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OVERVIEW 

Cardiac surgery is a procedure that is commonly performed worldwide. It was reported 

that the total volume of all cardiac surgical procedures in 2017 was 292,500 in US. In 

China, from January 2013 to December 2014, there was complete in-hospital data for 

46,303 operations submitted to national database. Despite of technical advances, 

cardiac surgery remained to be a high-risk surgery with amounts of post-operative 

complications, such as acute kidney injury (AKI), prolonged mechanical ventilation (MV), 

myocardial infarction, and stroke as well as cognitive dysfunction. Cardiovascular 

diseases and subsequent cardiac surgeries and complications have placed huge 

burdens on the patients, healthcare system and society.  

Among all the risk factors, massive hemolysis induced by CPB, blood transfusion and 

prolonged surgical procedures is a major contributor to post-operative complications. 

During hemolysis, red blood cells release free hemoglobin (fHb) into the plasma in the 

form of ferrous oxyhemoglobin (Oxy-Hb). Oxy-Hb reacts quickly with plasma nitric oxide 

(NO) in a dioxygenation reaction to form ferric methemoglobin (Met-Hb), limiting NO 

bioavailability and leading to NO depletion. As a vasodilator, NO can permeate the 

alveoli-capillary membrane and activate guanylate cyclase, which converts guanosine 

triphosphate to cyclic guanosine monophosphate (cGMP), resulting in vasorelaxation, 

enhanced neuronal transmission, reduced apoptosis, inhibition of neutrophil aggregation 
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and adhesion, and modulation of vascular smooth muscle proliferation. Therefore, NO 

depletion always introduces increased pulmonary vascular resistance (PVR), AKI, 

endothelium dysfunction, and systemic inflammation, which are significant causes of 

mortality in patients undergoing open-heart surgery. 

AKI is the most common complication, occurring in 30-70% of patients undergoing 

cardiopulmonary bypass (CPB), leading to prolonged stay of intensive care unit (ICU) 

and higher post-operative mortality. Currently, AKI diagnosis is based on KDIGO criteria 

evaluating serum creatinine (SCr) and urine output. However, SCr has been challenged 

as it rises slowly after an initial insult (usually 48-72 h) and is influenced by numerous 

non-renal factors. Urinary biomarkers have been extensively studied as promising 

strategy for early diagnosis. Early identification of patients with high risk of AKI based on 

urinary biomarkers (4h after admission to the ICU) and intervention showed promising 

effect on the frequency and severity of postoperative AKI. However, none of the current 

available urinary biomarkers met the criteria for optimal biomarker: (1) easily detected 

and available in almost all the hospitals; (2) identify high risk of AKI immediately after 

operation.  

In addition, current therapeutic recommendations mostly focused on organ support and 

homeostasis other than targeting the pathogenesis, leading incidence of postoperative 

AKI remain to be high despite of early implementation of KDIGO guideline. Theoretically, 
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supplement of NO could reduce the risk of AKI and this hypothesis has been supported 

by a randomized controlled trial (RCT). However, the effect of NO delivery on renal 

function has been challenged by a meta-analysis, in which most of the included studies 

were conducted in acute respiratory distress syndrome (ARDS). In general, both of the 

early diagnosis and etiological treatment are warranted in postoperative AKI after 

open-heart surgery. 

In this project, we sought to determine whether the surrogate of hemolysis (i.e., free 

hemoglobin) related measurements could early identify patients with high risk of AKI 

through a secondary analysis of an RCT and clarify whether NO supplement could 

reduce risk of postoperative AKI after open-heart surgery based on a systematic review 

and meta-analysis.
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ABSTRACT 

Background: Cardiac surgery with cardiopulmonary bypass (CPB) is associated with a 

high risk of hemolysis-induced acute kidney injury (AKI). Due to shortcomings of current 

diagnostic strategies, we sought to determine whether free hemoglobin (fHb) ratio could 

predict AKI after open-heart surgery. 

Methods: This is a secondary analysis of a randomized controlled trial comparing the 

effect of nitric oxide (intervention) versus nitrogen (control) on AKI after cardiac surgery. 

110 adult patients in the control arm were included. First, we determined whether fHb 

ratio (i.e., levels of fHb at the end of CPB divided by baseline fHb) was associated with 

AKI via univariable and multivariable analyses. Second, we verified whether fHb ratio 

could predict AKI and incorporation of fHb ratio could improve predictive performance of 

AKI at an early stage, compared with urinary biomarkers alone. We conducted restricted 

cubic spline in logistic regression for model development. We used bootstrap-based 

internal validation for validation. We also employed concordance (c) statistic, area under 

curve (AUC) test, resampling model calibration, and likelihood ratio test to compare the 

predictive performance (i.e., discrimination and calibration) between competing models. 

Results: Data stratified by median fHb ratio showed that subjects with an fHb ratio >2.23 

presented higher incidence of AKI (80.0% vs. 49.1%, p=0.001), more need of renal 

replacement therapy (10.9% vs. 0%, p=0.036), and higher 28-day mortality (10.9% vs. 
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0%, p=0.036) than subjects with an fHb ratio ≤2.23. fHb ratio was associated with AKI 

after adjustment for pre-established factors. Levels of fHb ratio peaked immediately at 

the end of CPB, while levels of urinary biomarkers did not surge until the admission to 

the ICU. Among the four biomarkers measured at the end of CPB, fHb ratio 

outperformed other biomarkers with the highest AUROC of 0.703 (0.600-0.806), best 

calibration, and minimal optimism (bootstrap-adjusted AUROC 0.704, 95% CI 

0.592-0.804). Incorporation of fHb ratio at the end of CPB achieved better predictive 

performance in terms of better discrimination (0.771 versus 0.653, p= 0.012) and 

calibration (p<0.001). 

Conclusions: fHb ratio at the end of CPB is a novel biomarker for AKI after open-heart 

surgery and incorporation of fHb ratio can achieve better predictive performance at an 

early stage, compared with prediction using urinary biomarkers alone.  

Keywords: Cardiac surgery, cardiopulmonary bypass, acute kidney injury, free 

hemoglobin ratio, prediction. 
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INTRODUCTION 

Acute kidney injury (AKI) is a common complication among patients undergoing 

cardiopulmonary bypass (CPB) (1-3), leading to prolonged stay in the intensive care unit 

(ICU) and higher postoperative mortality (4). Early identification paired with effective 

intervention has reduced the frequency and severity of postoperative AKI (2), indicating 

that early diagnosis is extremely warranted. 

Currently, AKI diagnosis is based on KDIGO criteria evaluating serum creatinine (SCr) 

and urine output (5). However, SCr has been challenged as it rises slowly after an initial 

insult (usually 48-72 h) and is influenced by numerous non-renal factors (6-8). Urinary 

biomarkers have been extensively studied as promising strategy for early diagnosis. 

However, the following issues may limit urinary biomarkers to be widely used: (1) The 

detection needs specific testing facilities, which may not be available in all the hospitals; 

(2) The visible elevation can only be observed several hours after surgery (9), which still 

delayed the treatment to get maximum clinical benefit; (3) Most studies involved with 

urinary biomarkers (9-12) have been limited by the absence of statistical methods to 

account for overfitting due to small sample size (13) and non-linear correlation (14), 

leading to poor generalizability and flexibility; and (4) Urinary biomarkers prominently 

manifest tubular epithelium injury. New biomarkers concerning the cause of AKI induced 

by open-heart surgery are needed. 
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Hemolysis with subsequent free hemoglobin (fHb) released by red blood cells is a 

significant contributor to AKI among patients undergoing CPB (15, 16). Levels of fHb 

peaked 15 min after weaning of CPB (17) and patients with AKI display significantly 

higher fHb levels compared to patients without AKI (16). In addition, the difference 

between levels of fHb at the end of CPB and baseline (∆fHb) was associated with AKI in 

pediatric patients (18). Whether ∆fHb or fHb ratio, defined as levels of fHb at the end of 

CPB divided by fHb at baseline, are independent risk factors of AKI in adult patients 

requires further investigation. Moreover, whether ∆fHb or fHb ratio could predict AKI 

remains unclear. 

Therefore, we performed a secondary analysis on the control arm of a randomized 

controlled trial (3) to determine whether ∆fHb or fHb ratio, an easily detected surrogate of 

hemolysis, could be identified as an early biomarker for postoperative AKI after 

open-heart surgery and whether incorporation of fHb ratio could improve predictive 

performance, compared with using urinary biomarkers alone. 
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METHODS 

Study Design 

We performed a secondary analysis of the RCT (3) conducted in the Departments of 

Anesthesiology and Cardiovascular Surgery of Xijing Hospital, Xian, China 

(NCT01802619). The Institutional Review Board of Xijing Hospital and Massachusetts 

General Hospital approved the original study (3). Patients more than 18 years old with 

elective multiple valve replacement with CPB and stable pre-operative renal function 

without dialysis were included in the RCT. Patients were randomized to receive either 

NO at 80 ppm (intervention arm, 117 subjects) or N2 (control arm, 127 subjects). In 

performing this study, we followed the guidelines in Strengthening the Reporting of 

Observational Studies in Epidemiology (STROBE) (19).  

Data Collection 

The primary outcome was postoperative AKI, defined by KDIGO SCr criteria (5) as either 

a 50% increase of SCr within 7 days after surgery or an increase of SCr by 0.3 mg/dL 

within 2 days after surgery from the pre-operative baseline SCr, the same as the primary 

study (3). The severity of AKI was determined in each case using SCr-based KDIGO 

definitions (5). Exposure variables were ∆fHb and fHb ratio, which were calculated as the 

difference and ratio of baseline and post-CBP fHb, respectively.  
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To determine the association between ∆fHb or fHb ratio at the end of CPB and AKI, data 

from 110 patients who had available fHb measurements in the control arm (3) were 

collected. We retrieved the following data for each patient: (1) levels of fHb at baseline 

and the end of CPB, (2) demographics (i.e., age, weight, body mass index [BMI] and 

gender), (3) comorbidities (i.e., history of diabetes, hypertension, dyslipidemia, chronic 

obstructive pulmonary disease [COPD], cardiac surgery, smoke, atrial fibrillation [AF], 

severe heart failure [NYHA III/IV], pulmonary artery hypertension [PAH], and vascular 

disease), (4) European System for Cardiac Operative Risk Evaluation (EUROscore) II, (5) 

baseline renal function (i.e., baseline SCr and estimated glomerular filtration rate [eGFR] 

calculated by CKD-EPI formula), (6) potential intraoperative risk factors (i.e., duration of 

CPB and cross-aortic clamping, fluid balance, and the highest vasoactive/inotropic score 

[VIS](20)), (7) potential postoperative risk factors (i.e., fluid balance and the highest VIS 

at the first 24h in the ICU, duration of mechanical ventilation and vasoactive/inotropic 

drugs), and (8) outcomes (i.e., AKI, AKI stage, number of subjects needed renal 

replacement therapy [RRT], ICU length of stay [LOS], and 28-day mortality). The 

detailed description of variables was listed in Appendix 1.  

To determine whether early detection of ∆fHb or fHb ratio could predict AKI and improve 

prediction of AKI compared to use of urinary biomarkers alone, we retrieved available 

data on fHb, urinary creatinine (UCr), and urinary biomarkers (kidney injury molecule-1 
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[KIM-1], N-acetyl-β-D-glucosaminidase [NAG], and neutrophil gelatinase-associated 

lipocalin [NGAL]) at (1) baseline, (2) end of CPB, and (3) admission to the ICU for 107 

patients in the control arm. Available data of 105 patients in the intervention arm was 

also collected to describe the potential relationship between biomarkers and AKI. 

Measurements 

In the original study, frozen plasma samples were analyzed in Anesthesia Center for 

Critical Care Research at MGH for fHb with a QuantiChrom Hemoglobin Assay Kit 

(BioAssay Systems, Hayward, CA), which measures the concentration of hemoglobin 

(Hb), including all Hb derivatives (expressed as heme). Frozen urine samples were sent 

to the Renal Division at Brigham and Women’s Hospital (Boston, MA) for measurements 

of urine creatinine, NAG, NAGL, and KIM-1. The levels of KIM-1 and NGAL were 

measured using microbead based ELISA on Luminex platform. NAG was measured 

using the colorimetric enzymatic assay by Roche (Roche Applied Science, Catalog # 

10875406001) (21). To correct for variations in urine flow, urinary KIM-1, NAG and 

NAGL were normalized to urinary creatinine concentration and reported in their adjusted 

forms(9). 

Statistical Analysis 

Descriptive analysis 
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All the characteristics of the patient population were analyzed descriptively, stratified by 

the median of fHb ratio. Continuous data were presented as median with interquartile 

range (IQR, 25–75th percentiles) and compared with the Mann-Whitney U test. 

Categorical variables are presented as frequencies and compared with a chi-square test 

or Fisher exact test when appropriate. All analyses were two-sided, and a p value of less 

than 0.05 was considered statistically significant. All descriptive analyses were 

conducted in R package “tableone”. 

Association analysis 

The association between the predictors and AKI was first evaluated by univariable 

analysis in logistic regression. GFR (GFR<60ml/min) and duration of CPB (CPB time�

120 min) were converted into categorical variables according to a prior study conducted 

in a Southeast-Asian population (22). BMI was categorized based on World Health 

Organization (WHO) BMI classification. Duration of mechanical ventilation (>24 hours) 

and vasoactive/inotropic drugs (20) (>48 hours) was also converted into categorical 

variables. As the association between fluid balance with postoperative AKI has been 

observed to be “U” shape (23), we added a quadratic term of fluid balance during the 

operation and the first 24 hours in the ICU to the model (i.e., linear + quadratic terms). 

We hypothesized that the EUROscore II was not linearly correlated with postoperative 

AKI in our cohort since the cut-off point of EUROscore II to predict postoperative AKI was 
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3.2 in a prior Asian cohort(24), which was value greater than all the patients obtained in 

our study. To allow for a nonlinear association, we added a quadratic term of 

EUROscore II to the model (i.e., linear + quadratic terms) as well. In the analysis, if the 

added quadratic terms were not significant (p>0.05), we then only reported the linear 

relationship.  

Since fHb ratio showed a stronger association with postoperative AKI than ∆fHb in the 

univariable analysis, we used fHb ratio in the subsequent analyses as our exposure of 

interest. Multivariable logistic regression models were used to adjust for potential risk 

factors of AKI as follows: Model 1 was adjusted for demographics (i.e., age, gender, and 

BMI); Model 2 was adjusted for comorbidities (i.e., current smoker, hypertension, 

vascular disease, COPD, severe heart failure, PAH and AF) and baseline renal function 

(eGFR); Model 3 was adjusted for EUROscore II and intraoperative risk factors (i.e., 

duration of CPB and cross-aortic clamping, fluid balance, blood transfusion, and highest 

VIS); Model 4 was adjusted for EUROscore II and postoperative risk factors (i.e., fluid 

balance and highest VIS at the first 24 hours in the ICU, duration of mechanical 

ventilation and vasoactive/inotropic drugs).  

Prediction analysis 

We first conducted descriptive analysis on patients from the control arm with available 

measurements of fHb ratio, urinary creatinine concentration, NAG, NAGL, and KIM-1 at 
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the end of CPB, admission to the ICU and 6h in the ICU. Data were presented as 

medians with interquartile range (IQR, 25–75th percentiles) and compared between AKI 

and non-AKI groups using the Mann-Whitney U test. To further explore the potential 

relationship between AKI and fHb ratio, we performed following analyses as well: (1) 

comparison of the aforementioned biomarkers among patients without AKI, with AKI 

stage 1 and high stage (stage 2 and 3) of AKI in the control arm; (2) comparison of the 

aforementioned biomarkers between patients with or without AKI in the intervention arm.  

To explore the best prediction strategy to identify patients with high risk of AKI 

immediately after surgery, we only employed fHb ratio and urinary biomarkers at the end 

of CPB. For model development, restricted cubic spline in logistic regression was used to 

account for potential nonlinearity in the association between predictors and AKI using 

“rcs” function in R packages “rms”. We first performed analyses on every single 

biomarker. Then we explored whether incorporation of fHb ratio with urinary biomarkers 

(Model 1) could improve predictive performance compared with using urinary biomarkers 

(Model 2) alone. 

For model validation, we assessed discrimination (i.e., the ability to differentiate between 

patients who developed AKI and those who did not) and calibration (i.e., the agreement 

between observed and predicted probability to develop AKI). Discrimination was 

quantified using the concordance (c) statistic, which is the area under the receiver 
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operating characteristic (ROC) curve (AUROC) generalized to AKI. The calculation of 

AUROC was conducted with “auc” function in R package “pROC”. The 95% confidence 

interval (CI) for AUROC metrics was estimated by bootstrap with the “ci.auc” function 

with “bootstrap” method in R package “pROC”. We conducted widely-used AUC test to 

compare discrimination between models using the ‘‘roc.test’’ function with “bootstrap” 

method in R package ‘‘pROC”(25). Since models are generated to provide the best fit for 

the available data, there is the potential that a model originated from small dataset will be 

overfitted and, hence, we adjusted the optimism/overfitting in measures of AUROC using 

bootstrapping with 1,000 resamples since it provides unbiased optimism-adjusted 

estimates(13) in R package “boot”. Calibration (i.e., goodness-of-fit) was assessed by 

resampling model calibration through calibration curve with “calibrate” function in R 

package “rms”. In general, the closer the dots are to the ideal line the better the model. 

To compare calibration between nested models (i.e., Model 1 versus Model 2), we also 

conducted Likelihood ratio test with “lrtest” function in R package “IMtest” since it was 

recommended by the Predictive Safety Testing Consortium (PSTC)(26, 27) for 

examining the predictive performance of new biomarkers. 

Statistical analyses were conducted using R version 3.5.3 (R Core Team, R Foundation 

for Statistical Computing, Vienna, Austria) with relevant packages. 
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RESULTS 

Clinical characteristics of subjects with available fHb measurements 

Clinical characteristics and outcomes from 110 patients (87%) in the control arm with 

available fHb measurements were listed in Table 1 (for a full list of all included variables, 

see Appendix 2).  

We stratified the cohort by the median of fHb ratio. Subjects with a higher fHb ratio 

(>2.23) displayed prolonged duration of CPB [140.00 min (120.00, 161.50) versus 

127.00 min (109.50, 144.50), p=0.005] and aortic cross-clamping [80.00 min (67.00, 

101.50) versus 70.00 min (60.50, 82.50), p=0.019], and more days on 

vasoactive/inotropic drugs [4.00 d (2.50, 5.00) versus 3.00 d (0.50, 5.00), p=0.023].  

Seventy-one of 110 subjects (64.5%) met the criteria for AKI [stage 1 (60/110, 54.5%), 

stage 2 (5/110, 4.5%), stage 3 (6/110, 5.5%)] as defined by KDIGO guidelines (SCr) (5). 

Subjects with a higher fHb ratio (>2.23) presented higher incidence of AKI [44/55 (80.0%) 

versus 27/55 (49.1), p=0.001], more need of renal replacement therapy (RRT) [6/55 

(10.9%) versus 0/55 (0%), p=0.036], and higher 28-day mortality [6/55 (10.9%) v.s. 0/55 

(0%), p=0.036].  

Notably, if we stratified patients into those who developed AKI or not, levels of fHb at the 

baseline (31.21 [23.18, 41.35] versus 35.01 [27.41, 44.33], p=0.096, Appendix 3) or 6h in 
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the ICU (55.91 [40.21, 71.23] versus 50.38 [44.93, 58.94], p=0.631, Appendix 3) were 

similar between groups, while patients with AKI (n=71) presented higher levels of fHb at 

the end of CPB (76.62 [59.39, 95.24] versus 66.01 [50.32, 82.08], p=0.028, Appendix 3), 

compared with patients without AKI (n=39). If we stratified the patients into those who 

reached RRT/death or not, levels of fHb at the baseline were still similar between groups 

(38.76 [28.76, 47.89] versus 32.70 [25.15, 42.21], p=0.371, Appendix 4), while patients 

with RRT/death (n=6) showed much higher fHb at the end of CPB (120.51 [94.82, 156.51] 

versus 71.06 [53.08, 87.73], p=0.004, Appendix 4) and 6h in the ICU (80.56 [63.60, 

97.98] versus 53.34 [41.11, 65.10], p=0.009, Appendix 4), compared with patients did 

not (n=104).  

Association between fHb and postoperative AKI  

Univariable analyses were described in Table 2. Overweight (OR=3.745, 95%CI 1.009–

13.892, p=0.048), ∆fHb (OR=1.022, 95%CI 1.005�1.039, p=0.011), and fHb ratio 

(OR=2.332, 95%CI 1.378-3.948, p=0.002) at the end of CPB were associated with AKI.  

Since AKI had a greater association with fHb ratio than with ∆fHb, we selected fHb ratio 

as our exposure of interest in subsequent analyses. fHb ratio remained associated with 

AKI after adjustment for predefined confounders (Table 3 and Appendix 5). 

fHb ratio and urinary biomarkers at different time points 
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In the control arm, fHb ratio peaked immediately at the end of CPB, while other urinary 

biomarkers peaked at admission to the ICU. All the biomarkers decreased at 6h in the 

ICU. Subjects with AKI had higher fHb ratios than subjects without AKI at the end of CPB 

[2.44 (1.98, 3.33) versus 1.94 (1.46, 2.36), p<0.001] and admission to the ICU [2.48 

(2.02, 3.16) versus 1.77 (1.53, 2.44), p=0.001]. Subjects with AKI displayed higher levels 

of NAGL at admission to the ICU [56.34 (5.07, 187.07) versus 15.78 (2.27, 61.26), 

p=0.009] and 6 h in the ICU [3.81 (1.66, 12.73) versus 1.13 (0.51, 5.06), p=0.005] than 

subjects without AKI (Table 4). However, fHb ratio was constant at each time point in the 

intervention arm and showed no differences between AKI and non-AKI groups (Appendix 

6).  

Notably, 10% (11/110) of our cohort showed high stage (stage 2 and 3) of AKI. fHb ratio 

and NAG showed differences among groups at the end of CPB and admission to the ICU. 

NAGL escalated by AKI stages at all the three time points (Appendix 7). 

Prediction of postoperative AKI in different models  

Among all the four markers, fHb ratio showed the highest AUROC of 0.703 (0.600-0.806) 

and bootstrap-adjusted AUROC of 0.704 (0.592-0.804) (Table 5 and Figure 1). fHb ratio 

showed better discrimination of AKI in comparison of NAG (0.703 versus 0.537, 

p=0.033), but not NAGL (0.703 versus 0.615, p=0.249) or KIM-1 (0.703 versus 0.575, 
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p=0.098). Moreover, fHb ratio displayed better calibration compared with all the urinary 

biomarkers (Figure 2). 

 Model 1 and 2 showed AUROCs of 0.771 (0.679-0.856) and 0.653 (0.547-0.760), 

respectively (Figure 3, Table 5). The bootstrap-adjusted AUROCs for Models 1 and 2 

were 0.743 (0.642-0.835) and 0.629 (0.510-0.740) (Table 5). In terms of discrimination, 

AUC test showed that Model 1 was better than Model 2 (0.771 versus 0.653, p=	0.012). 

For calibration, both calibration curves (Figure 4) and likelihood ratio test (p<0.001) 

verified that incorporation of fHb ratio improved the predictive performance compared 

with using urinary biomarkers alone.  
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DISCUSSION 

In our secondary analysis, fHb ratio at the end of CPB was associated with postoperative 

AKI in adult patients undergoing open-heart surgery. Levels of fHb ratio peaked at the 

end of CPB. fHb ratio per se could predict AKI immediately after surgery. Incorporation of 

fHb ratio with urinary biomarkers showed better predictive performance compared with 

prediction using urinary biomarkers alone. In general, fHb ratio, as an easily detected 

surrogate of hemolysis, might be a novel biomarker to allow perioperative clinicians to 

identify patients with high risk of AKI at an early stage and implement effective treatment 

to achieve optimal clinical benefit. 

In our study, levels of fHb at the end of CPB were higher in patients with AKI versus 

patients without AKI (Appendix 3), which was similar to previous studies (16, 18). 

Moreover, levels of fHb at the end of CPB were much higher in patients who reached 

RRT or death, compared with patients who did not (Appendix 4). However, Leaf et al. 

demonstrated that levels of fHb at the end of CPB were similar between patients who did 

or did not reach the composite end point of RRT/death (28). We suspected that the 

different results could be attributed to different inclusion criteria of the patient population. 

The patients in our study had better baseline renal function (eGFR 67.94 [61.71, 77.63]), 

while in David’s study, only patients with eGFR ≤30 ml/min per 1.73 m2 or eGFR 31-60 

ml/min per 1.73 m2 but combined with at least one comorbidity were enrolled. Therefore, 
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whether fHb was associated with AKI among patients with high risk of AKI at baseline 

needs to be further determined. Wetz et al. declared that they did not find the difference 

of fHb between patients with or without AKI(29) either. Notably, the authors only 

measured levels of fHb 10 hours of baseline, which was in consistent with the levels of 

fHb at 6h in the ICU (Appendix 3). 

In patients with low risk of AKI at baseline, either ∆fHb (18) or fHb ratio was related to 

postoperative AKI after cardiac surgery. Nahmah et al. found that ∆fHb at the end of CPB 

was associated with AKI among pediatric patients undergoing semi-elective cardiac 

surgery without pre-surgical hemodynamic instability, cyanosis, or other complications 

that can lead to AKI (18). However, a large number of preoperative risk factors, such as 

age (30, 31), smoking (32), hypertension (31), diabetes (33), underlying COPD, 

pulmonary hypertension, and baseline renal or heart function (34), are associated with 

postoperative AKI in adult patients and might be expected to diminish the association in 

this population. Furthermore, intra- and postoperative risk factors, such as fluid balance 

(23), utilization of vasoactive/inotropic drugs (25), and duration of mechanical ventilation 

(35), are also associated with postoperative AKI after cardiac surgery. Thus, determining 

the association between fHb and postoperative AKI among adult patients is still 

warranted.  

European System for Cardiac Operative Risk Evaluation (EUROscore) II, which uses 



	

	 26 

perioperative variables to predict hospital mortality in adult patients undergoing cardiac 

surgery (36), has also been used to predict AKI (24) in the same population. The patients 

in our cohort had extremely low EUROscore II [1.09 (0.90, 1.52)] due to young age, no 

history of cardiac surgery, the rare incidence of diabetes, and elective valve surgery. 

Notably, no patients had EUROscore II >3.2, which is the predefined cut-off point to 

predict AKI after cardiac surgery (24), indicating a low risk of AKI at baseline. Therefore, 

it is plausible that our study did not show an association between EUROscore II and 

postoperative AKI.  

Both univariable and multivariable analyses confirmed the association between fHb ratio 

at the end of CPB and postoperative AKI after cardiac surgery in our study. Notably, in 

descriptive analyses, all six patients who needed RRT and/or died within 28 days after 

operation showed fHb levels >2.23 (Table 1) and levels of fHb ratio significantly 

escalated with AKI stage (Appendix 7), indicating that the association between fHb ratio 

and other important prognostic outcomes, such as high stage of AKI, need of RRT or 

survival is worth further investigation. 

It is critical to detect postoperative AKI in a timely fashion to initiate rapid interventions 

(2). Thus, sensitive biological markers are required to detect early AKI regardless of 

potential risk factors (37). NGAL and KIM-1, which are up-regulated in renal cells in 

response to kidney injury, are the most-studied biomarkers in postoperative AKI after 
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cardiac surgery (2, 9, 12). The combination of NAGL, KIM-1, and NAG at the end of CPB 

showed moderate predictive accuracy (9). The up-to-date, earliest biomarkers were 

proved to be insulin-like growth factor-binding protein 7 (IGFBP7) and tissue inhibitor of 

metalloproteinases-2 (TIMP-2), which peaked and showed the best discrimination of AKI 

at least four hours in the ICU (11) or even later (38). In addition, neither of the studies 

accounted for the high risk of overfitting due to the small derivation cohort.  

The pathogenesis of postoperative AKI after cardiac surgery is complicated and different 

from AKI in other critical illnesses. It may include (1) renal hypoperfusion due to 

decreased cardiac output, (2) right heart failure, (3) activation of the renin-angiotensin 

system (RAS), (4) elevated renal venous pressure, (5) perioperative medications such as 

nephrotoxic antibiotics, RAS blockers, and diuretics, (6) inflammatory and oxidative 

stress response to the surgery, and (7) hemolysis (39, 40), in which hemolysis plays a 

prominent role. During hemolysis, red blood cells release fHb into the plasma in the form 

of ferrous oxyhemoglobin (Oxy-Hb). Oxy-Hb reacts quickly with plasma nitric oxide (NO) 

in a dioxygenation reaction to form ferric methemoglobin (Met-Hb), introducing not only 

direct tubular injury but also vasoconstriction and endothelial dysfunction due to NO 

consumption (39). The latter could consequently lead to ischemic injury within 

corticomedullary junctions (the most vulnerable region of nephrons to 

ischemic/reperfusion injury) and the glomerulus (41), which cannot be thoroughly 
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described by an increase in urinary biomarkers. Since levels of fHb peaked immediately 

at the end of CPB and could be easily detected, we sought to determine that fHb ratio 

could be a novel diagnostic marker at the earliest stage.  

Among all the biomarkers, fHb ratio showed the highest AUROC or bootstrap-adjusted 

AUROC. Since AUC test does not adjust for variability in estimated regression 

coefficients, it is too conservative to compare the discrimination between two competing 

models (25). Therefore, despite that AUC test did not show significant difference 

between fHb and NAGL or KIM-1, we still believed that fHb ratio could better predict AKI 

immediately after surgery, compared with any other urinary biomarker. Validation of 

Model 1 and 2 further indicated that incorporation of fHb ratio improved the predictive 

performance of postoperative AKI after cardiac surgery, compared with prediction using 

urinary biomarkers alone. Taken together, our study highlighted a feasible diagnostic 

strategy based on fHb ratio. fHb ratio can be easily measured and could predict AKI 

immediately after surgery, which allows it to be widely used. In collaboration with urinary 

biomarkers, fHb ratio could help perioperative clinicians to identify subjects with high risk 

of AKI at an early stage more precisely, which could achieve maximum clinical benefit if 

paired with effective treatment. 

In addition, several exploratory results of our secondary analysis provided reasonable 

clues for future studies. First, the levels of fHb ratio in the intervention arm after surgery 
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remained constant and no significant difference was observed between the AKI and 

non-AKI groups (Appendix 4). Thus, it should be cautious to use fHb ratio as a marker for 

AKI and distinguish of Oxy-Hb and Met-Hb might be needed in patients receiving NO gas 

delivery. Second, similar to fHb ratio, levels of NAGL and NAG significantly increased in 

patients with high stage of AKI at the end of CPB and admission to the ICU (Appendix 5), 

indicating that prediction of stage 2 and 3 AKI at the earliest stage after surgery might be 

feasible.  

We acknowledge limitations in our study. First, the prediction analysis is derived from a 

limited sample size cohort. Therefore, overfitting cannot be overlooked despite the 

statistical optimization using the bootstrap adjustment. Meanwhile, our study might not 

have enough power to adjust for potential confounding, which were not statistically 

significant in our univariable analysis but would normally be associated with risk of AKI 

(i.e., duration of CPB, diabetes and hypertension). Second, since our derived cohort is a 

group of patients with low risk of AKI at baseline and the delivery of NO invalidates the 

prediction of fHb ratio against AKI, the generalizability of our prediction model needs 

further determination. In this setting, the predictive performance of fHb ratio at the end of 

CPB needs to be validated in other cohorts. 
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CONCLUSIONS 

Our study demonstrated that fHb ratio at the end of CPB is associated with high risk of 

postoperative AKI after open-heart surgery among adult patients. Moreover, it could be 

widely used as a novel, early biomarker for postoperative AKI and combination with 

urinary biomarkers might provide a promising strategy to identify patients with a high risk 

of AKI at an early stage. Future prospective studies should be conducted in a large 

sample size cohort to evaluate the performance of fHb ratio among cohorts with a higher 

baseline risk of AKI, whether specific type of fHb is predictive of AKI among subjects 

both with or without NO supplementation, and whether fHb ratio alone or with other 

urinary biomarkers could predict other prognostic outcomes. 
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Table 1. Characteristics and outcomes of subjects in the control arm, stratified by median fHb ratio (N=110 with available fHb 

measurements) 

Variables Overall (n=110) fHb ratio ≤2.23 (n=55) fHb ratio >2.23(n=55) p  

Age, years 47.50 [43.25, 53.75] 46.00 [42.50, 50.00] 49.00 [45.00, 56.50] 0.021 

Males 42 (38.2) 21 (38.2) 21 (38.2) 1 

BMI, kg/m2 22.04 [20.43, 24.08] 22.04 [20.44, 23.93] 22.03 [20.38, 24.20] 0.816 

Diagnosis    0.207 

  Rheumatic valve disease 104 (94.5) 54 (98.2) 50 (90.9)  

  Congenital valve disease 2 (1.8) 0 (0.0) 2 (3.6)  

  Infective valve disease 4 (3.6) 1 (1.8) 3 (5.5)  

EUROscore II 1.09 [0.90, 1.52] 1.09 [0.90, 1.52] 1.22 [0.90, 1.51] 0.608 

Diabetes 2 (1.8) 1 (1.8) 1 (1.8) 1 

eGFR, mL/min/m2 67.94 [61.71, 77.63] 67.25 [62.39, 77.12] 69.48 [60.21, 77.39] 0.827 

Duration of CPB, min 131.50 [111.25,153.75] 127.00 [109.50, 144.50] 140.00 [120.00, 161.50] 0.005 

Duration of cross-aortic clamping, min 74.00 [62.25, 89.50] 70.00 [60.50, 82.50] 80.00 [67.00, 101.50] 0.019 
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ΔfHb, µM 38.82 [24.38, 57.20] 24.25 [11.75, 34.71] 56.47 [45.27, 73.55] <0.001 

fHb ratio 2.23 [1.79, 2.99] 1.78 [1.37, 1.97] 2.99 [2.54, 3.62] <0.001 

Days on vasoactive/inotropic drugs 3.00 [2.00, 5.00] 3.00 [0.50, 5.00] 4.00 [2.50, 5.00] 0.023 

AKI 71 (64.5) 27 (49.1) 44 (80.0) 0.001 

AKI stage    0.001 

0 39 (35.5) 28 (50.9) 11 (20.0)  

1 60 (54.5) 24 (43.6) 36 (65.5)  

2 5 (4.5) 3 (5.5) 2 (3.6)  

3 6 (5.5) 0 (0.0) 6 (10.9)  

RRT 6 (5.5) 0 (0.0) 6 (10.9) 0.036 

Hours of ICU LOS 65.29 [44.25, 81.23] 66.16 [45.79, 85.71] 62.42 [41.46, 69.08] 0.064 

28-day mortality 6 (5.5) 0 (0.0) 6 (10.9) 0.036 

Continuous data were presented as median with interquartile range (IQR, 25–75th percentiles) and compared with the Mann-Whitney U 
test. Categorical variables are presented as frequencies and compared with a chi-square test or Fisher exact test when appropriate. All 
analyses were two sided. BMI, body mass index; EUROscore II, European System for Cardiac Operative Risk Evaluation II; eGFR, 
estimated glomerular filtration rate; CPB, cardiopulmonary bypass; fHb, free hemoglobin; AKI, acute kidney injury; RRT, renal replacement 
therapy; ICU, intensive care unit; LOS, length of stay. 
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Table 2. Univariable analyses on risk factors for AKI in the control arm (N=110, with 

available measurements of fHb) 

Risk factors OR 95% CI p 
Age 1.004 0.960-1.051 0.845 
Gender-male 1.163 0.518-2.611 0.715 
BMI    
    Normal (18.5�BMI<25)  Reference   
    Underweight (BMI<18.5)  1.872 0.462-7.589 0.380 
    Overweight (25�BMI<30) 3.745 1.009-13.892 0.048 
EUROscore II-linear  0.395 0.011-13.579 0.607 
Current Smoker  2.141 0.723-6.339 0.169 
Hypertension 1.104 0.193-6.319 0.911 
Vascular disease 2.879 0.324-25.564 0.342 
COPD 5.516 0.672-45.267 0.111 
Severe heart failure (NYHA III/IV) 0.942 0.429-2.068 0.881 
AF 0.752 0.280-2.022 0.572 
PAH 0.664 0.303-1.456 0.307 
eGFR<60ml/min/m2 0.590 0.228-1.525 0.276 
Time of CPB�120min 1.550 0.688-3.492 0.291  
Time of clamping 1.018 0.998-1.039 0.079 
∆fHb at the end of CPB 1.022 1.005-1.039 0.011 
fHb ratio at the end of CPB 2.332 1.378-3.948 0.002 
Blood transfusion 0.864 0.359-2.082 0.745 
Fluid balance in the OR-linear 1.017 0.971-1.065 0.476 
VIS (highest) in the OR 1.115 0.962-1.293 0.147 
Fluid balance at the first 24h in the ICU-linear 1.008 0.984-1.033 0.518 
VIS (highest) at the first 24h in the ICU 1.085 0.949-1.241 0.233 
Hours of MV>24hrs 1.212 0.554-2.650 0.630 
Days of vasopressors>2d 2.115 0.929-4.814 0.074 
BMI, body mass index; EUROscore II, European System for Cardiac Operative Risk 
Evaluation II; COPD, chronic obstructive pulmonary disease; NYHA, New York Heart 
Association; AF, atrial fibrillation; PAH, pulmonary artery hypertension; eGFR, estimated 
glomerular filtration rate; CPB, cardiopulmonary bypass; VIS, vasoactive-inotropic score; 
OR, operation room; fHb, free hemoglobin; MV, mechanical ventilation; OR, odds ratio; 
CI, confidential interval. 
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Table 3. Odds ratios for AKI in the control arm according to fHb ratio at the end of CPB in 

multivariable analyses (N=110 with available fHb measurements) 

Models OR 95% CI p 
Model 1 2.459  1.390-4.352  0.002 
Model 2 2.516  1.433-4.420 0.001 
Model 3 2.477 1.363-4.501 0.003  
Model 4 2.505 1.405-4.465 0.002 
Model 1: adjustment for demographics (i.e., age, gender, and BMI); Model 2: adjustment 
for demographics, comorbidities (i.e., current smoker, hypertension, vascular disease, 
COPD, severe heart failure, PAH, and AF) and baseline renal function (eGFR); Model 3: 
adjustment for EUROscore II and intraoperative risk factors (i.e., time of CPB, time of 
cross-aortic clamping, fluid balance during operation, blood transfusion, and highest VIS 
during operation); Model 4: adjustment for EUROscore II and postoperative risk factors 
(i.e., fluid balance and highest VIS in the first 24 hours, duration of mechanical ventilation, 
and vasoactive/inotropic drugs). fHb, free hemoglobin; BMI, body mass index; COPD, 
chronic obstructive pulmonary disease; PAH, pulmonary artery hypertension; AF, atrial 
fibrillation; eGFR, estimated glomerular filtration rate; EUROscore II, European System 
for Cardiac Operative Risk Evaluation II; CPB, cardiopulmonary bypass; VIS, 
vasoactive-inotropic score; OR, odds ratio; CI, confidential interval. 
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Table 4. The comparison of fHb ratio, NAG, NAGL and KIM-1 at different time points in the control arm between AKI (n=79) 

and non-AKI (n=31) group.  

Biomarkers End of CPB Admission to the ICU 6h in the ICU 
 Non-AKI  AKI P Non-AKI AKI P Non-AKI AKI P 
NAGL  
(ng/mg) 

5.36  
[0.63,22.18] 

3.06  
[0.70,58.95] 

0.625 15.78  
[2.27,61.26] 

56.34  
[5.07,187.07] 

0.009 1.13  
[0.51, 5.06] 

3.81  
[1.66,12.73] 

0.005 

NAG 
(U/mg) 

0.37  
[0.14, 0.85] 

0.31  
[0.15, 1.08] 

0.810 0.65  
[0.29, 1.23] 

0.78  
[0.35, 1.71] 

0.396 0.13  
[0.08, 0.23] 

0.12  
[0.07, 0.28] 

0.501 

KIM-1 
(ng/mg) 

6.21  
[3.05,10.77] 

6.98  
[4.06,12.43] 

0.380 9.21  
[4.16,21.66] 

11.87 
 [6.20,24.66] 

0.241 4.99  
[2.07, 7.45] 

4.25  
[2.10, 7.72] 

0.942 

 
fHb ratio 

1.94 
[1.46, 2.36] 

2.44  
[1.98, 3.33] 

<0.001 1.77  
[1.53, 2.44] 

2.48  
[2.02, 3.16] 

0.001 1.45  
[1.22, 1.86] 

1.75  
[1.30, 2.27] 

0.123 

Data were presented as Median [IQR, 25-75%] and compared with the Mann-Whitney U test. All analyses were two sided. 
NAG, NAGL and KIM-1 were normalized with urinary creatinine concentration. fHb, free hemoglobin; NAG, 
N-acetyl-β-D-glucosaminidase; NAGL, neutrophil gelatinase-associated lipocalin; KIM-1, kidney injury molecule-1; ICU, 
intensive care unit; AKI, acute kidney injury. 
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Table 5. Bootstrap-adjusted AUROCs for different biomarkers in the control arm (N=107) 

Models	 AUROC (95% CI) Optimism Bootstrap-adjusted AUROC (95% CI)	
fHb ratio 0.703 (0.600-0.806) 0.001 0.704 (0.592-0.804) 
NAGL (ng/mg) 0.616 (0.501-0.723) -0.013 0.602 (0.432-0.730) 
NAG (U/mg) 0.537 (0.423-0.650) -0.013 0.523 (0.411-0.650) 
KIM-1 (ng/mg) 0.575 (0.460-0.689) -0.016 0.559 (0.432-0.677) 
Model 1 0.771 (0.679-0.856) -0.028 0.743 (0.642-0.835) 
Model 2 0.653 (0.547-0.760) -0.024 0.629 (0.510-0.740) 
Model 1: fHb ratio+NAGL+NAG+KIM-1; Model 2: NAGL+NAG+KIM-1; NAG, NAGL and KIM-1 were normalized with 
urinary creatinine concentration. fHb, free hemoglobin; NAG, N-acetyl-β-D-glucosaminidase; NAGL, neutrophil 
gelatinase-associated lipocalin; KIM-1, kidney injury molecule-1. AUROC, area under the receiver operating characteristic 
curve; CI, confidential interval. 
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Figure 1. Receiver operating characteristic curve analyses on every single biomarker at 

the end of CPB in the control arm (N=107).  

 

CPB, cardiopulmonary bypass. 
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Figure 2. Calibration of fHb ratio (A), NAGL (B), NAG (C), and KIM-1 (D) at the end of 

CPB in the control arm (N=107). 

 

Biomarker-predicted probability of AKI is plotted on the x-axis; actual probability of AKI is 
plotted on the y-axis. The ideal calibration line means an intercept of 0 and a slope of 1 
for the calibration plot. CPB, cardiopulmonary bypass; fHb, free hemoglobin; NAGL, 
neutrophil gelatinase-associated lipocalin; NAG, N-acetyl-β-D-glucosaminidase; KIM-1, 
kidney injury molecule-1; AKI, acute kidney injury. 

 

 

 



	

	 39 

Figure 3. Receiver operating characteristic curve analyses of different prediction models 

at the end of CPB in the control arm (N=107).  

         

 

CPB, cardiopulmonary bypass. 
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Figure 4. Calibration of Model 1 (A) and Model 2 (B) at the end of CPB in the control arm 

(N=107).  

 

Biomarker-predicted probability of AKI is plotted on the x-axis; actual probability of AKI is 
plotted on the y-axis. The ideal calibration line means an intercept of 0 and a slope of 1 
for the calibration plot. CPB, cardiopulmonary bypass; fHb, free hemoglobin; NAGL, 
neutrophil gelatinase-associated lipocalin; NAG, N-acetyl-β-D-glucosaminidase; KIM-1, 
kidney injury molecule-1; AKI, acute kidney injury. 
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ABSTRACT 

Background: The effect of Nitric oxide (NO) on renal function is controversial in critical 

illness. We performed a systematic meta-analysis and trial sequential analysis to 

determine the effect of NO gas on renal function and other clinical outcomes in patients 

requiring cardiopulmonary bypass (CPB). The primary outcome was the relative risk (RR) 

of acute kidney injury (AKI), irrespective of the AKI stage. The secondary outcome was 

the mean difference (MD) in the length of ICU and hospital stay, the RR of postoperative 

hemorrhage, and the MD in levels of Methemoglobin. Trial sequential analysis (TSA) 

was performed for the primary outcome. 

Results: 54 Trials were assessed for eligibility and 5 studies (579 patients) were eligible 

for meta-analysis. NO was associated with reduced risk of AKI (RR 0.76, 95% 

confidential interval [CI], 0.62 to 0.93, I2 =0%). In the subgroup analysis by NO initiation 

timing, NO did not decrease the risk of AKI when started at the end of CPB (RR 1.20, 95% 

CI, 0.52 to 2.78, I2=0%). However, NO did significantly reduce the risk of AKI when 

started from the beginning of CPB (RR 0.71, 95% CI, 0.54 to 0.94, I2=10%). We 

conducted TSA based on three trials (400 patients) using KDIGO criteria and with low 

risk of bias. TSA indicated a CI of 0.50 to 1.02 and an optimal information size of 589 

patients, suggesting a lack of definitive conclusion. Furthermore, NO does not affect the 

length of ICU and hospital stay or the risk of postoperative hemorrhage. NO slightly 
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increased the level of methemoglobin at the end of CPB (MD 0.52%, 95%CI 0.27% to 

0.78%, I2=90%), but it was clinically negligible.  

Conclusions: NO appeared to reduce the risk of postoperative AKI in patients 

undergoing CPB. Additional studies are required to ascertain the finding and further 

determine the dosage, timing and duration of NO administration.  

Keywords: Nitric oxide, Cardiopulmonary bypass, Acute kidney injury, Meta-analysis, 

Trial sequential analysis. 
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INTRODUCTION 

Acute kidney injury (AKI) is a multifactorial and common complication in patients 

undergoing cardiopulmonary bypass (CPB) as it occurs in 30-70% of patients(1-4). The 

CPB leads to a decrease in the bioavailability of vascular nitric oxide (NO), both because 

of NO scavenging (via deoxygenation reaction in the presence of intravascular 

hemolysis(5, 6)) and through a reduction in NO synthesis (in the presence of 

ischemia/reperfusion injury, acute inflammatory reaction and endothelial dysfunction(7)). 

In particular, hemolysis generated during the CPB has been demonstrated to be a pivotal 

contributor to the increased risk of perioperative AKI in patients undergoing CPB(6). 

The NO regulates vascular tone and distal blood perfusion while acting also as an 

anti-inflammatory and anti-thrombotic mediator(8). NO gas is traditionally used for the 

treatment of acute exacerbation of pulmonary hypertension(9) and pediatric hypoxemic 

respiratory failure(10). At present, NO has been tested in several randomized trials for its 

protective role in pulmonary hypertension and myocardial injury in patients undergoing 

CPB(11-13). More recently, NO has shown to protect against AKI and chronic renal 

disease, either by reprogramming metabolism(14) or via homeostatic regulation of renal 

hemodynamics and α1-adrenoreceptor sensitization(15). Administration of NO gas was 

associated with benefits in lowering plasma NO consumption in the presence of 

hemolysis(16, 17). Lei et al. conducted a single-center randomized controlled trial (RCT) 
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and found that NO delivered from the beginning of CPB could reduce the risk of AKI and 

lower the NO consumption in plasma(18), a finding which was confirmed by a recently 

completed randomized trial(19). On the contrary, in a meta-analysis, Ruan et al. showed 

that NO therapy was associated with renal dysfunction, especially in critically ill patients 

with acute respiratory distress syndrome (ARDS)(20).  

We hypothesized that the effect of NO on kidney function might be disease-specific, as 

two of the RCTs in the meta-analysis of Ruan et al.(20) showed that NO administration 

started from the end of CPB in cardiac surgery patients(21, 22) had no adverse effects 

on renal function. Thus, careful analysis of the effect of NO gas on renal function in 

cardiac surgery is warranted.  

We performed a meta-analysis aiming to ascertain the effect of NO therapy on renal 

function in patients undergoing CPB and to further investigate whether the effect of NO 

varies between different initiation timing of such therapy.  
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METHODS 

This systematic review and meta-analysis was registered on PROSPERO (NO. 

CRD42019125948) based on the Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) guidelines(23).  

Search strategy 

Two trained investigators (J.H. and J.P.) independently searched pertinent studies in the 

PubMed, Cochrane Central Register of Controlled Trials (CENTRAL), EMBASE, Web of 

Science, and Clinicaltrial.gov from inception through December 2018, with the help of a 

librarian from the Countway Library at Harvard Medical School. Details of our search 

strategy are described in Appendix 8.  

Study selection  

Two investigators (J.H., J.P.) independently searched the eligible studies met the 

following PICOS criteria: 1) Population: patients undergoing CPB; 2) Intervention: NO 

delivery either from the beginning of CPB or at the end of CPB; 3) Comparison 

intervention: placebo or no therapy; 4) Outcome: the relative risk of postoperative AKI; 

and 5) Study design: randomized controlled trials (RCTs).  

There were no restrictions on the dose or time of NO administration. We included 

unpublished trials only if trial data and methodological descriptions were provided either 
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in written form or could be retrieved from the trial authors. No language restriction was 

enforced. The exclusion criteria included crossover trials and studies not reporting the 

renal outcome.  

Data extraction and study characteristics 

Two authors (J.H. and J.P.) independently assessed the selected studies for the final 

analysis, with disagreements resolved by discussion and, if needed, via a third author 

(LB), who acted as an adjudicator. A standardized recording form was used for data 

extraction.  

The primary outcome was the risk of AKI, irrespective of the AKI stage. The secondary 

outcome was as follows: the length of ICU and hospital stay, the risk of postoperative 

hemorrhage (i.e., requiring blood transfusion after the operation or re-operation), and the 

levels of methemoglobin (Met-Hb) at the end of CPB.  

Assessment of risk of bias  

Quality assessment of the screened studies was performed using the Cochrane 

Collaboration tool(24) by two independent authors (J.H. and J.P.), and discrepancies 

were resolved by consensus. The following domains were evaluated individually and 

graded as “low risk,” “high risk,” or “unclear risk”: random sequence generation, 

allocation concealment, blinding of participants and personnel, blinding of outcome 
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assessment, incomplete outcome data, selective outcome reporting, and other bias.  

Data analysis and synthesis 

We calculated the pooled risk ratios (RR) and 95% confidence intervals (CI) for the 

binary outcome of AKI, and postoperative hemorrhage using the Mantel-Haenszel 

method with the random-effects model. We estimated the mean difference (MD) and 95% 

CI for continuous outcomes of the length of ICU and hospital stay and the levels of 

Met-Hb using the inverse variance method with the random-effects model. If continuous 

variables were expressed as a median and interquartile range, the mean and standard 

deviation was computed based on the median, interquartile range, and sample size as 

described elsewhere(25).  

Considering that the inclusion of fewer than ten studies in meta-analysis causes low 

statistical power for detecting funnel plot asymmetry(26); we assessed the risk of 

publication bias by visual examination of the funnel plot. To assess and adjust for 

potential publication bias in the meta-analysis, we performed the Trim-and-Fill test(27). 

The amount of heterogeneity was assessed by both Cochran’s Q-test and the I2, 

statistic(28).  

We performed a subgroup analysis to investigate whether the effect of NO on AKI varied 

based on the timing of NO therapy initiation, i.e., starting from the beginning of CPB or at 

the end of CPB (immediately before the weaning of CPB).  
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We performed sensitivity analyses to determine the robustness of the effect size using 

different data analysis methods. First, we used the Peto method since it may be the least 

biased in the presence of sparse data and imbalance of sample size within trials(29). 

Second, to reduce the intrinsic heterogeneity among studies based on the outcome 

measure, we omitted the two studies that did not use the KDIGO criteria in AKI and 

repeated the evaluation. 

We conducted trial sequential analysis (TSA) to quantify the statistical reliability of data 

in the cumulative meta-analysis and adjusted significance levels for the risk of random 

errors due to repetitive testing on accumulating data(30). For this analysis, we employed 

a random-effects model using the DerSimonian–Laird Method and included trials with 

low risk of bias and that used the KDIGO criteria for AKI diagnosis. We intended to 

maintain an overall 5% risk of a type I error and a power of 80%. For the calculation of 

the required IS, we anticipated an intervention effect of a 30% relative risk reduction 

(RRR) as suggested by Lei et al.(18). We used a control event proportion calculated 

from the actual meta-analysis. We calculated TSA-adjusted CI (alpha spending) for 

effect size. 

Statistical analyses were conducted using Review Manager v.5.3 (The Nordic Cochrane 

Centre, The Cochrane Collaboration, Copenhagen, Denmark), Trial Sequential Analysis 

v.0.9.5.10 beta (Copenhagen Trial Unit, Centre for Clinical Intervention Research, 
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Rigshospitalet, Copenhagen, Denmark, available from www.ctu.dk/tsa) and R v.3.5.3 (R 

Core Team, R Foundation for Statistical Computing, Vienna, Austria) with the “metafor” 

and “meta” packages.  
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RESULTS 

Literature search and study characteristics  

Through the electronic search, 5376 citations were identified. After excluding 1293 

duplicates, 4083 studies were chosen for further evaluation. Through reading the titles 

and abstracts, 4029 ineligible studies were excluded, and 54 studies were identified as 

potentially eligible for inclusion and were evaluated by reading the full text. Forty-eight 

studies were excluded due to lack of full text, not randomized for NO therapy or 

crossover studies, not reporting renal outcomes, and using peritoneal dialysis as readily 

therapy. Finally, six studies were eligible for systematic review(18, 19, 21, 22, 31, 32). 

Among the six included studies, one study was ultimately excluded because not all the 

patients in NO and control groups underwent CPB(32). One study was completed 

recently and relevant data were obtained from the primary investigator (N. 

Kamenshchikov)(19). Figure 1 shows the process of literature selection and reasons for 

study exclusion.  

The characteristics of the included studies are summarized in Table 1. These studies 

vary in AKI definition and in the time of initiation of NO therapy. Two studies started NO 

therapy immediately before CPB weaning(21, 22) and defined renal dysfunction as urine 

output less than 0.3 ml per hour(21) or need of renal replacement treatment (RRT)(22), 

respectively. Three studies delivered NO from the beginning of CPB and defined AKI by 
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the KDIGO criteria(18, 19, 31). Detailed information of all included studies is shown in 

Table 1, and quality evaluation is shown in Figure 2 and Appendix 9. 

Quantitative data synthesis  

For the primary outcome of AKI irrespective of the stage, the pooled effect showed that 

NO therapy significantly reduced the risk of AKI with RR of 0.76 (95% CI, 0.62 to 0.93, I2 

=0%, p=0.008, Figure 3A).  

To evaluate the impact of the timing of NO therapy initiation on the development of AKI, 

we performed subgroup analysis. NO therapy did not appear to decrease the risk of AKI 

when it started immediately before the weaning of CPB (RR, 1.20, 95% CI, 0.52 to 2.78, 

p = 0.67, I2=0%, Figure 3B). Conversely, NO did appear to significantly reduce the risk of 

AKI when administered from the beginning of CPB (RR, 0.71, 95% CI, 0.54 to 0.94, p = 

0.02, I2=10%, Figure 3B).  

The funnel plot based on the primary outcome (Appendix 10) showed asymmetry on 

visual inspection. This suggests that the pooled effect from the current data might 

overestimate the improvement of NO on renal function. We performed the Trim-and-Fill 

test to adjust the publication bias. It confirmed the benefit of NO on renal function with 

adjusted RR of 0.77 (95% CI, 0.62 to 0.94, p=0.01, I2 =0%, Figure 4A, B). 
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Sensitivity analyses were performed to evaluate the influence of data synthesis methods 

on the estimate of the summary effect. First, to evaluate the potential impact of the 

sparse data and imbalance of sample size, we pooled the effect sizes by the Peto 

method and found that it was similar to that obtained by the primary analysis (Table 2, 

Appendix 11). Second, the three studies that had low risk of bias and reported AKI using 

KDIGO criteria(1-3) were included in a sensitivity analysis. Data also corroborated the 

beneficial effect of NO on renal function (RR, 0.71, 95% CI, 0.54 to 0.94, P = 0.02, 

I2=10%, Appendix 12). 

To decrease the risk of random errors due to sparse data or repetitive testing and 

calculate the optimal information size for this meta-analysis, we performed TSA based 

on three trials that used KDIGO criteria and were considered to have a low risk of bias 

(400 patients). Although the cumulative z curve crossed the traditional boundary for 

statistical significance, it did not cross the TSA monitoring boundary or reach the 

information size (Figure 5). Based on this analysis the optimal information size was 

found to be 589 patients for risk of AKI. The alpha spending adjusted CI was 0.50 to 1.02 

(I2=10%, D2=44%) based on 30% RRR (from a baseline event rate of 50.8%).  

For the secondary outcomes, there appeared to be no benefit of NO on the length of ICU 

and hospital stay, with MD of -0.09 d (95%CI -0.22 to 0.03, p=0.15, I2=0%, Appendix 13) 

and MD of -0.51d (95%CI -1.17 to 0.16, p=0.14, I2=27%, Appendix 14), respectively. 
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The effect of NO administration during CBP on hemorrhage was examined as a potential 

complication. NO administration did not increase the risk of postoperative hemorrhage in 

patients undergoing CPB with RR 0.79 (95%CI 0.22 to 2.83, p=0.71, I2=35%, Appendix 

15).  

As safety outcome, levels of Met-Hb at the end of CPB were also evaluated. Since Lei et 

al. measured the levels of Met-Hb at different time points, which peaked at the end of the 

CPB(3), the levels of Met-Hb at the end of CPB were studied and showed NO increased 

levels of Met-Hb with MD of 0.52% (95%CI 0.27% to 0.78%, p<0.001, I2=90%) 

(Appendix 16). 

 

  



	

	 59 

DISCUSSION 

In this study, we investigated the effect of NO therapy on the risk of postoperative AKI in 

patients undergoing CPB. Overall, NO reduced the incidence of AKI in patients 

undergoing CPB. Although visual inspection of the funnel plot suggested publication bias, 

the Trim-and-Fill test still confirmed a beneficial effect of NO administration on the 

development of AKI. Sensitivity analyses also revealed consistent effect estimates for 

the primary outcome. However, TSA analysis suggests that further studies are required 

to achieve a firm conclusion. NO supplementation neither reduced the length of the 

hospital or ICU stay nor increased the risk of postoperative hemorrhage. NO therapy 

slightly increased the level of Met-Hb, which was clinically negligible and always below 

safety thresholds.  

The nephrotoxicity of NO therapy has emerged since the aforementioned meta-analysis 

was published(1), which suggested that NO impaired renal function in critical illness 

settings. To interpret our results in the contest of the present literature, we asked two 

questions.  

Our first question is: why has NO therapy shown differing effects on renal function in 

patients undergoing CPB as compared to patients with ARDS(1)? Several mechanisms 

may explain the contradictory scenario. CPB contributes to the development of AKI 

through multiple mechanisms including (1) hypoperfusion (microcirculatory), (2) 
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ischemia/reperfusion injury, (3) hemodilution, (4) pro-inflammatory response, and most 

importantly, and (5) intravascular hemolysis(2). Hemolysis strongly correlates to 

increased plasma NO-depletion leading to a decrease of NO bioavailability(3, 4). Nitric 

oxide is a potent endogenous vasodilator released by endothelial cells and its depletion 

leads to vasoconstriction, and ultimately to reduce organ perfusion(5-7). The renal 

protective effects of NO gas might be two folds. On one hand, the administration of NO 

may act as the replenishment of NO storage in the presence of NO depletion due to 

hemolysis. On the other hand, NO gas might generate plasma NO metabolites that are 

protective against ischemia-reperfusion injury(8). In this context, administration of 

therapeutic NO has shown promising properties by lowering vascular NO depletion(9), 

which could explain why breathing 40 parts per million (ppm) of NO markedly increased 

renal blood flow, glomerular filtration rate, and urine flow in a swine model of 

phenylephrine-induced hypertension(10).  

In comparison, there is no obvious NO deficiency in ARDS. Instead, intrapulmonary NO 

generation due to inducible NO synthase was found in an experimental model of 

endotoxemia-induced ARDS and finally proved to be involved in the development of 

ARDS(11). Moreover, Ruan et al. found that the duration of NO administration was 

longer in ARDS studies (>7 days)(1). Thus, prolonged NO therapy could induce plasma 

NO redundancy and in turn (1) induce tubular apoptosis(12), (2) produce reactive 
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nitrogen species, such as nitrogen dioxide (NO2)(13), and create a pro-inflammatory 

response leading to renal vasoconstriction and injury(1). Based on present literature, we 

suggested that the effect of NO on renal function might be disease-specific. 

Our second question is: does the effect of NO on renal function vary by the timing of 

initiation? To answer to this question, one should consider the differences in renal 

dysfunction definition adopted in the five studies included in our meta-analysis. The first 

two studies in which NO was administrated at the end of CPB, renal dysfunction was 

defined as severe AKI (i.e., urine output <0.3ml/kg/h(14) or need of renal replacement 

therapy(15)). In the following three studies(16-18) in which NO gas was delivered at the 

beginning of CPB, renal dysfunction followed KDIGO criteria. Due to the dissimilar 

definitions of renal injury, we are unable to make a definitive conclusion on the renal 

protective properties of NO delivery when started at the end CPB. Indeed, based on 

biochemical(2, 3, 19-21) and hemodynamic studies(22-27) discussed below, it is 

plausible that late delivery of NO might not protect the kidney function.  

Red blood cells (RBCs) are damaged when passing through the CPB circuit(2) and thus 

releasing free hemoglobin (Hb) into the circulation(19). High levels and prolonged 

duration of hemolysis can scavenge the NO produced by the endothelial cells, with 

deleterious effects on vascular endothelium and renal tubular cells(2, 20). Vermeulen et 

al. showed that patients with postoperative AKI had higher levels of plasma Hb at the 
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end of CPB, as compared to patients without AKI(3). Meanwhile, circulating Hb also 

promotes oxidative stress and degrades to release free heme and heme iron, triggering 

the activation of the immune response through the innate pathway (e.g. TLR-4 

pathway)(20). Based on current knowledge, drugs that could prevent endothelial 

dysfunction by scavenging free Hb and reactive oxygen species could be a future 

therapeutic option. If NO is delivered at the beginning of CPB, it can oxidize heme iron to 

the ferric state and transform hemoglobin to Met-Hb(21) before the blood is reinfused in 

the patient. As a result, plasma availability of NO is preserved; blood flow to the organs is 

maintained, thereby lowering the risk of perioperative AKI. If NO is delivered at the end of 

CPB, especially when prolonged, hemolysis-associated consequences have already 

started and subsequently induce AKI via systemic vascular injury, inflammatory cascade, 

and oxidative stress.  

Moreover, hemolysis induced NO consumption increased pulmonary vascular 

resistance(4), thereby leading to right heart dysfunction and subsequent postoperative 

AKI(28). However, administration of NO at the end of CPB(14, 15, 22-25) or even later in 

the intensive care unit(26, 27) showed no effect on pulmonary hypertension. Among the 

five studies included in our meta-analysis, Fernandes et al. demonstrated that patients 

receiving inhaled NO had decreased pulmonary vascular resistance but a similar 

pulmonary artery systolic pressure, compared to the control group(14). Potapov et al. 
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found that inhaled NO did not affect right heart function in terms of risk of right heart 

disease, pulmonary vascular resistance index, and incidence of central venous pressure 

more than 16 cmH2O(15). Furthermore, in other clinical trials assessing effect of NO on 

pulmonary hypertension or heart function among patients requiring CPB, administration 

of NO at the end of CPB(22-25) or in the intensive care unit(26, 27) did not affect the 

mean pulmonary artery pressure, and a subsequent meta-analysis also confirmed the 

aforementioned phenomenon(29). Further hemodynamic studies should determine 

whether NO delivered at the beginning of CPB could improve right heart function and 

pulmonary hypertension, in order to better interpreter the potential mechanism of NO in 

renal protection. 

Although NO appears to improve renal function in patients requiring CPB, possible 

adverse effects need to be monitored during gas delivery. Hemorrhage is one of the 

common concerns of NO treatment in cardiac surgery patients undergoing CPB. NO 

showed to inhibit platelet activation in in-vitro studies(30) and potentially prolong 

bleeding time. However, no clinical trials showed an increased risk of bleeding when NO 

was delivered in cardiac surgery. We confirmed those findings with the present 

meta-analysis.  

The monitoring of Met-Hb levels in the blood is warranted during NO delivery. Met-Hb 

(Fe3+) has a lower capacity to bind oxygen compared to oxy-hemoglobin (Fe2+), which 
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may lead to decreased delivery of oxygen to the peripheral tissues and, consequent, 

tissue hypoxia. It is generally accepted that blood Met-Hb levels in healthy individuals is 

less than 2% of the hemoglobin(31). Cyanosis is present when the Met-Hb levels 

approach to 15% to 20%(31). Our meta-analysis showed a slight increase in blood 

Met-Hb level in the NO group and never exceeded 10% in any patient according to the 

included RCTs(16, 18). Meanwhile, Potapov et al. reported that levels of Met-Hb were 

not higher in NO group compared with the control group(15) and Kamenshchikov et al. 

found out that all the patients in their study had levels of Met-Hb less than 0.5% during 

CPB(17).  

This study has some limitations. First, the small number of studies included in our 

meta-analysis may have reduced the statistical power of the analysis. To balance our 

interpretation, we performed trial sequential analysis, which accounts for the type I, and 

type II errors, using widely accepted, methods for adjusting thresholds for significance in 

randomized clinical trials when the required sample size has not been reached(32).  

Second, although the level of statistical heterogeneity was very low in our analyses, the 

heterogeneity in other independent variables including AKI diagnosis criteria, duration 

and dosage of NO therapy, and time of CPB or cross-aortic clamping should not be 

overlooked. Over the past decades, the diagnostic criteria for AKI and AKI stage 

definitions have changed, i.e., decades ago common medical terminology referred as 
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acute renal failure to describe kidney injury in acute settings, subsequently, the RIFLE 

criteria introduced the term AKI(33), the AKIN perfected the definition of AKI(34) and 

more recently those definitions have been updated in KDIGO classification(35). Thus, it 

is not surprising that many meta-analysis and epidemiological studies reported in the 

literature include heterogeneous AKI definitions(1, 36).  

Third, even we conducted Trim and Fill test to adjust for the publication bias, potential 

residual bias might not be overlooked given only five studies were included in our 

meta-analysis. 

Finally, some competing endpoints, such as 28 or 90-day mortality, the impact of 

different dose and duration of NO on renal function, and the right heart function were not 

reported in the present study. 
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CONCLUSION 

In our meta-analysis, we found that NO appeared to reduce the risk of postoperative AKI 

in patients undergoing CPB, suggesting that the effect of NO on renal function might be 

disease-specific. Future trials involved NO therapy are required to consolidate our 

findings and investigate potential mechanisms of renal protection properties. 
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Table 1 Details of the included randomized controlled trials  
 
Study 

(year) 

Population 

 

The protocol of NO 
therapy 

Comparison  Definition of  

AKI 

Duration of CPB (min) No. of AKI/No. of 
cases 

NO Control NO Control 

Potapov 

(2011)  

Adults, LVAD placement 40ppm within 48h� 

through inhalation# 
Placebo  Need of RRT NA NA 10/73 8/77 

Fernandes 

(2011)  

Adults, mitral stenosis& severe 

pulmonary hypertension  

10ppm within 48h�

through inhalation# 
Oxygen Urine output 

<0.3ml/kg/h 

88±31# 94±34# 0/14 1/15 

Lei 

(2018) 

Adults, multiple valve 
replacement surgery, mostly 
due to rheumatic fever  

80ppm within 24h�
through CPB and 
inhalation 

Placebo  KDIGO criteria 

(SCr only) 

 

138  

(122;159)$& 

134 

(114;154) & 

58/117 81/127 

Kamenshchikov  

(2018) 

Adults, CABG  40ppm through CPB Standard 

CPB 

KDIGO criteria 

(SCr only)* 

 

110 

(85.8;137)& 

116 

(88.8;129.5)& 

1/30 3/30 

Kamenshchikov 

(2019)  

• Adults, CABG, valve surgery, 
surgical reconstruction of the 

left ventricle. 

40ppm through CPB Standard 

CPB 

KDIGO criteria 
(SCr and urine 

output) 

118  

(95.5;167.5)& 

119 

(91.7;130.4)& 

10/48 20/48 

LVAD, Left ventricular assist device; AKI, acute kidney injury; CABG, coronary artery bypass grafting; CPB, cardiopulmonary bypass; 
placebo, an equivalent concentration of nitrogen; KDIGO criteria* only monitoring for 2 days after operation�RRT�renal replacement 
therapy; through inhalation# started NO administration immediately at the discontinuation of CPB; $p=0.048; # mean�SD�& median 
(interquartile range). 
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Table 2 Sensitivity analyses 
Outcome measures  Number of studies 

(number of patients)  
Statistical model  Effect size (95% CI)  P-value  

 

Heterogeneity(I2)  

AKI  5 (597� RR random effects 0.76 (0.62 to 0.93) 0.008 0% 

OR random effects 0.58 (0.38 to 0.90) 0.015 6% 

OR Peto  0.58 (0.37 to 0.92) 0.019 12% 

AKI 3 (400) RR random effects 0.71 (0.54 to 0.94) 0.018 10% 

AKI, acute kidney injury; RR, risk ratio; OR, odds ratio. 
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Figure 1. Flow chart of the systematic review and meta-analysis in the present study. 
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Figure 2. Risk-of-bias summary for each included trial.  

 

Red circles indicate high risk. Green circles indicate low risk. Yellow circles indicate 
unclear risk. 
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Figure 3. The relative risk of postoperative AKI.  

 
A. Forest plot of the risk of AKI irrespective of the AKI stage in included trials. B. Forest 
plot of subgroup analysis by the timing of NO initiation. RR, risk ratio. CI, confidential 
interval; AKI, acute kidney injury; NO, nitric oxide. 
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Figure 4. Trim-and-fill test for the primary outcome. 

 

A. Funnel plot of the trim-and-fill test. Solid dots indicate included trials. Blanks dots 
indicated filled unpublished studies. B. Forest plot of the trim-and-fill test for the primary 
outcome. RR, risk ratio. CI, confidential interval; AKI, acute kidney injury; NO, nitric 
oxide. 
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SUMMARY OF CONCLUSION 

In this project, we conducted a prediction analysis and a meta-analysis to examine the 

potential diagnostic and therapeutic strategy targeting the pathogenesis of postoperative 

AKI after open-heart surgery.  

In the secondary analysis of a randomized controlled trial, we found that fHb ratio was 

associated with postoperative AKI after open-heart surgery after adjustment for baseline, 

intra- and postoperative risk factors. At the earliest stage, i.e., at the end of CPB, fHb 

ratio presented better predictive performance compared to urinary biomarkers (NAGL, 

NAG and KIM-1). Incorporation of fHb ratio could better identify patients with high risk of 

AKI, compared with urinary biomarkers alone. 

In the meta-analysis and trial sequential analysis, we found that delivery of NO appeared 

to reduce the risk of postoperative AKI in patients undergoing CPB, suggesting that the 

effect of NO on renal function might be disease-specific. Additional studies are required 

to ascertain the findings.  

This project highlights hemolysis related factors, i.e., fHb and NO consumption, might be 

a promising biomarker and therapeutic target for postoperative AKI after open-heart 

surgery, respectively.  
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DISCUSSION AND PERSPECTIVES 

This project had several strengths. First, our study highlighted fHb ratio as an easily 

detected and novel biomarker to early identify patients with high risk of postoperative AKI. 

Compared with other studies involved with urinary biomarkers only, we performed 

appropriate statistical analyses to account for overfitting and non-linearity, which 

improved the optimism and flexibility of the prediction model. Our study could inspire 

future studies to determine early diagnostic strategy for AKI. Second, we found that the 

effect of NO on postoperative AKI might be disease specific, providing rationale to 

explore effect of NO supplementation on prognostic outcomes among patients 

undergoing CPB.  

Despite these rigorous methods, our study still has limitations. In terms of the secondary 

analysis, our prediction analysis is derived from a limited sample size cohort. Therefore, 

overfitting cannot be overlooked despite the statistical optimization using the bootstrap 

adjustment. Meanwhile, our study might not have enough power to adjust for potential 

confounding, which were not statistically significant in our univariable analysis but would 

normally be associated with risk of AKI (i.e., duration of CPB, diabetes and hypertension). 

Moreover, since our derived cohort is a group of patients with low risk of AKI at baseline 

and the delivery of NO invalidates the prediction of fHb ratio against AKI, the 

generalizability of our prediction model needs further determination. In this setting, the 
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predictive performance of fHb ratio at the end of CPB needs to be validated in other 

cohorts. In terms of the meta-analysis, although the level of statistical heterogeneity was 

very low in our meta-analysis, the heterogeneity in other independent variables including 

AKI diagnosis criteria, duration and dosage of NO therapy, and time of CPB should not 

be overlooked. Furthermore, even we conducted Trim and Fill test to adjust for the 

publication bias, potential for residual bias might not be overlooked given only five 

studies were included in our meta-analysis. 

Our project pointed out future directions of studies to improve clinical practice as follows: 

(1) To develop and validate our prediction model in a large sample size cohort; (2) To 

determine which type, Oxy-Hb or Met-Hb, could be employed in patients both with or 

without NO delivery; (3) To evaluate the performance of fHb ratio among cohorts with a 

higher baseline risk of AKI; (4) To clarify whether fHb ratio alone or with other urinary 

biomarkers could predict other prognostic outcomes; and (5) To consolidate the effect, 

timing, duration, and dosage of NO administration with larger trials and investigate 

potential mechanisms of renal protection properties.
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APPENDIXES 

Appendix 1. Details of the potential risk factors and outcomes 

Variables Definition 

Risk factors  

Age, yr  

Body mass index, 
kg/m2 

1: 18.5≤BMI<25, 2: BMI<18.5, 3: BMI≥25 

EUROscore II European system for cardiac operative risk evaluation II 

Diagnosis 1: Rheumatic valve disease; 2: Congenital valve disease; 3: Infective endocarditis 

Smoker 1: more than 10 pack-year one year within surgery (current smoker), 2: more than 10 pack-year 
one year before surgery (previous smoker), 0: non-smoker 

Hypertension 1: hypertension history, on anti-hypertension medication, or blood pressure over 140/90 at 
admission for at least two times, 0: none of the situations above 

Diabetes 1: on insulin or antidiabetic medication, or fasting glucose level above 126 mg/dL (7 mmol/L) at 
admission, 0: none of the situations above 
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Dyslipidemia 1: cholestorol > 200 mg/dl or LDL > 160 mg/dl, 0: none of the situation above 

Vascular disease 1: stroke, peripheral vascular disease and recent myocardial infarction (less than 90d), 0: none of 
the situation above 

Chronic obstructive 
pulmonary disease 

1: on Chronic bronchodilator therapy or inhaled corticosteroids, 0: none of the situations above 

Pulmonary artery 
hypertension 

1: Pulmonary systolic pressure more than 38 mmHg or pulmonary mean arterial pressure more 
than 25 mmHg, detected by cardiovascular ultrasound through tricuspid regurgitation; 0: none of 
the situations above 

Cardiac surgery 
history 

1: yes, 0: no 

Moderate to severe 
heart failure  

1: NYHA III/IV; 0: NYHA I/II 

Serum creatinine 
(SCr), mg/dL 

Baseline SCr at admission 

eGFR, ml/min Baseline eGFR at admission. 1: eGFR<60ml/min, 0: eGFR≥60 ml/min 

Duration of CPB, min 1: Time of CPB≥120min, 0: Time of CPB< 120min 

Duration of aortic 
cross- clamping, min 

Time of aortic cross-clamping 

Change of free Difference between postoperative levels of free hemoglobin at difference time point and baseline 



	

	 81 

hemoglobin (∆fHb), 
µM 

levels of free hemoglobin 

Free hemoglobin ratio 
(fHb ratio) 

Post-CPB levels of free hemoglobin at difference time point divided by free hemoglobin at 
baseline 

Blood transfusion Packed red blood cell transfusion. 1: yes, 0: no 

Fluid balance during 
operation, ml/kg 

Difference between fluid input and output, divided by weight 

VIS in the operation Highest vasoactive and inotropic score during the operation 

Fluid balance at the 
first 24hrs of ICU, 
ml/kg 

Difference between fluid input and output, divided by weight 

VIS at the first 24hrs 
of ICU 

Highest vasoactive and inotropic score at the first 24 hours of ICU 

Duration of 
mechanical 
ventilation 

1: time of mechanical ventilation>24h, 0: time of mechanical ventilation≤24h 

Duration of 
vasopressors 

Use of dopamine, dobutamine, epinephrine, norepinephrine, milrinone, and vasopressin. 1: time 
of vasopressors>2d, 0: time of vasopressors≤2d 

Outcomes  
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AKI KDIGO criteria (creatinine) 

AKI stage 1�Increase in SCr by ≥ 0.3 mg/dL within 48 hours or increase in SCr 1.5 to 1.9 times baseline 
which is known or presumed to have occurred within the prior 7 days, 2: Increase in SCr to 2.0 to 
2.9 times baseline, 3: Increase in SCr to 3.0 times baseline or increase in SCr to ≥ 4.0 mg/dL or 
initiation of renal replacement therapy. 

RRT 1: subjects need renal replacement therapy, 0: subjects without renal replacement therapy 

ICU LOS ICU length of stay, hours 

Death 28-day mortality 

NYHA, New York Heart Association; eGFR, estimated glomerular filtration rate; CPB, cardiopulmonary bypass; VIS, 
vasoactive-inotropic score; AKI, acute kidney injury; RRT, renal replacement therapy; ICU, intensive care unit; LOS, length 
of stay. 
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Appendix 2.  Descriptive analyses on all the variables 

Variables Overall(n=110) fHb ratio≤2.23(n=55) fHb ratio>2.23(n=55) P 
Age, yr 47.50 [43.25, 53.75] 46.00 [42.50, 50.00] 49.00 [45.00, 56.50] 0.021 
Male 42 (38.2) 21 (38.2) 21 (38.2) 1 
BMI, Kg/m2 22.04 [20.43, 24.08] 22.04 [20.44, 23.93] 22.03 [20.38, 24.20] 0.816 
Diagnosis    0.207 
  Rheumatic valve disease 104 (94.5) 54 (98.2) 50 (90.9)  
  Congenital valve disease 2 (1.8) 0 (0.0) 2 (3.6)  
  Infective valve disease 4 (3.6) 1 (1.8) 3 (5.5)  
EUROscore II 1.09 [0.90, 1.52] 1.09 [0.90, 1.52] 1.22 [0.90, 1.51] 0.608 
Current Smoker 22 (20.0) 12 (21.8) 10 (18.2) 0.812 
Hypertension 6 (5.5) 4 (7.3) 2 (3.6) 0.675 
Diabetes 2 (1.8) 1 (1.8) 1 (1.8) 1 
Vascular Disease 6 (5.5) 3 (5.5) 3 (5.5) 1 
COPD 10 (9.1) 5 (9.1) 5 (9.1) 1 
Moderate to severe heart failure 
(NYHA III/IV) 

61 (55.5) 31 (56.4) 30 (54.5) 1 

AF 87 (79.1) 43 (78.2) 44 (80.0) 1 
PAH 52 (47.3) 28 (50.9) 24 (43.6) 0.567 
Baseline Creatinine, mg/dL 1.07 [0.97, 1.18] 1.06 [0.98, 1.18] 1.09 [0.97, 1.18] 0.931 
eGFR, ml/min/m2 67.94 [61.71, 77.63] 67.25 [62.39, 77.12] 69.48 [60.21, 77.39] 0.827 
Duration of CPB, min 131.50 [111.25, 

153.75] 
127.00 [109.50, 

144.50] 
140.00 [120.00, 

161.50] 
0.005 

Duration of cross-aortic  
clamping, min 

74.00 [62.25, 89.50] 70.00 [60.50, 82.50] 80.00 [67.00, 101.50] 0.019 

Fluid balance during the  13.96 [4.05, 23.70] 9.78 [2.30, 20.03] 15.65 [11.16, 24.61] 0.058 
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operation, ml/kg 
VIS during the operation 
(highest) 

5.00 [5.00, 8.00] 5.00 [5.00, 8.00] 5.00 [5.00, 8.00] 0.736 

Blood transfusion 29 (26.4) 12 (21.8) 17 (30.9) 0.387 
ΔfHb, µM 38.82 [24.38, 57.20] 24.25 [11.75, 34.71] 56.47 [45.27, 73.55] <0.00

1 
fHb ratio 2.23 [1.79, 2.99] 1.78 [1.37, 1.97] 2.99 [2.54, 3.62] <0.00

1 
Fluid balance during the first  
24h in the ICU, ml/kg 

-6.86 [-16.87, 4.98] -9.42 [-16.91, 3.15] -6.47 [-16.68, 5.08] 0.482 

VIS during the first 24h  
in the ICU (highest) 

5.00 [5.00, 10.00] 5.00 [5.00, 9.00] 7.00 [5.00, 10.00] 0.085 

Hours of MV, hour 24.14 [21.62, 27.09] 23.67 [21.60, 26.96] 24.53 [21.69, 27.23] 0.484 
Days on vasoactive/inotropic  
drugs, day 

3.00 [2.00, 5.00] 3.00 [0.50, 5.00] 4.00 [2.50, 5.00] 0.023 

AKI 71 (64.5) 27 (49.1) 44 (80.0) 0.001 
AKI stage    0.001 
  0 39 (35.5) 28 (50.9) 11 (20.0)  
  1 60 (54.5) 24 (43.6) 36 (65.5)  
  2 5 (4.5) 3 (5.5) 2 (3.6)  
  3 6 (5.5) 0 (0.0) 6 (10.9)  
RRT 6 (5.5) 0 (0.0) 6 (10.9) 0.036 
Hours of ICU LOS 65.29 [44.25, 81.23] 66.16 [45.79, 85.71] 62.42 [41.46, 69.08] 0.064 
28-day mortality 6 (5.5) 0 (0.0) 6 (10.9) 0.036 
Continuous data were presented as median with interquartile range (IQR, 25–75th percentiles) and compared with the 
Mann-Whitney U test. Categorical variables are presented as frequencies and compared with a chi-square test or Fisher 
exact test when appropriate. All analyses were two sided. BMI, body mass index; EUROscore II, European System for 
Cardiac Operative Risk Evaluation II; COPD, chronic obstructive pulmonary disease; NYHA, New York Heart Association; 
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AF, Atrial fibrillation; PAH, pulmonary artery hypertension; eGFR, estimated glomerular filtration rate; CPB, 
cardiopulmonary bypass; VIS, vasoactive-inotropic score; fHb, free hemoglobin; MV, mechanical ventilation; AKI, acute 
kidney injury; RRT, renal replacement therapy; ICU, intensive care unit; LOS, length of stay. 
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Appendix 3.  Levels of fHb at different time points, stratified into patients with AKI 

(n=71) or not (n=39).  
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Appendix 4.  Levels of fHb at different time points, stratified into patients reached 

RRT/death (n=6) or not (n=104).  

 

RRT, renal replacement therapy. 
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Appendix 5. Multivariable analyses among patients in the control arm (N=110, with available measurements of fHb) 
 
Risk factors Model 1 Model 2 Model 3 Model 4 

 OR (95% CI) p  OR (95% CI) p  OR (95% CI) p  OR (95% CI) p  

fHb ratio  2.459 (1.390-4.352) 0.002 2.516 (1.433-4.420) 0.001 2.477 (1.363-4.501) 0.046 2.505 (1.405-4.465) 0.002 
Age 0.980 (0.927-1.036) 0.476       
Gender-male 0.914 (0.373-2.242) 0.845       
BMI         
Normal (18.5�BMI<25)  Reference        
Underweight (BMI<18.5)  1.562 (0.343-7.100) 0.564       
Overweight (BMI>25) 3.765 (0.943-15.037) 0.061       
Current Smoker   1.762 (0.479-6.489) 0.394     
Hypertension    1.819(0.265-12.484) 0.543     
Vascular disease   3.885(0.421-35.845) 0.231     
COPD   4.422(0.436-44.855) 0.208     
Severe heart failure 
(NYHA III/IV) 

  1.169 (0.469-2.913) 0.737     

AF   0.685 (0.217-2.157) 0.518     
PAH   0.861 (0.346-2.146) 0.748     
GFR<60ml/min/m2   0.539 (0.178-1.629) 0.273     
EUROscore II-linear     0.285(0.003-24.503) 0.581 0.679(0.009-51.572) 0.861 
Time of CPB�120min     0.911 (0.277-2.998) 0.879   
Time of clamping     1.021 (0.992-1.051) 0.164   
Blood transfusion     0.780 (0.283-2.258) 0.673   
Fluid balance in the OR-linear     0.989 (0.936-1.044) 0.686   
VIS (highest) in the OR     1.138 (0.956-1.355) 0.145   
Fluid balance at the first 24h  
in the ICU-linear 

      1.015(0.984-1.046) 0.340 
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VIS (highest) at the first 24h in the ICU       1.019(0.856-1.213) 0.832 
Hours of MV>24hrs       0.950(0.379-2.380) 0.913 
Days of vasopressors>2d       1.375(0.526-3.594) 0.516 

BMI, body mass index; EUROscore II, European System for Cardiac Operative Risk Evaluation II; COPD, chronic obstructive pulmonary 
disease; NYHA, New York Heart Association; AF, atrial fibrillation; PAH, pulmonary artery hypertension; eGFR, estimated glomerular 
filtration rate; CPB, cardiopulmonary bypass; VIS, vasoactive-inotropic score; OR, operation room; fHb, free hemoglobin; MV, mechanical 
ventilation; OR, odds ratio; CI,  
confidential interval.  
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Appendix 6. The comparison of fHb ratio, NAG, NAGL and KIM-1 at different time points in the intervention arm between 

AKI (n=52) and non-AKI (n=53) group. 

Biomarkers End of CPB Admission to the ICU 6h in the ICU 
 Non-AKI AKI P 

value 
Non-AKI AKI P 

value 
Non-AKI AKI P 

value 
NAGL  
(ng/mg) 

20.34  
[1.06, 
78.01] 

17.29  
[1.88, 
79.40] 

0.795 85.72  
[4.99, 
192.87] 

131.13 
[11.73, 
317.78] 

0.207 3.26  
[0.95, 
9.10] 

12.45  
[2.76, 30.42] 

0.006 

NAG 
(U/mg) 

0.46  
[0.16, 1.20] 

0.45  
[0.21, 1.33] 

0.974 1.24  
[0.45, 2.97] 

1.11  
[0.53, 2.65] 

0.790 0.11  
[0.06, 
0.27] 

0.15  
[0.09, 0.39] 

0.096 

KIM-1 
(ng/mg) 

8.48  
[4.24, 
14.16] 

9.03  
[5.11, 
17.67] 

0.752 8.42  
[4.26, 15.45] 

8.79  
[5.47, 16.48] 

0.373 4.64  
[2.35, 
7.76] 

5.07  
[2.82, 8.92] 

0.685 

fHb ratio 2.21  
[1.87, 2.65] 

2.25  
[1.74, 3.27] 

0.908 2.47  
[2.00, 2.95] 

2.73  
[1.92, 3.14] 

0.505 2.20  
[1.80, 
2.78] 

2.33  
[1.83, 3.16] 

0.497 

Data were presented as Median [IQR, 25-75%] and compared with the Mann-Whitney U test. All analyses were two sided. 
NAG, NAGL and KIM-1 were normalized with urinary creatinine concentration. fHb, free hemoglobin; NAG, 
N-acetyl-β-D-glucosaminidase; NAGL, neutrophil gelatinase-associated lipocalin; KIM-1, kidney injury molecule-1; ICU, 
intensive care unit; AKI, acute kidney injury.
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Appendix 7. The comparison of fHb ratio, NAG, NAGL and KIM-1 at different time points in the control arm among 

non-AKI, AKI stage 1, and high stage of AKI (AKI stage 2 and 3 ) group (N=107, with available measurements of fHb) 

Biomarkers  Non-AKI (n=39) AKI stage 1 (n=60) High stage of AKI (n=11) p value 

NAGL 
(ng/mg) 

End of CPB 5.36 [0.63, 22.18] 1.32 [0.54, 23.57] 59.05 [43.04, 144.76] 0.001 
Admission to the ICU 15.78 [2.27, 61.26] 43.57 [2.19, 150.07] 224.51 [105.99, 364.32] 0.001 
6h in the ICU 1.13 [0.51, 5.06] 3.22 [1.46, 8.45] 12.09 [4.75, 47.29] 0.001 

NAG 
(U/mg) 

End of CPB 0.37 [0.14, 0.85] 0.27 [0.15, 0.92] 1.08 [0.67, 2.45] 0.010 
Admission to the ICU 0.65 [0.29, 1.23] 0.69 [0.28, 1.52] 2.10 [1.62, 2.55] 0.005 
6h in the ICU 0.13 [0.08, 0.23] 0.11 [0.06, 0.24]   0.20 [0.10, 0.97] 0.142 

KIM-1 
(ng/mg) 

End of CPB 6.21 [3.05, 10.77] 6.91 [3.48, 12.25] 6.98 [4.99, 11.46] 0.633 
Admission to the ICU 9.21 [4.16, 21.66] 11.98 [6.71, 29.97] 10.65 [4.96, 14.08] 0.312 
6h in the ICU 4.99 [2.07, 7.45] 4.22 [1.90, 6.93] 4.74 [3.49, 10.63] 0.448 

fHb ratio 
End of CPB 1.94 [1.46, 2.36] 2.39 [1.98, 3.32] 2.99 [2.14, 3.39] 0.001 
Admission to the ICU 1.77 [1.53, 2.44] 2.47 [2.05, 3.05] 3.00 [1.86, 3.46] 0.002 
6h in the ICU 1.45 [1.22, 1.86] 1.74 [1.30, 2.23] 1.87 [1.31, 2.26] 0.292 

Data were presented as Median [IQR, 25-75%] and compared with the Mann-Whitney U test. All analyses were two sided. 
NAG, NAGL and KIM-1 were normalized with urinary creatinine concentration. fHb, free hemoglobin; NAG, 
N-acetyl-β-D-glucosaminidase; NAGL, neutrophil gelatinase-associated lipocalin; KIM-1, kidney injury molecule-1; ICU, 
intensive care unit; AKI, acute kidney injury.
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Appendix 8�Search strategy. 

Embase: 2327 

('cardiopulmonary bypass'/exp OR 'systemic pulmonary shunt'/exp OR 'cardiopulmonary 

bypass':ab,ti OR 'heart-lung bypass':ab,ti OR 'heart lung bypass':ab,ti OR 'heart-lung 

bypasses':ab,ti OR 'cardiopulmonary bypasses':ab,ti OR fontan:ab,ti OR 'mitral 

valve':ab,ti OR 'cardiac surgery':ab,ti OR 'lung transplantation'/exp OR 'lung 

transplantation':ab,ti OR 'lung grafting':ab,ti OR 'heart surgery'/exp) AND ('nitric 

oxide'/exp OR 'nitric oxide':ab,ti) AND ('randomized controlled trial'/exp OR 'controlled 

clinical trial'/exp OR randomized:ti,ab OR placebo:ti,ab OR 'drug therapy':lnk OR 

randomly:ti,ab OR trial:ti,ab OR groups:ti,ab) 

Pubmed: 535 

("Cardiopulmonary Bypass"[Mesh] OR Cardiopulmonary Bypass[tw] OR Heart-Lung 

Bypass[tiab] OR Heart Lung Bypass[tiab] OR Heart-Lung Bypasses[tiab] OR 

Cardiopulmonary Bypasses[tiab] OR "Lung Transplantation"[Mesh] OR Lung 

Transplantation*[tiab] OR Lung Grafting*[tiab] OR Fontan [tiab] OR “mitral valve”[tiab] 

OR “cardiac surgery”[tiab]) AND ("Nitric Oxide"[Mesh] OR "Nitric Oxide"[tiab]) AND 

("randomized controlled trial"[pt] OR "controlled clinical trial"[pt] OR randomized[tiab] OR 

placebo[tiab] OR "drug therapy"[sh] OR randomly[tiab] OR trial[tiab] OR groups[tiab]) 
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Web of science: 2344 

('cardiopulmonary bypass' OR 'systemic pulmonary shunt' OR 'cardiopulmonary bypass' 

OR 'heart-lung bypass' OR 'heart lung bypass' OR 'heart-lung bypasses' OR 

'cardiopulmonary bypasses' OR fontan OR 'mitral valve' OR 'cardiac surgery' OR 'lung 

transplantation' OR 'lung transplantation' OR 'lung grafting') AND ('nitric oxide' OR 'nitric 

oxide') AND ('randomized controlled trial' OR 'controlled clinical trial' OR randomized OR 

placebo OR 'drug therapy':lnk OR randomly OR trial OR groups) 

CENTRAL: 154 

 

ClinicalTrial.gov: 16 

Nitric oxide and cardiopulmonary bypass 
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Appendix 9�Risk of bias graph 

                     

 

 

Appendix 10�Funnel plot for the primary outcome. 
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Appendix 11� Forest plot for the Peto method.  

 

OR, odds ratio. CI, confidential interval; AKI, acute kidney injury; NO, nitric oxide. 

Appendix 12�Forest plot for sensitivity analysis including studies that had lower risk of 

bias and reported AKI using KDIGO criteria.  

 

RR, risk ratio. CI, confidential interval; AKI, acute kidney injury; NO, nitric oxide. 
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Appendix 13�Forest plot for the length of ICU stay.  

 

MD, mean difference. SD, standard deviation; CI, confidential interval; NO, nitric oxide. 

Appendix 14�Forest plot for the length of hospital stay.  

 

MD, mean difference. SD, standard deviation; CI, confidential interval; NO, nitric oxide. 
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Appendix 15�Forest plot for the risk of postoperative hemorrhage, i.e., requiring blood 

transfusion after the operation or reoperation.  

 

RR, risk ratio. CI, confidential interval; NO, nitric oxide. 

Appendix 16�Forest plot for levels of methemoglobin at the end of CPB, %.  

 

MD, mean difference. SD, standard deviation; CI, confidential interval; NO, nitric oxide; 
CPB, cardiopulmonary bypass. 
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