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ff-Pump Coronary Artery Bypass May Increase Late
ortality: A Meta-Analysis of Randomized Trials
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Background. Although a lot of randomized trials of
ff-pump coronary artery bypass grafting (CABG) versus
n-pump CABG were conducted, the majority of them
eported only early outcomes. Previous meta-analyses of
few randomized trials found no differences for 1-year to
-year mortality.
Methods. We focused late (>1 year) all-cause mortality

nd performed a meta-analysis of randomized controlled
rials of off-pump versus on-pump CABG. The MEDLINE,
he EMBASE, and the Cochrane Central Register of Con-
rolled Trials were searched using PubMed and OVID. For
ach study, data regarding all-cause mortality in both the
ff-pump and on-pump groups were used to generate
isk ratios (RRs) and 95% confidence intervals. Study-
pecific estimates were combined using inverse variance-
eighted averages of logarithmic RRs in both fixed-

ffects and random-effects models.
Results. Our search identified 11 results of 12 random-
zed trials (4,326 patients) of off-pump versus on-pump
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ABG. Pooled analysis demonstrated a statistically sig-
ificant increase in midterm all-cause mortality by a
actor of 1.37 with off-pump relative to on-pump CABG
RR, 1.373; 95% confidence interval, 1.043 to 1.808). Exclu-
ion of any single result, except for the largest (>2,000
atients) trial, from the analysis did not substantively
lter the overall result of our analysis. Eliminating the
argest trial demonstrated a statistically nonsignificant
enefit of on-pump over off-pump CABG for midterm
ll-cause mortality (RR, 1.344; 95% confidence interval,
.952 to 1.896).
Conclusions. The results of our analysis suggest that

ff-pump CABG may increase late all-cause mortality by
factor of 1.37 over on-pump CABG. Longer term mor-

ality from randomized trials of off-pump versus on-
ump CABG is needed.

(Ann Thorac Surg 2010;89:1881–8)

© 2010 by The Society of Thoracic Surgeons
lthough many randomized controlled trials of off-
pump coronary artery bypass grafting (CABG) ver-

us on-pump CABG have been conducted, the majority
eported only early outcomes. In previous meta-analyses
1, 2] of a few randomized controlled trials, no difference
as found for 1-year to 2-year mortality. Since these
eta-analyses were performed, however, a number of

andomized controlled trials have provided 1-year or
reater mortality. In several meta-analyses of random-

zed controlled trials, patients undergoing off-pump
ABG had a lower rate of revascularization [1, 3–5] and

ower graft patency [4, 6, 7] than did patients undergoing
n-pump CABG. The most recently published large
andomized controlled trial [8] showed that 1-year com-
osite outcomes (death from any cause within 1 year,
onfatal myocardial infarction between 30 days and 1
ear, or repeat revascularization between 30 days and 1
ear), completeness of revascularization, and graft pa-
ency were significantly worse with off-pump than with
n-pump CABG. Incomplete revascularization and atten-
ated graft patency in off-pump CABG might affect late
ortality. Meanwhile, the trial [8] showed a trend toward
ore deaths from cardiac causes at 1 year in the off-

ccepted for publication March 1, 2010.

ddress correspondence to Dr Takagi, Department of Cardiovascular
ump group than in the on-pump group and no signifi-
ant difference in more than 5-year survival (by Kaplan-

eier analysis for death from any cause) between off-pump
nd on-pump treatments. We focused late (�1-year) all-
ause mortality and performed a meta-analysis of random-
zed controlled trials of off-pump versus on-pump CABG.

aterial and Methods

earch Strategy
ll prospective randomized controlled trials of off-pump
ersus on-pump CABG with 1-year or greater follow-up
ere identified using a 2-level search strategy. First,
ublic domain databases including the MEDLINE, the
MBASE, and the Cochrane Central Register of Con-

rolled Trials were searched using Web-based search
ngines (PubMed, OVID). Second, relevant studies were
dentified through a manual search of secondary sources
ncluding references of initially identified articles and a
earch of reviews and commentaries. All references were
ownloaded for consolidation, elimination of duplicates,
nd further analysis.
The MEDLINE database was searched from January

966 to November 2009. The medical subject headings
eywords included coronary artery bypass, off-pump,
andomized controlled trial, and clinical trial. The Co-
hrane Library and Central Register of Controlled Trials

current through the November 2009) was searched using

0003-4975/$36.00
doi:10.1016/j.athoracsur.2010.03.010
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VID exploding keywords including off-pump, clinical
rial, and randomized clinical trial. The EMBASE data-
ase was searched from January 1991 to November 2009
sing OVID exploding keywords including off-pump and
linical trial.

tudy Selection
tudies considered for inclusion met the following crite-
ia: the design was a prospective randomized controlled
linical trial; patients were randomly assigned to off-
ump versus on-pump CABG; and main outcomes in-
luded 1-year or greater all-cause mortality. A quality of
eporting of meta-analyses [9] flow diagram of the study
election process is illustrated in Figure 1.

uality Assessment and Data Abstraction
ll qualifying studies were assessed for adequate blind-

ng of randomization, completeness of follow-up, and
bjectivity of the outcome assessment. Blinding of the

nterventions was not used for quality assessment be-
ause both the interventions (off-pump and on-pump
ABG) were surgical. Data regarding detailed inclusion

riteria, duration of follow-up, rates of crossover, and
ll-cause mortality were abstracted (as available) from
ach individual study.

tatistical Analysis
or each study, data regarding all-cause mortality in both
he off-pump and on-pump groups were used to generate
isk ratios (RRs) (�1, favors on-pump CABG; �1, favors
ff-pump CABG) and 95% confidence intervals (CI).
tudy-specific estimates were combined using inverse

ig 1. Quality of reporting of meta-analyses [9] flow diagram for
he meta-analysis. (CABG � coronary artery bypass grafting.)
ariance-weighted averages of logarithmic RRs in both f
xed-effects and random-effects models. Between-study
eterogeneity was analyzed by means of standard �2

ests. Where no significant statistical heterogeneity was
dentified, the fixed-effects estimate was used preferen-
ially as the summary measure. Sensitivity analyses were
erformed to assess the contribution of each result to the
ooled estimate by excluding individual outcomes one at
time and recalculating the pooled RR estimates for the

emaining results (leave-one-out meta-analysis). To as-
ess the impact of differential length of follow-up on the
ooled estimate, meta-regression was conducted for the
R and duration of follow-up using an unrestricted
aximum likelihood model. Publication bias was as-

essed graphically using a funnel plot and mathemati-
ally using an adjusted rank-correlation test [10]. All
nalyses were conducted using Meta-Analyst version 3.0
11] and Comprehensive Meta-Analysis version 2 (Bio-
tat, Englewood, NJ).

esults

s outlined in Figure 1, our search identified 11 results
�1-year all-cause mortality) of 12 prospective random-
zed controlled clinical trials of off-pump versus on-
ump CABG [8, 12–25]. Angelini and colleagues [12]
ombined and updated mortality in the Beating Heart
gainst Cardioplegic Arrest Study 1 and 2 [13]. Mortality

n the Octopus trial [23] was updated by van Dijk and
olleagues [22]. Two additional outcomes (not included in
he most resent meta-analysis by Feng and colleagues
2]) were identified from the Best Bypass Surgery trial by
ensen and colleagues [15] and the Randomized On/Off
ypass (ROOBY) trial by Shroyer and colleagues [8]. In

otal, our meta-analysis included data on 4,326 patients
andomized to off-pump or on-pump CABG. The dura-
ion of follow-up varied from 1 year to greater than 6
ears. In Table 1, summary measures of methodologic
uality for each trial are outlined and the baseline char-
cteristics for the patients enrolled in each trial are
ummarized.

Eight of the 11 individual results demonstrated a
tatistically nonsignificant benefit of on-pump over off-
ump CABG for late all-cause mortality. Pooled analysis
f the 11 results demonstrated a statistically significant

ncrease in late all-cause mortality by a factor of 1.37 with
ff-pump relative to on-pump CABG in fixed-effects
odels (RR, 1.373; 95% CI, 1.043 to 1.808; p � 0.024; Fig 2).

here was minimal trial heterogeneity (p � 0.999) and
ccordingly no difference in the pooled result from ran-
om-effects modeling. Exclusion of any single result,
xcept for the ROOBY trial by Shroyer and colleagues [8],
rom the analysis (leave-one-out meta-analysis) did not
ubstantively alter the overall result of our analysis (Fig 3).
liminating the ROOBY trial, the largest (�2,000 pa-

ients) one, demonstrated a statistically nonsignificant
enefit of on-pump over off-pump CABG for late all-
ause mortality (fixed-effects RR, 1.344; 95% CI, 0.952 to
.896; p � 0.093). There was no statistically significant
inear relationship between the log RR and duration of

ollow-up (p � 0.81871; Fig 4). To assess publication bias
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e generated a funnel plot of the logarithm of effect size
ersus the inverse standard error for each result (Fig 5).
here was no evidence of significant publication bias

p � 0.64043).

omment

he results of our analysis suggest that off-pump CABG
ay increase late (�1 year) all-cause mortality by a factor

f 1.37 over on-pump CABG. Previous meta-analyses [1,
] of a few randomized controlled trials, however, found
o difference for 1-year to 2-year mortality. In the meta-
nalysis by Wijeysundera and colleagues [1] of 4 trials,
ff-pump CABG was associated with a trend toward
educed 1-year to 2-year mortality (odds ratio [OR], 0.82;
5% CI, 0.40 to 1.68; p � 0.59). The more recent meta-
nalysis by Feng and colleagues [2] of 8 trials showed that
ff-pump CABG did not reduce 1-year all-cause mortality
OR, 1.00; 95% CI, 0.75 to 1.33; p � 1.00). Although the
ensitivity analysis in the present meta-analysis revealed
hat the ROOBY trial [8] strongly contributed to the
ooled estimate, the previous meta-analyses [1, 2] did not

nclude it. In the ROOBY trial, 2,203 patients underwent
andomization, and 53 attending surgeons at 18 partici-
ating centers were involved, though the majority of
revious trials have included smaller patient cohorts, a
maller number of participating centers, or both [3]. The
rimary long-term composite endpoint of the ROOBY

rial was death from any cause within 1 year, nonfatal
yocardial infarction between 30 days and 1 year, or

epeat revascularization between 30 days and 1 year.
lthough no significant difference was found for death

rom any cause (4.1% vs 2.9%; RR, 1.41; 95% CI, 0.90 to
.24; p � 0.15), there were significantly more deaths from

Fig 2. Forest plot (graphic display of findings
of systematic reviews and meta-analyses) of
late all-cause mortality among patients ran-
domized to off-pump versus on-pump coro-
nary artery bypass grafting. Gray boxes repre-
sent risk ratio.

Fig 3. Leave-one-out meta-analysis excluding
individual results one at a time and recalcu-
lating the pooled risk ratio (gray boxes) esti-
mates for the remaining results.
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able 1. Baseline Patient Characteristics and Methodologic Quality for Each Trial

haracteristic

Angelini (2009) [12]
Angelini (2002) [13]

Czerny (2001) [14]

Jensen (2008) [15]

BHACAS 1 BHACAS 2 BBS

o. randomized 200 201 80 120
uration of follow-up (years) 6.3 � 1.7 1.1 � 0.5 1

nclusion criteria of CABG NR NR Elective Elective or subacute
emographics
Age (years) 62 � 9 62 � 9 64 � 10 75 � 5a

Male (%) 81 84 84 61a

LVEF �0.50: 21%b �0.50: 23%b 0.64 � 0.10 0.50 � 0.09a

esign
Primary end point at follow-up Clinical outcomes, HRQoL,

graft patency
(Completeness of
revascularizationc)

Cognitive dysfunction

ortality (%)
On-pump 11.4 (1.5 at 1 year) 0 5.1
Off-pump 14.5 (1.0 at 1 year) 0 8.2

nternal validity
Follow-up (%) 100 NR NR
Crossovers (%)

To on-pump 2 0 23 7
To off-pump 0 0 0 2

Intent-to-treat Yes Yes Yes
Events committee NR NR Blinded

haracteristic
Karolak (2007) [16]
Légaré (2004) [17] Lee (2003) [18] Lingaas (2006) [19]

o. randomized 300 60 120
uration of follow-up (years) Median, 3.8 (IQR, 3.4–4.4) 1.1 � 0.2 1

nclusion criteria of CABG Nonemergency Primary elective NR
emographics
Age (years) 63 � 10 66 � 10 65 � 8
Male (%) 80 77 78
LVEF 0.30–0.550: 14%b 0.55 � 0.10 0.72 � 0.10
esign
Primary end point at follow-up Death, readmission for

cardiac cause
Neurocognitive function,

clinical morbidity
Clinical and angiographic

results
ortality (%)
On-pump 3.3 0 1.7
Off-pump 6.7 3.3 1.7

nternal validity
Follow-up (%) 99.7 100 98
Crossovers (%)

To on-pump 13 0 12
To off-pump 1 0 0

Intent-to-treat Yes No crossovers Yes
Events committee NR Blinded Blinded
Continued
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able 1. Continued

haracteristic Muneretto (2003) [20]

Puskas (2004) [21] Shroyer (2009) [8]

SMART ROOBY

o. randomized 176 197 2,203
uration of follow-up (years) 1.3 � 1.0 1 1

nclusion criteria of CABG Elective Primary elective Elective or urgent
emographics
Age (years) 67 � 9 62 � 10 63 � 9
Male (%) 61 77 99
LVEF �0.30: 10%b �0.45: 26%b �0.45: 17%b

esign
Primary end point at follow-up Death, angina recurrence, MI,

reintervention, graft patency
Graft patency Composite of death, nonfatal MI,

reintervention
ortality (%)
On-pump 4.5 4.0 2.7
Off-pump 4.5 4.1 3.9

nternal validity
Follow-up (%) NR 94 96
Crossovers (%)

To on-pump (9d) 1 12
To off-pump 0 3 4

Intent-to-treat Yes Yes Yes
Events committee NR NR NR

haracteristic

van Dijk (2007) [22]
Nathoe (2003) [23]

Widimsky (2004) [24]
Straka (2004) [25]

Octopus PRAGUE-4

o. randomized 281 388
uration of follow-up (years) 5 1

nclusion criteria of CABG Primary nonemergency Nonemergency
emographics
Age (years) 61 � 9 Median, 63/62
Male (%) 68 81
LVEF NR �0.50: 19%b

esign
Primary end point at follow-up Cognitive outcomes Graft patency
ortality (%)
On-pump 6.5 (1.4 at 1 year) 1.1
Off-pump 8.5 (1.4 at 1 year) 2.0

nternal validity
Follow-up (%) 99 100
Crossovers (%)

To on-pump 7 15
To off-pump 4 7

Intent-to-treat Yes Yes
Events committee Blinded NR

Values of 90 patients who were available for 1-year follow-up of cognitive dysfunction. b Percentage of patients. c Early primary end
oint. d Conversion to on-pump beating coronary artery bypass grafting.

BS � best bypass surgery; BHACAS � Beating Heart Against Cardioplegic Arrest Study; CABG � coronary artery bypass grafting;

RQoL � health-related quality of life; IQR � interquartile range; LVEF � left ventricular ejection fraction; MI � myocardial infarction;
R � not reported; ROOBY � Randomized On/Off Bypass; SMART � surgical management of arterial revascularization therapies.
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ardiac causes in the off-pump group than in the on-
ump group (2.7% vs 1.3%; RR, 2.05; 95% CI, 1.09 to 3.86;
� 0.03). Meanwhile, a few observational studies pro-

ided risk-adjusted late mortality. In the meta-analysis
y Wijeysundera and colleagues [1], 2 observational
tudies reporting risk-adjusted effects on long-term out-
omes [26, 27] showed essentially no change in mortality
OR, 1.01; 95% CI 0.74 to 1.40; p � 0.93). Furthermore,
ecent large observational studies also demonstrated no
ifference in risk-adjusted late survival [28, 29].
The negative impact of incomplete revascularization

nd lower graft patency on late mortality rates has been
uggested. Osswald and colleagues [30] focused on ben-
ficial or jeopardizing effects of complete versus incom-
lete revascularization in 859 elderly (75 and older)
atients. Mortality until 180 days after CABG was higher

24%) after incomplete than after complete revasculariza-
ion (15%; p � 0.005). By logistic multivariable regression,
ncomplete revascularization was identified as an inde-
endent risk factor for death (OR, 1.8; p � 0.015). From

he Coronary Artery Surgery Study Registry (3-vessel
oronary disease), a retrospective analysis of 3,372 non-
andomized surgical patients was performed by Bell and
olleagues [31]. In patients having class I or II angina
Canadian Cardiovascular Society criteria), adjusted cu-

ulative 4-year survivals according to the number of
essels bypassed were 85% (1 vessel), 94% (2 vessels),
6% (3 vessels), and 96% (more than 3 vessels) (p � 0.022).
lacing grafts to 3 or more vessels was independently
ssociated with improved survival (RR, 0.745; 95% CI,
.591 to 0.940; p � 0.0132) in patients having class III or IV
ngina. Kozower and colleagues [32] endeavored to de-
ermine how complete revascularization influenced long-
erm (51 � 41 months) survival after CABG in 500
ctogenarians. Multivariate regression analysis identified

ncomplete revascularization to be an independent pre-
ictor of late death (OR, 1.3; 95% CI, 0.8 to 2.1: p � 0.01).
xcluding operative deaths, mean survival was 82
onths with complete revascularization compared with

5 months with incomplete revascularization (p � 0.008).

ig 4. Meta-regression for duration of follow-up on the logarithm of
oint estimate (risk ratio). Each result is represented by a circle pro-
ortional to its weight in the analysis.
urvival was 62 � 3% with complete versus 45 � 6% with s
ncomplete revascularization at 5 years, and 39 � 3% with
omplete versus 25 � 6% with incomplete revasculariza-
ion at 8 years (p � 0.008). Synnergren and colleagues [33]
nalyzed the influence of incomplete revascularization
n long-term (5.0 � 2.8 years) mortality after CABG in
,408 patients. Leaving 2 vascular segments without a
ypass graft in 3-vessel disease was associated with an

ncreased hazard ratio for death (1.82; 95% CI, 1.15 to 2.85;
� 0.01). Aziz and colleagues [34] aimed to clarify 580

ctogenarian long-term survival rates by stratifying re-
ascularization subtypes. Late survival was similar be-
ween functional (mean, 6.8 years) and traditional (6.7
ears) complete revascularization (p � 0.51), but dimin-
shed with incomplete revascularization (4.2 years) (p �
.007). Survival by group at 5 years was 59 � 3% func-
ional complete, 57 � 4% traditional complete, and 45 �
% incomplete. Survival at 8 years was 40 � 3% func-
ional complete, 37 � 4% traditional complete, and 26 �
% incomplete. Survival including only patients with
urvival greater than 12 months was again impaired with
ncomplete revascularization (p � 0.04). Meanwhile,
ower graft patency as well as incomplete revasculariza-
ion may impair late survival. A review of the literature
y Ascione and colleagues [35] confirmed that clinical
nd angiographic outcome of CABG using bilateral in-
ernal mammary arteries was superior to that using a
ingle (left) internal mammary artery with supplemental
ein grafts. Better patency of a right internal mammary
rtery than vein grafts [36, 37] could contribute to im-
roved survival [37, 38].
There has been the best evidence of lower revascular-

zation rates [1, 3–5] and graft patency [4, 6, 7] in off-pump
han on-pump CABG from meta-analyses of randomized
ontrolled trials. A meta-analysis by Cheng and col-
eagues of 22 trials [3] demonstrated the lower mean
umber of distal vessels anastomosed (2.6 � 0.6 vs 2.8 �
.7 for off-pump versus on-pump CABG; mean differ-
nce, –0.2; 95% CI, –0.3 to –0.1; p � 0.0001). In a
eta-analysis by Wijeysundera and colleagues of 24

rials [1], the mean graft number was 0.19 lower in the

ig 5. Funnel plot of the logarithm of point estimate (risk ratio) ver-

us the inverse standard error for each result (circles).
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ff-pump CABG arm (95% CI, 0.25 lower to 0.13 lower; p
0.00001). A meta-analysis by Møller and colleagues of

1 trials [5] found that significantly fewer distal anasto-
oses were performed after off-pump CABG (mean

ifference, –0.29, 95% CI, –0.46 to –0.13). In a meta-
nalysis by Lim and colleagues of 6 trials [4], patients
ndergoing off-pump CABG had a lower rate of revas-
ularization (standardized mean difference, –0.164; 95%
I, –0.286 to –0.043; p � 0.008) and lower graft patency

RR for patency, 0.953; 95% CI, 0.927 to 0.980; p � 0.001)
han did patients undergoing on-pump CABG. Cumula-
ive analysis by Parolari and colleagues of 5 trials [6]
ocumented a reduction in postoperative patency of
rafts performed during off-pump CABG procedures
OR for occlusion, 1.51; 95% CI, 1.15 to 1.99; p � 0.003).

ur previous meta-analysis [7] of 6 trials reporting
-month or greater graft patency also demonstrated an
ncrease in graft occlusion with off-pump relative to
n-pump CABG (RR for occlusion, 1.27; 95% CI, 1.03 to
.56; p � 0.0234; risk difference for occlusion, 3.0%; 95%
I, 0.6% to 5.4%; p � 0.0129). Furthermore, our most

ecently updated meta-analysis [39] of 8 results (6,898
rafts) of 9 trials (including the ROOBY trial) confirmed
hat off-pump CABG increased graft occlusion by 32%
ver on-pump CABG (RR for occlusion, 1.32; 95% CI, 1.18
o 1.48; p � 0.00001).

With the evidence of lower revascularization rate and
raft patency in off-pump CABG patients, and the nega-
ive impact of incomplete revascularization and attenu-
ted graft patency on late mortality rates, the finding of
he present meta-analysis, worse late mortality in off-
ump CABG, is never surprising. Although the meta-
egression analysis revealed no influence of follow-up
urations on risk estimates, 8 of 12 trials included in the
resent meta-analysis provided only 1-year mortality. To
onfirm our results, longer-term mortality from large
andomized controlled trials of off-pump versus on-
ump CABG is needed. Our analysis must be viewed in

he context of its limitations. First, only data from ran-
omized controlled trials were used, and patients en-
olled in randomized trials may not be representative of
atients typically seen in clinical practice. Because ran-
omized trials balance both known and unknown con-

ounders across treatment groups, however, this is the
tudy design least vulnerable to bias. Second, a publica-
ion bias favoring off-pump CABG may influence our
esults. This risk was minimized through an exhaustive
earch of the available literature. Although publication
ias was not indicated by the statistical tests, there is
learly limited power to detect such bias given the small
umber of studies examined. Despite these acknowledged

imitations, we found that, based on a meta-analysis, on-
ump CABG is likely effective in prevention of late all-
ause mortality, and on-pump rather than off-pump CABG
hould be considered for patients who meet the criteria for
nrollment in the randomized trials because mortality re-
uction must imply the greatest clinical benefit among

atients undergoing CABG.
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