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Abstract
Background Cardiac surgery-associated acute kidney injury (CSA-AKI) is associated with high risk for complications and 
mortality. Whether renin–angiotensin system (RAS) inhibitor should be continued or withdrawn in patients with long-term 
use before cardiac surgery has been lack of consensus.
Methods We performed this prospective observational cohort study and recruited cardiac surgery patients in the surgical 
intensive care units between 2000 and 2011. These patients were divided into users and non-users of RAS inhibitor. Pro-
pensity score matching and multivariable models were performed to investigate the association between renal outcome, 
mortality, and preoperative use of RAS inhibitor.
Results Preoperative use of RAS inhibitor was identified as the independent protective factor for AKI development (OR 
0.41, 95% CI 0.23, 0.63), AKI severity (stage 3 vs. stage 1, OR 0.35, 95% CI 0.18, 0.69), and renal recovery (OR 3.41, 95% 
CI 1.84, 5.36). Nevertheless, there was no significant protective effect of RAS inhibitor on in-hospital dialysis, in-hospital 
mortality, and ensuing development of chronic kidney disease (CKD) after AKI. We created a prediction model of CSA-AKI 
and indicated that preoperative use of RAS inhibitor provided more protective effect in low-risk than high-risk population.
Conclusion Preoperative use of RAS inhibitor was associated with less AKI development and severity, and higher renal 
recovery. Although more risk reduction of AKI development was shown in low-risk group by our prediction model, continued 
use of RAS inhibitor before cardiac surgery could provide protective effect in all patients.
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Introduction

Acute kidney injury (AKI) has increased remarkably in inten-
sive care unit (ICU) patients and leads to various complica-
tions and high mortality [1, 2]. No promising therapeutic 
agent could prevent or treat AKI up to now [3]. Nevertheless, 
based on previous studies, renin–angiotensin system (RAS) 
inhibitor might have potential protective effect to prevent AKI, 
especially for cardiac surgery-associated acute kidney injury 
(CSA-AKI). Not only because burgeoning studies have shown 
that long-term inhibition of RAS provides both cardiovascular 
and renal protection [4], but also because recent animal stud-
ies of renal ischemia–reperfusion injury (IRI), similar to the 
major mechanism of CSA-AKI, demonstrated the promising 
effect of RAS inhibitor to reduce ensuing chronic kidney dis-
ease (CKD) and mortality [5]. Furthermore, RAS inhibitors 
including angiotensin-converting enzyme (ACE) inhibitor and 
angiotensin receptor blocker (ARB) have also been reported to 
prevent subsequent CKD development in patients with renal 
recovery from CSA-AKI [6, 7]. Even so, there is still a lack of 
consensus for continuation or withdrawal of RAS inhibitor in 
patients before cardiac surgery.

CSA-AKI is the second commonest cause of AKI in ICU 
[8], and occurs in up to 30–42% of patients according to the 
population of interest and different definition [9]. The develop-
ment of CSA-AKI results in dialysis in approximately 1–5% 
of patients, and is associated with high mortality and compli-
cated hospital course [10, 11]. Several previous studies dem-
onstrated that preoperative use of RAS inhibitor is associated 
with increased risk of CSA-AKI [12, 13]. On the contrary, 
some recent cohort studies, especially in Asian population and 
meta-analysis study reported an association between preopera-
tive use of RAS inhibitor and lower incidence of CSA-AKI 
[14, 15]. These inconsistent results might be due to racial dif-
ferences or elusive effect of RAS inhibitor on CSA-AKI.

To investigate the clinical application of continued use 
of RAS inhibitor before cardiac surgery and its impact on 
development of CSA-AKI as well as other outcomes such as 
in-hospital dialysis, in-hospital mortality and ensuing CKD, 
we studied these associations with propensity score match-
ing and analysis using our prospectively collected observa-
tional cohort. Furthermore, we established a prediction model 
to determine the effect of preoperative continuation of RAS 
inhibitor on CSA-AKI. This would provide physicians with 
more individualized risk stratification information of the use 
of RAS inhibitor before cardiac surgery.

Methods

Study design and population

This study was performed in National Taiwan University 
Hospital (NTUH) which is a tertiary hospital including 
its three branch hospitals in different cities. We enrolled 
patients who were ≥ 18 years old and hospitalized in the 
surgical ICU (SICU) for postoperative care of cardiac 
surgery with or without cardiopulmonary bypass (CPB) 
between January 1, 2000 and December 31, 2011. Patients 
undergoing regular dialysis were excluded. The follow-up 
was continued until September 30, 2016. The study was 
approved by the Institutional Review Board of NTUH (No. 
31MD03) and adhere to the Declaration of Helsinki. An 
informed consent was waived because there was no breach 
of privacy and no interference with patient care (Fig. 1).

Data collection

Preoperative demographic data was obtained at SICU admis-
sion. These variables included age, gender, smoking his-
tory, hypertension (HTN) (using anti-HTN agents or sys-
tolic/diastolic blood pressure > 140/90 mmHg at admission), 
congestive heart failure (CHF) [defined as New York Heart 
Association (NYHA) functional class III or IV], peripheral 
arterial occlusive disease (PAOD) (defined by clinical or 
imaging diagnosis), diabetes mellitus (DM) (using oral 
hypoglycemic agents or insulin), CKD (defined as abnor-
malities of kidney structure, hematuria, proteinuria or esti-
mated glomerular filtration rate (eGFR) < 60 ml/min/1.73 m2 
presented for more than 3 months), and coronary arterial 
disease (CAD) (defined by the diagnostic code of ischemic 
heart disease prior to admission and positive electrocardio-
graphic findings). Chronic obstructive pulmonary disease 
(COPD), liver cirrhosis (LC), hyperlipidemia, hyperurice-
mia, and metastatic cancer were recorded according to diag-
nostic codes prior to admission.

Laboratory data such as baseline serum creatinine (SCr), 
albumin, hemoglobin, and urine protein were recorded at 
SICU admission. SCr assay was performed using reagent 
(OSR6178, reaction with picric acid) from Beckman Coulter 
Inc. (CA, USA) during the study period. Baseline SCr was 
determined as the last value measured at least 1 month, but 
no more than a year, prior to admission [16]. Baseline eGFR 
was calculated via the four-variable Modification of Diet in 
Renal Disease equation [17]. Peak SCr during AKI was also 
recorded. Urine protein was recorded using a dipstick within 
2 days before cardiac surgery. The type of surgery was cat-
egorized as coronary artery bypass grafting (CABG), heart 
valve surgery, heart transplant, and others.
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Medications such as anti-HTN agents (including RAS 
inhibitors, calcium channel blockers, β-blockers, α-blockers, 
clonidine) and lipid-lowering agents (statins) were recorded. 
Users of RAS inhibitor were defined as regular use of ACE 
inhibitor or ARB for at least 1 month before surgery, while 
the others were defined as non-users.

Outcome measures

The primary outcome was AKI development. The AKI defi-
nition and staging were based on Kidney Disease: Improving 
Global Outcomes (KDIGO) criteria [18]. Secondary out-
comes were AKI recovery, in-hospital dialysis, in-hospital 
mortality, and ensuing stage 3 CKD development. AKI 
recovery was determined as SCr recovery to level within 
0.3 mg/dl of baseline within 10 days after AKI [19]. For 
patients without CKD before operation, stage 3 CKD was 
determined by eGFR below 60 ml/min/1.73 m2 during the 
follow-up period. Patient who lost follow-up before Septem-
ber 30, 2016 were censored.

Statistical analysis

We performed statistical analyses with the SAS software, 
version 9.4 (SAS Institute Inc., Cary, NC, USA). Continuous 
variables were presented as mean ± standard deviation, and 
the difference between users and non-users of RAS inhibitor 
was compared with the Student’s t test. Categorical vari-
ables were summarized as percentages and analyzed with 
the Chi-square test. Two-sided P < 0.05 was considered sta-
tistically significant. Significant variables in the univariate 
analysis (P < 0.05) were included in the multivariate logistic 
regression model to investigate the association between use 

of RAS inhibitor and outcomes of AKI development, AKI 
severity, AKI recovery, in-hospital dialysis, and in-hospital 
mortality. For CKD development, we performed multivari-
ate Cox regression model to identify significant associated 
variables. The survival curve for CKD development were 
plotted using Kaplan–Meier method.

Propensity score matching and analysis

To minimize the bias due to confounding by indications, the 
potential risk factors in the univariate analysis were adjusted 
in the multivariate logistic regression model, while gener-
ated similar comparison groups after using propensity scores 
matching based on Greedy matching algorithm [20, 21]. For 
outcomes of AKI development, AKI severity, in-hospital 
dialysis, in-hospital mortality, and CKD development, the 
propensity score was calculated by logistic regression which 
included age, sex, CKD, DM, CHF, CAD, PAOD, HTN, 
hyperlipidemia, COPD, LC, hyperuricemia, metastatic 
cancer, smoking, hemoglobin, baseline SCr, albumin, urine 
protein, type of surgery, anti-HTN agents, and statins. For 
AKI recovery, in addition to abovementioned variables, we 
added peak SCr in the propensity score calculation. Patients 
were then matched according to the difference in the logit of 
propensity scores that were less than a caliper of 0.2 stand-
ard deviations of this score. The matched cohorts were an 
attempt to group each patient who received RAS inhibitor 
therapy with two patients who did not receive this therapy (a 
1:2 match). We used the Mantel–Haenszel test for categori-
cal variables and generalized estimating equations (GEE) 
regression for continuous variables to estimate the degree 
of balance in these measured covariates. The multivari-
able analysis was conducted when the difference remained 

Fig. 1  Flow diagram of patient 
enrollment
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between two groups after propensity score matching. Statis-
tical significance was set at P < 0.05.

Prediction model development

We used a combination of demographic characteristics and 
baseline laboratory data to determine variable selection by 
forward selection. In univariate logistic regression models, 
variables not associated with AKI (P > 0.05) were excluded 
from further analyses. Improvement in model performance 
through addition of new candidate variables in multivari-
ate logistic regression models was tested using metrics for 
discrimination and goodness of fit.

Results

We enrolled 1160 patients with the median follow-up 
duration of 2.99 years. Of 1160 patients, mean age of the 
patients was 61.3 (± 15.3) years old and 69.6% were male. 
We found 273 patients received regular use of RAS inhibi-
tor before cardiac surgery. Overall, 977 patients (84.2%) 
developed CSA-AKI and most cases of AKI were stage I 
(68.3%). More non-users of RAS inhibitor experienced AKI 
than users (87.8% vs. 72.9%, P < 0.001), especially AKI of 
stage II + stage III (non-users vs. users, 29.8% vs. 16.9%, 
P < 0.001).

Baseline characteristics

As shown in Table 1, the users of RAS inhibitor were older 
and had higher hemoglobin, albumin and lower baseline 
SCr when compared to the non-users. More users had HTN 
and anti-HTN medication. In contrast, more non-users had 
NYHA class III or IV CHF. After propensity score match-
ing, these characteristics did not differ significantly (Sup-
plementary Table 1).

Predictors for CSA‑AKI development

Before propensity score matching, logistic regression 
analysis showed that predictors for CSA-AKI development 
included age, male sex, CHF, CAD, and hyperuricemia 
(Table 2). However, preoperative use of RAS inhibitor was 
significantly associated with lower risk for CSA-AKI [odd 
ratio (OR) 0.38, 95% confidence interval (CI) 0.25, 0.57, 
P < 0.001]. The other predictor against AKI was HTN (OR 
0.56, 95% CI 0.32, 0.98, P = 0.04).

Predictors for ensuing CKD development after AKI

Before propensity score matching, Cox regression analysis 
showed that predictors for ensuing CKD included old age, 

CHF, and hyperuricemia (Table 3). In contrast, valve surgery, 
higher baseline eGFR and hemoglobin were associated with 
lower risk for ensuing CKD. However, preoperative use of 
RAS inhibitor was not a significant protective factor (OR 
0.37, 95% CI 0.67, 1.16, P = 0.37). The Kaplan–Meier curve 
revealed the protective effect of preoperative use of RAS inhib-
itor on ensuing CKD during the early follow-up period, but 
this effect vanished in the late period (Fig. 2).

Propensity score matching for analysis of AKI 
development and other outcomes

After propensity score matching, use of RAS inhibitor 
remained the independent protective factor for AKI develop-
ment (OR 0.41, 95% CI 0.23, 0.63, P < 0.001), AKI severity 
(stage 3 vs. stage 1, OR 0.35, 95% CI 0.18, 0.69, P = 0.003), 
and renal recovery (OR 3.41, 95% CI 1.84, 5.36, P < 0.001) 
(Table 4). Nevertheless, there was no significant protective 
effect of RAS inhibitor use on in-hospital dialysis, in-hospital 
mortality, and ensuing CKD development after AKI.

Prediction model of CSA‑AKI

To improve patient outcomes with individualized risk predic-
tion of CSA-AKI, we created the prediction model (Supple-
mentary File 1), and showed the clinical and laboratory find-
ings in three hypothetical patients (Supplementary Table 2). 
Male sex, CHF, hyperuricemia, CAD, heart transplant, and 
older patients (≥ 70 years old) were major risk factors in our 
prediction model. Patients with two or more of these major 
risk factors had probability of CSA-AKI over 75% even using 
RAS inhibitor and were therefore categorized as high-risk 
population. Under use of RAS inhibitor, patients with one or 
none of these major risk factors had probability of CSA-AKI 
35–75% and less than 35% respectively, and were categorized 
as intermediate- or low-risk population. The predicted mag-
nitude of clinical benefit from use of RAS inhibitor was much 
greater in low-risk patient. For example, high risk patient such 
as an old man with CKD, CAD, CHF underwent CABG or 
heart transplant without use of RAS inhibitor, the risk of CSA-
AKI would be up to 96.43% and decrease to 91.03% when 
using RAS inhibitor (hypothetical patient A, Supplementary 
Table 2). On the contrary, low risk patient such as a young 
woman with HTN and underwent valve surgery, the risk of 
CSA-AKI would decrease a lot from 59.57 to 35.61% if she 
had preoperative use of RAS inhibitor (hypothetical patient C, 
Supplementary Table 2).
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Discussion

This study showed that continued use of RAS inhibitor 
before cardiac surgery was independently associated with 
less CSA-AKI development, lower AKI severity, and higher 
renal recovery. Although the association of RAS inhibitor 
treatment with CSA-AKI has been controversial for a long 
time, our results should be highlighted. Not only because 
our study adopted KDIGO criteria of AKI to include milder 
AKI patients who were neglected in previous studies [12, 
15], but also observed the associations between preoperative 

continued use of RAS inhibitor on severity and recovery of 
AKI. Moreover, we pointed out that there might be racial 
difference in the effect of RAS inhibitor on CSA-AKI.

Currently there is no promising pharmacologic agents 
to prevent AKI development. A major reason for this is 
that the etiology of AKI is heterogeneous and most mecha-
nisms are not completely understood. Therefore, we chose 
patients undergoing cardiac surgery as the study popula-
tion for two reasons, one of which is that CSA-AKI is the 
second commonest cause of AKI in the ICU, and the other 
is that IRI, an identical mechanism responsible for the 

Table 1  Baseline clinical characteristics of patients before propensity score matching

SCr serum creatinine, eGFR estimated glomerular filtration rate, AKI acute kidney injury, HTN hypertension, SD standard deviation

Overall (n = 1160) Users of RAS inhibitor 
(n = 273)

Non-users of RAS 
inhibitor (n = 887)

P value

Demographic characteristics
 Age, years (mean, SD) 61.3 (15.3) 61.3 (14.1) 61.0 (15.7) 0.02
 Man, n (%) 807 (69.6) 199 (72.9) 608 (68.6) 0.17
 Diabetes mellitus, n (%) 333 (28.7) 75 (27.5) 258 (29.1) 0.61
 Hypertension, n (%) 726 (62.6) 254 (93.0) 472 (63.2) < 0.001
 Chronic kidney disease, n (%) 41 (3.5) 11 (4.0) 30 (3.4) 0.61
 Congestive heart failure NYHA III or IV, n (%) 371 (32.0) 72 (26.4) 299 (33.6) 0.03
 Coronary artery disease, n (%) 695 (59.9) 172 (63.0) 523 (59.0) 0.23
 Peripheral arterial occlusive disease, n (%) 115 (9.9) 29 (10.6) 86 (9.7) 0.65
 Hyperlipidemia, n (%) 276 (23.8) 69 (25.3) 207 (23.3) 0.51
 Chronic obstructive pulmonary disease, n (%) 106 (9.1) 22 (8.1) 84 (9.5) 0.48
 Liver cirrhosis, n (%) 22 (1.9) 2 (0.7) 20 (2.3) 0.11
 Hyperuricemia, n (%) 149 (12.8) 44 (16.1) 105 (11.8) 0.07
 Metastatic cancer, n (%) 173 (14.9) 36 (13.2) 137 (15.5) 0.36
 Current or former smoker, n (%) 64 (5.5) 14 (5.1) 50 (5.6) 0.75

Laboratory data
 Baseline hemoglobin, g/dl (mean, SD) 13.1 (1.9) 13.3 (1.9) 13.0 (1.9) 0.02
 Baseline albumin, g/dl (mean, SD) 4.1 (0.6) 4.2 (0.5) 4.1 (0.6) 0.002
 Baseline SCr, mg/dl (mean, SD) 0.9 (0.2) 0.9 (0.2) 0.9 (0.2) 0.39
 Baseline eGFR, ml/min/1.73 m2 (mean, SD) 88.0 (25.9) 86.8 (23.8) 88.4 (26.5) 0.35
 SCr at AKI, mg/dl (mean, SD) 1.9 (1.2) 1.6 (0.7) 2.0 (1.3) < 0.001
 Proteinuria before surgery, n (%) 78 (6.7) 16 (5.9) 62 (7.0) 0.52

AKI stage, n (%)
 Stage I 667 (57.5) 153 (56.0) 514 (58.0) 0.58
 Stage II + Stage III 310 (26.7) 46 (16.9) 264 (29.8) < 0.001

Surgical procedure, n (%) 0.06
 Coronary artery bypass grafting 444 (38.2) 118 (43.2) 326 (36.8)
 Valve surgery 395 (34.1) 79 (28.9) 316 (35.6)
 Heart transplant 72 (6.2) 12 (4.4) 60 (6.8)
 Other cardiac surgery 249 (21.5) 64 (23.5) 185 (20.8)

Medication before surgery, n (%)
 Anti-HTN agents 571 (49.2) 245 (89.7) 326 (36.8) < 0.001
 Statins 262 (22.6) 65 (23.8) 197 (22.2) 0.58

Dialysis, n (%) 55 (4.7) 7 (2.6) 48 (5.4) 0.053
Mortality, n (%) 37 (3.2) 5 (1.8) 32 (3.6) 0.14
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animal model used in studies regarding RAS inhibition on 
AKI development and AKI-CKD transition, plays a critical 
role in the pathogenesis of CSA-AKI [9]. It is noteworthy 
that RAS activation occurs during AKI and sustains even 
after renal recovery in animal IRI model [5]. In animal 
model, angiotensin II level in ischemic kidneys was found 
to increase significantly 24 h after reperfusion, and ARB 
could accelerate recovery of renal function [22]. Moreo-
ver, Rodriguez-Romo et al. had indicated that the prophy-
lactic administration of ARB before renal ischemia could 
prevent AKI-CKD transition. They also found that ARB 
pretreatment group had better renal blood flow 3 days after 
renal ischemia [23]. Our previous clinical and animal stud-
ies also showed that use of RAS inhibitor after complete 
renal recovery from CSA-AKI and IRI, respectively, was 
associated with less ensuing CKD development [5, 7]. 

Accordingly, RAS inhibitor has the potential to be extrapo-
lated to prevent CSA-AKI development.

Physiological function of RAS inhibitor is to reduce 
glomerular efferent arteriolar resistance thereby attenuat-
ing glomerular hypertension, hyperfiltration and sclerosis 
in CKD [24]. However, RAS inhibition also leads to func-
tional decrease of GFR and systemic hypotension, therefore 
making RAS inhibitor usually be discontinued before major 
operation including cardiac surgery and avoided during the 
acute phase of AKI, especially for CKD patients. In addition, 
several early retrospective studies had reported reduced inci-
dence of AKI after discontinuation of RAS inhibitor before 
surgery [13, 25].

In an earlier meta-analysis including 29 observational 
studies showed that preoperative use of RAS inhibitor was 
associated with increased postoperative AKI and mortality 

Table 2  Logistic regression 
analyses for independent 
factors associated with AKI 
development before propensity 
score matching

CABG coronary artery bypass grafting, CAD coronary arterial disease, CHF congestive heart failure, HTN 
hypertension, RAS renin–angiotensin system, SCr serum creatinine

Variables Unadjusted OR (95% CI) P value Adjusted OR (95% CI) P value

Age, years 1.02 (1.01–1.03) < 0.001 1.02 (1.01–1.03) < 0.001
Sex (male) 2.42 (1.75–3.34) < 0.001 2.51 (1.68–3.74) < 0.001
CHF 2.30 (1.55–3.41) < 0.001 2.03 (1.32–3.13) 0.001
HTN 0.58 (0.41–0.82) 0.002 0.56 (0.32–0.98) 0.04
CAD 1.73 (1.26–2.37) < 0.001 1.75 (1.15–2.66) < 0.001
Hyperuricemia 2.87 (1.48–5.56) 0.002 2.54 (1.27–5.08) 0.008
Surgery
 Other cardiac sur-

gery vs. CABG
0.59 (0.39–0.89) 0.007 1.26 (0.73–2.17) 0.41

Baseline SCr 4.42 (1.92–10.18) 0.001 1.12 (0.40–3.17) 0.83
Baseline albumin 0.67 (0.50–0.92) 0.01 0.81 (0.59–1.13) 0.21
Anti-HTN agents 0.58 (0.42–0.80) 0.001 1.22 (0.71–2.07) 0.47
RAS inhibitor 0.38 (0.27–0.53) < 0.001 0.38 (0.25–0.57) < 0.001

Table 3  Cox regression 
analyses for independent 
factors associated with CKD 
development before propensity 
score matching

CABG coronary artery bypass grafting, eGFR estimated glomerular filtration rate, AKI acute kidney injury, 
SCr serum creatinine, RAS renin–angiotesin system

Variables Unadjusted HR (95% CI) P value Adjusted HR (95% CI) P value

Age, years 1.03 (1.03–1.04) < 0.001 1.03 (1.02–1.03) < 0.001
Congestive heart failure 1.40 (1.12–1.75) 0.003 1.43 (1.12–1.83) 0.004
Hyperuricemia 1.62 (1.25–2.10) < 0.001 1.45 (1.12–1.89) 0.006
Surgery
 Other cardiac surgery vs. CABG 0.67 (0.49–0.92) 0.01 1.17 (0.83–1.66) 0.37
 Valve surgery vs. CABG 0.56 (0.43–0.73) < 0.001 0.64 (0.48–0.84) 0.002

Baseline eGFR 0.97 (0.96–0.97) < 0.001 0.98 (0.97–0.99) < 0.001
AKI SCr 1.42 (1.33–1.52) < 0.001 1.43 (1.31–1.56) 0.21
Baseline hemoglobin 0.85 (0.81–0.91) < 0.001 0.89 (0.84–0.96) < 0.001
Baseline albumin 0.61 (0.50–0.75) < 0.001 0.96 (0.76–1.21) 0.70
Proteinuria before surgery 2.03 (1.36–3.04) < 0.001 1.43 (0.94–2.19) 0.10
RAS inhibitor 0.84 (0.65–1.10) 0.21 0.88 (0.67–1.16) 0.37
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Fig. 2  Kaplan-Meier analysis of 
CKD-free-survival for users and 
non-users of RAS inhibitor

Table 4  Adjusted odds ratios for AKI development and other outcomes associated with preoperative use of RAS inhibitor before and after pro-
pensity score matching

RAS renin–angiotensin system, AKI acute kidney injury, CI confidential interval, CKD chronic kidney disease

Outcome Standard covariate-adjusted regression Propensity score-matched regression

Adjusted odds ratio (95% CI) P value Adjusted odds ratio (95% CI) P value

Primary outcome
 AKI development 0.38 (0.25–0.57) < 0.001 0.41 (0.23–0.63) < 0.001

Secondary outcome
 AKI severity
  Stage 1 vs. Stage 0 0.44 (0.31–0.62) < 0.001 0.46 (0.31–0.70) < 0.001
  Stage 2 vs. Stage 0 0.38 (0.23–0.60) < 0.001 0.55 (0.31–0.98) 0.04
  Stage 3 vs. Stage 0 0.13 (0.06–0.25) < 0.001 0.16 (0.08–0.34) < 0.001
  Stage 3 vs. Stage 2 0.86 (0.57–1.30) 0.47 0.29 (0.13––0.64) 0.002
  Stage 3 vs. Stage 1 0.29 (0.15–0.55) < 0.001 0.35 (0.18-0.69) 0.003
  Stage 2 vs. Stage 1 0.34 (0.17–0.70) 0.003 1.20 (0.73–1.96) 0.47

 AKI recovery 2.98 (1.77–5.03) < 0.001 3.14 (1.84–5.36) < 0.001
In-hospital dialysis 0.83 (0.31–2.20) 0.71 0.64 (0.25–1.63) 0.35
In-hospital mortality 0.51 (0.75–1.72) 0.28 0.37 (0.11–1.30) 0.12

Outcome Standard covariate-adjusted regression Propensity score-matched regression

Adjusted hazard ratio (95% CI) P value Adjusted hazard ratio (95% CI) P value

CKD development 0.88 (0.67–1.16) 0.37 0.69 (0.47–1.01) 0.06
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in patients undergoing cardiac surgery [12]. However, 
odds ratios of the included studies in this analysis was not 
adjusted. Moreover, there were limitations such as hetero-
geneous definition of AKI across included studies as well 
as lack of randomized controlled trials (RCT). Furthermore, 
some CSA-AKI might be identified due to only renal func-
tional change in users of RAS inhibitor, not real structural 
damage. In an observational study using novel biomark-
ers including neutrophil gelatinase-associated lipocalin 
(NGAL), kidney injury molecule-1, interleukin-18, tissue 
inhibitor of metalloproteinase 2 (TIMP2), and insulin-like 
growth factor binding protein 7 (IGFBP7) to identify struc-
tural AKI, Coca et al. found that preoperative use of RAS 
inhibitor was associated with more functional than structural 
CSA-AKI [26].

On the contrary, Cheungpasitporn et al. conducted a 
meta-analysis with inclusion of more recent studies (1 RCT 
and 23 cohort studies) and pre-specified sensitivity analysis 
including only propensity score-based studies [15]. They dis-
covered a significant association between preoperative RAS 
inhibitor treatment and lower incidence of AKI (OR 0.92, 
95% CI 0.85, 0.99, P = 0.03). A RCT which was included 
in this meta-analysis also showed decreased CSA-AKI in 
patients with continued use of RAS inhibitor before cardiac 
surgery (AKI in placebo, ramipril, spironolactone groups 
5.4%, 0.6%, 0.6%, respectively, P = 0.006) [27]. Neverthe-
less, the study enrolled only 458 patients in whom AKI was 
defined by SCr ≥ 2.5 mg/dl, hence mild AKI was excluded. 
With regards to mortality, Cheng et al. conducted a meta-
analysis and indicated that preoperative use of RAS inhibitor 
was associated with a decreased risk of all-cause mortal-
ity in DM patients [28]. As a result, RAS inhibitor might 
have benefit in particular individuals undergoing cardiac 
surgery according to our results and recent meta-analysis. 
Even in non-cardiac surgery, Xu et al. retrospectively ana-
lyzed 12,545 hypertensive Chinese patients with propensity 
score matching and discovered a lower incidence of AKI in 
patients with preoperative use of RAS inhibitor. But they 
did not analyze the effect of RAS inhibitors on AKI severity, 
recovery and ensuing CKD [29].

Accordingly, the prediction model of CSA-AKI we 
developed in this study underlined the potential protec-
tive effect of RAS inhibitor. More risk reduction of AKI 
development was shown in patients with lower risk (Sup-
plementary File 1). These results corresponded with recent 
meta-analysis that preoperative use of RAS inhibitor is 
associated with lower incidence of AKI as well as rein-
forced our confidence to continue use of RAS inhibitor in 
lower risk group because of its safety and benefit. Addi-
tionally, we also highlighted the concern of cautious use 
of RAS inhibitor in patients with high risk of CSA-AKI, 
because our prediction model showed only little benefit 
for high-risk groups. Our prediction model could help 

physicians to measure the individualized benefit of RAS 
inhibitor, and then make the decision of keeping its use 
or not.

On the other hand, our study did not show significant 
decrease of all-cause mortality and risk for dialysis in 
patients with preoperative use of RAS inhibitor. These 
findings could be explained partially by that the number 
of mortality and dialysis event in our study was not suf-
ficient to reach appropriate statistical power. In addition, 
there were other more important risk factors for mortality 
such as emergent operation, cardiogenic shock, and sur-
gery of aortic dissection or pulmonary embolectomy [30]. 
In regards to dialysis, other risk factors including CKD, 
severe CHF, and prolonged CPB could have more crucial 
effect than use of RAS inhibitor [31]. Despite the fact that 
the severity and recovery pattern of AKI is associated with 
ensuing CKD [19, 32], our results showed protective effect 
of RAS inhibitor only during the early follow-up period. 
The plausible reason is that long-term use after surgery 
is more important than preoperative use of RAS inhibi-
tor on ensuing CKD development, because our previous 
study had revealed that use of RAS inhibitor in CSA-AKI 
patients after renal functional recovery is associated with 
lower risk of ensuing CKD development [7].

A few limitations of this study should be considered. 
First, although propensity score matching was performed 
in our prospective observational study, this might not 
eliminate residual unobserved confounding factors, as we 
could in a prospective RCT. Second, SCr was not obtained 
at the same time points after surgery between patients, 
which might fail to identify the early stage of AKI and 
the real peak SCr level. Third, we used a SCr and urine 
output–based criteria (the KDIGO criteria) for the diag-
nosis of AKI. SCr is an imperfect marker for AKI because 
volume of distribution and premorbid conditions such as 
age, gender, muscle mass, nutritional status, and medica-
tion affect the SCr and diagnosis of AKI [33]. However, 
KDIGO criteria provides a good platform to compare dif-
ferent studies for the diagnosis of AKI [9, 34]. Some novel 
biomarkers of AKI such as urinary or plasma NGAL and 
TIMP2-IGFBP7 may potentially refine the diagnosis and 
management of AKI and should be validated in the future 
study of CSA-AKI [35]. Because only novel biomarker 
could discriminate functional changes or structural renal 
damage.

In conclusion, our study shows that continued preop-
erative use of RAS inhibitor was associated with lower 
incidence, less severity, and higher recovery of CSA-
AKI, especially in low-risk patients. The benefits of RAS 
inhibitor should be assessed individually including racial 
difference. A large RCT is needed to confirm our results 
and establish a well-validated prediction model or scoring 
system.
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