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Background. Acute kidney injury (AKI) is one of the
ost important complications after on-pump coronary

rtery bypass graft surgery (CABG). Miniaturized cardio-
ulmonary bypass (mini-CPB) systems have been devel-
ped to allow the ease of on-pump surgery but tempering
he disadvantages. Whether mini-CPB reduces the inci-
ence of AKI remains to be determined.
Methods. Using a propensity score matched analysis, we

nvestigated the occurrence of AKI among patients under-
oing CABG on mini-CPB (n � 104) versus conventional
PB (n � 601). Acute kidney injury was defined according

o the recent Acute Kidney Injury Network classification.
Results. Overall, acute kidney injury developed in 274

f 705 patients (38.8%). A total of 27 of 705 patients (3.8%)
equired renal replacement therapy. The median postop-
rative length of intensive care unit stay in survivors
ith AKI was 5.4 (3.9 to 6.8) days compared with 2.0 (1.0

o 3.0) days for patients without AKI (p � 0.0002). The

verall incidence of AKI for patients undergoing mini-
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PB was 30 of 104 (28.8%) compared with 244 of 601
40.5%) for patients undergoing conventional CPB (p �
.03). In the propensity score matched-pair statistical
nalysis, mini-CPB was independently associated with a
ecreased incidence of AKI (adjusted odds ratio [OR]
.61; 95% confidence interval [CI]: 0.38 to 0.97). Other
ariables independently associated with AKI were pre-
perative glomerular filtration rate (OR 0.988 for 1
L · min�1 · 1.73 m�2 increase; 95% CI: 0.98 to 0.99),

ostoperative red blood cell transfusion (OR 1.58; 95%
I: 1.12 to 2.23); CPB time (OR 1.005 for 1-minute in-

rease; 95% CI: 1.0 to 1.009), and postoperative low output
yndrome (OR 1.72; 95% CI: 1.23 to 2.41).

Conclusions. The present study showed that mini-CPB
s associated with a lower incidence of AKI when com-
ared with conventional CPB among patients undergo-

ng CABG.
(Ann Thorac Surg 2009;88:529–36)
© 2009 by The Society of Thoracic Surgeons
cute kidney injury (AKI) after coronary artery by-
pass grafting (CABG) remains a significant cause of

erioperative morbidity and mortality [1]. The postoper-
tive incidence of AKI has been assessed using a variety
f definitions, with estimates ranging from 5% to 40% [2].
espite extensive research in the prediction and treat-
ent of this disease, there has been limited success in

ltering patient outcomes [2]. Acute kidney injury is
ainly related to the adverse effects of cardiopulmonary

ypass (CPB), which causes dramatic hemodynamic
hanges as well as activation of both innate and adaptive
mmune responses that can initiate or extend renal injury
2]. Off-pump CABG obviously avoids the deleterious

ccepted for publication March 26, 2009.

ddress correspondence to Dr Benedetto, Cardiac Surgery Department,
ffect of extracorporeal circulation. However, the beat-
ng-heart technique may be challenging, cumbersome,
nd may have inferior results with respect to long-term
raft patency [3]. Therefore, CABG with CPB and car-
ioplegic arrest is still the standard method of choice in
any institutes. Miniaturized cardiopulmonary bypass

mini-CPB) systems have been developed to allow the
ase of on-pump surgery while tempering the disadvan-
ages [4]. Major differences to conventional CPB are use
f heparinized tubing and oxygenators, minimizing
rime volume, use of a centrifugal pump, and elimina-

ion of cardiotomy suction and a venous reservoir. Mini-
PB reduces the hemodilution and the foreign surface
rea blood contact, thus attenuating the systemic inflam-
atory response syndrome.
Whether this better biological profile results in re-

uced AKI remains to be determined, however, with

ome discordant results reported [5, 6]. Such discordance

0003-4975/09/$36.00
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ay be partially explained by the lack of a consensus
efinition of AKI. There is increasing agreement that a
niversal kidney injury definition is needed to facilitate
rogress in the field of acute renal failure. Recently, the
cute Kidney Injury Network has reached a consensus
n the definition of AKI [7], according to new data
howing that small changes in serum creatinine might be
ssociated with adverse outcomes. Therefore, we aimed
o evaluate whether mini-CPB decreases the occurrence
f AKI after CABG when compared with conventional
PB, adopting the recently proposed AKI definition.

atients and Methods

his study was reviewed and approved by the Institu-
ional Review Board of the University of Rome, and a
aiver of consent was granted. The authors have no

onflict of interest to disclose.

atient Population
n the present study, we analyzed consecutive patients
ndergoing isolated CABG at our institution between
ay 2004 and January 2009 who met the following

riteria: (1) procedures on CPB; (2) no preoperative renal
ailure requiring dialysis; and (3) no prior cardiac
urgery.

The study population consisted of 705 patients (median
ge, 68 years; range, 59 to 73); 123 of the 705 were female.
he mini-CPB system (Resting Heart System [RHS];
edtronic, Minneapolis, MN) was used in 104 patients

ccording to surgeon preference. In other cases (n � 601),
conventional extracorporeal circulation system was

nstituted.

iniaturized CPB
he RHS is an integrated, low prime, semi–closed-loop
PB system, offering minimal air and blood interface and
limination of antifoam agents. The priming volume of
his circuit is 600 mL, and the membrane surface area for
as exchange is 2.5 m2. Primary blood contact surfaces of
his RHS are coated with heparin (BioActive Surface;
armeda, Stockholm, Sweden) throughout to provide

hromboresistance and biocompatibility by mimicking
ritical characteristics of vascular endothelium. The RHS
an offer blood flow from 1.0 to 6.0 L/min. A vent circuit

Abbreviations and Acronyms

AKI � acute kidney injury
CABG � coronary artery bypass graft surgery
CI � confidence interval
CPB � cardiopulmonary bypass
Mini-CPB � miniaturized cardiopulmonary

bypass
NYHA � New York Heart Association
OR � odds ratio
RHS � resting heart system
s available in the RHS, and it was used in this study. The s
lood from this vent is reinjected into the pump inflow.
he absence of cardiotomy reservoirs limits the artificial
urface-blood contact that occurs secondary to aspiration
f blood. Accordingly, an erythrocyte-scavenging device

s necessary when using the RHS. In addition, this system
as the technology to detect and remove small air bub-
les in the circuit. If air is entrained from the right
trium, visual and audible alarms alert the surgical team
o the condition so that it can be quickly remedied. Two
airs of ultrasonic fluid sensors in the venous air removal
evice detect air at the inlet of the device. When air
nters the device through the venous return line, air
ubbles are detected, and the device exerts evident visual
nd audible indications while removing the venous air.
he air is automatically removed from the venous air
emoval device until its sensors detect no remaining
ir/blood mixture in the upper area of the device, and
hen it returns to normal setting.

onventional CPB
he priming volume amounted to 1,200 mL. The line was
oated with heparin (Medtronic). An oxygenator (Affinity
T Oxygenator; Medtronic) and a standard roller pump
ere included in the set. An arterial filter was used. The

ntrapericardial suction device was used as usual.

efinition of AKI and Data Collection
cute kidney injury was defined as an increase of serum

reatinine of 0.3 mg/dL or more (26.4 �mol/L) postoper-
tively according to the consensus definition proposed by
he Acute Kidney Injury Network [7] and stratified into
hree classes: stage 1, increase of serum creatinine 150%
o 200% from baseline; stage 2, increase of serum creati-
ine of 200% to 300% from baseline; and stage 3, increase
f serum creatinine to more than 300% from baseline or
erum creatinine � 4.0 mg/dL (354 �mol/L) after a rise of
t least 44 �mol/L or treatment with renal replacement
herapy. The four-variable Modified Diet and Renal Dis-
ase equation was used to estimate baseline glomerular
ltration rate (GFR) [8]. We did not use urine output in
efining AKI.
Data were prospectively collected and recorded in an

lectronic database by physicians. Baseline serum creat-
nine value was defined as the value recorded just before
urgery. Serum creatinine values were taken after patient
dmission to the intensive care unit and repeated at least
nce every 24 hours. Based on these values, the difference
etween the highest serum creatinine value and the
aseline value was calculated for each patient. Operative
ortality was defined as all deaths occurring within 30

ays from surgery.
The European System for Cardiac Operative Risk Eval-

ation (EuroSCORE) [9] was derived to assess differences
n patient risk profile between the two study groups.

tatistical Analysis
ontinuous variables are shown as median with interquar-

ile range. All categorical data were displayed as percent-
ges. Comparisons were made with Mann-Whitney rank-

um tests and �2 tests as appropriate. A post hoc �2 test



a
d

o
c
m
t
r
(
b
p
p
p
H
e
t
s

a
r
f
m
t
c
c
e
l
t

b
i
m
n
b

T

V

D

C

P

P

P

A ceptor
fi art As

531Ann Thorac Surg BENEDETTO ET AL
2009;88:529–36 MINI-CPB AND KIDNEY INJURY IN CABG

A
D

U
LT

C
A

R
D

IA
C

nalysis was performed to achieve the study power to
etect significant differences for the outcome of interest.
To investigate the effect of mini-CPB on the incidence

f AKI, treatment selection bias was controlled for by
onstructing the propensity score to be operated on
ini-CPB. Potential confounding factors considered in

he analysis were selected on the basis of a literature
eview and clinical plausibility. These variables included
1) demographic characteristics such as age, sex, and
ody mass index (BMI); (2) clinical risk factors including
reoperative GFR, diabetes mellitus, chronic obstructive
ulmonary disease requiring treatment, hypertension,
eripheral vascular disease, preoperative New York
eart Association (NYHA) class III/IV, left ventricular

jection fraction, prior percutaneous coronary interven-
ion, myocardial infarction within 30 days, emergency

able 1. Patient Demographics, Clinical Data, and Procedura

ariables

emographics
Age median (years), median [IQR]
Female, %
Body mass index (kg/m), median [IQR]

linical risk factors
Preoperative GFR (mL · min�1 · 1.73 m�2), median [IQR]
Diabetes mellitus, %
Chronic obstructive pulmonary disease, %
Hypertension, %
Peripheral vascular disease, %
Preoperative NHYA functional class III–IV, %
Left ventricular ejection fraction, median [IQR]
Prior PCI, %
Myocardial infarction within 30 days, %
Emergency surgery, %
EuroSCORE, median [IQR]

reoperative medications
Aspirin within 3 days, %
Clopidogrel within 3 days, %
ACEI/ARB, %
�-blockers, %

rocedural characteristics
Primary surgeon

1, % (n)
2, % (n)
3, % (n)
4, % (n)
5, % (n)

Number of grafts/patient, median [IQR]
CPB time (minutes), median [IQR]

ostoperative variables
Low cardiac output syndrome, %
Red blood cell transfusion rate, %

CEI/ARB � angiotensin-converting enzyme inhibitors/angiotensin re
ltration rate; IQR � interquartile range; NYHA � New York He
urgery, preoperative medications including �-blockers, p
ngiotensin-converting enzyme inhibitors or angiotensin
eceptor blockers, aspirin, and clopidogrel within 5 days
rom surgery; (3) procedural characteristics such as pri-

ary surgeon, number of grafts per patient, and CPB
ime; and (4) postoperative variables including red blood
ell transfusion and the incidence of postoperative low
ardiac output syndrome, defined as the need for postop-
rative intra-aortic balloon pump or inotropic support for
onger than 30 minutes in the intensive care unit to main-
ain the systolic blood pressure at more than 90 mm Hg.

The propensity score was calculated for all 705 patients
y means of a multivariate logistic regression analysis,

ncluding all significant variables listed in Table 1. To
inimize the selection bias of the groups, three nonsig-

ificant variables—age, primary surgeon, and the num-
er of grafts per patient—were also used to construct a

racteristics

Mini-CPB

Yes (n � 104) No (n � 601) p Value

68 [60.0–74.0] 67 [59.0–73.0] 0.3
22.1 16.6 0.2

26.6 [24.4–29.4] 26.6 [24.7–29.0] 0.9

64 [49–78] 66 [54–80] 0.16
35.6 39.8 0.4

7.6 15.6 0.04
95.2 92.5 0.4
10.6 14.6 0.3

8.6 17.2 0.04
55 [47.0–60.0] 55 [45.0–60.0] 0.6

20.2 16 0.3
45.2 38.1 0.2

7.6 16.6 0.02
5 [3.0–8.0] 6 [3.0–9.0] 0.3

52.9 43.9 0.1
32.7 19.1 0.002
63.5 62.4 0.9
64.4 56.4 0.1

0.9
27.9 (29) 25.2 (151)
21.1 (22) 21.2 (127)
18.3 (19) 20.6 (124)
20.2 (21) 19.5 (117)
12.5 (13) 13.5 (81)

3 [2.0–3.0] 3 [2.0–3.0] 0.1
104 [84.5–124.5] 103 [85.0–122.0] 0.7

8.2 12.5 0.2
48.1 65.1 0.001

blockers; CPB � cardiopulmonary bypass; GFR � glomerular
sociation; PCI � percutaneous coronary intervention.
l Cha
ropensity score.
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Each mini-CPB patient was then closely matched with a
onventional CPB patient having the same or nearest pro-
ensity score. In the matched cohort, a multivariate logistic
tepwise regression was performed to identify factors inde-
endently associated with AKI, including all variables sig-
ificantly associated to AKI at univariate analysis.
Models fit analysis was evaluated with the Hosmer-

emeshow goodness-of-fit statistic. The C-statistic was
sed to assess the predictive power of propensity score.
dds ratios (OR) and their associated 95% confidence

ntervals (CI) were estimated. In all tests, values of p less
han 0.05 were considered significant. The Statistical
ackage for the Social Sciences, version 11 (SPSS, Chi-
ago, IL), and G*Power, version 3.0.5 for Windows (Erd-
elder, Faul, & Buchner, 1996, Mannheim, Germany)

able 2. Propensity Score Matched Patient Demographic, Clin

ariables

emographics
Age median (years), median [IQR]
Female, %
Body mass index (kg/m), median [IQR]

linical risk factors
Preoperative GFR (mL · min�1 · 1.73 m�2), median [IQR]
Diabetes mellitus, %
Chronic obstructive pulmonary disease, %
Hypertension, %
Peripheral vascular disease, %
Preoperative NHYA functional class III–IV, %
Left ventricular ejection fraction , median [IQR]
Prior PCI, %
Prior myocardial infarction within 30 days, %
Emergency surgery, %
EuroSCORE, median [IQR]

reoperative medications
Aspirin within 3 days, %
Clopidogrel within 3 days, %
ACEI/ARB, %
�-blockers, %

rocedural characteristics
Primary surgeon

1, %
2, %
3, %
4, %
5, %

Number grafts/patient, median [IQR]
CPB time (minutes), median [IQR]

ostoperative variables
Low cardiac output syndrome, %
Red blood cell transfusion rate, %

CEI/ARB � angiotensin-converting enzyme inhibitors/angiotensin re
ltration rate; IQR � interquartile range; NYHA � New York He
ere used for statistical analysis.
esults

emographic, Clinical Data, and Perioperative
haracteristics
emographic, clinical data, and perioperative character-

stics are presented in Table 1 according to the use of
ini-CPB. Age, sex distribution, and preoperative serum

reatinine levels were similar between the two groups.
atients operated on with mini-CPB were more likely to
eceive clopidogrel within 5 days from surgery. Patients
perated on with conventional CPB were more likely to
ave chronic obstructive pulmonary disease, preopera-

ive NYHA class III/IV, and emergency surgery. Patient
isk profile according to the EuroSCORE was similar
etween the two groups.

Data, and Procedural Characteristics

Mini CPB

Yes (n � 104) No (n � 104) p Value

68 [60.0–74.0] 69 [60.0–75.0] 0.5
22.1 18.3 0.6

26.6 [24.4–29.4] 26.4 [24.7–28.4] 0.5

64 [49–78] 66 [53–76] 0.43
35.6 29.8 0.4

7.6 4.8 0.5
95.2 92.3 0.5
10.6 19.2 0.1

8.6 11.5 0.6
55 [47.0–60.0] 55 [45.2–60.0] 0.7

20.2 22.1 0.8
45.2 42.3 0.7

7.6 6.7 1
5.0 [3.0–8.0] 6.0 [4.0–8.0] 0.3

52.9 51 0.8
32.7 35.6 0.7
63.5 63.5 0.8
64.4 55.8 0.2

0.9
27.9 (29) 25.1 (26)
21.1 (22) 20.2 (21)
18.3 (19) 22.1 (23)
20.2 (21) 21.1 (22)
12.5 (13) 11.5 (12)

3 [2.0–3.0] 3 [2.0–3.0] 0.2
104 [84.5–124.5] 99 [87.0–124.0] 0.6

8.2 9.3 0.9
48.1 56.7 0.2

blockers; CPB � cardiopulmonary bypass; GFR � glomerular
sociation; PCI � percutaneous coronary intervention.
ical
The distribution of primary surgeon did not differ
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etween the two groups nor did the number of grafts per
atient and cardiopulmonary bypass time. Conventional
BP was associated with an increased occurrence of red
lood cell transfusion postoperatively.

enal Outcomes
aseline serum creatinine concentration was 1.1 mg/dL

0.9 to 1.3) versus 1.1 mg/dL (0.9 to 1.2) in the mini-CPB
roup versus conventional CPB group, respectively (p �
.33). Postoperative peak serum creatinine concentration
as achieved after 2 days (1 to 3), and it was 1.27 mg/dL

1.1 to 1.5) versus 1.37 mg/dL (1.1 to 1.7) in the mini-CPB
nd conventional CPB groups, respectively (p � 0.04).
verall, AKI developed in 274 of 705 patients (38.8%).
he majority of patients had stage 1 AKI (n � 215), with

ew patients in stages 2 (n � 31) and 3 (n � 28). A total of
7 of 705 patients (3.8%) required renal replacement
herapy. The median postoperative length of intensive
are unit stay in survivors having AKI was 5.4 days (3.9 to
.8) compared with 2.0 days (1.0 to 3.0) for patients
ithout AKI (p � 0.0002). The median postoperative

ength of intensive care unit stay for survivors requiring
enal replacement therapy was 16.5 days (9 to 48) com-
ared with 2.0 days (1.0 to 3.0) for patients who did not

p � 0.0001).
The overall incidence of AKI among patients undergo-

ng mini-CPB was 30 of 104 (28.8%) compared with 244 of
01 (40.5%) among patients undergoing conventional
PB (p � 0.03); stage 1 AKI occurred in 25 of 104 patients

24%) versus 190 of 601 patients (31.6%), respectively;
tage 2 AKI occurred in 3 of 104 (2.8%) versus 28 of 601
4.65%), respectively; and stage 3 AKI occurred in 2 of 104
1.9%) versus 26 of 601 (4.3%), respectively (Fig 1). The
ncidence of renal replacement therapy was 1 of 104
0.9%) and 26 of 601 (4.3%), respectively (p � 0.16).

perative Mortality
verall, the operative mortality rate was 2.5%. The oper-

tive mortality rate was 17 of 274 (6.2%) for patients with
KI compared with 1 of 431 (0.2%) for patients without
KI (p � 0.0001); and 10 of 27 (37%) for patients who

equired postoperative dialysis compared with 8 of 678
1.1%) for patients who did not require postoperative
ialysis (p � 0.0001). Operative mortality rate was 1 of 104

0.9%) and 17 of 601 (2.8%) for patients undergoing
ini-CPB versus conventional CBP, respectively (p �

.49).

ropensity Score Matched Analysis for AKI
n the mini-CPB group, the median propensity score was
.18 (interquartile range, 0.12 to 0.25); in the conventional
PB group, the median score was 0.12 (interquartile

ange, 0.17 to 0.24). The C-statistic for the propensity
core model was 0.68 (95% CI: 0.65 to 0.72), indicating a
ood discrimination. Each of mini-CPB patients was
uccessfully matched with a patient operated on with
onventional CPB. Clinical patient characteristics for the
ini-CPB group and the conventional CPB group after

atching are listed in Table 2. All characteristics that C
iffered significantly between two groups before match-
ng became similar.

In the matched-pair statistical analysis, mini-CPB was
ound to be significantly associated with a decreased
ccurrence of AKI (28.8% versus 42.3%; unadjusted OR
.55; 95% CI: 0.31 to 0.98; p � 0.04). Post hoc power
nalysis for �2 test showed that study was adequately
owered to detect significant differences for the inci-
ence of AKI (1-�: 0.89; critical �2: 11; effect size w: 0.27)

or an � value of 0.05.
After adjusting for other significant covariates, mini-

PB was independently associated with a decreased
ncidence of AKI (adjusted OR 0.61; 95% CI: 0.38 to 0.97).

ther variables independently associated with AKI were
reoperative glomerular filtration rate (OR 0.988 for 1
L · min�1 · 1.73�2 increase; 95% CI: 0.98 to 0.99), post-

perative red blood cell transfusion (OR 1.58; 95% CI: 1.12
o 2.23); CPB time (OR 1.005 for 1-minute increase; 95%
I: 1.0 to 1.009), and postoperative low cardiac output

yndrome (OR 1.72; 95% CI: 1.23 to 2.41) (Table 3). The
ultivariate model significantly predicted the occurrence

f AKI (model �2: 33; p � 0.0001). The model was well
alibrated among deciles of observed and expected risk
Hosmer-Lemeshow �2: 12; p � 0.17).

omment

he present study showed that in patients undergoing
solated CABG, mini-CPB is significantly associated with

decreased incidence of postoperative acute kidney
njury when compared with conventional CPB.

Acute kidney injury is one of the most important
omplications after CABG [1, 2]. Consequences of AKI
nclude an increase in mortality risk, which can exceed
0% among patients requiring dialysis. Even when serum
reatinine values remain within the normal range, mod-
st increases from baseline values are associated with
ncreased odds of death as well as longer hospital stay [7,
0]. However, there have neither been any associated
mprovements in incidence nor in mortality, despite

any recent advances in our understanding of the etiol-
gy and pathophysiology of AKI [2].

able 3. Multivariate Logistic Regression Analysisa,b for
isk Factors Associated With Acute Kidney Injury in the
ropensity Score Matched Cohort

ariables
Adjusted

Odds Ratio 95% CI

reoperative glomerular filtration
ratec

0.988 0.98–0.99

iniaturized cardiopulmonary bypass 0.61 0.38–0.97
ardiopulmonary bypass timed 1.005 1.0–1.009
ostoperative red blood cell
transfusion

1.58 1.12–2.23

ostoperative low cardiac output
syndrome

1.72 1.23–2.41

Model �2: 33; p � 0.0001. b Hosmer-Lemeshow �2: 12; p � 0.17. c For
mL · min�1 · 1.73 m�2. d Per 1-minute increase.
I � confidence interval.
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A major obstacle to finding successful management for
KI has been the conduct of trials adequately powered to

how a benefit. Acute kidney injury requiring renal
eplacement therapy is relatively rare in postoperative
ardiac surgical patients [11]. To power a study for an
bsolute reduction in renal replacement therapy require-
ent, the necessary sample size would be very large (n �

,092, assuming an absolute reduction of 2%, a value �
.01 and 1-� � 0.90). Such a study would require a large
ulticenter design and would be very costly. Alterna-

ively, clinical endpoints could include surrogate out-
omes showing consistent association with relevant clin-
cal outcomes [7, 10]. In this regard, the inconsistencies in
he current literature with respect to the definition of AKI
eed to be resolved so that future research can be
eaningful, reproducible, and comparable.
The most promising classification today is based on the
cute Kidney Injury Network definition [7]. This defini-

ion had been strongly associated with adverse outcomes
uch as overall mortality and intensive care unit stay
12–14], and it should be routinely adopted in evaluating
otential strategies for AKI. Mini-CPB has been shown to
rovide a better biological profile than conventional CPB,
educing the hemodilution and attenuating the systemic
nflammatory response syndrome [4]. However, whether
t may result in reduced AKI remains to be determined.
he two largest randomized controlled trials reported
iscordant conclusions with regard to renal advantages
f the mini-CPB system when compared with conven-
ional CPB [5, 6]. It should be pointed out that neither
tudy used AKI as the renal endpoint, and the number of
atients with postoperative renal failure requiring renal
eplacement therapy was too low to reach a statistically
ignificant difference. A potential role of mini-CPB in
educing AKI after CABG has been supported by studies
hat showed a decreased release of specific renal injury
iomarkers such as N-acetyl-glucosaminidase and uri-

ig 1. Incidence of three degrees of acute kidney injury (AKI) in the
ini-cardiopulmonary bypass (CPB) group versus conventional CPB

roup. The overall incidence of AKI was lower (28.8% versus 40.5%;
� 0.03) among patients undergoing mini-CPB as well as among

hose with stage 1 AKI (24% versus 31.6% [white bars]); stage 2
KI (2.8% versus 4.65% [light gray bars]), and stage 3 AKI (1.9%
mersus 4.3% [dark gray bars]).
ary interleukin-6 [4]. However, to draw definitive evi-
ences from trials using changes in biomarker levels as
urrogate outcome, biomarkers should be first demon-
trate strong, independent, graded, and consistent asso-
iations with relevant clinical outcomes. In addition, the
iomarker should have strong discriminatory character-

stics that include a large difference between patients
ho present the clinical outcome of interest and those
ho do not.
In the present risk-adjusted analysis, we defined AKI

ccording to the Acute Kidney Injury Network guide-
ines. We observed postoperative AKI in 40.5% of pa-
ients undergoing conventional CBP, and this result was
uite similar to that recently reported by others [12]. In

he propensity score matched cohort, minimized CPB
as associated with an absolute reduction in AKI occur-

ence of 13.5%. As expected, stage 1 AKI developed in the
ajority of patients after surgery. However, it has been

learly shown that even this early stage of renal injury
ay negatively affect patient outcomes [10, 12–14], and
ini-CPB should be expected to improve surgical results,

educing its occurrence.
Several mechanisms may contribute to reduce AKI in

atients operated on using mini-CPB. The limited he-
odilution provided by the miniaturized CPB system

ermits a reduction of postoperative red blood cell trans-
usion, which is a well-known risk factor for AKI [15]. In
ddition, the low hematocrit values during extracorpo-
eal circulation have been shown to correlate signifi-
antly with high postoperative kidney proximal tubular
amage assessed by N-acetylglucosaminidase and uri-
ary interleukin-6 response [4]. A significant indepen-
ent association was found between the lowest hemato-
rit during bypass and AKI [16], with significant benefits
n renal function after reduction of the bypass prime
olume. Moreover, mini-CPB has been shown to provide
better tissue perfusion, which accounts for better kid-

ey protection. That might be, in part, the effect of the
olume-constant perfusion featured in the closed-loop

ig 2. Required study sample size to compare mini-cardiopulmonary
ypass (CPB) versus conventional CPB in preventing acute kidney
njury for different � and � values. Assuming an absolute risk re-
uction of 13.5%, the sample size required is 262 for an � value �
.05 and a study power (1-�) � 0.80. Df � 5, effect size � 0.27501.
iniaturized CPB system, regularly resulting in an ele-
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ated mean arterial pressure compared with conven-
ional cardiopulmonary bypass. The increased perfusion
ressure and the greater intravascular volume resulting

rom the removal of a venous reservoir may provide
etter capillary perfusion of all organs, including the
idney [17]. The impact of the inflammatory response

nduced by CPB within the kidney is not completely
nderstood. It is interesting that animal models of renal

schemia-reperfusion injury have clearly demonstrated
he pathologic role of interstitial inflammation and the
laboration of proinflammatory cytokines and reactive
xygen species in the production of tubular injury [18–
1]. This local inflammatory response in experimental
odels is identical to that seen on a more global scale

uring CPB. Thus, it is likely that mini-CPB may addi-
ionally reduce kidney injury by attenuating such an
nflammatory response.

This study has some limitations. It was retrospective in
esign, and the use of the mini-CPB system was not
andomized; therefore, our results may be influenced by
reatment bias. We performed statistical adjustment in-
luding the use of propensity scores in an attempt to
ccount for the nonrandomized nature of the analysis.
owever, our propensity analysis was only modestly
redictive, which is perhaps not surprising because of

ew baseline differences between the two groups.
Although we identified the association between mini-

PB CABG and a decreasing risk of AKI, causality cannot
e proven. Further randomized controlled trials ade-
uately powered are needed to confirm whether the
ini-CPB system improves renal outcome after CABG.

he present study confirmed that the recent AKI defini-
ion should be used as the renal endpoint in such trials.
n fact, it strongly correlates with a patient’s outcome,
nd at the same time, allows one to adequately power a
tudy comparing mini-CPB versus conventional CPB
ABG with a reasonable sample size (Fig 2).
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NVITED COMMENTARY
ardiopulmonary bypass (CPB) has been germane to the
evelopment of cardiac surgery. Although its use is often
ell-described systemic inflammatory response.
enedetto and colleagues [1] examined the hypothesis
hat the Medtronic Resting Heart System mini-CPB cir-
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