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Abstract

The long-term prognosis of patients with postoperative acute kidney injury (AKI) requiring
continuous renal replacement therapy (CRRT) after cardiovascular surgery is unclear. We
aimed to investigate long-term renal outcomes and survival in these patients to determine
the risk factors for negative outcomes. Long-term prognosis was examined in 144 hospital
survivors. All patients were independent and on renal replacement therapy at hospital dis-
charge. The median age at operation was 72.0 years, and the median pre-operative esti-
mated glomerular filtration rate (¢€GFR) was 39.5 mL/min/1.73 m?. The median follow-up
duration was 1075 days. The endpoints were death, chronic maintenance dialysis depen-
dence, and a composite of death and chronic dialysis. Predictors for death and dialysis were
evaluated using Fine and Gray’s competing risk analysis. The cumulative incidence of death
was 34.9%, and the chronic dialysis rate was 13.3% during the observation period. In the
multivariate proportional hazards analysis, eGFR <30 mL/min/1.73 m? at discharge was
associated with the composite endpoint of death and dialysis [hazard ratio (HR), 2.1; 95%
confidence interval (Cl), 1.1-3.8; P=0.02]. Hypertension (HR 8.7, 95% Cl, 2.2-35.4; P=
0.002) and eGFR <30 mL/min/1.73 m? at discharge (HR 26.4, 95% Cl, 2.6-267.1; P=
0.006) were associated with dialysis. Advanced age (>75 years) was predictive of death.
Patients with severe CRRT-requiring AKI after cardiovascular surgery have increased risks
of chronic dialysis and death. Patients with eGFR <30 mL/min/1.73 m? at discharge should
be monitored especially carefully by nephrologists due to the risk of chronic dialysis and
death.
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Introduction

Acute kidney injury (AKI) is a common and serious complication in hospitalized patients that
increases short-term mortality [1, 2]. Patients with severe forms of AKI need acute dialysis,
and the incidence of dialysis-requiring AKI (AKI-D) in the United States has increased rapidly
in the past decades [3]. In recent years, several observational studies have reported that patients
who survive after AKI are more likely to develop chronic kidney disease (CKD) and end-stage
renal disease (ESRD), and have higher long-term mortality than patients without AKI [4-6].
Cardiovascular surgery is also associated with a high risk of postoperative AKI, which leads to
poor short-term and long-term prognoses [7]. In the most severe AKI cases, continuous renal
replacement therapy (CRRT) is performed if the patients’ hemodynamics are unstable. Cardio-
vascular surgery is a major cause of CRRT-requiring AKI [8]. However, reports of the long-
term prognoses of patients who develop postoperative AKI and receive CRRT after cardiovas-
cular surgery are scarce [9, 10]. Here, we report the long-term outcomes and renal prognoses
of patients who developed postoperative AKI and required CRRT after cardiovascular surgery.
Furthermore, we investigate the risk factors for death and chronic dialysis dependence using
competing risks methods.

Materials and methods
Study population and data collection

A retrospective cohort study was performed at an academic hospital (Saitama Medical Univer-
sity International Medical Center, Japan). Patients who underwent cardiovascular surgery and
developed severe AKI requiring CRRT between April 2007 and December 2014 were identified
using records from the dialysis center. Patients who underwent renal replacement therapy
(RRT) or kidney transplantation before admission were excluded. Individual medical records
were reviewed and the following pre-operative clinical and demographic data were collected:
age, sex, body weight, body mass index (BMI), serum creatinine (sCr), albumin, hemoglobin,
Charlson comorbidity index (CCI) score, and presence or absence of diabetes mellitus and
hypertension. The CCI score is a well validated method for estimating the risk of death from
comorbid disease and has been used in previous multiple studies [11]. The variables that com-
prise the CCI score include myocardial infarction, congestive heart failure, peripheral vascular
disease, and cerebrovascular disease. Each comorbid disease included in the CCI is assigned a
score of 1, 2, 3, or 6 depending on the risk of death associated with each comorbid disease. The
individual scores are summed to calculate a total comorbidity score for the prediction of mor-
tality. Pre-operative sCr level was defined as the last recorded sCr value within 1 week before
surgery. Estimated glomerular filtration rate (eGFR) was calculated using the formula for Japa-
nese patients [12]: eGFR (mL/min/1.73 m?) = 194><sCr71'094><agefo'287 (x0.739 for females).

Peri-operative data included the need for emergency surgery, operation type (coronary
artery bypass grafting [CABG], valve surgery, CABG combined with valve surgery, vascular
surgery, and others), and the use and duration of cardio-pulmonary bypass.

AKI was diagnosed according to the Kidney Disease Improving Global Outcomes
(KDIGO) criteria [13]. In brief, diagnosis was based on an increase in sCr of >0.3 mg/dL
within 48 hours, an increase in sCr to >1.5-times the baseline known or presumed to have
occurred within the prior 7 days, or urine volume <0.5 mL/kg/hour for 6 hours. In patients
presenting with AKI, CRRT was initiated when the cardiovascular surgeon and nephrologist
agreed that it was necessary for removing excess fluid or solute before the classical criteria for
renal replacement therapy initiation start to appear (severe hyperkalemia, metabolic acidosis,
pulmonary edema, or uremia). Intermittent hemodialysis was not performed for initial RRT in
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this group of patients because all were hemodynamically unstable. CRRT involved either con-
tinuous veno-venous hemodialysis, hemofiltration, or hemodiafiltration. Patients who recov-
ered from AKI discontinued CRRT, and when recovery was not achieved and dialysis-
dependent conditions persisted, they were shifted to chronic maintenance dialysis.

The patients’ sCr levels and eGFR were measured at hospital discharge. The sCr levels at
discharge and pre-operation were compared and recovery of kidney function was evaluated.
No consensus on the definition of renal function recovery after AKI has been reached [14]. In
this study, it was defined as a decline in sCr to pre-operative levels [15]. As a simple surrogate
index for activities of daily living (ADL) and frailty at discharge, we determined whether
patients could walk independently [16-18]. The study was approved by the medical ethical
review board of the Saitama Medical University International Medical Center (reference num-
ber 15-235), which waived the requirement for informed consent because of the retrospective
nature of the study. All procedures followed were in accordance with the ethical standards of
the Helsinki Declaration of 1975, as revised in 2000.

Study outcomes

We conducted a long-term prognostic analysis of patients who survived the surgery, were
withdrawn from RRT by hospital discharge, and survived for at least 90 days after hospital dis-
charge without re-initiation of RRT or re-hospitalization within 90 days to reduce bias related
to the short-term prognosis and to analyze only those patients who have survived the acute
phase [19].

The endpoints were: (1) a composite endpoint of death and chronic dialysis (death prior
to initiation of chronic dialysis and initiation of chronic dialysis), (2) initiation of chronic
dialysis, and (3) death (prior to initiation of dialysis). The outcome was censored if a
patient had not reached the endpoints by the time of the last follow-up or was lost to fol-
low-up. The patients were followed-up by telephone surveys with them or their families, or
by correspondence with the hospital to which they were transferred. In cases where the
prognosis could not be tracked fully during the observation period, it was censored at the
last date on which the patient was known to be alive and had not started dialysis. In addi-
tion, we attempted to identify pre-, peri-, and postoperative factors related to long-term
prognosis.

Statistical analyses

The baseline characteristics of the study participants were analyzed using descriptive statistics.
Continuous variables were expressed as the mean (standard deviation) or median (interquar-
tile range [IQR]) and compared using the unpaired t-test or the Mann-Whitney U-test, respec-
tively. The Shapiro-Wilk test was performed to test for normality of distribution. Categorical
variables were expressed as percentages and compared using the chi-square test or Fisher’s
exact test. The receiver operating characteristic (ROC) curve was constructed and the area
under the curve (AUC) was calculated to determine the cut-off value of eGFR at hospital dis-
charge for the prediction of chronic dialysis initiation, and age for the prediction of death.
Curves for the composite of renal and patient survival were estimated for each category using
Kaplan-Meier methods. The log-rank test was used to analyze differences between these curves
with the Bonferroni post-hoc test. Cox regression analysis was used to evaluate independent
predictors of composite long-term renal survival and patient survival. We analyzed for multi-
collinearity by assessing correlations between covariates with Spearman’s rank correlation
coefficient.
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Competing risks methods

As death was a competing risk for the initiation of chronic dialysis, cumulative incidence
curves were generated to estimate the risk of chronic dialysis and death using the Fine and
Gray method, and a comparison was performed using Gray’s test [20-22]. Potential risk fac-
tors for increased long-term dialysis dependence and all-cause mortality were identified using
univariate analysis. When variables were significant in univariate analysis (P <0.05) or deemed
to be clinically important regardless of statistical significance, they were simultaneously
included in the Fine-Gray’s proportional hazards model. Statistical analyses were performed
using IBM SPSS software, version 24.0 (IBM Corp., Armonk, NY) and EZR software (Saitama
Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface
for R (version 3.0.2; The R Foundation for Statistical Computing, Vienna, Austria) [23]. More
precisely, EZR is a modified version of R commander (version 2.0-3) that was designed to add
statistical functions that are frequently used in biostatistics. A value of P <0.05 was considered
to be significant.

Results
Clinical characteristics of study participants

Among 5,197 patients who underwent cardiovascular surgery between April 2007 and Decem-
ber 2014, 255 had severe AKI requiring CRRT. Ten patients (3.9%) died in the hospital and 28
(11.0%) were RRT-dependent at discharge. Among the remaining 217 hospital survivors, we
identified 144 who survived to 90 days following hospital discharge with no re-initiation of
dialysis and had a completely trackable clinical course. There were 6 patients who died within
90 days after discharge and 73 in which the prognosis could not be determined. As a result, the
long-term follow-up rate was 68.2% (144/211 patients). The median age of patients at opera-
tion was 72.0 years (IQR: 64.0-79.0) and 73.6% were male. Median pre-operative sCr level was
1.37 mg/dL (IQR: 1.01-1.96) and median pre-operative eGFR was 39.5 mL/min/1.73 m? (IQR:
24.3-51.9). Their demographic, comorbidity, and clinical characteristics are described in
Table 1. Vascular operations, including endovascular procedures, were the most common type
of surgery performed and included treatment for 26 cases of aortic dissection, 6 thoracic aortic
aneurysms, 4 thoracoabdominal aortic aneurysms, and 7 abdominal aortic aneurysms.

The median follow-up time of the hospital survivors was 1075 days after discharge (IQR:
621-1,754; minimum: 91; maximum: 2,930). The last event occurred on day 2251, after which
no deaths or dialysis initiations occurred. Among the 144 survivors, 9.0% (13 patients) had
dialysis-dependent ESRD and 25.0% (36 patients) died during the observation period. Patients
who progressed to chronic dialysis had significantly higher pre-operative sCr levels, lower pre-
operative eGFR, and a higher ratio of CKD Grade 3b-5 (100% vs. 58.0%, P <0.001), and were
more likely to have hypertension (92.3% vs. 64.1% P = 0.04), higher sCr levels, and lower eGFR
at discharge (Table 2). Patients who died during follow-up were significantly older (76.0 vs.
70.0 years, P = 0.009) and had lower pre-operative BMI (22.2 vs. 24.7 kg/mz, P =0.003)

(Table 3).

The ROC curve identified the cut-off values of eGFR at discharge to be 24.9 ml/min/1.73
m? (AUC = 0.93, sensitivity = 92.3%, specificity = 84.7%) for the prediction of chronic dialysis
and 31.9 ml/min/1.73 m* (AUC = 0.68; sensitivity = 54.3%; specificity = 76.5%) for the predic-
tion of the composite of chronic dialysis and death. Based on the cut-off values in a previous
report [10], in addition to our data, we set an eGFR of 30 ml/min/1.73 m” at discharge as the
cut-off value for risk stratification. Similarly, the ROC curve identified the cut-off value of age
for the prediction of death to be 75.0 years (AUC = 0.64; sensitivity = 60.6%;
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Table 1. Baseline demographic, comorbidity, and pre-, peri-, and postoperative characteristics.

Variable N=144
Demographics
Age (years), median (IQR) 72.0 (64.0-79.0)
Male, n (%) 106 (73.6)
Body mass index (kg/m?), median (IQR) 24.0 (21.2-26.2)
Pre-op sCr (mg/dl), median (IQR) 1.37 (1.01-1.96)
Pre-op eGFR (ml/min/1.73 mz), median (IQR) 39.5 (24.3-51.9)
Pre-op CKD G3b-5, n (%) 89 (61.8)
Hb (g/dl) 11.5+2.1
Alb (g/dl) 3.5+0.6
Coexisting/
previous
conditions
Diabetes mellitus, n (%) 73 (50.7)
Hypertension, n (%) 96 (66.7)
CCIL, median (IQR) 2.0 (1.0-3.0)
Operation type
Emergency op, n (%) 48 (33.3)
CPB, n (%) 78 (54.2)
CPB time (min), median (IQR) 178.0 (129.0-224.0)
Valve surgery, n (%) 24 (16.7)
CABG, n (%) 38 (26.4)
Valve+CABG, n (%) 12 (8.3)
Vascular surgery, n (%) 43 (29.9)
Others, n (%) 27 (18.8)
CRRT
CRRT duration (days), median (IQR) 5.0 (3.0-8.0)
Condition at
discharge
sCr at discharge (mg/dl), median (IQR) 1.2 (0.91-1.65)
eGFR at discharge (ml/min/1.73 m?), median (IQR) 43.1 (26.0-61.6)
ADL at discharge (gait), n (%) 95 (66.0)
Recovery of kidney function at discharge, n (%) 78 (54.2)

Continuous variables are shown as the mean + SD or median (first to third quartile) and categorical variables as
numbers (%). IQR, interquartile range; sCr, serum creatinine; eGFR, estimated glomerular filtration rate; CKD,
chronic kidney disease; Hb, hemoglobin; Alb, albumin; CCI, Charlson comorbidity index; CPB, cardiopulmonary
bypass; CABG, coronary artery bypass grafting; CRRT, continuous renal replacement therapy; ADL, activities of
daily living.

https://doi.org/10.1371/journal.pone.0211429.t001

specificity = 63.0%). Therefore, we used that cut-off value for stratification. Table 4 shows the
patients’ demographic, comorbidity, and clinical parameters according to whether their eGFR
was <30 ml/min/1.73 m” or >30 ml/min/1.73 m” at hospital discharge. Patients with eGFR
<30 ml/min/1.73 m* had lower preoperative serum albumin, a lower recovery from AKI rate,
and more frequently had diabetes.

Outcomes

Cumulative incidences of the composite of death and initiation of chronic dialysis. Fig
1 shows the cumulative incidences of death and initiation of chronic dialysis evaluated using
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Table 2. Baseline characteristics of the cohort stratified by progression to chronic dialysis.

Variable Chronic dialysis N = 13 No chronic dialysis N = 131 P value
Demographics
Age (years), median (IQR) 72.0 (63.5-76.0) 73.0 (64.0-79.0) 0.4
Male, n (%) 12 (92.3) 94 (71.8) 0.1
Body mass index (kg/mz), median (IQR) 25.4 (22.0-27.3) 24.0 (21.1-26.1) 04
Pre-op sCr (mg/dl), median (IQR) 2.58 (2.36-3.08) 1.31 (0.98-1.77) <0.001*
Pre-op eGFR (ml/min/1.73 mz), median (IQR) 19.4 (16.3-21.7) 41.2 (26.0-53.5) <0.001*
Pre-op CKD G3b-5, n (%) 13 (100) 76 (58.0) 0.003*
Hb (g/dl) 11.6 £ 2.0 11.5+2.1 0.9
Alb (g/dl) 35+04 3.5£0.6 0.9
Coexisting/previous
conditions
Diabetes mellitus, n (%) 9 (69.2) 64 (48.9) 0.2
Hypertension, n (%) 12 (92.3) 84 (64.1) 0.04*
CCI, median (IQR) 3.0 (2.0-4.0) 2.0 (1.0-3.0) 0.1
Operation type
Emergency op, n (%) 6 (46.2) 42 (32.1) 0.3
CPB, n (%) 5(38.5) 73 (55.7) 0.2
CPB time (min), median (IQR) 142.0 (101.5-252.5) 178.0 (129.8-221.8) 0.8
Valve surgery, n (%) 1(7.7) 23 (17.6) NA
CABG, n (%) 5(38.5) 33(25.2) NA
Valve+CABG, n (%) 0 (0) 12(9.2) NA
Vascular surgery, n (%) 6(46.2) 37 (28.2) NA
Others, n (%) 1(7.7) 26 (19.8) NA
CRRT
CRRT duration (days), median (IQR) 6.0 (3.5-9.5) 5.0 (3.0-8.0) 0.5
Condition at discharge
sCr at discharge (mg/dl), median (IQR) 3.28 (2.38-4.46) 1.11 (0.87-1.59) <0.001*
eGFR at discharge (ml/min/1.73 m?), median (IQR) 15.8 (11.3-20.8) 46.5 (31.4-65.1) <0.001*
ADL at discharge (gait), n (%) 10 (76.9) 85 (64.9) 0.4
Recovery of kidney function at discharge, n (%) 4(30.8) 74 (56.5) 0.1

*P <0.05

IQR, interquartile range; sCr, serum creatinine; eGFR, estimated glomerular filtration rate; CKD, chronic kidney disease; Hb, hemoglobin; Alb, albumin; CCI, Charlson

comorbidity index; CPB, cardiopulmonary bypass; CABG, coronary artery bypass grafting; CRRT, continuous renal replacement therapy; ADL, activities of daily living;

NA, not analyzed

https://doi.org/10.1371/journal.pone.0211429.t002

Gray’s method, considering each as a competing risk. The cumulative incidence of death was
34.9% and that of chronic dialysis was 13.3% during the observation period. The cumulative

incidence of the composite of death and initiation of chronic dialysis was 48.2%.

Predictors of the composite endpoint of death and initiation of dialysis. Fig 2 shows
the Kaplan-Meier survival curves depicting the period between discharge and the composite
endpoint of death and chronic dialysis initiation. Compared with patients discharged with an
eGFR >30 mL/min/1.73 m?, the long-term composite of life and renal survival was worse in
patients with eGFR <30 mL/min/1.73 m* at discharge in a log-rank test (P = 0.003) (Fig 2).
Similarly, patients discharged with recovered kidney function after AKI had greater long-term
composite life and renal survival, compared to patients with no recovery of kidney function

(P=0.02).
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Table 3. Baseline characteristics of the cohort stratified by death during the follow-up period.

Variable Death N = 36 Alive N = 108 P value
Demographics
Age (years), median (IQR) 76.0 (69.5-81.0) 70.0 (63.0-77.8) 0.009*
Male, n (%) 25 (69.4) 81 (75.0) 0.5
Body mass index (kg/mz), median (IQR) 22.2 (20.7-24.3) 24.7 (21.6-26.8) 0.003*
Pre-op sCr (mg/dl), median (IQR) 1.37 (0.97-2.01) 1.36 (1.04-1.94) 0.9
Pre-op eGFR (ml/min/1.73 mz), median (IQR) 39.5 (24.0-54.6) 39.8 (24.3-51.0) 0.9
Pre-op CKD G3b-5,n (%) 22 (61.1) 67 (62.0) 0.9
Hb (g/dI) 11.0 £1.6 117422 0.2
Alb (g/dl) 34105 3.5+0.6 0.1
Coexisting/previous conditions
Diabetes mellitus, n (%) 18 (50.0) 55 (50.9) 0.9
Hypertension, n (%) 23 (63.9) 73 (67.6) 0.7
CCIL median (IQR) 2.0 (1.0-4.0) 2.0 (1.0-3.0) 0.2
Operation type
Emergency op, n (%) 12 (33.3) 36 (33.3) 1.0
CPB, n (%) 21(58.3) 57 (52.8) 0.6
CPB time (min), median (IQR) 174.0 (150.0-202.0) 178.0 (124.0-236.0) 0.9
Valve surgery, n (%) 4(11.1) 20 (18.5) NA
CABG, n (%) 4(1L.1) 34 (31.5) NA
Valve+CABG, n (%) 5(13.9) 7 (6.5) NA
Vascular surgery, n (%) 12 (33.3) 31(28.7) NA
Others, n (%) 11 (30.6) 16 (14.8) NA
CRRT
CRRT duration (days), median (IQR) 5.5(3.3-10.5) 5.0 (3.0-7.0) 0.5
Condition at discharge
sCr at discharge (mg/dl), median (IQR) 1.35(0.91-2.11) 1.15 (0.89-1.63) 0.3
eGFR at discharge (ml/min/1.73 mz), median (IQR) 39.1 (22.9-55.0) 43.3 (26.8-64.8) 0.2
ADL at discharge (gait), n (%) 21 (58.3) 74 (68.5) 0.3
Recovery of kidney function at discharge, n (%) 15 (41.7) 63 (58.3) 0.1

*P <0.05

IQR, interquartile range; sCr, serum creatinine; eGFR, estimated glomerular filtration rate; CKD, chronic kidney disease; Hb, hemoglobin; Alb, albumin; CCI, Charlson

comorbidity index; CPB, cardiopulmonary bypass; CABG, coronary artery bypass grafting; CRRT, continuous renal replacement therapy; ADL, activities of daily living;

NA, not analyzed

https://doi.org/10.1371/journal.pone.0211429.t003

Univariate analysis identified that eGFR <30 mL/min/1.73 m> and no recovery of renal
function after AKI at discharge were significantly associated with the composite endpoint of
death and initiation of dialysis. After multivariate Cox proportional hazards analysis, only
eGFR <30 mL/min/1.73 m? at discharge was associated with the composite endpoint of death
and initiation of dialysis (hazard ratio, 2.1; 95% CI, 1.1-3.8; P = 0.02) (Table 5).

Predictors of initiation of chronic dialysis. Fig 3 shows cumulative incidence curves
depicting the period between discharge and chronic dialysis initiation, censored for death.
Compared with patients discharged with an eGFR >30 mL/min/1.73 m? long-term renal sur-
vival in patients with an eGFR <30 mL/min/1.73 m” at discharge was worse in a Gray’s test (P
<0.001) (Fig 3). Patients without hypertension had greater long-term renal survival (P = 0.02).
Similarly, compared to patients with a pre-operative CCI <3, renal survival in patients with
CCI >3 was worse (P = 0.03). Patients discharged with recovered kidney function after AKI
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Table 4. Baseline characteristics of the cohort stratified by eGFR at hospital discharge.

Variable eGFR <30 N =41 eGFR >30N =103 P value
Demographics
Age (years), median (IQR) 72.0 (67.0-78.0) 72.0 (63.0-79.0) 0.9
Male, n (%) 26 (63.4) 80 (77.7) 0.1
Body mass index (kg/mz), median (IQR) 23.6 (21.5-26.0) 24.2 (21.0-26.2) 0.7
Pre-op sCr (mg/dl), median (IQR) 2.12(1.75-2.47) 1.23 (0.95-1.47) <0.001*
Pre-op eGFR (ml/min/1.73 mz), median (IQR) 22.4(19.3-25.9) 45.5 (35.0-54.8) <0.001*
Pre-op CKD G3b-5, n (%) 38 (92.7) 51 (49.5) <0.001*
Hb (g/dl) 11.0 1.7 11.5+22 0.1
Alb (g/dl) 33+0.5 3.6 +0.6 0.04*
Coexisting / previous conditions
Diabetes mellitus, n (%) 28 (68.3) 45 (43.7) 0.008*
Hypertension, n (%) 32 (78.0) 64 (62.1) 0.1
CCI, median (IQR) 2.0 (1.0-4.0) 2.0 (1.0-3.0) 0.1
Operation type
Emergency op, n (%) 13 (31.7) 35 (34.0) 0.8
CPB, n (%) 17 (41.5) 61 (59.2) 0.1
CPB time (min), median (IQR) 142.0 (96.0-209.0) 183.5 (135.8-231.5) 0.2
Valve surgery, n (%) 8 (19.5) 16 (15.5) NA
CABG, n (%) 15 (36.6) 23 (22.3) NA
Valve+CABG, n (%) 1(2.4) 11 (10.7) NA
Vascular surgery, n (%) 9 (22.0) 34(33.0) NA
Others, n (%) 8 (19.5) 19 (18.4) NA
CRRT
CRRT duration (days), median (IQR) 5.0 (3.8-9.3) 5.0 (3.0-7.3) 0.5
Condition at discharge
sCr at discharge (mg/dl), median (IQR) 2.4 (1.75-3.10) 1.03 (0.79-1.32) <0.001*
eGEFR at discharge (ml/min/1.73 mz), median (IQR) 20.9 (16.5-24.3) 53.6 (39.5-69.2) <0.001*
ADL at discharge (gait), n (%) 10 (24.4) 39 (37.9) 0.1
Recovery of kidney function at discharge, n (%) 12 (29.3) 66 (64.1) <0.001*

*P <0.05

IQR, interquartile range; sCr, serum creatinine; eGFR, estimated glomerular filtration rate; CKD, chronic kidney disease; Hb, hemoglobin; Alb, albumin; CCI, Charlson

comorbidity index; CPB, cardiopulmonary bypass; CABG, coronary artery bypass grafting; CRRT, continuous renal replacement therapy; ADL, activities of daily living;

NA, not analyzed

https://doi.org/10.1371/journal.pone.0211429.t004

had greater long-term renal survival compared to patients with no recovery of kidney function

(P=0.04).

In multivariable analysis using a Fine and Gray regression model that treated death as a
competing event, hypertension (hazard ratio, 8.7; 95% CI, 2.2-35.4; P = 0.002) and eGFR <30
mL/min/1.73 m” at discharge (hazard ratio, 26.4; 95% CI, 2.6-267.1, P = 0.006) were signifi-
cantly associated with decreased renal survival (Table 6).

Predictors of death. Fig 4 shows the cumulative incidence curves depicting the period
between hospital discharge and death. Compared with patients aged <75 years, those aged
>75 years had worse survival (P = 0.03) (Fig 4). The survival curves for patients incapable of
walking (poor ADL) at hospital discharge tended to be worse, but this was not significant on
Gray’s test (P = 0.2). Compared to patients with BMI >24 kg/m?, those with BMI <24 kg/m*
had worse survival (P = 0.04). When divided into four groups according to BMI (underweight,
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Fig 1. Cumulative incidences of the composite of death and initiation of chronic dialysis. (1) Indicates the cumulative
incidence of initiation of chronic dialysis (13.3%) and (2) indicates the cumulative incidence of death (34.9%) during the
observation period. The cumulative incidence of the composite endpoint of death and initiation of chronic dialysis was
48.2%.

https://doi.org/10.1371/journal.pone.0211429.g001

<18.5 kg/m?; normal, >18.5 to <25 kg/m?; overweight, >25 to <30 kg/m* and obese, >30
kg/m?), long-term survival was significantly worse in the underweight group and better in the
overweight group (P <0.001).

Fine and Gray’s multivariate proportional hazards analysis showed that only age >75 was
significantly associated with worse long-term survival (hazard ratio, 2.1; 95% CI, 1.0-4.6;
P =0.04) (Table 6).

Discussion

This study aimed to investigate the long-term survival and renal prognosis in patients with
postoperative AKI requiring CRRT after cardiovascular surgery and to determine the risk fac-
tors for these outcomes. We found that survivors of severe AKI remained at a high risk of
death and CKD progression. The cumulative incidence of death was 34.9% and that of chronic
dialysis was 13.3% during the observation period. In univariate analysis, eGFR <30 mL/min/
1.73 m? and no recovery of renal function after AKI at discharge were significantly associated
with the composite endpoint of death and initiation of dialysis. After multivariate Cox propor-
tional hazards analysis, only eGFR <30 mL/min/1.73 m” at discharge was associated with the

PLOS ONE | https://doi.org/10.1371/journal.pone.0211429 January 31, 2019 9/16


https://doi.org/10.1371/journal.pone.0211429.g001
https://doi.org/10.1371/journal.pone.0211429

®PLOS | one

Long-term prognosis in AKI survivors required CRRT

Probability

eGFR < 30

0.0 -

0 500 1000 1500 2000 2500 3000
Days after discharge

Fig 2. Kaplan-Meier survival curves depicting the period between discharge and the composite endpoint of death
and chronic dialysis initiation. Association between estimated glomerular filtration rate (¢GFR) > or <30 mL/min/
1.73 m? at hospital discharge and composite endpoint.

https://doi.org/10.1371/journal.pone.0211429.9002

composite endpoint. An eGFR <30 mL/min/1.73 m” at discharge combined with hyperten-
sion was a strong predictor of chronic dialysis. Furthermore, advanced age (>75 years) was
also predictive of death. These data can be used to identify patients at a high risk of death and
progressive CKD who may benefit from closer follow-up by nephrologists after hospital
discharge.

A recently published systematic review and meta-analysis showed that patients who survive
AKT have a greater risk of CKD, ESRD, and death compared to patients without AKI [14]. The
risk of CKD or ESRD increased with the severity of AKI, advanced age, diabetes mellitus,
hypertension, heart failure, increased CCI during AKI episodes, and low serum albumin levels

Table 5. Univariate and multivariate analysis of variables associated with a composite endpoint of death and initiation of chronic dialysis.

Variables Univariate Analysis Multivariate Analysis
HR (95% CI) P value HR (95% CI) P value
eGFR at discharge <30/>30 2.4 (1.3-4.2) 0.005* 2.1 (1.1-3.8) 0.02*
CCI >3/<3 1.6 (0.9-2.9) 0.1 1.9 (1.0-3.7) 0.06
Recovery of kidney function (-/+) 1.9 (1.1-3.5) 0.03* 1.8 (1.0-3.4) 0.06
Age >75/<75 1.6 (0.9-2.8) 0.1 1.6 (0.8-3.0) 0.2
ADL at discharge (gait) (~/+) 1.3 (0.7-2.4) 0.4 1.5 (0.8-2.8) 0.2
BMI <24/>24 1.4 (0.8-2.5) 0.3 1.3 (0.7-2.5) 0.4
Diabetes mellitus (+/-) 1.2 (0.7-2.2) 0.5 0.8 (0.4-1.6) 0.5
Hypertension (+/-) 1.3 (0.7-2.5) 0.4 1.0 (0.5-2.0) 0.9

*P <0.05

HR, hazard ratio; CI, confidence interval; eGFR, estimated glomerular filtration rate; CCI, Charlson comorbidity index; ADL, activities of daily living; BMI, body mass

index

https://doi.org/10.1371/journal.pone.0211429.t005
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Fig 3. Cumulative incidences curves depicting period of time between discharge and chronic dialysis initiation
censored for death. Association between estimated glomerular filtration rate (eGFR) >30 or <30 mL/min/1.73 m? at
hospital discharge and chronic dialysis initiation.
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(6, 24]. The presence of CKD before AKI and lack of recovery of kidney function after AKI are
also associated with long-term renal and survival outcomes [14, 25]. The incidence of AKI-D
has increased rapidly in the past decade; from 2000 to 2009, the incidence in the United States
has increased at a yearly rate of 10% [3]. It is expected that the number of cases of AKI-D will
continue to rise [26]. In other words, it is believed that the number of AKI-D patients who

Table 6. Multivariate analyses of variables associated with initiation of chronic dialysis and death.

Variables

eGFR at discharge
CCI
Recovery of kidney function
Age
ADL at discharge (gait)
BMI
Diabetes mellitus

Hypertension

*P <0.05

Chronic dialysis Death
HR (95% CI) P value HR (95% CI) P value

<30/>30 26.4 (2.6-267.1) 0.006" 0.9 (0.4-1.9) 0.7
>3/<3 3.5 (0.4-30.4) 0.3 1.7 (0.7-3.6) 0.2
(-/+) 2.3 (0.5-10.5) 0.3 1.8 (0.9-3.5) 0.1

>75/<75 0.5 (0.13-2.2) 0.4 2.1 (1.0-4.6) 0.04"
(-1+) 0.5 (0.1-2.3) 0.4 1.7 (0.8-3.5) 0.2
<24/>24 1.3 (0.3-5.3) 0.8 1.6 (0.8-3.4) 0.2
(+/-) 0.8 (0.2-4.2) 0.4 0.7 (0.3-1.5) 0.4
(+/-) 8.7 (2.2-35.4) 0.002* 0.7 (0.3-1.5) 0.4

HR, hazard ratio; CI, confidence interval; eGFR, estimated glomerular filtration rate; CCI, Charlson comorbidity index; ADL, activities of daily living; BMI, body mass

index

https://doi.org/10.1371/journal.pone.0211429.t006
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Fig 4. Cumulative incidence curves for death before initiation of chronic dialysis. Association between age > or
<75 years and death.
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survive AKI and discharge will increase, making it difficult for nephrologists to cope with the
increased demand for care. Therefore, identifying AKI-D survivors at risk of progressive CKD
will help guide therapeutic intervention [19, 27].

Cardiac surgery is associated with a high risk for the development of AKI [28]. A recent sys-
tematic review and meta-analysis of 91 observational studies showed that the pooled incidence
rate of AKI was 22.3% and that 2.3% of patients received acute RRT. The pooled AKI-associ-
ated long-term mortality rate was as high as 30% and increased with AKI severity [7]. In that
study, the average patient age increased depending on the AKI diagnostic criteria used
(RIFLE < AKIN < KDIGO). This suggests that in recent years, cardiac surgery is being more
frequently performed in older patients, with the emergence of older AKI-D patients as a result.
Few previous studies have investigated the long-term outcomes after RRT for cardiac surgery-
associated AKI [9, 10]. Stads et al. [10] evaluated the association between impaired kidney
function at hospital discharge and long-term renal survival and overall patients survival in
AKT patients who received CRRT (25% of the cohort were post-thoracic surgery patients).
They found that eGFR <30 mL/min/1.73 m” at hospital discharge was a strong predictor for
decreased long-term patients survival and poor renal survival [10]. Furthermore, Harel et al.
[19] analyzed 4,383 survivors of dialysis-requiring AKI, some of whom underwent cardiac and
aortic surgeries. In those who initially became dialysis-independent, the subsequent need for
chronic maintenance dialysis was predicted by pre-existing CKD, hypertension, and global
comorbidities evaluated by the CCI.

We believe that this study has several strengths. We analyzed the prognosis of elderly post-
cardiac surgery patients, a population that is expected to increase in the future. We believe that
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the risks of chronic dialysis and death are more accurately evaluated with competing risk mod-
els [19, 20]. Most of our results are consistent with those from previous reports, with a few
exceptions [10, 14]. As Stads et al had reported [10], impaired kidney function at hospital dis-
charge was associated with not only long-term renal prognosis but also a composite renal and
overall survival in our analyses. In addition, we found that hypertension was a strong predictor
of CKD progression, as previously described [24]. Patients with hypertension before cardiac
surgery may potentially have hypertensive renal impairment, even if their preoperative sCr
and eGFR are within the normal range. It seems that the simultaneous occurrence of AKI
accelerated the decline in kidney function [29]. On the other hand, there was no significant
association between preoperative diabetes mellitus and long-term prognosis. This finding may
have been influenced by the lack of data on the duration of diabetes mellitus and blood glucose
control. Diabetic patients also have a high frequency of re-hospitalization, early death, and
early dialysis within 90 days of discharge. Furthermore, in our study, older age was associated
with poor long-term survival but not long-term renal prognosis. Most of the patients analyzed
in this study were elderly (65 years or older), and it is possible that several had died before initi-
ation of chronic dialysis. Finally, we believe that setting the eGFR cutoff value to 30 mL/min/
1.73 m” at discharge is appropriate based on the AUC analysis and the hazard ratio of multi-
variate Cox proportional hazards analysis.

Poor ADL tended to worsen long-term mortality, but this finding was not statistically sig-
nificant in multivariate proportional hazards analysis. Walking ability may be a simple alterna-
tive index of ADL and frailty [16-18]. A recent systematic review showed that frailty status,
assessed by mobility, disability, and nutritional status, can predict mortality at >6 months in
older patients undergoing major cardiac surgical procedures [30]. The 6-minute walk test dis-
tance [31] and ADL dependence [32,33] are significantly associated with risks of mortality or
major adverse cardiovascular and cerebrovascular events after cardiac surgery. In this study,
we demonstrated that decreased walking ability may be associated with long-term survival in
AKIT patients after cardiac surgery. Intervention for frailty may improve long-term survival in
these patients, but further study is required.

In this study, BMI <24 kg/m” was associated with poor long-term survival in univariate
analysis. Furthermore, when examining the effect of BMI, prognoses in the underweight
group (BMI, <18.5 kg/m?) were extremely poor compared to those in the overweight group
(BMI, 25.0-29.9 kg/m?). In our analysis, there was a significant inverse correlation between
age and BMI, so confounding might be conceivable. However, it is also possible that the long-
term prognosis might be poor when the patients’ underlying cardiovascular disease leads to a
state of pre-operative malnutrition. Rahmanian et al. analyzed the impact of BMI on late out-
comes in a large series of patients who underwent cardiac surgery. They showed that being
underweight (BMI <20 kg/m?) was an independent predictor of decreased long-term survival
[34].

The KDIGO Clinical Practice Guideline for AKI recommends the evaluation of patients 3
months after AKI for resolution, new onset, or worsening of pre-existing CKD [13]. Harel
etal. [27] demonstrated that early nephrology follow-up, defined as a nephrology visit within
90 days of discharge, in patients with AKI requiring temporary dialysis was associated with
improved long-term survival. However, Siew et al. [35] reported that only 8% of patients hos-
pitalized with an episode of dialysis-requiring AKI see a nephrologist within the first year. Our
study indicated that patients with severe AKI requiring CRRT after cardiovascular surgery are
at a high risk of chronic dialysis and death, particularly those with eGFR <30 mL/min/1.73 m*
at hospital discharge. In the future, it is necessary to construct a system that automatically
sends these patients to a nephrologist within 90 days of discharge [36].
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This study was limited by a small sample size, and may have been inadequately powered to
detect statistically significant differences. Due to the retrospective design, potential confound-
ers, such as indications for initiating CRRT and subsequent management after hospital dis-
charge, were not standardized. Compared with the previous reports, the postoperative CRRT
induction rate in our study is high, while in-hospital mortality of those patients is relatively
low. Therefore, we believe that improving the quality and quantity of body fluids at an early
stage and a strategy of early CRRT initiation will improve the short-term prognosis of AKI. As
a result, relatively mild AKI cases may be included, and the differences in the criteria adapted
for CRRT initiation may affect long-term prognosis. Furthermore, it is conceivable that
including not only cardiac operations but also vascular surgeries in the analysis may have led
to the good short-term outcomes. As this was a single-center study, and the majority of partici-
pants were elderly, these results may not be generalizable to younger patients or those with dif-
ferent risk profiles. In a large-scale observational study recently published by Ferreiro and
Lombardi, age, diabetes and congestive heart failure were found to be associated with survival
in 2554 patients with an average age of 67.7 years who developed AKI after cardiac surgery
[37]. In addition, in their study, AKI onset was associated with mid-term survival (up to 5
years) but not long-term survival (more than 5 years). Finally, while we indirectly assessed the
relationship between comorbidity and long-term prognosis using the CCI, we did not directly
analyze the impact of individual factors included in the CCI.

In conclusion, patients with severe AKI requiring CRRT after cardiovascular surgery are at
a high risk of chronic maintenance dialysis dependence and mortality. Patients with eGFR
<30 mL/min/1.73 m” at discharge in particular should be regularly monitored by a nephrolo-
gist due to the risk of chronic dialysis and death. Further study is required to verify that inter-
vention by a nephrologist leads to improved long-term prognosis.

Acknowledgments

The authors would like to thank Eiichiro Kanda for statistical advice. We also thank the clinical
engineers of the CRRT clinical practice team.

Author Contributions
Conceptualization: Keita Sueyoshi, Yusuke Watanabe, Hirokazu Okada.

Formal analysis: Keita Sueyoshi, Yusuke Watanabe, Tsutomu Inoue, Yoichi Ohno, Hiroyuki
Nakajima, Hirokazu Okada.

Writing - original draft: Keita Sueyoshi, Yusuke Watanabe, Hirokazu Okada.

Writing - review & editing: Tsutomu Inoue, Yoichi Ohno, Hiroyuki Nakajima.

References

1. Uchino S, Bellomo R, Goldsmith D, Bates S, Ronco C. An assessment of the RIFLE criteria for acute
renal failure in hospitalized patients. Crit Care Med. 2006; 34: 1913-1917. https://doi.org/10.1097/01.
CCM.0000224227.70642.4F PMID: 16715038

2. RicciZ, Cruz D, Ronco C. The RIFLE criteria and mortality in acute kidney injury: A systematic review.
Kidney Int. 2008; 73: 538-546. https://doi.org/10.1038/sj.ki.5002743 PMID: 18160961

3. HsuRK, McCulloch CE, Dudley RA, Lo LJ, Hsu CY. Temporal changes in incidence of dialysis-requiring
AKI. J Am Soc Nephrol. 2013; 24: 37—42. https://doi.org/10.1681/ASN.2012080800 PMID: 23222124

4. IshaniA, Xue JL, Himmelfarb J, Eggers PW, Kimmel PL, Molitoris BA, et al. Acute kidney injury
increases risk of ESRD among elderly. J Am Soc Nephrol. 2009; 20: 223-228. https://doi.org/10.1681/
ASN.2007080837 PMID: 19020007

PLOS ONE | https://doi.org/10.1371/journal.pone.0211429 January 31, 2019 14/16


https://doi.org/10.1097/01.CCM.0000224227.70642.4F
https://doi.org/10.1097/01.CCM.0000224227.70642.4F
http://www.ncbi.nlm.nih.gov/pubmed/16715038
https://doi.org/10.1038/sj.ki.5002743
http://www.ncbi.nlm.nih.gov/pubmed/18160961
https://doi.org/10.1681/ASN.2012080800
http://www.ncbi.nlm.nih.gov/pubmed/23222124
https://doi.org/10.1681/ASN.2007080837
https://doi.org/10.1681/ASN.2007080837
http://www.ncbi.nlm.nih.gov/pubmed/19020007
https://doi.org/10.1371/journal.pone.0211429

®PLOS | one

Long-term prognosis in AKI survivors required CRRT

10.

11.

12

13.
14.

15.

16.

17.

18.
19.

20.

21.

22,

23.

24,

25.

26.

Newsome BB, Warnock DG, McClellan WM, Herzog CA, Kiefe CI, Eggers PW, et al. Long-term risk of
mortality and end-stage renal disease among the elderly after small increases in serum creatinine level
during hospitalization for acute myocardial infarction. Arch Intern Med. 2008; 168: 609—616. https://doi.
org/10.1001/archinte.168.6.609 PMID: 18362253

Coca SG, Singanamala S, Parikh CR. Chronic kidney disease after acute kidney injury: a systematic
review and meta-analysis. Kidney Int. 2012; 81: 442—448. https://doi.org/10.1038/ki.2011.379 PMID:
22113526

HuJ, 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—89. https://doi.org/10.1053/j.jvca.2015.06.017 PMID: 26482484

Iwagami M, Yasunaga H, Noiri E, Horiguchi H, Fushimi K, Matsubara, et al. Current state of continuous
renal replacement therapy for acute kidney injury in Japanese intensive care units in 2011: analysis of a
national administrative database. Nephrol Dial Transplant. 2015; 30: 988—995. https://doi.org/10.1093/
ndt/gfv069 PMID: 25795153

Lim CC, Tan CS, Chia CM, Tan AK, Choo JC, Kaushik M, et al. Long-term risk of progressive chronic
kidney disease in patients with severe acute kidney injury requiring dialysis after coronary artery bypass
surgery. Cardiorenal Med. 2015; 5: 157-163. https://doi.org/10.1159/000381068 PMID: 26195967

Stads S, Fortrie G, van Bommel J, Zietse R, Betjes G. Impaired kidney function at hospital discharge
and long-term renal and overall survival in patients who received CRRT. Clin J Am Soc Nephrol. 2013;
8:1284-1291. https://doi.org/10.2215/CJN.06650712 PMID: 23599403

Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of classifying prognostic comorbidity
in longitudinal studies: development and validation. J Chronic Dis. 1987; 40: 373—-383. PMID: 3558716

Matsuo S, Imai E, Horio M, Yasuda Y, Tomita K, Nitta K, et al; Collaborators developing the Japanese
equation for estimated GFR. Revised equations for estimated GFR from serum creatinine in Japan. Am
J Kidney Dis. 2009; 53: 982—992. https://doi.org/10.1053/j.ajkd.2008.12.034 PMID: 19339088

KDIGO Clinical Practice Guideline for Acute Kidney Injury. Kidney Int Suppl. 2012; 2: 1—138.

Sawhney S, Mitchell M, Marks A, Fluck N, Black C. Long-term prognosis after acute kidney injury (AKI):
what is the role of baseline kidney function and recovery? A systematic review. BMJ Open. 2015; 5:
e€006497. https://doi.org/10.1136/bmjopen-2014-006497 PMID: 25564144

Loef BG, Epema AH, Smilde TD, Henning RH, Ebels T, Navis G, et al. Immediate postoperative renal
function deterioration in cardiac surgical patients predicts in-hospital mortality and long-term survival. J
Am Soc Nephrol. 2005; 16: 195-200. https://doi.org/10.1681/ASN.2003100875 PMID: 15563558

Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, et al. Frailty in older adults: evi-
dence for a phenotype. J Gerontol A Biol Sci Med Sci. 2001; 56: M146-M156. PMID: 11253156

Katz S, Ford AB, Moskowitz RW, Jackson BA, Jaffe MW. Studies of iliness in the aged. The index of
adl: a standardized measure of biological and psychosocial function. JAMA. 1963; 185: 914—919.
PMID: 14044222

Mahoney Fl, Barthel DW. Functional evaluation: the Barthel index. Md State Med J. 1965; 14: 61-65.

Harel Z, Bell CM, Dixon SN, McArthur E, James MT, Garg AX, et al. Predictors of progression to chronic
dialysis in survivors of severe acute kidney injury: a competing risk study. BMC Nephrol. 2014; 15: 114.
https://doi.org/10.1186/1471-2369-15-114 PMID: 25012724

Noordzij M, Leffondre K, van Stralen KJ, Zoccali C, Dekker FW, Jager KJ. When do we need competing
risks methods for survival analysis in nephrology? Nephrol Dial Transplant. 2013; 28: 2670-2677.
https://doi.org/10.1093/ndt/gft355 PMID: 23975843

Gooley TA, Leisenring W, Crowley J, Storer BE. Estimation of failure probabilities in the presence of
competing risks: new representations of old estimators. Stat Med. 1999; 18: 695—-706. PMID: 10204198

Dignam JJ, Kocherginsky MN. Choice and interpretation of statistical tests used when competing risks
are present. J Clin Oncol. 2008; 26: 4027—-4034. https://doi.org/10.1200/JC0O.2007.12.9866 PMID:
18711194

Kanda Y. Investigation of the freely available easy-to-use software 'EZR’ for medical statistics. Bone
Marrow Transplant. 2013; 48: 452—458. https://doi.org/10.1038/bmt.2012.244 PMID: 23208313

Goldstein SL, Jaber BL, Faubel S, Chawla LS. AKI transition of care: a potential opportunity to detect
and prevent CKD. Clin J Am Soc Nephrol. 2013; 8: 476—483. https://doi.org/10.2215/CJN.12101112
PMID: 23471414

Wu VC, Huang TM, Lai CF, Shiao CC, Lin YF, Chu TS, et al. Acute-on-chronic kidney injury at hospital
discharge is associated with long-term dialysis and mortality. Kidney Int. 2011; 80: 1222—1230. https:/
doi.org/10.1038/ki.2011.259 PMID: 21832983

Lewington AJ, Cerda J, Mehta RL. Raising awareness of acute kidney injury: a global perspective of a
silent killer. Kidney Int. 2013; 84: 457—-467. https://doi.org/10.1038/ki.2013.153 PMID: 23636171

PLOS ONE | https://doi.org/10.1371/journal.pone.0211429 January 31, 2019 15/16


https://doi.org/10.1001/archinte.168.6.609
https://doi.org/10.1001/archinte.168.6.609
http://www.ncbi.nlm.nih.gov/pubmed/18362253
https://doi.org/10.1038/ki.2011.379
http://www.ncbi.nlm.nih.gov/pubmed/22113526
https://doi.org/10.1053/j.jvca.2015.06.017
http://www.ncbi.nlm.nih.gov/pubmed/26482484
https://doi.org/10.1093/ndt/gfv069
https://doi.org/10.1093/ndt/gfv069
http://www.ncbi.nlm.nih.gov/pubmed/25795153
https://doi.org/10.1159/000381068
http://www.ncbi.nlm.nih.gov/pubmed/26195967
https://doi.org/10.2215/CJN.06650712
http://www.ncbi.nlm.nih.gov/pubmed/23599403
http://www.ncbi.nlm.nih.gov/pubmed/3558716
https://doi.org/10.1053/j.ajkd.2008.12.034
http://www.ncbi.nlm.nih.gov/pubmed/19339088
https://doi.org/10.1136/bmjopen-2014-006497
http://www.ncbi.nlm.nih.gov/pubmed/25564144
https://doi.org/10.1681/ASN.2003100875
http://www.ncbi.nlm.nih.gov/pubmed/15563558
http://www.ncbi.nlm.nih.gov/pubmed/11253156
http://www.ncbi.nlm.nih.gov/pubmed/14044222
https://doi.org/10.1186/1471-2369-15-114
http://www.ncbi.nlm.nih.gov/pubmed/25012724
https://doi.org/10.1093/ndt/gft355
http://www.ncbi.nlm.nih.gov/pubmed/23975843
http://www.ncbi.nlm.nih.gov/pubmed/10204198
https://doi.org/10.1200/JCO.2007.12.9866
http://www.ncbi.nlm.nih.gov/pubmed/18711194
https://doi.org/10.1038/bmt.2012.244
http://www.ncbi.nlm.nih.gov/pubmed/23208313
https://doi.org/10.2215/CJN.12101112
http://www.ncbi.nlm.nih.gov/pubmed/23471414
https://doi.org/10.1038/ki.2011.259
https://doi.org/10.1038/ki.2011.259
http://www.ncbi.nlm.nih.gov/pubmed/21832983
https://doi.org/10.1038/ki.2013.153
http://www.ncbi.nlm.nih.gov/pubmed/23636171
https://doi.org/10.1371/journal.pone.0211429

®PLOS | one

Long-term prognosis in AKI survivors required CRRT

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Harel Z, Wald R, Bargman JM, Mamdani M, Etchells E, Garg AX, et al. Nephrologist follow-up improves
all-cause mortality of severe acute kidney injury survivors. Kidney Int. 2013; 83: 901-908. https://doi.
org/10.1038/ki.2012.451 PMID: 23325077

Lombardi R, Ferreiro A. Risk factors profile for acute kidney injury after cardiac surgery is different
according to the level of baseline renal function. Ren Fail. 2008; 30: 155—160. https://doi.org/10.1080/
08860220701808129 PMID: 18300114

Chawla LS, Kimmel PL. Acute kidney injury and chronic kidney disease: an integrated clinical syn-
drome. Kidney Int. 2012; 82: 516-524. https://doi.org/10.1038/ki.2012.208 PMID: 22673882

Kim DH, Kim CA, Placide S, Lipsitz LA, Marcantonio ER. Preoperative frailty assessment and outcomes
at 6 months or later in older adults undergoing cardiac surgical procedures: A systematic review. Ann
Intern Med. 2016; 165: 650—-660. https://doi.org/10.7326/M16-0652 PMID: 27548070

de Arenaza DP, Pepper J, Lees B, Rubinstein F, Nugara F, Roughton M, et al. Preoperative 6-minute
walk test adds prognostic information to Euroscore in patients undergoing aortic valve replacement.
Heart. 2010; 96: 113—117. https://doi.org/10.1136/hrt.2008.161174 PMID: 19561363

Gardner SC, Grunwald GK, Rumsfeld JS, Mackenzie T, Gao D, Perlin JB, et al. Risk factors for interme-
diate-term survival after coronary artery bypass grafting. Ann Thorac Surg. 2001; 72: 2033-2037.
PMID: 11789789

Puls M, Sobisiak B, Bleckmann A, Jacobshagen C, Danner BC, Hunlich M, et al. Impact of frailty on
short- and long-term morbidity and mortality after transcatheter aortic valve implantation: risk assess-
ment by Katz Index of activities of daily living. Euro Intervention 2014; 10: 609-619. https://doi.org/10.
4244/E1JY14M08_03 PMID: 25136880

Rahmanian PB, Adams DH, Castillo JG, Chickwe J, Bodian CA, Filsoufi F. Impact of body mass index
on early outcome and late survival in patients undergoing coronary artery bypass grafting or valve sur-
gery or both. Am J Cardiol. 2007; 100: 1702—1708. https://doi.org/10.1016/j.amjcard.2007.07.017
PMID: 18036372

Siew ED, Peterson JF, Eden SK, Hung AM, Speroff T, Ikizler TA, et al. Outpatient nephrology referral
rates after acute kidney injury. J Am Soc Nephrol. 2012; 23: 305-312. https://doi.org/10.1681/ASN.
2011030315 PMID: 22158435

Silver SA, Harel Z, Harvey A, Adhikari NK, Slack A, Acedillo R, et al. Improving Care after Acute Kidney
Injury: A Prospective Time Series Study. Nephron. 2015; 131: 43-50. https://doi.org/10.1159/
000438871 PMID: 26329832

Ferreiro A, Lombardi R. Acute kidney injury after cardiac surgery is associated with mid-term but not
long-term mortality: A cohort-based study. PLoS One. 2017; 12: e0181158. https://doi.org/10.1371/
journal.pone.0181158 PMID: 28700753

PLOS ONE | https://doi.org/10.1371/journal.pone.0211429 January 31, 2019 16/16


https://doi.org/10.1038/ki.2012.451
https://doi.org/10.1038/ki.2012.451
http://www.ncbi.nlm.nih.gov/pubmed/23325077
https://doi.org/10.1080/08860220701808129
https://doi.org/10.1080/08860220701808129
http://www.ncbi.nlm.nih.gov/pubmed/18300114
https://doi.org/10.1038/ki.2012.208
http://www.ncbi.nlm.nih.gov/pubmed/22673882
https://doi.org/10.7326/M16-0652
http://www.ncbi.nlm.nih.gov/pubmed/27548070
https://doi.org/10.1136/hrt.2008.161174
http://www.ncbi.nlm.nih.gov/pubmed/19561363
http://www.ncbi.nlm.nih.gov/pubmed/11789789
https://doi.org/10.4244/EIJY14M08_03
https://doi.org/10.4244/EIJY14M08_03
http://www.ncbi.nlm.nih.gov/pubmed/25136880
https://doi.org/10.1016/j.amjcard.2007.07.017
http://www.ncbi.nlm.nih.gov/pubmed/18036372
https://doi.org/10.1681/ASN.2011030315
https://doi.org/10.1681/ASN.2011030315
http://www.ncbi.nlm.nih.gov/pubmed/22158435
https://doi.org/10.1159/000438871
https://doi.org/10.1159/000438871
http://www.ncbi.nlm.nih.gov/pubmed/26329832
https://doi.org/10.1371/journal.pone.0181158
https://doi.org/10.1371/journal.pone.0181158
http://www.ncbi.nlm.nih.gov/pubmed/28700753
https://doi.org/10.1371/journal.pone.0211429

