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Abstract
Background: Renin-angiotensin-aldosterone system (RAAS) blockers are widely used for the treatment of
hypertension and heart failure, but the usage of angiotensin- converting enzyme inhibitors (ACEi) or
angiotensin-receptor blockers (ARB) demands caution due to a potential risk of causing acute kidney
injury (AKI). Whether long-term RAAS blockade increases AKI risk and should be withdrawn during critical
illness remains inconclusive. This study aimed to investigate the associations between RAAS blockade
strategies and AKI incidence in patients admitted to intensive care units (ICUs). 

Methods: Twenty-four hundred dialysis-free patients admitted to ICUs during December 2015–July 2017
were enrolled. Patients with pre-ICU AKI (n=568) were excluded when examining in-ICU AKI events.
Patients using ACEi or ARB for more than 1 month before hospitalization were de�ned as long-term
ACEi/ARB users. ACEi/ARB users were further grouped by ACEi/ARB continuation/withdrawal at ICU
admission. Daily urine output and serum creatinine were measured in ICU. The primary outcome was
occurrence of AKI within 48 hours after ICU admission, and the secondary outcome was all-cause
mortality within 1 year. 

Results: Totally 1181 (49.2%) AKI cases and 895 (37.3%) deaths within 1 year occurred. ACEis/ARBs were
continued for 122 patients and withdrawn for 239 patients. ACEi/ARB users were older and had lower
initial estimated glomerular �ltration rates (eGFRs). Compared with non-use, long-term ACEi/ARB use
[odds ratio (OR) 1.03, 95% con�dence interval (CI) 0.85–1.26, p=0.741] and continued ICU use (OR 1.14,
95% CI 0.78–1.68, p=0.491) were not associated with increased AKI risk. ACEi/ARB use was associated
with less 1-year mortality. However, compared with withdrawal, continued ACEi/ARB use in ICUs was
associated with higher AKI incidence among patients with sepsis (OR 2.89, 95% CI 1.35–6.20, p=0.006). 

Conclusions: Long-term RAAS blockade was not associated with a higher AKI or mortality incidence
during acute illness. Continued ACEi/ARB use in ICUs may increase AKI risk in septic patients. Long-term
and continued ACEi/ARB use are recommended, with cautious evaluation at ICU admission.

Background
Renin-angiotensin-aldosterone system (RAAS) blockers, mainly angiotensin-converting enzyme inhibitors
(ACEis) and angiotensin receptor blockers (ARBs), are applied widely to treat hypertension and various
cardiovascular diseases. RAAS blockade is essential for the treatment of myocardial infarction (MI), heart
failure (HF), and chronic kidney disease (CKD), with protective effects including the prevention of organ
�brosis and promotion of long-term survival [1, 2]. However, the RAAS is critical for systemic and
glomerular pressure maintenance. ACEis/ARBs are regarded as potentially nephrotoxic agents, and their
discontinuation is recommended upon the occurrence of acute insult [3]. Due to the heterogeneity of
underlying diseases, current evidence for RAAS blockade effects during acute illness is con�icting.
ACEi/ARB administration has been identi�ed as a risk factor for acute kidney injury (AKI) in some
observational studies [4, 5], but as a protective factor in another [6]. In addition, no study has evaluated
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the effects of long-term RAAS blockade withdrawal during sepsis, a life-threatening condition
encountered in intensive care units (ICUs).

In this single-center observational study, we investigated the effects of long-term RAAS blockade and
prescription strategy (ACEi/ARB continuation or withdrawal after ICU admission) on the incidence of AKI
[based on daily urine output (UO) and serum creatinine (SCr) concentration] and 1-year mortality in
patients with sepsis or critical illness who were admitted to ICUs. We hypothesized that long-term RAAS
blockade would not increase the AKI risk during acute illness. Compared with withdrawal, ACEi/ARB
continuation during ICU stays would not increase the AKI risk in the absence of septic shock or circulation
failure.

Materials And Methods

Study Population and Baseline Data
We retrospectively screened all patients aged > 18 years who were admitted to the medical and surgical
ICUs of Taipei Veterans General Hospital between December 2015 and July 2017. Patients on dialysis
before ICU admission or scheduled for dialysis within one month were excluded. Information about
patient age, sex, body mass index (BMI), etiology of ICU admission, infectious source, comorbidity, and
medication prescriptions was collected by detailed chart review. ICU admission etiologies were
categorized as acute respiratory failure, hemodynamic instability, major surgery, acute HF, massive
bleeding, and sepsis. According to the 2016 Surviving Sepsis Campaign guidelines [7], sepsis was de�ned
as organ dysfunction, re�ected by a ≥ 2-point increase in the Sequential Organ Failure Assessment
(SOFA) score [8], consequent to infection. This study was conducted according to the principles of the
Declaration of Helsinki. The Research Ethics Committee of the Taipei Veterans General Hospital approved
this study (Num. 2017-09-018BC) and waived the requirement for informed consent.

Hemodynamic and Laboratory Data in ICU
To evaluate disease severity, Acute Physiology and Chronic Health Evaluation II (APACHE II) [9] and SOFA
[8] scores were calculated within 24 h after ICU admission. The lowest mean arterial pressure (MAP) and
�uid resuscitation volume within 24 h after ICU admission were recorded. The use of inotropes or
vasopressors, such as norepinephrine and dopamine, was also recorded. Shock was de�ned as
hypotension requiring vasopressors to maintain MAP ≥ 65 mmHg and serum lactate concentrations > 
18 mg/dL despite �uid resuscitation [7]. White blood cell counts and blood chemistry studies
[determination of hemoglobin (Hb), glucose, albumin, lactate, and SCr levels] were performed on ICU
admission using routine laboratory methods. The estimated glomerular �ltration rate (eGFR) at the time
of ICU admission was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation
[10]. The SCr concentration and UO were measured daily during ICU stays, and changes therein during a
1-week period were recorded.

AKI De�nition and Clinical Endpoints
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The primary endpoint was AKI occurrence within 48 h after ICU admission. According to the Kidney
Disease Improving Global Outcomes criteria [11], patients with at least one of the following were
considered to have AKI: (1) ≥ 0.3-mg/dL SCr increase within 48 h, (2) SCr increase to ≥ 1.5 times baseline
of the previous 7 days, and (3) UO < 0.5 mL/kg/h for > 6 h. Patients with SCr concentrations ≥ 4.0 mg/dL,
SCr increases to ≥ 2.0 times baseline, UO < 0.5 mL/kg/h for > 12 h, or requirement for emergent dialysis
were considered to have stage 2–3 AKI [11]. Adverse renal events during hospitalization (i.e., AKI in the
�rst ICU week, requirement for emergent or long-term dialysis) were also examined.

The secondary endpoint was all-cause 1-year mortality. Lengths of ICU stay and hospitalization, and
cases of ICU and in-hospital mortality, were also recorded. All patients were followed for at least 1 year or
until death.

Classi�cation of ACEi/ARB Usage Strategies
Patients were classi�ed as long-term (> 1 month before hospitalization) ACEi/ARB users and non-users
(others). According to RAAS blockade strategy on ICU admission, users were allocated to continued
ACEi/ARB use (within 48 h after ICU admission) and withdrawal groups. Patients encountered AKI before
or at ICU admission were excluded when interpreting in-ICU AKI events. A �owchart of patient enrollment
and classi�cation is provided as Fig. 1.

Statistical Analysis
Data were compared between ACEi/ARB users and non-users using analysis of variance for continuous
variables (expressed as means ± standard deviations) and the chi-squared test for categorical variables
(expressed as counts and percentages). AKI incidence and 1-year mortality were calculated, and Kaplan–
Meier survival curves were generated. Logistic regression analysis was performed to investigate the
association between ACEi/ARB use and AKI risk. We investigated the relationship between ACEi/ARB use
and AKI incidence during hospitalization and during ICU stays alone. Associations between continuous
ACEi/ARB usage and AKI incidence within 48 h after ICU admission were investigated. Associations
between AKI and long-term use of other antihypertensive agents (e.g., calcium channel blockers, diuretics)
were also explored. Cox proportional-hazards regression analysis was performed to investigate the risk of
1-year mortality. Age, sex, ACEi/ARB use, and signi�cant variables from the univariable regression
analysis were adjusted in a �nal forward-stepwise multivariable regression model. To investigate the
effect of continued ACEi/ARB use modi�ed by different conditions, we performed subgroup analyses with
the cohort strati�ed by ICU admission etiologies and AKI risk factors, including age > 75 years, APACHE II
score > 24, SOFA score > 6, shock, and initial eGFR < 30 mL/min/1.73 m2. Data were analyzed using SPSS
version 18.0 (SPSS Inc., Chicago, IL, USA) and MedCalc version 11.4.2.0 (MedCalc Software, Mariakerke,
Belgium). P values < 0.05 were considered to indicate signi�cance.

Results

Baseline Characteristics and AKI Incidence
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Of 2678 patients screened, 278 patients on current (n = 266) or impending (n = 12) dialysis were excluded,
leaving 2400 patients (mean age 67.3 ± 17.6 years, and 65.4% male) enrolled in the study. Mean APACHE
II and SOFA scores were 23.0 ± 8.4 and 7.6 ± 3.6, respectively. Compared with non-users, long-term
ACEi/ARB users [n = 487 (20.3%)] were older, with higher BMIs and prevalence of hypertension, diabetes,
and HF, and lower prevalence of cirrhosis and initial eGFRs. Among ICU admission etiologies, major
surgery and acute HF were more prevalent in ACEi/ARB users (Additional �le 1). Compared with the
ACEi/ARB withdrawal group (n = 239), patients for whom ACEi/ARB use was continued after ICU
admission (n = 122) tended to be with a lower prevalence of hemodynamic instability, sepsis, and shock
on ICU admission. On the other hand, acute HF and massive bleeding were more prevalent in the
continued ACEi/ARB use group. APACHE II and SOFA scores were similar in the two groups (Table 1).
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Table 1
Baseline characteristics and renal outcomes of patients grouped by angiotensin-converting enzyme
inhibitor/angiotensin receptor blocker usage strategy after intensive care unit admission (n = 1832)

  Non-users
n = 1471

Withdraw
ACEi/ARB
n = 239

Continue
ACEi/ARB
n = 122

P
value
overall

P value
withdraw
vs.
continue

Age, years, mean (SD) 66.3 (18.3) 74.1 (14.3) 74.1 (13.3) < 
0.001

0.959

Male gender, n (%) 975 (66.3) 164 (68.6) 71 (58.2) 0.129 0.062

Body mass index, kg/m2,
mean (SD)

23.3 (4.7) 24.2 (4.2) 24.9 (5.4) < 
0.001

0.197

Hypertension, n (%) 585 (39.8) 194 (81.2) 91 (74.6) < 
0.001

0.172

Diabetic mellitus, n (%) 403 (27.4) 113 (47.3) 51 (41.8) < 
0.001

0.372

Heart failure, n (%) 119 (8.1) 39 (16.3) 21 (17.2) < 
0.001

0.881

Cirrhosis, n (%) 108 (7.3) 6 (2.5) 4 (3.3) 0.006 0.739

Malignancy, n (%) 437 (29.7) 74 (31.0) 28 (23.0) 0.248 0.138

Calcium channel blockers
usage, n (%)

306 (20.8) 122 (51.0) 61 (50.0) < 
0.001

0.911

Diuretics usage, n (%) 125 (8.5) 60 (25.1) 28 (23.0) < 
0.001

0.699

Etiologies of ICU admission, n
(%)

         

Acute respiratory failure 432 (29.4) 56 (23.4) 28 (23.0) 0.069 1.000

Hemodynamic instability 358 (24.3) 50 (20.9) 18 (14.8) 0.036 0.200

Major surgery 397 (27.0) 82 (34.3) 42 (34.4) 0.021 1.000

Acute heart failure 137 (9.3) 33 (13.8) 26 (21.3) < 
0.001

0.073

Massive bleeding 151 (10.3) 18 (7.5) 18 (14.8) 0.099 0.040

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ICU, intensive care
unit; APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure
Assessment; MAP, mean arterial pressure; eGFR, estimated glomerular �ltration rate; AKI, acute kidney
injury.
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  Non-users
n = 1471

Withdraw
ACEi/ARB
n = 239

Continue
ACEi/ARB
n = 122

P
value
overall

P value
withdraw
vs.
continue

Sepsis 679 (46.2) 101 (42.3) 39 (32.0) 0.007 0.068

Pneumonia 464 (31.5) 64 (26.8) 36 (29.5) 0.318 0.620

Bloodstream infection 185 (12.6) 24 (10.0) 9 (7.4) 0.149 0.447

Intra-abdominal infection 210 (14.3) 29 (12.1) 8 (6.6) 0.045 0.141

Disease severity & data in ICU          

APACHE II scores, mean (SD) 22.9 (8.4) 23.2 (8.1) 24.2 (9.4) 0.363 0.365

SOFA scores, mean (SD) 7.6 (3.7) 7.5 (3.0) 7.9 (3.8) 0.818 0.490

Shock / hypotension, n (%) 454 (30.9) 65 (27.2) 22 (18.0) 0.008 0.068

MAP, mmHg, mean (SD) 62.7 (14.4) 63.9 (13.6) 65.3 (15.4) 0.183 0.456

Inotrope/ vasopressor usage,
n (%)

430 (29.3) 62 (25.9) 27 (22.1) 0.166 0.442

Fluid resuscitation in 24 h, ml,
mean(SD)

5384.9
(6974.9)

4269.4
(7487.6)

3839.3
(5585.5)

0.009 0.629

Initial eGFR at ICU admission,
mean (SD)

60.4 (33.1) 49.3 (29.1) 46.0 (27.5) < 
0.001

0.322

Lactate, mg/dL, mean(SD) 24.6 (27.3) 24.9 (27.1) 21.6 (23.5) 0.676 0.390

White blood cells, K,
mean(SD)

12.7 (15.4) 11.5 (6.8) 10.7 (6.1) 0.239 0.304

Hemoglobin, mg/dL,
mean(SD)

10.2 (2.3) 10.3 (2.1) 10.4 (2.4) 0.729 0.750

Glucose, mg/dL, mean(SD) 174.2
(79.8)

194.4
(93.2)

187.2 (82.6) 0.003 0.529

Albumin, mg/dL, mean(SD) 2.9 (0.6) 3.0 (0.5) 3.0 (0.6) 0.113 0.948

Adverse renal events, n (%)          

AKI within 48 h after ICU
admission

497 (33.8) 73 (30.5) 45 (36.9) 0.445 0.237

AKI, stage 2–3 149 (10.1) 19 (7.9) 12 (9.8) 0.692 0.477

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ICU, intensive care
unit; APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure
Assessment; MAP, mean arterial pressure; eGFR, estimated glomerular �ltration rate; AKI, acute kidney
injury.
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  Non-users
n = 1471

Withdraw
ACEi/ARB
n = 239

Continue
ACEi/ARB
n = 122

P
value
overall

P value
withdraw
vs.
continue

AKI within 7 days after ICU
admission

529 (36.0) 80 (33.5) 49 (40.2) 0.454 0.246

AKI required dialysis 48 (3.3) 5 (2.1) 5 (4.1) 0.525 0.315

Dialysis-dependence after
discharge

37 (2.5) 6 (2.5) 4 (3.3) 0.875 0.739

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ICU, intensive care
unit; APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure
Assessment; MAP, mean arterial pressure; eGFR, estimated glomerular �ltration rate; AKI, acute kidney
injury.

AKI events occurred in 1181 (49.3%) patients during hospitalization [481 (20.0%) before ICU admission,
87 (3.6%) at the time of ICU admission, 613 (25.5%) within 48 h after ICU admission]. The incidence of
AKI occurring before or at the time of ICU admission was similar among ACEi/ARB non-users and users
(Additional �le 1). After excluding patients with pre-ICU AKI, the association between the RAAS blockade
strategy and AKI incidence during 1832 patients’ ICU stays was further examined.

Changes in the SCr Concentration and UO during ICU stay
Changes in daily SCr concentrations and UO are illustrated in Fig. 2. Compared with non-users, ACEi/ARB
users had signi�cantly higher SCr levels after ICU admission (Additional �le 2). SCr elevation and UO
reduction were observed on the second ICU day, and these parameters had recovered on the third ICU day
in the non-use and withdrawal groups. In the continued use group, the SCr level and UO had improved on
the �fth ICU day. Compared with the withdrawal group, the continued use group had signi�cantly higher
SCr concentrations on the third and fourth ICU days.

Despite the delay in SCr resolution after ICU admission in the continued ACEi/ARB use group, the
incidence of AKI was not signi�cantly higher in this group than in the non-use or withdrawal group
(Table 1). Besides, no signi�cant difference was observed between these groups in other adverse renal
events, such as AKI in the �rst ICU week, stage 2–3 AKI, AKI requiring emergent or long-term dialysis.

Association of ACEi/ARB Use with AKI Risk
Compared with non-use, long-term ACEi/ARB use was not associated with an increased risk of AKI after
hospitalization in the univariable or multivariable logistic regression analysis (odd’s ratio, OR 1.03, 95%
con�dence intervene, CI 0.85–1.26, p = 0.741, Additional �le 3). Independent predictors of AKI occurrence
during hospitalization were age, BMI, etiologies of ICU admission (acute Respiratory failure,
hemodynamic instability, major surgery, massive bleeding), HF, cirrhosis, and eGFR on admission.
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Compared with non-use, neither continued ACEi/ARB use (OR 1.14, 95% CI 0.78–1.68, p = 0.419) nor
ACEi/ARB withdrawal (OR 0.86, 95% CI 0.64–1.16, p = 0.321) enhanced the risk of AKI occurrence in the
�rst 48 h after ICU admission (Table 2). Independent risk factors for AKI occurrence after ICU admission
were higher SOFA score, use of inotropes or vasopressors, higher lactate concentration, higher BMI, and
major surgery. Compared with withdrawal, continued ACEi/ARB use was also not associated with an
increased risk of AKI occurrence within the �rst 48 h of ICU stays (OR 1.33, 95% CI 0.84–2.10, p = 0.225,
Additional �le 4).
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Table 2
Multivariate logistic regression analysis results for angiotensin-converting enzyme inhibitor/angiotensin
receptor blocker usage strategy and acute kidney injury occurrence within 48 Hours after intensive care

unit admission (n = 1832)

  Univariable Multivariable*

  Crude OR (95%
CI)

P Adjusted OR (95%
CI)

P

ACEi/ARB usage in ICU (vs. non-
user)

       

Withdraw ACEi/ARB 0.86 (0.64–1.16) 0.321    

Continue ACEi/ARB 1.14 (0.78–1.68) 0.491    

Age 1.01 (1.00-1.01) 0.085    

Gender 1.08 (0.88–1.33) 0.470    

BMI 1.03 (1.00-1.05) 0.023 1.05 (1.01–1.09) 0.019

Hypertension 0.93 (0.77–1.13) 0.475    

Diabetes 0.79 (0.64–0.98) 0.029    

Heart failure 1.37 (1.00-1.89) 0.049    

Cirrhosis 2.59 (1.78–3.78) < 
0.001

   

Malignancy 1.00 (0.81–1.24) 0.996    

CCB usage 1.07 (0.86–1.34) 0.520    

Diuretic usage 0.92 (0.68–1.25) 0.585    

Etiologies of ICU admission        

Acute respiratory failure 1.19 (0.96–1.48) 0.106    

Hemodynamic instability 1.88 (1.51–2.35) < 
0.001

   

Major surgery 0.67 (0.53–0.83) < 
0.001

1.62 (1.06–2.47) 0.025

*Adjusted for ACEi/ARB use, age, sex, and variables with p < 0.1 in the univariate analysis (forward
stepwise multivariate regression model).

OR, odds ratio; CI, con�dence interval; ACEi, angiotensin-converting enzyme inhibitor; ARB,
angiotensin-receptor blocker; ICU, intensive care unit; BMI, body mass index; CCB, calcium channel
blocker; APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure
Assessment; eGFR, estimated glomerular �ltration rate.
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  Univariable Multivariable*

Acute heart failure 0.77 (0.56–1.07) 0.116    

Massive bleeding 1.67 (1.23–2.27) 0.001    

Sepsis 1.53 (1.26–1.86) < 
0.001

   

Pneumonia 1.38 (1.12–1.70) 0.002    

Bloodstream infection 1.49 (1.12–1.99) 0.007    

Intra-abdominal infection 1.56 (1.18–2.05) 0.002    

Disease severity & data in ICU        

APACHE II scores 1.09 (1.07–1.11) < 
0.001

   

SOFA scores 1.30 (1.25–1.35) < 
0.001

1.27 (1.19–1.35) < 0.001

Shock / hypotension 3.39 (2.75–4.19) < 
0.001

   

Mean arterial pressure 0.97 (0.97–0.98) < 
0.001

   

Inotrope/ vasopressor usage 3.00 (2.43–3.71) < 
0.001

1.70 (1.12–2.58) 0.012

Fluid resuscitation within 24hrs 1.00 (1.00–1.00) < 
0.001

   

Initial eGFR at ICU admission 0.99 (0.98–0.99) < 
0.001

   

Lactate 1.03 (1.02–1.03) < 
0.001

1.01 (1.00-1.02) 0.021

White blood cells (K) 1.01 (1.00-1.02) 0.036      

Hemoglobin 0.88 (0.84–0.92) < 
0.001

     

Glucose 1.00 (1.00–1.00) 0.295      

Albumin 0.76 (0.61–0.94) 0.010      

*Adjusted for ACEi/ARB use, age, sex, and variables with p < 0.1 in the univariate analysis (forward
stepwise multivariate regression model).

OR, odds ratio; CI, con�dence interval; ACEi, angiotensin-converting enzyme inhibitor; ARB,
angiotensin-receptor blocker; ICU, intensive care unit; BMI, body mass index; CCB, calcium channel
blocker; APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure
Assessment; eGFR, estimated glomerular �ltration rate.
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Subgroup Findings for AKI Risk
Subgroup analysis results are shown in Fig. 3. Compared with ACEi/ARB withdrawal, continued use was
generally not associated with an increased AKI risk. However, increased AKI risks were found in continued
ACEi/ARB users admitted to the ICU due to sepsis (OR 2.89, 95% CI 1.35–6.20, p = 0.006), shock (OR 3.73,
95% CI 1.23–11.3, p = 0.020), or with initial eGFRs < 30 mL/min/1.73 m2 (OR 2.57, 95% CI 1.15–5.72, p = 
0.022). Except for sepsis (pinteraction=0.023), no signi�cant interaction was detected between the
ACEi/ARB usage strategy and subgroup parameters.

Association of ACEi/ARB Use with Mortality
In total, 895 (37.3%) patients died during the 1-year follow-up period, including 386 (16.1%) patients who
died in the ICU. The lengths of ICU stay and hospitalization were similar in the ACEi/ARB users and non-
uses. However, compared with non-users, continued ACEi/ARB users had signi�cantly lower ICU, in-
hospital, and 1-year mortality rates (Additional �le 5).

Compared with non-use, continued ACEi/ARB use was associated signi�cantly with less ICU mortality in
the univariable Cox regression analysis, but was not an independent predictor of ICU mortality in the
multivariate regression analysis (Additional �le 6). Independent predictors of ICU mortality were major
surgery, SOFA score, MAP, lactate concentration, and glucose level on ICU admission.

Continued ACEi/ARB use in the ICU was an independent predictor of 1-year mortality (adjusted hazard
ratio 0.45, 95% CI 0.25–0.83, p = 0.010; Additional �le 7). Kaplan–Meier curves for patients grouped by
RAAS blockade strategy are provided in Fig. 4. Compared with non-use, long-term ACEi/ARB use was
associated with a signi�cantly lower 1-year mortality rate (Fig. 4A, log-rank p = 0.0007). The mortality rate
was signi�cantly lower even among patients in the withdrawal group (Fig. 4C, log-rank p = 0.0491).
Compared with ACEi/ARB withdrawal, continued ACEi/ARB use was associated with further reduction of
1-year mortality (Fig. 4D, log-rank p = 0.0416).

Discussion

Main Findings
In this retrospective cohort of 2400 critically ill patients, 487 patients were long-term ACEi/ARB users, and
122 (25.1%) of them continued ACEi/ARB use after ICU admission. ACEi/ARB users were older and had
lower initial eGFRs. Although SCr resolution was delayed in continued ACEi/ARB users, neither long-term
nor continued ACEi/ARB use was associated with a higher AKI risk. Compared with withdrawal, however,
continued ACEi/ARB use in the ICU may increase the AKI risk in high-risk subgroups, such as patients with
sepsis. Nevertheless, ACEi/ARB use was associated with less 1-year mortality. Long-term and continuous
ACEi/ARB use is bene�cial, although it should be evaluated carefully at the time of ICU admission. Our
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study provides data on ACEi/ARB use among critically ill patients, and new insights regarding changes in
renal pathophysiology with RAAS blockade during acute stress.

Risks and Bene�ts of RAAS Blockade: Current Evidence
The RAAS augments renal perfusion by increasing the vasomotor tone of renal arterioles, which
contributes to hemodynamic stability and renal perfusion during acute illness. In animal models,
angiotensin II upregulation improved renal function in sepsis AKI [12] and attenuated intrarenal
in�ammation and apoptosis in ischemia/reperfusion AKI [13]. Hence, ACEi/ARB discontinuation is
recommended in cases of AKI caused by hypovolemia or hypotension [14]. However, long-term RAAS
activation has detrimental cardiovascular and renal effects [15, 16]. RAAS blockade was also an
important treatment for HF and CKD. In an observational study involving 46,253 patients with AKI,
ACEi/ARB use after hospital discharge was associated with less 2-year mortality, but a higher risk of
hospitalization due to renal causes [17]. Thus, clinicians must weigh the risks and bene�ts of ACEi/ARB
prescriptions during critical illness.

The �ndings of several studies support ACEi/ARB use during or immediately after acute insult. In a
registry study including 45,697 subjects, ACEi/ARB treatment after MI was associated with improved 3-
year survival and no increased AKI risk, regardless of renal function [2]. In another retrospective study
involving 1551 patients, ACEi/ARB treatment after ICU discharge was associated with reduced 1-year
mortality, even in patients with AKI [18]. Similar results were obtained in a secondary analysis of RENAL
study [19] data from 1463 critically ill patients with severe AKI requiring dialysis; ACEi use during ICU
stays was associated with decreased 90-day mortality, although this association became insigni�cant
after adjustment for time-dependent covariates [20].

Evidence against ACEi/ARB use during acute illness has also been reported. In a retrospective study
including 128 patients with AKI requiring dialysis, prior exposures to ACEis/ARBs and diuretics were
identi�ed as risk factors for AKI and renal hypoperfusion [21]. In another retrospective database study,
ACEi/ARB use on ICU admission was associated with an increased AKI incidence and no signi�cant
difference in 90-day survival [22]. Exposure to ACEis/ARBs within 24 h before the septic shock was also
reported to be an independent risk factor for AKI [5, 23].

Effects of RAAS Blockade in the Context of Acute Insult
Because of varying disease severity and ACEi/ARB treatment timing, current evidence for the relationship
between RAAS blockade and AKI is con�icting. Additionally, no study has explored the effect ACEi/ARB
continuation versus withdrawal upon the occurrence of acute insult. Our study �ndings indicate that long-
term RAAS blockade, and its continuation in the ICU, are safe concerning AKI risk during hospitalization
and 1-year mortality, with the exception of septic patients. Withdrawing RAAS blockade on ICU admission
is relatively safe. The SCr of withdrawal group soon recovered on the third ICU day, just like the non-use
group. However, compared with withdrawal, continued ACEi/ARB use was associated with a further
reduction of 1-year mortality. We thus recommend continued ACEi/ARB use during ICU admission, except
in patients with sepsis or septic shock.
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Effects of RAAS Blockade in Patients with Sepsis and Other
Subgroups
Whether RAAS blockade causes AKI is modi�ed by genetic factors and underlying diseases. The
angiotensin-converting enzyme insertion/deletion genetic polymorphism had been reported to be
associated with AKI susceptibility during critical illness [24]. In our cohort, continued ACEi/ARB use during
critical illness was associated with an increased AKI risk in patients with sepsis, shock, or eGFRs < 
30 mL/min/1.73 m2. These results are compatible with previous observations that CKD and hypotension
are likely risk factors for AKI development after ACEi/ARB treatment [25].

Except for sepsis, we observed no interaction between the ACEi/ARB strategy and comorbidities, implying
the occurrence of a different response to RAAS blockade in septic patients. The pathogenesis of septic
AKI is complex and differs from that of ischemic AKI [26]. In early hypodynamic models of septic AKI,
endotoxin administration induced renal vasoconstriction and decreased renal blood �ow (RBF) [27]. In a
recent hyperdynamic septic model, renal vasodilation and increased RBF were observed, accompanied by
sepsis-induced systemic hyperemia [28]. Despite increased RBF, septic AKI can occur due to intrarenal
blood-�ow redistribution [29], tubular cell injury [30], and/or increased systemic in�ammatory cytokine
levels [31]. RAAS blockade may worsen systemic hypoperfusion and increase renal exposure to systemic
cytokines in septic patients. Angiotensin-converting enzyme inhibition before and during sepsis worsened
systemic hypotension in a porcine model [32]. Exogenous angiotensin II infusion increased arterial
pressure and improved the rate of renal replacement therapy liberation and 28-day survival in patients
with vasodilatory shock [33].

On the other hand, ACEi/ARB use is not necessarily harmful in the context of acute hemorrhage [34] or
acute HF [35], which can cause ischemic AKI mainly due to vasoconstriction and reduced RBF [36].
Theoretically, low-dose RAAS blockade may improve RBF in cases of excess renal vasoconstriction. ARB
use did not deteriorate the RBF or renal oxygenation in a rat model of acute hemorrhage [34]. Whether
ACEi/ARB use increases the AKI risk after major surgery is also controversial. Some retrospective studies
suggest that patients receiving ACEis/ARBs are more susceptible to AKI when undergoing surgery [25, 37],
whereas a prospective study [6] and a randomized controlled trial [38] produced the opposite results. Our
results also do not support ACEi/ARB withdrawal in patients undergoing major surgery.

Limitations
This study has several limitations. First, it was a single-center study with a relatively small cohort. Large-
scale prospective studies are required to con�rm the safety of continued ACEi/ARB use in ICUs. Second,
to evaluate the effect of RAAS blockade immediately after acute insult, we examined AKI events and
ACEi/ARB exposure only in the �rst 48 h after ICU admission. Third, due to the retrospective nature of this
study, ICU admission etiologies and comorbidities were heterogeneous between ACEi/ARB users and non-
users. We had adjusted for these factors in multivariable regression and subgroup analyses. Finally,
information on post-discharge ACEi/ARB use was not available. Nevertheless, ACEi/ARB treatment after
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ICU discharge had been reported to be associated with improved 1-year mortality in previous observations
[18].

Conclusions
Long-term RAAS blockade is associated with reduced 1-year mortality and no increased AKI risk during
acute illness. Compared with withdrawal, continued ACEi/ARB use during ICU stays was associated with
a further reduction of 1-year mortality, but may increase the AKI risk in patients with sepsis. Long-term,
continued ACEi/ARB use is still recommended, with cautious evaluation in the context of acute insult.
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Figure 1

Flowchart of patient enrollment and classi�cation. ACEi, angiotensin-converting enzyme inhibitor; ARB,
angiotensin receptor blocker; AKI, acute kidney injury; ICU, intensive care unit.
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Figure 2

Changes in (A) serum creatinine concentrations and (B) daily urine output in patients under different
angiotensin-converting enzyme/angiotensin receptor blocker usage strategies during intensive care unit
stays. SCr, serum creatinine; ICU, intensive care unit; UO, urine output.
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Figure 3

Results of subgroup analyses of the effects of angiotensin-converting enzyme inhibitor/angiotensin
receptor blocker usage strategy on the incidence of acute kidney injury in the intensive care unit. ICU,
intensive care unit; OR, odds ratio; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin
receptor blocker; AKI, acute kidney injury; CI, con�dence interval; APACHE, Acute Physiology and Chronic
Health Evaluation; SOFA, Sequential Organ Failure Assessment; eGFR= estimated glomerular �ltration
rate.
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Figure 4

Kaplan–Meier curves of freedom from 1-year mortality according to angiotensin-converting enzyme
inhibitor/angiotensin receptor blocker usage strategy. ACEi, angiotensin-converting enzyme inhibitor; ARB,
angiotensin receptor blocker.
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