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Abstract  

Background: Patients undergoing coronary artery bypass graft (CABG) surgery 

are at risk of developing acute kidney injury. As impaired postoperative renal 

function is likely due to ischemia or hypoxia during the intra-operative phase, 

monitoring of intra-operative renal tissue oxygenation (SrtO2) can be used to 

detect renal hypoxia. We intended to evaluate the ability of intra-operative non-

invasive SrtO2 measurements to predict postoperative renal function change in 

adult patients randomized to on-pump CABG (with cardiopulmonary bypass 

(CPB)) or off-pump (without CPB), in comparison with renal injury biomarkers 

neutrophil gelatinase-associated lipocalin (NGAL), and kidney injury molecule-

1 (KIM-1).  

Methods: This study comprised a secondary analysis of data acquired during a 

prospective randomized controlled trial, the tissue oxygenation in CABG 

surgery (TO-CABG) study. Forty-three patients with normal preoperative renal 

function, undergoing elective CABG surgery (19 in on-pump and 24 in off-

pump group) were included. Near-infrared spectroscopy (NIRS) was used to 

measure renal and peripheral tissue oxygenation continuously. The relationship 

between renal tissue deoxygenation, renal injury biomarkers, and the relative 

change in serum creatinine levels was investigated by multiple linear regression 

analysis. Cross correlation between NIRS and mean arterial pressure (MAP) 

was calculated as a measure of renal autoregulation.  

Results: Whereas intra-operative renal tissue deoxygenation was associated with 

improved renal function in patients undergoing on-pump cardiac surgery, renal 

tissue deoxygenation was associated with increased postoperative serum 

creatinine (sCr) in those undergoing off-pump procedures. Urine NGAL and 

KIM-1 were associated with increased sCr in on- and off-pump CABG, 

respectively. On-pump CABG was associated with significantly higher 

correlation of NIRS and MAP at the end of procedure.  

Conclusion: NIRS monitoring provides an advantage over analysis of the 

selected biomarkers for renal injury in terms of intra-operative availability of 

data and ease of application. Loss of autoregulation in on-pump CABG might 

explain the opposite relation between renal tissue oxygenation and 

postoperative renal function decline in on- and off-pump groups. 
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Introduction 

Cardiac surgery is often complicated by hospital-acquired acute kidney injury 

(AKI). The incidence of overt postoperative AKI after cardiac surgery, as 

identified by commonly used AKI classifications (AKIN, KDIGO, or RIFLE), 

varies from 5% to 42% depending on comorbidity, surgical technique, and the 

study population (Bastin et al., 2013; Lagny et al., 2015). Although, AKI 

classifications denote substantial changes in renal function, even minor renal 

impairment - not identified by these AKI classifications - is also associated with 

increased postoperative morbidity and mortality (Lassnigg et al., 2008). 

Postoperative renal impairment may have serious consequences, with e.g. 6% of 

patients identified by AKI classification requiring renal replacement therapy 

(RRT) and displaying increased in-hospital mortality (Che et al., 2011), and 

long-term mortality over 10 years (Loef et al., 2005; Hobson et al., 2009). 

Because AKI classification does not identify patients with minor renal 

impairment, it has been advocated that postoperative renal function is best 

evaluated as the difference between pre- and postoperative serum creatinine 

levels (Kork et al., 2015). 

The use of CPB is an important risk factor for postoperative impairment of renal 

function. Abrupt changes in cardiac output (CO) and blood volume (due to CPB 

priming volume) can alter renal blood flow (RBF) and renal perfusion pressure. 

In a healthy patient, kidney perfusion is maintained by adequate renal arterial 

and venous responses (renal autoregulation). However, intra-operative 

hemodynamic consequences of CPB may cause a failure of autoregulation in 

patients undergoing cardiovascular surgery (Sgouralis et al., 2015). This may 

cause renal ischemia, resulting in impaired renal function. Additionally, the 

non-pulsatile flow usually used during CPB might hamper vascular responses to 

altered RBF and consequently cause damage to renal tubules and glomeruli 

(Salameh et al., 2015). Off-pump coronary artery bypass grafting (CABG) is 

devoid of these CPB related hemodynamic effects, which theoretically might 

render advantages in the prevention of renal injury. Pooled data from 22 studies 

including more than 25,000 patients indicate that the off-pump CABG 

technique is associated with a lower incidence of AKI (Nigwekar et al., 2009). 

Investigation of intra-operative renal function requires sophisticated methods 

that take the alterations in circulation into account. Intraoperative renal tissue 
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oxygenation (SrtO2) offers a dynamic insight into renal tissue circulation, by 

assessing the balance between oxygen delivery and oxygen consumption at the 

tissue level (Grosenick et al., 2015), and may serve to identify patients at risk of 

renal function loss. SrtO2 can be measured non-invasively with near-infrared 

spectroscopy (NIRS) by applying sensors to the skin above the kidneys. NIRS 

utilizes light with wavelengths of 700-900 nm, which is absorbed by 

hemoglobin (Hb) and deoxygenated hemoglobin. One of the major advantages 

of NIRS monitoring is that it takes hemodilution into account and is 

independent of pulsatile blood flow (unlike pulse oximetry). Indeed, a study of 

59 pediatric patients undergoing CPB assisted cardiac surgery for congenital 

heart disease found that the area under the curve (AUC) of SrtO2 below 65% 

accurately identified patients with subsequent postoperative impaired renal 

function (Ruf et al., 2015). However, whether renal deoxygenation also predicts 

postoperative impairment of renal function in adult cardiac surgery patients, 

with different surgical indications, renal physiology and comorbidity, is 

unknown. 

Currently, promising renal injury biomarkers include neutrophil gelatinase-

associated lipocalin (NGAL), kidney injury molecule-1 (KIM-1), and Cystatin 

C (Schmid et al., 2015). However, their predictive power strongly depends on 

pre-existing risk in the study population (Zhou et al., 2015). In the current study 

we hypothesized that renal tissue deoxygenation during CABG predicts 

increased postoperative serum creatinine levels in adult patients with previously 

normal serum creatinine. To address the effect of CPB on renal tissue 

oxygenation, we separately analyzed SrtO2 in patients randomized to undergo 

on-pump and off-pump CABG surgery. Finally, we compared deoxygenation 

with two renal injury biomarkers, plasma and urinary NGAL and urinary KIM-

1, and the relationships among these factors with postoperative change in serum 

creatinine concentrations.   
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Material and Methods  

This study comprises a secondary analysis of data from a recently published 

prospective, randomized clinical trial comparing the incidence and severity of 

cerebral oxygen desaturation during CABG surgery, with and without CPB 

(Kok et al., 2014). Data were obtained in 59 patients who were randomized to 

on-pump or off-pump CABG and who had NIRS sensors applied to estimate 

renal, peripheral, and cerebral tissue oxygenation. The study was performed at 

the University Medical Centre Groningen, the Netherlands, between June 2011 

and May 2012. Ethical approval (Reference: METc2011/045) was obtained on 

the 19
th
 of April 2011 from the institutional ethical committee, Groningen, The 

Netherlands. The study was registered at ClinicalTrials.gov (NCT01347827). 

Patient selection 

The details of the study protocol have been published previously (Kok et al., 

2014). In brief, patients aged 18 years and older were included when both the 

operating surgeon and the responsible anesthetist considered the patient eligible 

for CABG surgery performed either with or without CPB. Exclusion criteria 

included pre-existing renal impairment (creatinine concentration above 200 

µmol.l
-1

).  

Management during CPB and surgical procedure 

Intra-operative anesthetic management was performed as detailed previously 

(Kok et al., 2014). In patients allocated to surgery using CPB, the ascending 

aorta and right atrium were cannulated after receiving heparin 300 IU.kg
-1

. 

Cardiopulmonary bypass was non-pulsatile and mean arterial pressure was 

maintained around 60 mmHg.  

Determination of impaired renal function 

As the selected population had no pre-existing renal impairment, a relatively 

low proportion of patients were expected to develop impaired renal function 

postoperatively. Therefore, we primarily evaluated kidney function as a 

continuous parameter in a multiple linear regression analysis by including the 

relative change in serum creatinine (sCr) levels in the first postoperative week 

as an assessment of change in renal function (Loef et al., 2005). Also, we 
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analyzed sCr levels in the first postoperative week and applied the criterion of 

>10% increase from baseline as a dichotomous indicator of impaired renal 

function.  

Oxygenation measurement 

Tissue oxygenation was measured non-invasively and continuously by NIRS. 

Prior to induction of anesthesia, an ultrasound examination of the left and right 

superior lumbar region was performed by the anesthetist to determine the 

location of the kidneys and their depth beneath the skin surface. Assessment of 

renal tissue oxygenation was only considered feasible in patients where the 

kidney surface was located less than 5 cm from skin level, as this is the 

maximum depth of penetration for emitted light by the sensors of the INVOS 

5100 Oximeter (Medtronic, Dublin, Ireland). Two NIRS sensors were applied to 

the skin of the superior lumbar regions to assess SrtO2 of both kidneys 

separately. NIRS sensors were also placed on the right thenar eminence to 

measure peripheral muscle tissue oxygenation (SptO2) with an InSpectra™ 

device (Hutchinson Technology, Hutchinson, USA). 

Calculation of oxygenation data 

Baseline oxygenation data were obtained after induction of anesthesia with the 

lungs of the patient being ventilated with an FiO2 of 0.4, and calculated as the 

mean SrtO2 during the 5 minutes before surgical incision. The duration and 

severity of renal tissue oxygen desaturation were quantified for absolute and 

relative thresholds of SrtO2 in %.min. For absolute changes in SrtO2 we applied 

thresholds of 90%, 80%, 70%, and 60%. For relative changes, we calculated 

AUCs for thresholds that were 5%, 10%, and 15% below each individual’s 

baseline SrtO2. 

Renal tissue specific deoxygenation was calculated as the difference between 

continuous SptO2 and SrtO2 measurements, both starting from SrtO2 baseline, as 

depicted in Figure 1. SptO2 is generally higher than SrtO2 and continuous data 

follow a similar pattern, but peripheral muscle tissue appears to be less reactive 

to sudden hemodynamic changes than renal tissue.  
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Oxygenation data below each threshold are expressed as an area under the curve 

(AUC) with unit %.min, as calculated using the following formulae. For 

absolute thresholds: AUC below 90% = (90% - current SrtO2(%)) × time 

(minutes). For relative thresholds: AUC >5% below baseline SrtO2 = (95% of 

baseline SrtO2 – current SrtO2(%)) × time (minutes). To correct for the 

dispersion of the oxygenation data, standardization was performed by 

calculating Z-scores. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Example of renal tissue specific deoxygenation calculation of a patient 

undergoing off-pump CABG. The red shaded area is the area under the curve (AUC; 

%.min) of renal tissue specific deoxygenation, which was calculated by subtracting the 

black solid line (renal tissue SrtO2) from the thenar tissue oxygenation (SptO2; %; blue 

dashed line). SrtO2 was measured by INVOS 5100 in the right kidney, SptO2 was 

measured with InspectraTM in the right thenar muscle.  
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Renal biomarkers 

Renal injury associated biomarkers were measured in blood and urine samples 

(5 ml each) at four time points: on arrival of the patient in the operation room, at 

sternum closure and at 6 hours and 24 hours postoperatively. NGAL was 

measured in plasma with a commercially available Quantikine ELISA kit (R&D 

Systems, Minneapolis, MN, USA; DLCN20). Urinary levels of NGAL and 

KIM-1 were measured using similar ELISA kits (R&D Systems, Minneapolis, 

MN, USA; DLCN20, DKM100). All measurements were performed according 

to the manufacturer’s instructions. To correct NGAL and KIM-1 levels for urine 

concentration, we also measured urinary creatinine concentration with the 

Creatinine Parameter Assay Kit (R&D Systems, Minneapolis, MN, USA; 

KGE005). 

Cross correlation between MAP and renal NIRS 

In an attempt to explain the occurrence of gross differences in renal tissue 

specific deoxygenation between on-pump and off-pump procedures, we tried to 

analyse whether hemodynamic changes play a role. Therefore, we cross 

correlated MAP with continuous renal SrtO2 data in three time phases during 

procedure. Phase 1 was defined as from start of surgery to start of perfusion in 

on-pump or opening of the pericardium in off-pump procedures. Phase 2 

followed directly after phase 1 until sternum closure, and phase 3 encompassed 

from sternum closure until the end of measurements. A positive correlation was 

taken to indicate impaired autoregulation.  

Statistical analysis 

Statistical analysis was performed in SPSS version 22 (IBM Inc., Chicago, 

USA). Normality of continuous variables was assessed by the Kolmogorov-

Smirnov test. Continuous data are expressed as mean (SD) for parametric data 

or as median (IQR [range]) for non-parametric data. Categorical variables are 

presented as number (proportion) and compared by using Fisher Exact or Chi-

square test, dependent on the number of patients per group. A univariate 

regression analysis was performed to identify factors for a multiple linear 

regression analysis, including variables when p<0.200. Thereafter, we 

performed a multiple linear regression analysis to assess the predictive value of 
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variables in the equation, using a backward method with criterion F-to-remove 

≥0.100. To compare continuous variables for parametric and non-parametric 

data, a student T-test or Mann-Whitney U test was performed respectively. 

Pearson’s correlation coefficients were calculated for cross correlations between 

MAP and renal NIRS. Statistical significance was defined as P<0.05. 

 

Results 

Patient characteristics 

Data describing demographic, intra-operative and postoperative patient 

characteristics are shown in Table 1. The mean age was 63 (9) years. In the 

original study 59 patients were included of which 16 did not have sufficient 

SrtO2 data for analysis. Reasons for this were: NIRS sensors for SrtO2 were not 

applied (n=3), insufficient data were collected (n=5), or the kidneys could not 

be visualized on ultrasound or were >5 cm below the skin (n=8). Patients in 

whom the kidneys were not visible on ultrasound or positioned too deep had 

significantly higher BMI (31.8 (3.3)) compared to other patients (27.1 (3.3), 

p=0.013). Thus, 43 patients had sufficient SrtO2 data for analysis: 19 patients 

who had been randomized to undergo CABG with CPB (on-pump) and 24 

patients randomized to undergo CABG without CPB (off-pump). In 31 out of 

these 43 patients SrtO2 data were obtained bilaterally, and in these cases left and 

right SrtO2 values were averaged (mean correlation between left and right 

kidney of r=0.811, p<0.001).  
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Table 1. Demographic, intra-operative and postoperative characteristics in patients undergoing 

on-pump or off-pump CABG, compared by postoperative renal function. Variables are number 

(proportion), mean (SD) or median (IQR). 

 

 

 

All patients 

(n = 43) 

Patients without 

impaired renal 

function (n = 34) 

Patients with 

impaired renal 

function (n = 9) 

 

P-value 

Gender; male 39 (91%) 30 (88%) 9 (100%) 0.280 

Age; years 63 (9) 61 (9) 68 (8) 0.092 

BMI; kg.m
-2 

 

27.8 (3.5) 27.1 (3.3) 30.2 (3.5) 0.036* 

Operated on CPB  19 (44%) 14 (41%) 5 (56%) 0.440 

EuroSCORE 2.5 (2.0) 2.7 (2.2) 1.9 (0.7) 0.745 

DM type II 9 (21%) 6 (18%) 3 (33%) 0.304 

Hypertension 11 (26%) 8 (24%) 3 (33%) 0.549 

Smoking 27 (63%) 25 (74%) 2 (22%) 0.003* 

Pre-operative LVEF 

    55–70% 

    40–55% 

    <40% 

 

19 (44%) 

20 (47%) 

4 (9%) 

 

14 (41%) 

17 (50%) 

3 (9%) 

 

5 (56%) 

3 (33%) 

1 (11%) 

0.671 

 

Preoperative blood 

analysis: 

    

   Leucocytes; x 10
9
.l

-1
 7.5 (2.3) 7.5 (2.5) 7.7 (1.2) 0.670 

   Creatinine; µmol.l
-1 

90 (23)  89 (23)  93 (24) 0.780 

   Hb; g.dl
-1

 8.8 (1.6)  8.6 (1.7) 9.5 (0.6) 0.019* 

     

Duration of surgery; min 178 (156-197)  178 (160-194) 182 (156-240) 0.547 

CPB time; min 83 (65-99)  85 (73-92) 69 (63-108) 0.687 

Cross clamp time; min 53 (42-61) 55 (48-61) 42 (38-60) 0.444 

No. of grafts per patient 

 

Intra-operative analyses: 

3.2 (0.8) 3.1 (0.8) 3.7 (0.7) 0.081 

   Base Excess; lowest -1.7 (1.6) -1.6 (1.6) -1.9 (1.9) 0.758 

   Lactate; highest 2.1 (0.8) 2.1 (0.8) 2.1 (0.6) 0.872 

   MAP; mmHg 71 (7) 71 (6) 70 (11) 0.403 

     

Stay on ICU; days  1 (1-1) 1 (1-1) 1 (1-1) 0.692 

Hospital admission time; 

days 

 

8 (6-11)  8 (6-11) 8 (6-12) 0.527 

CPB = cardiopulmonary bypass, DM type II = type 2 diabetes mellitus, LVEF = left 

ventricular ejection fraction, Hb = hemoglobin, CRP = C-reactive protein, eGFR = estimated 

glomerular filtration rate, LDH = lactate dehydrogenase, MAP = mean arterial pressure, ICU 

= intensive care unit. Significance is indicated with * for p<0.05. 
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Tissue oxygenation in on-pump versus off-pump 

Baseline SrtO2 and AUC below all predefined absolute thresholds were similar 

in on-pump and off-pump groups (Table 2). In contrast, AUC of SrtO2 >5% 

below the individual baseline was significantly larger in patients who 

underwent on-pump CABG. Next, we determined whether the difference was 

renal specific or due to a difference in systemic oxygenation by calculating 

renal tissue specific deoxygenation. Similar to SrtO2, patients operated on-pump 

showed a higher AUC of tissue specific oxygenation compared to patients 

operated off-pump (median (IQR): 802 (152-1360) %.min and 64 (1-464) 

%.min, respectively; p=0.002; Figure 2). 

 
Table 2. Intra-operative oxygenation data of patients who underwent on-pump or off-

pump CABG. Variables are mean (SD) or median (IQR).  

 Off-pump (n = 24) On-pump (n = 19) P-value 

 

SrtO2 

    Baseline; % 

 

 

 

78 (10) 

 

 

 

80 (9) 

 

 

 

0.696 

 

AUC absolute decrease SrtO2; %.min 

    Below 90% SrtO2 

    Below 80% SrtO2 

    Below 70% SrtO2 

    Below 60% SrtO2 

 

 

1484 (1008-2410) 

313 (42-899) 

0 (0-83) 

0 (0-0 )  

 

2185 (1692-3144) 

706 (221-1636) 

69 (0-392) 

0 (0-0) 

 

0.142 

0.167 

0.091 

0.939 

AUC relative decrease SrtO2; %.min 

    > 5% from baseline 

    >10% from baseline 

    >15% from baseline 

 

106 (0-353) 

23 (0-144) 

6 (0-36) 

 

445 (186-610) 

187 (6-289) 

57 (0-144) 

 

0.037* 

0.084 

0.112 

 

AUC of tissue specific SrtO2; %.min 

 

 

64 (1-464) 

 

 

802 (152-1360) 

 

 

0.002** 

 

SptO2 

    Baseline; % 

    AUC 10% below baseline; %.min 

 

86 (82-90) 

21 (0-211) 

 

84 (76-89) 

20 (0-248) 

 

0.116 

0.116 

    

    

SrtO2 = renal tissue oxygenation, SptO2 = peripheral tissue oxygenation, AUC = area 

under the curve, MAP = mean arterial pressure. Significance is indicated with */** for 

p<0.05 and p<0.01 respectively. 
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Figure 2. Comparison of intra-operative renal tissue specific deoxygenation in %.min 

between patients who underwent either on- or off-pump CABG surgery, and without     

(     ) or with postoperative impaired renal function (     ). Higher values of AUC indicate 

more renal deoxygenation. Black dots are outliers. Significance of p<0.01 is indicated 

with **. 

 

To further investigate differences of SrtO2 between the on-pump and off-pump 

groups, time dependent relation with MAP was analyzed (Figure 3). We found 

SrtO2 to increase significantly compared to MAP in both groups during Phase 2, 

being the start of perfusion in on-pump or opening of the pericardium in off-

pump procedures. The significant difference between SrtO2 and MAP remained 

in Phase 3 in patients who underwent off-pump CABG, yet disappeared in on-

pump CABG procedures. Thus, we suspected a disturbance in renal 

autoregulation during on-pump CABG in Phase 3. 

Relation between hemodynamic changes and SrtO2 to evaluate autoregulation 

Mean cross correlation coefficients of NIRS measurements and MAP are 

displayed in Figure 4. Regarding off-pump operated patients (panel A), the wide 

variation in correlation between MAP and NIRS remains from the beginning to 

end of the procedure. Whereas on-pump operated patients show the same 
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dispersion in phase 1 (panel B), they all end up having a positive correlation in 

phase 3.  

Correlation coefficients of on-pump operated patients were significantly higher 

than off-pump group in phase 3 (panel C; p=0.017). Interestingly, patients 

operated on-pump with postoperative impaired renal function started most often 

with a negative correlation in phase 1 and ended with a positive correlation in 

phase 3, representing the extremes in both phases. 

There is a strong positive correlation between MAP vs. both left and right 

kidney SrtO2 in all phases, indicating that throughout the entire procedure both 

kidneys respond similarly to hemodynamic changes, regardless of the use of 

CPB (Phase 1: r=0.764; Phase 2: r=0.798; and phase 3: r=0.783; p<0.001 in all 

phases). 

 
 

 

 

 

 

 

 

 

 

Figure 3. Intra-operative renal tissue oxygenation from left and right kidney (black) and 

mean arterial pressure (white) in on-pump (dots) and off-pump (triangles) procedures. 

Phase 1 is start procedure until start perfusion (on-pump) or opening of pericardium 

(off-pump). Phase 2 starts following phase 1 until sternum closure, and phase 3 ranges 

from sternum closure until the end of the measurement. Significance of p<0.05 and 

p<0.01 is indicated with */**, respectively.  
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Figure 4. Cross correlation coefficients of NIRS and MAP, for off-pump operated 

patients (Panel A) and on-pump operated patients (Panel B). Phase 1 is start procedure 

until start perfusion (on-pump) or opening of pericardium (off-pump). Phase 2 starts 

following phase 1 until sternum closure, and phase 3 ranges from sternum closure until 

the end of the measurement. Autoregulation over time in off-pump compared to on-

pump CABG is depicted in Panel C. Symbols denote on-pump (dots) and off-pump 

(triangles) procedures. 
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Renal biomarkers in the on-pump versus the off-pump group 

Biomarker data of NGAL in plasma and urine, and KIM-1 in urine are 

displayed in Figure 5. Postoperative levels for all biomarkers were significantly 

increased from baseline at all subsequent time-points, in both on-pump and off-

pump surgery. At sternum closure, NGAL in plasma was significantly higher in 

patients operated on-pump compared to off-pump, being 163 (138-210) ng.ml
-1

 

versus 91 (68-120) ng.ml
-1

 respectively (p<0.001). However, there was already 

a significant difference in plasma NGAL at baseline; 72 (59-90) ng.ml
-1

 in the 

on-pump group and 52 (41-72) in the off-pump group (p=0.048). NGAL in 

urine, after correction for creatinine, was increased in the on-pump group after 

24 hours 1.7 (1.0-4.2) ng.ml
-1

.mg creatinine
-1

 compared to the off-pump group 

(0.8 (0.4-1.2); p=0.019). KIM-1 in urine, corrected for creatinine, was also the 

highest after 24 hours, with similar levels in the on-pump and off-pump groups, 

amounting 0.5 (0.3-0.9) and 0.5 (0.4-0.6) ng.ml
-1

.mg creatinine
-1

. 

Multivariate analysis of parameters associated with postoperative impaired 

renal function 

Univariate analysis identified the following parameters, subsequently entered 

into multiple regression analysis: age, Z-score AUC of SrtO2 >5% below 

individual baseline, Z-score AUC of renal tissue specific SrtO2, urine NGAL at 

end of surgery, plasma NGAL at end of surgery, urine KIM-1 at end of surgery, 

number of grafts, preoperative Hb, and lowest base excess during surgery. A 

multiple backward linear regression analysis was performed on the relative sCr 

change in the first postoperative week compared to preoperative values (Table 

3). In the on-pump group, increased urine NGAL levels at sternum closure and 

low AUC in renal tissue specific deoxygenation (AUC SptO2 - SrtO2, corrected 

for baseline SrtO2) were associated with a relative increase in sCr (β=-.341; 

p=0.039, and β=.733; p<0.001 respectively; r
2
=0.636). Conversely, in the off-

pump group sCr increase was inversely related to the AUC of renal tissue 

specific deoxygenation (β= .379; p=0.041).  
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Figure 5. Intra-operative changes in renal damage biomarkers. Panels represent median 

levels of Neutrophil gelatinase-associated lipocalin (NGAL) in plasma corrected for 

hemodilution (A), and in urine corrected for urine creatinine (B), and kidney injury 

molecule-1 (KIM-1) in urine corrected for urine creatinine (C) in on-pump (dots) and 

off-pump (triangles) group. All blood and urine samples were acquired at the induction 

of anesthesia (start), at sternum closure (end), 6 hours and 24 hours after CABG 

procedure. Data are presented as median with IQR. */** indicates difference from 

baseline and +/++ indicates difference between on-pump and off-pump groups at 

p<0.050 and p<0.010, respectively.  
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Table 3. Multiple backward linear regression model of the effect of perioperative factors on 

relative serum creatinine change. 

On-pump      

 

 

Coefficient 

B 

SE β 95% CI P-value 

(Constant) 

 

0.807 0.054  0.69 to 0.92 <0.001 

Z-score AUC of tissue specific 

SrtO2; %.min 

 

-0.073 0.032 -.341 -0.14 to -0.00 0.039 

Urine NGAL at end of surgery; 

ng.ml
-1

/ mg.ml
-1 

 

0.106 0.022 .733 0.06 to 0.15 <0.001 

      

F (2, 16) = 13.95, p < 0.001, R
2
 = 0.636 

 

Off-pump      

 

 

Coefficient 

B 

SE β 95% CI P-value 

(Constant) 

 

0.614 0.119  0.36 to 0.87 <0.001 

Z-Score AUC of tissue specific 

SrtO2; %.min 

 

0.075 0.034 .379 0.00 to 0.15 0.041 

Age; years 

 

0.005 0.002 .437 0.00 to 0.01 0.011 

Urine KIM-1 at end of surgery; 

ng.ml
-1

/ mg.ml
-1 

 

0.256 0.051 .898 0.15 to 0.36 <0.001 

No. of grafts per patient 

 

-0.069 0.024 -.553 -0.12 to -0.02 0.011 

Base Excess; lowest -0.031 0.010 -.460 -0.05 to -0.01 0.006 

 

F (5, 17) = 6.67, p = 0.001, R
2
 = 0.662 

 

AUC of tissue specific SrtO2 was calculated as SptO2 - SrtO2, corrected for the baseline of 

SrtO2 (see figure 1). Urine NGAL at end of surgery was corrected for urine creatinine. NGAL 

= neutrophil gelatinase-associated lipocalin, AUC = area under the curve, SrtO2 = renal tissue 

oxygenation, Hb = hemoglobin. Red indicates a significant negative influence on relative 

creatinine change, whereas green indicates a significant positive influence on renal function. 
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Discussion 

In our analysis, renal tissue specific deoxygenation was associated with 

increased postoperative sCr in patients undergoing off-pump CABG, thus 

confirming our hypothesis that renal specific deoxygenation may predict 

adverse renal outcome. However, in on-pump surgery we found an inverse 

association between renal specific deoxygenation and renal function, as 

deoxygenation was paradoxically associated with better renal outcome in a 

multivariate regression analysis. NIRS monitoring provides an advantage over 

analysis of the selected biomarkers for renal injury (NGAL and KIM-1) in 

plasma and urine in terms of costs, intra-operative availability of data and ease 

of application. 

This study shows that the use of NIRS to evaluate SrtO2 can be a sensitive 

measure to gain additional information on intra-operative kidney performance 

and systemic oxygenation in both on-pump and off-pump CABG procedures. 

An earlier study of renal NIRS measurements in pediatric patients showed that 

decreased SrtO2 correlates with risk of impaired renal function after CPB-

assisted cardiac surgery (Ruf et al., 2015). While in pediatric patients decreased 

SrtO2 represented a stronger predictor for impaired renal function than renal 

injury biomarkers, we only found this association among adult patients 

undergoing off-pump CABG. In contrast, adults who underwent CABG with 

CPB showed an opposite association. A possible explanation for the difference 

in renal function after CPB-assisted cardiac surgery between the pediatric and 

adult patients might be underlying morbidity. In a similar study of adult patients 

who underwent elective valve surgery, an absolute decrease in SrtO2 below 55% 

correlated significantly with the risk of impaired renal function (Choi et al., 

2014). However, an absolute decrease below 55% hardly ever occurred in our 

population undergoing CABG surgery. Further, the type of cardiac surgery is an 

important factor in the development of postoperative impaired renal function. 

Thus, both physiological adaptation of the vascular system to a different cardiac 

condition and differences in surgical procedure may explain why we did not 

find any decrease of SrtO2 below 55%. Possibly, this also explains why a 

correlation between renal deoxygenation at all cut-off points and renal function 

impairment was absent in the off-pump surgery in our study population. 
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Since we studied a group of patients randomized to CABG with and without 

CPB, we were able to compare SrtO2 data not only based on the development of 

impaired renal function, but also between CPB-groups. Causes of decreased 

oxygenation may be arterial hypoxemia, impaired renal perfusion and increased 

renal oxygen extraction. As we expected this inversed relation to originate from 

hemodynamic changes that may influence renal autoregulation, we evaluated 

the relation between intra-operative MAP and SrtO2. Likely, their strong 

positive correlation is an indicator of loss of autoregulation of renal blood flow 

in this population, as renal SrtO2 is completely dependent on the MAP. Further, 

the shift from a negative correlation to positive correlation between MAP and 

intra-operative SrtO2 was more prominent in on-pump operated patients and in 

patients with impaired postoperative renal function. This indicates that an intra-

operative loss of renal autoregulation may underlie the opposite relation 

between intra-operative renal tissue specific deoxygenation and postoperative 

impaired renal function in on-pump and off-pump procedures. Others have 

suggested that hemodynamic changes, such as right ventricular dysfunction, 

might impair renal function through vena cava dilatation and increased central 

venous pressure (Guinot et al., 2015). Furthermore, it is possible that the 

different relationship between AUC of SrtO2 and decrease in renal function 

between on-pump and off-pump CABG was caused by different stress factors 

(e.g. damage-associated molecular patterns, inflammatory cytokines or lysed 

erythrocytes) caused by either CPB (Bouma et al., 2013a) or cardiac surgery 

alone. The literature contains conflicting data on the influence of surgical 

technique on renal outcome. Although a meta-analysis in 2005 showed that off-

pump CABG (compared with on pump CABG) is not associated with improved 

renal outcome (Cheng et al., 2005), a large RCT including 4752 patients 

undergoing isolated CABG surgery in 19 countries showed that the use of off-

pump CABG surgery reduced the risk of postoperative AKI compared to on-

pump surgery (Garg et al., 2014).  

 

As validated normal baseline values for SrtO2 are presently unavailable, we 

compared the efficacy of absolute and relative SrtO2 differences and renal tissue 

specific oxygenation (SrtO2 - SptO2). To compensate for the absence of 

validated normal baseline values, we regarded individual baseline level as the 

best reference to substantiate a decrease in SrtO2 larger than 5%, 10%, and 15%. 
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The use of this approach may have caused the counterintuitive correlation of a 

decrease in relative SrtO2 with improved renal outcome in patients operated on-

pump, as the baseline level of SrtO2 was significantly higher in patients who 

developed postoperative impaired renal function compared to patients who did 

not. Alternatively, the higher baseline data of SrtO2 may be explained by a 

higher sensitivity to pre-oxygenation of kidneys prone to impaired renal 

function. Yet, this difference in baseline SrtO2 was not found in the on-pump 

group who underwent a similar induction of anesthesia. To compensate for 

different baseline SrtO2, we employed renal tissue specific deoxygenation. Our 

data suggest that renal specific SrtO2 is a more reliable variable than SrtO2 

itself, regarding O2 saturation decreases in surrounding tissue which might 

influence NIRS measurement and the lack of validated baseline values. A 

limitation of the current study is its small sample size, which restricts the 

number of patients with impaired renal function.  

Under physiological conditions, RBF is pulsatile and by far exceeds renal 

metabolic requirements. Despite this, the kidneys maintain a metabolic balance 

instead of becoming hyperoxic and thus do not suffer from subsequent damage 

caused by reactive oxygen species, signifying that a physiological mechanism 

exists to limit oxygen delivery to renal tissue. It is suggested that the kidney 

utilizes the close proximity of arteries and veins to allow arteriovenous (AV) 

shunting (Evans et al., 2008). Because of this AV shunting system, the RBF is 

relatively insensitive to large increases or decreases in oxygen delivery (Leong 

et al., 2007). This distinguishes renal tissue from peripheral muscle tissue where 

hypoxia and hyperoxia lead to changes in blood flow by vasodilatation and 

vasoconstriction respectively (Evans et al., 2008). During CPB, a redistribution 

of oxygen delivery from visceral organs and muscle tissue enables the 

maintenance of oxygenation of both brain and kidneys (Boston et al., 2001). 

Renal deoxygenation is therefore suggested to be a late warning sign of 

systemic deoxygenation. However, our data suggest that renal tissue 

deoxygenates before peripheral tissue does. One might reason that in CPB 

facilitated CABG, the kidney is either suffering from decreased oxygen delivery 

or increased oxygen demand due to increased clearance of waste products and 

damaged blood cells. Hereby, kidneys are highly susceptible to acute renal 

ischemic injury. The reduced efficiency of mitochondrial oxygen utilization 

caused by oxidative stress and reduced nitric oxide bioavailability contributes to 



     Prediction of renal function loss  

 89 

 

 

 

 

2 
 

3 

 

4 

 

5 

 

6 

 

7 

 

8 

 

9 

 

10 
 
 

renal hypoxia (Evans et al., 2008). These factors also apply to peripheral tissue, 

thus supporting the rationale of combining SptO2 and SrtO2 in the analysis of 

renal tissue specific oxygenation. 

The biomarkers studied were increased in patients after cardiac surgery either 

with or without CPB, independent of postoperative impairment of renal 

function. NGAL levels in plasma have previously been shown to predict renal 

outcome (Mishra et al., 2003). A meta-analysis showed that this prediction 

depends on the characteristics of the population being studied (Zhou et al., 

2015). However, NGAL can increase due to CPB damaged neutrophils without 

simultaneous renal injury (Mårtensson et al., 2014). This might explain the 

difference of plasma NGAL at the end of surgery between the on-pump and off-

pump groups. Furthermore, both NGAL and KIM-1 are associated with 

regenerative capacity in renal tissue, limiting their validity as renal damage 

markers especially when it comes to prediction of renal outcome (Lim et al., 

2013; Srisawat et al., 2014). NGAL seems to predict impaired renal function 

best in patients with limited comorbidities and normal baseline renal function, 

as was the case in our population. Moreover, NGAL in urine has a higher 

predictive power for early diagnosis of postoperative impaired renal function 

than NGAL in plasma (Zhou et al., 2015). This is in accordance with our study 

findings. 

The non-invasive character of NIRS makes implementation into standard intra-

operative care relatively easy. In the current digital era, renal tissue specific 

deoxygenation can be calculated algorithmically during cardiac surgery. Despite 

an opposite relationship between renal tissue oxygenation and postoperative 

renal function decline in on- and off-pump CABG, we consider our findings to 

be hypothesis generating. More research is needed to assess the sensitivity and 

specificity of SrtO2 as a renal outcome-predicting variable in larger and more 

varied study populations, with taking the loss of autoregulation as a possible 

causing factor into account.  
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