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 receiver operating characteristic (AUC-ROC) and multivari-
ate regression analysis.  Results:  Patients with worsening 
 RIFLE stage, were significantly older, had lower estimated 
glomerular filtration rate and higher body mass index, more 
peripheral vascular and chronic obstructive pulmonary dis-
ease, atrial fibrillation, and prolonged duration of cardiopul-
monary bypass (all  p  < 0.01). Patients with more severe AKI 
stage stayed longer in the intensive care and hospital, had 
higher in-hospital mortality, and requirement for RRT (all  p  < 
0.001). Also, with worsening RIFLE stage, patients had lower 
intraoperative mean arterial pressure (MAP);  p  = 0.047, de-
spite higher doses of norepinephrine ( p  < 0.001). The intra-
operative MAP showed the best discriminatory ability (AUC-
ROC: >0.8) for and was independently associated with RRT 
and in-hospital mortality. Moreover, with increasing AKI 
 severity, patients received significantly more fluid infusion, 
and required higher dose of furosemide; nonetheless, they 
had increased postoperative fluid balance.  Conclusions:  In 
this cohort, reduced MAP and increased fluid balance were 
independently associated with increased mortality and 
need for RRT after cardiac surgery.  © 2017 S. Karger AG, Basel 
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 Abstract 

  Purpose:  The study aimed to investigate patients’ character-
istics, fluid and hemodynamic management, and outcomes 
according to the severity of cardiac surgery-associated acute 
kidney injury (CSA-AKI).  Methods:  In a single-center, pro-
spective cohort study, we enrolled 282 adult cardiac surgical 
patients. In a secondary analysis, we assessed preoperative 
patients’ characteristics, physiological variables, and medi-
cation for intra- and postoperative fluid and hemodynamic 
management and outcomes according to CSA-AKI stages by 
the Renal risk, Injury, Failure, Loss, End-stage renal disease 
(RIFLE) classification. Variables of fluid and hemodynamic 
management were further assessed with regard to the need 
for postoperative renal replacement therapy (RRT) and 
 in-hospital mortality by the area under the curve for the 
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 Introduction 

 Cardiac surgery-associated acute kidney injury 
 (CSA-AKI) is a frequent and serious major complication 
and is associated with significantly increased morbidity 
and mortality  [1] .

  Blood pressure and cardiac output are recognized as 
physiological determinants of kidney perfusion. Reduc-
tion in blood pressure of previously normotensive pa-
tients is associated with subsequent AKI  [2] . Periopera-
tive hemodynamic instability and fluid overload associ-
ated with cardiopulmonary bypass (CPB) are common in 
cardiac surgery patients and may be both are significant 
contributors to and consequences of CSA-AKI  [3, 4] . The 
fluid volume from the pump prime and cardioplegia are 
important sources of fluid overload. In addition, AKI 
 itself participates in the pathogenesis of a positive fluid 
balance but also in aggravation of systemic inflammatory 
response syndrome (SIRS)  [5] . The latter might develop 
by reduced renal clearance of circulating inflammatory 
mediators released during and after CPB contributing 
to  systemic vasodilatation and hypotension. AKI may 
 further aggravate if tissue edema develops.

  Perioperative hemodynamic stability and avoidance of 
fluid overload have recently been identified as potential 
and modifiable targets for kidney protection  [6] .

  However, little is known on the complex association of 
both, patients’ features, variables of hemodynamic stabil-
ity, fluid balance, and outcomes with increasing severity 
of AKI.

  In this study, we used data from a previous prospective 
study  [7]  and assessed patients’ characteristics, hemody-
namic and fluid management, and outcomes according to 
the Renal risk, Injury, Failure, Loss, End-stage renal dis-
ease (RIFLE) classification  [8] . We hypothesized that re-
duced mean arterial pressure (MAP) and increased fluid 
balance would be independently associated with  increased 
mortality and need for renal replacement therapy (RRT) 
after cardiac surgery.

  Methods 

 Patients 
 In a previous prospective cohort study, we enrolled consecutive 

cardiac surgery patients undergoing CPB at a tertiary hospital. 
Procedures included isolated coronary artery bypass grafting, iso-
lated valve surgery, simultaneous coronary artery bypass grafting 
and valve surgery, and thoracic aortic surgery. We excluded pa-
tients with severe chronic renal impairment (preoperative serum 
creatinine >300 μmol/L) or end-stage renal disease on chronic he-
modialysis, renal transplant patients, patients enrolled in conflict-

ing research study, and patients under the age of 18 years. Further-
more, patients with emergency surgery or preoperative AKI were 
excluded from the evaluation. The institutional Ethics Committee 
granted permission to collect data for this study. Subjects gave 
their informed consent and the study protocol has been approved 
by the institute’s committee on human research.

  Treatment 
 Patients were treated as previously published  [7]  and clinical 

practice was not changed or modified for study purposes. In brief, 
all patients underwent cardiac surgery with the use of pulmonary 
bypass (on-pump) and were intraoperatively hemodynamically 
monitored. RRT was initiated following recommendations from 
the Randomized Evaluation of Normal versus Augmented Level 
Replacement study if the patient fulfilled at least one of the follow-
ing clinical criteria: oliguria (urine output <100 mL/6 h) that has 
been unresponsive to fluid resuscitation measures, hyperkalemia 
([K+] >6.5 mmol/L), severe acidemia (pH <7.2), or clinically sig-
nificant organ edema (e.g., lung) in the setting of renal failure  [9] .

  Data Collection 
 We collected data on age, sex, weight, information on comor-

bidities, intraoperative interventions, and postoperative outcomes. 
In addition, we calculated the EuroScore  [10] . We collected intra-
operative data on type of cardiac surgery, cardiac re-operation, 
need for take back to operating room, and duration of CPB. The 
intra and postoperative use of fluids, blood products, norepineph-
rine, milrinone, and furosemide was recorded hourly until dis-
charge from the intensive care unit (ICU). Finally, daily serum 
creatinine, hourly urine output, the MAP and cardiac index (CI) 
using pulmonary artery catheter as long as catheter was in-situ and 
hematocrit and plasma lactate concentration with each blood gas 
analysis, the need for RRT, and length of stay in ICU and hospital 
as well as in-hospital mortality were documented. From each pa-
tient, the mean MAP, lowest CI, and highest norepinephrine and 
milrinone doses were determined until arrival in ICU and within 
the first 24 h postoperatively. We calculated total body water ad-
justed fluid gain as follows: 24-h fluid balance/(body weight × 0.6) 
× 100. Time periods for data analysis were standardized to be the 
period from start of anesthesia to arrival in the ICU and during the 
first 24 h after commencement of CPB.

  Classification of AKI 
 As previously suggested, we allocated maximal RIFLE stage 

 according to postoperative changes in renal function using creati-
nine increase within 7 days postoperatively or urine output reduc-
tion during ICU stay in comparison to baseline preoperative  serum 
creatinine concentration or lowest within 3 months preoperative-
ly if available. For RIFLE-AKI staging, the criteria that led to the 
worst possible classifications were used  [8, 11, 12].  The patients 
without any of the criteria were classified as RIFLE-0. We decided 
to classify patients in favor of RIFLE criteria because literature 
 indicates a trend for higher discriminative value in predicting 
 hospital mortality in cardiac surgery patients compared to AKIN 
criteria  [11, 13] .

  Statistical Analysis 
 This is a secondary analysis using data from a previous obser-

vational study powered to compare the ability of the RIFLE with 
that of the AKI Network classification with regard to the incidence 

D
ow

nl
oa

de
d 

by
: 

M
on

as
h 

U
ni

ve
rs

ity
13

0.
19

4.
14

6.
92

 -
 1

1/
13

/2
01

9 
3:

51
:1

3 
A

M



 Haase-Fielitz/Haase/Bellomo/Calzavacca/
Spura/Baraki/Kutschka/Albert 

Blood Purif 2017;43:298–308
DOI: 10.1159/000455061

300

and prognosis of AKI. Parametrically and non-parametrically 
 distributed data are presented as mean ± SD or median with 
 25th–75th percentiles, respectively. Across the RIFLE stages, com-
parison of nominal data was performed by Fisher’s exact test or the 
chi-square test as appropriate. We used one-way analysis of vari-
ance and the Kruskal–Wallis test to compare parametric and non-
parametric numerical data across RIFLE stages.

  We further assessed variables of hemodynamic and fluid man-
agement on their ability to separately predict RRT and in-hospital 
mortality by calculation of the area under the receiver operating 
characteristic curve (AUC-ROC). Logistic multivariate regression 
analyses were performed assessing risk factors for RRT and in-hos-
pital mortality including clinically relevant pre- and intraoperative 
variables such as, but not limited to, indices of hemodynamic in-
stability and fluid overload if their univariate  p  value was <0.1. Log-
arithmic transformations were applied when necessary before re-
gression analyses were performed. The model’s goodness of fit was 
tested with the Hosmer–Lemeshow statistic. We used IBM SPSS 
Statistics version 22.0 (IBM Corp., Armonk, NY, USA) and Med-
Calc version 16.4.3 (MedCalc Software, Mariakerke, Belgium).

  Results 

 Most patients developed their change in RIFLE stage 
within the first 3 days postoperatively (90.9%). Patients 
who developed CSA-AKI indicated by RIFLE (45.8%) 

compared to those who did not were significantly older 
(70.9 ± 9.4 vs. 66.5 ± 10.0 years), had increased body 
weight (82.4 ± 17.1 vs. 76.4 ± 14.1 kg), chronic renal 
 impairment (31.0 vs. 19.6%), chronic obstructive pulmo-
nary disease (24.0 vs. 12.4%), simultaneous coronary 
 artery revascularization and valve surgery (20.1 vs. 5.2%), 
and prolonged duration of CPB (145.5 ± 82.5 vs. 123.4 ± 
56.4 min); all  p  < 0.03. Also, in these patients increased 
need for postoperative RRT (7.0 vs. 0%), prolonged stay 
in ICU (55 [40–90] vs. 42 [22–48] h) and hospital (8 [7–
11] vs. 7 [7–9] days), and increased in-hospital mortality 
(4.7 vs. 0%) were observed (all  p  < 0.009). These associa-
tions increased with worsening RIFLE stage ( Tables 1 ,  2 ). 
The EuroScore also was highest in patients with RIFLE 
stages I + F ( Table 1 ).

  However, no relationship with increasing AKI severity 
was detected for sex, arterial hypertension, diabetes 
 mellitus, congestive heart failure, CABG, thoracic aortic 
surgery, or cardiac re-operation ( Tables 1 ,  2 ).

  Until arrival in ICU, with worsening RIFLE stage, 
 patients required significantly higher dose of furosemide 
achieving similar urine output ( Table 3 ). Fluid infusion, 
fluid balance, and gain were non-significantly different 
across RIFLE stages at ICU admission ( Table 3 ). Despite 

Table 1.  Patients’ characteristics

 RIFLE

tot al 
(n = 282)

0 (n = 153; 
54.2%)

R (n = 85; 
30.1%)

I (n = 34; 
12.1%)

F (n = 10; 
3.6%)

p value+

Demographic data
Age, years 68.6±10.0 66.6±10.0 69.5±9.4 72.4±9.7 77.6±5.3 <0.001
Female, n (%) 85 (30.1) 51 (33.3) 23 (27.1) 10 (29.4) 1 (10.0) 0.383
Body mass index, kg/m2 28.3±15.8 27.0±3.9 28.1±4.7 29.2±5.9 30.6±6.6 0.008*

Comorbidities
Preoperative serum creatinine, μmol/L 92.5±26.5 87.7±21.9 96.1 ±27.5 98.7±31.4 114.5±38.0 <0.001*
Preoperative eGFR, mL/min 74.2±20.8 78.3±20.9 70.3±18.7 69.7±20.5 61.8±22.2 <0.001*
Preoperative renal impairment, n (%)a 70 (24.8) 30 (19.6) 22 (25.9) 12 (35.3) 6 (60.0) 0.012
Arterial hypertension, n (%) 245 (86.9) 128 (83.7) 75 (88.2) 32 (94.1) 10 (100.0) 0.203
Diabetes mellitus, n (%)b 76 (27.0) 36 (23.5) 23 (27.1) 14 (41.2) 3 (16.7) 0.217
Congestive heart failure, n (%)c 47 (16.7) 23 (15.0) 15 (17.7) 6 (17.7) 3 (30.0) 0.647
Atrial fibrillation, n (%) 65 (23.1) 30 (19.6) 16 (18.8) 16 (47.1) 3 (30.0) 0.004
Peripheral vascular disease, n (%) 31 (10.9) 13 (8.5) 9 (10.6) 4 (11.8) 5 (50.0) 0.001
COPD, n (%) 50 (17.7) 19 (12.4) 18 (21.2) 7 (20.6) 6 (60.0) 0.001
EURO score [9] 5.3±2.7 4.9±2.7 5.2±2.4 6.3±2.8 8.2±3.8 <0.001*
 eGFR, estimated glomerular filtration rate calculated using formula by Chronic Kidney Disease Epidemiology Collaboration,  CKD-EPI [10]; COPD, 

chronic obstructive pulmonary disease. Linear values denote mean ± SD.
AKI defined by the Renal risk, Injury, Failure, Loss of kidney function, End-stage renal disease (RIFLE) classification [8].
Patients without AKI marked as RIFLE-0. + Including RIFLE-0, -R, -I, -F. * Kruskal–Wallis test.
a Estimated glomerular filtration rate <90 mL/min/1.73 m2.
b Diabetes mellitus includes patients on antidiabetic medication and on insulin.
c Left ventricular ejection fraction <35% or NYHA III/IV.

D
ow

nl
oa

de
d 

by
: 

M
on

as
h 

U
ni

ve
rs

ity
13

0.
19

4.
14

6.
92

 -
 1

1/
13

/2
01

9 
3:

51
:1

3 
A

M



 Fluid Overload and MAP in Cardiac 
Surgery 

Blood Purif 2017;43:298–308
DOI: 10.1159/000455061

301

significantly increasing dose of norepinephrine, there 
was a reduced MAP with worsening RIFLE stage 
 ( Table 4 ). Dose of milrinone also increased accompanied 
by decreasing cardiac indices ( Table 4 ). However, in pa-
tients developing RIFLE stage F – receiving the highest 

milrinone dose – CI was comparable to that of patients 
without AKI and higher compared to that seen with 
 stages R or I.

  During the first 24 h postoperatively, with increasing 
RIFLE stage, patients received significantly higher dose of 

Table 3.  Intra- and postoperative fluid management according to RIFLE stages

Variable RIFLE-0 
(n = 153)

RIFLE-R 
(n = 85)

RIFLE-I 
(n = 34)

RIFLE-F 
(n = 10)

p value

From beginning of anesthesia until arrival in intensive care
Infusion volume, mLa 4,000±950 4,050±1,000 4,100±1,100 4,600±1,000 0.477
Packed red blood cells, mL 230±400 290±440 330±700 360±440 0.685
Fresh frozen plasma, mL 90±250 80±350 150±350 150±250 0.188
Urine output, mL 2,200±1,000 2,150±1,050 2,100±1,500 2,000±1,500 0.503
Drain output, mL 230±240 220±20 140±120 170±130 0.205
Fluid balance, mL 2,100±1,500 2,200±1,600 2,400±2,500 3,050±1,780 0.319
Body water adjusted fluid gain, % 4.8±3.7 4.9±3.5 5.3±5.2 5.9±3.5 0.694
Furosemide, mg 7.4±12.3 19.2±36.1 23.1±30.9 36.5±47.8 <0.001

0–24 h*
Infusion volume, mLa 5,430±1,400 5,760±1,500 5,440±1,760 6,840±1,500 0.017
Packed red blood cells, mL 37±510 640±900 500±730 1,260±1,520 <0.001
Fresh frozen plasma, mL 180±440 330±660 250±700 130±230 0.199
Urine output, mL 3,860±1,900 3,800±2,200 3,450±2,400 3,350±2,490 0.647
Drain output, mL 630±470 770±590 620±400 850±660 0.143
Furosemide, mg 25.8±38.0 39.3±44.2 82.9±129.1 139.8±111.5 <0.001
Lowest hematocrit, % 28.3±4.3 27.8±4.3 27.8±4.4 25.3±4.5 0.160 * From the induction of anesthesia until 24 h after commencement of cardiopulmonary bypass. a Includes pump prime volume.
Linear values denote mean ± SD. All p values by Kruskal–Wallis test. Patients without AKI marked as RIFLE-0.
AKI defined by the Renal risk, Injury, Failure, Loss of kidney function, End-stage renal disease (RIFLE) classification [8].

Table 2.  Interventions and outcome

 RIFLE

tot al 
(n = 282)

0 (n = 153; 
54.2%)

R (n = 85; 
30.1%)

I (n = 34; 
12.1%)

F (n = 10; 
3.6%)

p value+

Interventions
CABG surgery, n (%) 121 (42.9) 64 (41.8) 40 (47.1) 14 (41.2) 3 (30.0) 0.707
Valvular surgery, n (%) 108 (38.3) 69 (45.1) 29 (34.1) 9 (26.5) 1 (10.0) 0.029
CABG and valve surgery, n (%) 34 (12.1) 8 (5.2) 12 (14.1) 8 (23.5) 6 (60.0) <0.001
Thoracic aortic surgery, n (%) 21 (7.5) 13 (8.5) 4 (4.7) 4 (11.8) 0 (0.0) 0.408
Cardiac re-operation, n (%) 17 (6.0) 12 (8.0) 3 (3.2) 1 (3.7) 1 (10.0) 0.415
Duration of CPB, min 115 (95–175) 106 (87–143) 110 (90–177) 134 (108–173) 171 (146–236) 0.005*
Intraoperative hemofiltration, n (%) 23 (8.2) 12 (7.8) 4 (4.7) 5 (14.7) 2 (20.0) 0.160

Outcomes
Need for renal replacement therapy, n (%) 9 (3.2) 0 (0.0) 1 (1.2) 2 (5.9) 6 (60.0) <0.001
Died during hospital stay, n (%) 6 (2.1) 0 (0.0) 1 (1.2) 3 (8.8) 2 (20.0) <0.001
Need for RRT or died during hospital stay, n (%) 10 (3.6) 0 (0.0) 1 (1.2) 3 (8.8) 6 (60.0) <0.001
Intensive care unit, h 45 (29–65) 43 (22–48) 46 (29–71) 71 (50–111) 261 (112–429) <0.001*
Hospital, days 8 (7–10) 7 (7–9) 8 (7–11) 9 (7–13) 25 (13–35) <0.001*
 CABG, coronary artery bypass grafting; CPB, cardiopulmonary bypass. Linear values denote median (25th–75th percentiles).
AKI defined by the Renal risk, Injury, Failure, Loss of kidney function, End-stage renal disease (RIFLE) classification [8].
Patients without AKI marked as RIFLE-0. Renal replacement therapy (RRT). + Including RIFLE-0, -R, -I, -F. * Kruskal–Wallis test.
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furosemide while there was a trend for decreased urine 
output ( Table 3 ). Fluid infusion, balance, and gain were 
significantly different across RIFLE stages ( Fig. 1 a, b,  2 ).

  For prediction of postoperative RRT and mortality, we 
found an AUC-ROC of >0.8 for MAP until arrival in ICU 

( Tables 5 ,  6 ;  Fig. 3 a). Until 24 h postoperatively, AUC-
ROC was >0.85 for MAP ( Fig. 3 b) and doses of norepi-
nephrine and furosemide ( Tables 5 ,  6 ).

  In multivariate regression analysis, we found that the 
mean MAP until arrival in ICU was independently asso-

Table 4.  Intra- and postoperative cardiovascular management and hemodynamics according to RIFLE stages

Variable RIFLE-0 (n = 153) RIFLE-R (n = 85) RIFLE-I (n = 34) RIFLE-F (n = 10) p value

From beginning of anesthesia until arrival in intensive care
Norepinephrine, n (%) 60 (39.2) 34 (40.0) 23 (67.7) 9 (90.0) <0.001
Highest norepinephrine dose, μg/kg/min 0.03±0.06 0.02±0.04 0.04±0.04 0.05±0.04 0.001
Lowest mean arterial pressure, mm Hg 41.0±11.7 38.9±10.0 37.4±11.2 36.4±14.2 0.047
Milrinone, n (%) 65 (42.5) 38 (44.7) 21 (61.8) 10 (100.0) 0.001 
Highest milrinone dose, μg/kg/min 0.12±0.16 0.14±0.17 0.17±0.16 0.26±0.04 0.010
Lowest cardiac index, L/min/m2 2.52±0.55 2.39±0.51 2.25±0.69 2.54±0.49 0.126

0–24 h*
Norepinephrine, n (%) 99 (64.7) 67 (78.8) 31 (91.2) 9 (90.0) 0.003
Highest norepinephrine dose, μg/kg/min 0.05±0.08 0.08±0.08 0.09±0.07 0.29±0.21 <0.001
Lowest mean arterial pressure, mm Hg 65.2±9.6 61.0±10.0 61.8 ±8.9 57.2±12.2 0.001
Milrinone, n (%) 76 (49.7) 45 (52.9) 22 (64.7) 7 (70.0) 0.295
Highest milrinone dose, μg/kg/min 0.14±0.16 0.15±0.18 0.20±0.17 0.28±0.05 0.005
Lowest cardiac index, L/min/m2 2.37±0.43 2.19±0.39 2.13±0.47 2.29±0.51 0.004
Highest lactate, mg/dL 2.5±1.2 2.7±1.4 2.9±1.3 4.5±5.2 0.455 * From the induction of anesthesia until 24 h after commencement of cardiopulmonary bypass.
Linear values denote mean ± SD. p values by Kruskal–Wallis test or chi-square/Fisher’s exact test as appropriate.
AKI defined by the Renal risk, Injury, Failure, Loss of kidney function, End-stage renal disease (RIFLE) classification [8].
Patients without AKI marked as RIFLE-0.
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  Fig. 1.  Total perioperative fluid balance (mL) 0–24 h ( a ) and body 
water adjusted fluid gain (%) ( b ) depicted according to Renal 
risk, Injury, Failure, Loss, End-stage renal disease (RIFLE) stage. 
All  p  values by Kruskal–Wallis test. Patients without AKI 
 (RIFLE-0) had lowest fluid intake: 1,520 ± 2,190 mL. Intermedi-
ate fluid balance observed in stages RIFLE-R 2,200 ± 2,460 mL 

and RIFLE-I 2,100 ± 2,930 mL. Highest fluid balance was found 
in RIFLE-F patients 4,000 ± 1,950 mL,  p   = 0.004. Patients in 
 RIFLE-0 group had lowest body water adjusted fluid gain 2.5 ± 
5.2%. RIFLE-R 4.1 ± 6.1%, RIFLE-I 3.5 ± 6.7%. Patients with 
 RIFLE-F had highest body water adjusted fluid gain 7.6 ± 5.2%, 
 p  = 0.02. 
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ciated with need for RRT and mortality ( Tables 7 ,  8 ). 
 Until 24 h postoperatively, the mean MAP, fluid balance, 
body weight adjusted fluid gain, and highest dose of 
 norepinephrine were independently associated with need 
for RRT and mortality ( Tables 7 ,  8 ).

  Patients who required RRT or died during their 
 hospital stay were significantly older, had increased 
 incidence of renal and vascular disease, prolonged 
 duration of CPB and stay in ICU and in hospital (online 
suppl. Table E1; for all online suppl. material, see www.
karger.com/doi/10.1159/000455061).
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  Fig. 2.  Total applied volume of infusions 
including pump prime volume, packed red 
blood cells, and fresh frozen plasma ac-
cording to Renal risk, Injury, Failure, Loss, 
End-stage renal disease (RIFLE) stages and 
patients without AKI classified as RIFLE-0. 
All  p  values by Kruskal–Wallis test. Total 
infusion volume: RIFLE-0 5,430 ± 1,400 
mL; RIFLE-R 5,760 ± 1,500 mL; RIFLE-I 
5,440 ± 1,760 mL; and RIFLE-F 6,840 ± 
1,500 mL,  p  = 0.017. Packed red blood cells: 
RIFLE-0 37 ± 510 mL, RIFLE-R 640 ± 900 
mL, RIFLE-I 500 ± 730 mL, and RIFLE-F 
1,260 ± 1,520 mL,  p   ≤  0.001. Fresh frozen 
plasma: RIFLE-0 180 ± 440 mL, RIFLE-R 
330 ± 660 mL, RIFLE-I 250 ± 700 mL and 
RIFLE-F 130 ± 230 mL,  p  = 0.199. 

Table 5.  Prediction of postoperative renal replacement therapy (RRT)

 From beginning of anesthesia until arrival in intensive care 0–24 h*
RRT (cut-off: sensitivity /specificity) AUC-ROC 

(95% CI)
p value RRT (cut-off: sensitivity/specificity) AUC-ROC 

(95% CI)
p value

1/urine output (–/–) 0.62 (0.40–0.84) 0.22 1/urine output (–/–) 0.51 (0.30–0.72) 0.95
Fluid volume (–/–) 0.65 (0.46–0.84) 0.13 Fluid volume (–/–) 0.83 (0.70–0.95) 0.001
Fluid balance 

(>3,500 mL: 66.7%/81.5%) 0.72 (0.53–0.92) 0.023 Fluid balance (>4,000 mL: 77.8%/89.3%) 0.84 (0.69–0.99) 0.001
Fluid gain (>5.8%: 66.7%/67.2%) 0.70 (0.51–0.88) 0.048 Fluid gain (>6.7%: 66.7%/79.3%) 0.80 (0.64–0.96) 0.002
Furosemide (>20 mg: 66.7%/66.1%) 0.74 (0.55–0.93) 0.013 Furosemide (>100 mg: 88.9%/91.5%) 0.91 (0.81–1.01) <0.001
Highest norepinephrine dose 

(>0.03 μg/kg/min: 88.9%/65.3%) 0.77 (0.64–0.91) 0.005
Highest norepinephrine dose 

(>0.1 μg/kg/min: 100%/77.9%) 0.92 (0.86–0.98) <0.001
1/mean arterial pressure 

(<60 mm Hg: 71.4%/81.4%) 0.83 (0.71–0.95) 0.003
1/mean arterial pressure 

(<60 mm Hg: 88.9%/67.2%) 0.84 (0.73–0.96) <0.001
Highest milrinone dose 

(>0.2 μg/kg/min: 88.9%/55.4%) 0.70 (0.57–0.84) 0.039
Highest milrinone dose 

(>0.2 μg/kg/min: 100.0%/50.9%) 0.81 (0.72–0.89) 0.002
1/lowest cardiac index 

(<2.4 L/min/m2: 60.0%/46.0%) 0.40 (0.18–0.67) 0.444
1/lowest cardiac index 

(<2.0 L/min/m2: 55.6%/70.5%) 0.58 (0.36–0.80) 0.402
Highest lactate, mg/dL 

(>4.5 mg/dL: 66.7%/94.5%) 0.76 (0.54–0.97) 0.009
1/lowest hematocrit, % 

(<25%: 55.8%/72.7%) 0.71 (0.56–0.87) 0.031* From the induction of anesthesia until 24 h after commencement of cardiopulmonary bypass.
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  Discussion 

 Key Findings 
 In this prospective study, we investigated the influence 

of patients’ characteristics, physiological variables, and 
interventions in the course of hemodynamic and fluid 

management, and outcomes according to CSA-AKI 
 severity.

  With worsening AKI stage, we found a progressive in-
crease of preoperative risk factors for AKI, intraoperative 
interventions, complexity and duration of cardiac sur-
gery, need for RRT, and length of stay in ICU and hospi-

Table 6.  Prediction of in-hospital mortality

From beginning of anesthesia until arrival in intensive care  0–24 h*
mortality (cut-off: 
sensitivity/specificity)

AUC-ROC 
(95% CI)

p value mortality  (cut-off: 
sensitivity/specificity)

AUC-ROC 
(95% CI)

p value

1/urine output (–/–) 0.60 (0.33–0.87) 0.41 1/urine output (–/–) 0.49 (0.20–0.79) 0.95
Fluid volume (–/–) 0.66 (0.34–0.98) 0.18 Fluid volume (–/–) 0.83 (0.63–1.03) 0.006
Fluid balance 

(>3,000 mL: 66.7%/72.7%) 0.67 (0.41–0.92) 0.17
Fluid balance 

(>5,500 mL: 66.7%/96.6%) 0.82 (0.60–1.04) 0.008
Fluid gain 

(>6.5%: 66.7%/73.1%) 0.70 (0.45–0.93) 0.11
Fluid gain 

(>6.1%: 83.3%/76.7%) 0.82 (0.60–1.03) 0.008
Furosemide 

(>20 mg: 66.7%/65.8%) 0.74 (0.53–0.95) 0.043
Furosemide 

(>100 mg: 100%/91.5%) 0.96 (0.93–0.98) <0.001
Highest norepinephrine dose 

(>0.03 μg/kg/min: 83.3%/64.4%) 0.73 (0.53–0.93) 0.054
Highest norepinephrine dose 

(>0.1 μg/kg/min: 100.0%/77.1%) 0.89 (0.81–0.96) 0.001
1/mean arterial pressure 

(<60 mm Hg: 80.0%/81.2%) 0.82 (0.76–0.97) 0.014
1/mean arterial pressure 

(<60 mm Hg: 83.3%/66.5%) 0.85 (0.70–0.99) 0.004
Highest milrinone dose 

(>0.2 μg/kg/min: 66.7%/54.5%) 0.57 (0.37–0.78) 0.539
Highest milrinone dose 

(>0.2 μg/kg/min: 83.3%/50.2%) 0.72 (0.52–0.92) 0.068
1/lowest cardiac index 

(<2.4 L/min/m2: 66.7%/46.2%) 0.55 (0.36–0.73) 0.772
1/lowest cardiac index 

(<2.0 L/min/m2: 83.3%/71.0%) 0.82 (0.70–0.94) 0.008
Highest lactate, mg/dL 

(>4.5 mg/dL: 83.3%/94.5%) 0.84 (0.61–1.08) 0.004
1/lowest hematocrit, % 

(<25%: 83.3%/73.1%) 0.80 (0.64–0.97) 0.011

 * From the induction of anesthesia until 24 h after commencement of cardiopulmonary bypass.

  Fig. 3.   a  Mean arterial pressure (MAP) from start of anesthesia to arrival in the intensive care unit to predict 
mortality. Area under the curve (AUC) 0.82 (0.76–0.97),  p  = 0.014.  b  MAP from start of anesthesia to 24 h post-
operatively to predict mortality. AUC 0.85 (0.70–0.99),  p  = 0.004. 
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tal. Also, AKI severity was associated with significantly 
higher dose of furosemide, vasopressors, and inotropics 
and with increased body weight adjusted fluid gain and 
lower MAP. However, until arrival in ICU, despite inter-
ventions directed at hemodynamic stability, only mean 
MAP showed best discriminatory ability for and was in-

dependently associated with in-hospital mortality. Multi-
variate regression analysis confirmed perioperative mean 
MAP and fluid accumulation as independent predictors 
of RRT and patient survival.

Table 7.  Risk factors for postoperative renal replacement therapy

Variable Univariate Multivariate 

ExpB (95% CI) p value ExpB ( 95% CI) p value

Age, years 1.112 (1.004–1.219) 0.024 1.220 (1.053–1.414) 0.008
Chronic renal impairment 6.635 (1.613–27.292) 0.009 7.793 (0.957–63.468) 0.055
Peripheral vascular disease 4.357 (1.032–18.391) 0.045 2.760 (0.299–25.448) 0.370
Chronic obstructive pulmonary disease 10.364 (2.498–43.004) 0.001 5.519 (0.839–36.318) 0.076
Duration of cardiopulmonary bypass, min 1.011 (1.005–1.017) <0.001 1.019 (1.008–1.030) 0.001
MAP <60 mm Hg

Until arrival in ICU 1.074 (1.027–1.124) 0.002 1.115 (1.019–1.218) 0.017
0–24 h* 1.100 (1.049–1.152) <0.001 1.129 (1.029–1.239) 0.011

Lowest cardiac index, dL/min/m2

Until arrival in ICU 1.058 (0.915–1.222) 0.446 – –
0–24 h* 1.122 (0.951–1.325) 0.170 – –

Urine output, mL
Until arrival in ICU 0.997 (0.991–1.004) 0.471 – –
0–24 h* 1.001 (0.998–1.004) 0.597 – –

Fluid volume, mL
Until arrival in ICU 1.006 (1.000–1.012) 0.056 1.005 (0.998–1.012) 0.134
0–24 h* 1.008 (1.004–1.013) <0.001 1.006 (1.000–1.012) 0.054

Fluid balance, mL
Until arrival in ICU 1.004 (1.001–1.008) 0.006 1.004 (1.001–1.008) 0.031
0–24 h* 1.004 (1.002–1.007) <0.001 1.006 (1.001–1.010) 0.008

Fluid gain, %
Until arrival in ICU 1.155 (1.006–1.327) 0.041 1.130 (0.938–1.361) 0.200
0–24 h* 1.164 (1.058–1.281) 0.002 1.192 (1.016–1.397) 0.031

Highest NE, ng/kg/min
Until arrival in ICU 1.009 (1.000–1.017) 0.047 1.008 (0.996–1.020) 0.205
0–24 h* 1.011 (1.006–1.016) <0.001 1.014 (1.005–1.024) 0.002

Highest milrinone, ng/kg/min
Until arrival in ICU 1.003 (1.000–1.007) 0.072 1.001 (0.997–1.006) 0.560
0–24 h* 1.004 (1.001–1.008) 0.013 1.002 (0.997–1.007) 0.331

Highest furosemide, mg
Until arrival in ICU 1.016 (1.004–1.028) 0.010 1.000 (0.984–1.017) 0.974
0–24 h* 1.009 (1.003–1.016) 0.004 1.006 (1.000–1.011) 0.057

Lowest hematocrit, %
0–24 h* 1.264 (1.053–1.520) 0.012 1.248 (0.966–1.610) 0.090

Highest lactate, mg/dL
0–24 h* 1.584 (1.196–2.099) 0.001 1.673 (1.205–2.322) 0.002

 MAP, mean arterial pressure; NE, norepinephrine; ICU, intensive care unit. * From the induction of anesthesia until 6 or 24 h after 
commencement of cardiopulmonary bypass. Model 0 (including clinically important variables with univariate p < 0.1): age, chronic re-
nal impairment (estimated glomerular filtration rate <60 mL/min/1.73 m2 [10], peripheral vascular disease, chronic obstructive pulmo-
nary disease and duration of cardiopulmonary bypass, min. We included each variable describing hemodynamic or fluid management 
one after another into multivariate regression analysis to exclude interaction. Multivariate model, Hosmer–Lemeshow p = 0.66 and −2 
log likelihood = 41.95, Nagelkerke R Square 0.51.
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  Relationship with Previous Studies 
 Recently, risk factors for adverse outcomes after 

 cardiac surgery have been described including a  positive 
fluid balance  [14, 15]  and cardiovascular instability  [6],  
which are in line with our findings. In critically ill 
 patients, apparently excessive fluid overload has a neg-

ative association with outcome  [16, 17] . Such fluid 
overload appears physiologically undesirable and may 
participate in the pathogenesis of several clinically 
 important complications like impaired wound healing, 
prolonged mechanical ventilation, and risk for pulmo-
nary edema  [18] . The findings being concordant 

Table 8.  Risk factors for in-hospital mortality

Variable Univariate Multivariate 

ExpB (95% CI) p value ExpB  (95% CI) p value

Age, years 1.124 (1.001–1.263) 0.048 1.210 (0.991–1.480) 0.062
Chronic renal impairment 6.363 (1.140–35.53) 0.035 6.682 (0.689–64.79) 0.112
Peripheral vascular disease 8.857 (1.706–45.99) 0.009 11.658 (1.355–100.3) 0.025
Chronic obstructive pulmonary disease 4.872 (0.954–24.89) 0.057 0.688 (0.050–9.451) 0.779
Duration of cardiopulmonary bypass, min 1.010 (1.003–1.016) 0.003 1.021 (1.008–1.035) 0.002
MAP <60 mm Hg

Until arrival in ICU 1.070 (1.011–1.121) 0.018 1.115 (1.009–1.232) 0.033
0–24 h* 1.100 (1.042–1.163) 0.001 1.162 (1.023–1.318) 0.021

Lowest cardiac index, dL/min/m2

Until arrival in ICU 0.953 (0.759–1.197) 0.679 – –
0–24 h* 1.409 (1.125–1.764) 0.003 1.381 (1.014–1.845) 0.029

Urine output, mL
Until arrival in ICU 0.997 (0.989–1.006) >0.99 – –
0–24 h* 1.002 (0.999–1.005) 0.279 – –

Fluid volume, mL
Until arrival in ICU 1.005 (0.998–1.012) 0.189 – –
0–24 h* 1.010 (1.004–1.015) <0.001 1.007 (1.002–1.014) 0.042

Fluid balance, mL
Until arrival in ICU 1.004 (1.001–1.008) 0.036 1.005 (1.000–1.009) 0.053
0–24 h* 1.005 (1.002–1.007) 0.001 1.006 (1.001–1.012) 0.015

Fluid gain, %
Until arrival in ICU 1.164 (0.989–1.369) 0.067 1.205 (0.959–1.514) 0.099
0–24 h* 5.562 (1.003–31.007) 0.049 1.273 (1.039–1.559) 0.020

Highest NE, ng/kg/min
Until arrival in ICU 1.009 (0.999–1.019) 0.085 1.008 (0.995–1.022) 0.224
0–24 h* 1.008 (1.003–1.012) <0.001 1.007 (1.001–1.102) 0.023

Highest milrinone, ng/kg/min
Until arrival in ICU 1.001 (0.996–1.006) 0.653 – –
0–24 h* 1.003 (0.999–1.007) 0.135 – –

Highest furosemide, mg
Until arrival in ICU 1.015 (1.002–1.029) 0.020 1.006 (0.980–1.033) 0.640
0–24 h* 1.013 (1.005–1.021) 0.002 1.014 (1.003–1.027) 0.017

Lowest hematocrit, %
0–24 h* 1.418 (1.114–1.805) 0.005 1.426 (1.063–1.916) 0.018

Highest lactate, mg/dL
0–24 h* 1.644 (1.207–2.238) 0.002 1.752 (1.191–2.576) 0.004

 MAP, mean arterial pressure; NE, norepinephrine. * From the induction of anesthesia until 24 h after commencement of cardiopul-
monary bypass. Model 0 (including clinically important variables with univariate p < 0.1): age, chronic renal impairment (estimated 
glomerular filtration rate <60 mL/min/1.73 m2 CKD-EPI [10], peripheral vascular disease, chronic obstructive pulmonary disease and 
duration of cardiopulmonary bypass, min. We included each variable describing hemodynamic or fluid management one after another 
into multivariate regression analysis to exclude interaction. Multivariate model, Hosmer–Lemeshow p = 0.57 and −2 log likelihood = 
32.07, Nagelkerke R Square 0.47.

D
ow

nl
oa

de
d 

by
: 

M
on

as
h 

U
ni

ve
rs

ity
13

0.
19

4.
14

6.
92

 -
 1

1/
13

/2
01

9 
3:

51
:1

3 
A

M



 Fluid Overload and MAP in Cardiac 
Surgery 

Blood Purif 2017;43:298–308
DOI: 10.1159/000455061

307

with  accumulating literature suggest restrictive fluid 
 management without reporting increased risk for AKI 
 [19, 20] .

  Implications of Study Findings 
 Our findings may have clinical implications because of 

several aspects. Clinical decision-making and therapeutic 
intervention directed at cardiovascular stability such as 
early institution of vasoactive agents instead of prolonged 
fluid administration may be potentially protective to the 
kidney.

  Study Strengths and Limitations 
 Our study has several strengths. It was prospective in 

design and obtained detailed clinical and therapeutic in-
formation. By highlighting the association of physiologi-
cal variables and interventions with AKI severity, our 
study shows that hemodynamic instability and fluid gain 
in AKI is not an on–off phenomenon (AKI yes vs. AKI 
no) but rather a potentially modifiable relationship. Sev-
eral limitations apply to this study. Data were collected in 
a single center and data collection was limited to a short 
perioperative timeframe. Furthermore, although our 
study demonstrated an association between hemody-
namic instability, fluid gain, and AKI severity, this asso-
ciation does not prove causality. Indeed, fluid gain and 
lower MAP in AKI patients may simply be an early sign 
of a worsening patient’s condition and outcome and may 
represent an epiphenomenon for pathophysiological 
changes due to any underlying condition that cause both 
AKI and hemodynamic instability itself, such as vasodila-
tion in the setting of SIRS during and after CPB, which is 

a typical condition after cardiac surgery. However, given 
these observations, early correction of hypotension and 
avoidance of fluid overload seem logical. Though patients 
with advanced CKD were excluded, patients with creati-
nine <300 μmol/L still have substantial CKD and the glo-
merular filtration rate may be low.

  Future research might focus on determination of po-
tential usefulness of markers of renal tubular status  [21] , 
modulation of inflammation and endothelial leakage, ad-
vanced techniques for early detection of cardiac instabil-
ity, and fluid overload  [22]  and enable such interventions 
to be targeted to the correct patients.

  Conclusions 

 In conclusion, reduced MAP and increased fluid 
 balance were independently associated with increased 
mortality and need for RRT after cardiac surgery. These 
observations suggest the need for early correction of 
 hypotension, even in the intraoperative period and make 
the avoidance of fluid overload a logical clinical goal.
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