischemic cardiomyopathy (ICM) benefit from biventricular
stimulation, improvement is limited in the latter group.

4,5,6

In ICM patients, the

amount, transmurality and location of scarred myocardial tissue have been shown to
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influence response to CRT.

7,8,9

Accumulating data demonstrate that patients who

are paced at the location of scarred myocardium more frequently show an
unfavorable outcome compared with patients who are paced in viable myocardial
10,11

tissue.

Therefore, it is generally assumed to place the LV lead at a viable area of

the myocardium. In the individual patient, however, switching the LV lead from scar
tissue to viable tissue was only tested in a few cases.

12,13,14

Consequently, it remains

unclear whether CRT candidates may benefit from this strategy. We hypothesize
that pacing at the location of scarred myocardium is unfavorable for LV pump
function and relocating the LV lead to viable myocardium improves pump function
within the same ischemic CRT patient. To address this hypothesis, acute stroke
work (SW) measurements were performed using pressure-volume (PV) loops,
allowing for reliable invasive assessment of LV pump function during different pacing
configurations.

METHODS
Study population:
Patients were recruited from the Temporary Biventricular Stimulation (TBS) study,
as previously published

15

and the E-pot study. The E-pot study was consecutively

performed after the TBS study, using similar in- and exclusion criteria, but was also
performed in a s econd center (The Isala Klinieken, Zwolle, The Netherlands). In
brief, inclusion criteria were as follows: mild to advanced heart failure (New York
Heart Association Class II to IV), a severely depressed left ventricular (LV) function
(LVEF≤35%), sinus rhythm and at least 3 months of stable optimal tolerated medical
therapy. Exclusion criteria were myocardial infarction or acute coronary syndrome
within 3 m onths prior to study inclusion, previous pacemaker implantation, aortic
valve stenosis, mechanical aortic valve replacement, the presence of LV thrombus,
2

severe renal dysfunction (eGFR <30 mL/min/1.73m ) or claustrophobia.
For the present analysis, patients were recruited from the original dataset (n=88)
when successful temporary biventricular pacing with stable PV-loop measurements
was performed in patients with ischemic etiology of heart failure, which was defined
16

as having a history of myocardial infarction , significant coronary artery disease on
coronary angiography (70% stenosis in ≥ 1 major epicardial coronary artery),
previous percutaneous coronary intervention or coronary artery bypass grafting.
Additional inclusion criteria were LV conduction delay (QRS≥120ms), absence of
RBBB and a cardiac magnetic resonance imaging (CMR) study with late gadolinium
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enhancement (LGE). A total of 32 patients were enrolled in the study, as shown in
figure 1.

Figure 1: Flow diagram which shows patient inclusion. Narrow QRS patients are defined as having a
QRS<120ms. RBBB = Right Bundle Branch Block. DCM = Dilated Cardiomyopathy. CMR = Magnetic
Resonance Imaging. LGE = Late Gadolinium Enhancement.

Magnetic resonance imaging
All CMR scans were performed using a clinical 1.5 Tesla MRI-scanner (Siemens,
Erlangen, Germany) using a phased-array cardiac receiver coil. Functional imaging
was performed using retrospectively ECG-gated steady-state free precession cine
imaging with breath-holding. Per patient, typically 10 short-axis slices were obtained
every 10mm covering the entire LV. From these images, LV volumes and m ass
were measured and ejection fraction (EF) was calculated. The absolute CMR
derived volumes were used to calibrate the conductance catheter measurements.
After 12-15 minutes, LGE imaging was performed using a 2 -dimensional
segmented inversion recovery gradient-echo pulse sequence with full LV short-axis
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coverage. In case of difficulties with breath holding, a s ingle-shot sequence was
used instead of a s egmented sequence. Myocardial scar territory was quantified
using the Full Width at Half Maximum (FWHM) technique and presented as
percentage of the LV mass derived from the cine images.

17

Analyses were

performed with dedicated software (MASS, Medis, Leiden, the Netherlands).
Enhancement was scored visually by an experienced researcher, blinded to the
clinical data. The 17-segment model was used to subdivide the short-axis slices in
basal, mid and a pical segments of the myocardium.

18

The apical segment was

excluded, due to low quality of the apical short axis LGE images in most patients.
Each segment was graded on a 5-point scale (segmental scar score): 0= absence of
hyperenhancement, 1= hyperenhancement of 0%-25%, 2= hyperenhancement of
25%-50%, 3= hyperenhancement of 50%-75% and 4= hyperenhancement of 75%100%. Transmurality was defined as a segmental scar score of 3 or 4
(hyperenhancement extending from 51% to 100% of the LV wall thickness).

19

The

sum scar score was calculated as the summation of segmental scar scores per
patient.

Temporary pacing procedure
Within the same week of the CMR, all patients underwent temporary biventricular
stimulation to assess the acute hemodynamic response to CRT as previously
15

described.
pacing

In brief, after administering 5000IE of heparin two temporary bipolar

leads

(NBIH,

6F,

Bard

Electrophysiology

Department,

Lowell,

Massachusetts, USA) were placed, one in the right atrium and one i n the right
ventricular apex (RVA). Two unipolar pacing leads (Visionwire, Biotronik, Berlin,
Germany) were targeted at the anterolateral (AL) region (ranging from anterior to
lateral) and the posterolateral (PL) region (ranging form lateral to posterior) using the
tributaries of the coronary sinus. Subsequently, a conductance catheter (CD Leycom
Zoetermeer, The Netherlands) was placed in a s table position in the LV apex to
obtain reliable PV loops. Threshold testing was performed and subsequently QRS
templates were obtained during ventricular stimulation using each individual lead
(VOO mode, full capture) as well as during biventricular stimulation (both PL-RVA
and AL-RVA). Throughout the procedure QRS morphology was closely monitored to
ensure biventricular stimulation. Either VDD pacing (TBS study) or DDD pacing with
a lower rate set at 5-10 beats per minute above the intrinsic rate (E-pot study) was
performed with an AV-delay set to 100 ms or lower, ensuring full ventricular capture.
Ventricular pacing was performed with a VV-interval of 0 m s. Hemodynamic
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measurements were obtained both at baseline (during intrinsic rhythm for TBS study
and during AAI stimulation 5-10 beats above the intrinsic rate for the E-pot study)
and during biventricular pacing using the ALRVA and the PLRVA lead combinations.
Lead locations were recorded on f luoroscopy using standard LAO and RAO
directions. Two experienced electrophysiologists, who were blinded to other patient
data, subsequently related the lead positions to the LV segment in the
aforementioned LV model. Figure 2 shows an example of a CMR short-axis image
and designated lead locations.

Hemodynamic measurements
Pressure-volume loops were recorded during pacing with each lead combination.
Baseline (no pacing) measurements were taken before and after each biventricular
run, to assess possible baseline shifts. Data were acquired during baseline
conditions and 30 seconds after initiating pacing. Approximately 60 r epresentative
cardiac cycles were subsequently averaged, disregarding all inappropriate beats
(i.e. extra-systoles).

Figure 2: A short axis late gadolinium enhancement image with scar (white) in the postero-lateral (PL) left
ventricular wall is shown on the left. The red and green asterisk represent the PL and antero-lateral (AL)
epicardial lead, respectively. The pressure-volume (PV) loops from the corresponding patient are
depicted on the right. The dotted PV-loop represents baseline conditions, whereas the red PV-loop
represents stimulation of scar tissue (PL-wall) and t he green PV-loop represents stimulation of viable
myocardium (AL-wall).

LV function was quantified by end-diastolic volume (EDV), end-systolic volume
(ESV), stroke volume (SV), cardiac output (CO) and EF. Also, end-diastolic pressure
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(EDP), end-systolic pressure (ESP), and the maximum rate of systolic and diastolic
pressure change (dP/dtmax, dP/dtmin) were determined. Stroke work (SW) was
directly calculated as the surface of the PV loop. The effect of each run of
biventricular pacing was calculated as the relative change compared with the mean
of the two flanking baselines.

Statistical analysis
The commercially available Statistical Package for Social Sciences software (IBM
SPSS Statistics for Windows, Version 20.0. Armonk, NY, USA) was used for
statistical analysis. Continuous variables are expressed as mean ± standard
deviation (SD). Categorical variables are presented as absolute numbers and
percentages. Normality was tested for continuous variables using the Shapiro-Wilk
test. For the amount of scar tissue, normality criteria were not met. Therefore the
percentage scar tissue was transformed using the natural logarithm (presented as
Ln%). Parametric tests (independent or paired Student t-test) or non-parametric
tests (Mann-Whitney U test or Wilcoxon signed rank test) were used to compare
groups when appropriate. Proportions were compared using chi-square analysis.
Linear regression analysis was performed to determine the relation between scar
burden and transmurality and acute hemodynamic response. Possible baseline
predictors and scar parameters were entered into the multivariable regression
analysis using backward elimination to identify independent predictors of
hemodynamic response. Receiver-operating curve (ROC) analysis was used to
determine a c ut-off value of scar tissue for the prediction of response, which was
defined as a SW increase of more than 20%, as previously published by our group.

20

The optimal cut-off value was defined as that providing the maximal accuracy
(Youden index) to distinguish between responders and non-responders. All
statistical tests were two-sided and a P-value of <0.05 was considered statistically
significant.
The E-pot study was partially supported by St. Jude Medical. The authors are
solely responsible for the design and conduct of this study, all study analyses, the
drafting and editing of the paper and its final contents.
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RESULTS
Study population
Thirty-two patients (aged 68±7 years, 26 (81%) male) with ischemic cardiomyopathy
and drug refractory end-stage heart failure were extracted from the databases.
Baseline characteristics are listed in table 1. All patients successfully completed all
investigations and no procedure related complications were observed. Informed
consent was obtained in all patients prior to the study procedures. The local
research ethics committee approved conduction of the study.

Overall scar burden
Of the 512 segments evaluated, 152 segments (30%) revealed hyperenhancement
on CMR and 360 segments (70%) showed no hyperenhancement. Of the
hyperenhanced segments, 33 (22%) showed minimal hyperenhancement (score 1),
28 segments (18%) showed hyperenhancement with score 2, 35 segments (23%)
scored 3 and t he remainder (56 segments, 37%) scored 4. In total 91 s egments
(60%) showed transmural scar (score 3 and 4). The mean number of segments per
patient with any hyperenhancement was 4.8±3.2 (range 0-12), and the mean
number of segments per patient with transmural hyperenhancement (score 3 and 4)
was 2.9±2.6 (range 0-8). Scar was equally distributed over all segments.

Baseline LV pump function and acute improvement
Baseline analysis showed significantly enlarged volumes (EDV 280±90ml, ESV
223±87ml), and severely decreased EF (22±8%) combined with elevated EDP
(20±9mmHg). Mean SW was 4.4±2.1 L∙mmHg and both dP/dtmax and dP/dtmin were
considerably depressed, 849±212 mmHg/s and -836±185 mmHg/s respectively.
Temporary biventricular pacing significantly improved pump function during both
ALRVA and PLRVA pacing (table 2). Pump function improvement was significantly
higher during PLRVA stimulation compared with ALRVA stimulation (SW
+39%±56% vs. +23%±41%, P=0.015).
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Table 1: Patient characteristics
Parameter

n=32

Age (y)

68±7

Sex male (%)
NYHA class (II/III)
2

BSA (m )

26 (81%)
7/25
1.9±0.2

NT-pro-BNP (nmol)

1472±1459

QRS duration (ms)

149±20

LBBB/IVED, n

26/6

Ischemic origin, n(%)
PCI and/or CABG, n(%)

32 (100%)
21 (75%)

Medication
β-Blockers, n(%)

29 (91)

ACEi/ ARB, n(%)

31 (97)

Loop diuretics, n(%)

25 (78)

Spironolacton, n(%)

14 (44)

Study (TBS/E-Pot)*

22/10

CMR
LV Mass (gr)

137±38

Scar tissue (gr)

17±15

Scar enhancement (%)

12±10

Hemodynamics
HR (beats/min)

80±10

EDP (mmHg)

20±9

ESP (mmHg)

119±23

EDV* (mL)

280±90

ESV* (mL)

223±87

EF (%)

22±8

CO (L/min)

4.5±1.6

SW (L∙mmHg)

4.4±2.2

dP/dtmax (mmHg/s)

+849±212

dP/dtmin (mmHg/s)

-836±185

* = no s tatistical differences were found between both consecutive studies. † = calibrated by volumes
derived from magnetic resonance imaging. BSA = body surface area, LBBB = left bundle branch block,
RBBB = right bundle branch block, IVED = interventricular electrical delay, PCI = percutaneous coronary
intervention, CABG = coronary artery bypass grafting surgery, ACEi = angiontensine converting enzyme
inhibitor, ARB = angiotensine receptor blocker, TBS = Temporary Biventricular Stimulation study, E-Pot
study, CMR = Cardiac Magnetic Resonance, LV = left ventricular, HR = heart rate, EDP = end-diastolic
pressure, ESP = end-systolic pressure, EDV = end-diastolic volume, ESV = end-systolic volume, LV = left
ventricular, EF = ejection fraction, CO = cardiac output, SW = stroke work.
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*P<0.01 vs. baseline, †P<0.05 vs. baseline, HR = heart rate, EDP = end-diastolic pressure, ESP = end-systolic pressure, EDV = end-diastolic volume,
ESV = end-systolic volume, SV = Stroke Volume, EF = ejection fraction, CO = cardiac output, SW = stroke work

Table 2: Baseline and change in acute hemodynamic parameters during biventricular pacing
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Relation scar tissue and hemodynamic response
Linear regression analysis showed a m oderate inverse relationship between the
amount of scarred LV tissue and hemodynamic improvement during conventional
PLRVA pacing (SW; R = -0.53, P= 0.002). In addition, the overall transmurality of
scar tissue was to a lesser extent inversely related to hemodynamic improvement
during PLRVA pacing (SW; R=-0.36, P=0.044), as depicted in figure 3.

Figure 3: Scatter plots showing the relation between acute change in stroke work (SW) during
conventional PLRVA stimulation and (A) the amount of left ventricular scar tissue (Ln%), (B) the number
of scar segments per patient, (C) the number of transmural scar segments per patient and (D) the total
sum of scar score per patient. (= PL scar, AL scar,  = septal scar,  = PL and AL scar,  = no
scar). A cut-off of 10% (e2.28) scar predicted SW response (>20%) with a s ensitivity of 93% and a
specificity of 71%.

Receiver-operating curve (ROC) analysis showed the predictive value of the total
percent scar tissue for SW response (increase >20%) (R= 0.78, CI= 0.61-0.95,
P= 0.007). The optimal scar cut-off was 10% for the prediction of SW response
(increase >20%) with a s ensitivity of 93% and a specificity of 71%. Hemodynamic
response from only concordant leads (i.e. outside scar tissue) showed a l ower
inverse relationship with scar tissue (SW; R = -0.47, P=0.02), with an increased cutoff of 13% scar (sensitivity of 92% and a specificity of 68%). There was no maximum
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transmurality up to which response could be achieved in the stimulation of scar
tissue, as shown in figure 4. Multivariate regression analysis showed that the total
LV scar amount and t he transmurality of scar at the pacing site both are
independent predictors of hemodynamic response (table 3).

Figure 4: A box-plot which shows the pooled hemodynamic response (AL and P L) in relation to the
transmurality of scar at the pacing site. Three groups are shown: without scar (0%), with subendocardial
scar (0%-50%) and with transmural scar (50%-10%).
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Table 3: Predictors of response to PLRVA pacing
Univariate

Age
Sex
LVEF
LBBB
QRS
Total amount of scar (Ln%)
Transmurality of pacing over
PL scar

β
0.013
0.106
0.237
0.411
0.012
-0.315
-0.443

∆SW PLRVA

P
0.381
0.690
0.860
0.116
0.014
<0.001
<0.001

Multivariate
P
Ѳ
0.003
-0.250
<0.001
-0.399

LVEF = Left Ventricular Ejection Fraction, LBBB = Left Bundle Branch Block, PL = Posterolateral, RVA =
Right Ventricular Apex

Nine patients (28%) exhibited scar tissue at the PL lead location and 8 ( 25%)
patients at the AL lead location, of whom 4 (44%) and 5 (63%) had transmural scar
at the PL and AL location, respectively. No difference in total scar burden was found
between patients with and without PL scar (15±7% vs. 11±11%, P= NS), while
patients with AL scar demonstrated a s ignificantly larger amount of scar tissue
compared with patients without AL scar (20±12% vs. 10±8%, P<0.01). Biventricular
stimulation of PLRVA in the presence of PL scar tissue resulted in deterioration of
LV pump function (∆SW -17±17%, P= 0.018), whereas PLRVA pacing in patients
with viable myocardial PL tissue led to an increase in pump function (∆SW
+62±51%, P<0.001). Improvement in pump function during biventricular stimulation
was significantly higher in patients without PL scar than in patients with PL scar
(figure 5). Similar results were found in patients without and with AL scar (table 4).
Three patients (9%) showed scar tissue at both lead tips, eleven patients (34%)
had one LV lead at the location of scar tissue (7 PL , 4 AL) and the other LV lead at
the location of viable tissue. Pacing at the location of scar tissue exhibited a
decrease in SW, whereas pacing at the location of viable tissue resulted in an
increase in SW (-8±20% vs. +20±40%). As a result, switching the stimulation from
scar tissue to viable tissue led to a significant increase in SW (+28±26%; P=0.004),
as depicted in figure 6.
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*P<0.05 vs. baseline, †P<0.01 vs. baseline, AL = antero-lateral, PL = postero-lateral, TM = transmural, SW = stroke work, CO = cardiac output, EF =
ejection fraction

Table 4: Acute hemodynamic change during pacing at the location of scar and outside scar
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Figure 5: Scatter plots showing the percent change in SW during biventricular postero-lateral (PLRVA)
pacing in patients with PL scar (n=11) compared with patients without PL scar at the lead tip (n=24) on
the left. On the right the percent change in SW during biventricular antero-lateral (ALRVA) pacing in
patients with AL scar (n=10) compared with patients without AL scar at the lead tip (n=25). The error bars
show the mean ± SD.

Figure 6: Scatter-line plot showing the individual change in stroke work (SW) when pacing over scar
tissue (left-side) compared with pacing outside scar tissue (right-side). (= postero-lateral scar (n=8), =
antero-lateral scar tissue (n=5)).
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DISCUSSION
This study investigated the acute hemodynamic effects of biventricular pacing in
relation to scar tissue and viability in ischemic CRT candidates. The important
findings of this study can be summarized as follows: The extent and transmurality of
scar tissue are inversely related to pump function improvement during CRT. Pacing
at the location of (transmural) scar tissue at any site of the LV will generally
deteriorate LV pump function. However, switching biventricular stimulation from scar
tissue to viable tissue significantly improves pump function in ICM patients.
Myocardial tissue properties have been considered a determinant of response
since the MIRACLE-study demonstrated significant less reverse remodeling in
4

patients with an ischemic vs. a n on-ischemic etiology of heart failure. The extent
and transmurality of LV scar tissue have been shown to hamper long-term response
8

to CRT. Chalil et al. showed a g ood correlation between the scar amount and
7

transmurality and suboptimal clinical response at follow-up. Also, Ypenburg et al.

demonstrated an inverse relationship between the amount and transmurality of LV
scar tissue and degree of reverse remodeling at 6 months of CRT. In concordance
with these long-term results, our study is the first to show that acute pump function
improvement is also hampered by LV scar tissue. Furthermore, we found that a cutoff value of 10-13% scar tissue predicted acute hemodynamic response. A similar
21

cut-off of 15% scar tissue was found by White et al.

for the prediction of clinical

response. This supports that a substantial amount of scar tissue may lead to nonresponse, or even deterioration of the LV pump function.
The location of scar within the LV has also been identified to influence response
to CRT. Several studies have demonstrated that PL scar tissue with a LV lead at the
PL location impedes clinical and echocardiographic response to CRT.

22,23

The

hemodynamic results in the present study are in line with these findings. Patients
with a LV lead at the location of scar tissue showed significantly lower hemodynamic
response to biventricular pacing compared with patients with a LV lead over viable
tissue. This was not only demonstrated for the PL wall, but also for pacing at the AL
wall of the LV. Importantly, the pump function significantly decreased compared with
baseline when patients were stimulated at the location of PL scar.
The cardinal finding of the present study is the significant improvement of pump
function when switching biventricular stimulation from scar tissue to viable tissue,
irrespective of the scar location within the LV wall. These findings are consistent with
the literature. Rademakers et al. showed in an animal model of ischemic
dyssynchrony that hemodynamic response could be achieved by stimulation outside
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scar tissue.

24

In a relatively small human study, Spragg and co-workers showed that

endocardial LV pacing at 9cm outside infarct zone resulted in higher dP/dtmax
compared with pacing in infarct zone.

11

Expanding evidence demonstrates that optimal LV lead position varies widely
among CRT candidates, both in the circumferential and the longitudinal direction of
25,11

the LV.

A recent sub-analysis of the MADIT-CRT showed an unfavorable long26

term response of patients with apically positioned LV lead.

Others, however, found

no difference in both hemodynamic and long-term clinical response between
patients with apically and non-apically positioned LV leads.

27,25

Only three patients

were stimulated in an apical segment in the present study, without unfavorable
response compared to non-apical segments (SW: +31±25 vs. +40±59; P= NS). Of
note, as shown in the present study, the presence and l ocation of scar tissue
contribute to this individual variation in optimal lead location in patients with ICM. In
clinical practice, the location and amount of scar tissue can easily be assessed by
LGE-CMR imaging techniques. Also new echocardiographic imaging techniques,
such as radial strain imaging, have been proposed to identify myocardial scarring.

28

However, LGE CMR imaging is considered the gold standard to identify LV scar
29

tissue,

and is therefore preferred prior to device implantation in ICM patients

eligible for CRT.
Recent studies corroborate the approach of targeted placement of the LV lead.
Shetty and co-workers showed that pacing a LV site based on absence of scar
tissue as well as delayed contraction resulted in an improved acute hemodynamic
response compared with pacing at the worst LV site.

14

Using a s imilar approach,

Khan et al demonstrated significantly improved long-term response in terms of
symptoms relief and r educed morbidity and mortality.

28

Such a targeted approach

critically depends on assessment of pump function. PV loop measurements using
the conductance catheter provide reliable invasive pump function assessment in
end-stage heart failure patients.

15

Moreover, recent analysis demonstrated that the

acute improvement in SW was a g ood predictor for reverse remodeling after 6
20

months follow-up.

Therefore, acute hemodynamic testing might also be helpful in

optimization of the LV lead position.
There are however limitations to the use of the conductance catheter.
Determination of the end-diastolic PV points may be subject to discussion since the
QRS complex, which is typically used for determination of end-diastole, changes as
a result of pacing. Similarly, there is difficulty assessing the aortic valve closure,
which is ordinarily used to determine end-systole, rendering determination of the
end-systolic PV point ambiguous. As a c onsequence, measured EDV, ESV, EDP
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and ESP may be subject substantial variation. However, the present study used SW,
directly calculated from the complete PV-loop, i.e. the surface of the PV-loop, which
overcomes this problem. The above may also partially explain the observed larger
increase in SW compared with SV, which was derived from designated PV points.
In conclusion, the present study shows that extent and transmurality of LV scar
tissue at the pacing lead are independent predictors of acute pump function
improvement during CRT. Delivering CRT at the location of (transmural) scar tissue
at any site of the LV will generally deteriorate LV pump function. However, switching
biventricular stimulation from scar tissue to viable tissue, irrespective of the scar
location, leads to significant pump function improvement. It is therefore favourable to
avoid scar tissue when targeting the LV lead during CRT implantation.
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ABSTRACT
Background: Several implantation strategies have been proposed to improve
response to cardiac resynchronization therapy (CRT), including bifocal left
ventricular (LV) stimulation and optimal single LV lead placement. This study aimed
to compare these two strategies during invasive pressure-volume (PV) loop
measurements.
Methods and results: Thirty-three patients eligible for CRT were included (21 (64%)
men, 20 ( 61%) ischemic etiology, QRS 155±23ms), and un derwent Cardiac
Magnetic Resonance imaging and invasive pressure-volume loop measurements.
LV pump function was characterized by stroke work (SW) and dP /dtmax (5.1±3.4
L∙mmHg and 856±190 mmHg/s, respectively). Hemodynamic response was
assessed during stimulation at single LV sites and during bifocal LV (anterolateral
and posterolateral (PL)) stimulation. Response during bifocal LV stimulation was not
significantly higher compared with standard PL pacing (SW; β=9.4±5.4, P=0.080;
dP/dtmax, β=0.2±1.9, P=0.922). However, pump function improvement during
stimulation at the LV site with highest hemodynamic improvement (the best LV site)
was significantly higher compared with bifocal LV stimulation (SW; β=12.7±5.1,
P=0.012; dP/dtmax, β=3.3±1.2, P=0.020). Myocardial tissue properties were
assessed by CMR tissue tagging. Mechanical activation at the best LV site was
significantly more delayed compared with the worst LV site (431±93ms vs.
326±127ms; P=0.004).
Conclusions: Stimulation at the LV site of highest hemodynamic improvement
showed a significantly higher pump function improvement compared with bifocal LV
stimulation. Mechanical activation at this optimal LV site was significantly more
delayed compared with the non-optimal LV site. These results suggest that
implantation of a s econd LV lead yields no a dditional benefit over implantation of
one optimally placed LV lead.

INTRODUCTION
Over the last decade, cardiac resynchronization therapy (CRT) has become a
1

cornerstone in the treatment of patients with end-stage heart failure. The therapy
has led to a significant decrease in morbidity and mortality and increase in functional
capacity in patients with limited functional status, severely depressed left ventricular
(LV) function and conduction delay.

120

2,3

Bifocal left ventricular stimulation or the optimal left ventricular stimulation site CRT

Nonetheless, a s ubstantial proportion of patients do not respond to this therapy.
Several factors that contribute to non-response have been identified, including
persisting mechanical dyssynchrony, the presence of LV scar tissue or slow LV
conduction.

4,5,6

In order to overcome these factors of non-response in the individual

patient, lead placement is of key importance. For this reason, different lead
implantation strategies have been proposed. On the one hand, it is suggested to add
an extra LV lead in order to recruit a l arger area of the dilated LV, to manage
dyssynchrony and to avoid pacing over scar tissue. Leclercq and co-workers
performed a study applying bifocal LV stimulation and showed that implantation was
safe and was associated with significantly more LV reverse remodeling than
7

conventional biventricular stimulation. An alternative approach is to position LV lead
to a patient specific optimal LV site based on highest pump function improvement or
latest mechanical activation.

8,9

In a r andomized clinical trial using this approach,

Khan et al. recently showed that the use of echocardiographically targeted LV lead
placement was associated with significantly improved response, clinical status and
lower rates of combined death and heart failure-related hospitalization compared
with standard CRT implantation.

10

However, it remains unknown which of these aforementioned strategies yields
the optimal result for end-stage heart failure patients treated with CRT. The aim of
the present study was to compare pump function improvement during bifocal LV
stimulation and LV stimulation with conventional lead placement.

METHODS
Study population:
Patients were recruited from the Temporary Biventricular Stimulation (TBS) study
8

and the E-pot study. The E-pot study was consecutively performed after the TBS
study, using similar in- and exclusion criteria, but was also performed in a s econd
center (The Isala Klinieken, Zwolle, The Netherlands). In brief, inclusion criteria
were: mild to advanced heart failure (New York Heart Association Class II to IV), a
severely depressed left ventricular (LV) function (LVEF≤35%), sinus rhythm and at
least 3 month stable optimal tolerated medical therapy. Exclusion criteria were
myocardial infarction or acute coronary syndrome within 3 months prior to study
inclusion, previous pacemaker implantation, aortic valve stenosis, mechanical aortic
valve replacement, the presence of LV thrombus, severe renal dysfunction (eGFR
2

<30 mL/min/1.73m ) or claustrophobia.
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For the present sub-analysis, patients were selected from the original dataset (n=88)
when successful temporary biventricular pacing with stable pressure-volume (PV)
loop measurements were performed (n= 73) in patients with LV conduction delay
(QRS≥120ms) (n=57). In addition, patients were selected when successful bifocal
LV and/or trifocal stimulation was performed (n=33). Informed consent was obtained
in all patients prior to the study procedures. The study complies with the Declaration
of Helsinki and the local research ethics committee approved conduction of this
study.

Temporary pacing procedure
Patients underwent temporary biventricular stimulation to assess the acute
8

hemodynamic response to CRT. The procedure has been previously described. In
brief, after infusion of 5000IE of heparin two temporary bipolar pacing leads (NBIH,
6F, Bard Electrophysiology Department, Lowell, Massachusetts, USA) were placed,
one in the right atrium and the other in the right ventricular apex (RVA). At least two
unipolar pacing leads (dedicated insulated PCI wires, Visionwire, Biotronik, Berlin,
Germany) were targeted at the mid, posterior or posterolateral (PL) position and the
mid, anterior or anterolateral (AL) position using the tributaries of the coronary sinus.
In several instances however, a more basal or apical position was chosen for either
lead stability or capture issues (table 1). Subsequently, a conductance catheter (CD
Leycom, Zoetermeer, The Netherlands) was placed in a s table position in the LV
apex to obtain PV loops. Either VDD pacing (TBS study) or DDD pacing with a lower
rate set 5-10 beats per minute above the intrinsic rate (E-pot study) was performed
with an AV delay set to 100 ms or lower, ensuring full ventricular capture and a VV
interval of 0 ms. Hemodynamic measurements were obtained both at baseline and
during single-LV, bifocal LV (AL and PL combined), biventricular (AL or PL
combined with RVA) and trifocal (AL, PL and RVA combined) stimulation. When a
third stable LV lead position could be achieved, the two LV sites with highest
response in stroke work (SW) were used for analysis. Lead locations were recorded
on fluoroscopy using standard LAO and RAO directions. Two experienced
electrophysiologists, who were blinded to other patient data, subsequently related
the lead positions to specific LV segments.

11

Hemodynamic measurements
Left ventricular PV loops were recorded during pacing with each lead combination
(single-LV, bifocal LV, biventricular and trifocal). Baseline (no pacing in TBS study,
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AAI pacing in E-POT study) measurements were taken before and after each pacing
run. Data were acquired during baseline conditions and 30 seconds after initiation of
ventricular

pacing.

Approximately

60

representative

cardiac

cycles

were

subsequently averaged, disregarding all inappropriate beats (i.e. extra-systoles).
Left ventricular function was quantified by end-diastolic volume (EDV), endsystolic volume (ESV), stroke volume (SV), cardiac output (CO) and ejection fraction
(EF). Also, end-systolic pressure (ESP), end-diastolic pressure (EDP) and maximum
rate of systolic and d iastolic pressure change (dP/dtmax, dP/dtmin) were determined.
Stroke work was directly calculated as the surface of the PV loop. The effect of each
run of pacing was calculated as the relative change compared to the mean of the
two flanking baseline measurements. Separate analysis were performed for SW and
dP/dtmax as the outcome measure. The best LV site was defined as showing the
highest percentage increase in SW or dP/dtmax, respectively. The worst LV site was
defined as showing the lowest percentage increase in SW or dP/dtmax, respectively.

Magnetic resonance imaging
Cardiac magnetic resonance (CMR) scans were performed using a clinical 1.5 Tesla
MRI-scanner (Siemens, Erlangen, Germany) using a phased-array cardiac receiver
coil. Functional imaging was performed using retrospectively ECG-gated steadystate free precession cine imaging with breath-holding. Per patient, 8-12 short-axis
slices were obtained every 10mm covering the entire left ventricle. From these
images, LV volumes and mass were measured and EF calculated.
Complementary tagged (CSPAMM) CMR images of the LV were acquired using
a steady state free precession (SSFP) sequence and a m ultiple brief expiration
breath hold scheme.

12

Retrospective triggering was used with a high temporal

resolution of 15 m s. Circumferential strain (CS) was calculated from the tagged
13

images using HARP strain analysis.

Segmental strain curves were calculated for

every slice (base, mid and apex), including segments with (subendocardial) scar.
The circumferential strain reflects the percentage change in length of a s mall line
segment in the circumferential direction, with respect to end-diastolic length. The
time to peak CS was determined for every segment from the strain curves. The
segmental strain timing data was linked to the LV lead position using the previously
mentioned segmental LV model.
Late gadolinium enhancement (LGE) was performed 12-15 minutes later, using a
2-dimensional segmented inversion recovery gradient-echo pulse sequence with full
LV short axis coverage. In case of difficulties with breath holding, a s ingle-shot

123

Chapter 7

sequence was used instead of a segmented sequence. Myocardial scar territory was
quantified using the Full Width at Half Maximum (FWHM) technique and presented
as percentage of the LV mass derived from the cine images.

14

Enhancement was

scored visually by an experienced researcher, blinded to the hemodynamic data.
The 17-segment model was used to subdivide the short-axis slices in basal, mid and
apical segments of the myocardium.

11

The apical segment was excluded, due to low

quality of the apical short axis LGE images in most patients. Analyses were
performed with dedicated software (MASS, Medis, Leiden, The Netherlands).

Statistical analysis
The commercially available Statistical Package for Social Sciences software (IBM
SPSS Statistics for Windows, Version 20.0. Armonk, NY, USA) was used for
statistical analysis. Continuous variables are expressed as mean ± standard
deviation (SD). Categorical variables are presented as absolute numbers and
percentages. A Student t-test (independent or paired) or non-parametric test was
used to compare groups when appropriate. Since interdependency of the pacing
locations was considered within patients, a generalized estimating equations (GEE)
analysis was performed to compare all pacing configurations. Linear regression
analysis was performed to determine the relation between scar burden and acute
hemodynamic response. Since the amount of scar did not meet with normality
criteria, data were transformed using the natural logarithm. All statistical tests were
two-sided and a P value of <0.05 was considered statistically significant.

RESULTS
Thirty-three patients (aged 66±9 years, 21 (64%) male) with drug-refractory endstage heart failure were included in the study. Bifocal LV stimulation was performed
in 32 ( 97%) patients, of which 29 ( 91%) had single-LV pacing at both AL and PL
sites. Trifocal stimulation was performed in 14 ( 42%) patients of whom all had
biventricular pacing at both ALRVA and PLRVA. CMR derived volumes and EF were
obtained in all 33 patients. In 24 (73%) patients successful CMR tissue tagging
could be performed, and in 29 (88%) patients LGE analysis was obtained. Baseline
and hemodynamic characteristics are listed in table 1. Improvement in LV pump
function during the various pacing configurations is shown in table 2. On average,
there was significant improvement for all pacing configurations compared with
baseline. Hemodynamic response of a typical patient is shown in figure 1.
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Analysis in the patient group (n=29) with all configurations of LV-only stimulation (i.e.
single-LV at AL and PL, and bifocal LV) showed a larger hemodynamic improvement
during PL pacing compared with AL (PL vs. AL: SW, β=0.3±8.3, P=0.975; dP/dtmax,
β=5.6±2.3, P=0.016), but no significant improvement during bifocal LV over PL
pacing (bifocal vs. PL: SW; β=9.4±5.4, P=0.080; dP/dtmax, β=0.2±1.9, P=0.922). The
best single-LV stimulation site was the PL-site in 59% (n=17) of patients for SW and
the PL-site in 82% (n=24) of patients for dP/dtmax. The best stimulation site showed a
significant higher response compared with the worst single-LV (single-LV, best vs.
worst: SW; β=33.6±6.2, P<0.001; dP/dtmax, β=11.0±1.7, P<0.001), but also when
compared with bifocal LV stimulation (best vs. bifocal: SW; β=12.7±5.1, P=0.012;
dP/dtmax, β=3.3±1.2, P=0.020), as depicted in figure 2.

Figure 1: This figure shows in a typical patient the mechanical activation of the left ventricle (LV) and the
hemodynamic response to the different pacing configurations. 1A shows a m id ventricular short axis
tagging image of the LV. Strain curves of the corresponding segments (IS; inferoseptal, AS; anteroseptal,
AN; anterior, AL; anterolateral, PL; posterolateral, IN; inferior). The green asterisk represents the PL
epicardial lead and the black asterisk represents the AL epicardial lead. The red dotted line represents
bifocal stimulation of the two LV leads. 1B shows a pressure-volume (PV) loop diagram with
hemodynamic response of the corresponding patient. The grey dotted PV-loop represents baseline
conditions, whereas the red PV-loop represents bifocal LV stimulation, the green PV-loop represents
stimulation at the best LV site (PL) and the black PV-loop represents stimulation at the worst LV site (AL).
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Table 1: Baseline patient characteristics
Parameter
Age (y)
Sex male (%)
NYHA class (II/III)
2
BSA (m )
QRS duration (ms)
LBBB/RBBB/IVED, n
Ischemic origin, n(%)
Medication
β-Blockers, n(%)
ACEi/ ARB, n(%)
Loop diuretics, n(%)
Spironolacton, n(%)
CMR
LV Mass (gr.)
Scar tissue (gr.)
Scar enhancement (%)
Time to peak CS (ms)
Pacesites
Anterior (B/M/A)
Anterolateral (B/M/A)
Posterolateral (B/M/A)
Posterior (B/M/A)
Hemodynamics
HR (beats/min)
EDV (ml)
ESV (ml)
EDP (mmHg)
ESP (mmHg)
EF (%)
CO (L/min)
SW (L∙mmHg)
dP/dtmax (mmHg/s)
dP/dtmin (mmHg/s)

n = 33
66±9
21 (64%)
5/28
1.9±0.2
155±23
26/2/5
20 (61%)
27 (84)
28 (88)
24 (75)
14 (47)
134±34
12±16
9±11
395±142
5/23/1
4/3/1
3/18/2
1/5/0
79±14
287±106
222±79
17±7
120±20
22±9
5.1±3.4
5.8±4.4
+856±190
-857±169

BSA = body surface area, LBBB = left bundle branch block, RBBB = right bundle branch block, IVED =
interventricular electrical delay, ACEi = angiontensine converting enzyme inhibitor, ARB = angiotensine
receptor blocker, LV = left ventricular, CS = circumferential strain, B = basal, M = mid, A = apical, HR =
heart rate, ESV = end-systolic volume, EDV = end-diastolic volume, EDP = end-diastolic pressure, ESP
= end-systolic pressure, EF = ejection fraction, CO = cardiac output, SW = stroke work.
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HR = heart rate, EDP = end-diastolic pressure, ESP = end-systolic pressure, EDV = end-diastolic volume, ESV = endsystolic volume, SV = Stroke Volume, EF = ejection fraction, CO = cardiac output, SW = stroke work. ‡ vs. ALRVA
P<0.05, * vs. AL P<0.02, § vs. ALRVA P<0.01, † vs. AL P<0.001, ** vs. ALRVA P<0.02

Table 2: Change in acute hemodynamic parameters during various pacing combinations
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Figure 2: Four diagrams showing the per patient increase in stroke work (SW) and dP /dtmax for the
different pacing configurations. The left-sided diagrams show the hemodynamic response during
stimulation of the worst single left ventricular (LV) site, during bifocal LV stimulation and during stimulation
of the best single LV site. The right-sided diagrams show response during stimulation of the worst single
LV(RVA) site, during trifocal stimulation and during stimulation of the best single LV(RVA) site

Similar results were found in the subgroup of patients (n=14) with all configurations
of biventricular pacing (i.e. ALRVA, PLRVA and trifocal ALPLRVA). PLRVA was
found to yield a larger hemodynamic improvement compared to ALRVA (PLRVA vs.
ALRVA: SW, β=8.3±4.2, P=0.05; dP/dtmax, β=7.3±2.4, P= 0.003) and n o difference
compared to trifocal stimulation (trifocal vs. PLRVA: SW, β=2.8±7.0, P=0.691;
dP/dtmax, β=2.3±1.8, P= 0.214). The best biventricular configuration was PLRVA in
43% (n= 6) of patients for SW and i n 64% (n= 9) of patients for dP/dtmax. This
configuration was found to improve hemodynamics significantly more than the worst
biventricular configuration (biventricular, best vs. worst: SW, β=18.7±3.2, P<0.001;
dP/dtmax, β=10.7±1.5, P<0.001), but also than trifocal stimulation (biventricular, best
vs. trifocal: SW, β=7.4±6.9, P=0.289; dP/dtmax, β=5.0±1.9, P=0.009).
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Figure 3: Time to peak circumferential strain (CS, mean ± SD) during stimulation at the hemodynamic
worst and best single LV site for both stroke work (SW) on the left side and dP/dtmax on the right side.

The LV site with hemodynamic best response was significantly more delayed
compared with the LV site with the worst response (SW: 431±93ms vs. 326±127ms;
P= 0.004 and dP/dtmax: 407±102ms vs. 350±136ms, P= 0.148, respectively), as
shown in figure 3. When patients that were stimulated in scar tissue are excluded
(n= 5), similar results are found (SW: 432±90ms vs. 294±117ms; P= 0.002 and
dP/dtmax: 403±98ms vs. 323±138ms, P=0.116, respectively).
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Figure 4: Hemodynamic response diagrams showing the increase in stroke work (SW) and dP /dtmax
(mean ± SD). Hemodynamic response is subdivided for patients without substantial LV scar tissue in
black and pat ients with scar in light grey. Hemodynamic response is shown from left to right, during
stimulation at the worst LV site, during bifocal LV stimulation and during stimulation of the best LV site,
respectively.

On LGE imaging, 14 (48%) patients showed scar tissue of which 4 (29%) at the PL
lead position and 5 (36%) at the AL lead position (two patients at both lead tips). The
averaged scar amount was 9±11% and showed a s ignificant inverse relationship
with acute hemodynamic response (SW: R= -0.46, P= 0.012). The finding that
response was higher at the best LV site compared with bifocal LV stimulation was
found to be independent of the presence of scar tissue (scar: best vs. bifocal: SW;
β=12.3±3.3, P<0.001; and dP/dtmax, β=-1.6±2.0, P= 0.413; and in case of no s car:
best vs. bifocal: SW; β=12.8±9.7, P= 0.185; and dP/dtmax, β=6.3±1.6, P<0.001), as
shown in figure 4. Within the same LV, leads placed outside scar tended to show
higher hemodynamic response compared with leads placed over scar, although not
statistically significant for 5 s ubjects (SW: +29±38% vs. +3±23%; P= 0.225 and
dP/dtmax: +8±36% vs. -1±21, P=0.279, respectively).

DISCUSSION
This study aimed to compare pump function improvement during bifocal LV
stimulation with pump function improvement during stimulation at the best LV site of
the two. The main finding is that the best LV stimulation site achieved a significantly
higher pump function improvement compared with bifocal LV stimulation. The
outcome was independent of the outcome measure, SW or dP/dtmax. This best site
coincided with the latest site of mechanical activation. Furthermore, bifocal LV
stimulation yielded comparable pump function improvement compared with
conventional PL stimulation.
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Only a few studies evaluated acute hemodynamic response to bifocal LV or trifocal
stimulation and results are conflicting. Padeletti et al. found no clear benefits from
trifocal stimulation over standard biventricular stimulation in 12 CRT candidates.

15

Also, Ginks et al. demonstrated a c omparable increase in dP/dtmax for trifocal and
biventricular stimulation in 19 patients.

16

Assessing long term end-points, however,

Leclerq et al. showed significantly more LV reverse remodeling for trifocal compared
to conventional biventricular stimulation.

7

In addition, Rogers and co-workers

demonstrated that not only the degree of reverse remodeling was higher in trifocal
stimulation, but also clinical parameters were more improved.

17

On the other hand, accumulating evidence shows that a targeted single LV lead
approach will result in improved response to CRT compared with a non-guided LV
lead implantation. Kahn et al. showed that targeted LV lead placement yields
significantly improved response and c linical status and lower rates of combined
death and heart failure–related hospitalization compared with standard CRT
treatment.

10

Also, Saba et al. showed that a strategy of targeted LV lead placement

for cardiac resynchronization therapy improved patient outcomes by reducing the
18

combined risk of death or HF hospitalizations.

These studies confirmed previous

work which showed the unfavourable effect of stimulation of LV scar tissue or the
stimulation of early activated myocardium.

5,9

The results of the present study are in agreement with the aforementioned
findings in the literature. We found no s ignificant improvement of a t wo LV leads
strategy over conventional single site PL left ventricular stimulation, although a nonsignificant trend was present towards a higher increase in SW (β = 9.4±5.4,
P=0.080) for bifocal LV stimulation. Leads placed outside scar and at the location of
later mechanical LV activation were found to yield higher hemodynamic
improvement. In a previous study we showed acute hemodynamic evaluation,
particularly based on SW, to be a good predictor of long term effects.

19

Thus, when

comparing the two implantation strategies (bifocal LV lead placement versus
targeted LV lead placement) the results of the present study strongly suggest that
efforts should be directed at implantation of the LV lead at a patient specific optimal
LV location, rather than placement of a s econd LV lead. The recently introduced
multipolar leads can play an important role in response improvement, since they
allow for adjustment of the effective pacing site or configuration within the extent of a
coronary vein. In fact, the patient specific optimal pacing site can be f ound by
switching to the best pacing site of a m ultipolar lead.

20

On the other hand, the

protocol in current study allowed for stimulation in different veins, which has
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previously been shown to yield higher response compared with different sites within
one vein.

21

Interestingly, we observed a lower pump function improvement when a s econd
LV stimulation site is added to the best LV site. The mechanism underlying this
phenomenon remains unclear, but possibly addition of a depo larization front in a
diseased LV might introduce new dyssynchrony and cause substantial parts of the
LV to be activated even later. A similar mechanism might underlie stimulation over
scar tissue, also resulting in poor improvement or even worsening of pump function.
The

present

study

mainly

evaluated

LV-only

stimulation

(i.e.

pacing

configurations without RV pacing), whereas most clinical trials that were discussed
applied trifocal stimulation compared with biventricular stimulation.

7,17

Previous

studies, however, showed that LV-only pacing and biventricular pacing generally
lead to similar results.

22

In addition, a subgroup of 14 patients was also stimulated

with the trifocal lead combination (two LV sites with RVA), showing that the results of
this study hold irrespective of RV stimulation.

Limitations
Several study limitations have to be taken into account. Firstly, the elaborate and
invasive character of our study limited the number of included patients and
disallowed the repeating of the invasive measurements and l imited the number of
pacing locations. Secondly, left ventricular volume measurements (i.e. EDV and
ESV) by the conductance catheter might become less accurate with increasing
23

volumes in dilated hearts.

There is however a broad and i ncreasing experience

with the conductance catheter technique, especially in end-stage heart failure
8,24,25

patients.

Furthermore, we used both pressure derivative (dP/dtmax) and

pressure-volume combined (SW) end-points, which are less influenced by single
volumetric points of the PV-loop. Thirdly, the invasive hemodynamic measurements
were performed during pacing with a fixed AV-interval. The study protocol did
therefore not provide any AV or VV optimization. Theoretically, such adjustments
might have further increased pump function or even have compensated for nonresponse.

26

These effects however, would apply for all pacing configurations.

Finally, the current study incorporates only acute hemodynamic data. Whether these
acute results also represent long-term outcome needs to be evaluated in a
prospective study.
In conclusion, the present study shows that stimulation at an optimal LV site
renders a significantly higher pump function improvement compared with bifocal LV
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stimulation. Mechanical activation at the optimal LV site was significantly more
delayed compared with the non-optimal LV site. Therefore, effort might be directed
towards individual patient characterization in terms of LV activation pattern and scar
assessment to guide lead placement, rather than the addition of an extra LV lead.
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ABSTRACT
Background: Normal left ventricular (LV) torsion is caused by opposite basal and
apical rotation. Opposite rotation can be lost in heart failure, but might be restored
by pacing; therefore, the predictive value of the loss of opposite base-apex rotation
in heart failure patients for the response to cardiac resynchronization therapy (CRT)
was studied.
Methods and Results: In 34 CRT candidates and 12 controls, basal and apical LV
rotations were calculated using magnetic resonance image tagging. Loss of opposite
rotation was quantified by the correlation between both rotation curves: a negative
correlation indicates normal, opposite rotation and a positive correlation indicates
that base and apex rotate in the same direction. In patients, LV pressure was
measured invasively during biventricular stimulation. Acute response to CRT was
defined by >10% increase in dP/dtmax relative to baseline. LV volume was
determined at baseline and 8 months follow-up using echocardiography. The baseapex rotation correlation (BARC) was significantly higher in acute responders (n=22)
than in non-responders (n=12) and controls (0.64±0.51, -0.23±0.67, and -0.68±0.22,
respectively; P<.001). The sensitivity and specificity for prediction of acute response
were 82% and 83%, respectively, at a cutoff value of 0.5. At follow-up, volumes
could be analyzed in 18 patients. In the group with BARC >0.5, end-diastolic volume
decreased by 7% (NS), end-systolic volume by 16%, and ejection fraction increased
by 28% (both P=.02), whereas in the group with BARC <0.5, no significant changes
were observed.
Conclusions: The loss of opposite base-apex rotation in patients eligible for CRT is
an excellent predictor

INTRODUCTION
Left ventricular (LV) torsion, defined as the wringing motion caused by opposite
rotation of the LV base and apex, is essential for optimal cardiac functioning.

1,2,3

The

opposite basal and apical rotations are the result of the oblique, crosswise
orientation of the myofiber layers throughout the myocardial wall.

4,5

In the apex, the

counterclockwise rotation (as seen from the apex) is the net result of the contraction
of crosswise-oriented endocardial and epicardial layers, where the direction of
6

rotation is in favor of the epicardial layer. For the clockwise basal rotation, this is
more complex, because multiple fiber layers in various directions exist at this level.

7,8

Several studies have shown that in heart failure (HF) patients with dilated or
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ischemic

cardiomyopathy,

decreased.

9,10,11,12

the

magnitude

of

the

wringing

motion

is

Moreover, Setser et al observed that in some HF patients, basal

and apical rotation follow the same direction, resulting in a loss of opposite
rotation.

11

Another study by Kanzaki et al showed early reversal of the direction of

apical rotation in HF patients.

10

These observations suggest that in HF patients,

apical rotation (gradually) inverts and follows the same path as basal rotation. Endstage HF patients who are candidates for cardiac resynchronization therapy (CRT)
have a s low electrical conduction.

13

One hypothesis is that this may lead to a

delayed activation of the epicardial fiber layer. The resulting possible epicardial
dysfunction might cause the apex to change rotational direction, in favor of the
endocardial layer. It has been shown that CRT, which involves stimulation of the
epicardium of the LV free wall, improves cardiac function in HF patients.

14,15

Therefore, it can be hypothesized, that the loss of opposite basal and apical rotation
in end-stage HF patients eligible for CRT predicts response to CRT. This concept is
studied by determining the predictive value of the basal and apical rotation for
response to biventricular pacing in CRT candidates, using magnetic resonance
imaging (MRI).

METHODS
Patients
Thirty-four consecutive patients (65±10 years, 18 male) with drug-refractory HF were
enrolled. All patients had ejection fraction (EF) <35% based on MRI, QRS >120 ms,
New York Heart Association Class III-IV, and were in sinus rhythm. Patients
received standard HF therapy, including diuretics, b-blockers, angiotensinconverting enzyme inhibitors, and/or ATII receptor blockers. Eighteen patients were
classified as having ischemic dilated cardiomyopathy based on el ectrocardiogram,
coronary angiogram, delayed contrast enhancement MRI, or Tc99 m sestamibi
single-photon emission computed tomography. Twelve healthy subjects (43±11
years, 7 male), with no history of cardiac disease, normal electrocardiogram, and EF
>50% were used as control group. The local Ethics Committee approved the study
protocol and all subjects gave informed consent.

MRI Acquisition
Both patients and controls were imaged on a 1.5 T whole-body MRI scanner
(Magnetom Sonata, Siemens, Erlangen, Germany). Sinusoidal, complementary
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tagged MRI of the left ventricle were acquired using a steady-state free precession
16

sequence and a multiple brief expiration breath-hold scheme (figure 1).

Retrospective triggering was used with a high temporal resolution of 15 ms. Imaging
parameters were as follows: field of view 300 x 300 mm2, flip angle 20º, repetition
time 3.6 ms, echo time 1.8 ms, receiver bandwidth 850 Hz/pixel, matrix size 256 x
78, slice thickness 6 mm, and tag-line distance 7 mm. Two short-axis slices (basal
and apical), positioned at one quarter and three quarters of the length between the
mitral valve and the apex, seen on an end-systolic 4-chamber view, were acquired.
Additionally, a 3 -chamber view steady-state free precession cine with the same
temporal resolution as the tagged images was acquired, to determine opening and
closing times of the valves. Furthermore, conventional steady-state free precession
short-axis cines with full coverage of the left ventricle were acquired for
quantification of LV volumes and EF, using a dedicated software package (Mass,
Medis, Leiden, the Netherlands).

Post-Processing: Torsion
After drawing myocardial contours on t he tagged images using commercially
available software (Mass), the displacement of the myocardium in the basal and
apical tagged MRI slices was tracked using extended harmonic phase tracking
17

(figure 1).

For every tracked point in the myocardium, the rotation around the

moving center of mass of the LV myocardium was calculated. The rotation of the
points was averaged over the myocardium, and s et relative to the first time frame
(end-diastole). To assess the amount of loss of opposite basal and apical rotation,
the correlation between basal and apical rotation from end-diastole until the time to
mitral valve opening was calculated, because the most important part of the
torsional deformation is thought to occur from end-diastole until the end of rapid
untwisting (mitral valve opening).

18,19

This calculated correlation demonstrates to

which extent the apex and base follow the same rotational path. Positive correlation
reveals loss of opposite rotation and negative correlation shows that apex and base
rotate normally, in opposite directions. This number, ranging from -1 to 1, was
named the basal-apical rotation correlation (BARC).
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Figure 1: Tagging and t racking. Horizontally and vertically tagged images (A) in end-diastole (left) and
end-systole (right). Tag lines are sinusoidal, which is optimal for the tracking procedure; therefore, they do
not appear as sharp lines. Yellow tracked myocardial points (B) are plotted over the combined tagged
images, where the red lines are the myocardial contours.

Acute Response to Pacing
One day after the MRI exam, patients underwent a temporary biventricular pacing
procedure. Via the femoral approach, under fluoroscopy, an 8-Fr guiding catheter
(Cordis, Miami Lakes, FL) was introduced for access of the coronary sinus. After a
balloon-occlusive venogram of the coronary sinus and its tributaries, two 0.014-inch
unipolar pacing wires (Visionwire Biotronik GmbH, Berlin, Germany) were inserted in
the posterolateral and anterolateral side branches of the coronary sinus. In addition,
3 bipolar pacing catheters (Bard Inc, Lowell, MA) were positioned in the right atrial
appendage, right ventricular outflow tract, and r ight ventricular apex, respectively.
Atrial-sensed ventricular stimulation was performed using all possible combinations
of 2 v entricular leads and with each of the 4 l eads separately. In total, 10
configurations were examined. The atrioventricular delay was adjusted to the
longest delay with full ventricular capture. The VV-delay was set to 0 ms. LV
pressure was measured at baseline and during pacing using a c atheter-tip
manometer (Volcano Therapeutics, Rancho Cordova, CA). The optimal pacing
configuration was determined by the maximum increase in dP/dtmax relative to
baseline measurements before and after every pacing configuration, because this is
considered a r eliable, reproducible, and op erator-independent measure of cardiac
function.

20,21,22,23,24

The increase during optimal configuration was regarded as the

acute response to biventricular pacing. In case of an i ncrease in dP/dtmax of more
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than 10%,

22,25

a patient was classified as an acute responder; otherwise, the patient

was classified as a non-responder. Within 1 week after the temporary pacing
protocol, permanent biventricular pacemaker implantation was performed using
standard techniques under local anesthesia. Lead positioning was attempted at the
optimal site as determined during the temporary pacing procedure. Within 10 days
after implantation, pacemaker settings were optimized using the echocardiographic
aortic velocity time integral method and the mitral inflow method.

26

Echocardiographic Imaging
At baseline and 8 m onths after implantation, echocardiography was performed to
assess LV volume. Echocardiographic images were obtained in the left lateral
decubitus position using a commercially available system (iE33, Philips, Andover,
MA). Standard 2-dimensional data, triggered to the QRS complex, were saved in
cine-loop format for offline analysis (QLAB, Version 4.2, Philips). Echocardiographic
data were analyzed by 2 independent observers who were blinded to all other
patient data. LV end-diastolic volume (EDV), end-systolic volume (ESV), and EF
were derived from conventional apical 2- and 4-chamber images, using Simpson’s
biplane method of discs.

27

Statistical Analysis
Baseline characteristics are summarized and expressed as mean ± SD or as
frequencies and percentages in case of categorical data. BARC was compared
between patient groups with characteristic torsion patterns (normal rotational
directions, apex rotation inverted, or basal rotation inverted), and between acute
responders, non-responders, and c ontrols using 1-way analysis of variance with
Bonferroni post-hoc test. Also, linear regression was performed between BARC and
baseline dP/dtmax , and BARC and acute response. The optimal cutoff value of
BARC for prediction of response was determined by ROC curve analysis, using
28

Youden’s index (sensitivity + specificity - 1).

LV reversed remodeling was analyzed

by comparing changes in echocardiographically derived EDV, ESV, and EF between
patients with a BARC value above and below the cutoff value, using a Student t-test.
Paired Student t-test was used to analyze the changes in volume and EF within
these groups. A P value < .05 was considered as statistically significant.
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RESULTS
Baseline characteristics are reported in table 1.
Table 1: Baseline characteristics
Parameter
Age (y)

65±10

Sex (male/female)

16/16

Ischemic cardiomyopathy (n)

18 (53%)

QRS duration (ms)

153±23

end-diastolic volume (mL)

309±98

end-systolic volume (mL)

249±96

Acute Hemodynamic Response
Twenty-two patients (65%) were classified as acute responders. In the majority of
patients (n= 29, 85%) a pa cing configuration including pacing in the postero-lateral
region obtained the best result (table 2). Of this group, 18 (62%) responded best to
univentricular pacing in the postero-lateral location.
Table 2: Most optimal pacing configurations in the patients
dP/dtmax(mmHg)

NR

R

P

Best Response at
site (NR, R (n))

Baseline

923±225

813±214

.18

-

PL pacing (Δ%)

1.1±4.6

23.2±13.2

<.01

7/11

PLRVA pacing (Δ%)

-1.9±6.1

17.8±12.7

<.01

1/2

PLRVOT pacing (Δ%)

1.4±4.8

18.7±12.5

<.01

2/5

AL pacing (Δ%)

-5.2±6.0

12.3±13.9

<.01

0/3

ALRVA pacing (Δ%)

-6.5±4.2

8.2±11.4

<.01

1/1

ALRVOT pacing (Δ%)

-5.7±4.7

8.2±10.5

<.01

0/0

PLAL pacing (Δ%)

1.7±7.2

17.4±12.1

.06

1/0

RVA pacing (Δ%)

-10.8±8.9

3.6±9.8

<.01

0/0

RVOT pacing (Δ%)

-6.9±5.6

5.4±7.3

<.01

0/0

RVARVOT pacing (Δ%)

-7.4±7.3

5.2±8.2

<.01

0/0

NR, nonresponders; R, responders; PL, posterolateral; RVA, right ventricular apex; RVOT, right
ventricular outflow tract; AL, anterolateral.
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After visual inspection of all rotation curves, all control subjects showed normal,
opposite rotation directions. Of the patients, 20 (59%) showed an abnormal rotation
pattern, of which 18 showed an inverted apical rotation that followed the direction of
basal rotation, resulting in a high value for BARC (0.85±0.14). In 2 p atients, basal
rotation was inverted and followed the apical rotation path (0.50±0.47). The
remaining 14 p atients (41%) showed normal rotational directions, resulting in low
values for BARC (-0.35±0.58). Those were not significantly different from the control
group (-0.68±0.22, P=.08; table 3). Examples are given in figure 2.

Figure 2: Basal and apical rotation curves. Example of rotation curves for a healthy subject (left), a nonresponder (middle), and a responder (right). Positive rotation is counter-clockwise when viewed from the
apex. It can be seen that although the amount of rotation is impaired, the non-responder shows normal
rotational directions, whereas in the responder, apical rotation is inverted. Vertical black dotted lines
indicate aortic valve opening, aortic valve closure, and mitral valve opening, respectively.
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Table 3: Observed rotational directions and BARC characteristics
Direction

n

BARC

R

Controls

normal rotation directions

12

-0,68±0,22

N/A

Patients

normal rotation directions

14

-0,35±0,58

3(21%)

Patients

inverted apical rotation

18

0,85±0,14*

17(94%)

Patients

inverted basal rotation

2

0,50±0,47*

1(50%)

BARC, base-apex rotation correlation, R, acute responders. *Significantly different from control subjects
and patients with normal rotation directions (P <.001).

When patients were divided into acute responders and non-responders, BARC was
significantly higher in responders than in non-responders (BARC = 0.64±0.51 vs.
-0.23±0.67, P<.001; Fig. 3). BARC in the non-responder group was not significantly
different from BARC in the control group (BARC = -0.23±0.67 vs. -0.68±0.22,P=.11).

Figure 3: Base-apex rotation correlation (BARC) error-bar plot (A) and plot showing all BARC values (B)
for the controls (n=12), the non-responders (n=12), and the responders (n=22). In the responder group, 2
outliers were present (>3 times interquartile range distance), but were included in the comparisons. The
largest outlier died of worsening of symptoms after cardiac resynchronization therapy implantation. The
other outlier showed a decrease in ejection fraction of 12% after 8 months. Controls and non-responders
have similar BARC values.
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The wringing motion resulting from basal and apical rotation was markedly impaired
in all patients, but rotational directions were normal in the non-responders. The
relationship between BARC and baseline dP/dtmax was not significant: r=0.16, P=.38.
However, a significant positive linear relationship between BARC and the maximum
increase in dP/dtmax was found (r= 0.49, P < .01; figure 4). The equation for this
relationship is dP/dtmax = (9±3) x BARC + (14±2), where the regression coefficient
and the constant are shown as mean ±SE and BARC is limited between -1 and 1.

Figure 4: Response vs. Base-apex rotation correlation (BARC). Relationship between BARC and the
acute response to biventricular pacing, represented by dP/dtmax . A significant linear relationship can be
observed.

Receiver operating characteristic curve analysis resulted in an area under the curve
(figure 5) of 0.86, P < .01, and 95% CI 0.74-0.99, indicating that BARC is a good
predictor for acute response to biventricular pacing. The maximum Youden index
was 0.65, at a cut-off value of BARC=0.5. At this cut-off value, a sensitivity of 82%
and a specificity of 83% for the prediction of response were obtained (figure 5).
The positive predictive value of BARC for acute response to pacing was 90%; the
negative predictive value was 71%.There was no significant difference in response
between the ischemic and the non-ischemic group (both 11 responders [61% and
69%, respectively], P= .65), which was expected because myocardial torsion is a
global measure of cardiac function and pacing was performed at the most optimal
location (hypothetically then, the pacing leads were positioned in viable tissue).
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Figure 5: Receiver operating characteristic curves for prediction of acute response to biventricular pacing
with base-apex rotation correlation (BARC). The area under the curve was 0.92 (A). A cutoff value of 0.5
yielded a sensitivity of 82% and specificity of 83% (B).

Long-Term Reversed Remodeling
Six patients were lost to follow-up. In 3 patients, the permanent CRT device was not
implanted. Two patients died of worsening of symptoms (BARC=0.16 and -0.96). In
5 patients, echocardiographic image quality was not sufficient for analysis of LV
volumes. Therefore, 8-month follow-up could be analyzed in 18 patients. The
LVEDV changed from 196±57 mL to184±65 mL on average, whereas LVESV
changed from 141±49 mL to 123±54 mL and LVEF from 30±8% to 34±11%.
In patients with BARC <0.5 (n=5), EDV increased from 192±43 mL to 196±49 mL
(P=.66), ESV increased from 133±39 mL to 139±54 mL (P=.56), and EF decreased
from 31±8% to 30±14% (P=.71). In patients with BARC <0.5 (n=13), EDV decreased
from198±63 mL to 179±71 mL (P=.13), ESV decreased from 144±54 mL to 118±55
mL (P= .02), and EF increased from 30±8% to 36±9% (P= .02). The results are
shown in figure 6. The reduction in EDV was not significantly different between the
high-BARC group and the low-BARC group (-7±28% vs. 2±11%, P= .17). ESV
reduction was higher in the high-BARC group with borderline significance (-16±30%
vs. 3±15%, P=.05), whereas EF increase was significantly higher in the high-BARC
group (28±56% vs. -8±22%, P= .04). For comparison, when the patients were
divided into a group with acute increase in dP/dtmax <10% (n= 5) and a gr oup with
acute increase in dP/dtmax >10% (n= 13), P values were .07, .08, and .35,
respectively, implying that BARC might be m ore associated with LV reverse
remodeling than with acute increase in dP/dtmax .
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Figure 6: Left ventricular (LV) volume and ejection fraction (EF) changes at 8 months follow-up. LV
volume and EF changes between baseline and follow-up are shown for patients with a base-apex rotation
correlation (BARC) below (n= 5) and above (n=13) the cutoff value of 0.5. *P <.05. ESV, end-systolic
volume; EDV, end-diastolic volume.
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DISCUSSION
This study demonstrates a ne w approach for evaluation of the relation between
cardiac mechanics and CRT response. A novel imaging parameter was presented
that is able to distinguish between responders and nonresponders. It is
demonstrated that the loss of opposite LV basal and apical rotation, quantified by
the correlation between basal and apical rotation (ie, BARC), is related to the acute
hemodynamic response to biventricular pacing. A cutoff value of 0.5 for this
correlation can be used to predict acute response with high sensitivity and specificity
and is associated with long-term LV reverse remodeling. BARC seems a g ood,
noninvasive substitute for measuring acute response to CRT. The findings underline
the importance of the torsional wringing deformation of the heart by oppositely
rotating base and apex for expelling blood.

Inverted apical rotation
In 20 of the patients (59%), basal and apical rotation occurred in the same direction,
which is in line with the findings of Setser et al.

11

In the remaining patients, the

amount of LV wringing motion was also markedly impaired, but rotational directions
were opposite, analogous to the control group. Nearly all patients with a high BARC
value demonstrated a disorder in rotation where the apical rotation was inverted. All
were likely to immediately respond to pacing.

Pacing and response
Because cardiac rotation and torsion are the result of the contraction of oppositely
arranged myofiber layers throughout the myocardial wall,

4,5

where apical rotation is

normally in the direction of the epicardial layer (apex rotates counterclockwise when
viewed from the apex),

29

inverted apical rotation might be the result of dysfunction in

this particular layer. Hypothetically, pacing the epicardium of the LV could restore
this dysfunction, by activating earlier the epicardial fiber layer. The recent study by
Sade et al,

30

showing that LV torsion (wringing) was restored after 8 months in CRT

responders, supports this hypothesis. The finding that, in most responders, pacing
was most successful in the posterolateral region, might be related to more effective
stimulation of the epicardial layer in this territory. In a large number of responders,
posterolateral or anterolateral pacing only (univentricular pacing) gave the best
response. This suggests that late activation of the LV lateral (epicardial) wall plays a
key role in the disturbed rotation pattern and that univentricular pacing is more
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optimal than biventricular pacing with a nonoptimized VV delay (simultaneous
pacing). However, when this delay is optimized, the difference between
univentricular and biventricular pacing should become minimal.

21

Clinical implications
BARC gains high sensitivity and specificity for prediction of response to pacing as
compared with other measures in literature (ie, QRS width, echocardiographic
mechanical dyssynchrony parameters, or myocardial contractile reserve).

31,32,33

Therefore, it seems to be a pr omising measure. Because the scope of this study
was only to introduce the concept of torsional dysfunctions in CRT candidates,
future research should also focus on t he exact relation between torsion and
electrical or mechanical dyssynchrony or the presence of scar tissue. BARC is a
measure that might also be qua ntified by the new speckle tracking technique in
34,35,36

ultrasound

that would make it faster to acquire and therefore more suitable for

clinical practice. Also, speckle tracking will allow for studying the changes in LV
rotation and torsion after CRT, which is currently not possible with MRI.

Limitations
The number of patients evaluated in the current study is still small and larger studies
are required to understand the true clinical value of BARC. Baseline dP/dtmax may be
reduced in patients with mitral regurgitation. Several studies show that pacing might
restore mitral valve functioning immediately by resynchronizing the papillary
37,38,39

muscles.

These mechanisms might have influenced and overestimated the

measurement of response. During the temporary pacing procedure, AV and VV
delays were not optimized. This might have influenced the results, but standardizes
the method over all patients. To what extent the acute response to pacing, as used
in this study, represents long-term clinical improvement, needs to be f urther
investigated. However, several studies suggested that acute effects maintain over
40,41,42

time.

This study also supports these findings. However, several factors, such

as lead positioning/dislocation or pacemaker optimization, might influence the
relation between acute and long-term response. Finally, baseline echocardiographic
volumes and EF were different from those obtained with MRI (table 1), which is not
unexpected regarding to previous studies comparing MRI and ec hocardiographic
analysis of LV volume, and methods of LV contouring.

43,44

However, significant

correlations between baseline MRI and echo volumes were obtained in this study
(EDV: r=0.57; ESV: r=0.65; EF: r=0.82; all P < .001).
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CONCLUSION
The pathologic loss of opposite LV basal and apical rotation can be quantified by the
correlation between basal and apical rotation. In most of the patients with a h igh
correlation, apical rotation was inverted compared to a c ontrol group. The loss of
opposite base and apex rotational direction was found to be a good predictor for
acute response to CRT and was associated with LV reversed remodeling at the 8month follow-up.
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ABSTRACT
Purpose: Patients with left ventricular (LV) dyssynchrony have a marked misbalance
in LV myocardial work distribution with wasted work in the septum and i ncreased
work in the lateral wall. We hypothesized that a l ow septum to lateral wall (SL)
myocardial work ratio at baseline predicts LV pump function improvement during
Cardiac Resynchronization Therapy (CRT).
Methods and results: Twenty patients [age 65±10years, 15 m en] underwent CMR
tagging for regional LV circumferential strain assessment, and i nvasive pressurevolume loop assessment using a conductance catheter at baseline and during
biventricular pacing. Segmental work at baseline was calculated from strain rate and
LV pressure. Subsequently, the SL work ratio was calculated by dividing the net
result of useful work and wasted work of the septum by the net result of useful work
and wasted work of the lateral wall. This measure of misbalance of myocardial work
was related to acute pump function (SW) improvement during CRT.
During biventricular pacing, SW increased by +33% (P<0.001). SW improvement by
CRT was found to be significantly related to the SL work ratio at baseline (R=-0.54;
P=0.015). Moreover, the SL work ratio was demonstrated to be a stronger predictor
of response to CRT than QRS duration or other measures of dyssynchrony or
discoordination. Assuming a S W improvement cut-off value of 20%, 13 patients
classified as responder. They showed a significantly lower SL work ratio compared
with 7 non-responders (-0.07±0.24 vs. 0.62±0.49; P<0.001).
Conclusion: The contribution of the septum to LV work varies widely in CRT
candidates with LBBB. The lower the septal contribution to myocardial work (or the
higher the septal waste) at baseline, the higher the improvement in pump function
that can be achieved during CRT.

INTRODUCTION
Cardiac Resynchronization Therapy (CRT) is an established therapy for patients
with medically refractory heart failure (HF) and a dyssynchronous left ventricular
(LV) contraction pattern characterized by a left bundle branch block (LBBB). CRT
however, does not always lead to improvement in ventricular function and clinical
symptoms. Rates of clinical non-response to CRT are reported to be 20-30%, but
might even be higher despite substantial efforts to derive predictive parameters from
both

electrical

and

mechanical

dyssynchrony

1,2,3,4

assessment.

Mechanical

discoordination (opposing shortening and stretch within the LV) has proven to be a
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more powerful tool to predict CRT response than timing indices.

5,6,7,8,9

In patients

with mechanical discoordination the septum typically demonstrates an extraordinary
inward motion during pre-ejection which leads to stretching of the LV lateral wall.
Subsequently the septum demonstrates a par adoxical outward motion when the
late-activated LV lateral wall starts contracting.

10

Indices that reflect this

discoordination such as Systolic Rebound Stretch (SRS) and Internal Stretch Factor
are based on regional fiber strain and showed a close relation with CRT response in
single center studies.

6,7,8,11

Nonetheless, these indices of regional fiber strain are load-dependent and
therefore do not reflect actual regional myocardial function.

12,13

Regional myocardial

work can be determined by combining regional fiber strain with LV pressure as
demonstrated by Delhaas

14

13

and Urheim.

Recently, Russell et al validated this

approach by demonstrating that the area of regional LV pressure – strain loops
reflects regional myocardial metabolism.

15

Previous studies showed that CRT

candidates have a m arked misbalance in regional myocardial work with reduced
work in the septum and increased work in the LV lateral wall, resulting in an
16

inefficient LV pump function and a significant waste of work in the septum.

Moreover, CRT was shown to increase the contribution of septal work thus restoring
a more homogeneous septal to lateral myocardial work distribution.

15

Based on the finding that CRT can recruit myocardial work that is wasted by
LBBB, we hypothesized that the misbalance in regional myocardial work, expressed
as the septum to lateral wall (SL) work ratio, determines response to CRT. For that
purpose, we investigated the relation between the misbalance in regional myocardial
work and acute LV pump function improvement during CRT.

METHODS
Subjects
Twenty patients (age 65 ± 10 years, 15 m ale (75%)) referred for CRT system
implantation were selected from the Temporary Biventricular Stimulation (TBS)
database, containing data on the acute hemodynamic effects of temporary multisite
pacing in patients with advanced heart failure as previously described.

17,18

Inclusion

criteria were sinus rhythm, moderate to severe heart failure (New York Heart
Association class II and I II), severely depressed LV function (LV ejection fraction
≤35%), left ventricular bundle branch block (LBBB)

19

and at least 3 m onths stable

optimal tolerated medical therapy. Exclusion criteria were myocardial infarction or
acute coronary syndrome within 3 months prior to study inclusion, previous
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pacemaker implantation, aortic valve stenosis, mechanical aortic valve replacement,
and the presence of LV thrombus. For the present analysis patients were selected
when both pressure-volume (PV) loop measurements and cardiac magnetic
resonance imaging derived myocardial strain data of sufficient quality were available
(see below). The study complies with the Declaration of Helsinki and the local
research ethics committee approved conduction of this study. Informed consent was
obtained in all patients prior to the study procedures.

Cardiac magnetic resonance imaging
Cardiac magnetic resonance (CMR) imaging was performed on a 1.5 T whole body
system (Magnetom Sonata, Siemens, Erlangen, Germany) using a phased-array
cardiac receiver coil. Functional imaging was performed using retrospectively ECGgated steady-state free precession cine imaging with breath-holding. Per patient, 812 short-axis slices were obtained every 10mm covering the entire left ventricle.
From these images, LV volumes were measured and ejection fraction (EF) was
calculated. Myocardial scar territory was assessed by late gadolinium enhancement
(LGE) imaging and quantified using the Full Width at Half Maximum (FWHM)
technique and presented as percentage of the LV mass. Complementary tagged
(CSPAMM) myocardial images were acquired using steady state free precession
imaging and a multiple brief expiration scheme.

20

Images for 2D strain analysis were

acquired in three short-axis planes, evenly distributed over the LV, as planned on an
end-systolic 4-chamber image. Further, high temporal resolution (~15ms) cine
imaging of the LV in the three-chamber view was performed to assess the opening
and closure times of the mitral and aortic valves. From the tagged images,
circumferential strain (CS) curves were obtained from the 50% mid-myocardial wall
using the harmonic phase method.
every slice (base, mid and apex).

22

21

Segmental strain curves were calculated for

The CS reflects the percentage change in length

of a s mall line segment in the circumferential direction, with respect to the enddiastolic length. Septal strain was calculated as the averaged strain from the anteroseptal and i nfero-septal segments from the 3 s lices. Lateral wall strain was
calculated as the averaged strain from the anterolateral and infero-lateral segments
from the 3 s lices. The strain curves were discarded in case of low signal-to-noise
ratio as judged by two independent investigators. The strain-rate was calculated as
the change in strain per time frame.
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Temporary biventricular pacing
Within the same week of the CMR, all patients underwent temporary biventricular
stimulation as described previously.

18

In brief, after infusion of 5000IE of heparin two

temporary bipolar pacing leads (NBIH, 6F, Bard Electrophysiology Department,
Lowell, Massachusetts, USA) were placed, one in the right atrium and the other in
the right ventricular apex (RVA). An unipolar pacing lead (Visionwire, Biotronik,
Berlin, Germany) was targeted at the mid posterolateral (PL) position using the
tributaries of the coronary sinus. A conductance catheter (CD Leycom, Zoetermeer,
The Netherlands) was placed in a stable position in the LV apex to obtain PV loops.
Pacing was performed with an AV delay set to 100 ms or lower, ensuring full
ventricular capture and a VV interval of 0ms. Baseline pressure-volume loops were
recorded before and after each biventricular run. Approximately 30 representative
cardiac cycles were averaged, disregarding all inappropriate beats (i.e. extrasystoles) using Conduct NT software (version 3.18.1). Cardiac MR derived LV
volumes were used for the calibration. Left ventricular function was quantified by
end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume (SV), and
EF. Also, end-systolic pressure (ESP), end-diastolic pressure (EDP) and maximum
rate of systolic and d iastolic pressure change (dP/dtmax, dP/dtmin) were determined.
Stroke work (SW) was directly calculated as the area of the pressure-volume loop.
The effect of biventricular pacing was calculated as the relative SW change
compared with the mean of the two flanking baseline measurements. Patients with a
SW increase of >20% compared with baseline were classified as CRT responders.

23

Data analysis
Mechanical dyssynchrony was defined as the delay in onset of contraction between
6

the septum and the lateral wall (SL delay). Analysis of mechanical discoordination
was assessed in both the systolic and diastolic phase of the cardiac cycle. Systolic
discoordination was assessed by measuring the amount of SRS, defined as the
6

cumulative amount of systolic stretch of the septum after initial shortening. Diastolic
discoordination was assessed by measuring diastolic rebound shortening (DRS),
defined as the cumulative amount of septal shortening during the isovolumic
relaxation (IVR) phase. Myocardial work of the septal and lateral wall was calculated
separately using the strain recordings and measured LV pressure, as previously
described.

24

In brief, the segmental strain-rate was multiplied by -1 causing positive

values to indicate shortening. Subsequently, this inverted strain-rate was multiplied
by instantaneous LV pressure to obtain a measure of power. Integration of this
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measure over time gives a measure of regional work, expressed as mmHg•%.
Regional myocardial work was calculated for five parts of the cardiac cycle:
isovolumic contraction (IVC) phase, ejection phase, IVR phase, passive filling phase
and active filling phase. For calculation of the SL work ratio, latter two phases were
discarded, since filling is a largely passive process and contributes for a small part to
24

myocardial work.

During systole, useful work was defined as positive work

(indicating circumferential shortening) whereas waste was defined as negative work
(indicating circumferential lengthening). During diastole, useful work was defined as
negative myocardial work (indicating circumferential lengthening) whereas waste
was defined as positive work (indicating circumferential shortening), as depicted in
figure 1. Subsequently, the ratio between the septal and lateral work was calculated
by dividing the net result of useful work and wasted work of the septum by the net
result of useful work and wasted work of the lateral wall.
SL work ratio =

Useful work septum – waste septum
Useful work lateral wall – waste lateral wall

Figure 1 shows segmental work as a function of time for the septum (blue) and the lateral wall (green).
The vertical lines indicate valve opening and c losure (avo = aortic valve opening; avc = aortic valve
closure; mvo = mitral valve opening). Useful work is illustrated by a solid line while waste is illustrated by
a dotted line. During systole positive work (indicating shortening) is considered useful and negative work
(indicating lengthening) is considered waste. During diastole this is vice versa.
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Statistics
The commercially available Statistical Package for Social Sciences software (IBM
SPSS Statistics for Windows, Version 20.0. Armonk, NY, USA) was used for
statistical analysis. Continuous variables are expressed as mean ± SD. Categorical
variables are presented as absolute numbers and per centages. A Student t-test
(independent or paired) or non-parametric test was used to compare groups when
appropriate. Correlations were assessed using the Pearson’s correlation coefficient
or when normal distribution was absent, the Spearman’s Rho correlation coefficient.
Receiver Operating Characteristics (ROC) curve analysis was used to determine the
predictive value of the parameters. Associations between baseline dyssynchrony-,
discoordination-, myocardial work- indices and hemodynamic response during CRT
were analyzed by linear regression analysis. A P-value of <0.05 was considered
statistically significant.
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RESULTS
Twenty patients (mean age 65 ± 10 years, 15 (75%) men) were enrolled in this
study. The patient characteristics are listed in table 1.
Table 1: Baseline patient characteristics
Parameter

N = 20

Clinical
Age (years)
Sex (male/female)

65 ± 10
15/5

QRS duration (ms)
NYHA (II/III)

151 ± 14
4/16

Aetiology (ICMP/NICMP)
Conduction delay (LBBB/LBBB-like)
Med: diuretics (%)
Med: beta-blockers (%)
Med: Ace-inhibitors (%)
CMR

11/9
18/2
60
75
95

EF (%)
EDV (ml)

22 ± 9
284 ± 97

ESV (ml)
Scar mass (%)

225 ± 92
10 ± 11

Peak strain septum (%)
Peak strain lateral wall (%)

-5.9 ± 3.7
-14.2 ± 4.2

Peak strain rate septum (%/s)
Peak strain rate lateral wall (%/s)

-40.7 ± 17.3
-68.2 ± 24.9

Septum to lateral shortening delay (ms)
Systolic Rebound Stretch (%)

53.1 ± 29.1
3.7 ± 2.9

Diastolic Rebound Stretch (%)

-2.3 ± 1.9

ICMP = ischemic cardiomyopathy, NICMP = non-ischemic cardiomyopathy, LBBB = left bundle branch
block, CMR = cardiac magnetic resonance imaging, EF = ejection fraction, EDV = end-diastolic volume,
ESV = end-systolic volume. No significant differences were found between responders and non responders for the baseline clinical parameters.

Systolic and diastolic pump function
Baseline hemodynamic measurements and r esponse to biventricular pacing are
summarized in table 2. At baseline both systolic and diastolic function were found to
be severely depressed (dP/dtmax 876 ± 19 mmHg/s; dP/dtmin -845 ± 16 mmHg/s; τ
44 ± 7 m s) resulting in a reduced overall pump function (SW 5.1 ± 2.2 L·mmHg).
During biventricular pacing systolic LV function significantly improved, reflected by
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an increase in dP/dtmax (+11 ± 14%; P = 0.003) and shortening of the systolic time
period (-4 ± 7%, P = 0.025). Also diastolic LV function improved, reflected by a
significant decrease in dP/dtmin (-5 ± 10%; P = 0.025) and increase in diastolic time
period (+6 ± 9%, P = 0.003). In addition, LV preload improved, reflected by an
increased EDV (+3 ± 5%, P = 0.036) under equal loading conditions (EDP 0 ± 19%,
P = 0.571). These changes resulted in an overall pump function improvement
reflected by a SW increase of +33 ± 38% compared with baseline (P <0.001).
Table 2 Hemodynamic measurements at baseline and during pacing
Parameter

Baseline

Pacing

Δ%

P

81 ± 14

80 ± 12

-1 ± 3

0.174

dP/dtmax (mmHg/s)

875 ± 190

967 ± 205

+11 ± 14

0.003

dP/dtmin (mmHg/s)

Heart rate (bpm)

-845 ± 164

-883 ± 162

-5 ± 10

0.025

Maximal pressure (mmHg)

120 ± 23

122 ± 23

+2 ± 5

0.164

Minimal pressure (mmHg)

11 ± 8

10 ± 8

-11 ± 20

0.056

τ (ms)

43 ± 5

42 ± 5

-3 ± 9

0.140

EDV (ml)

284 ± 97

290 ± 96

+3 ± 5

0.036

EDP (mmHg)

19 ± 10

19 ± 11

0 ± 19

0.517

EF (%)

22 ± 9

23 ± 9

+4 ± 13

0.236

5.1 ± 2.2

6.7 ± 3.3

+33 ± 38

0.003

Systolic time (ms/RR-interval)

35 ± 4

34 ± 4

-4 ± 7

0.016

Diastolic time (ms/RR-interval)

48 ± 8

51 ± 6

+6 ± 9

0.003

SW (L x mmHg)

τ = tau, EDV = end-diastolic volume, EDP = end-diastolic pressure, EF = ejection fraction, SW = stroke
work, T = time, systolic time = T at EDP- T at max pressure, diastolic time = T at dP/dtmin – T at
EDP.

Regional myocardial work
All patients underwent successful CMR imaging with LV tissue tagging. Per patient a
mean of 4.6 ± 1.5 (77%) of the septal segments and 3.6 ± 1.4 (60%) of the lateral
segments were suitable for analysis resulting in a t otal inclusion of 163 of 240
segments (68%). Baseline strain parameters are shown in table 1. Both averaged
peak strain and peak strain rate were significantly higher in the lateral wall compared
with the septum (-14.2 ± 4.2% vs. -5.9 ± 3.7%; P <0.001 and -68.2 ± 24.9%/s vs. 40.7 ± 17.3%/s; P < 0.001, respectively). Overall, a high systolic negative strain rate
in the lateral wall was associated with a low negative or positive strain rate of the
septum (R = 0.48; P = 0.033). Conversely, a high positive strain rate in the lateral
wall during diastole was correlated with a low positive or negative strain rate of the
169
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septum (R = -0.62; P = 0.004). Systolic strain rate was also significantly related to
diastolic strain rate in the septum (R = -0.93; P < 0.001), and the lateral wall (R = 0.82; P <0.001). Calculation of myocardial work showed net regional work (positive
work minus waste) to be significantly higher in the lateral wall compared with the
septum during systole (1444 ± 619mmHg•% vs. 123 ± 358mmHg•%; P <0.001) and
diastole (-289 ± 267mmHg•% vs. 53 ± 211mmHg•%; P <0.001; table 3).
Table 3 Regional myocardial work during systolic and diastolic phase
positive
work
(mmHg·%)

septum
negative
work
(mmHg·%)

net
work
(mmHg·%)

positive
work
(mmHg·%)

lateral wall
negative
net
work
work
(mmHg·
(mmHg·%)
%)
28±38
1444±619
322±236
-289±267

Total S
(N=20) D

427±256‡
126±132‡

304±193‡
73±113‡

123±358‡
53±211‡

1472±626
33±54

NR S
(N=7) D

524±292
33±73‡

187±168*
170±150‡

337±364*
-138±197‡

954±447‡
36±35

0±0‡
193±168

954±447‡
-158±185

R S
(N=13) D

374±229
176±130

368±181
21±21

7±309
156±136

1751±530
33±64

43±41
392±243

1708±540
-360±284

NR = non-responder, R = responder, S = systolic, D = diastolic, significant differences between the
septum and t he lateral wall for the total group (upper row), and N R compared with R (lower two rows)
marked by * P = <0.05 or ‡ P = <0.02

During systole, positive work exceeded negative work (i.e. waste) significantly in the
lateral wall (1472 ± 626mmHg•% vs. 28 ± 38mmHg•%; P <0.001), whereas septal
positive systolic work was counterbalanced by a relative high negative systolic work
(427 ± 256 mmHg•% vs. 304 ± 193mmHg•%; P = 0.142). The SL work ratio was
0.17 ± 0.48. Eleven (55%) patients were classified with ischemic cardiomyopathy
based on LGE imaging. Averaged amount of scar was 10±11% and scar was evenly
distributed over the myocardium. Amount of scar was not significantly correlated
with SL work ratio (R=0.28, P=0.248).

Prediction of response
The SL work ratio was found to be significantly related to SW improvement during
CRT (R= -0.54; P = 0.015; figure 2). In contrast, QRS duration, SL delay and
mechanical discoordination parameters SRS and D RS showed no correlation with
SW improvement although increased QRS duration showed a t rend toward
significance (R= 0.40; P = 0.080).
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Figure 2 shows scatter plots with the relationships between acute improvement in SW during CRT (Y
axis) and baseline QRS width (A), mechanical dyssynchrony reflected by the septum to lateral (SL) delay
(B), mechanical discoordination reflected by systolic rebound stretch (SRS) of the septum (C) and the
septum to lateral work ratio (D).

Thirteen (65%) patients were classified as SW-responder and 7 (35%) as SW nonresponder assuming a SW improvement cut-off value of 20%.

23

Regional myocardial

work of the different phases of the cardiac cycle in both responders and nonresponders is displayed in figure 3.
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Figure 3 shows segmental strain rate (upper diagrams) and net change in work (lower diagrams) of the
septum and the lateral wall throughout the phases of the cardiac cycle (IVC = isovolumic contraction; EJ
= ejection; IVR = isovolumic relaxation; PF = passive filling; AF = active filling), NR = non-responder, R =
responder, significant difference NR compared with R marked by * P = <0.05 or ‡ P = <0.02. Nonresponders demonstrate a similar contraction pattern in the septum and the lateral wall while responders
demonstrate an oppos ing pattern in the septum relative to the lateral wall that follows a nor mal
contraction pattern at high strain rates. Non-responders show a r elative high septal contribution in net
work while responders have a highly ineffective septum with net wasted work in the IVC and IVR relative
to the lateral wall producing high amounts of useful work.

Responders and non-responders demonstrated predominantly positive work in the
lateral wall during the systolic phase but responders showed a significant higher net
work compared with non-responders (1708 ± 540mmHg·% vs. 954 ± 447mmHg·%;
P = 0.006). In contrast, in the septum the responders showed a significant lower net
work compared with non-responders (7 ± 309mmHg·% vs. 337 ± 364mmHg·%; P =
0.046), mainly based on a s ignificantly higher waste of work during the isovolumic
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contraction phase (-368 ± 181mmHg•% vs. -187± 168mmHg•%; P = 0.042). A
typical patient is shown in figure 1.
During

diastole

both

responders

and

non-responders

demonstrated

predominantly negative work (relaxation) in the lateral wall resulting in a comparable
net negative work (-360 ± 284mmHg·% vs. -158 ± 185mmHg·%; P = 0.108).
However, the net septal work during diastole was positive in responders while
negative in non-responders (156 ± 136mmHg·% vs. -138 ± 197mmHg·%; P =
0.001), due to higher septal wasting in responders. This is reflected by a significant
lower SL work ratio in responders compared with non-responders (-0.07 ± 0.24 vs.
0.62 ± 0.49; P = 0.001). ROC curve analysis demonstrated the SL work ratio to be
significantly predictive for response (AUC= 0.87; P = 0.008). A cut-off value of 0.43
predicted response with a 100% sensitivity and 86% specificity.

DISCUSSION
The present study shows the misbalance in regional myocardial work varies
substantially between CRT candidates with LBBB. Moreover, our results indicate
that the amount of misbalance (expressed as the SL work ratio) is significantly
related to SW improvement during CRT, with lower septal contribution to myocardial
work (or higher the septal waste) at baseline leading to higher acute pump function
improvement.

Thus,

in

contrast

to

the

conventional

dyssynchrony

and

discoordination indices, the SL work ratio at baseline was found to more accurately
predict response to CRT.
After the disappointing results of the PROSPECT study, several single center
studies have proposed discoordination as a promising parameter to predict
response to CRT.

3,6,7

From a theoretical point of view, however, myocardial motion

parameters do not fully describe myocardial function since the stress at which a
particular motion is accomplished is lacking. Recently, Russell et al elegantly
showed the consequences of involving stress (LV pressure) in myocardial function
analysis in both animal experiments and ni ne LBBB patients receiving CRT. Their
results demonstrate a substantial septal waste of myocardial work during LBBB as
well as recruitment of the septum during CRT leading to a more balanced
distribution of work over the LV. Applying a similar method, the present study
corroborates their findings and i n addition demonstrates that the amount of septal
waste is related to the magnitude of CRT benefit.
Further analysis showed that comparable lateral wall motion occurred in
responders and non-responders, although absolute values of strain, strain rate and
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work were significantly higher in responders. In contrast, major differences were
found in septal wall motion. Comparing responders and non-responders during both
IVC and IVR phases opposite septal motion was observed (figure 4, panel B), very
similar to observations reported in previous echocardiographic studies.

6,8

In our

relatively small study population these motion differences per se were not
significantly related to SW improvement by CRT, as indicated by linear regression
analysis (figure 2, panel C). Combining of instantaneous pressure data with strain
rate to obtain work, however, did result in a significant relation with SW improvement
suggesting additive value of this approach in selection of CRT candidates.

Figure 4 s howing two typical patients (A = non- responder, B = responder). The left sided figures (in A
and B), show the baseline segmental strain and segmental work curves of the septum (in blue) and the
lateral wall (in green) as a function of time. The vertical lines indicate valve opening and closure (avo =
aortic valve opening; avc = aortic valve closure; mvo = mitral valve opening). The right-sided figures show
the pressure-volume loops during baseline conditions (dotted line) and during biventricular pacing (solid
line).
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Both patients have a dyssynchronous contraction with a septal to lateral contraction
delay of 42.8ms (A) and 68.8ms (B). However, patient A demonstrates a s imilar
contraction pattern in the septum as compared with the lateral wall. Patient A shows
a relative high septum to lateral work ratio of 0.54. As shown in the PV diagram,
pump function decreased (∆SW -23%) during CRT. Patient B on the other hand,
demonstrated an opposing contraction pattern in the septum relative to the lateral
wall and showed a low septum to lateral work ratio of 0.00. During CRT, pump
function significantly increased as depicted in the PV diagram (∆SW: +121%).
Regional myocardial function has been previously studied in heart failure patients
with LBBB by using functional imaging modalities such as PET in which oxygen
consumption, glucose uptake and myocardial perfusion reflect regional cardiac
metabolism. Impaired septal glucose metabolism, oxygen consumption and
myocardial blood flow were demonstrated, as well as the improvement upon
CRT.

25,26,27,28

Birnie et al. found that reduction in septal glucose metabolism relative

to perfusion as a surrogate for reduced regional myocardial work predicted response
to CRT, further supporting the results of the present study.
30,31

studies showed CRT to increase cardiac efficiency.

29

Moreover, several

It is generally believed that

improvement of efficiency leads to improved survival.

32,33

The approach of the

present paper, focusing on r eduction of wasted work, might therefore be of
additional value in patient selection for CRT.

Study limitations
Several limitations need to be ad dressed. First, the use of conductance catheter
measurements warrants both careful data acquisition and analysis, as extensively
discussed elsewhere.

18

However, SW (calculated as the area of the pressure-

volume loop) is readily assessed and independent of arbitrarily determined LV
volumes. Moreover, the acutely obtained SW has proven to be strongly related to
long term outcome.

23

From the same study the SW improvement cut-off value of

20% was obtained to separate responders from non-responders. Secondly, strain
and strain rate analysis based on CMR tagging is strongly dependent on image
quality. In the present study a substantial amount of segments could not be
analyzed due to poor image quality. However, a sufficient number of segments per
patient remained suitable for analysis. Thirdly, the measure of regional myocardial
work (mmHg %) used in this paper is calculated from strain rate and instantaneous
pressure, as introduced by Russell et al.

24

Since it is not a measure of absolute

work, comparison of different LV’s might not be valid. However, the SL work ratio
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should be valid between LV’s since this relative measure compensates for
differences in LV geometry. Left ventricular pressure and strain data were not
acquired simultaneously, which might have introduced small errors. The observed
relation with SW improvement strongly suggests an important role for the SL work
ratio in patient selection for CRT. No relationship was shown between scar tissue
and SL work ratio, as expected. The percentage ischemic patients and degree of
scarring was comparable with literature. However, the limited size of the study
population did not allow for further analysis of the relationship between scar
(location), SL work ratio and response. Both the relevance of this new parameter
and its relation to other known determinants of CRT response need to be
established in future prospective studies.

CONCLUSIONS
Combined LV strain and LV pressure curves can be used to determine an index of
regional myocardial work. We demonstrated that the baseline contribution of the
septum to total LV work varies widely in CRT candidates with LBBB. The lower the
septal contribution to total myocardial work (or the higher the septal waste) at
baseline, the higher the improvement in pump function that can be achieved during
CRT.
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GENERAL
The heart failure syndrome is a growing health care problem with an ex pected
increase in incidence and prevalence. A substantial amount of heart failure patients
has an impaired conduction system with left bundle branch block (LBBB) which
leads to a dyssynchronous contraction of the left ventricle (LV). A dyssynchronous
contraction impairs LV pump function and mechanical efficiency. Both systolic and
diastolic hemodynamic parameters, in terms of LV pressure and volume, are
decreased

in

dyssynchronous

LV

contraction.

Pre-excitation

by

cardiac

resynchronization therapy (CRT) theoretically leads to restoration of synchronized
and efficient LV contraction. Invasive hemodynamic study is considered the gold
standard for evaluation of LV pump function as well as response to therapy (e.g.
CRT). The present thesis evaluated hemodynamic improvement of left ventricular
(LV) pump function during CRT in relation to long term benefit of CRT, LV pacing
location and LV tissue and mechanical pump characteristics as assessed by cardiac
magnetic resonance (CMR) imaging.

CHOICE OF HEMODYNAMIC PARAMETER
To quantify acute response, a variety of hemodynamic parameters is used in
1

literature. Invasive hemodynamic indices are obtained relatively easily using a
pressure-wire or a conductance catheter. The main parameters reported in most
current studies are the acute changes in dP/dtmax and stroke work (SW), while earlier
studies also reported alternative measurements e.g. pulse pressures.

1

The

acquisition of SW and dP/dtmax requires essentially similar efforts; both require
placement of a c atheter in the LV, of which the data can be evaluated
2

instantaneously. SW requires a pressure-volume catheter which is associated with
considerable costs as compared with pressure measurements. However, the acute
increase in dP/dtmax, as measure of LV contractility might not be the best and most
comprehensive hemodynamic parameter to evaluate pump function improvement
during CRT. DP/dtmax is dependent of heart rate and LV loading conditions and
represents only a small part of the cardiac cycle.

3,4

In addition, CRT has shown to

improve not only LV contractility but also diastolic filling and LV distensibility,
decrease mitral insufficiency,
mechanical efficiency.

11,12

9,10

5,6,7,8

to

to reduce LV dyssynchrony and t o increase

Based on theoretical grounds, these key determinants of

CRT response are better represented by SW, than by dP/dtmax. Indeed, we showed
that the increase in both parameters was poorly correlated and that SW showed to
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have good predictive value for long-term response, whereas, dP/dtmax increase was
poorly correlated with long-term response.

13,14

Nonetheless, dP/dtmax is still

frequently used in the literature for assessment of response to therapy.

ACUTE HEMODYNAMIC RESPONSE AND LONG TERM BENEFIT OF
CRT
CRT treatment conveys an immediate effect on LV pump function. This on-off effect
can be ap preciated on the surface electrocardiogram, by cardiac imaging such as
echocardiography and by invasive hemodynamic testing. The favorable acute
hemodynamic effect of CRT is evident from many experimental and clinical
15,16,17,18,19,20,21

studies.

The increase in dP/dtmax is reported between +11% and +60%

with an estimated average of +22±10% compared with baseline.

22,23,24,25,26

The

increase in SW is reported between +21% and +66% with an estimated average of
+37±13% compared with baseline.

27,28,11,20,29,30,14

However, when a certain increase

can be considered as clinical significant response is less clear. The extent of
baseline variation of these parameters has been scarcely studied. A basic method to
determine a c ut-off is to establish the value that is at least 2 s tandard deviations
higher than the mean of the baselines of a c ertain patient (above the 95%
confidence interval). Then the percent increase to surpass this confidence interval
can be c alculated per patient. Our own data suggest that this percent increase,
when averaged over multiple patients, is approximately 5% for dP/dtmax and 15% for
SW. Therefore, cut-off values might be set on or above these standards to
determine hemodynamic response to CRT reliably.
The response cut-offs reported in the literature range for acute dP/dtmax increase
between 5% and 30% and range for acute SW increase between 10% and
20,31,32,33,17,15,34,14,13,35,36

20%.

However, the hemodynamic cut-off was subjectively

chosen in almost all studies.

20,37,17,13,34,32,33

To our knowledge, only three studies

determined an acute hemodynamic cut-off for response based on long-term LV
reverse remodeling.

31,14,35

Duckett et al. showed that a c ut-off of 11% dP/dtmax

increase predicted reverse remodeling (>15% ESV reduction) with a sensitivity of
94% and a speciﬁcity of 86%. Seo et al. showed that a c ut-off of 16.2% dP/dtmax
increase predicted reverse remodeling (> 15% ESV reduction) with a sensitivity of
70% and a speciﬁcity of 100%. Our own analysis showed that a cut-off of 20% SW
increase predicted reverse remodeling (>15% ESV reduction) with a sensitivity of
90% and a speciﬁcity of 75%. However, larger follow-up studies are warranted to
confirm these cut-off values.
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Considering the vast amount of acute hemodynamic response studies (generally
based on dP/dtmax measurements) that are performed in CRT candidates, it is
surprising that so few data is reported on the relation between the acute and the
long-term response to CRT. Moreover, literature provides conflicting data on this
topic. Bogaard et al. explored the relation between dP/dtmax and long-term clinical
response in a r etrospective observational study.

22

They showed that dP/dtmax

measured at baseline and during CRT were predictors of 1-year survival free from
all-cause mortality, heart transplant, or LV assist device implantation. However, the
acute improvement in dP/dtmax by CRT was not correlated to this clinical outcome.
Similar results were found by Suzuki et al. which showed that basal LV dP/dtmax, but
not the percent change in LV dP/dtmax predicted cardiac mortality in patients
25

receiving CRT.

However, both studies did not examine the relation with clinical

response, such as NYHA functional class, quality of life or 6-minute walking distance
improvement. In addition, the relation with the degree of LV reverse remodeling was
not studied. Stellbrink et al. studied the relation with reverse remodeling in an earlier
trial and showed no correlation between acute dP/dtmax increase and LV reverse
remodeling over time.

38

The study however was performed in the early days of CRT,

hampered by technical issues: implantation of two separate pacemakers (one
programmed as VDD, the other as VTT) to deliver therapy, a relative large number
of patients lost to follow-up (41%) and a limited treatment time with different pacing
settings. These data can be counterbalanced by the previously mentioned studies
by Duckett et al. and Seo et al.. A study of Vernooy et al. in a small number of dogs
showed that the acute increase in LV dP/dtmax upon biventricular pacing correlated
with LV EDV and LV wall mass after 8 weeks of biventricular pacing.

21,31,35

Although the abovementioned studies have their shortcomings, the overall
picture does not portray a strong correlation between acute dP/dtmax increase and
long-term clinical improvement, reverse remodeling and m ortality reduction. Also,
the analysis in the present thesis does not demonstrate a clear correlation between
dP/dtmax increase and clinical response and/or reverse remodeling.

14

Nevertheless, the concept that CRT is an acute therapy of which the effects are
maintained over time has been corroborated by many non-invasive studies.
Echocardiographic analysis showed that acute pump function improvement was
correlated with long term response.

37,39

Similarly, patients with acute reversal of

dyssynchronous LV contraction were shown to be long-term responders.

40,41,42

In

turn, acute change from an as ynchronous contraction pattern to synchronous
contraction was positively correlated with acute increase in hemodynamics.

43

Patients who showed reverse remodeling initially were found to show further
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progression of reverse remodeling and clinical response over time.

41,44,45

Moreover,

acute echocardiographically derived hemodynamic benefit to CRT predicted longterm clinical response.

46,47

Cessation of CRT later in time caused reversal of

response. Not only hemodynamic pump function deteriorated in patients that had
shown clear hemodynamic response, also apparent clinical non-responders showed
worsening of pump function when the therapy was switched off.

11,48

An

echocardiographic study showed similar effects after stopping biventricular pacing,
with loss of reverse LV remodeling.

41

In conclusion, the relation between acute hemodynamic response and long-term
response to CRT is contradictory in the literature. However, there seems to be more
evidence in favor of a positive correlation between acute and long-term response.
Particularly a s ubstantial body of evidence from other than hemodynamic studies
showed that CRT is a d irect therapy which effect on pum p function is acute and
sustained over time. A part of the discrepancy between acute and long-term
response may lie in the inability of the hemodynamic index of choice (dP/dtmax) to
assess actual acute pump function improvement. A more comprehensive
hemodynamic response parameter such as SW better represents the determinants
of pump function improvement and was shown to predict long-term response to
CRT. However, while the hemodynamic response is an ac ute effect, LV reverse
remodeling is a s low development which takes place over several months and is
mediated by complex processes at molecular, cellular, neuro-hormonal and
structural level. In this context, it would be interesting to investigate baseline
invasive comprehensive hemodynamics combined with acute response, as well as
the hemodynamics over time and af ter discontinuation of the therapy at follow-up.
However, no such study has been performed until today.

ACUTE RESPONSE AND ELECTRICAL ACTIVATION
The failure of mechanical dyssynchrony parameters to improve the prediction of
response to CRT has led to a renewed interest in the value of electrical activation in
CRT. Electrical LV activation, usually represented by QRS duration, has been
frequently related to hemodynamic response. Baseline QRS duration correlated
reasonably well with acute dP/dtmax increase,
QRS narrowing during pacing.

17

49,16,17

although it did not correlate with

Acute change in dP/dtmax correlated with other

derivatives of conduction delay such as the electrical lead delay, a RBBB or LBBB,
areas of fast/slow LV conduction and with the difference in magnitude of conduction
delay between the anterior and free wall.

36,50,51
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Patients with a narrow QRS (<120ms) are generally assumed not to benefit from
CRT. Large trials showed no improvement in peak oxygen consumption and even
demonstrated increased mortality in narrow QRS patients treated with CRT.

52,53

In

line with these outcomes, we demonstrated an acute on average decrease in pump
function upon application of CRT in patients with narrow QRS.
hemodynamic study by Ploux et al. corroborated our results.

49

34

An acute

However, we showed

that a small proportion of patients with narrow QRS (19%) did respond to CRT. In a
hemodynamic evaluation by Williams et al. it was shown that the relief of pericardial
constraint could serve as the physiological base of response in narrow QRS patients
treated with CRT.

29

Others questioned the beneficial effects of CRT in patients with a QRS<150ms
as well. Recent meta-analyses showed that CRT was effective in reducing adverse
clinical events in patients with a baseline QRS duration of >150 ms, but CRT did not
54,55

reduce events in patients with a Q RS of less than 150 ms.

Our hemodynamic

analysis concurs with these results. We showed a lower averaged hemodynamic
response in the intermediate QRS group compared with the QRS group of >150ms,
however depending on the LV pacing location.

34

In addition, we showed a large

variation in individual response within the subgroups, which indicates that some
patients with narrower QRS duration might show response. In patients with both
normal QRS (<120ms) and i ntermediate QRS duration (<150ms), hemodynamic
evaluation prior to device implantation could help in establishing the potential pump
function improvement and determination of optimal lead position.

ACUTE RESPONSE, MECHANICAL COORDINATION AND TISSUE
CHARACTERISTICS
Mechanical dyssynchrony is assumed the basis of pump function inefficiency in
patients with heart failure and a conduction delay.

56

In addition, the presence of scar

tissue negatively influences the clinical and functional improvement of CRT.

57,58

CMR imaging is considered the standard in acquisition of myocardial tissue
deformation as well as tissue characteristics (late gadolinium enhancement, LGE).

59

However, the relation between acute pump function improvement, LV mechanical
activation and tissue characteristics derived by the CMR imaging modality has been
studied scantily.
In an early hemodynamic study, CMR derived LV activation and acute response was
evaluated. They showed a good c orrelation between the coefficient of variation of
17

CMR derived LV strains and acute dP/dtmax increase.
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showed that regional heterogeneity in myocardial shortening correlated better with
acute dP/dtmax increase than mechanical dyssynchrony.

60

We related the optimal LV

pacing site to delay in mechanical activation and showed that the LV site with
hemodynamic best response was significantly more delayed compared with the LV
site with the worst response.
The data in the literature on myocardial scarring (by LGE) and acute
hemodynamic response in patients is evenly scarce. Shetty et al. evaluated the
relation between acute response and a C MR targeted lead placement approach.

61

Although myocardial scar was quantified, no direct correlation with acute response
was performed. Ginks et al. related acute increase in dP/dtmax with degree and
transmurality of scar and found no significant relationship.

62

However, this study was

hampered by a v ery small sample size (19 patients) of which only 10 had an
ischemic cardiomyopathy. Our study reported a comprehensive pump function
assessment in a l arger cohort of patients with ischemic cardiomyopathy.

63

It was

shown that the extent and transmurality of scar tissue were inversely related to
pump function improvement during CRT. Pacing at the location of (transmural) scar
tissue at any site of the LV generally deteriorated LV pump function. However,
switching biventricular stimulation from scar tissue to viable tissue significantly
improves pump function in ICM patients.

REVERSE RESPONSE
In addition to procedure-related harm such as infections or lead complications, large
trials showed that part of patients do not respond or even show deterioration of
pump function. For example, the Prospect trial showed in 9% of patients an increase
in ESV of >15%.

64

Whether the deterioration of pump function is caused by

progression of disease and failure of the therapy or it is actually caused by the
therapy itself is unclear. From right ventricular (RV) pacing studies it is known that
RV apical pacing can induce LV dyssynchrony and is associated with deterioration
of LV systolic function.

65

The same effect can be present during biventricular

stimulation. Auger et al. showed that in patients without significant LV dyssynchrony,
the induction of LV dyssynchrony after CRT may be related to a less favourable
long-term outcome.

66

In line, the echo-CRT trial showed that patients with a narrow

QRS and treated with CRT were less likely to survive than control patients.

53

Derval

et al. showed that in 41% of CRT candidates acute decrease could be obs erved
when stimulated at a s ub-optimal location.

67

Also hemodynamic evaluation in our
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study clearly showed that CRT can actually worsen pump function acutely, or can
cause so-called ‘reverse response’. We showed that patients that were stimulated in
PL scar had a significant decrease in pump function.

63

When these acute data are

extrapolated to the long-term, CRT can not only fall short in delivering benefit to
patients with heart failure, but also cause harm. Consequently, biventricular
stimulation should be withheld in these patients. Hemodynamic measurements may
help in the identification of patients that are potentially harmed by the therapy. In
addition, whether biventricular stimulation can deteriorate RV function has been
scarcely studied and should be the subject of future research.

THE USE OF AN ACUTE
PERSPECTIVES

PACING

PROTOCOL AND

FUTURE

Pressure-volume loops using SW as parameter can be used to determine response
in further experimental study and might be an useful application in clinical practice.
Currently, detailed characterization of electrical activation is gaining interest.
Continuing

developments

in

both

endovascular

mapping

catheters

and

extracorporeal multi-electrode body surface mapping technology will allow for further
studies on detailed activation of the LV and RV in relation to pacing. The
conductance catheter offers the ideal tool to assess the relation between electrical
activation patterns, LV mechanical deformation and pump function, as well as during
various intrinsic conduction disorders, as during change in activation patterns during
pacing at different locations and in different combinations.
An important field of research is the value of AV and VV optimization in CRT
response. It was shown in large multicentre trials that routine AV and VV delay
optimization has limited effect on c linical or echocardiographic outcomes in CRT
recipients.

68

However, the guidelines state that patients in need of atrial pacing or

with ischemic heart disease might benefit from AV and/or VV optimization.

69

Experimental PV loop evaluation might give insight in timing related pump function
optimization. Additionally, PV loop analysis may provide useful insights in the extent
of therapy delivery of new multi-polar leads or evaluate the acute response to future
leadless pacing.
In the clinical setting, a number of applications of hemodynamic evaluation using
PV loops can be mentioned. Current guidelines clearly state the indications for CRT,
however cases with borderline indication will always turn up in clinical practice. As
clearly shown in the literature, patients with extensive myocardial scarring are prone
to become non-responders and might even exhibit reverse response. The guidelines
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do not give specific recommendations to overcome this problem and advocate
further research on this topic.

69

Hence, individual hemodynamic assessment of

response or at least lead position optimization might be appropriate in certain clinical
cases with extensive myocardial scar. The same holds for cases concerning
borderline conduction delay. In clinical practice, patients with borderline QRS
durations (around the guideline cut-offs) are habitually given the benefit of the doubt
and undergo device implantation. These patients might be better off with a preimplant hemodynamic evaluation, especially given the fact that CRT has the
potential to be more harmful than beneficial. Patients with a RBBB are generally
expected not to benefit from CRT. The guidelines state that for these patients, the
decision to implant a CRT system should be individualized based on other clinical or
imaging criteria. These patients might be g ood candidates for hemodynamic preimplant evaluation.
LV lead position is of great importance in successful therapy delivery.
Experimental and clinical response studies in the literature, comparably with the
analysis in the present thesis, demonstrated a postero-lateral lead position to be in
general superior over an anterior position.
such

as

myocardial

scarring,

34,50,70

differences

However, earlier mentioned factors
in

LV

conduction,

myocardial

discoordination contribute to a high individual variance in optimal lead position and
clinical outcome.

67

Individualized LV lead placement offers therefore large potential

in response improvement. Recent clinical evaluations showed that a strategy of
targeted LV lead placement for CRT by echocardiographic indices improved patient
71,72

outcomes by reducing the combined risk of death or HF hospitalizations.

While

echocardiographic evaluation, as employed in the earlier studies, is reasonably
quick, widespread available and easily to obtain in daily clinical practice,
assessment may be hampered in subsets of patients (sub-optimal echo-windows,
extensive LV dilatation), and is limited by the inability to detect myocardial scar. In
addition, unfavourable venous anatomy, lead instability or capture failure may not
allow implanters to position the LV lead at the preferred location. Whether patients
may benefit from a s uboptimal lead position remains uncertain. In these cases
where echocardiography fails as a g uidance tool and technical difficulties hinder
implantation, hemodynamic lead targeting may provide a fitting solution.
A two-staged protocol, in which a temporary pacing procedure with the
assessment of hemodynamic response is followed by a device implantation in those
patients with a f avourable response, may allow clinicians to make a bet ter choice
whether to implant the LV lead and where to implant it in the individual patient.
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CONCLUSIONS
There is a considerable experience in acute pump function assessment for the
evaluation of CRT in end-stage heart failure patients. Based on theoretical grounds
and the present thesis, a more comprehensive hemodynamic parameter such as
SW should be preferred over dP/dtmax. The relation between acute increase in
dP/dtmax and long-term follow up is disputed, whereas our data showed a good
predictive value of SW for long-term response. Moreover, SW has been s hown to
correlate well with important determinants of CRT response, including the degree of
conduction delay, myocardial scarring, mechanical dyssynchrony and efficiency.
Acute pressure-volume loop analysis can serve as valuable research tool in a
variety of circumstances where acute pump function improvement evaluation is
required. In addition, in certain clinical situations, for instance borderline CRT
indications, a pr essure-volume analysis might aid in clinical decision making, help
determining the optimal pacing location and may prevent non-response or even
avert reverse response.
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The heart failure syndrome is a still growing health care problem with an expected
increase in incidence and prevalence. Heart failure is usually characterized by
decreased pump function of the left ventricle (LV). A substantial amount of heart
failure patients have an impaired conduction system (left bundle branch block,
LBBB) which leads to a dyssynchronous activation of the LV resulting in a delayed
contraction of the lateral wall. A dyssynchronous contraction further impairs LV
function and pump efficiency. Both systolic and diastolic hemodynamic parameters,
in terms of LV pressure and volume, are decreased in dyssynchronous LV
contraction. Theoretically, stimulation of the delayed wall segments by Cardiac
Resynchronization Therapy (CRT) leads to restoration of synchronized and efficient
LV contraction. Large randomized CRT-studies indeed showed significant reduction
in morbidity and mortality, but treatment success is still hampered by high nonresponse rates. Efforts to optimize selection criteria for CRT such as measures of
mechanical dyssynchrony failed to improve response rates.
The invasive hemodynamic study is considered the gold standard for evaluation
of LV pump function. Small hemodynamic studies have shown the potential of
pressure-volume derived measures in assessment of response to CRT. However,
the literature on acute hemodynamic improvement in patients with end-stage heart
failure, LV conduction delay and dyssynchronous LV contraction treated with CRT is
still limited. In addition, the relationship between the different parameters for acute
hemodynamic response and long-term response to CRT is ambiguous and topic of
ongoing debate. Furthermore, the relationships between acute hemodynamic
response and degree of conduction delay, location of therapy delivery and LV tissue
characteristics is still unclear. Clarification of these relationships can be of clinical
value since hemodynamic measurements might serve as a t ool to guide LV lead
placement and t o optimize pacing settings. The present thesis describes the
hemodynamic consequences of CRT in end-stage heart failure patients addressing
the influence of conduction delay, LV mechanical properties as well as tissue
characteristics both assessed by magnetic resonance imaging, and the relationship
with long-term response to therapy.
In chapter 2 the relationship is studied between two parameters frequently used
to assess hemodynamic effects of CRT. Acute changes in dP/dtmax and Stroke Work
(SW) by biventricular stimulation were acquired in thirty-four patients with end-stage
heart failure. No significant correlation was found between both parameters. When
defining response an increase of 10% relative to baseline for both parameters,
almost half of patients demonstrated an am biguous response. We concluded that
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although both parameters display an average increase during pacing, the change
relative to baseline values of SW and dP/dtmax was not related.
In chapter 3 the acute hemodynamic effects of CRT are related to long term
outcome. Pre-implant acute hemodynamic response was assessed, as well as the
echocardiographic and clinical baseline patient characteristics. It was shown that in
long-term responders (n= 29, 71%) acute increase in SW was significantly higher
compared with non-responders, whereas acute increase in dP/dtmax was not
significantly different between responders and non-responders. Further analysis
showed that SW was superior to dP/dtmax, QRS duration and LV dyssynchrony in
prediction of response to CRT. A SW increase of >20% predicted reverse
remodeling at 6 months with high accuracy. We concluded that invasive assessment
of acute hemodynamics is a reliable tool to determine individual response to CRT.
In chapter 4 the controversy on QRS duration cut-off values as well as on
optimal lead location is addressed. Acute pump function improvement was
evaluated on an individual basis in fifty-seven patients, using invasively obtained
pressure-volume loops. Group analysis showed that pump function did not improve
in the narrow QRS group (<120ms) but a s ignificant increase was found in the
intermediate (120-150ms) and wide (>150ms) QRS groups. CRT using anterolateral LV stimulation evoked a consistently lower response compared to posterolateral LV stimulation, resulting in a s ignificant hemodynamic deterioration in the
narrow QRS group. In this respect, acute hemodynamic effects of CRT generally
agreed with long-term results from large randomized trials. However, we found
individual variation to be substantial, both with respect to response and o ptimal
location. Considering this substantial variation, a temporary pacing protocol may aid
in individual patient selection and improvement of lead positioning.
Chapter 5 evaluated whether a poor LV pump function at baseline is associated
with worse response to CRT. Thereto the relationship between invasive
hemodynamic parameters at baseline and acute hemodynamic response to CRT
was studied. Multivariate logistic regression analysis revealed that invasively and
also non-invasively obtained baseline contractility (end-systolic elastance) was
independently associated with acute pump function improvement. These results
concurred with several previous studies showing that severely dilated hearts had a
poor outcome of CRT. These data added to the concept that a part of non-response
might be explained by application of CRT in patients with a LV which is “beyond
repair”. This can be present in patients with severe LV dilatation or for example in
extensive myocardial scarring.
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In chapter 6 the significance of myocardial scarring in relation to acute
hemodynamic response in patients with ischemic cardiomyopathy is evaluated.
Thirty-two CRT candidates with myocardial scarring assessed by cardiac magnetic
resonance late contrast enhancement imaging were studied. The extent of LV scar
tissue was found to be inversely related to acute pump function improvement during
CRT. In general, pacing at the location of (transmural) scar tissue at any site of the
LV deteriorated LV pump function. However, placing the LV lead over viable
myocardium significantly improved pump function as compared with pacing at the
location of scar tissue. It is therefore advisable to avoid scar tissue when targeting
the LV lead during CRT implantation.
In chapter 7, different lead targeting strategies for optimal acute pump function
improvement during CRT are compared. Recent studies advocated addition of an
extra LV lead to avoid non-response, while others proposed to target the LV lead at
the most delayed site. The main finding was that the optimal LV stimulation site
achieved a significantly higher pump function improvement compared with bifocal LV
stimulation in 33 patients. The best site coincided with the latest site of mechanical
activation. Furthermore, bifocal LV stimulation yielded comparable pump function
improvement compared with conventional PL stimulation. Therefore, effort should be
directed towards individual patient characterization in terms of LV activation pattern
and scar assessment to guide lead placement, rather than the arbitrary addition of
an extra LV lead.
Chapter 8 presented a new approach for evaluation of the relation between
cardiac mechanics and CRT response. It was demonstrated that the loss of opposite
LV basal and apical rotation, quantified by the correlation between basal and apical
rotation (i.e., BARC), was related to acute hemodynamic response to biventricular
pacing. Therefore, BARC might be a good non invasive alternative for measuring
acute response to CRT. The findings underline the importance of the torsional
wringing deformation of the heart by oppositely rotating base and apex for expelling
blood.
In chapter 9, LV pump efficiency and acute response to CRT is studied. In
twenty CRT candidates with LBBB regional myocardial work was calculated and
related to CRT response. It was shown that the misbalance in regional myocardial
work varied substantially between CRT candidates. Moreover, the results indicated
that the amount of misbalance (expressed as the septal-to-lateral work ratio) was
significantly related to SW improvement during CRT, with lower septal contribution
to myocardial work (or higher the septal waste) at baseline leading to higher acute
pump function improvement.
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Hartfalen is een combinatie van klachten en verschijnselen die direct of indirect het
gevolg zijn van een tekortschietende pompfunctie van het hart. Als gevolg van deze
verminderde pompfunctie krijgen veel organen onvoldoende aanbod van zuurstof.
Dat leidt tot snelle vermoeidheid en tot kortademigheid bij geringe inspanning. Er is
een groep patiënten met hartfalen waarvan de geleiding van het hart is gestoord, er
is sprake van het zogenaamde linker bundeltakblok (LBTB). Dit heeft tot gevolg dat
de wanden van de linker hartkamer niet gelijktijdig samentrekken. Dit resulteert in
een inefficiënte pompfunctie van het hart.
Voor deze groep patiënten behoort biventriculaire stimulatie of Cardiale
Resynchronisatie Therapie (CRT) tot de m ogelijkheden bovenop de al bestaande
medicamenteuze therapie. CRT bestaat uit het implanteren van een uitgebreide
pacemaker die de wanden van de linker hartkamer tegelijk kan stimuleren. Hierdoor
wordt het ‘asynchroon’ samentrekken van het hart hersteld tot weer synchroon
samentrekken. Dit verbetert in principe de efficiëntie en de functie van het hart dat
kan resulteren in vermindering van de klachten van de patiënt.
Er is echter gebleken dat de CRT-behandeling niet bij alle patiënten het
gewenste effect sorteert. Bij maar 50-70% van de behandelde patiënten verbetert de
hartfunctie,

nemen

de

klachten

van

kortademigheid

af

en

neemt

de

inspanningstolerantie toe. Bij de overige patiënten, de zogenaamde ‘nonresponders’, blijven de klachten gelijk of kunnen ze zelfs blijven toenemen na de
implantatie van de CRT-pacemaker. Het aantal patiënten dat geen verbetering laat
zien is dus aanzienlijk terwijl zij wel de implantatie ingreep hebben moeten
ondergaan en vervolgens op regelmatige basis moeten worden gecontroleerd.
Bovendien hangt er een behoorlijk prijskaartje aan de C RT-pacemaker zelf. Een
goede patiënten selectie is dus van wezenlijk belang om bovengenoemde
problemen te voorkomen. Afgelopen jaren is hard gezocht naar mogelijkheden om
de patiënten die niet reageren op de CRT vooraf te kunnen selecteren. Deze zijn
echter tot op heden nog niet gevonden. Om het asynchrone samentrekken van de
hartkamer te bepalen zijn voornamelijk criteria onderzocht die gebaseerd zijn op
echocardiografie en cardiale MRI- technieken.
Invasieve hemodynamische metingen kunnen de pompfunctie nauwkeurig
bepalen. De hemodynamische studie wordt zelfs als de gouden standaard
beschouwd voor de evaluatie van de pompfunctie van het hart en het effect van
behandeling. Kleine hemodynamische studies toonden eerder het potentieel van
druk-volume afgeleide metingen voor de beoordeling van response op CRT. Echter,
de literatuur op het gebied van acute hemodynamische verbetering en de relatie met
linker hartkamer geleidingsvertraging, de opt imale plaats van therapieafgifte, met
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weefselkenmerken van de hartkamer en de dyssynchrone hartkamer contractie is
nog steeds erg beperkt. Bovendien is de relatie tussen de verschillende acute
hemodynamische parameters en lange termijn respons op CRT nog onduidelijk. Dit
is belangrijk aangezien de hemodynamische respons zou kunnen dienen als
uitkomstmaat in klinisch wetenschappelijk onderzoek en m ogelijk als klinisch
hulpmiddel bij plaatsing van de linker hartkamer stimulatiedraad en bij optimalisatie
van de pacemakerinstellingen.
In dit proefschrift wordt onderzoek beschreven naar de acute hemodynamische
gevolgen van CRT bij patiënten met eindstadium hartfalen met speciale aandacht
voor LV geleidingsvertraging, LV stimulatieplaats, de met cardiale MRI bepaalde
mechanische contractie en weefsel eigenschappen van de l inker hartkamer, en de
relatie met de lange termijn respons op CRT.
In hoofdstuk 2 wordt de relatie tussen twee veelgebruikte hemodynamische
parameters onderzocht. De acute veranderingen in dP/dtmax (snelheid van
druktoename) en Stroke Work (SW, arbeid per hartslag) ten gevolge van
conventionele biventriculaire stimulatie werden geëvalueerd in 34 patiënten met
eindstadium hartfalen. Er bleek geen significante correlatie tussen beide
hemodynamische

parameters

te

bestaan.

Wanneer

acute

respons

werd

gedefinieerd als een toename van meer dan 10% ten opzichte van de
uitgangswaarde voor beide parameters, toonden 16 patiënten een discongruente
respons. We concludeerden dat hoewel beide parameters een gem iddelde stijging
vertoonden tijdens biventriculaire stimulatie, de verandering van SW en dP/dtmax ten
opzichte van de uitgangswaarden niet gerelateerd was.
In hoofdstuk 3 worden de acute hemodynamische effecten van CRT gerelateerd
aan de lange termijn uitkomst. Zowel de acute hemodynamische respons werd
beoordeeld

en ger elateerd

aan

als

de ec hocardiografische

en

klinische

patiëntkenmerken. Er werd aangetoond dat lange termijn responders (n = 29, 71%)
een significant hogere acute verbetering in SW lieten zien in vergelijking met nietresponders, terwijl acute toename van dP/dtmax niet significant verschillend was
tussen responders en ni et-responders. Analyse gaf aan dat SW superieur was
vergeleken met dP/dtmax, QRS duur en LV

dyssynchronie in voorspelling van

respons op CRT. Een acute toename in SW van meer dan 20% voorspelde
verbeterde pomp functie (reverse remodeling) na 6 m aanden met een hoge
nauwkeurigheid.

We

concludeerden

dat

invasieve

bepaling

van

acute

hemodynamiek een betrouwbaar hulpmiddel is om individuele respons op C RT te
bepalen.
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In hoofdstuk 4 worden de Q RS duur en op optimale locatie van de LV
stimulatiedraad in relatie tot acute respons bestudeerd. Acute pompfunctie
verbetering werd op individuele basis geëvalueerd in zevenenvijftig patiënten.
Groepsanalyse toonde geen hemodynamische verbetering in de smalle QRS groep
(<120ms), maar een aanzienlijke toename van response in de tussen QRS groep
(120-150ms) en sterk verlengde QRS groep (>150ms). CRT met anterolaterale
linker hartkamerstimulatie toonde een consequent lagere respons in vergelijking met
postero-laterale linker hartkamer stimulatie, hetgeen resulteerde in een significante
hemodynamische verslechtering van de smalle QRS groep. Er werd aangetoond dat
de acute hemodynamische respons op CRT over het algemeen in lijn was met de
lange termijn resultaten uit de grote gerandomiseerde studies, maar er bleek dat de
individuele variatie groot was. We concludeerden dat gezien de gr ote variatie in
respons en op timale locatie, een t ijdelijk stimulatie protocol zou kunnen helpen bij
individuele

selectie

van

patiënten

en

de

verbetering

van

linker

kamer

pacemakerdraad positionering in de individuele patiënt.
Hoofdstuk 5 beschreef een studie waarin geëvalueerd wordt of de mate van
linker kamer pompfunctiestoornis voorafgaand aan CRT geassocieerd was met een
slechtere

respons

op

CRT.

Daartoe

werd

de

relatie

tussen

invasieve

hemodynamische parameters bij aanvang en acute hemodynamische respons op
CRT bestudeerd. Uit multivariate logistische regressie analyse bleek dat de invasief
en ook niet-invasief verkregen betere uitgangscontractiliteit (eind-systolische
elastantie) van de linker hartkamer onafhankelijk geassocieerd was met acute
pompfunctie verbetering. Deze resultaten kwamen overeen met verschillende
eerdere studies waaruit bleek dat sterk verwijde harten een slechtere uitkomst
hadden op CRT. Deze resultaten dragen bij aan het concept dat een deel van de
non-respons mogelijk kan worden verklaard door de toepassing van CRT bij
patiënten met een hartkamer die "te ver heen" is. Hiervan kan sprake van zijn bij
patiënten met ernstige LV dilatatie of bijvoorbeeld in hartkamers met te uitgebreide
verlittekening.
Hoofdstuk 6 evalueerde het belang van myocardiale verlittekening voor acute
hemodynamische

respons

bij

patiënten

met

ischemische

cardiomyopathie.

Tweeëndertig CRT kandidaten met myocardiale verlittekening zoals bepaald met
cardiale MRI beeldvorming met contrast werden bestudeerd. Er werd aangetoond
dat de hoeveelheid littekenweefsel omgekeerd gerelateerd was aan acute
verbetering in pompfunctie bij CRT. Stimulatie ter plaatse van (transmuraal)
littekenweefsel leidde tot een verslechterde pompfunctie. Echter, wanneer de linker
hartkamer stimulatiedraad buiten het litteken werd geplaatst, leidde dit tot
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aanzienlijke pompfunctie verbetering in vergelijking met stimulatie ter plaatse van
littekenweefsel. Het lijkt daarom gunstig littekenweefsel te vermijden in de
individuele patiënt wanneer de LV-lead wordt geplaatst tijdens CRT implantatie.
In Hoofdstuk 7 worden verschillende strategieën om de stimulatiedraad te
plaatsen vergeleken. Recente studies pleitten voor het toevoegen van een tweede
linkerkamer stimulatiedraad om

non-respons te vermijden, terwijl anderen

voorstelden om de linker kamer stimulatiedraad op een specifieke optimale plaats te
positioneren. De belangrijkste bevinding was dat de beste plaats om de linker
hartkamer te stimuleren een beduidend hogere pompfunctie verbetering behaalde
dan stimulatie met twee linker hartkamer stimulatiedraden (bifocale stimulatie).De
beste stimulatieplaats viel samen met de plaats van laatste mechanische activering,
zoals bepaald met MRI. Bifocale stimulatie leverde dezelfde pompfunctie
verbetering op als conventionele postero-laterale stimulatie. Daarom lijkt het
belangrijker de individuele patiënt te karakteriseren (LV activatiepatronen en
kwantificering van litteken) om de linker hartkamer stimulatie draad te plaatsen, dan
om bifocale stimulatie toe te passen.
Hoofdstuk 8 presenteerde een nieuwe aanpak voor de evaluatie van de relatie
tussen cardiale mechanica en CRT respons. Er werd aangetoond dat het verlies van
een

tegengestelde

basale

en

apicale

rotatie

van

de

linker

hartkamer,

gekwantificeerd door de c orrelatie tussen basale en apicale rotatie (d.w.z. BARC),
gerelateerd was aan de acute hemodynamische respons op biventriculaire
stimulatie. Daarom zou BARC een goed niet-invasief alternatief kunnen zijn voor het
meten van acute respons op CRT. De bevindingen onderstrepen het belang van de
wringende vervorming van het hart voor het effectief uitpompen van bloed.
In hoofdstuk 9 wordt de linker hartkamerefficiëntie bestudeerd. Omdat, een
dyssynchrone contractie en ook het verlies van een wringende beweging van de
linker hartkamer kunnen leiden tot een afname van de pom pefficiëntie, werd dit
laatste gerelateerd aan acute pompfunctie verbetering. Er werd aangetoond dat de
onbalans in de regionale myocardiale arbeid aanzienlijk varieerde binnen CRT
kandidaten met een LBTB. Bovendien werd aangetoond dat de mate van onbalans
in arbeid tussen het septum en de l aterale wand significant gerelateerd was aan
pomp functie verbetering tijdens CRT, waarbij een lagere bijdrage van het septum
aan de externe arbeid van de l inker ventrikel bij aanvang (en dus een hogere
verspilling van septale arbeid) leidde tot een hogere acute pompfunctie verbetering.
Met andere woorden, hoe meer inefficiëntie voor aanvang, hoe m eer er te winnen
valt met CRT.
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Dit proefschrift is een resultaat van inmiddels vele jaren werk en zonder de hulp van
velen was het niet tot stand gekomen. Graag wil ik hierbij iedereen die ook maar een
kleine bijdrage heeft geleverd aan het proefschrift en m ijn promotietijd graag
bedanken.
In de eerste plaats gaat mijn dank uit naar alle patiënten die hebben deelgenomen
aan de verschillende studies. De invasieve hemodynamische testen en lange MRI
scan protocollen zijn niet gemakkelijk te ondergaan, laat staan voor patiënten met
hartfalen. Ik heb de grootste bewondering voor uw bereidheid mee te doen aan het
onderzoek. Uw bijdrage was onmisbaar en wordt zeer gewaardeerd.
Dr. C.P. Allaart, beste Cor, ik ben jou heel veel dank verschuldigd voor het tot stand
komen van dit boekje. Je kwam eigenlijk pas later in beeld als copromotor, maar je
pakte het op a lsof we van het begin af aan hadden samengewerkt. Het kwam
eigenlijk goed uit, ik ontdekte dat ik de kant van de fysiologie en pacing erg
interessant vond en dat is precies jouw gebied van expertise. Ik heb v eel van je
geleerd, al was het niet staand, loops tekenend op ‘t whiteboard op jouw kamer om
het mij uit te leggen. Ik waardeer zeer de grondigheid waarmee jij wetenschap
bedrijft. Daarnaast bewonder ik je werklust en de onnoemlijke uren die je in je werk
steekt. Zeker als wij weer op weekenddagen moesten afspreken om een manuscript
of rebuttal door te spreken.
Dr. C.C. de Cock, beste Carel, jij bent eigenlijk de geestelijk vader van de CRT en
zeker van alle loop metingen in het VUmc. Ver voordat ik erbij betrokken raakte, had
jij al vele metingen gedaan en de hoofdlijnen voor het project en ook dit proefschrift
uiteengezet. Ik waardeer zeer hoe pragmatisch jij denkt en hoe je met je ervaring
het onderzoek in een klinisch kader kon plaatsen. Ik vind het jammer dat wanneer ik
straks terugkeer in het VUmc, het implanteren niet meer van je kan leren. Dank voor
je begeleiding en alles wat je me afgelopen jaren hebt geleerd.
Prof.dr. A.C. van Rossum, beste Bert, ik herinner mij nog erg goed dat je in het
voorjaar van 2007 zei, in het allereerste gesprek dat wij hadden, dat een goed
promotietraject bij de cardiologie toch minimaal 4 jaar zou duren. Niet geremd door
jeugdig enthousiasme en gesteund door Marco, dacht ik dat het wel in 2,5 jaar zou
lukken. Je had destijds al gelijk. Ik ben j e erg dankbaar dat je me in staat hebt
gesteld om na mijn co-schappen terug te komen om de promotie af te maken. En
hoewel de CRT niet geheel in jouw straatje valt, was de cardiale MRI dat natuurlijk
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wel en ik waardeer het zeer hoe je toch altijd een constructieve bijdrage leverde aan
de manuscripten.
Tevens wil ik de l eden van de leescommissie, prof.dr. F.W. Prinzen, prof.dr. N.
Westerhof, prof.dr. H.W.M. Niessen, prof.dr. J.J. Bax, dr. A.M. Beek, dr. M. Meine,
bedanken voor hun bereidwilligheid en inzet voor de beoordeling van dit proefschrift.
Dr. P.P.H.M. Delnoy, beste Peter Paul, in het kader van de E-pot studie hebben we
samengewerkt met Zwolle wat heeft geresulteerd in een tweetal papers. Mijn dank
voor de samenwerking en waardevolle bijdrage aan de manuscripten.
Dr. J.G.F. Bronzwaer, beste Jean, jij hebt een onmetelijk schat aan k ennis wat
betreft PV-loops en s pecifiek de di astolische kant daarvan. Ik waardeer zeer de
bijdrage die je hebt geleverd aan de brainstormsessies over de loops en de kritische
beoordeling van de manuscripten.
Dr. P. Knaapen, beste Paul, je hebt een ongelooflijke drive voor onderzoek en
daarmee een bel angrijke bijdrage geleverd aan mijn eerste stuk. Ik waardeer zeer
hoe we destijds in korte tijd een manuscript hebben geproduceerd.
Beste LiNa, je bent als mijn opvolgster naar het VUmc gekomen, maar eigenlijk
hebben we heel veel samengewerkt. Ik wil je bedanken dat je de E-pot studie hebt
afgemaakt, want zonder een deel van die data waren een aa ntal van de
manuscripten niet afgekomen of zo volledig geweest. Ik vond het erg prettig met je
samenwerken en ik hoop dat je jouw promotie ook op korte termijn kunt afronden.
Daarnaast wil ik een aantal groepen bedanken zonder wie de logistiek en
dataverzameling niet mogelijk was geweest. In de eerste plaats het VUmc ritme
team; Michiel Kemme, Jan Res, Thijs Hendriks, Noortje Bijvoet, Marjolein Koster,
Rene Abels, Mariska de Blaauw, Saskia Elshout. Het is alweer even geleden, maar
de ritmeteams op 5D en later in “the oval office”, waren altijd erg gezellig, maar
voornamelijk erg ook leerzaam. Ik wil jullie bedanken voor alle (technische)
ondersteuning bij alle “two-stage” en implantatieprocedures.
De researchafdeling wil ik ook graag bedanken, Ellen Geerligs, Mary Belderok,
Debby Aarsman: Ellen, ik begon op een oude PC bij jou op de kamer en later zaten
we altijd een paar deuren verderop. Ik vond het altijd erg gezellig om even langs te
wandelen voor een praatje en wil je bedanken voor het werk dat je hebt gedaan
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(amendementen METC etc.). Mary Belderok, je was altijd oprecht geïnteresseerd in
de vordering van het onderzoek en streng als het op MRI aanvragen aankwam,
dank voor alle planningen.
Tevens wil ik de dam es van het secretariaat bedanken. Sandra van der Horst,
Nanny Jaski, Ciska Bakker en Ankie Muller, voor alle logistieke ondersteuning. En
Els Groot, Nicole Sumter en Karin Dijk van het interventie secretariaat voor alle
ondersteuning, van het plannen van de pat iënten tot het opzoeken van tientallen
CD’s in het oude archief.
Daarnaast wil ik alle catheterisatiekamer verpleegkundigen bedanken voor hun
technische ondersteuning en bijstaan van de p atiënten tijdens de l ange invasieve
procedures en alle echolaboranten bedanken voor het vervaardigen van de vele
baseline en follow-up echocardiogrammen in de studies. Alle cardiovasculaire MRI
laboranten wil ik bedanken voor het scannen met de lange protocollen. Het hartfalen
team bestaand uit Ron Bakker, Mireille van Waert en Irene Berghout, wil ik
bedanken voor het screenen van de CRT kandidaten en het doen van de follow-up
metingen. Daarnaast wil ik alle stafleden en ar ts-assistenten bedanken voor hun
bijdrage in het onderzoek.
Voor alle software en hardware computerondersteuning wil ik Johan Karreman
bedanken. Ik waardeer ik je zeer en de praatjes die we geregeld maakten, toen we
samen op de c omputerkamer terechtkwamen, waren een welkome afwisseling op
het onderzoek.
Van buiten de afdeling cardiologie wil ik statisticus Martijn Heymans bedanken voor
de statistische begeleiding.
Door in twee etappes over mijn promotie gedaan te hebben, heb ik het genoegen
gehad om met vele collega promovendi samen te werken. In de eerste periode met:
Sebastiaan Kleijn, Jeroen, Stefan de Haan, Wessel, Jan, Ibrahim, Lourens, Stefan
Timmer, Robin, Tjeerd, Iris, Marijn en Weena. En in de tweede periode met: Mischa,
Paul, Ahmed, Monique, Henryk Jan, Sebastiaan Roos, Wynand, Stefan Biesbroek,
Maurits, Guus, Lynda. Ik wil jullie allemaal bedanken voor een fantastische
promotietijd met veel gezelligheid en collegialiteit. Ik zal de congressen, de
vrijmibo’s

die

tot

zaterdagochtend

vroeg

duurden,

het

koffieleuten,

de

brainstormsessies afgewisseld met computerspelletjes niet vergeten. En de verdere
opvolging staat alweer klaar in persoon van Alwin Zweerink. Alwin, ik vond het leuk
om het je samen te werken aan h et laatste stuk. Ik hoop dat je een m ooi en
succesvol promotietraject ingaat.
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Naast alle collega’s, die een uitermate belangrijke rol hebben gespeeld in de
totstandkoming van dit proefschrift, zijn er ook nog een hel eboel andere mensen
voor wie ik afgelopen tijd minder tijd heb gehad. Lieve familie, vrienden en
vriendinnen, een lange promotie die ik veelal ‘parttime’ moest uitvoeren, ging ten
koste van tijd die ik voor jullie beschikbaar had. Toch wil ik jullie allemaal bedanken
voor de continue interesse in de voortgang van het onderzoek en de steun die ik van
jullie gekregen heb. Ik hoop dat we alle etentjes, borrelavonden, museumbezoeken,
fietsweekenden, tennisavonden, Ajax-bezoek, en wintersporten nog lang kunnen
voortzetten.
Paranimfen Sanne de B oer en K ees-Pieter Beijer-Paul, het is een enorme eer dat
jullie naast mij zullen staan tijdens de verdediging van dit proefschrift. Beste Sanne,
ik ben erg trots en blij dat wij al jaren goed bevriend zijn. Ik waardeer je vriendschap,
alle projecten die we samen hebben ond ernomen en de v ele avondjes ‘filmpje
pakken’. Beste Kees, onze vriendschap gaat terug tot het begin van de studie
geneeskunde en ik ben bl ij dat we nog s teeds zulke goede vrienden zijn. Mannen
bedankt en succes met jullie eigen promoties.
Beste familie, lieve pap en mam, zonder jullie onmetelijke liefde en s teun had ik
nooit zo ver kunnen komen en was dit proefschrift niet mogelijk geweest. Ik hoop dat
ik dat nu meer kan uiten door vaker naar het Hoge Noorden te komen. Lieve Jorien,
bedankt voor je steun en blijvende interesse in de promotie. Succes met het
afmaken van je opleiding, je wordt zeker een hele goede kinderarts. Lieve David en
Mirjam, jullie waren altijd geïnteresseerd, ook al staan jullie wat verder af van ‘het
medische’. Ik hoop d at ik nu m eer tijd heb om samen lekker te gaan r acefietsen.
Lieve Reinout, kleine broer, ik vind het nog steeds super leuk dat je me gevolgd bent
naar Amsterdam. Bedankt voor je hulp bij de or ganisatie van de promotie en de
website.
Lieve Christa, je staat onderaan (omdat het zo hoort), maar had eigenlijk bovenaan
moeten staan, zo belangrijk ben je voor me en v oor het afmaken van de promotie
geweest. Ik ben je dankbaar voor je onvoorwaardelijke liefde en je grenzeloze steun.
Ik ben erg trots dat we dit samen kunnen vieren en ik zie een mooie toekomst voor
ons samen.
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Gerben Jan (Gerjan) de Roest werd geboren op 10 juli 1983 in Leeuwarden. Na het
afronden van de m iddelbare school (Christelijk Gymnasium Beyers Naudé) begon
hij in 2001 aan de opleiding Geneeskunde aan de Vrije Universiteit te Amsterdam.
Naast studeren bekleedde hij bestuursfuncties bij verschillende studentenorganisaties. Zijn motivatie om onderzoek te doen en c ardioloog te worden kwam
onder andere voort uit de ervaringen tijdens zijn wetenschappelijke stage op de
afdeling

Cardiologie

in

het

Ospedale

Civile

in

Brescia,

Italië.

Zijn

coassistentschappen heeft hij onderbroken om in 2007 te kunnen starten met het
hier

beschreven

promotieonderzoek

(Hemodynamic

Evaluation

of

Cardiac

Resynchronization Therapy) bij de afdeling Cardiologie van het VU medisch centrum
te Amsterdam. In het begin was dit onder begeleiding van dr. M.J.W. Götte, en later
van dr. C.P. Allaart, en dr. C.C. de Cock (promotor: prof.dr. A.C. van Rossum). Na
het behalen van het artsexamen in 2011 is hij een jaar als arts-assistent werkzaam
geweest op de afdeling Cardiologie van het Sint Lucas Andreas Ziekenhuis in
Amsterdam (supervisor: dr. W.G. de V oogt). In 2012 keerde hij terug naar de
afdeling Cardiologie van het VU medisch centrum wat resulteerde in dit proefschrift.
Na enkele maanden klinisch werk in het VU medisch centrum is hij in april 2014
gestart met de vooropleiding Interne Geneeskunde in het Kennemer Gasthuis te
Haarlem (opleider: dr. W. de Ronde). Dit zal worden gevolgd door een jaar op de
afdeling Cardiologie van het Kennemer Gasthuis (opleider: dr. R. Tukkie), waarna hij
wederom zal terugkeren naar het VU medisch centrum (opleider: dr. G. Veen) om
zijn specialisatie tot cardioloog af te ronden.
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