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Abstract 

Purpose: Acute kidney injury (AKI) is associated with the activation of the renin–angiotensin system. Whether 
angiotensin‑converting enzyme inhibitors (ACEi) or angiotensin‑receptor blockers (ARB) improve outcome in patients 
recovering from AKI remains unexplored. The purpose was to investigate the association between prescription of 
ACEi/ARB at intensive care unit (ICU) discharge and 1‑year outcome in patients recovering from AKI.

Methods: Association between ACEi/ARB and 1‑year mortality rate was explored in 1551 patients discharged from 
21 European ICUs in an observational cohort. One‑year all‑cause mortality after ICU discharge was the primary end‑
point. AKI was defined using the kidney disease improvement global outcome definition. Propensity score matching 
was used to consider the probability to receive ACEi/ARB at ICU discharge and included chronic heart failure, ACEi/
ARB on ICU admission, Charlson Comorbidity Index, age, diabetes mellitus, chronic kidney disease, estimated glomer‑
ular filtration rate and arterial blood pressure at ICU discharge vasopressors and renal replacement therapy.

Results: Overall, 1‑year mortality was 28 and 15% in patients with AKI (n = 611, 39%) and without AKI (n = 940), 
respectively. In patients with AKI, unadjusted, adjusted and propensity‑score matched 1‑year mortality rates were 
lower in patients treated with ACEi/ARB at ICU discharge [HR of 0.55 (0.35–0.89), HR of 0.45 (0.27–0.75), and HR of 
0.48 (0.27–0.85, p < 0.001), respectively]. These results were consistent across sensitivity analysis. No association was 
observed in patients without AKI.

Conclusions: In patients discharged alive from the ICU after experiencing AKI, ACEi/ARB prescription at discharge is 
associated with a decrease in 1‑year mortality.

Trial registration: ClinicalTrials.gov NCT01367093. Registered on 6 June 2011.
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Introduction

Acute kidney injury (AKI) is associated with activation of 
the renin–angiotensin–aldosterone system (RAAS) [1, 2]. 
Activation of the RAAS has been shown to be associated 
with long-term detrimental consequences, especially with 
chronic kidney disease (CKD) and cardiovascular dam-
age [3–7]. In this line, angiotensin converting enzymes 
inhibitors (ACEi) and or angiotensin-receptor blockers 
(ARB) have been recognized as key drugs to protect the 
kidney and the heart in chronic conditions such as diabe-
tes or heart failure [8]. Protective effects of ACEi/ARB are 
thought to lie in the prevention of organ fibrosis develop-
ment [2, 9, 10]. On the other hand, ACEi/ARB have long 
been considered to be potential nephrotoxic drugs in 
acute settings. It is currently recommended to stop ACEi/
ARB in the setting of AKI caused by hypovolemia or 
hypotension [11]. An unresolved question is whether an 
ACEi or ARB should be started in patients who recovered 
from AKI. Recently, potential protective effects of ACEi/
ARB following acute injury have, however, been reported 
[1, 2, 9, 12]. The impact of ACEi/ARB in patients recov-
ering from AKI still remains largely unexplored. In this 
study, we hypothesized that administration of ACEi/ARB 
in patients that had AKI during their ICU stay would be 
associated with lower 1-year mortality rate.

Materials and methods
Patients
The outcome of patients experiencing AKI and dis-
charged alive from the ICU was explored in the FROG-
ICU cohort (trials.gov identifier: NCT01367093) [13]. 
The study was conducted in France and Belgium in 
accordance with Good Clinical Practice (Declaration 
of Helsinki 2002) and Ethical Committee approvals 
(Comité de Protection des Personnes—Ile de France IV, 
IRB no. 00003835 and Commission d’éthique biomédi-
cale hospitalo-facultaire de l’hôpital de Louvain, IRB no. 
B403201213352). Patients were included from August 
2011 to June 2013. The study was an international obser-
vational study including 2087 consecutive patients admit-
ted to 21 ICUs receiving mechanical ventilation and/or 
vasopressors for at least 24 h. The protocol has previously 
been described elsewhere [14]. Among the 2087 included 
patients, 1570 (74%) were discharged alive from ICU and 
1551 had data regarding ACEi or ARB treatment avail-
able representing our study population.

Definitions of acute kidney injury
The AKI definition was based on the KDIGO criteria 
using serum creatinine (Screat) or need for renal replace-
ment therapy [15]. The baseline Screat was ICU admis-
sion Screat when eGFR was above 60 mL/min/1.73 m2 or 

based on the Modified and Diet Renal Disease formula 
(MDRD) equation in all other cases. Severe AKI was 
defined as AKI stage 2 or 3. Patients who had AKI during 
ICU stay were explored for non-recovery, defined as acute 
kidney disease (AKD) patients [16]. AKD was defined as 
Screat level at discharge > 1.5 times baseline Screat level 
among patients who developed AKI in the ICU.

Endpoint
The primary endpoint was 1-year all-cause mortality after 
ICU discharge. Outcome was collected by questionnaire 
and/or phone contact and/or civil registry examination.

Statistical analysis
The association between mortality and ACEi/ARB pre-
scribed at ICU discharge was assessed using both uni-
variate and multivariate analyses after adjustment for 
potential confounding factors (age, Charlson score, CKD, 
diabetes mellitus, chronic heart failure, ACEi/ARB intake 
previous to ICU admission, administration of vasopres-
sors during ICU stay, RRT during ICU stay, systolic blood 
pressure at ICU discharge). The proportional hazards 
assumption of the Cox regression was tested as appropri-
ate using the  and Therneau approach [17]. Different sen-
sitivity analyses were conducted. In particular, a potential 
center effect was included in the multivariate mode 
using a robust estimator of the variance, which takes 
into account potential intra-center correlation. Missing 
values were handled by multiple imputation by chained 
equations [18], and results of the association between 
the exposure and the main outcome measure after mul-
tiple imputation were reported as a sensitivity analysis 
(e-Table  1). Different variables were also added to the 
multivariate model: cardiogenic shock as the cause of 
ICU admission, and the level of NT-proBNP at ICU dis-
charge. The log-linearity of NT–proBNP association with 
the outcome was checked using restricted cubic spline.

The association between ACEi/ARB at discharge and 
1-year outcome was also considered after adjustment in 
various subgroups: patients treated or not by ACEi/ARB 
at ICU admission, after exclusion of patients with chronic 
renal disease, patients with non-severe versus severe AKI 
(defined by KDIGO class 2 or 3) and patients with or 
without acute kidney disease as previously defined [16].

Finally, the effect of ACEi/ARB on mortality was esti-
mated using propensity score matching (PS-matching). 

Take‑home message 

In patients discharged alive from the ICU after experiencing AKI, 
ACEi prescription at discharge is associated with a decrease in one‑
year mortality rate.
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Given the observational nature of the data, treatment 
allocation was not randomly allocated in the study popu-
lation. The risk of allocation bias due to the presence of 
confounders was handled using PS-matching., which in 
our investigation took the probability into account that 
a patient with specific baseline characteristics had a pre-
scription of ACEi/ARB at ICU discharge, thus allowing 
the comparison of patients with or without ACEi/ARB 
at discharge having similar characteristics. PS-matching 
characteristics included chronic heart failure, ACEi/ARB 
on ICU admission, Charlson’s score, eGFR at discharge 
(using the MDRD formula), systolic blood pressure at dis-
charge, age, diabetes, CKD, and vasopressors or RRT dur-
ing ICU stay. Variables included in the propensity score 

were selected when either major difference among treated 
and non-treated patients were observed or when they 
were identified as potentially true confounded (i.e. associ-
ated with both treatment allocation and prognosis). Each 
patient treated with ACEi was matched to one untreated 
control with similar PS using the nearest-/ARB neighbor 
approach, with no replacement and a calliper size of 0.2. 
Imbalance between treated and untreated patients before 
and after PS matching was assessed using a standardized 
difference, considering less than 10% acceptable to define 
the study patients’ characteristics balanced with respect 
to the previously described features. The association 
between outcome and ACEi/ARB prescription was fur-
ther described in patients with or without AKD.

Table 1 Characteristics of patients included in patients with or without AKI and discharge alive from intensive care unit 
(ICU) 

Data are expressed as median with interquartile range (in brackets) or count with percentage (in parentheses) as appropriate

BMI body mass index, SAPS2 simplified acute physiology score 2, SOFA sequential organ failure assessment, COPD chronic obstructive pulmonary disease, eGFR 
estimated glomerular filtration rate, RBC red blood cells, SBP systolic blood pressure, DBP diastolic blood pressure, OHCA out-hopsital cardiac arrest, ACEi angiotensin-
converting enzyme inhibitors

% of missingness Patients without AKI (n = 940) Patients with AKI (n = 611) p value

Age (years) 0 (0%) 58 (46; 69) 67 (55; 76) < 0.0001

Male gender (%) 0 (0%) 586 (62.3) 396 (65) 0.32

BMI (kg/m2) 579 (37%) 25.3 (22.3; 28.7) 27.8 (24.4; 32.5) < 0.0001

Charlson score 0 (0%) 2 (0; 4) 4 (2; 5) < 0.0001

SAPS‑II 1 (<  1%) 41 (31; 54) 53 (41; 67) < 0.0001

SOFA at admission 572 (37%) 5 (3; 7) 8 (6; 11) < 0.0001

Cause of admission 0 (0%) < 0.0001

 Septic shock 148 (15.7%) 185 (30%)

 Acute respiratory failure 210 (22.3%) 90 (15%)

 Cardiogenic shock 44 (4.7%) 61 (10%)

 Hemorrhagic shock 35 (3.7%) 48 (8%)

 OHCA 73 (7.8%) 44 (7%)

Medical history

 Diabetes mellitus 0 (0%) 115 (12.2%) 154 (25%) < 0.0001

 Chronic heart failure 0 (0%) 38 (4%) 68 (11%) < 0.0001

 Chronic kidney disease 0 (0%) 21 (2%) 140 (23%) < 0.0001

 Hypertension 0 (0%) 295 (31.4%) 340 (56%) < 0.0001

 COPD 0 (0%) 95 (10.1%) 75 (12%) 0.18

 RASi at admission 12 (<  1%) 183 (19.6%) 210 (35%) < 0.0001

During ICU stay

 In‑ICU LOS (days) 0 (0%) 11 (7; 19) 14 (8; 24) < 0.0001

 Tracheotomy 0 (0%) 159 (16.9) 81 (13%) 0.052

 Inotrope/vasopressor 0 (0%) 621 (66.1) 520 (85%) < 0.0001

 RBC 0 (0%) 318 (33.8) 349 (57%) < 0.0001

Status at discharge

 SBP (mmHg) 197 (13%) 123 (111; 137) 128 (112; 142) 0.0071

 DBP (mmHg) 255 (16%) 69 (60; 77) 67 (57; 76) 0.011

 eGFR (ml/min/1.73 m2) 142 (9%) 104.6 (91.1; 118.8) 52.6 (27.2; 85) < 0.0001

 ACEi 0 (0%) 129 (14%) 109 (18%) 0.028

 RASi introduction 12 (<  1%) 59 (6.3%) 35 (5.7%) 0.67

1‑year mortality 0 (0%) 147 (15.6%) 173 (28%) < 0.0001
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Data are expressed in median with interquartile range 
or count with percentage as appropriate. p < 0.05 was 
considered statistically significant. All analyses were per-
formed using R statistical software (The “R” Foundation 
for Statistical Computing, Vienna, Austria, URL http://
www.jstat soft.org/v42/i08/).

Results
Patients characteristics
A total of 1551 patients survived during their ICU stay, 
of which 611 (39%) had an AKI episode during the ICU 
stay. Table  1 details patient characteristics at discharge 
according to outcome and Table  2 details patient char-
acteristics according to treatment at discharge. Among 
patients who developed AKI during ICU stay, 186 were 

classified as AKI stage 1, 94 as stage 2, and 331 patients 
as stage 3. Overall, 1-year mortality of the AKI group was 
28% (n = 173). The rate of ACEi/ARB introduction was 
slightly higher in post-AKI patients than in patients with-
out AKI (6.3 vs. 5.7%).

Impact of ACEi/ARB prescription on outcome
Patients prescribed with ACEi/ARB at ICU discharge 
[n = 109 (18%)] revealed a lower mortality rate compared 
to those who were not (18 vs .31% respectively, p = 0.01; 
Fig. 1). Unadjusted mortality risk was greater in patients 
untreated when compared to those that were prescribed 
with ACEi/ARB at ICU discharge. Mortality risk remained 
significantly associated to non-prescription of ACEi/ARB 
after adjustment for prognostic variables (Fig. 2).

Table 2 Comparison of AKI patients’ characteristics according to the treatment at ICU discharge

Data are expressed as median with with interquartile range (in brackets) or count with percentage (in parentheses) as appropriate

BMI body mass index, SAPS2 simplified acute physiology score 2, SOFA sequential organ failure assessment, COPD chronic obstructive pulmonary disease, eGFR 
estimated glomerular filtration rate, RBC red blood cells, SBP systolic blood pressure, DBP diastolic blood pressure, OHCA out-hopsital cardiac arrest, ACEi angiotensin-
converting enzyme inhibitors

No ACEi/ARB at discharge (n = 502) ACEi/ARB at discharge (n = 109) p value

Age (years) 66 (53.2; 76) 70 (61; 80) 0.0083

Male gender (%) 330 (66%) 66 (61%) 0.3

BMI (kg/m2) 27.8 (24.4; 32.2) 28.1 (24.6; 32.6) 0.85

Charlson score 4 (2; 5) 4 (3; 6) 0.005

SAPS‑II 54 (41; 66.8) 53 (41; 73) 0.37

SOFA at admission 8 (6; 11) 8 (5; 10) 0.32

Cause of admission 0.005

 Septic shock 159 (31.7) 26 (24%)

 Acute respiratory failure 67 (13%) 23 (21%)

 Cardiogenic shock 45 (9%) 16 (15%)

 Hemorrhagic shock 44 (9%) 4 (4%)

 OHCA 31 (6%) 13 (12%)

Medical history

 Diabetes mellitus 116 (23%) 38 (35%) 0.01

 Chronic heart failure 53 (11%) 15 (14%) 0.34

 Chronic kidney disease 115 (23%) 25 (23%) 1

 Hypertension 274 (55%) 66 (61%) 0.26

 COPD 54 (11%) 21 (19%) 0.014

 RASi at admission 138 (28%) 72 (67%) < 0.0001

During ICU stay

 In‑ICU LOS (days) 14 (8;25) 12 (8;21) 0.21

 Tracheotomy 68 (14%) 13 (12%) 0.65

 Inotrope/vasopressor 436 (87%) 84 (77%) 0.0093

 RBC 285 (57%) 64 (59%) 0.71

Status at discharge

 SBP (mmHg) 127 (111; 140) 134 (116; 146) 0.052

 DBP (mmHg) 66.5 (57; 76) 68.5 (58.2; 76.8) 0.47

 eGFR (ml/min/1.73 m2) 51.8 (27; 85.4) 55.2 (27.6; 83.2) 0.84

 RASi introduction 0 (0%) 35 (32.7%) < 0.0001

1‑year mortality 153 (31%) 20 (18%) 0.011

http://www.jstatsoft.org/v42/i08/
http://www.jstatsoft.org/v42/i08/
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Propensity-based matching produced 82 matched pairs 
with standardized differences in patient characteristics of 
less than 10%, indicating a successful balance of poten-
tial confounders between treated and untreated patients 
(e-Table 2; e-Fig. 1). SAPS2 score was 55 (44–73) in patients 
treated with ACEi at discharge and 56 (40-68) in patients 
not treated. PS analysis confirmed the suggested protective 
effect of ACEi on 1-year mortality (18 vs. 35%, p = 0.01). 
In the PS-matched patients, 1-year mortality was lower in 
patients receiving ACEi compared to those who did not. All 
sensitivity analysis (including cluster effect, multiple impu-
tation, NT-ProBNP at discharge and cardiogenic shock) 
showed consistent effects on the association between ACEi/
ARB and outcome (Fig. 2). Associations between outcome 
and ACEi/ARB in sub-goups are presented in Fig. 2.

In contrast, mortality in ACEi and non-ACEi sub-
groups was similar in non-AKI patients in both adjusted 
analysis and PS matching [HR of 1.8 (1.21–2.68), HR of 
0.87 (0.53–1.42), and HR of 1.00 (0.58–1.73) respectively; 
eFig. 2].

Impact of AKI severity and ACEi prescription on outcome
Among patients who experienced AKI, Figs.  2 and 3 
show  that benefits associated with ACEi treatment for 
1-year mortality may be influenced by AKI severity or 
kidney function recovery at discharge. ACEi were asso-
ciated with benefits on 1-year mortality in patients with 
both, high and low eGFR at discharge. When consider-
ing AKI severity, the association was found significant in 
non-severe AKI and in patients with AKD.

Discussion
In this ancillary study of FROG-ICU which enrolled 
the widest population of ICU patients at discharge, 
we observed an association between the prescription 
of ACEi/ARB at ICU discharge and 1-year survival in 
patients with AKI. Propensity analysis confirmed the sug-
gested protective effect. This association suggests that 
treatment with ACEi in this setting might improve out-
come after AKI.

Acute kidney injury is associated with worse long-
term outcome in many ICU studies [19]. The reasons 
for such association remain largely unknown, but the 
impact of AKI on remote organ function and damage 
has been highlighted [20]. Activation of the RAAS trig-
gers vasoconstriction and pro-fibrotic pathways involved 
in chronic organ damage and dysfunction [3, 9, 21, 22]. 
Blocking the RAAS using ACEi/ARB is currently rec-
ommended to prevent occurrence or heart damage and 
failure after acute myocardial infarction or to limit pro-
gression of chronic heart failure [19]. ACEi/ARB are also 
recommended for patients with diabetic nephropathy, 
hypertension and proteinuria to limit the progression 
towards CKD [23].

AKI leads to activation of the RAAS and may there-
fore lead to systemic chronic cardiovascular and renal 
damage. In this regard, AKI promotes renal fibrosis and 
chronic kidney damage [3]. AKI was further perceived to 
be a risk factor for chronic kidney disease and to be asso-
ciated with a high incidence of cardiovascular complica-
tions [22]. While ACEi/ARB administration in chronic 
conditions is beneficial, they have, however, long been 
considered as potential nephrotoxic in altered intra-renal 
hemodynamics in acute condition. ACEi/ARB may buffer 
renal autoregulation and impair glomerular filtration rate 
in patients with systemic hypotension or hypovolemia 
[11], this is not, however, associated with kidney damage.

Acute kidney injury further carries a high risk of long-
term mortality and cardiovascular events. Several pre-clini-
cal data suggest that AKI may induce remote cardiovascular 
damage, which may partially be causal in the long-term out-
come after AKI [16, 20]. Furthermore, AKI, chronic kidney 
disease and chronic heart failure are thought to share com-
mon pathophysiological pathways, including activation 
of the renin–angiotensin–aldosterone system and activa-
tion of pro-fibrotic pathways [21, 24]. Altogether, previous 
pre-clinical and clinical studies suggest that AKI activates 
the renin–angiotensin–aldosterone system  and may pro-
mote the development of chronic renal and cardiac injuries 
through organs fibrosis. It is highly plausible that protective 
strategies targeting these pathways may improve long-term 
outcome after AKI. We therefore hypothesized that ACEi/
ARB may prevent long-term consequences of AKI.

Fig. 1 Association between prescription of ACEi/ARB at ICU dis‑
charge and 1‑year survival in AKI patients; association between ACEi/
ARB at intensive care unit discharge and 1‑year mortality unadjusted
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We acknowledge that this study suffers from several limi-
tations. First, the observational nature of the data prevents 
the confirming of causality even though the association was 
also observed after adjustment for confounding variables 
and using PS-matching. We must, however, acknowledge 
that residual confounding factors may persist. This rein-
forces the need for a randomized controlled trial. The data, 
however, do not suggest any harm, and provide solid infor-
mation for further interventional randomized controlled 
trials. Secondly, the exact date of ACEi/ARB initiation and 
patient compliance after ICU discharge was not controlled 

in the study, and the introduction or interruption of treat-
ment after ICU discharge was not available or controlled. 
Third, the dose ACEi was not recorded. Even though the 
cohort was large, the sample size of patients treated with 
ACEi/ARB at discharge may limit power for sub-groups 
analysis. Urine output and true baseline Screat were not 
available in this cohort. Acute kidney disease was also 
assessed at ICU discharge before 3 months of follow-up in 
most cases, which may lead to under-evaluation of recov-
ery. Also, kidney and heart function was not assessed during 
the follow-up, and therefore the impact of ACEi-induced 

Fig. 2 Association between ACEi/ARB prescription and outcome of patients with acute kidney injury in crude analysis, after adjustment and pro‑
pensity score (PS) matching, in sensitivity analysis and in subgroups. AKI acute kidney injury, AKD acute kidney disease, HR hazard ratio (confidence 
interval 95%)
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cardiovascular and renal disease prevention on the outcome 
could not be confirmed. Finally, as the causes of death after 
ICU are not known in FROG-ICU, it was unfortunately 
not possible to show a decrease in the incidence of cardio-
vascular or renal deaths between exposed and unexposed 
populations.

However, whatever the patient compliance, the dose 
and the effects on different organs, we report  a reduction 
in 1-year mortality. This main result could encourage the 
performing of a large randomized study in ICU patients 
experiencing an AKI during ICU stay.

Conclusion
To conclude, the results of this study suggest that ACEi/
ARB may be considered as a preventive strategy for long-
term outcome for patients discharged alive from ICU, 
after having experienced an episode of AKI. Whether 
ACEi/ARB could prevent chronic organ damage and ulti-
mately improve outcome in patients recovering from AKI 
needs to be properly validated in further randomized 
controlled clinical trials.
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