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Introduction: Acute kidney injury (AKI) is a common complication in patients 
undergoing major vascular surgery. Despite significant research efforts in 
this area, the incidence of AKI remains high, posing a significant challenge to 
healthcare systems, especially in situations where resources are limited. Early 
prediction of AKI severity and individualized postoperative care is therefore 
essential.

Methods: The primary objective of this exploratory study was to assess the 
diagnostic value of urine cell-cycle arrest biomarkers [(TIMP-2) × (IGFBP7)] 
and soluble urokinase plasminogen activator receptor (suPAR) for predicting 
moderate or severe AKI within 24  h after open aortic surgery, and compared 
to routine kidney biomarkers. Seventy-five patients undergoing elective aortic 
surgery were included. Clinical parameters, urine and blood samples were 
collected preoperatively, immediately postoperatively, and 24  h later. AKI was 
defined using KDIGO criteria. Individual and combined diagnostic performance 
of biomarkers were evaluated.

Results: Of the 75 patients, 61% developed AKI, of which 28% developed moderate 
or severe AKI within 24  h of surgery. Baseline demographics, comorbidities and 
kidney parameters did not differ between patients with moderate or severe AKI 
(AKI II/III) and none or mild AKI (AKI 0/I), except for higher preoperative suPAR 
levels in later AKI II/III patients. Urine osmolality, Cystatin C and serum creatinine 
had the highest predictive power for AKI II/III with AUCs of 0.75–0.72. (TIMP-
2) × (IGFBP7), and neither (TIMP-2) × (IGFBP7) nor suPAR individually showed 
superior diagnostic value. Combining CysC or SCr with urine osmolality and 6  h 
urine output gave the best performance with AUCs of 0.86 (95% CI, 0.74–0.96) 
and 0.85 (95% CI, 0.75–0.95) respectively.

Conclusion: Our study suggests that routine parameters like urine osmolality, 
CysC, SCr and 6  h urine output perform best in predicting postoperative AKI 
after aortic surgery compared to the new biomarkers (TIMP-2) × (IGFBP7) and 
suPAR. Combining biomarkers, particularly CysC or SCr with urine output, 
urine osmolality, may enhance diagnostic accuracy. Further validation in larger 
cohorts and clinical settings is warranted to establish their clinical utility.
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Introduction

Acute kidney injury (AKI), a major postoperative complication, 
is particularly common in patients undergoing abdominal aortic 
surgery. The incidence of AKI in this cohort varies from 20 to 70%, a 
discrepancy that can be attributed to the heterogeneity of surgical 
procedures and the criteria used to define AKI (1). Patients from 
Western countries undergoing such surgical procedures are 
predominantly geriatric patients with a wide range of comorbidities, 
requiring close postoperative monitoring (1). In particular, the 
overlapping pathophysiological drivers of vascular disease and chronic 
progressive nephropathy, such as arterial hypertension, diabetes 
mellitus, and metabolic syndrome, explain why this patient population 
is at high risk for postoperative AKI (2).

The current gold standard for AKI grading are the 2012 
Kidney Disease: Improving Global Outcomes classification 
(KDIGO) criteria, which use serum creatinine (SCr) and urine 
output as functional biomarkers to define AKI (3). Despite their 
generally proven clinical utility, the current KDIGO criteria have 
insufficient diagnostic accuracy for early detection of AKI and its 
later severity. This is partly due to a time latency between kidney 
injury and SCr maximum, with a typical SCr latency of 24 to 72 h 
between SCr peak and underlying kidney insult (4). Additional 
confounding factors affect blood SCr concentrations independent 
of kidney function or injury (4). These include individual 
variations in SCr production and tubular secretion, interference 
with the measurement method by endogenous metabolites or 
pharmacologic agents, and rapid changes in volume of 
distribution. In summary, these latter factors prevent early 
diagnosis and grading of AKI to adapt appropriate postoperative 
monitoring in patients after major vascular surgery (5, 6).

Newer, more direct kidney biomarkers of damage or stress, such 
as urinary insulin-like growth factor binding protein-7 (IGFBP-7) and 
tissue inhibitor of metalloproteinase-2 (TIMP-2) products, have 
shown promise in various contexts as tools for earlier detection of 
AKI. These biomarkers, which indicate tubular G1 cell cycle arrest, 
provide insight into the early phase of kidney tubular cell damage 
(7–9). A study by Kashani et al. (10) showed that the product of the 
two biomarkers IGFBP-7 and TIMP-2 [(TIMP-2) × (IGFBP7)] 
outperformed previously established biomarkers in predicting 

moderate to severe AKI within 12 h of ICU admission. This has led to 
the development of a point-of-care device, Nephrocheck®, to facilitate 
early detection of AKI (5, 11, 12).

In addition, soluble urokinase plasminogen activator receptor 
(suPAR), an immune system-derived biomarker, has been shown to 
be a potential predictor of AKI, particularly in acute but also in 
chronic systemic inflammatory conditions (13–16). Elevated blood 
suPAR levels are associated with a variety of organ dysfunctions, 
including kidney pathologies, and may be  directly 
pathophysiologically related to the extent of organ-specific tissue 
inflammation, but also to vasculopathy, as recently published by 
Hindy et al. (16–19). Since chronic inflammatory conditions are a 
typical feature in patients with metabolic syndrome, diabetes 
mellitus, liver and cardiovascular disease, and these comorbidities 
are common in patients undergoing aortic surgery, suPAR could 
be  an early risk stratifier for the appearance and severity of 
postoperative AKI in this context (15). However, the specific 
diagnostic accuracy of (TIMP-2) × (IGFBP-7) and suPAR (the new) 
for predicting AKI compared to established standard biomarkers 
(the old) is unknown in patients undergoing abdominal 
aortic surgery.

Therefore, this exploratory study aims to investigate the value of 
(TIMP-2) × (IGFBP7) and suPAR as diagnostic tools for early 
prediction of moderate or severe AKI within 24 h after open aortic 
surgery in comparison to routinely available kidney biomarkers. The 
goal of our study was to improve the accuracy of AKI prediction and 
detection to facilitate timely intervention in this high-risk surgical 
population and to personalize postoperative monitoring.

Materials and methods

Study design and patient population

The Roccet trial is was a prospective, exploratory, monocentric 
study to evaluate the role of urinary cell cycle arrest biomarkers and 
blood suPAR compared to widely available routine kidney standard 
parameters for early prediction of moderate or severe acute kidney 
injury within 24 h after aortic surgery. All patients underwent open 
abdominal aortic surgery and postoperative care at Heidelberg 
University Hospital, Germany. The study was approved by the Ethics 
Committee of the Medical Faculty of Heidelberg University Hospital 
did not object to the conduct of the study (internal number: 
S-270/2017). Written informed consent was obtained from all 
participants. The study complied with the principles of the Declaration 
of Helsinki in its current version.

Patients aged ≥18 years undergoing elective open abdominal 
aortic surgery were included. Exclusion criteria for all participants 
included lack of informed consent, absence of a permanent urinary 
catheter, pre-existing renal replacement therapy (RRT), or immediate 
RRT requirement on admission.

Abbreviations: AKI, Acute kidney injury; APACHE II, Acute Physiology and Chronic 

Health Evaluation II; AUC, Area under the receiver operator curve; BMI, Body mass 

index; BP, Blood pressure; CKD, Chronic kidney disease; CKD-Epi eGFR, Estimated 

glomerular filtration rate; CysC, Cystatin C; ICU, Intensive care unit; IGFBP-7, 

Urinary insulin-like growth factor binding protein-7; KDIGO, Kidney Disease: 

Improving Global Outcomes classification; NA, Noradrenaline; RRT, Renal 

replacement therapy; SAPS II, Simplified Acute Physiology Score II; SCr, Serum 

creatinine; SOFA, Sequential Organ Failure Assessment; suPAR, Soluble urokinase 

plasminogen activator receptor; TIMP-2, Tissue inhibitor of metalloproteinase-2.
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Clinical investigations

Clinical parameters for patient characterization were obtained 
from medical records and standardized medical history forms at the 
time of enrollment and included demographics, comorbidities 
including cardiovascular, pulmonary, and renal disease, and reason 
for surgery. Urine laboratory data including urine creatinine, 
proteinuria, osmolality were collected at all time points of the study 
[preoperatively (pre), immediately postoperatively (d0), and the 
next morning (24 h postoperatively, d1)]. Fluid balance and urine 
output were measured during surgery and up to 24 h postoperatively. 
Data on type and duration of aortic clamping, intraoperative need 
for catecholamines, and number of hypotensive episodes during 
surgery were collected, as well as type of postoperative care and 
presence of organ failure using Acute Physiology And Chronic 
Health Evaluation (APACHE II) and, Simplified Acute Physiology 
Score II (SAPS II).

Analysis of biomarkers

Kidney-specific biomarkers including SCr, Cystatin C (CysC), 
urine osmolality, urine α1-microglobulin urine output, urine 
creatinine, albuminuria, proteinuria, suPAR, TIMP2 and IGFBP7 
were analyzed.

Serum and urine samples were obtained at pre, d0, and d1. Blood 
samples were centrifuged at 3,000 rounds per minute (rpm) for 10 
and 15 min, respectively. The supernatants were immediately 
transferred to Eppendorf tubes and stored at −80°C. All samples 
were thawed directly prior to analysis. TIMP2 and IGFBP7 were 
measured using a commercially available, standardized point-of-care 
assay (NephroCheck®, Astute Medical, San Diego, CA, 
United States). Test results are given as product of both markers in 
(ng/mL)2/1,000. All other laboratory values including suPAR were 
measured in the accredited Central Laboratory of Heidelberg 
University Hospital.

Definitions of endpoints and outcomes

The primary outcome measure was moderate or severe AKI 
(AKII/III) 24 h after surgery. AKI was determined 24 h postoperatively 
based on urine output and rise in SCr concentration from baseline 
according to the KDIGO criteria as follows (20):

 • AKI I: increase of SCr by ≥0.3 mg/dL (≥26.4 μmol/L) or increase 
to ≥150–200% from baseline or urine output <0.5 mL/kg/h 
for >6 h.

 • AKI II: increase of SCr to >200–300% from baseline and/or urine 
output <0.5 mL/kg/h for >12 h;

 • AKI III: increase of SCr to >300% from baseline or SCr ≥4.0 mg/
dL (≥354 μmol/L) after a rise of at least 44 μmol/L or treatment 
with renal replacement therapy and/or urine output <0.3 mL/
kg/h for >24 h or anuria for 12 h.

Chronic kidney disease (CKD) was defined as estimated 
glomerular filtration rate (CKD-Epi eGFR) <60 mL/min/1.73 m2. 
Admission values of kidney parameters at the day prior elective 

surgery including SCr, CysC, (TIMP-2) × (IGFBP7), suPAR, 
proteinuria and α1-microglobulin were defined as baseline. 
Hypotensive episodes were defined as systolic blood pressure ≤20% 
of baseline for >5 min.

Statistical methods

Statistical analyses were performed using SPSS Statistics 25 (IBM, 
Armonk, NY) and Graph Pad Prism 9 (GraphPad Software, La Jolla, 
CA). For all analyses, two-sided p-values of less than 0.05 were 
considered statistically significant. Receiver operating characteristics 
(ROCs) curves were generated to analyze individual biomarker 
performances. DeLong’s test was carried out for comparison of ROC 
curves. Logistic regression models were generated to assess an 
additive predictive value of biomarker combinations. This was 
performed as model I a/b: both functional biomarkers SCr (Ia) in 
combination with non-functional biomarkers and Cys C (Ib) in 
combination with non-functional biomarkers and in a second step as 
model IIa/b: both functional biomarkers Cys C (IIa) and SCr (IIb) 
together with urine output (KDIGO standard) and the non-functional 
biomarkers suPAR, (TIMP-2) × (IGFBP7), and urine osmolality. 
Continuous variables are presented as median (interquartile range); 
categoric variables are presented as numbers (%). Mann–Whitney U 
test was used for pairwise comparisons, and χ2 test for 
categorical variables.

Results

Patient characteristics and outcomes

For this study, 79 patients undergoing open abdominal aortic 
surgery between 05/02/2018 and 04/07/2021 were prospectively 
enrolled. One participant was excluded because surgery was 
postponed, another participant did not undergo aortic surgery, and 
two participants had to be excluded due to withdrawal of informed 
consent, leaving 75 patients for the final analysis (Figure 1). Of the 75 
patients, 64 were male (85%). The median age was 67 (61–74) years. 
The overall AKI incidence in our cohort was 61%.

Table  1 shows the baseline characteristics of the entire study 
cohort comparing patients without AKI or AKI I and patients with 
AKI II and III. Twenty-one patients met the primary outcome of AKI 
II/III 24 h after surgery (Figure 1). With the exception of preoperative 
suPAR levels, baseline demographics, preexisting comorbidities and 
baseline preoperative kidney parameters did not differ between the 
two groups. Surgery time was significantly longer in patients with later 
AKI II/III. However, cross-clamp type (supra-/infrarenal), cross-
clamp time, intraoperative blood loss, urine output, cumulative 
vasopressor dose and number of hypotensive episodes were 
comparable between patients with later AKI 0/I and AKI II/III. The 
transfusion rate was higher in patients with AKI II/III. Overall 
estimated blood loss was 1 L. Intraoperarive fluid balance was higher 
in patients with AKI II/III. The need for vasopressors and RRT after 
surgery was more common in patients with AKI II/III. Accordingly, 
urine output was lower and length of ICU stay was longer in patients 
who evolved AKI II/III. In contrast, disease severity scores and 
mortality did not differ between groups. The 30-day all-cause 
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mortality was 1.33% (no deaths in the first 7 days). Only one patient 
in the AKI II/III group died within 30 days of enrollment, but did not 
require RRT (Table 1).

Longitudinal kinetics of kidney biomarkers 
stratified by AKI severity

SCr, CysC, proteinuria, albuminuria as well as urine osmolality, 
creatinine and α1-microglobulin, levels did not differ between groups 
before surgery (Figure 2). The same was true for preoperative urinary 
levels of the new kidney stress biomarker (TIMP-2) × (IGFBP7), while 
preoperative blood suPAR levels were already significantly higher in 
patients with later AKI II/III compared to patients with AKI 
0/I. Immediately postoperative as well as 24 h later (24 h), levels of SCr, 
CysC were higher and especially urine osmolality was significantly lower 
in patients with AKI II/III compared to AKI 0/I. In contrast, proteinuria, 
albuminuria, urine creatinine and α1-microglobulin as well as (TIMP-2) 
× (IGFBP7) and suPAR did not allow an postoperative differentiation 
between the two groups AKI 0/I and AKI II/III (Figure  2). Only, 
albuminuria was significantly higher at 24 h after surgery in patients with 
AKI II/III, when the primary endpoint of the study was already achieved.

Diagnostic performance of kidney 
biomarkers and their complementary role 
for outcome prediction

Table  2 shows the performance of all tested biomarkers 
immediately postoperative with Area under the receiver operator 
curve (AUC) above 0.50 ranked from best to worst performance. In 
descending order, urine osmolality, Cys C and SCr showed the highest 
AUCs in predicting AKI II/III within 24 h with AUCs ranging from 
0.75–0.72. In addition, postoperative urine output within the first 6 h 
after surgery showed a lower AUC of 0.69 (95% CI, 0.55–0.82).

In contrast, suPAR and (TIMP-2) × (IGFBP7) as well as urine 
creatinine, albuminuria, α1-microglobulin did not allow 
meaningfull and early identification of patients at risk for AKI II/
III (Table 2).

To further investigate a potential complementary role of biomarkers 
for outcome prediction, the two kidney function biomarkers CysC and 
SCr were individually combined with the non-function biomarkers 
postoperative urine output first 6 h, urine osmolality, urine creatinine, 
albuminuria, proteinuria, α1-microglobulin, suPAR and (TIMP-2) × 
(IGFBP7) (Table 3). The highest diagnostic accuracy was achieved by 
combining CysC and SCr individually with the widely available 
parameter urine osmolality and postoperative urine output first 6 h 
(Table 3). The latter AUCs were higher than when biomarkers were 
tested alone. In general, higher AUCs were observed for CysC in 
combination with other tested biomarkers compared to combinations 
with SCr. The second highest AUCs, again superior to biomarkers alone, 
were found for CysC and SCr in combination with albuminuria, followed 
by the combination of CysC with proteinuria and urine creatinine. The 
combination of SCr with suPAR and proteinuria were on par with CysC 
together with α1-microglobulin and suPAR. The combination of CysC 
and SCr with [TIMP-2]x[IGFBP7] had no additional diagnostic value 
compared to CysC and SCr alone (Table 3).

Finally, to investigate a potential additive diagnostic value of the 
newly tested biomarkers to the currently established biomarkers of 
AKI staging (function biomarker + urine output) a second model for 
predicting AKI II/III combining SCr and urine output 6 h or CysC and 
urine output 6 h with urine osmolality, (TIMP-2) × (IGFBP7) or 
suPAR was performed (Figure 3).

While including urine osmolality in the model further improved 
absolute AUCs compared to combining SCr or CysC with urine 
output alone, there was no additional improvement when (TIMP-2) 
× (IGFBP7) or suPAR were included in the model instead of urine 
osmolality. However, despite the fact that absolute AUC values 
improved when urine osmolality was added to the model, the AUC of 
0.85 achieved by combining SCr, 6 h urine output and urine osmolality 

FIGURE 1

Flow chart of study design. AKI, acute kidney injury; KDIGO, Kidney Disease: Improving Global Outcomes classification.
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TABLE 1 Baseline characteristics and outcomes.

Variable All patients (n =  75) No AKI/AKI I (n =  54) AKI II/AKI III (n =  21) p-value

Demographics

  Age, years 67.00 (61.00–74.00) 69.00 (63.00–75.00) 65.00 (60.50–70.50) 0.098

  Male gender, n (%) 64 (85.3) 46 (85.2) 18 (85.7) 0.954

  BMI, kg/m2 26.42 (23.29–28.72) 25.93 (23.55–29.41) 26.70 (22.11–28.37) 0.571

Pre-existing comorbidities, n (%)

  Chronic kidney disease (CKD-Epi eGFR 

<60 mL/min/1.73 m2)
8 (10.7) 6 (11.1) 2 (9.5) 0.269

  Hypertension 60 (80.0) 44 (81.5) 16 (76.2) 0.607

  Diabetes mellitus 20 (26.7) 13 (24.1) 7 (33.3) 0.416

  Coronary heart disease 39 (52) 31 (57.4) 8 (38.1) 0.133

  Peripheral arterial disease 29 (38.7) 22 (40.7) 7 (33.3) 0.554

  Congestive heart failure 19 (25.3) 14 (25.9) 5 (23.8) 0.850

  Chronic obstructive pulmonary disease 17 (22.7) 11 (20.4) 6 (28.6) 0.446

Preoperative kidney parameters

  SCr, mg/dL 0.82 (0.73–1.00) 0.83 (0.73–0.98) 0.8 (0.71–1.00) 0.777

  Cystatin C, mg/L 1.07 (0.95–1.33) 1.08 (0.95–1.34) 1.06 (0.96–1.33) 0.813

  (TIMP-2) × (IGFBP7), (ng/mL)2/1000 0.15 (0.08–0.44) 0.15 (0.08–0.44) 0.21 (0.07–0.48) 0.572

  suPAR, ng/mL 3.23 (2.67–3.91) 3.11 (2.62–3.82) 3.62 (3.06–4.12) 0.046

  Proteinuria, g/L 0.05 (0.02–0.19) 0.05 (0.02–0.14) 0.07 (0.04–0.25) 0.119

  α1-microglobulin, mg/L 6.30 (0.00–14.33) 6.20 (0.00–14.8) 7.3 (0.00–9.00) 0.310

Surgery and intraoperative parameters

  Reason for surgery, n (%)

   Aortic aneurysm 62 (82.7) 45 (83.3) 17 (81.0)

0.768   Aorto-iliac occlusive disease 8 (10.7) 5 (9.3) 3 (14.3)

   Graft infection 5 (6.7) 4 (7.4) 1 (4.8)

   Elective surgery, n (%) 75 (100) 54 (100) 21 (100) 1.00

  Duration surgery, min 253.00 (178.00–284.00) 210.00 (178.75–270.50) 280.00 (178.00–400.00) 0.027

  Type of clamping

   None 1 (1.3) 1 (1.9) 0 (0)

0.704   Suprarenal 35 (46.7) 24 (44.4) 11 (52.4)

   Infrarenal 39 (52.0) 29 (53.7) 10 (47.6)

  Cross clamp time, min 35.00 (27.00–56.00) 33.00 (25.00–51.25) 50.00 (31.00–60.00) 0.056

  Blood loss, L 1.00 (0.6–1.6) 0.96 (0.6–1.5) 1.10 (0.7–2.5) 0.066

  Blood transfusion, n (%) 17 (22.7) 8 (14.8) 9 (42.9) 0.036

  Urine output, L 0.50 (0.20–0.80) 0.50 (0.28–0.86) 0.51 (0.05–0.80) 0.670

  NA intraoperative, μg 1140.00 (600.00–1900.00) 1066.75 (575.00–1755.00) 1468.00 (843.10–2490.00) 0.139

  Hypotensive episodes, n (%) (systolic BP 

≤20% of baseline for >5 min)
32 (42.7) 19 (35.2) 13 (61.9) 0.246

  Fluid intake, L 4.91 (1.5–10.7) 4.55 (1.50–8.90) 5.82 (2.00–10.7) 0.018

  Fluid balance, L 3.09 (0.60–7.40) 2.82 (0.60–6.06) 3.78 (1.03–7.40) 0.016

Postoperative scores

  SAPS II 16.00 (12.00–18.00) 16.00 (12.00–18.00) 16.00 (12.00–19.00) 0.717

  APACHE II 7.00 (5.00–9.00) 6.50 (5.00–8.25) 8.00 (5.00–9.00) 0.390

Outcomes

  Urine output 6 h postoperative, L 0.61 (0.00–3.92) 0.70 (0.00–3.92) 0.39 (0.00–1.30) 0.013

  Postoperative vasopressor support, n (%) 36 (48) 21 (38.9) 15 (71.4) 0.011

  Need for RRT, N (%) 2 (2.67) 0 (0.00) 2 (9.52) 0.022

(Continued)

https://doi.org/10.3389/fmed.2024.1386018
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Nusshag et al. 10.3389/fmed.2024.1386018

Frontiers in Medicine 06 frontiersin.org

failed to accomplish statistical superiority (de Long’s test) compared 
with the dual combinations of SCr with urine output 6 h (p = 0.109) or 
urine osmolality (p = 0.060). On the other hand, the combination of 
SCr, 6 h urine output and urine osmolality was statistically superior to 
the dual combination of SCr with (TIMP-2) × (IGFBP7) (p = 0.044) or 
suPAR (p = 0.048). In contrast, the dual combination of SCr and urine 
output 6 h alone did not reach statistical superiority over the dual 
combination of SCr with (TIMP-2) × (IGFBP7) (p = 0.219) or suPAR 
(p = 0.339).

Discussion

Patients after open abdominal aortic surgery are at high risk for 
postoperative AKI (21) and this goes along with increased morbidity 
and mortality, prolonged ICU stays and reduced kidney recovery 
upon hospital discharge (22). Despite these consequences, to 
characterize the extent and progression of kidney damage accurately 
and early using current standards remains a challenge in this 
population. However, the latter is of great relevance in order to take 

FIGURE 2

Longitudinal biomarker characteristics stratified by AKI severity. AKI, acute kidney injury; CysC, Cystatin C; SCr, serum creatinine; suPAR, soluble 
urokinase plasminogen activator receptor. *Statistically significant for p  ≤  0.05; **statistically significant for p  ≤  0.01; ***statistically significant for 
p  ≤  0.001.

TABLE 1 (Continued)

Variable All patients (n =  75) No AKI/AKI I (n =  54) AKI II/AKI III (n =  21) p-value

  Length of ICU stay, days 1.00 (1.00–4.00) 1.00 (1.00–2.00) 3.00 (1.50–6.00) 0.005

  Length of hospital stay, days 13.00 (11.00–17.00) 13.00 (11.00–16-25) 13.00 (11.00–17.00) 0.627

  Mortality 7 days, n (%) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 1.00

  Mortality 30 days, n (%) 1.00 (1.33) 0 (0.00) 1 (4.76) 0.106

APACHE II, Acute Physiology and Chronic Health Evaluation II; BMI, body mass index; BP, blood pressure; ICU, intensive care unit; NA, noradrenaline; RRT, renal replacement therapy; 
SAPS II, Simplified Acute Physiology Score II; SCr, serum creatinine; suPAR, soluble urokinase plasminogen activator receptor; SOFA, Sequential Organ Failure Assessment.
Data are reported as median (IQR) unless otherwise indicated and as n and %.
Bold values are statistically significant for p ≤ 0.05.
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adequate therapeutic measures at an early stage and to adapt 
postoperative monitoring. On the other hand, early triage between 
patients who develop morderate or severe AKI and patients with no 
or mild AKI risk can save healthcare resources, as this enables early 
transfer to a normal ward. Accordingly, the development and 
validation of novel kidney damage/stress biomarkers such as 
(TIMP-2) × (IGFBP7) has been driven forward in recent years (22). 
However there is limited data on the comparison with widely 
available kidney biomarkers beyond SCr and urinary output, such as 
albuminuria, proteinuria, urine osmolality and others. This makes a 
conclusive assessment of the clinical relevance of these newly 
developed damage biomarkers difficult, even though their mostly 
direct involvement in AKI pathophysiology in general represents a 
promising conceptual extension to the purely functional indicators 
SCr, CysC and urinary output.

Our current study now surprisingly shows that an immediate 
postoperative determination (0 h) of the already widely accessible 

kidney biomarkers urine osmolality, 6 h postoperative urine output 
and SCr or plasma CysC, in comparison to the novel markers suPAR 
and (TIMP-2) × (IGFBP7), provide the best value regarding the 
prediction of AKI II/III within 24 h after aortic surgery. Considering 
all biomarkers individually, urine osmolality showed the highest AUC 
predicting subsequent AKI II/III. As shown in other studies, this may 
suggest the relevance of tubular apparatus dysfunction and a resulting 
tubular concentration defect for AKI after aortic surgery (23). 
However, the prognostic and pathophysiological significance of urine 
osmolality for AKI and tubular damage in general is not yet fully 
understood (23, 24). Other factors independent of tubule damage may 
contribute to changes in urine osmolality, such as changes in 
antidiuretic hormone (ADH) secretion caused by intraoperative 
volume shifts, blood pressure fluctuations, the consumption of 
noradrenaline and the type of volume replacement solution used (25). 
This may also be the case in our study since α1-microglobulin, another 
tubular damage biomarker (26), showed no longitudinal differences 

TABLE 2 Diagnostic value of individual biomarkers measured immediately after surgery to predict moderate or severe AKI within 24  h.

Biomarker AUC 95% CI p-value

Urine osmolality, (mosmol/kg) 0.75 0.62–0.88 0.001

CysC, (mg/L) 0.73 0.60–0.87 0.002

SCr, (mg/dL) 0.72 0.59–0.85 0.003

Postoperative urine output first 6 h, (L) 0.69 0.55–0.82 0.013

Urine creatinine, (mg/dL) 0.64 0.49–0.79 0.059

Albuminuria, (mg/L) 0.64 0.50–0.79 0.054

α1-microglobulin, (mg/L) 0.63 0.48–0.78 0.089

Proteinuria, (g/L) 0.62 0.47–0.77 0.099

suPAR, (ng/mL) 0.59 0.45–0.73 0.233

(TIMP-2) × (IGFBP7), [(ng/mL)2/1000] 0.53 0.38–0.68 0.693

AUC, area under the receiver operator curve; CysC, Cystatin C; SCr, serum creatinine; suPAR, soluble urokinase plasminogen activator receptor.
Bold values are statistically significant for p ≤ 0.05.

TABLE 3 Diagnostic value of biomarker combinations measured immediately after surgery to predict moderate or severe AKI within 24  h.

Biomarker AUC 95% CI p-value

Model Ia: SCr + Urine osmolality, (mosmol/kg) 0.79 0.67–0.91 <0.001

Postoperative urine output first 6 h, (L) 0.79 0.69–0.89 <0.001

Albuminuria, (mg/L) 0.75 0.62–0.88 0.001

suPAR, (ng/mL) 0.74 0.62–0.86 0.001

Proteinuria, (g/L) 0.74 0.61–0.87 0.001

α1-microglobulin, (mg/L) 0.73 0.60–0.86 0.002

(TIMP-2) × (IGFBP7), [(ng/mL)2/1000] 0.71 0.58–0.85 0.004

Model Ib: CysC + Postoperative urine output first 6 h, (L) 0.82 0.72–0.92 <0.001

Urine osmolality, (mosmol/kg) 0.81 0.69–0.93 <0.001

Albuminuria, (mg/L) 0.78 0.65–0.91 <0.001

Proteinuria, (g/L) 0.76 0.63–0.90 <0.001

Urine creatinine, (mg/dL) 0.76 0.62–0.89 0.001

α1-microglobulin, (mg/L) 0.74 0.60–0.87 0.001

suPAR, (ng/mL) 0.74 0.60–0.87 0.002

(TIMP-2) × (IGFBP7), [(ng/mL)2/1000] 0.73 0.59–0.87 0.003

AUC, area under the receiver operator curve; CysC, Cystatin C; SCr, serum creatinine; suPAR, soluble urokinase plasminogen activator receptor.
Bold values are statistically significant for p ≤ 0.05.
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depending on the severity of AKI. In addition, data by Amatrura et al. 
(27) showed that postoperative α1-microglobulin did not appear to 
be  informative for the prediction of AKI in patients after cardiac 
surgery. Nevertheless, in our study, vasopressor use did not differ 
between the two groups and patients were treated with the same 
crystalloid fluid. It is however worth noting that patients with AKI II/
III had significantly higher intraoperative fluid intake and fluid 
balance than patients with AKI 0/I, possibly due to longer duration of 
surgery. Therefore, higher intraoperative fluid administration may 
be partly responsible for the lower urine osmolality in patients with 
later AKI II/III. However, urine output 6 h postoperatively shows that 
the urine volume in patients with late AKI II/III was rather reduced 
compared to AKI 0/I—as expected for more severe AKI—which 
contradicts a simple dilution of urine due to increased fluid intake. 
Thus, as the addition of urine osmolality to our models, which already 
included urine output, improved outcome prediction performance 
further, urine osmolality appears to have additional diagnostic 
information beyond a mere dilutive component based on higher fluid 
administration. It remains to be  seen what tubular damage can 
be detected with urine osmolality, which does not appear to have any 
influence on the change in α1-microglobulin. Preclinical studies could 
help to clarify the causes and support the later use of urine osmolality 
in clinical practice. However, it must be emphasized here that there 
are clear differences in the development of biomarker-based 
diagnostics in preclinical studies and the implementation of clinical 
studies based on them in the literature. Biomarkers are more 
frequently used as primary endpoints in preclinical research than in 
clinical studies. Such differences make the implementation of 
biomarkers more difficult, as their benefits are often not tested to the 
same extent in the clinical practice (28).

CysC is an alternative kidney function biomarker to SCr with 
potentially superior diagnostic properties such as faster kinetics and 

independence from muscle mass. Consistent with data from different 
clinical contexts, including AKI after cardiac surgery, CysC also 
showed promising performance in the postoperative prediction of 
AKI II/III in our study (29–31).

Nevertheless, the AUC of SCr for predicting AKI II/III was only 
slightly lower compared to CysC indicating that SCr kinetics should 
not be  undererstimated in the postoperative context. A similar 
observation for SCr was recently made by Pilarczyk et  al. (31) in 
patients after vascular surgery, showing an excellent AUC of 0.82 (95% 
CI; 0.73–0.92) and 0.89 (95% CI; 0.78–1.0) after 2 and 6 h, respectively, 
to predict moderate or severe AKI 48 h after surgery.

Interestingly, the mean levels of urinary indicators for total, 
glomerular, and tubular proteinuria (proteinuria, albuminuria, and 
alpha1-microglobulin) increased regardless of the later stage of AKI 
and compared to preoperative levels and may reflect impaired tubular 
or glomerular integrity, or glomerular filtration pressure variation. 
However, the short- and long-term relevance and consequences of 
different types of proteinuria in AKI has not been sufficiently 
investigated. In our study, they were not suitable for early prediction 
of AKI II/III, when considering only the individual biomarkers.

The same holds true for urinary creatinine concentrations. 
Though a tendency towards lower levels was observed postoperatively 
in patients with later AKI II/III, this difference showed a poor 
diagnostic value. In this setting, however, a lower urine output in 
patients with AKI II/III may have influenced urinary creatinine 
towards higher concentrations (32, 33). Further, neither postoperative 
(TIMP-2) × (IGFBP7) nor suPAR levels showed any additional 
diagnostic value compared to widely available standard kidney 
biomarkers. However, with regard to (TIMP-2) × (IGFBP7), the 
literature is highly inconclusive. While the results of Finge et al. (34) 
and Pilarczyk et al. (31) are consistent with our data and show poor 
diagnostic value for AKI prediction after cardiac and thoracic aortic 

FIGURE 3

AUC curves of biomarker triplet combinations measured immediately after surgery to predict moderate or severe AKI within 24  h. (A) Biomarker triplet 
combinations with CysC. (B) Biomarker triplet combinations with SCr. AKI, acute kidney injury; CysC, Cystatin C; SCr, serum creatinine; suPAR, soluble 
urokinase plasminogen activator receptor. Urine ouput 6  h postoperatively.
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surgery, studies in more heterogeneous cohorts after major surgery 
have shown very promising results (35, 36). This potentially highlights 
a context-dependent value of kidney stress and damage biomarkers in 
daily routine.

As the only biomarker prior to surgery, suPAR was already 
significantly higher in patients with later AKI II/III compared to 
patients with AKI 0/I. This strengthens the concept of suPAR as an AKI 
risk stratifier prior to a potentially kidney harming event, as recently 
shown in a large study with different AKI entities and in a study in 
patients after cardiac surgery (14, 37). In these patients, suPAR could 
serve as an indicator of pre-existing acute or chronic inflammatory 
conditions as a risk factor for the development of AKI (13, 14, 19). In 
the present study, however, no correlation was found between 
postoperative suPAR levels and the extent of AKI. This may indicate that 
surgically induced inflammation is not a major factor in the 
pathophysiology of postoperative AKI, in contrast to the inflammatory 
states caused by sepsis (19, 38). Lastly, the combination of the functional 
biomarkers SCr and CysC with especially urine osmolality, 6 h urine 
excretion, or surprisingly albuminuria and proteinuria showed 
additional diagnostic value compared to the biomarkers alone. 
Furthermore, in contrast to (TIMP-2) × (IGFBP-7) and suPAR, the 
addition of urine osmolality to a model including CysC or SCr together 
with urine output 6 h had an additive diagnostic value with an 
improvement in absolute AUCs to predict AKI II/III. However, the 
triple combination of SCr, urine output and urine osmolality failed to 
show statistical superiority over a dual combination of SCr with urine 
output or urine osmolality, possibly due to the small sample size of our 
study. On the other hand, the triple combination was indeed statistically 
superior to the combination of SCr with (TIMP-2) × (IGFBP-7) or 
suPAR, whereas the dual combination of SCr and urine output 6 h alone 
failed to show statistical over the dual combination of SCr with 
(TIMP-2) × (IGFBP-7) or suPAR, highlighting the once more the 
additional diagnostic value of urine osmolality.

Thus, our observations underline the potential importance of 
combining currently used biomarkers of function and AKI staging 
with other directly pathophysiologically involved biomarkers to 
improve clinical decision making such as postoperative monitoring 
after aortic surgery in the future.

In conclusion, urine osmolality appears to be a relevant prognostic 
indicator with a potential additive diagnositc value for the detection of 
AKI II/III in patients undergoing open aortic surgery. To improve the 
predictive accuracy of postoperative AKI, a combination of CysC or 
SCr with urine output and urine osmolality should be considered in 
future investigations and study designs. In contrast, recently introduced 
biomarkers such as (TIMP-2) × (IGFBP-7) and suPAR showed limited 
postoperative value for predicting AKI II/III in our study cohort. 
Especially for suPAR, this may indicate a less important role of 
inflammatory drivers in the postoperative phase of aortic surgery 
induced AKI. Based on the inconclusive literature regarding (TIMP-2) 
× (IGFBP-7), further investigation is essential to clarify its context-
specific significance. In addition, the role of serial measurements must 
be discussed at this point. A study by Fiorentino et al. (39) showed that 
in patients with septic shock, the values of (TIMP-2) × (IGFBP-7) 
differed according to the resuscitation phase. Patients with elevated 
biomaker values despite haemodynamic stabilization had a poorer 
outcome. Accordingly, future biomaker studies should examine the 
dynamics of biomakers over several days and take into account the 
influence of factors that improve renal function like the administration 

of fluids and hemodynamic stabilization. The exploratory nature of our 
study is a limitation that needs to be  addressed. Therefore, the 
performance of the tested biomarkers needs to be validated in larger 
cohorts and in clinical routine.
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