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Background. Cardiac transplantation remains the gold
tandard for treating end-stage heart failure. However,
ecause of donor shortage and posttransplant complica-

ions alternative options are needed.
Methods. We investigated the impact of cardiac resyn-

hronization therapy on clinical outcome in 545 patients
ith left bundle-branch block and interventricular asyn-

hrony, who fulfilled the cardiac criteria for cardiac
ransplantation listing. Primary end point was heart
ailure death. Secondary end points were New York
eart Association class, functional (cardiopulmonary ex-

rcise tolerance, 6-minute hall walk distance), and mor-
hologic (left ventricular end-diastolic diameter) factors.
Results. The average follow-up period was 39.6 months

standard deviation, 26.1 months). In total, 1,784 years of

bservation were accrued. The percentage of nonre-
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ponders (no functional and morphologic improvement
uring follow-up) was 21.2%. One-year and 3-year free-
om from heart failure death was 92.3% and 77.3%,
espectively. Functional variables improved, but the left
entricular end-diastolic diameter decreased during the
rst 6 months of cardiac resynchronization therapy only

n patients who survived during follow-up. Under car-
iac resynchronization therapy, 42.5% (n � 34) of the
ardiac transplantation candidates with atrial fibrillation
t baseline returned to sinus rhythm.
Conclusions. Our data suggest that cardiac resynchro-

ization therapy is a reliable long-term therapeutic op-
ion for the treatment of end-stage heart failure and
ntraventricular asynchrony.

(Ann Thorac Surg 2009;87:432–9)

© 2009 by The Society of Thoracic Surgeons
ardiac transplantation (CTx) remains the gold stan-
dard for treating end-stage heart failure [1, 2].

owever, worldwide donor shortage and posttransplant
omplications such as cardiac rejections, graft vasculopa-
hy, and drug-induced renal impairment led to the
earch for alternative therapeutic strategies. The implan-
ation of ventricular assist devices significantly prolongs
urvival in end-stage heart failure patients [3–5], but
entricular assist device implantation is mostly used as a
ridge to transplant. In less severely affected heart failure
atients, pharmacologic treatment may reduce mortality.

n huge randomized multicenter trials, cardiac resyn-
hronization therapy (CRT) was shown to reduce symp-
oms and to improve left ventricular (LV) function in
atients with congestive heart failure caused by LV
yssynchrony [6, 7]. Consequently, various guidelines list

ccepted for publication Sept 29, 2008.

Drs Tenderich and Körfer contributed equally to this work.

ddress correspondence to Dr Hansky, Department of Cardio-Thoracic
urgery, Heart- and Diabetes Center North Rhine-Westfalia, Ruhr-
RT as a therapeutic option in congestive heart failure
atients [8, 9]. Cardiac resynchronization therapy has
lso been discussed as an alternative to CTx in advanced
eart failure, although data on this are scarce [10, 11].
oreover, it is presently not clear whether CRT can

revent CTx in the long run. Therefore, we aimed to
ssess the long-term clinical outcome in a large cohort of
Tx candidates who received CRT systems at our insti-

ution during recent years.

atients and Methods

atients
ur report summarizes data obtained at the Heart and
iabetes Center North-Rhine Westfalia, Bad Oeyn-
ausen, Germany, between November 1997 and October
006. During this period, 729 patients received CRT
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ystems. Patients were selected for CRT by the following
riteria: pulse pressure increase of 10% or greater during
reimplantation testing [11], left bundle-branch block
ith interventricular asynchrony [12], and an electrocar-
iographically verified QRS width of 150 milliseconds or
reater. The most important criteria for CRT was left
undle-branch block in the electrocardiogram. After
ublication of the CRT guidelines in 2005 [11–13], we
mended our selection criteria and also accepted patients
ith narrow QRS complexes if tissue Doppler imaging
emonstrated LV dyssynchrony. None of the patients
onsidered for CRT needed cardiac surgery for coronary
tenosis, aortic valve defects, or mitral valve stenosis. A
otal of 545 CRT patients (74.8% of the 729 patients) with
mean age at implant of 62.5 years (range, 2 to 83 years)

ulfilled at least three of the following four criteria for
ardiac transplantation of the German Medical Associa-
ion at baseline: New York Heart Association (NYHA)
unctional class IV, LV ejection fraction (LVEF) less than
.20, LV end-diastolic diameter (LVEDD) greater than 75
m, and maximal oxygen consumption (V̇o2max) not

reater than 10 to 14 mL · kg�1 · min�1. These 545 pa-
ients were included in the data analysis. Contraindica-
ions to cardiac transplantation (comorbidities) such as

alignancies were not considered. Among the total num-
er of 545 patients, 395 had a QRS duration of 150
illiseconds or greater (range, 150 to 320 milliseconds)

nd 150 had a QRS duration of less than 150 milliseconds
range, 100 to 149 milliseconds). Initially, almost all pa-
ients received biventricular pacemakers (CRT-P) with-
ut defibrillator function (n � 94). After CRT systems
ith defibrillator function (CRT-D) became available in

uly 1999, a rapidly increasing number of patients re-
eived CRT-D devices (n � 451). Owing to ventricular
pisodes, the CRT-P system had to be upgraded to a
RT-D system in 24 patients. In 2 patients, infected

ystems mandated explantation and contralateral reim-
lantation of a new CRT-D system. The Ruhr University
thics Committee, Bochum, Germany, approved the
tudy, and the need for individual informed consent was
aived.

tudy Procedures
e considered heart failure death during CRT as the

rimary end point. Secondary end points were NYHA
lassification, functional (cardiopulmonary exercise tol-
rance, 6-minute hall-walk distance [HWD]), and mor-
hologic variables (LVEDD). These factors allow us to
ifferentiate among subjective outcome (NYHA classifi-
ation), functional outcome (exercise tolerance and
WD), and morphologic outcome (LVEDD).
In addition to individual characteristics (age, sex, diag-

osis, LVEF, cardiac rhythm, comorbidities), all variables
ere assessed at baseline and for up to 84 months during

egular follow-up visits (1 and 3 months after device
mplantation followed by quarterly visits). We measured
˙ o2max by cardiopulmonary exercise testing, maximal

orkload by ergometry, 6-minute HWD by counting
eters, and LVEDD by echocardiography. The cardiac
hythm (sinus rhythm, intermittent or permanent atrial d
brillation [AFib]) was assessed by electrocardiographic
nalysis during follow-up visits and by recalling infor-
ation regarding mode switch episodes from the CRT

ystem’s Holter monitor.
Efficacy of CRT was determined by assessing improve-
ents in morphologic outcome at the last follow-up in

omparison to baseline values. For this purpose, patients
ere divided into subgroups of morphologic responders

LVEDD reduction greater than 10%), nonprogressors
LVEDD reduction 0% to 10% but functional improve-

ent), and nonresponders (LVEDD values greater than
aseline value or functional deterioration). Moreover,
bove baseline V̇o2max values, workload, or 6-minute
WD results during follow-up were indicative of func-

ional improvement. For data analysis, we also assessed
utcome variables in patients cataloged by diagnosis
dilated cardiomyopathy [DCM], coronary heart disease
CHD]) and cardiac rhythm (sinus rhythm or atrial fibril-
ation). In patients with DCM, we also looked for age-
pecific differences in outcome variables (age � 60 years
nd age � 60 years).

tatistics
ategorical variables are reported using the number (N)
nd percent of observations. Continuous variables are
xpressed as mean values with standard deviation. We
ested normal distribution of the data using the Kolmog-
rov-Smirnov test. Normal distribution was considered if
robability values were greater than 0.05. Data were then
valuated using the �2 test and the unpaired Student’s t
est when appropriate. Event rates were calculated using
he Kaplan–Meier product-limit estimator. Those pa-
ients who received ventricular assist device implantation
r were listed with Eurotransplant for CTx were cen-
ored. Analysis of variance and two-factor repeated-
easures analysis of variance with time and subgroup of

atients were used to analyze outcome variables when
ppropriate. Post hoc analyses were based on the Tukey
est and the Student’s t test when appropriate. We used
he statistical software package SPSS, version 14 (SPSS
nc, Chicago, IL), to perform the analyses.

esults

aseline characteristics such as sex distribution, age,
iagnosis, comorbidities, and cardiac variables of the
tudy cohort are presented in Table 1. Mean LVEF values
ere 0.181 � 0.034. All patients with LVEF values greater

han 0.20 � 0.108 showed cardiac decompensation and
ulfilled the other three criteria for CTx listing. Mean
aseline values of V̇o2max, workload, 6-minute HWD,
nd LVEDD were 11.3 � 2.9 mL · kg�1 · min�1, 50.1 � 22.0

, 265 � 112 m, and 78.2 � 10.2 mm, respectively.
The average follow-up period was 39.6 � 26.1 months.

he 545 patients accrued 1,784 years of observation. The
robability of survival during CRT is given in Figure 1.
ne-year, 2-year, and 3-year survival was 92.3%, 85.0%,

nd 77.3%, respectively. One hundred twenty-eight pa-
ients died during CRT, 12 patients had ventricular assist

evice implantation, 42 patients underwent transplanta-
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ion, and 6 patients are still listed with Eurotransplant for
Tx. In total, 111 patients were listed at Eurotransplant

50 patients before CRT and 61 after CRT). Thirty-five
atients could be unlisted later on as a result of long-

erm improvement (20 before CRT, 15 after CRT). Of the
28 CTx candidates who died, 28 patients were on the
aiting list. The other 100 patients had relative or abso-

ute contraindications for CTx listing with Eurotransplant
94 patients were older than 65 years, 11 patients had

alignancies). Twenty-four CTx candidates died within
he first 6 months of CRT implantation.

In total, 37.2% of the study cohort were morphologic re-
ponders, 41.6% nonprogressors, and 21.2% nonresponders.

In Figure 2, subjective, functional, and morphologic
utcome variables are presented for the first 6 months of
RT in 492 of the 545 CTx candidates according to the

able 1. Characteristics and Outcome Variables of the Study
ohort at Baseline

ariable
Number

(N � 545) Percentage

ales (%) 426 78.2
ge category (y)
�20 3 0.6
20–44 38 7.0
45–69 468 85.9
�70 36 6.6.
iagnosis (%)
Dilated cardiomyopathy 273 50.1
Coronary heart disease 225 41.3
Others 47 8.6

oncomitant diagnosis (%)
COPD 56 10.3
Renal insufficiencya 132 24.2
Pulmonary hypertension 161 29.6
Diabetes mellitus 162 29.7
Malignancy 42 7.7
Central neurologic defect 46 8.4
Obesity 85 15.6
trial fibrillation (%) 80 14.7
efibrillator implantation (%) 472 86.6
YHA class III or IV (%) 488 89.55

˙ o2max (mL · kg�1 · min�1)
�10 131 24.0
10–14 260 47.7
�14 391 28.2

eft ventricular ejection
fraction

�0.20 486 89.2
�0.20–0.30 59 10.8

VEDD (mm)
�75 182 33.4
�75 363 66.6

Serum creatinine � 1.6 mg/dL.

OPD � chronic obstructive pulmonary disease; LVEDD � left
p
entricular end-diastolic diameter; NYHA � New York Heart Asso-
iation; V̇o2max � maximal oxygen consumption.
rimary end point of cardiac death. Of the remaining 53
Tx candidates whose data are not presented, 24 patients
ied within the first 6 months of CRT and 29 patients had
t least one missing data point. Data in Figure 2 demon-
trate that the NYHA class decreased during follow-up,
nd functional factors improved in both groups, but
VEDD improved only in the event free group.
In Table 2, outcome variables are shown by diagnosis

p to 60 months. New York Heart Association functional
lass and functional variables (V̇o2max and 6-minute
WD) improved in both DCM and CHD patients to a

imilar extent during follow-up. However, LVEDD im-
roved in more patients with DCM, but not as much in
atients with CHD. Among patients in the DCM sub-
roup, 42.9% were morphologic responders, 38.5% were
onprogressors, and 18.7% were nonresponders. The
orresponding values for the CHD subgroup were 30.2%
esponders, 45.3% nonprogressors, and 24.4% nonre-
ponders—a result significantly different from the DCM
roup (p � 0.013). Survival did not differ significantly
etween subgroups (data not shown).
In the DCM subgroup, we also investigated the effect

f age at implant (age � 60 years and age � 60 years) on
unctional and morphologic outcome. However, results
id not differ between age classes (data not shown).
At baseline, 80 of the 545 patients were in atrial

brillation (AFib); 13 patients with permanent AFib had
lready received a VVI pacemaker and 3 patients a DDD
acemaker. Intermittent AFib at baseline was observed

n 18 of the remaining 465 patients who were in sinus
hythm. In 44 additional patients, a DDD pacemaker had
lready been implanted because of high-degree atrioven-
ricular (AV) blocks.

Twenty-four CTx candidates (5.2%) who were initially
n sinus rhythm exhibited persistent AFib during follow-
p. Thirty-four patients (42.5%) of the 80 patients with

nitially permanent AFib regained sinus rhythm during
RT.

omment

ecause of the worldwide donor shortage and posttrans-
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patients at risk:        545             429               314              224             148                94                52               13 

ig 1. Kaplan–Meier estimates of freedom from therapy failure in
ardiac transplant candidates with cardiac resynchronization ther-
py. Dotted lines indicate 95% confidence intervals.
lant complications in CTx recipients, new therapeutic
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ptions for end-stage heart failure are urgently needed.
his study demonstrates in a large study cohort that CRT

s a viable option with an acceptable mid-term and
ong-term outcome in CTx candidates with LV dyssyn-
hrony. The 1-year and 3-year freedom from heart failure
eath in our CTx candidates (92.3% and 77.3%, respec-

ively) must be regarded in light of the reported 1-year
ortality rates of up to 50% and more in pharmacologi-

ally treated end-stage congestive heart failure patients
ith NYHA functional class III or IV and a median EF

alue of 0.18 [14]. Our data confirm results of an earlier
mall study in congestive heart failure patients [15]. In
hat earlier investigation, cumulative survival after a
ollow-up of 488 � 346 days was 92% in patients with CRT
ompared with 39% in patients without CRT. Similar to
ur CTx candidates at baseline, mean NYHA functional
lass was 3.1 � 1.1, and the mean LVEF value was 0.20 �
.11 in the patients of that earlier study. Even in reports
escribing mortality rates in CTx recipients, including
eports from our own heart center, the 1-year and 3-year
urvival rates of 81% to 88% and 74% to 82%, respectively
16, 17], are not higher than those in our CTx candidates
ith CRT. It is noteworthy that the vast majority of CTx

andidates who died during CRT were 65 years and
lder. Their chance of CTx would have been very limited.
Cardiac function improves continuously during CRT

Fig 2). This is essential for the long-term survival of
atients with reduced LVEF and QRS complex longer

han 120 milliseconds [6, 18]. Even after eliminating
rrors such as incorrect patient selection, inaccurate LV

ead placement, and suboptimal device programming i
19], up to 30% of patients are reported to be nonre-
ponders in the long run [20, 21]. The percentage of
onresponders in our CTx candidates (21.2% of 545
atients) was similar to the percentage of nonresponders

n the aforementioned earlier studies. Notably, the per-
entage of nonresponders in our patients was similar to
he total number of 128 patients who died.

Despite a slight transient improvement in functional
ariables within the first 3 months, it was obvious that in
ur patients who experienced an event later on, CRT did
ot result in an improved LVEDD within the first 6
onths. Unless CTx is contraindicated, these patients

hould be rapidly listed for CTx if no concomitant im-
rovement in functional variables occurs. In Figure 3, we
resent the allocation scheme used at our institution. In
ase of significant functional or morphologic improvement
n the waiting list, patients are first temporarily listed ‘not
ransplantable’ and are then unlisted later on (15 of 61 after
RT listed patients). This avoids an unacceptable increase

n the individual waiting time for CTx. Without long-term
mprovement in cardiac function, CRT can still be used as a
ridge to transplant [22, 23].
The development of AFib during follow-up is a com-

lication that is probably related to poor ventricular
unction resulting in atrial enlargement and secondary

itral regurgitation. As a consequence, total cardiac
apacity will be reduced. These patients will only reach
heir preexisting cardiac capacity if a stable sinus rhythm
s restored. Therefore, it seems reasonable to handle
ewly occurring AFib by medication and aggressive

Fig 2. Time course of various out-
come variables during the first 6
months of cardiac resynchroniza-
tion therapy in cardiac transplant
candidates who survived (N �
381) or did not survive (N � 111)
during follow-up. The two-factor
repeated-measures analysis of
variance revealed significant time
effects for New York Heart Associ-
ation (NYHA) class (p � 0.001),
maximal oxygen consumption
(V̇o2max; p � 0.001), 6-minute
hall-walk distance (p � 0.001),
and left ventricular end-diastolic
diameter (LVEDD; p � 0.001).
Significant differences between
groups were present for New York
Heart Association class (p � 0.05),
maximal oxygen consumption (p �
0.01), 6-minute hall-walk distance
(p � 0.01), and left ventricular
end-diastolic diameter (p � 0.001).
*p � 0.05; **p � 0.01; ***p �
0.001 between patients with and
without an event during follow-up.
(BL � baseline.)
nterventional treatment such as AFib ablation or AV



Table 2. Time Course of Various Outcome Variables in Cardiac Transplantation Candidates With Dilated Cardiomyopathy and Coronary Heart Disease

Variable Baseline
After 3

mo
After 6

mo
After 12

mo
After 24

mo
After 36

mo
After 48

mo
After 60

mo
p Value for Change

Within Groups

p Value for
Difference versus

CHD

At BL At 60 mo

DCM (n) 273 258 252 223 158 105 70 49
CHD (n) 225 215 219 187 131 87 59 40
NYHA class

DCM 3.05 � 1.05 2.15 � 1.00 2.08 � 0.89 2.03 � 0.96 2.09 � 0.96 2.03 � 0.95 2.05 � 0.92 1.98 � 0.98 �0.001 0.078 0.198
CHD 3.11 � 1.10 2.29 � 1.06 2.31 � 0.87 2.25 � 1.00 2.28 � 0.94 2.21 � 0.87 2.3 � 0.97 2.27 � 1.01 �0.001

V̇o2max (mL · kg�1 · min�1)
DCM 12.4 � 3.9 15.6 � 3.1 15.6 � 3.9 16.1 � 3.1 16.5 � 3.5 17.1 � 3.8 16.7 � 2.7 17.2 � 3.4 �0.001 0.017 0.092
CHD 11.7 � 2.8 13.7 � 3.6 13.9 � 2.7 14.6 � 3.7 14.3 � 3.3 14.7 � 3.0 15.2 � 2.9 15.4 � 3.0 �0.001

HWD (m)
DCM 319 � 112 420 � 113 418 � 120 429 � 129 431 � 135 434 � 145 433 � 126 428 � 136 �0.001 0.06 0.205
CHD 290 � 128 382 � 118 388 � 109 403 � 140 395 � 127 404 � 127 417 � 127 399 � 128 �0.001

LVEDD (mm)
DCM 82.3 � 13.1 77.0 � 12.7 75.3 � 10.8 73.9 � 13.5 69.8 � 13.1 66.9 � 12.1 66.5 � 11.1 65.1 � 13.7 �0.001 �0.001 �0.01
CHD 75.7 � 12.8 73.4 � 14.1 72.8 � 12.9 71.8 � 12.8 71.1 � 14.7 70.6 � 10.9 72.2 � 12.4 72.3 � 13.9 0.089

BL � baseline; CHD � coronary heart disease; DCM � dilated cardiomyopathy; HWD � 6-min hall-walk distance; LVEDD � left ventricular end-diastolic diameter; NYHA � New York
Heart Association; V̇o2max � maximal oxygen consumption.
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ode ablation. However, our data also show that a
ignificant percentage of patients with AFib regained
inus rhythm during CRT. In line with earlier recommen-
ations [24], these results demonstrate that a high per-
entage of patients with persistent AFib could benefit
rom CRT. Although AV node ablation is preferred by
ome authors [25], we believe that this procedure is only
ecessary if the rhythm cannot be controlled by other
eans. Without AV node ablation, the native AV con-

uction can be used and unphysiologic right ventricular
timulation may be avoided. Therefore, AV node ablation
hould be performed only as a last option resort.

In line with some [26, 27] but not all [28] earlier results,
e could demonstrate that the percentage of morpho-

ogic responders was significantly higher in the subgroup
f patients with DCM than in the subgroup of CHD
atients. Especially in CHD patients, reversed remodel-

ng of the left ventricle is often impossible because of
reexisting myocardial scars [29, 30]. However, even in

he long run, functional variables improved to a similar
xtent, and clinical outcome was comparable between
CM and CHD patients. Consequently, CTx candidates
bviously can benefit from CRT, even if no reversed
emodeling in CHD patients occurs. This is an important
nding, as CHD patients differ from those patients who
xperience an event. In contrast to the subgroup of CHD
atients, the subgroup of patients with an event shows no

mprovement in morphologic and functional variables. The
act that there is no generally accepted definition of re-
ponse to CRT remains an issue. Several preoperative
ariables such as age, sex, and diagnosis as well as initial
emodynamic improvement and various laboratory vari-
bles were not able to predict the long-term benefit of CRT

31]. We suggest considering only those patients as nonre- m
ponders who (1) do not show functional improvement
fter 2 years of CRT, (2) show LV enlargement, (3) have to
e transplanted, or (4) die of heart failure.
Our results confirm earlier data that the success of CRT
as independent of age in the subgroup of DCM patients

32, 33].
Our study has some limitations. First, no data on LVEF
ere available during follow-up. However, LVEDD is a

eliable variable for assessing morphologic outcome. Sec-
nd, we changed our treatment strategy from CRT-P de-
ices to CRT-D devices during follow-up. Because of a
eduction in the rate of sudden death, CRT-D devices
ignificantly improve long-term survival compared with
RT-P devices [34, 35]. In the present study, we could
inimize the risk of sudden death by early implantation of
CRT-D device in those patients who showed episodes of

entricular fibrillation during follow-up using the system’s
olter monitor. Thus, the CRT-P system was exchanged for
CRT-D system in 24 patients, whereas only 3 patients with
CRT-P device died suddenly during follow-up. Thus,

utcome was not significantly influenced by the type of
RT system. Third, some may argue that the CTx candi-
ates may have done as well without CRT. However, owing

o the severity of the disease and in accordance with the
RT guidelines in 2005 it would have been unethical to test

his hypothesis by using a control group without CRT. Note
hat by definition all CTx candidates had end-stage heart
ailure despite maximal pharmacologic therapy.

In summary, we could demonstrate that CRT is a reliable
herapeutic option for the long-term treatment of end-stage
eart failure and LV dyssynchrony. Only those CTx candi-
ates who showed no improvement in functional and

Fig 3. Allocation scheme for car-
diac resynchronization therapy
(CRT) or cardiac transplantation
(CTx). (VAD � ventricular assist
device.)
orphologic outcome within 6 months of CRT should be
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onsidered for CTx. This strategy should result in a signif-
cant relief of an institution’s transplant program.
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