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Introduction

Fluid resuscitation to increase intravascular volume is a 
common and crucial part of patient management in the 
intensive care unit (ICU) and surgical ICU (1). Fluid 
management is especially critical after cardiac surgery in 
order to maintain adequate preload and cardiac output. The 
literature recommends use of crystalloid solution for this 
purpose (2,3), with normal saline being most commonly 

used (4,5). Recent studies, however, have raised concern that 
excessive use of normal saline may induce hyperchloremic 
acidosis and subsequent acute kidney injury (AKI)  
(6-10). As an alternative to normal saline, balanced solutions 
have become widely used in order to better preserve 
renal function in ICU settings. For instance, the British 
Consensus Guidelines on intravenous fluid therapy for adult 
surgical patients recommend that balanced salt solutions 
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should replace 0.9% saline when crystalloid resuscitation is 
indicated, to reduce the risk of hyperchloremic acidosis (11).  
However, there is insufficient evidence regarding the 
applicability of intravenous fluid therapy in cardiac surgical 
patients, who may be particularly vulnerable to AKI 
following cardiopulmonary bypass (CPB) (12). Therefore, 
we compared the effects of high- and low-volume saline 
administration on postoperative renal function in patients 
who underwent cardiac surgery with CPB.

Methods

Study population

From January 2014 to December 2015, 2,845 consecutive 
adult patients were admitted to the ICU following 
cardiac surgery at Asan Medical Center in Seoul, Korea. 
Of these, we excluded patients who underwent cardiac 
surgery without CPB support, those who underwent heart 
transplantation, and those who preoperatively received 
renal replacement therapy (RRT). Finally, 1,740 consecutive 
patients were enrolled, and their medical records were 
retrospectively reviewed. The study flow chart is shown in 
Figure 1. This study was approved and informed consent 
was waived by the Institutional Review Board (IRB) of our 
institution due to its retrospective nature (IRB number: 
2016-0481).

Intraoperative fluid management

In the operating room, balanced buffered solution (Plasma 
Solution A, chloride concentration 98 mmol/L; CJ 
Healthcare, Seoul, Korea) was used as the priming solution 
for all CPB and for any additional volume requirements 
during CPB. Mean blood pressure was maintained at around 
60 mmHg during CPB. Upon CPB cessation, fluid was 

administered to obtain proper hemodynamic stability based 
on volume status on transesophageal echocardiography. 
After discontinuation of CPB, a renal protective fluid 
strategy consisting of balanced crystalloid solution and a 
limited amount of hydroxyethyl starch (HES) (Hextend 
or Volulyte, CJ Healthcare) (13) was performed by an 
anesthesiologist. Perioperative blood product transfusion 
and fluid administration were performed according to the 
protocol of our institution.

Postoperative fluid management

The fluid management protocol at our ICU included 
initial fluid resuscitation using up to 1 L of crystalloid 
solution. If additional volume was required, additional 
crystalloid solution was used, provided that the patient 
was well-oxygenated. Two kinds of crystalloid solution 
were used: a chloride-rich solution (0.9% saline, chloride 
concentration 150 mmol/L; JW Pharmaceutical, Seoul, 
Korea) and a balanced buffered solution (Plasma Solution 
A; CJ HealthCare). The choice of the crystalloid solution 
was at the physician’s discretion. If crystalloid infusion 
was not effective as a volume expander, 6% HES solutions 
[Hextend 670/0.75, JW Pharmaceutical, or Volulyte 
(130/0.4), Fresenius Kabi, Bad Homburg, Germany] were 
used up to 20 mL/kg as a second line of fluid according to 
the patient’s renal function and coagulation. As a routine 
practice, albumin was not used as a volume expander in the 
immediate postoperative period. As the primary interest 
of our study was to evaluate the effect of high-volume 
saline administration on AKI following cardiac surgery, 
the patients were divided into 2 groups, i.e.,—high-volume 
saline (>1 L) and low-volume saline (≤1 L), according to 
the amount of saline administered during the first 48 hours 
after surgery regardless of fluid management strategy.

2,845 patients following cardiac surgery 

1,740 patients were enrolled

1,105 patients 
were excluded.
Exclusion criteria:
Preoperative dialysis (n=178)
Off pump CABG (n=377)
Other cardiovascular surgery
 without CPB (n=455)
Heart transplantation (n=95)

 Low-volume Saline group (≤1 L)
(n=1,412)

 High-volume Saline group (>1 L)
(n=328)

Figure 1 Study flowchart. CABG, coronary artery bypass graft; CPB, cardiopulmonary bypass.
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Outcomes

The primary outcome was the incidence of postoperative 
AKI, as defined by Kidney Disease: Improving Global 
Outcomes (KDIGO) (stage 1: increase in serum creatinine 
of 1.5–1.9 times the baseline value, stage 2: increase in 
serum creatinine of 2.0–2.9 times baseline, and stage 3: 
increase in serum creatinine of ≥3.0 times baseline or 
initiation of new RRT), and the risk, injury, and failure 
stages of the Risk, Injury, Failure, Loss, End Stage 
classification (14), based on the peak serum creatinine 
level within 2 postoperative days. Secondary outcomes 
were the need for RRT and in-hospital mortality. Baseline 
creatinine was the most recent available preoperative level. 
The creatinine level was measured daily during the first  
2 postoperative days.

Statistical analysis

Statistical analyses were performed using SAS version 
9.3 (SAS Institute, Cary, NC, USA). Data are expressed 
as mean ± SD for continuous variables, and as numbers 
and percentages for categorical variables. Pre- and post-
operative measurements were compared using Student’s 
t-test or the Mann-Whitney U-test. The chi-square test or 
Fisher’s exact test was used to compare categorical variables 
and to assess the statistical significance of differences 
between the 2 groups. A P value of ≤0.05 was considered 
statistically significant in all comparisons. Univariable 
and multivariable analyses were performed for the entire 
patient cohort by using logistic regression for AKI and 
Cox proportional hazards model for in-hospital mortality 
to identify the associations with early adverse outcomes. 
Variables were included in multivariable analysis if their 
univariable significance was <0.1. Backward elimination 
method was used for variable selection.

To reduce the effect of treatment-selection bias and 
potential confounders in this observational study, we 
performed rigorous adjustment for significant differences 
in the baseline patient characteristics using propensity 
score matching (15,16). A propensity score was generated 
for each patient from a multivariable logistic regression 
model based on 15 preoperative characteristic variables 
in Table 1 [age, sex, diabetes mellitus, hypertension, 
cerebrovascular accident, EuroSCORE (European System 
for Cardiac Operative Risk Evaluation), left ventricular 
ejection fraction, medications, and laboratory findings] as 
independent variables, with saline group (saline >1 versus 

≤1 L) as a binary dependent variable. At most, <3% of 
values were missing. To create the propensity score, a single 
imputation using the Monte Carlo method was used to 
fill out incomplete baseline variables with the assumption 
that data were missing at random. The discrimination 
and calibration abilities of each propensity score model 
were assessed using C and Hosmer-Lemeshow statistics. 
The low-volume saline group was then matched with 
the high-volume saline group in a 1:4 (maximum) ratio 
using a greedy matching algorithm. After matching, we 
compared the baseline covariates between the 2 groups as 
the standardized difference of means. In the propensity 
score-matched cohort, the risk of each outcome was 
compared using a logistic regression model with generalized 
estimating equations for AKI, KDIGO, and new RRT, 
and Cox proportional hazard models with robust standard 
errors and a sandwich covariance matrix estimation for in-
hospital mortality, which accounted for the clustering of 
matched pairs. Clinically significant perioperative covariates 
that were not considered in propensity score matching were 
also adjusted in this analysis.

Results

Of the 1,740 patients, 328 (18.8%) were included in 
the high-volume saline group and 1,412 (81.2%) in the 
low-volume saline group. The mean amounts of saline 
administered were 2.47±1.51 and 0.54±0.32 L in the high- 
and low-volume saline group, respectively. The baseline 
patient characteristics are summarized in Table 1. Patients 
in the high-volume saline group had significantly higher 
baseline creatinine levels (P=0.03). More fresh frozen 
plasma (FFP) was perioperatively transfused in this group 
(P=0.006), and hyperchloremia was also more frequently 
observed (P=0.06). The amount of balanced buffered 
solution and HES used were similar between the 2 groups. 
Postoperative findings are summarized in Table 2. 

Risk-adjusted outcomes

To reduce confounding factors in the assessment of 
the effect of saline after cardiac surgery, we performed 
propensity score-matched analysis. A total of 978 patients 
in the low-volume saline group were matched with 291 
patients in the high-volume saline group (Hosmer-
Lemeshow statistic P=0.69, C-statistic value =0.68) (Table 3).  
The propensity-matched analysis did not show any 
significant differences in the outcomes between the  
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Table 1 Preoperative patient characteristics

Preoperative variables Low-volume saline (n=1,412) High-volume saline (n=328) P value Standardized difference of mean

Age, years 58.9±13.7 58.0±14.5 0.30 0.06

Sex (male) 758 (53.6) 190 (57.9) 0.16 0.08

DM 218 (15.4) 61 (18.6) 0.15 0.08

HTN 573 (40.6) 141 (43.0) 0.40 0.05

CVA 73 (5.2) 15 (4.6) 0.67 0.02

EuroSCORE 2.9±4.8 2.6±4.9 0.04 0.05

LVEF, % 58.7±10.3 58.0±10.9 0.33 0.06

Medication

ARB 470 (33.3) 108 (32.9) 0.90 0.01

Diuretics 592 (41.9) 108 (32.9) 0.003 0.18

Insulin 136 (9.6) 34 (10.4) 0.68 0.02

Statins 462 (32.7) 111 (33.8) 0.69 0.02

Laboratory 

Hemoglobin, g/dL 12.7±1.9 12.7±2.1 0.77 0.02

Creatinine, mg/dL 0.87 (0.72, 1.05) 0.9 (0.75, 1.09) 0.03 0.18

GFR, mL/min/1.73 m2 76.8±29.0 74.4±31.5 0.19 0.07

BUN, mg/dL 17.9±9.1 18.5±9.5 0.55 0.06

Total bilirubin, mg/dL 0.5 (0.4, 0.8) 0.5 (0.4, 0.8) 0.24 0.05

Albumin, g/dL 3.65±0.5 3.6±0.5 0.59 0.03

Results are presented as mean ± SD, number (percentage) or median (IQR). DM, diabetes mellitus; HTN, hypertension; CVA, cerebrovascular 
accident; EuroSCORE, European System for Cardiac Operative Risk Evaluation; LVEF, left ventricular ejection fraction; ARB, angiotensin 
receptor blockers; GFR, glomerular filtration rate; BUN, blood urea nitrogen.

Table 2 Perioperative findings

Perioperative variables Low-volume saline (n=1,412) High-volume saline (n=328) P value Standardized difference of mean

CPB time, min 146.9±68.9 149.3±73.2 0.58 0.03

ACC time 95.4±48.5 92.3±52.1 0.31 0.06

Operation 0.34 0.13

Valve 912 (64.6) 201 (61.3)

CABG 87 (6.2) 27 (8.2)

Valve + CABG 50 (3.5) 15 (4.6)

Aorta 200 (14.2) 53 (16.2)

Others 163 (11.5) 32 (9.8)

Postop. ECMO 42 (3.0) 12 (3.7) 0.52 0.04

Re-exploration 35 (2.5) 13 (4.0) 0.13 0.08

Table 2 (continued)



6757

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2018;10(12):6753-6762jtd.amegroups.com

Journal of Thoracic Disease, Vol 10, No 12 December 2018

Table 2 (continued)

Perioperative variables Low-volume saline (n=1,412) High-volume saline (n=328) P value Standardized difference of mean

ICU stay, days 3.5±9.7 3.3±7.0 0.72 0.03

Late mortality 54 (3.8) 20 (6.1) 0.06 0.11

Fluid and solute administration 

Saline, L 0.5 (0.5–1.0) 2 (1.5–2.5) <0.001 1.76

Saline, mL/kg 8.4 (6.6–12.1) 32 (25.1–46) <0.001 1.75

Balanced solution, L 3 (3–3.5) 3.5(3–3.5) 0.07 0.08

Balanced solution, mL/kg 50.5 (41.1–61.0) 51.7 (43.6–62.0) 0.09 0.09

Colloid, L

HES (670/0.75), L 0.5 (0.5–0.5) 0.5 (0.5–0.5) 0.29 0.09

HES (670/0.75), mL/kg 8.1 (7.1–9.3) 8.2 (7.0–9.6) 0.46 0.11

HES (130/0.4), L 0.5 (0–0.5) 0.5 (0–0.5) 0.20 0.05

HES (130/0.4), mL/kg 7.5 (0–10.4) 7.3 (0–10.4) 0.41 0.05

Transfusion 

RBC, n (%) 653 (46.2) 160 (48.8)

RBC, L 2 (1.2–3.2) 2 (1.2–4) 0.03 0.17

FFP, n (%) 505 (35.8) 141 (43.0)

FFP, L 1.2 (0.8–2.4) 1.2 (0.8–3.2) 0.12 0.08

Cryoprecipitate, n (%) 389 (27.5) 100 (30.5)

Cryoprecipitate, L 4 [4–4] 4 [4–4] 0.72 0.10

Platelet concentrate, n (%) 297 (21.0) 80 (24.4)

Platelet concentrate, L 4 (4–6.4) 4 [4–8] 0.01 0.39

Chloride, >110 mmol/L 355 (25.1) 99 (30.2) 0.06 0.11

Outcome variables

AKI 126 (8.9) 31 (9.5)

Risk 90 (6.4) 18 (5.5)

Injury 28 (2.0) 11 (3.4)

Failure 8 (0.6) 2 (0.6)

KDIGO 159 (11.3) 40 (12.2)

KDIGO ≥2 85 (6.0) 24 (7.3)

New RRT 66 (4.7) 19 (5.8)

In-hospital mortality 50 (3.5) 14 (4.3)

Results are presented as mean ± SD, number (percentage) or median (IQR). CPB, cardiopulmonary bypass; ACC, aortic cross-clamp; 
CABG, coronary artery bypass graft; ECMO, extracorporeal membrane oxygenation; RBC, red blood cells; FFP, fresh frozen plasma; HES, 
hydroxyethyl starch; AKI, acute kidney injury; KDIGO, Kidney Disease: Improving Global Outcomes; RRT, renal replacement therapy; ICU, 
intensive care unit.
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Table 3 Comparison of propensity score-matched patients

Variables Low-volume saline (n=978) High-volume saline (n=291) Standardized difference of mean

Age 58.4±14.2 58.0±14.4 0.03

Sex (male) 570 (58.3) 166 (57.0) 0.02

DM 158 (16.2) 48 (16.5) 0.009

HTN 391 (40.0) 120 (41.2) 0.02

CVA 49 (5.0) 10 (3.4) 0.07

EuroSCORE 2.6±4.4 2.5±5.0 0.02

LVEF (%) 58.4±10.4 58.6±10.2 0.02

Medication

ARB 339 (34.7) 96 (33.0) 0.03

Diuretic 349 (35.7) 95 (32.6) 0.06

Insulin 100 (10.2) 25 (8.6) 0.05

Statin 320 (32.7) 93 (32.0) 0.01

Laboratory 

Hemoglobin, g/dL 12.8±1.9 12.8±2.0 0.005

Creatinine, mg/dL 1.0±0.8 1.0±0.9 0.05

BUN, mg/dL 17.8±9.2 17.8±8.1 0.005

Total bilirubin, mg/dL 0.7±0.6 0.6±0.6 0.02

Albumin, 3.6±0.5 3.6±0.5 0.03

Operative variables 0.04

Valve 630 (64.4) 187 (64.3)

CABG 66 (6.7) 20 (6.9)

Valve + CABG 40 (4.1) 10 (3.4)

Aorta 145 (14.8) 43 (14.8)

Others 97 (9.9) 31 (10.7)

HES (670/0.75) 0.5±0.2 0.5±0.3 0.02

HES (130/0.4) 0.4±0.4 0.4±0.4 0.07

Results are presented as mean ± SD or number (percentage). DM, diabetes mellitus; HTN, hypertension; CVA, cerebrovascular accident; 
EuroSCORE, European System for Cardiac Operative Risk Evaluation; LVEF, left ventricular ejection fraction; ARB, angiotensin receptor 
blocker; BUN, blood urea nitrogen; CABG, coronary artery bypass graft; HES, hydroxyethyl starch.

2 groups in terms of AKI incidence (OR, 1.22; 95% CI, 
0.77–1.93; P=0.38), need for RRT (OR, 1.25; 95% CI, 
0.68–2.28; P=0.45), and in-hospital mortality (HR, 0.98; 
95% CI, 0.48–2.02; P=0.97). 

In this propensity score-matched dataset, adjustment was 
performed for 5 clinically significant covariates, namely, CPB 
time, use of FFP, cryoprecipitate transfusion, postoperative 
extracorporeal membrane oxygenation (ECMO), and 

postoperative bleeding. This analysis also showed that high-
volume saline administration did not significantly affect 
postoperative kidney function or mortality. The analysis of 
each outcome is summarized in Table 4. 

Sensitivity analysis

In our study, the patients were divided into 2 groups 
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according to the amount of saline administered during 
the first 48 hours after surgery and the incidence of 
postoperative AKI was defined based on the peak serum 
creatinine level within 2 postoperative days. To overcome 
the duplication of the duration of saline infused and the 
peak creatinine obtained for defining AKI, additional 
validity analyses were done. We evaluated the association 

between the total amount of saline administered on POD#0 
only and we defined AKI according to the peak creatinine 
level on POD#2. These analyses showed consistent results 
with our initial data as summarized in Table 5.

Determinants of AKI and mortality

In univariable analysis, the total amount of saline 
administered did not significantly increase the risk of AKI 
(OR, 1.06; 95% CI, 0.70–1.61; P=0.76), need for RRT (OR, 
1.25; 95% CI, 0.74–2.12; P=0.39), and in-hospital mortality 
(HR, 1.20; 95% CI, 0.66–2.17; P=0.53). Multivariable 
analysis also showed that the total amount of saline 
administered was not associated with a significant increase 
in the risk of AKI (OR, 1.00; 95% CI, 0.62–1.58; P=0.97), 
need for RRT (OR, 1.02; 95% CI, 0.54–1.83; P=0.93), 
and in-hospital mortality (HR, 0.67; 95% CI, 0.35–1.28; 
P=0.23). Age, CPB time, FFP transfusion, and postoperative 
ECMO support were identified as risk factors for AKI, need 
for RRT, and in-hospital mortality (Tables S1-S3).

Table 4 Analysis of outcomes

Outcomes Model OR 95% CI P value

AKI (RIFLE) Crude 1.06 0.70–1.61 0.76

Propensity score matching 1.22 0.77–1.93 0.38

Propensity score matching (adjusted for covariates) 1.10 0.67–1.81 0.67

Multivariable adjusted 1.00 0.62–1.58 0.97

KDIGO Crude 1.09 0.74–1.56 0.63

Propensity score matching 1.23 0.81–1.86 0.31

Propensity score matching (adjusted for covariates) 1.11 0.71–1.74 0.63

Multivariable adjusted 0.94 0.61–1.42 0.79

RRT Crude 1.25 0.74–2.12 0.39

Propensity score matching 1.25 0.68–2.28 0.45

Propensity score matching (adjusted for covariates) 1.17 0.60–2.28 0.63

Multivariable adjusted 1.02 0.54–1.83 0.93

Hospital 
mortality

Crude 1.20 0.66–2.17 0.53

Propensity score matching 0.98 0.48–2.02 0.97

Propensity score matching (adjusted for covariates) 0.87 0.37–2.01 0.74

Multivariable adjusted 0.67 0.35–1.28 0.23

Covariates: cardiopulmonary bypass time, use of fresh frozen plasma, cryoprecipitate transfusion, postoperative extracorporeal membrane 
oxygenation, and postoperative bleeding. AKI, acute kidney injury; RIFLE, Risk, Injury, Failure, Loss, End Stage; KDIGO, Kidney Disease: 
Improving Global Outcomes; RRT, renal replacement therapy.

Table 5 Sensitivity analysis

Outcomes Variables OR 95% CI P value

AKI Total amount of saline 1.08 0.88–1.88 0.41

(RIFLE) Saline >1 L 1.49 0.87–2.57 0.14

Saline >2 L 1.70 0.71–4.06 0.22

KDIGO Total amount of saline 0.98 0.77–1.26 0.92

Saline >1 L 1.49 0.87–2.57 0.14

Saline >2 L 1.07 0.38–3.02 0.88

AKI, acute kidney injury; RIFLE, Risk, Injury, Failure, Loss, End 
Stage; KDIGO, Kidney Disease: Improving Global Outcomes.
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Discussion

We compared the impact of high- and low-volume saline 
administration on kidney function after cardiac surgery 
using CPB, and found that high-volume administration 
was not significantly associated with an increased risk of 
postoperative AKI, need for RRT, or in-hospital mortality. 
These findings remained unchanged after adjustment for 
baseline characteristics and propensity score matching. 
Our finding is in line with that of a randomized controlled 
trial (17) that compared the effect of a buffered crystalloid 
solution and saline on AKI in critically ill patients, and 
demonstrated that the incidence of AKI and need for new 
RRT were similar for both solutions.

Some reports on postoperative fluid management 
strategy would seem to disagree with our results. A 
prospective pilot study (18) argued that a chloride-
restricted strategy was associated with a significant decrease 
in the incidence of AKI as well as the need for RRT in 
critically ill patients. However, this trial was carried out 
on a relatively heterogeneous population, of which only 
40–50% had cardiovascular disease or were in post-cardiac 
surgical settings. Another recent study showed that the use 
of balanced crystalloid solution for fluid resuscitation was 
associated with lower postoperative mortality and renal 
failure in patients undergoing abdominal surgery (19). 
Importantly, the patients in that study also differed from our 
patients, who had concurrent cardiac disease and possible 
kidney dysfunction. One retrospective observational study 
that focused on patients undergoing off-pump coronary 
artery bypass surgery demonstrated the efficacy of a 
perioperative renal protective fluid management strategy 
consisting of balanced solution instead of chloride-rich 
saline (13). However, the subjects included in that study 
may not be representative of all patients undergoing cardiac 
surgery with CPB. 

The majority of valvular, coronary, and aortic surgeries 
are performed with CPB, which carries the risk of 
multiorgan and kidney injury. The pathophysiology of 
kidney injury associated with CPB has been attributed 
to cellular ischemia and consequent injury to tubular 
epithelium and vascular endothelium in the kidney (20-23). 
The mean arterial blood pressure during cardiac surgery 
is often at or below the lower limits of autoregulation. In 
addition, many patients undergoing cardiac surgery have 
impaired autoregulation due to preexisting comorbidities 
such as advanced age, atherosclerosis,  or chronic 
hypertension; these patients may also be receiving drugs 

that impair kidney autoregulation (e.g., angiotensin receptor 
blockers) (20). 

Postoperative administration of chloride-rich fluid has 
been examined in vulnerable patients, and some physicians 
preferred using buffered crystalloid solution to protect renal 
function. However, in our study, the high-volume saline 
group did not show significantly worse outcomes in terms 
of kidney function and survival than the low-volume saline 
group. Of course, as shown in Table 2, the 2 groups received 
similar amounts of balanced solution and colloid. The 
only difference was the total amount of saline. Therefore, 
patients in the high-volume saline group received more 
total fluid than the low-volume saline group. This implies 
that the beneficial effect of hydration with high-volume 
infusion of saline may outweigh the potential adverse effect 
of hyperchloremic metabolic acidosis that may result from 
saline infusion. A recently published randomized controlled 
trial on the effect of restricting chloride perioperatively 
also concluded that liberal chloride loading perioperatively 
was not associated with AKI or new RRT after cardiac  
surgery (24), which is concordant with our findings. The risk 
factor analysis in our study identified age, type of operation, 
CPB time, postoperative ECMO, and transfusion as risk 
factors, similar to the findings in a previous report (12).  
This suggests that liberal postoperative saline fluid 
management has limited effect on kidney function, while 
preoperative and operative CPB factors act as strong 
determinants of kidney injury in this subset of patients. The 
types of fluid administered after surgery do not seem to 
significantly affect the postoperative course. In addition, the 
mean duration of ICU stay after cardiac surgery was 2 days, 
which is a relatively short time, and hyperchloremia caused 
by high-volume saline administration over a short duration 
such as 2 days is unlikely to be associated with an increased 
risk of AKI and need for RRT.

There are several limitations to our study. First, this was 
a retrospective, observational study and not a randomized 
controlled trial. Comparison between the 2 groups may be 
biased by potential confounding factors, even though we 
performed propensity score matching and multivariable 
adjustment analysis to avoid potential bias. Second, the 
amount of saline administered in the high-volume saline 
group was 2.47 L on average, because colloids or blood 
products were also used to expand the intravascular 
volume if crystalloid alone was not effective for volume 
resuscitation. Thus, the total amount of saline may not be 
enough to affect kidney function in combination with other 
preoperative and intraoperative factors. 
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Conclusions

High-volume saline administration (>1 L) after cardiac 
surgery with CPB was not significantly associated with an 
increased risk of AKI, need for RRT, or in-hospital mortality. 
A further randomized controlled study on the liberal use of 
saline and its safety in patients undergoing cardiac surgery is 
necessary for a more decisive recommendation.
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Table S1 Analysis of risk factors for acute kidney injury (risk, injury, and failure stage as defined by the RIFLE criteria)

Variables
Univariate analysis Multivariable analysis

OR 95% CI P value OR 95% CI P value

Preoperative variables

Sex (male) 1.17 0.84–1.62 0.35 

Age 1.03 1.01–1.04 <0.001 1.02 1.01–1.04 0.004 

Type of operation 0.00

CABG 0.96 0.47–1.97 0.92 

Valve + CABG 1.80 0.86–3.77 0.12 

Aorta 2.05 1.37–3.06 <0.001

Others 0.54 0.27–1.10 0.09 

DM 1.71 1.15–2.53 0.01 

HTN 1.28 0.92–1.77 0.15 

CVA 1.16 0.57–2.35 0.69 

EuroSCORE 1.05 1.03–1.08 <0.001

LVEF 0.99 0.97–1.00 0.12 

Medication

ARB 1.23 0.88–1.73 0.22 

Diuretic 1.61 1.16–2.24 0.00 

Hypoglycemic agent 2.09 1.36–3.21 0.00 

ACE inhibitor 1.71 1.07–2.73 0.02 

Insulin 2.32 1.49–3.59 <0.001 2.40 1.43–3.94 0.001 

Statin 1.41 1.01–1.97 0.05 

Antiplatelet 1.71 1.23–2.39 0.00 

Hemoglobin 0.82 0.75–0.89 <0.001

Creatinine 0.73 0.50–1.05 0.09 

GFR 0.99 0.98–1.00 0.08

Total bilirubin 1.27 1.06–1.52 0.01 

Albumin 0.44 0.33–0.58 <0.001

BUN 1.01 0.99–1.02 0.46 

Perioperative variables

CPB time 1.01 1.01–1.01 <0.001 1.01 1.00–1.01 <0.001

ACC time 1.01 1.01–1.02 <0.001

Transfusion

RBC 1.48 1.38–1.59 <0.001

PC 1.24 1.19–1.30 <0.001

FFP 1.45 1.34–1.56 <0.001 1.22 1.10–1.34 <0.001

CRYO 1.36 1.28–1.45 <0.001 1.16 1.07–1.26 <0.001

ECMO 11.97 6.82–21.01 <0.001 4.11 1.95–8.63 <0.001

Re-exploration 8.11 4.45–14.77 <0.001

Hyperchloremia 1.23 0.86–1.77 0.25 

Total amount of NS 1.07 0.93–1.23 0.33 

NS (>1 L) 1.07 0.71–1.61 0.76 

NS (>2 L) 1.04 0.55–1.98 0.91 

RIFLE, Risk, Injury, Failure, Loss, End Stage; OR, odds ratio; CI, confidence interval; CABG, coronary artery bypass graft; DM, diabetes 
mellitus; HTN, hypertension; CVA, cerebrovascular accident; LVEF, left ventricular ejection fraction; ARB, angiotensin receptor blockers; 
ACE, angiotensin-converting enzyme; GFR, Glomerular filtration rate using Cockcroft-Gault formula; BUN, blood urea nitrogen; CPB, 
cardiopulmonary bypass; ACC, aortic cross clamp; RBC, red blood cell; PC, platelet concentrate; FFP, fresh frozen plasma; CRYO, 
cryoprecipitate; ECMO, extracorporeal membrane oxygenation; NS, normal saline.
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Table S2 Risk factor analysis for renal replacement therapy 

Variables
Univariate analysis Multivariable analysis

OR 95% CI P value OR 95% CI P value

Preoperative variables

Sex (male) 0.83 0.53–1.29 0.41 

Age 1.04 1.02–1.06 <0.001 1.03 1.00–1.05 0.02 

Type of operation 0.02 

CABG 1.88 0.86–4.10 0.11 

Valve + CABG 1.20 0.36–3.99 0.76 

Aorta 2.49 1.47–4.21 0.00 

Others 1.06 0.49–2.30 0.87 

DM 2.30 1.41–3.73 0.00 

HTN 1.43 0.92–2.21 0.11 

CVA 1.74 0.78–3.90 0.18 

Euro score 1.07 1.04–1.09 <0.001

LVEF 0.96 0.94–0.98 <0.001 0.97 0.95–0.99 0.001 

Medication

ARB 1.51 0.97–2.35 0.07 

Diuretics 2.00 1.29–3.10 0.00 

Hypoglycemic agents 3.07 1.84–5.12 <0.001

ACE inhibitor 1.50 0.80–2.83 0.20 

Insulin 3.09 1.82–5.24 <0.001

Statin 1.31 0.84–2.05 0.24 

Antiplatelet 1.64 1.06–2.56 0.03 

Hemoglobin 0.70 0.62–0.78 <0.001 0.81 0.71–0.91 0.001 

Creatinine 1.23 1.05–1.44 0.01 

GFR 0.98 0.97–0.98 <0.001 0.98 0.97–0.99 0.006

Total bilirubin 1.24 1.00–1.55 0.05 

Albumin 0.26 0.19–0.37 <0.001

BUN 1.06 1.04–1.08 <0.001

Perioperative variables

CPB time 1.01 1.01–1.01 <0.001 1.00 1.00–1.01 0.008 

ACC time 1.01 1.01–1.02 <0.001

Transfusion

RBC 1.45 1.34–1.57 <0.001

PC 1.26 1.20–1.31 <0.001

FFP 1.43 1.32–1.55 <0.001

CRYO 1.45 1.34–1.56 <0.001 1.29 1.18–1.41 <0.001

ECMO 17.71 9.74–32.22 <0.001 4.81 2.36–9.61 <0.001

Re-exploration 10.53 5.47–20.29 <0.001

Hyperchloremia 1.12 0.69–1.82 0.64 

Total amount of NS 0.98 0.79–1.22 0.89 

NS (>1 L) 1.25 0.74–2.12 0.40  

NS (>2 L) 0.85 0.34–2.15 0.74 

OR, odds ratio; CI, confidence interval; CABG, coronary artery bypass graft; DM, diabetes mellitus; HTN, hypertension; CVA, 
cerebrovascular accident; LVEF, left ventricular ejection fraction; ARB, angiotensin receptor blockers; ACE, angiotensin-converting enzyme; 
GFR, Glomerular filtration rate using Cockcroft-Gault formula; BUN, blood urea nitrogen; CPB, cardiopulmonary bypass; ACC, aortic cross 
clamp; RBC, red blood cell; PC, platelet concentrates; FFP, fresh frozen plasma; CRYO, cryoprecipitate; ECMO, extracorporeal membrane 
oxygenation; NS, normal saline.



Table S3 Risk factor analysis for in-hospital mortality 

Variables
Univariate analysis Multivariable analysis

HR 95% CI P value HR 95% CI P value

Preoperative variables

Sex (male) 0.99 0.61–1.62 0.97 

Age 1.05 1.03–1.07 <0.001 1.05 1.02–1.07 <0.001

Type of operation 0.10 

CABG 1.83 0.77–4.38 0.17 

Valve + CABG 2.76 1.08–7.09 0.03 

Aorta 1.94 1.03–3.63 0.04 

Others 1.25 0.55–2.83 0.59 

DM 2.63 1.56–4.42 <0.001

HTN 1.64 1.01–2.69 0.05 

CVA 1.27 0.46–3.49 0.64 

Euro score 1.06 1.05–1.08 <0.001

LVEF 0.96 0.94–0.98 <0.001

Medication

ARB 1.48 0.90–2.42 0.12 

Diuretics 1.70 1.04–2.78 0.03 

Hypoglycemic agents 2.77 1.57–4.87 <0.001

ACE inhibitor 2.09 1.12–3.91 0.02 

Insulin 4.32 2.55–7.34 <0.001 2.06 1.18–3.61 0.01 

Statin 1.23 0.74–2.04 0.42 

Antiplatelet 2.35 1.44–3.83 0.001 

Hemoglobin 0.60 0.53–0.68 <0.001 0.80 0.71–0.91 <0.001

Creatinine 1.41 1.27–1.57 <0.001

GFR 0.97 0.96–0.98 <0.001

Total bilirubin 1.41 1.22–1.64 <0.001

Albumin 0.26 0.19–0.35 <0.001

BUN 1.04 1.03–1.06 <0.001

Perioperative variables

CPB time 1.01 1.01–1.01 <0.001 1.01 1.00–1.01 0.002 

ACC time 1.01 1.01–1.01 <0.001

Transfusion

RBC 1.24 1.20–1.28 <0.001

PC 1.20 1.17–1.24 <0.001

FFP 1.23 1.20–1.27 <0.001 1.12 1.05–1.19 <0.001

CRYO 1.31 1.23–1.39 <0.001

ECMO 39.88 24.34–65.33 <0.001 12.60 7.42–21.41 <0.001

Re-exploration 14.75 8.37–26.00 <0.001

Hyperchloremia 0.86 0.48–1.53 0.60 

Total amount of NS 1.08 0.89–1.32 0.45 

NS (>1 L) 1.20 0.67–2.18 0.54 

NS (>2 L) 1.17 0.47–2.90 0.74 

HR, hazard ratio; CI, confidence interval; CABG, coronary artery bypass graft; DM, diabetes mellitus; HTN, hypertension; CVA, 
cerebrovascular accident; LVEF, left ventricular ejection fraction; ARB, angiotensin receptor blockers; ACE, angiotensin-converting enzyme; 
GFR, Glomerular filtration rate using Cockcroft-Gault formula; BUN, blood urea nitrogen; CPB, cardiopulmonary bypass; ACC, aortic cross 
clamp; RBC, red blood cell; PC, platelet concentrates; FFP, fresh frozen plasma; CRYO, cryoprecipitate; ECMO, extracorporeal membrane 
oxygenation; NS, normal saline.


