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BACKGROUND: Acute kidney injury (AKI) is associated with mortality after cardiac surgery. 
Novel risk factors may improve identification of patients at risk for renal injury. The authors 
evaluated the association between preoperative biomarkers that reflect cardiac, inflammatory, 
renal, and metabolic disorders and cardiac surgery–associated AKI (CSA-AKI) in elderly patients.
METHODS: This was a secondary analysis of the 2-center prospective cohort study “Anesthesia 
Geriatric Evaluation.” Twelve biomarkers were determined preoperatively in 539 patients. Primary 
outcome was CSA-AKI. The association between biomarkers and CSA-AKI was investigated with multi-
variable logistic regression analysis. Secondary outcomes were 1-year mortality and patient-reported 
disability and were assessed with relative risks (RR) between patients with and without CSA-AKI.
RESULTS: CSA-AKI occurred in 88 (16.3%) patients and was associated with increased risk 
of mortality (RR, 6.70 [95% confidence interval {CI}, 3.38–13.30]) and disability (RR, 2.13 
[95% CI, 1.53–2.95]). Preoperative concentrations of N-terminal pro B-type natriuretic peptide 
(NT-proBNP), high-sensitive C-reactive protein (hs-CRP), hemoglobin, and magnesium had the 
strongest association with CSA-AKI. Identification of patients with CSA-AKI improved when a 
biomarker panel was used (area under the curve [AUC] 0.75 [95% CI, 0.69–0.80]) compared to 
when only clinical risk factors were used (European System for Cardiac Operative Risk Evaluation 
[EuroSCORE II] AUC 0.67 [95% CI, 0.62–0.73]).
CONCLUSIONS: Preoperative cardiac, inflammatory, renal, and metabolic biomarkers are associated 
with CSA-AKI and may improve identification of patients at risk.  (Anesth Analg 2021;133:570–7)

KEY POINTS
•	 Question: Are preoperative cardiac, inflammatory, renal, and metabolic biomarkers associ-

ated with cardiac surgery–associated acute kidney injury (CSA-AKI) in elderly patients?
•	 Finding: Preoperative N-terminal pro B-type natriuretic peptide (NT-proBNP), high-sensitive 

C-reactive protein (hs-CRP), hemoglobin, and magnesium concentrations are associated with 
CSA-AKI and could improve risk stratification.

•	 Meaning: A panel with cardiac, inflammatory, renal, and metabolic biomarkers can be used 
to better identify older patients at risk for renal injury after cardiac surgery.

GLOSSARY
AGE = Anesthesia Geriatric Evaluation; AUC = area under the curve; CABG = coronary artery bypass 
graft; CI = confidence interval; CKD-EPI = Chronic Kidney Disease Epidemiology Collaboration; CSA-
AKI = cardiac surgery–associated acute kidney injury; eGFR = estimated glomerular filtration rate; 
EuroSCORE = European System for Cardiac Operative Risk Evaluation; GDF-15 = growth differentia-
tion factor-15; Glu = glucose; Hb = hemoglobin; hs-CRP = high-sensitive C-reactive protein; hs-cTnT = 
high-sensitive cardiac troponin T; IL-6 = interleukin-6; IQR = interquartile range; LVEF = left ventricular 
ejection fraction; Mg = magnesium; NA = not applicable; NT-proBNP = N-terminal pro B-type natri-
uretic peptide; NYHA = New York Heart Association; OR = odds ratio; RR = relative risk; STROBE = 
STrengthening the Reporting of OBservational studies in Epidemiology; TIA = transient ischemic attack; 
WBC = white blood cell count; WHODAS = World Health Organization Disability Assessment Schedule
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Cardiac surgery–associated acute kidney injury 
(CSA-AKI) occurs in 10% to 30% of patients.1–5 
Postoperative renal injury is a risk factor for 

chronic kidney disease and reduces short- and long-
term survival after cardiac surgery.2,6 Even when renal 
function returns to baseline at the time of hospital dis-
charge, long-term mortality risk remains increased.4,6 
One year after cardiac surgery, patients who experi-
enced CSA-AKI report a lower health-related quality 
of life than patients without renal injury.7 In addition, 
loss of renal function increases hospital costs.8 Age is 
an important risk factor for CSA-AKI.1,5,9 Depending 
on the type of surgery, the odds for long-term mortal-
ity are 3-fold higher for patients age >70 years com-
pared to younger patients.6

The pathophysiology of CSA-AKI is complex. 
Multiple perioperative determinants, such as cardio-
pulmonary bypass, systemic inflammation, hypoten-
sion, and blood loss contribute to a compromised 
glomerular blood flow and renal hypoxemia.10,11 
Preoperative assessment can be used to identify 
patients at risk for renal injury and to initiate pre-
ventive measures. However, clinical risk factors (ie, 
comorbidity, age, and sex) are not sufficient to accu-
rately distinguish patients at risk for CSA-AKI.12 
Chronic disease, low-grade inflammation, and endo-
thelial dysfunction are key pathways in the pathogen-
esis of renal injury in cardiac patients before surgery 
(Figure 1).13 Biomarkers that represent these pathways 
may be used as novel risk markers for CSA-AKI.14,15

In this study, we aimed to evaluate the associations 
between preoperative cardiac, inflammatory, renal, 
and metabolic biomarkers and CSA-AKI. In addition, 
we investigated the relation of CSA-AKI to 1-year 
mortality and self-reported disability in older cardiac 
surgery patients.

METHODS
Design and Participants
This is a prospectively designed substudy of the 
Anesthesia Geriatric Evaluation (AGE) study (clini-
caltrials.gov no NCT02535728). The AGE study was 
a 2-center observational cohort study of the associa-
tion of frailty with 1-year functional outcome after 
cardiac surgery in elderly patients. Eligible patients 
were aged ≥70 years and were scheduled for elective 
open cardiac surgery. Inclusion took place from July 

2015 until August 2017. An elaborate description of 
the design and analysis of the AGE study was pre-
viously reported.16 In short, standard preanesthesia 
assessment was supplemented with a comprehensive 
geriatric assessment. Further perioperative care was 
performed according to local standardized operat-
ing procedures. The local Research Ethics Committee 
approved the study protocol on June 30, 2015, and 
all patients provided written informed consent. This 
article adheres to the STrengthening the Reporting 
of OBservational studies in Epidemiology (STROBE) 
guidelines. Preoperative data were extracted from 
electronic medical records and included comorbidi-
ties, medication use, European System for Cardiac 
Operative Risk Evaluation (EuroSCORE II), and echo-
cardiography results, which were available at the time 
of preoperative screening or on the day before surgery.

Biomarkers
Selection of biomarkers was based on clinical reason-
ing and previous reports on the pathophysiology of 
CSA-AKI (Figure  1), availability in clinical practice, 
and costs. Twelve biomarkers were stratified into 4 
categories (cardiac, inflammatory, renal, and meta-
bolic). Cardiac biomarkers consisted of high-sensitive 
cardiac troponin T (hs-cTnT), N-terminal pro B-type 
natriuretic peptide (NT-proBNP), and growth dif-
ferentiation factor-15 (GDF-15), because of the asso-
ciation between cardiovascular disease, heart failure, 
and AKI.14,17,18 Inflammatory biomarkers included 
hs-C-reactive protein (hs-CRP), interleukin-6 (IL-6), 
and white blood cell count (WBC). These biomark-
ers reflect the association between inflammation and 
endothelial and tubular cell injury in AKI.10 Renal bio-
markers were hemoglobin (Hb) and estimated glomer-
ular filtration rate (eGFR) calculated by the Chronic 
Kidney Disease Epidemiology Collaboration (CKD-
EPI).19 Hb was considered a renal biomarker because 
it might reflect anemia caused by renal insufficiency. 
Metabolic biomarkers included glucose, albumin, 
phosphate, and magnesium. Magnesium deficiency, 
glucose intolerance, and low albumin concentrations 
are associated with endothelial dysfunction and a pro-
inflammatory state, which has been associated with 
AKI.10,20,21 Phosphate dysregulation is common in 
patients with chronic kidney disease. Blood samples 
for Hb, WBC, and creatinine/eGFR were collected 
at the outpatient clinic as part of routine care and 
directly analyzed on a Sysmex 9000 system (Sysmex) 
or a Sapphire system (Abbott Laboratories) (for WBC 
and Hb), and a Cobas platform (Roche Diagnostics) or 
an Atellica system (Siemens Healthcare) for creatinine. 
For the remaining markers, blood samples were col-
lected in the operating room from the arterial catheter, 
after induction of anesthesia and before surgical inci-
sion. Plasma was stored in cryogenic tubes at −80 °C  
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until batch analysis was performed. The plasma bio-
markers were analyzed on an automated Cobas 8000 
platform (Roche Diagnostics) by the following assays: 
Elecsys cTnT hs assay (fifth-generation assay); Elecsys 
IL-6, Elecsys GDF-15, Elecsys proBNP II, and CRPL3 
(third-generation CRP assay); ALBT2 (Tina-quant 
albumin second generation assay); GLUC3 (glucose 
HK assay); MG2 (magnesium second-generation 
assay); and PHOS2 (inorganic phosphate assay version 
2). Cutoff values for all biomarkers were set according 
to the manufacturer’s manual (Roche Diagnostics), 
were locally determined (WBC), or were set according 
to international guidelines (Hb and eGFR) and repre-
sented the 95th percentile (and 99th percentile in the 
case of hs-cTnT): hs-cTnT ≥14 µg/L; NT-proBNP ≥486 
pg/mL for women and ≥470 pg/mL for men; GDF-15 
≥ 2199 pg/mL; CRP ≥5 mg/L; IL-6 ≥7 pg/mL; WBC 
≥10.8 × 109/L for women and ≥10.6 × 109/L for men; 
glucose ≥6.38 mmol/L; albumin ≤35 g/L; phosphate 
≥1.45 mmol/L; and magnesium ≤0.66 mmol/L. The 
cutoff values for Hb were ≤7.45 mmol/L for women 
and ≤8.07 mmol/L for men.22 Cutoff value for eGFR 
was ≤60 mL/min/1.73 m2.23 All analyses were per-
formed using standardized diagnostic methods.

Outcomes
The primary outcome was CSA-AKI, defined as an 
absolute increase of serum creatinine ≥26.5 µmol/L 
within 48 hours after surgery or 1.5 times the baseline 
value within the first 5 days.23 Postoperative serum 
creatinine values were routinely determined on the 
first and second day after surgery and on clinical 
indication on postoperative days 3 and 5, using an 
automated Cobas 8000 platform (Roche Diagnostics) 
or an Atellica system (Siemens Healthcare). Missing 
creatinine values were considered normal. Secondary 
outcomes were mortality and self-reported disability 

1 year after surgery. Vital status, including date of 
death in case of mortality, was assessed by consulting 
the national personal records database. Disability was 
measured according to the self-assessment 36-item 
World Health Organization Disability Assessment 
Schedule 2.0 (WHODAS 2.0) and reported as a per-
centage score of limitations in functioning over the 
past 4 weeks. Scores ranged from 0% (no disability) 
to 100% (fully disabled). In our study, disability was 
defined as a score ≥25%.16 Deceased patients were 
excluded from the analysis regarding postsurgical 
disability.

Missing Data
Multiple imputation was used to handle missing 
data regarding disability questionnaires. This reduces 
bias by creating multiple datasets in which the miss-
ing values are estimated using information from the 
same source population. Pre- and postoperative miss-
ing values, including disability data, were imputed in 
30 datasets.24 Biomarker assays were performed after 
imputation analyses. Because only a small number of 
biomarker values were missing (16 of 555 patients, 
2.9%), and missing values were completely at ran-
dom, we excluded these patients from the analyses. 
Results obtained from each imputed dataset were 
pooled using Rubin’s rules.25

Statistical Analysis
Differences between patients with or without CSA-
AKI were presented as frequencies, with percentages 
for dichotomous and categorical data and medians 
with interquartile ranges (IQR) for continuous data. 
Significance was tested with a χ2 test or Mann-Whitney 
U test, as appropriate. Unadjusted relative risks (RR) 
with 95% confidence interval (CI) were calculated 
for the association between CSA-AKI and 1-year 

Figure 1. Potential pathways of the biomarker panel in the pathogenesis of preoperative renal injury in cardiac patients. eGFR indicates 
estimated glomerular filtration rate; GDF-15, growth differentiation factor-15; Glu, glucose; Hb, hemoglobin; hs-CRP, high-sensitivity C-reactive 
protein; hs-cTnT, high-sensitivity cardiac troponin T; IL-6, interleukin-6; Mg, magnesium; NT-proBNP, N-terminal pro B-type natriuretic peptide; 
WBC, white blood cell count.
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mortality and self-reported disability. Mortality was 
further analyzed by Kaplan-Meier curves and log-rank 
tests. Early mortality (within 5 days) precluded CSA-
AKI diagnosis. Therefore, the Kaplan-Meier curve 
was limited to those alive after 5 days. Correlations 
between biomarkers were analyzed with Spearman’s 
rho. Associations of preoperative biomarkers with 
CSA-AKI were assessed with logistic regression 
analyses. In univariable analyses, biomarkers were 
tested as continuous variables according to the afore-
mentioned predefined cutoff points. To improve the 
readability of our results, we refer to biomarker val-
ues above or below the cutoff value as “elevated” or 
“decreased,” respectively. Thereafter, multivariable 
logistic regression analyses were conducted for the 
association between CSA-AKI and each biomarker 
separately, with adjustments for age, sex, and type 
of surgery. To assess the association between each 
of the biomarkers and CSA-AKI, we used multivari-
able logistic regression analysis and included all con-
tinuous biomarker values in the model. Continuous 
biomarker values were standardized to enable direct 
comparison. Standardization was performed by sub-
tracting the mean from the patient-specific value and 
dividing it by the standard deviation of that particu-
lar variable. Therefore, the highest standardized odds 
ratio (OR) implied the strongest association in the 
multivariable model. Because clinical interpretation 
is difficult after standardization, the unstandardized 
values were also analyzed in multivariable analysis. 
Biomarkers with a negative association (ie, Hb, eGFR, 
albumin, and magnesium) were added as an inverse 
value. Multicollinearity was checked using the vari-
ance inflation factor. The area under the curve (AUC) 
was calculated to express the discriminative ability 
for CSA-AKI based on a biomarker panel and clinical 
risk factors in terms of the EuroSCORE II. Differences 
between model fit were compared with the likelihood 
ratio test. A P < .05 was considered statistically signifi-
cant. Data were analyzed using SPSS v24 for Windows 
(IBM Corp) and R version 3.5.1 for Windows.

RESULTS
Patient Population
The AGE study cohort consisted of 555 patients. 
Preoperative blood samples were missing in 16 
patients (2.9%); the remaining 539 patients were 
included in the analysis. Serum creatinine values 
were available for all patients on day 1 or 2, and for 
426 (79.0%) patients on day 3 or 5. Median age was 
75 years (IQR, 72–77), and 181 patients (33.6%) were 
women. Eighty-eight patients (16.3%) developed 
CSA-AKI. Patients with CSA-AKI had higher rates 
of hypertension, diabetes mellitus, and chronic renal 
failure; a higher New York Heart Association (NYHA) 
class; and higher EuroSCORE II, and they underwent 

more complex surgery (Table 1). The overall mortal-
ity rate was 2.8% (n = 15) during hospital stay and 
5.6% (n = 30) after 1 year. Patients with CSA-AKI had 
a nearly 7-fold increased risk for 1-year mortality (RR, 
6.70 [95% CI, 3.38–13.30]). Survival for patients with 
and without CSA-AKI is presented in Figure 2. Of the 
509 surviving patients, 116 (22.8%) reported disabili-
ties at 1 year after surgery. Patients with CSA-AKI 
were at increased risk for disability (RR, 2.13 [95% CI, 
1.53–2.95]).

Cardiac Biomarkers
Preoperative cardiac biomarker concentrations were 
higher in patients with CSA-AKI (Table 2). The cor-
relation between hs-cTnT and GDF-15 concentrations 
was moderate (r = .50; Supplemental Digital Content 
1, Figure 1, http://links.lww.com/AA/D591). An 
elevated GDF-15 or NT-proBNP concentration was 
present in 35.2% and 64.8% of patients with CSA-AKI 
compared to 17.3% and 45.5% of patients without 
CSA-AKI (P < .001 and P = .001, respectively). Of all 
cardiac biomarkers, GDF-15 and NT-proBNP had the 
strongest association with CSA-AKI (Table 3).

Inflammatory Biomarkers
Patients with CSA-AKI had significantly higher pre-
operative concentrations of CRP and IL-6 (Table  2). 

Table 1. Baseline Characteristics

Characteristic
No CSA-AKI
n = 451

CSA-AKI
n = 88 P

Age, median [IQR] 74 [72–77] 75 [72–78] .925
Female sex, n (%) 150 (33.3) 31 (35.2) .721
Current smoker, n (%) 32 (7.1) 9 (10.2) .311
Hypertension, n (%) 366 (81.2) 82 (93.2) .006
Hypercholesterolemia, n (%) 278 (61.6) 63 (71.6) .077
Angina, n (%) 169 (37.5) 32 (36.4) .844
NYHA class, n (%) .003
  1 72 (16.0) 7 (8.0)
  2 238 (52.8) 45 (51.1)
  3 133 (29.5) 29 (33.0)
  4 8 (1.8) 7 (8.0)
LVEF ≤50%, n (%) 95 (21.1) 20 (22.7) .735
Diabetes, n (%) 82 (18.2) 28 (31.8) .004
Chronic renal failure, n (%) 53 (11.8) 20 (22.7) .006
Preoperative creatinine (µmol/L) 81 [68–98] 91 [75–110] <.001
Peripheral vascular disease, n (%) 50 (11.1) 15 (17.0) .116
Stroke/TIA, n (%) 60 (13.3) 14 (15.9) .516
Atrium fibrillation, n (%) 131 (29.0) 32 (36.4) .172
EuroSCORE II, median [IQR] 1.7 [1.2–3.0] 2.6 [1.9–4.4] <.001
Frailty, n (%) 95 (21.1) 22 (25.0) .324
Type of surgery, n (%) .001
  Single CABG or maze 161 (35.7) 21 (23.9)  
  Single valve 134 (29.7) 18 (20.5)  
  Combined surgery 126 (27.9) 38 (43.2)  
  Aortic surgery 30 (6.7) 11 (12.5)  

Values are frequencies n (%) or medians [IQR].
Abbreviations: CABG, coronary artery bypass graft; CSA-AKI, cardiac surgery–
associated acute kidney injury; EuroSCORE II, European System for Cardiac 
Operative Risk Evaluation II; IQR, interquartile range; LVEF, left ventricular 
ejection fraction; NYHA, New York Heart Association; TIA, transient ischemic 
attack.
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The correlation between CRP and IL-6 concentrations 
was strong (r = .62). Hs-CRP and IL-6 concentrations 
were elevated in 25.0% and 27.3% of patients with 
CSA-AKI compared to 10.2% and 13.1% of patients 

without CSA-AKI, respectively (P < .001 for both). An 
elevated hs-CRP or IL-6 concentration was associated 
with increased odds for CSA-AKI (Table 3).

Renal Biomarkers
Preoperative concentrations of renal biomarkers were 
lower in patients with CSA-AKI (Table  2). Lower 
eGFR before surgery was related to higher cardiac 
biomarker concentrations (Supplemental Digital 
Content 1, Figure 1, http://links.lww.com/AA/
D591). Preoperative anemia was more common in 
patients with CSA-AKI (15.9% compared to 4.2% of 
patients without CSA-AKI, P < .001). The odds for 
CSA-AKI were higher in patients with preoperative 
anemia (Table 3).

Metabolic Biomarkers
Impaired fasting glucose concentrations and 
decreased magnesium concentrations were common 
and occurred in 40.9% and 18.2% of patients with CSA-
AKI compared to 29.0% and 6.7% of patients without 
CSA-AKI (P = .0038 and P < .001, respectively). Both 
biomarkers were associated with increased odds for 
CSA-AKI (Table 3).

Multivariable Analysis
Figure  3 presents standardized effect estimates of a 
multivariable model including all biomarkers. Based 
on the highest standardized ORs, the biomarkers with 
the strongest associations were NT-proBNP, hs-CRP, 
Hb, and magnesium. Identification of patients with 
CSA-AKI improved when a preoperative biomarker 
panel was used (AUC, 0.75 [95% CI, 0.69–0.80]) com-
pared to when only clinical risk factors were used 
(EuroSCORE II AUC, 0.67 [95% CI, 0.62–0.73]), and 
model fit improved significantly (P = .016). Results 
for unstandardized associations of all biomarkers are 
shown in Supplemental Digital Content 2, Table 1, 
http://links.lww.com/AA/D592.

DISCUSSION
In elderly patients undergoing cardiac surgery, 
CSA-AKI occurred in 16% and was associated with 
1-year mortality and disability. Preoperative cardiac, 
inflammatory, renal, and metabolic biomarkers were 
associated with CSA-AKI. The biomarkers with the 
strongest associations were NT-proBNP, hs-CRP, Hb, 
and magnesium.

Our results confirmed that preoperative bio-
markers are associated with the occurrence of CSA-
AKI.3,14,15,17,18,26 Another study that associated multiple 
preoperative biomarkers with CSA-AKI focused on 
inflammation, compromised renal blood flow, and 
ischemia-reperfusion injury.15 Preoperative inflamma-
tory biomarkers (soluble tumor necrosis factor receptor 
1 and 2) had the highest discrimination for CSA-AKI 

Figure 2. Kaplan-Meier curve for mortality according to CSA-AKI. 
CSA-AKI indicates cardiac surgery–associated acute kidney injury.

Table 2. Preoperative Biomarker Concentrations

Biomarker
No CSA-AKI
n = 451

CSA-AKI
n = 88 P

Cardiac
  hs-cTnT (µg/L) 14 (10–21) 16 (12–25) .026
  NT-proBNP (pg/mL) 420 (187–1005) 732 (341–1660) .002
  GDF-15 (pg/mL) 1333 (1003–1867) 1757 (1264–2583) .001
Inflammatory
  hs-CRP (mg/L) 1.2 (1.0–2.6) 2.1 (1.0–5.01) .001
  IL-6 (pg/mL) 3.1 (2.1–4.5) 4.2 (2.7–8.3) .003
  WBC (109/L) 7.2 (6.3–8.6) 7.5 (4.4–8.9) .504
Renal
  Hb (mmol/L) 8.8 (8.2–9.4) 8.2 (7.4–8.9) <.001
  eGFR (mL/min/ 

1.73 m2)
69 (58–82) 63 (50–75) .002

Metabolic
  Glucose (mmol/L) 5.9 (5.4–6.6) 6.1 (5.4–7.1) .071
  Albumin (g/L) 38.6 (36.2–40.7) 38.5 (36.1–40.7) .922
  Phosphate (mmol/L) 0.98 (0.87–1.10) 1.03 (0.91–1.13) .383
  Magnesium (mmol/L) 0.78 (0.74–0.83) 0.76 (0.68–0.82) .303

All values are median concentrations with interquartile range.
Abbreviations: CSA-AKI, cardiac surgery–associated acute kidney injury; 
eGFR, estimated glomerular filtration rate; GDF-15, growth differentiation fac-
tor-15; Hb, hemoglobin; hs-CRP, high-sensitivity C-reactive protein; hs-cTnT, 
high-sensitivity cardiac troponin T; IL-6, interleukin-6; NT-proBNP, N-terminal 
pro B-type natriuretic peptide; WBC, white blood cell count.
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(AUC, 0.75 [95% CI, 0.68–0.81]).15 Both biomarkers have 
been associated with progression of renal disease, indi-
cating that existing renal failure is an important risk 
factor for CSA-AKI.27,28 In addition, our results showed 
that chronic cardiac disease contributes to the develop-
ment of CSA-AKI and that its presence can be used to 
improve risk stratification. Heart failure is an impor-
tant prognosticator in cardiac disease and is associated 

with chronic kidney disease.29 EuroSCORE II contains 
detailed clinical information on preoperative heart fail-
ure (ie, left ventricular function and NYHA functional 
classification), which can be used to accurately predict 
postoperative mortality. In addition to preoperative 
echocardiography results and clinical symptoms, use 
of NT-proBNP increased the accuracy of preoperative 
risk assessment for CSA-AKI in our study. NT-proBNP 

Table 3. Associations Between Biomarkers and CSA-AKI
 Continuous Cutoffa

Biomarker OR (95% CI) P OR (95% CI) P

Cardiac
  hs-cTnT (per µg/L) 1.02 (1.00–1.03) .014 1.72 (1.02–2.90) .042
  NT-proBNP (per 100 pg/mL) 1.02 (1.01–1.04) <.001 2.04 (1.24–3.36) .005
  GDF-15 (per 100 pg/mL) 1.04 (1.02–1.06) <.001 2.54 (1.51–4.27) <.001
Inflammatory
  hs-CRP (per mg/L) 1.05 (1.02–1.08) .004 2.81 (1.56–5.07) .001
  IL-6 (per pg/mL) 1.0 (1.0–1.06) .053 2.12 (1.21–3.73) .009
  WBC (per 109/L) 0.92 (0.76–1.12) .760 1.06 (0.45–2.52) .887
Renal  
  Hbb (per mmol/L) 1.03 (1.01–1.04) <.001 2.00 (1.23–3.24) .005
  eGFRb (per mL/min/1.73 m2) 2.00 (1.53–2.61) <.001 4.65 (2.17–9.95) <.001
Metabolic
  Glucose (per mmol/L) 1.20 (1.04–1.38) .011 1.82 (1.12–2.95) .016
  Albuminb (per g/L) 1.01 (0.94–1.09) .837 1.36 (0.74–2.49) .322
  Phosphate (per 0.1 mmol/L) 1.21 (1.03–1.43) .018 NA NA
  Magnesiumb (per 0.1 mmol/L) 1.56 (1.18–2.07) .002 3.08 (1.57–6.03) .001

NA: none of the patients had a phosphate concentration below the clinical cutoff value of 1.45 mmol/L.
Abbreviations: CI, confidence interval; CSA-AKI, cardiac surgery–associated acute kidney injury; eGFR, estimated glomerular filtration rate; GDF-15, growth differ-
entiation factor-15; Hb, hemoglobin; hs-CRP, high-sensitivity C-reactive protein; hs-cTnT, high-sensitivity cardiac troponin T; IL-6, interleukin-6; NA, not applicable; 
NT-proBNP, N-terminal pro b-type natriuretic peptide; OR, odds ratio; WBC, white blood cell count.
aCutoff levels for all biomarkers are described in the Methods section. All associations were adjusted for age, sex, and type of surgery.
bInverse association.

Figure 3. Multivariable analysis for the standardized association between a preoperative biomarker panel and CSA-AKI, independent of age, 
sex, and type of surgery. Biomarkers with a negative association (ie, Hb, eGFR, albumin, and magnesium) were added as an inverse value. This 
means that lower values of these biomarkers indicate higher associations. CI indicates confidence interval; eGFR, estimated glomerular filtra-
tion rate; GDF-15, growth differentiation factor-15; Hb, hemoglobin; hs-CRP, high-sensitivity C-reactive protein; hs-cTnT, high-sensitivity cardiac 
troponin T; IL-6, interleukin-6; NT-proBNP, N-terminal pro B-type natriuretic peptide; WBC, white blood cell count.
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remained associated with CSA-AKI in our full model, 
which included 11 other biomarkers.

The results of our study suggest that different patho-
physiological processes are involved in the pathogen-
esis of renal injury in cardiac disease. Preoperative 
concentrations of NT-proBNP, hs-CRP, Hb, and mag-
nesium had the strongest association with CSA-AKI. 
Chronic cardiac disease is characterized by episodes 
of myocardial ischemia, heart failure, and a systemic 
hormonal and inflammatory response.1,10 Depending 
on disease severity, these processes impair renal 
oxygenation by cardiac and endothelial dysfunction 
(Figure 1). High levels of circulating neurohormones 
induce renal sodium and water retention, which 
reduces glomerular blood flow (venous congestion) 
and impairs renal microcirculation.29 Local edema 
and inflammation lead to areas with impaired renal 
oxygenation and trigger systemic inflammation.26 
Renal hypoxemia is exacerbated by coexisting anemia. 
Furthermore, endogenous catecholamines increase 
vascular tone and reduce glomerular perfusion. 
Homeostasis of the renal microcirculation is depen-
dent on endothelium-derived nitric oxide–mediated 
vasodilation. Magnesium naturally counteracts vaso-
constriction and potentiates the action of endog-
enous vasodilators.20 Hypomagnesemia may lead to 
renal vasoconstriction and impair glomerular blood 
flow. High glucose levels have been associated with 
changes in the function of the glomerular endothelial 
glycocalyx, reducing its function as a protein-restric-
tive layer and aggravating endothelial dysfunction.21

Preoperative biomarkers can be used to diagnose 
new diseases and assess the progress of previously 
diagnosed comorbidity. Targeted preoperative inter-
ventions based on biomarker results to improve out-
come after cardiac surgery are scarce.30 Future research 
that aims to reduce the incidence of CSA-AKI should 
consider the use of a preoperative biomarker panel to 
identify patient-specific risks that are suitable for tar-
geted preoperative interventions.

This study has several limitations. First, the defini-
tion of AKI includes a 7-day measurement of eGFR 
and urine output. In our study, full data on eGFR were 
available during the first 2 days after surgery and in 
79% of the patients between day 3 and 5. Urine out-
put was not measured. Several patients with CSA-AKI 
may have been missed due to missing creatinine or 
urine measurements. However, the incidence of CSA-
AKI in our study is comparable to that of previous 
reports.3–5 Second, preoperative blood samples were 
missing in 16 patients. Because missing blood samples 
were not related to patient characteristics or outcome, 
the risk of bias was low. In 73 patients, disability 
questionnaires were missing. We performed multiple 
imputation in an attempt to limit bias.25 However, 
this could have influenced the association between 

CSA-AKI and disability at 1 year. A major strength of 
our study was the use of 12 preoperative biomarkers, 
which represented the multifactorial pathogenesis of 
renal injury in cardiac patients. We realize that there 
are many other biomarkers that are potentially asso-
ciated with CSA-AKI. For practical reasons, we chose 
a biomarker panel that can be routinely assessed in 
clinical care. Although GDF-15 and IL-6 panels are 
less common, they are available from Roche, Abbott, 
Siemens, and Beckman Coulter Diagnostics for IL-6, 
and from Roche and Abbott for GDF-15. Because these 
systems are widely used, this allows for reproducibil-
ity and comparison of our results by others and facili-
tates clinical implementation. Other strengths of this 
study include the thorough preoperative screening of 
all patients and data availability. In addition, the focus 
on elderly patients increases the accuracy of the results 
for this specific population.

CONCLUSIONS
CSA-AKI is common in elderly patients and is associ-
ated with higher risk for 1-year mortality or disability. 
Preoperative cardiac, inflammatory, renal, and meta-
bolic biomarkers are associated with CSA-AKI, and 
their use could improve identification of patients at 
risk. E
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