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ABSTRACT
Introduction: Cardiac surgery may induce acute kidney injury and the need for renal replacement therapy. It is also associated with higher hospital costs,
morbidity and mortality. The aims of this study were to investigate predictors of cardiac surgery associated acute kidney injury in our population and to de-
termine the burden of acute kidney injury in elective cardiac surgery, evaluating the potential cost effectiveness of preventing it through the application of
the Kidney Disease: Improving Global Outcomes bundle of care to high-risk patient groups identified by the [TIMP-2]x[IGFBP7] used as a screening test.
Methods: In a University Hospital single-center retrospective cohort study we analyzed a consecutive sample of adults who underwent elective cardiac
surgery between January and March 2015. A total of 276 patients were admitted during the study period. Data from all patients was analyzed until hospital
discharge or the patient’s death. The economic analysis was performed from the hospital costs’ perspective.
Results: Cardiac surgery associated acute kidney injury occurred in 86 patients (31%). After adjustment, higher preoperative serum creatinine (mg/L,
ORaclJ =1.09; 95% CI: 1.01 — 1.17), lower preoperative hemoglobin (g/dL, ORadj =0.79; 95% CI: 0.67 — 0.94), chronic systemic hypertension (ORadj =5.00;
95% Cl: 1.67 — 15.02), an increase in cardiopulmonary bypass time (min, OR_; = 1.01; 95% CI: 1.00 — 1.01) and perioperative use of sodium nitroprusside
(ORadj =6.33; 95% CI: 1.80 — 22.28) remained significantly associated with cardiac surgery related acute kidney injury. The expected cumulative surplus
cost for the hospital linked with cardiac surgery associated acute kidney injury (86 patients) was €120 695.84. Based on a median absolute risk reduction
of 16.6%, by dosing kidney damage biomarkers in every patient and using preventive measures in high-risk patients, we would expect a break-even point
upon screening 78 patients, which would translate, in our patient cohort, into an overall cost benefit of €7145.
Conclusion: Preoperative hemoglobin, serum creatinine, systemic hypertension, cardiopulmonary bypass time and perioperative use of sodium nitro-
prusside were independent predictors of cardiac surgery associated acute kidney injury. Our cost-effectiveness modelling suggests that the use of kidney
structural damage biomarkers combined with an early prevention strategy could be associated with potential cost savings.
Keywords: Acute Kidney Injury/economics; Acute Kidney Injury/etiology; Biomarkers; Cardiac Surgical Procedures/adverse effects; Hospital Costs; Risk
Factors

RESUMO
Introdugao: A cirurgia cardiaca pode induzir leséo renal aguda e levar a necessidade de terapéutica de substituicao renal. A esta cirurgia associam-se
também maiores custos hospitalares, morbilidade e mortalidade. Os objetivos deste estudo foram investigar os preditores de lesdo renal aguda asso-
ciada a cirurgia cardiaca na nossa populacao e determinar o impacto da lesdo renal aguda na cirurgia cardiaca eletiva. Avaliou-se também o potencial
custo-efetividade da sua prevengao através da aplicacéo do Kidney Disease: Improving Global Outcomes bundle of care a grupos de doentes de alto
risco identificados pelo [TIMP-2]x[IGFBP7] como teste de rastreio.
Métodos: Foi realizado um estudo retrospetivo num centro hospitalar universitario, onde foi analisada uma amostra consecutiva de adultos que foram
submetidos a cirurgia cardiaca eletiva entre janeiro e marco de 2015. Durante o periodo do estudo, foram admitidos no total 276 doentes. Os dados
de todos os doentes foram analisados até a alta hospitalar ou morte do doente. Foi realizada uma analise econémica da perspetiva de custos para o
hospital.
Resultados: Oitenta e seis doentes (31%) desenvolveram les&o renal aguda no pés-operatério de cirurgia cardiaca. Apos ajuste, os valores elevados
de creatinina sérica pré-operatéria (mg/L, ORadj =1,09; IC 95%: 1,01 — 1,17), hemoglobina pré-operatéria baixa (g/dL, ORadj =0,79; IC 95%: 0,67 — 0,94),
hipertensdo arterial sistémica crénica (ORHdJ = 5,00; IC 95%: 1,67 — 15,02), tempo prolongado de circulagéo extra-corporal (min, ORadi =1,01; IC 95%:
1,00 —1,01) e o uso perioperatorio de nitroprussiato de sédio (OR_; = 6,33; IC 95%: 1,80 — 22,28) mantiveram-se significativamente associados a les&o
renal aguda no pés-operatério de cirurgia cardiaca. O custo cumulativo foi de €120 695,84. Baseando-nos numa redugdo de risco absoluta de 16,6%,
ao dosear os biomarcadores de lesao renal estrutural em todos os doentes juntamente com medidas preventivas de leséo renal aguda nos doentes
de alto risco, esperariamos um ponto de equilibrio ao tratar 78 doentes, que se traduziria, na nossa coorte, num beneficio total de custos de €7145.
Conclusédo: A hemoglobina pré-operatéria, creatinina sérica, hipertensao sistémica, tempo de bypass cardiopulmonar e o uso perioperatério de nitro-
prussiato de sodio foram preditores independentes de les&o renal aguda associada a cirurgia cardiaca. O nosso modelo de custo-efetividade sugere que
o uso de biomarcadores renais em combinacéo com estratégias preventivas precoces podera estar relacionado com uma potencial poupanca de custos.
Palavras-chave: Biomarcadores; Custos Hospitalares; Fatores de Risco; Lesdo Renal Aguda/econémica; Lesdo Renal Aguda/etiologia; Procedimentos
Cirurgicos Cardiacos/efeitos adversos

INTRODUCTION
Acute kidney injury (AKI) complicates 22% to 36% of creases hospital costs, morbidity and mortality.”* In the
cardiac surgery (CS) procedures, which ultimately in- United States, incremental costs go further than one billion

1. Departamento de Anestesiologia. Centro Hospitalar e Universitario de Sao Jodo. Porto. Portugal.

2. Faculdade de Medicina. Universidade do Porto. Porto. Portugal.

<4 Autor correspondente: Jodo Maia. joao.a.maia@gmail.com

Recebido/Received: 27/07/2022 - Aceite/Accepted: 06/12/2022 - Publicado Online/Published Online: 08/03/2023 - Publicado/Published: 01/09/2023
Copyright © Ordem dos Médicos 2023

Revista Cientifica da Ordem dos Médicos 567 www.actamedicaportuguesa.com

ARTIGO ORIGINAL



TIVNIDIHO O9ILYV

Maia J, et al. Kidney injury after cardiac surgery: prevention-associated cost reduction, Acta Med Port 2023 Sep;36(9):567-576

United States dollars (USD).* Cardiac surgery associated
acute kidney injury (CS-AKIl) requiring dialysis raises risk of
progression to end-stage kidney disease and mortality rate
up to 60%.*°

Rapidly worsening renal function in CS-AKI is the net
result of perioperative insults and its chances of reversibil-
ity are poor.® Therefore, most efforts have been directed
towards the development of prevention strategies in high-
risk patient groups.”® The 2012 Kidney Disease: Improving
Global Outcomes (KDIGO) guideline includes various rec-
ommendations to prevent AKI in high-risk patients (KDIGO
bundle of care).”

There are many known risk factors associated with CS-
AKI, reported in Table 1.°"" Derived from these, several
risk scoring systems have shown high negative predictive
value, but lower reliability in high-risk group discrimina-
tion."? Improved performance of these scoring systems can
be achieved by combining clinical risk factors with kidney
structural damage and functional biological markers (bio-
markers)."® Biomarkers are indicators of normal biological
processes, pathogenic processes, or response to an inter-
vention." The traditional biomarkers of CS-AKI are serum
creatinine and urine output, reflecting a decrease in glomer-
ular filtration rate (GFR). These two markers are robust late
markers of AKI employed in the Risk, Injury, Failure, Loss
of kidney function, and End-stage kidney disease (RIFLE),
Acute Kidney Injury Network (AKIN) and KDIGO scores.
However, they fail to translate early nephron stress or injury
and can be influenced by non-renal conditions.®

Recent advances in biology have yielded finer grained
biomarkers (damage biomarkers) that may enable earlier
and more specific identification of kidney injury with po-
tential impact in risk prediction.”® These new molecules,
biological substances, and cellular and molecular patterns
have been discovered in urine and serum and correlate with
different types, phases, and pathways of AKI. Tubular injury

can be detected by damage biomarkers, whereas the de-
gree of organ failure is estimated through the use of func-
tional biomarkers such as serum creatinine or urine output,
complementing each other.'®

Point-of-care tests to assess damage biomarkers are
available mostly as research tools for neutrophil gelatinase
associated lipocalin (NGAL) and combined tissue inhibitor
of metalloproteinases-2 and insulin-like growth factor-bind-
ing protein7 {[TIMP-2]x[IGFBP7]}. TIMP-2 and IGFBP7 are
metalloproteinases that induce G1 cell cycle arrest and can
be found in urine to predict, diagnose and assess the sever-
ity of AKL">'%"" The use of these tests in clinical practice
requires considerable investment and its cost-effectiveness
is yet to be clarified.'”'®

The aim of this study was to investigate predictors of
CS-AKl in our population and to determine the burden of AKI
in elective cardiac surgery. We also modelled the potential
cost effectiveness of preventing it through the application of
the KDIGO bundle of care to high-risk patient groups identi-
fied by the [TIMP-2]x[IGFBP7] used as a screening test.

METHODS
Ethics statement

The study was approved by the local Hospital Ethics
Committee. Patient consent was waived due to the retro-
spective and observational nature of the research.

Study design

A consecutive retrospective cohort of 276 adult patients
who underwent elective cardiac surgery of all types between
January 2" and March 31t of 2015 at the Department of
Cardiothoracic Surgery of a tertiary university hospital.

Data collection
Data was collected from available electronic health
records and physician notes, from the period of 24 hours

Table 1 — Risk Factors for cardiac surgery associated acute kidney injury described in the literature®'?

Risk Factors/Predictors

Anthropometric Comorbidities Surgery Nephrotoxic Analytical
Age BMI Urgency RASI Preoperative anemia
Female sex Diabetes IR SR Aminoglycosides Baseline GFR
(valvular)
COPD Reintervention N Non-steroidal Preoperat!vg serum
anti-inflammatory agents creatinine
Chronic kidney disease CPB time Contrast

Reduced left ventricular
ejection fraction

Clamping time

Heart failure .
(NYHA class) DEElF I
HTN RBC transfusion
PAD
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before surgery to hospital discharge or death. Variables
were: (i) preoperative data (at admission): age, gender,
body mass index (BMI); diagnostic tests: hemoglobin, se-
rum creatinine, serum urea, estimated glomerular filtration
rate (eGFR), left ventricular ejection fraction (LVEF); co-
morbidities: chronic systemic hypertension (HTN) (defined
as persistent systolic blood pressure = 140 mmHg and/or
diastolic blood pressure =2 90 mmHg according to the 2020
International Society of Hypertension and the 2014 Eighth
Joint National Committee and/or report of anti-hypertensive
therapy), diabetes mellitus [defined as glycated hemoglo-
bin (HbA,c) =2 6.5% and discriminating insulin therapy],
active smoking status (self-reported), chronic obstructive
pulmonary disease (COPD), chronic kidney disease (CKD)
(defined as an eGFR < 60 mL/min/1.73 m? calculated ac-
cording to Chronic Kidney Disease — Epidemiology Collabo-
ration (CKD-EPI) 2021), peripheral arterial disease (PAD),
heart failure [graded according to the New York Heart As-
sociation (NYHA) classification]; previous cardiac surgery;
European System for Cardiac Operative Risk Evaluation
(EuroSCORE) II; ongoing medication and preoperative
exposure to renin-angiotensin system inhibitors (RASI, in-
cluding angiotensin converting enzyme inhibitors and an-
giotensin receptor blockers), diuretics or aminoglycosides;
(i) intraoperative data: type of surgery, on-pump/off-pump,
extracorporeal and aortic cross-clamp times (consider-
ing zero minutes for off-pump surgeries), need for blood
transfusion during the procedure, lowest (nadir) hematocrit
(HTC) during the procedure, perioperative exposure to furo-
semide, sodium nitroprusside or vancomycin.

The primary outcome was the development of postoper-
ative AKl according to the KDIGO criteria: an abruptincrease
inserum creatinine (=0.3 mg/dL within 48 hours or=50% with-
in seven days) or a reduction in urine output (< 0.5 mL/kg/hr
for more than six consecutive hours),” calculated from hour-
ly nursing intensive care unit (ICU) records.

Secondary outcomes included: 30-day mortality, hospi-
tal and intensive care length of stay (LOS).

Statistical analysis

Continuous and ordinal variables were described as
median and interquartile ranges (IQR) and absolute and
relative frequencies were reported for categorical variables.
Comparison between CS-AKI and non-CS-AKI patients
were made using Mann-Whitney U test for continuous vari-
ables and Fisher’s exact test for categorical variables.

A post-hoc sub-group analysis of patients with HTN was
conducted to evaluate the effect of preoperative RASI on
the development of CS-AKI.

Missing data is presented for each variable and bias
analysis was performed by CS-AKI status.

A backward stepwise-selection logistic regression was

Revista Cientifica da Ordem dos Médicos 569

built from predictors with marginal association with AKI de-
velopment in univariate analysis (p < 0.2) upon excluding
variables with either evident collinearity (e.g., preoperative
serum creatinine and eGFR) or multicollinearity assess-
ment with variance inflation factors (VIF), with a cut-off of
10. Alikelihood ratio with a p value > 0.1 was used as cut-off
for variable removal. The accuracy of the model was as-
sessed by the area under receiver operating characteris-
tic (AU-ROC) curve and calibration was tested using the
Hosmer-Lemeshow goodness-of-fit test. The results of the
multivariate model are expressed as {3 coefficient and ad-
justed odds ratio (OR_,) with 95% confidence interval (Cl)
and p-values. The significance level for all tests was de-
fined as two-tailed a = 0.05. The multivariate model was
reassessed for the effect of RASI-HTN. Data were analyzed
using IBM® SPSS Statistics for Windows®, version 28 (IBM®
Corp., Armonk, N.Y., USA) and JASP (Version 0.16.1).

Economic analysis

Economic analysis was restricted to hospital costs.
Mean daily CS patient costs were retrieved from the institu-
tion’s financial department, without discrimination between
ICU and ward. Cost-center charges included supplies, per-
sonnel, laboratory, and other diagnostics, as well as costs
related to any treatment (Table 2). Incremental costs of CS-
AKI development were obtained with Hedges’ g estimate.

Costs associated with the potential introduction of
[TIMP-2]x[IGFBP7] (Nephrocheck®) as a screening test
were estimated according to Vijayan et al'®: cost of labora-
tory test machine (€2923.95) and cost of one cartridge per
patient (€49.71). Cost adjustment from USD to euros (€)
was performed using Campbell and Cochrane Economics
Methods Group (CCEMG) — EPPI-Centre Cost Converter
as of 2019.%°

Cost-effectiveness was modeled through break-even
analysis (Python 3.9 script with numpy library) assuming
absolute risk reduction (ARR) of 16.6% (Cl 95% = 5.5%
— 27.9%) reported by Meersch et al while applying the
KDIGO bundle of care’ to high-risk patients as identified by
Nephrocheck® {[TIMP-2]x[IGFBP7] > 0.3}.?' From our rate
of CS-AKI we estimated the number of patients that would
have been deemed at high-risk by Nephrocheck® and thus
undergo the KDIGO intervention assuming a true positive
rate/recall of 0.9 recently summarized in a systematic re-
view and meta-analysis.?**

Table 2 — Estimation of direct hospital costs

Considered costs Average costs (€)

Average hospitalization daily costs 705.72
[TIMP-2]x[IGFBP7] cartridge costs 49.71

Direct hospital costs estimated considering cost-center charges. Hospitalization daily
costs include ward and intensive care unit room, supplies, personnel, laboratory and other
diagnostics, as well as costs related to any treatment.
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The following formulas were applied:
» Equation 1
o Costs related to screening = analyzer machine +
cartridge x number of patients.
« Equation 2
o Potential cost benefit of the intervention = dif-
ference in postoperative costs (POC) between
CS-AKI and non-CS-AKI (median) x expected
number of CS-AKI cases prevented (as integer
after rounding).
» Equation 3
o Expected number of CS-AKI cases prevented
= number of patients x incidence of AKI in our
cohort x high-risk patients/CS-AKI cases (control
group in Meersch et al)*' x recall (reported for
Nephrocheck®)?>? x ARR (and 95%Cl).?"
Break-even points were estimated as patient number
needed for the potential cost benefit of the intervention to
outweigh the costs related to screening.

RESULTS
Study sample

Two-hundred and seventy-six patients were included in
our cohort, of which 86 (31%) developed CS-AKI. All admit-
ted patients were white.

AKl incidence and predictors

In univariate analysis (Table 3), preoperative variables
including older age, HTN, CKD, diabetes and insulin-thera-
py, lower preoperative hemoglobin, higher serum creatinine,
higher serum urea, lower eGFR and higher EuroSCORE I
were significantly associated with CS-AKI incidence. Need
for intraoperative blood transfusion, lower nadir HTC during
the procedure and perioperative use of sodium nitroprus-
side were also significantly associated with CS-AKI. Active
smoking, male gender, on-pump surgery, longer cardiopul-
monary bypass (CPB), aortic cross-clamp time and periop-
erative use of furosemide were marginally associated (p >
0.05, but < 0.15) with CS-AKI.

A sub-group analysis of patients with HTN was con-
ducted to evaluate the effect of preoperative RASI on the
development of CS-AKI. In the subgroup of patients taking
RASI, HTN was not significantly associated with CS-AKI (p
= 0.749) but, in those not previously treated with RASI, HTN
was significantly associated with CS-AKI (p = 0.005).

The final multivariate model is presented in Table 4. The
model’s AU-ROC curve was 0.645 (95% CI: 0.567 — 0.732).
The Hosmer and Lemeshow test did not show evidence for
lack of fit (p = 0.729). After adjustment, higher preoperative
serum creatinine, lower preoperative hemoglobin and HTN
remained significantly associated with CS-AKI. An increase
in CPB time and perioperative use of sodium nitroprusside
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were also significantly associated with the risk of CS-AKI.
Male gender was marginally associated with CS-AKI.

Regarding the subgroup analysis, the final model was
re-calculated considering the effect of RASI treatment on
patients with HTN (Table 4). Preoperative serum creatinine,
preoperative hemoglobin, HTN and perioperative use of so-
dium nitroprusside remained significantly associated with
the risk of CS-AKI. Gender was also significantly associated
with CS-AKI.

CS-AKI and other outcomes

Other outcomes were also analyzed in our population
and are discriminated in Table 3. Length of stay was signifi-
cantly higher in patients with CS-AKI.

The postoperative mortality was 2.5%, with one patient
dying in the first 24-postoperative hours and six in the first
30-days. The cause of death was cardiogenic shock in all
patients but one, who died due to septic shock. Postopera-
tive mortality was not related to CS-AKI: the mortality rate
was 3.5% in patients who developed CS-AKI and 2.1% in
those who did not (p = 0.623).

Overall, LOS was of 7 (IQR 6 — 10) days, 7 (IQR 6 — 9)
days for those without CS-AKI versus 9 (IQR 7 — 14) days
for those with CS-AKI (p < 0.001). Patients who developed
CS-AKI also had longer ICU stays: 4 (IQR 2 — 6) versus 3
(IQR 2 - 4) days, with p = 0.0015. Overall ICU stay was
three days (IQR 2 - 5).

Missing data - sensitivity analysis

Missing data sensitivity analysis was computed for each
variable, by CS-AKI status. Significant bias was found for
lowest HTC during the procedure (with data missing for
eight patients that developed CS-AKI versus six patients
without CS-AKI) (Table 5). For the evaluation of the impact
of this missing bias, the 75" percentile value for controls
(27%) was imputed for all 14 patients with missing data
(to decrease the association between lowest HTC during
the procedure and CS-AKI). The univariate association
between lowest HTC during the procedure and CS-AKI re-
mained significant (p = 0.004 after imputation).

Cost-analysis and modelling

Cost analysis is presented in Table 6. The incremen-
tal median cost for CS-AKI was thus €1403.44 (95% CI:
701.72 — 2105.16), p value < 0.001 and Hedges’ g = 0.304
(small to medium effect size). Cumulative incremental cost
estimation was calculated by multiplying incremental aver-
age cost by the number of patients developing CS-AKI. The
expected cumulative surplus cost for the hospital, associ-
ated with CS-AKI (86 patients), was €120 695.84 (Table 6).

The break-even analysis for cost-effectiveness accord-
ing to the specified model is depicted in Fig. 1. For a median
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Table 3 — Univariate analysis

Total AKI Without AKI
p-value
n =276 n =86 n =190
Demographics
Age (y) 69 (60 — 76) 73 (67 —77) 67 (58 - 75) <0.001*
Male, n (%) 169 (61) 59 (69) 111 (58) 0.110
BMI, kg/m? 26 (24 - 30) 26 (24 - 30) 27 (24 - 30) 0.934
BSA, m? 1.77 (1.64 —1.89) 1.78 (1.65-1.92) 1.77 (1.63 -1.89) 0.344
Preoperative analytical data
Hemoglobin, g/dL 8.19 (7.26 — 9.06) 7.7 (6.70 — 8.69) 8.38 (7.51-9.06) 0.004*
Serum creatinine, mg/dL 73.39 (61.89 —91.07) 81.35 (69.85 — 112.29) 71.62  (59.24 —84.00) <0.001*
Serum urea, mg/dL 43 (35 -53) 47 (38 - 59) 43 (34 - 51) 0.014*
eGFR, ml/min/1.73m? 90 (73-99) 79 (57 -92) 92 (78 —102) <0.001*
LVEF - Good, n (%) 201 (76) 60 (75) 138 (77)
Moderate, n (%) 1 (4) 3] 4) 8 (4) 0.892
Poor, n (%) 2 (1) 1 (1) 1 (1)
Very poor, n (%) - - - -
Comorbidities
Obesity, n (%) 61 (22) 19 (22) 42 (22) 0.999
HTN, n (%) 217 (79) 77 (90) 140 (74) 0.003*
DM, n (%) 93 (34) 38 (44) 55 (29) 0.019*
- insulin-therapy, n (%) 28 (10) 14 (16) 14 (7) 0.031*
Active smoker, n (%) 50 (18) 10 (12) 40 (21) 0.065
CKD, n (%) 44 (16) 12 (14) 32 17) <0.001*
PAD, n (%) 31 (11) 1 (13) 20 (10) 0.681
Heart failure (NYHA class) Il (=1 1 (nr=1v) Il (1= 0.591
Previous cardiac surgery, n (%) 14 (5) 5 (6) 9 (5) 0.560
EuroSCORE Il (%) 3.1 (1.7-5.4) 3.7 (2.2-6.8) 2.9 (1.6 -4.8) 0.003*
Preoperative exposure
ACEi, n (%) 116 (42) 41 (48) 75 (40) 0.236
ARB, n (%) 44 (16) 15 17) 29 (15) 0.723
Diuretics, n (%) 117 (42) 42 (49) 75 (40) 0.151
Aminoglycosides, n (%) 3 (1) 2 2) 1 1(1) 0.380
Surgery details
Type of surgery
- isolated CABG, n (%) 95 (34) 27 (31) 66 (35)
- single non-CABG, n (%) 126 (46) 39 (45) 90 (47) 0.415
- 2 procedures, n (%) 54 (20) 19 (22) 34 (18)
- 3 or more procedures, n (%) 1 - 1 (1)
On-pump surgery, n (%) 254 (92) 83 (97) 171 (90) 0.091
CPB time, min 103 (79 —134) 110 (84 — 140) 100 (77 - 132) 0.088
Clamping time, min 67 (50 —94) 73 (56 —98) 66 (49 — 94) 0.071
Nadir HTC, % 24 (21-27) 22 (21 -25) 24 (21 -27) 0.002*
Perioperative exposure
Intraoperative blood (RBC
transfﬂsion, n (%) ( ) 113 (41) 47 (55) 66 (35) 0.002*
Sodium nitroprusside, n (%) 15 (5) 10 (12) 5 (3) 0.007*
Vancomycin, n (%) 8 3) 5 (4) 5) (3) 0.706
Furosemide, n (%) 229 (83) 66 (79) 164 (88) 0.066
Other outcomes
Postoperative mortality, n (%) (2.5) & (3.5) (2.1) 0.623
LOS (days) (6 -10) 9 (7-14) 7 6-9) <0.001*
ICU stay (days) 3 (2-5) 4 (2-16) 3 (2-4) 0.0015*
*'p<0.05

BSA: body surface area; DM: diabetes mellitus; ACEi: angiotensin converting enzyme inhibitor; ARB: angiotensin receptor blocker
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Table 4 — Multivariate analysis including RASI-HTN interaction

Multivariate analysis
(final original model)

Multivariate analysis
(with RASI-HTN interaction)

B p-value OR_, (95% ClI) B p-value OR_; (95% ClI)
Male 0.702 0.053 2.02 (0.99 - 4.11) 0.726 0.039* 2.07 (1.04 - 4.12)
Hemoglobin -0.225 0.012* 0.80 (0.70 — 0.98) -0.233 0.006* 0.79 (0.67 — 0.94)
Serum creatinine 0.096 0.022* 1.10 (1.01 = 1.19) 0.085 0.030* 1.09 (1.01 —=1.17)
HTN 1.068 0.014* 2.91(1.24 - 6.84) 1.610 0.004* 5.00 (1.67 — 15.02)
RASI-HTN interaction - - - -1.373 0.146 0.25 (0.04 — 1.61)
RASI - - - 1.152 0.188 3.17 (0.57 - 17.62)
CPB time 0.008 <0.001* 1.01 (1.00 — 1.01)* 0.007 0.001* 1.01 (1.00 — 1.01)*
Sodium nitroprusside 1.670 0.009* 5.31(1.51-18.72) 1.845 0.004* 6.33 (1.80 — 22.28)

*:p<0.05; #:1.008 (1.003 — 1.013)

ARR of 16.6% as reported by Meersch et al’' we would ex-
pect a break-even point upon screening 78 patients, which
would translate, in our 276 patients’ cohort, in an overall
cost benefit of €7145, but the 95% CI are wide and for an
ARR of 27.9% these would be 37 patients and €25 410,
respectively. On the other hand, for the worst expectation
of only 5.5% ARR there would be no expected economic
benefit at all, even in the long run.

DISCUSSION

CS-AKI was associated with higher morbidity, mortality,
and increased hospital costs.”® Several studies were de-
veloped regarding the development of predictive scores,*-?°
and identification of tools that, adequately and in a timely
fashion, allow to recognize and manage CS-AKI'>?" in order
to minimize its impact.

We have conducted an analysis to investigate the pre-
dictors of CS-AKI in our population which, according to the
tendency demonstrated in literature, showed some conflict-
ing results, although the incidence of CS-AKI in our popula-
tion (31%) is comparable to previous reports in the litera-
ture.?”%8

The male gender in our population was associated with
an increased risk of CS-AKI development, contradicting
many previous reports*=° but is in agreement with a more
recent systematic review and meta-analysis by Neugarten
etal’

Preoperative creatinine plasma levels, low preoperative
hemoglobin and HTN were identified as predictors of CS-
AKI in our study. Preoperative creatinine, mirroring the pa-
tient’s renal reserve, has been consistently identified as an
independent risk factor>*? and therefore included in several
predictive scoring systems for CS-AKI.?*-?63%% In our popu-
lation, an increase of 1 mg/dL was associated with a 9%
(95% CI: 1% — 17%) increase in the risk of developing CS-
AKI. Low preoperative hemoglobin has been reported as
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an independent risk factor for the development of CS-AKI,
with an attributed 2.6-fold increased risk®=°: AKI in anemic
patients is associated with inflammation, renal hypoxia and
oxidative stress, explaining why these patients have an
increased susceptibility to concomitant renal insults, such
as hypoperfusion, increasing their vulnerability to CS-AKI
when on CPB.?* In our study, a reduction of 1 g/dL in pre-
operative hemoglobin was associated with a 21% (95% CI:
6% — 33%) increase in the odds of CS-AKI. Red blood cell
(RBC) transfusion also exacerbates the risk of CS-AKI in
anemic patients, representing, by itself, an independent risk
factor.*>*¢ Moreover, in an observational study performed in
2014, Kahn et al concluded that the risk of AKI was high-
est in patients receiving more than two units of RBCs.*® Al-
though several studies®*"** demonstrated that, regardless

Table 5 — Missing data

n (%) Missing data p-value
Preoperative analytical values

Hemoglobin 5(1.8) 0.648

Serum creatinine 5(1.8) 0.648

Serum urea 5(1.8) 0.648

eGFR 5(1.8) 0.648

LVEF 16 (5.8) 0.585
Comorbidities

NYHA class 63 (22.8) 0.428
EuroSCORE Il (%) 5(1.8) 0.648
Surgery details

CBP time 6 (2.2) 0.078

Clamping time 6(2.2) 0.078

Nadir HTC 14 (5.1) 0.04
Perioperative exposure

Vancomycin 5(1.8) 0.648

Furosemide 5(1.8) 0.648
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Table 6 — Comparison of patient costs

AKI Without AKI value
(n = 86) (n = 190) p
Median POC per patient (€) Beflaat Sl <0.001*

Total POC estimation (n = 276)
Median POC difference per patient (€)
Expected cumulative surplus cost (n = 86) (€)

(4912.04 — 9122.36)

(4210.32 — 6315.48)

= Median POC per patient x n = 1476,418.88
= POC (AKI) — POC (without AKI) = 1403.44 (701.72 — 2,105.16)
= Median POC difference per patient x n = 120695.84

*p<0.05
of the existence of anemia, transfusion of RBC entails an
important risk for AKI, our study was not able to corroborate
it, since intraoperative RBC transfusion was significantly as-
sociated with CS-AKI only in univariate analysis.
Regarding HTN, in a prospective study of 157 patients,
Keniji et al found that a drop in mean arterial pressure (MAP)
of more than 26 mmHg between preoperative and intraop-
erative values was associated with the development of CS-
AKI, explaining why HTN is considered a risk factor and
why this could be the focus of an intervention.*° In this study,
the presence of HTN represented a 5-fold increase in the
odds of CS-AKI.

We could not find a significant impact of RASI in the
incidence of CS-AKI in our population. Preoperative use of
RASI has been associated with an increase in preopera-
tive CS-AKI not mediated by an effect in blood pressure.
This association possibly reflects the effects in glomerular
capillary pressure caused by renal efferent arteriolar vaso-
dilation and impairment of autoregulation.*’ Nevertheless,
some publications showed opposite results, suggesting a
treatment benefit in these patients.?***> On the other hand,
in a sub-group analysis of patients with HTN, patients treat-
ed with RASI had no increased incidence of CS-AKI, unlike
patients not treated with RASI, thus suggesting a protective

50 000
Screening
Cost Benefit = [ARR =27.9%
40 000 — T
; _|
-
30 000 —
)
ih
3 ARR = 16.6%
o
20 000 —
10 000 —
ARR = 5.5%
O —

Patient number

Figure 1 — Modelling of break-even analysis for the introduction of the KDIGO bundle of care in high-risk patients after Nephrocheck®
screening. The costs related to Nephrocheck® screening, including the test machine and consumables, are plotted as a black solid line.
The potential cost-reduction related to the intervention is plotted as a grey solid line, and the shaded area corresponds to the 95% Cl,

according to the ARR reported by Meersch et al.”’
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role of RASI in hypertensive patients. Our study didn’t in-
clude both the analysis of preoperative treatment with other
anti-hypertensive agents, and of the efficacy of preoperative
blood pressure control; however, considering the sub-group
analysis, a better control of preoperative HTN might be as-
sociated with a lower incidence of CS-AKI.

Amongst intraoperative factors, the duration of CPB was
significantly associated with CS-AKI in which a 60-minute
increase of extracorporeal circulation represents a 60%
increase in CS-AKI (OR_, = 1.61), reflecting the influence
in renal outcomes of the contact activated inflammatory re-
sponse and significant hemodynamic changes associated
with CPB.® Also, the institution of CPB in coronary artery
bypass graft (CABG) surgery is associated with a systemic
inflammatory response, coagulopathy, embolism and CS-
AKI.® It has been proposed that the avoidance of CPB by
the implementation of an off-pump CABG (OPCAB) tech-
nique would reduce the incidence and severity of CS-AKI.
Several systematic reviews and meta-analysis of random-
ized control trials (RCT)>*%*” and one multicenter RCT*®
point to a lower risk of CS-AKI in OPCAB surgery patients,
whereas this has not been confirmed by Reents et al in his
post hoc analysis of 1612 patients.* In the present study,
on-pump surgery was marginally associated with CS-AKI
incidence only in univariate analysis. On the other hand,
prolonged aortic cross-clamp time, according to histori-
cal reports, increases the risk of low cardiac output state
(LCOS) and renal ischemia.**>" Our findings did not support
the association between longer aortic cross-clamp time and
CS-AKI, but the occurrence of LCOS was not determined
in our population. Regarding the type of surgery, we did
not find an association with CS-AKI, although the literature
strongly suggests that patients presenting for CABG de-
velop less CS-AKI in comparison to other types of cardiac
surgery,*>** probably due to less CPB time.>> Conversely, a
meta-analysis published by Yi Q. et al demonstrated oth-
erwise, not establishing an absolute association between
these factors.™

Still within intraoperative factors, the use of sodium ni-
troprusside was significantly associated with the develop-
ment of CS-AKI, determining a 533% increase in the risk
of CS-AKI. In most experimental models, renal autoregula-
tion capability was impaired following ischemic injury, sug-
gesting a residual ability to vasodilate and a greater fraction
of fixed total resistance, originating a substantial increase
(50%) in renal vascular resistance, a 40% decrease in renal
blood flow and severe impairment in renal oxygenation in
CS-AKI patients, compared with post-cardiac surgery pa-
tients with no AKI.*® The use of vasodilators can further re-
duce the renal blood flow.*” Finally, in what concerns nadir
HTC, an association with CS-AKI was not demonstrated in
our results contrarily to what was to be expected. Ranucci
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et al studied the role of nadir oxygen delivery (DO,), nadir
HTC and pump flow during CPB, and risk of CS-AKI***° and
found that a nadir DO, of less than 262 mL/min/m? during
CPB was associated with AKI stage 2 (according to AKIN
classification), and nadir DO, level was significantly associ-
ated with prolonged ICU and postoperative LOS.%®

As mentioned above, if treatment bundles are to be ef-
fective, they need to be applied before the condition of in-
terest develops; in order to achieve this, the right tools are
required. Since we were aiming to estimate the potential
cost reduction by identifying, in a timely manner, the risk
of developing CS-AKI, we decided to use data related to
TIMP-2 and IGFBP7 (Nephrocheck®) for our economic
analysis, given its very high specificity and very good pre-
dictive value.?>?* In our population, the overall LOS was sig-
nificantly increased for patients with CS-AKI.

Following the implementation of Nephrocheck® screen-
ing alongside with the application of the KDIGO bundle
of care to high-risk patients, a cost reduction associated
with the estimated decrease of CS-AKI incidence could be
achieved.”!

Limitations

The main limitation of our study is its retrospective na-
ture, regarding data routinely assessed within the hospital
stay, and the fact that it was conducted in a single center.

During the period considered, evaluation of HbA,C was
not standardized in the preoperative assessment of diabetic
patients, which did not allow us to assess the preoperative
metabolic control of our patients. Regarding the remaining
variables described as possible risk predictors, we had a
low number of missing values in the clinical records consult-
ed and only nadir HTC presented missing bias. Despite this,
after missing imputation, this variable remained significantly
associated with CS-AKI in univariate analysis.

Our multivariate analysis model had sufficient power to
include up to eight variables.®® Still, due to a sample of just
276 patients, lack of power may not have allowed the analy-
sis of other predictors. A larger sample would also allow a
discrimination of CS-AKI stages.

In the estimation of costs, cost-center charges did not
discriminate average ICU daily costs per patient, which
would enable a more precise calculation of CS-AKI asso-
ciated cost increase. Our economic analysis was based
on average hospitalization costs; not having individualized
patient costs could limit our accuracy of value determina-
tion. Cost-analysis modelling is based on studies from
other groups and data collected was from 2015, which has
consequences regarding this study’s external validity; con-
sequently, our conclusions may not be completely gener-
alizable to our current population. Data regarding sensibil-
ity/recall are predominantly based on studies performed in
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critical patients; however, there is a low sample study on
the post-operative period after cardiac surgery with similar
values/outcomes to our study (0.92).?2 Additionally, further
studies are needed to precisely calculate the direct savings
of applying [TIMP-2]x[IGFBP7] only to high-risk patients es-
timated by risk prediction scores®'? versus all patients, and
to evaluate the economic benefit of applying the KDIGO
bundle of care for all patients.

CONCLUSION

Our work reinforces the existing evidence that increased
preoperative creatinine, HTN, low preoperative hemoglo-
bin, long CPB time and intraoperative sodium nitroprusside
were independent risk factors for CS-AKI. Moreover, our
cost-effectiveness modelling suggests that the use of kid-
ney structural damage biomarkers combined with an early
prevention strategy could be cost saving.

AUTHOR CONTRIBUTIONS

JM, AFR, CA: Study design, data collection and analy-
sis, writing of the manuscript.

ALD: Study design, statistical analysis, data interpreta-
tion, writing of the manuscript.

REFERENCES

1. Hu J, Chen R, Liu S, Yu X, Zou J, Ding X. Global incidence and
outcomes of adult patients with acute kidney injury after cardiac surgery:
a systematic review and meta-analysis. J Cardiothorac Vasc Anesth.
2016;30:82-9.

2. Karkouti K, Wijeysundera DN, Yau TM, Callum JL, Cheng DC, Crowther
M, et al. Acute kidney injury after cardiac surgery: focus on modifiable
risk factors. Circulation. 2009;119:495-502.

3. Lassnigg A, Schmidlin D, Mouhieddine M, Bachmann LM, Druml W,
Bauer P, et al. Minimal changes of serum creatinine predict prognosis in
patients after cardiothoracic surgery: a prospective cohort study. J Am
Soc Nephrol. 2004;15:1597-605.

4. Alshaikh HN, Katz NM, Gani F, Nagarajan N, Canner JK, Kacker S, et
al. Financial impact of acute kidney injury after cardiac operations in the
United States. Ann Thorac Surg. 2018;105:469-75.

5. Rosner MH, Okusa MD. Acute kidney injury associated with cardiac
surgery. Clin J Am Soc Nephrol. 2006;1:19-32.

6. Bellomo R, Auriemma S, Fabbri A, D’Onofrio A, Katz N, McCullough PA,
et al. The pathophysiology of cardiac surgery-associated acute kidney
injury (CSA-AKI). Int J Artif Organs. 2008;31:166-78.

7. Kellum JA, Lameire N, Aspelin P, Barsoum RS, Burdmann EA, Goldstein
SL, et al. Kidney disease: improving global outcomes (KDIGO) acute
kidney injury work group. KDIGO clinical practice guideline for acute
kidney injury. Kidney Int Suppl. 2012;2:1-138.

8. Vives M, Hernandez A, Parramon F, Estanyol N, Pardina B, Munoz A,
et al. Acute kidney injury after cardiac surgery: prevalence, impact and
management challenges. Int J Nephrol Renovasc Dis. 2019;12:153-66.

9. Amini S, Najafi MN, Karrari SP, Mashhadi ME, Mirzaei S, Tashnizi MA,
et al. Risk factors and outcome of acute kidney injury after isolated
CABG surgery: a prospective cohort study. Braz J Cardiovasc Surg.
2019;34:70-5.

10. YiQ, Li K, Jian Z, Xiao YB, Chen L, Zhang Y, et al. Risk factors for acute
kidney injury after cardiovascular surgery: evidence from 2,157 cases
and 49,777 controls - a meta-analysis. Cardiorenal Med. 2016;6:237-50.

11. Najjar M, Yerebakan H, Sorabella RA, Donovan DJ, Kossar AP,
Sreekanth S, et al. Acute kidney injury following surgical aortic valve
replacement. J Card Surg. 2015;30:631-9.

Revista Cientifica da Ordem dos Médicos 575

BA, AL: Study design, data collection.
ALM: Study design, data interpretation.

PROTECTION OF HUMANS AND ANIMALS

The authors declare that the procedures were followed
according to the regulations established by the Clinical Re-
search and Ethics Committee and to the Helsinki Declara-
tion of the World Medical Association updated in 2013.

DATA CONFIDENTIALITY

The authors declare having followed the protocols in
use at their working center regarding patients’ data publica-
tion.

COMPETING INTERESTS
The authors have declared that no competing interests
exist.

FUNDING SOURCES

This research received no specific grant from any fund-
ing agency in the public, commercial, or not-for-profit sec-
tors.

12. Nadim MK, Forni LG, Bihorac A, Hobson C, Koyner JL, Shaw A, et
al. Cardiac and vascular surgery-associated acute kidney injury: the
20th International Consensus Conference of the ADQI (Acute Disease
Quality Initiative) Group. J Am Heart Assoc. 2018;7:e008834.

13. Ostermann M, Zarbock A, Goldstein S, Kashani K, Macedo E, Murugan
R, et al. Recommendations on acute kidney injury biomarkers from the
Acute Disease Quality Initiative Consensus Conference: a consensus
statement. JAMA Netw Open. 2020;3:€2019209.

14. Biomarkers Definitions Working Group. Biomarkers and surrogate
endpoints: preferred definitions and conceptual framework. Clin
Pharmacol Ther. 2001;69:89-95.

15. Chu R, Li C, Wang S, Zou W, Liu G, Yang L. Assessment of KDIGO
definitions in patients with histopathologic evidence of acute renal
disease. Clin J Am Soc Nephrol. 2014;9:1175-82.

16. Ostermann M, Karsten E, Lumlertgul N. Biomarker-based management
of AKI: fact or fantasy? Nephron Clin Pract. 2022;146:295-301.

17. Kashani K, Al-Khafaji A, Ardiles T, Artigas A, Bagshaw SM, Bell M, et al.
Discovery and validation of cell cycle arrest biomarkers in human acute
kidney injury. Crit Care. 2013;17:1-12.

18. Parikh CR, Coca SG, Thiessen-Philbrook H, Shlipak MG, Koyner JL,
Wang Z, et al. Postoperative biomarkers predict acute kidney injury
and poor outcomes after adult cardiac surgery. J Am Soc Nephrol.
2011;22:1748-57.

19. Vijayan A, Faubel S, Askenazi DJ, Cerda J, Fissell WH, Heung M, et al.
Clinical use of the urine biomarker [TIMP-2]x[IGFBP7] for acute kidney
injury risk assessment. Am J Kidney Dis. 2016;68:19-28.

20. Campbell and Cochrane Economics Methods Group. CCEMG - EPPI-
Centre Cost Converter. [cited 2022 May 16]. Available from: https://eppi.
ioe.ac.uk/costconversion/.

21. Meersch M, Schmidt C, Hoffmeier A, Van Aken H, Wempe C, Gerss
J, et al. Prevention of cardiac surgery-associated AKI by implementing
the KDIGO guidelines in high risk patients identified by biomarkers: the
PrevAKI randomized controlled trial. Intensive Care Med. 2017;43:1551-
61.

22. Meersch M, Schmidt C, Van Aken H, Martens S, Rossaint J, Singbartl
K, et al. Urinary TIMP-2 and IGFBP7 as early biomarkers of acute

www.actamedicaportuguesa.com

ARTIGO ORIGINAL



TIVNIDIHO O9ILYV

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Maia J, et al. Kidney injury after cardiac surgery: prevention-associated cost reduction, Acta Med Port 2023 Sep;36(9):567-576

kidney injury and renal recovery following cardiac surgery. PloS one.
2014;9:€93460.

Hall PS, Mitchell ED, Smith AF, Cairns DA, Messenger M, Hutchinson M,
et al. The future for diagnostic tests of acute kidney injury in critical care:
evidence synthesis, care pathway analysis and research prioritisation.
Health Technol Assess. 2018;22:1-274.

Thakar CV, Arrigain S, Worley S, Yared JP, Paganini EP. A clinical score
to predict acute renal failure after cardiac surgery. J Am Soc Nephrol.
2005;16:162-8.

Englberger L, Suri RM, Li Z, Dearani JA, Park SJ, Sundt lll TM, et al.
Validation of clinical scores predicting severe acute kidney injury after
cardiac surgery. Am J Kidney Dis. 2010;56:623-31.

Palomba H, De Castro I, Neto A, Lage S, Yu L. Acute kidney injury
prediction following elective cardiac surgery: AKICS Score. Kidney Int.
2007;72:624-31.

Wang Y, Bellomo R. Cardiac surgery-associated acute kidney injury: risk
factors, pathophysiology and treatment. Nat Rev Nephrol. 2017;13:697-
711.

Vives M, Wijeysundera D, Marczin N, Monedero P, Rao V. Cardiac
surgery-associated acute kidney injury. Interact Cardiovasc Thorac
Surg. 2014;18:637-45.

Bueno H, Vidan MT, Almazan A, Lopez-Sendon JL, Delcan JL. Influence
of sex on the short-term outcome of elderly patients with a first acute
myocardial infarction. Circulation. 1995;92:1133-40.

Vaccarino V, Parsons L, Every NR, Barron HV, Krumholz HM. Sex-
based differences in early mortality after myocardial infarction. New Eng
J Med. 1999;341:217-25.

Neugarten J, Sandilya S, Singh B, Golestaneh L. Sex and the risk of
AKI following cardio-thoracic surgery: a meta-analysis. Clin J Am Soc
Nephrol. 2016;11:2113-22.

Thakar CV, Liangos O, Yared JP, Nelson D, Piedmonte MR, Hariachar
S, et al. ARF after open-heart surgery: influence of gender and race. Am
J Kidney Dis. 2003;41:742-51.

Wijeysundera DN, Karkouti K, Dupuis JY, Rao V, Chan CT, Granton JT,
et al. Derivation and validation of a simplified predictive index for renal
replacement therapy after cardiac surgery. JAMA. 2007;297:1801-9.
Abuelo JG. Normotensive ischemic acute renal failure. New Eng J Med.
2007;357:797-805.

Karkouti K, Grocott HP, Hall R, Jessen ME, Kruger C, Lerner AB, et
al. Interrelationship of preoperative anemia, intraoperative anemia, and
red blood cell transfusion as potentially modifiable risk factors for acute
kidney injury in cardiac surgery: a historical multicentre cohort study.
Can J Anesth. 2015;62:377-84.

Karkouti K, Wijeysundera DN, Yau TM, McCluskey SA, Chan CT, Wong
PY, et al. Influence of erythrocyte transfusion on the risk of acute kidney
injury after cardiac surgery differs in anemic and nonanemic patients.
Anesthesiology. 2011;115:523-30.

Karkouti K. Transfusion and risk of acute kidney injury in cardiac surgery.
Br J Anaesth. 2012;109:i29-38.

Khan UA, Coca SG, Hong K, Koyner JL, Garg AX, Passik CS, et al.
Blood transfusions are associated with urinary biomarkers of kidney
injury in cardiac surgery. J Thorac Cardiovasc Surg. 2014;148:726-32.
Haase M, Bellomo R, Story D, Letis A, Klemz K, Matalanis G, et al.
Effect of mean arterial pressure, haemoglobin and blood transfusion
during cardiopulmonary bypass on post-operative acute kidney injury.
Nephrol Dial Transplant. 2012;27:153-60.

Kaniji HD, Schulze CJ, Hervas-Malo M, Wang P, Ross DB, Zibdawi M, et
al. Difference between pre-operative and cardiopulmonary bypass mean
arterial pressure is independently associated with early cardiac surgery-
associated acute kidney injury. J Thorac Cardiovasc Surg. 2010;5:1-9.
O’Neal JB, Shaw AD, Billings FT. Acute kidney injury following cardiac
surgery: current understanding and future directions. Critical Care.
2016;20:1-9.

Clark H, Krum H, Hopper |. Worsening renal function during renin—
angiotensin—aldosterone system inhibitor initiation and long-term

Revista Cientifica da Ordem dos Médicos 576

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

outcomes in patients with left ventricular systolic dysfunction. Eur J
Heart Fail. 2014;16:41-8.

Benedetto U, Sciarretta S, Roscitano A, Fiorani B, Refice S, Angeloni E,
et al. Preoperative angiotensin-converting enzyme inhibitors and acute
kidney injury after coronary artery bypass grafting. Ann Thorac Surg.
2008;86:1160-5.

Yoo YC, Youn YN, Shim JK, Kim JC, Kim NY, Kwak YL. Effects of
renin-angiotensin system inhibitors on the occurrence of acute kidney
injury following off-pump coronary artery bypass grafting. Circ J.
2010;74:1852-8.

Zhou H, Xie J, Zheng Z, Ooi OC, Luo H. Effect of renin-angiotensin
system inhibitors on acute kidney injury among patients undergoing
cardiac surgery: a review and meta-analysis. Semin Thorac Cardiovasc
Surg. 2021;33:1014-22.

Cheungpasitporn W, Thongprayoon C, Kittanamongkolchai W, Srivali N,
O’Corragain OA, Edmonds PJ, et al. Comparison of renal outcomes in
off-pump versus on-pump coronary artery bypass grafting: a systematic
review and meta-analysis of randomized controlled trials. Nephrology.
2015;20:727-35.

Seabra VF, Alobaidi S, Balk EM, Poon AH, Jaber BL. Off-pump coronary
artery bypass surgery and acute kidney injury: a meta-analysis of
randomized controlled trials. Clin J Am Soc Nephrol. 2010;5:1734-44.
Garg AX, Devereaux P, Yusuf S, Cuerden MS, Parikh CR, Coca SG, et
al. Kidney function after off-pump or on-pump coronary artery bypass
graft surgery: a randomized clinical trial. JAMA. 2014;311:2191-8.
Reents W, Hilker M, Borgermann J, Albert M, Plotze K, Zacher M, et al.
Acute kidney injury after on-pump or off-pump coronary artery bypass
grafting in elderly patients. Ann Thorac Surg. 2014;98:9-15.

Dehne MG, Sablotzki A, MuEhling J, Dehne KL, RoEhrig R, Hempelmann
G. Renal effects of cardiopulmonary bypass in the elderly. Perfusion.
2002;17:205-9.

Bent P, Tan HK, Bellomo R, Buckmaster J, Doolan L, Hart G, et al. Early
and intensive continuous hemofiltration for severe renal failure after
cardiac surgery. Ann Thorac Surg. 2001;71:832-7.

Sirvinskas E, Andrejaitiene J, Raliene L, Nasvytis L, Karbonskiene A,
Pilvinis V, et al. Cardiopulmonary bypass management and acute renal
failure: risk factors and prognosis. Perfusion. 2008;23:323-7.

Harky A, Joshi M, Gupta S, Teoh WY, Gatta F, Snosi M. Acute kidney
injury associated with cardiac surgery: a comprehensive literature
review. Braz J Cardiovasc Surg. 2020;35:211-24.

Serraino GF, Provenzano M, Jiritano F, Michael A, lelapi N, Mastroroberto
P, et al. Risk factors for acute kidney injury and mortality in high risk
patients undergoing cardiac surgery. Plos One. 2021;16:€0252209.
Kumar AB, Suneja M, Bayman EO, Weide GD, Tarasi M. Association
between postoperative acute kidney injury and duration of
cardiopulmonary bypass: a meta-analysis. J Cardiothorac Vasc Anesth.
2012;26:64-9.

Redfors B, Bragadottir G, Sellgren J, Sward K, Ricksten SE. Acute renal
failure is NOT an “acute renal success”—a clinical study on the renal
oxygen supply/demand relationship in acute kidney injury. Critical Care
Med. 2010;38:1695-701.

Williams RH, Thomas CE, Navar LG, Evan AP. Hemodynamic and single
nephron function during the maintenance phase of ischemic acute renal
failure in the dog. Kidney Int. 1981;19:503-15.

De Somer F, Mulholland JW, Bryan MR, Aloisio T, Van Nooten GJ,
Ranucci M. O2 delivery and CO2 production during cardiopulmonary
bypass as determinants of acute kidney injury: time for a goal-directed
perfusion management? Critical Care. 2011;15:1-11.

Ranucci M, Romitti F, Isgro G, Cotza M, Brozzi S, Boncilli A, et al.
Oxygen delivery during cardiopulmonary bypass and acute renal failure
after coronary operations. Ann Thorac Surg. 2005;80:2213-20.

Concato J, Peduzzi P, Holford TR, Feinstein AR. Importance of events
perindependent variable in proportional hazards analysis. |. Background,
goals, and general strategy. J Clin Epidemiol. 1995;48:1495-501.

www.actamedicaportuguesa.com



