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Abstract

Background

Current information about acute kidney injury (AKI) epidemiology in developing nations
derives mainly from isolated centers, with few quality multicentric epidemiological studies.
Our objective was to describe a large cohort of patients with dialysis-requiring AKI derived
from ordinary clinical practice within a large metropolitan area of an emerging country,
assessing the impact of age and several clinical predictors on patient survival across the
spectrum of human life.

Methods

We analyzed registries drawn from 170 hospitals and medical facilities in Rio de Janeiro,
Brazil, in an eleven-year period (2002—2012). The study cohort was comprised of 17,158
pediatric and adult patients. Data were analyzed through hierarchical logistic regression
models and mixed-effects Cox regression for survival comparison across age strata.

Results

Severe AKI was mainly hospital-acquired (72.6%), occurred predominantly in the intensive
care unit (ICU) (84.9%), and was associated with multiple organ failure (median SOFA
score, 11; 1QR, 6-13). The median age was 75 years (IQR, 59-83; range, 0—106 years).
Community-acquired pneumonia was the most frequent admission diagnosis (23.8%), and
sepsis was the overwhelming precipitating cause (72.1%). Mortality was 71.6% and was
higher at the age extremes. Poor outcomes were driven by age, mechanical ventilation,
vasopressor support, liver dysfunction, type 1 cardiorenal syndrome, the number of failing
organs, sepsis at admission, later sepsis, the Charlson score, and ICU admission. Commu-
nity-acquired AKI, male gender, and pre-existing chronic kidney disease were associated
with better outcomes.

Conclusions

Our study adds robust information about the real-world epidemiology of dialysis-requiring
AKI with considerable clinical detail. AKI is a heterogeneous syndrome with variable clinical
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presentations and outcomes, including differences in the age of presentation, comorbidities,
frailty state, precipitation causes, and associated diseases. In the cohort studied, AKI char-
acteristics bore more similarities to upper-income countries as opposed to the pattern tradi-
tionally associated with resource-limited economies.

Introduction

Acute kidney injury (AKI) is a persistent health challenge associated with significant short-
and long-term adverse consequences [1-3]. Once classified in relatively few categories, it is
now clear that AKI is a syndrome that comes in many guises with varying risk factors, causes,
clinical features, severity, and prognoses [4]. Although there is a fair amount of large-scale
information on the epidemiology and features of AKI, the large administrative databases that
enable the study of AKI at the population level are generally not collected for clinical research.
This may limit the depth and breadth of the data content and, consequently, the ability to mir-
ror real-world clinical practice [5, 6].

Significant knowledge gaps remain concerning the geographical variation of AKI and its
differing outcomes [7]. Current information regarding AKI epidemiology in developing
nations derives mainly from isolated centers with few quality, multicentric, epidemiological
studies available. The International Society of Nephrology launched the Oby25 initiative almost
a decade ago to eliminate or at least reduce avoidable AKI-related deaths worldwide by 2025
[1]. A stated purpose behind that endeavor was to generate more comprehensive information
regarding the worldwide epidemiology of AKL

This study reports on a large and detailed cohort of dialysis-requiring AKI sequentially
drawn from ordinary clinical practice in hospitals and other health facilities within a large met-
ropolitan area of an upper-middle-income economy. We aimed to gain insight into the clinical
heterogeneity of urban AKI and assess the impact of age across the spectrum of human life,
predisposing factors, comorbidities, frailty, precipitation causes, associated diseases, and con-
current organ failure on patient survival.

Material and methods

The study protocol was approved by Pedro Ernesto University Hospital’s Institutional Review
Board, which waived the need for informed consent based on the observational and non-inter-
ventional nature of the study. This manuscript adheres to the STROBE guidelines for cohort
studies.

Study design and settings

This was an 11-year (2002-2012) prospective, multicenter cohort study on the clinical charac-
teristics and outcomes of AKI in the metropolitan area of Rio de Janeiro. It involved 170 hospi-
tals and medical facilities of both private and public governance. Dialysis modalities included
continuous automated peritoneal dialysis (PD) and hemodialysis with standard machinery in
the following methods: conventional intermittent dialysis, prolonged intermittent renal
replacement therapy (PIRRT), or PIRRT in continuous mode (C-PIRRT, meaning continuous
hemodialysis provided with standard dialysis equipment and PIRRT set-up parameters) [8].
After nephrology referral and renal replacement therapy (RRT) indication, data was entered
by attending nephrologists in the clinical module of NefroWeb, a customized Microsoft SQL
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server database (for further details of the NefroWeb database, medical institutions, and techni-
cal aspects of RRT, refer to, Sections 1.1 and 1.2 in S1 File).

Participants, inclusion and exclusion criteria, and study size

All adult or pediatric patients admitted to one of the 170 hospitals and medical facilities that
required dialysis during hospitalization were eligible for inclusion in this cohort. Out of the
25,624 patients who were dialyzed, we excluded 7,289 patients diagnosed with end-stage kid-
ney disease (either on previous chronic outpatient RRT or chronic kidney disease (CKD)
patients commencing dialysis treatment at the time of hospital admission). After individual
record review, we excluded an additional 1,177 patients with incomplete data. The final study
cohort was comprised of 17,158 patients (Fig 1).

Data collection and initial variables

We recorded the following demographic and clinical variables: age, sex, self-declared race,
ICD-10 codes for the clinical diagnosis upon admission and the renal syndrome, comorbidi-
ties, precipitating causes of AKI, indications for RRT, and hospital governance (public or pri-
vate). Detailed medical history and laboratory studies at enrollment identified underlying
non-dialytic CKD. Therefore, patients were considered to have de novo acute kidney injury or
acute-on-chronic kidney injury (ACKD) [9] (for further details of data collection and categori-
zations, refer to, Section 1.3 in S1 File). Variables regarding RRT prescription were also logged.
Outcomes were in-hospital mortality and renal recovery status at discharge (dialysis depen-
dence, partial or complete recovery). Recovery was defined as complete when serum creatinine

Starting study population:
25 624 patients on dialysis during a
hospital admission from 2002 to 2012

Indication for dialysis:
Patients with ESRD (n=7 829)

A\ 4

Provisional cohort:
18 335 patients with a
diagnosis of AKI

Individual record review:

Report absent or incomplete (n=823)
Patient with ESRD (n=277)

Duplicate record (n=55)

Other extracorporeal therapy (n=22)

v

\ 4

Final study cohort:
17 158 patients with AKI

Fig 1. Study flowchart.
https://doi.org/10.1371/journal.pone.0267712.9001
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returned to the same level as or a lower level than the enrollment value or partial when serum
creatinine was lower than the peak but higher than the enrollment value [10].

Database entries and review

After the first 3,506 patients, we performed an interim analysis to assess consistency and ascer-
tain the need for adjustments in the data collection instrument. We noticed that many entries
were amenable to subcategorization, enabling refinement in identifying the major diseases and
risk factors associated with AKI development. We adjusted these entries retrospectively in the
existing records, and from that date on, we expanded the database to prospectively record 80
non-mutually exclusive diagnostic groups, 17 comorbid conditions, 11 precipitation factors,
six associated failing organs or systems, and six indications for the initiation of RRT (Section
1.3 in S1 File).

To further explore potential differences in age-associated clinical variables and outcomes,
we stratified patient data into 13 age groups (0-2 months, two months to 1 year, 1-9 years, 10-
19 years, and every subsequent decade until >100 years of age). Records were reviewed for
implausible value, event ascertainment, adjudication, and data cleaning by a pediatric nephrol-
ogist (TLCY) and two adult nephrologists (CLRG, JHRS).

Other inputs and definitions

We defined associated organ failure categorically by a simple organ failure count (SOFC) [11]
and sequential organ failure assessment (SOFA) scoring (Section 1.3 in S1 File). The diagnosis
of sepsis was based on the 2001 consensus definition [12], as ascertained by the attending phy-
sician. We defined community-acquired AKI as a dialysis requirement within the first 48
hours of hospital admission and confirmed it by record review. We considered later cases as
hospital-acquired. Cardiorenal syndrome (CRS) type I was defined as an acute cardiac injury
episode leading to AKI, and CRS type II was defined as an existing chronic abnormality in car-
diac function that was followed by worsening kidney function [13]. The Charlson comorbidity
score (CCS) and Elixhauser comorbidity score (ECS) were derived from the extensive list of
comorbidities and clinical diagnoses available in the database and calculated using an R comor-
bidity package [14].

Statistical analysis

Analyses were performed with the R statistical environment. Significance was set at p < 0.05.
Categorical variables were summarized as the number and the percentage of observations and
were compared with the chi-square test. Continuous variables were summarized as the mean
and standard variation or median and interquartile range (IQR). They were compared with
the Student ¢-test and the Mann-Whitney U test, as appropriate. We evaluated variables for
their influence on the dichotomous outcome of survival or death during hospital admission.
We adjusted p-values for multiple comparisons by the BH method (false discovery rate). We
performed bivariate two-level hierarchical logistic regression to analyze factors associated with
in-hospital mortality (the individual hospitals were the random effect variable), and we consid-
ered only variables with p < 0.10 for the multivariate regression analyses. After verification of
collinearity (we excluded variables with an inflation variation factor > 5), variables selected for
inclusion as fixed-effects in the two-level hierarchical multivariate logistic regression model
were those with biological or plausible rationale according to current knowledge and included
the following: demographic variables (age, sex, race), precipitating causes (sepsis at admission,
later sepsis, liver dysfunction, CRS type I, hypovolemia, nephrotoxicity), settings (hospital gov-
ernance, community vs. hospital-acquired AKI, medical admission, intensive care unit (ICU)
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admission), indication for dialysis (oliguria, hypervolemia, acidemia), comorbidities (pre-
existing CKD, CCS, and ECS scores), and severity of presentation (mechanical ventilation,
vasopressors, number of failing organs). We considered individual hospitals as the random
effect variable. We selected the final model using a criterion-based approach by minimizing
the Akaike information criterion and calculating the area under the receiver operating charac-
teristic curve. Effect estimates are presented as odds ratio (OR) and 95% confidence interval
(CI). To access the model’s calibration, we conducted the Hosmer-Lemeshow goodness of fit
test on a non-hierarchical logistic regression model in which we included all the above covari-
ates, including individual hospitals, as an additional fixed-effect. In addition to considering
individual hospitals as random effects in the multilevel model and acknowledging the hetero-
genicity of medical institutions involved (i.e., the predominance of medium and small private
medical facilities), we conducted an additional sensitivity analysis after stratifying patients
according to hospital size (small, < 50 beds; medium, 51-150 beds; large, > 151 beds). Finally,
considering the wide range of age distributions, from newborns to centenarians, we analyzed
age-stratified hospital survival curves by the Kaplan-Meier method with the log-rank test. We
also analyzed age-stratified survival by a mixed-effects Cox regression model adjusted for sex,
race, AKI characteristics, and the CCS, considering individual hospitals as a random effect.
We analyzed the Schoenfeld residuals to verify the model’s assumptions.

Results
Demographic characteristics and comorbidities (Table 1)

The median age was 75 years (IQR, 59-83; range, 0-106 years), 84.3% of the cohort was white,
and 54.2% were males. The pediatric population (< 18 years) comprised only 3.8% of the
cohort (Section 2, eTable 2a-2c in S1 File). Age distribution was stable across the study period
(eFig laand 1b in S2 File). Arterial hypertension (43.6%), heart disease (32.4%), CKD (31.7%),
diabetes mellitus (20.6%), and neoplastic disease (14.22%) were the most frequent
comorbidities.

Hospital admission, associated diagnosis, and severity of presentation
(Table 2)

Most of the AKI cases were admitted to medical services (75.1%) and initiated dialysis in an
ICU (84.9%). Community-acquired pneumonia was the principal medical diagnosis (23.8%)
followed by hospital-acquired pneumonia (15.9%), ischemic heart disease (9.0%), and heart
failure (8.1%). Emergency abdominal surgery (4.4%), cardiac surgery (4.4%), and surgery of
the spine-pelvis-hip-knee axis were the primary surgical diagnoses (eFig 2 in S2 File). Table 2
also shows the association of the main AKI-associated conditions with the odds of mortality.
The cohort had a high disease severity: 74.8% of the patients were on mechanical ventilation,
70.7% were on vasopressor support, and the median SOFA score was 11 (IQR, 6-13). Isolated
AKT occurred in 17.9% of the patients. Across all the 13 different age strata, AKI was predomi-
nantly associated with at least two concurrent failing organs, particularly in children aged
under one year and in adults over 70 years of age (eFig 3 in S2 File).

AKI characteristics, precipitating causes, and RRT aspects (Table 3)

AKI was more frequently de novo (68.3%) and hospital-acquired (72.6%). Baseline CKD was
more frequent in community-acquired AKI than in hospital-acquired AKI (42.3% vs. 27.7%,
respectively). Sepsis was the most common precipitating cause both upon admission (45.3%)
or further along the hospital course (26.8%) (Fig 2A). We observed significantly higher odds
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Table 1. Description of patient demography and other clinical aspects at hospital admission.

All (n=17158) Survivors (n = 4870) Non-survivors (n = 12288) OR (95% CI) p value®
Age 75 (59-83) 67 (52-78) 77 (64-85) 1.02 (1.01-1.02) p < 0.001
Gender
Male 9302 (54.2%) 2862 (58.8%) 6440 (52.4%) Ref.
Female 7856 (45.8%) 2008 (41.2%) 5848 (47.6%) 1.29 (1.21-1.38) p < 0.001
Ethnicity
White 14218 (82.9%) 3864 (79.6%) 10314 (84.2%) Ref.
Afro-Brazilian 2877 (16.8%) 978 (20.1%) 1891 (15.4%) 0.82 (0.71-0.94) p <0.01
Asian 62 (0.4%) 14 (0.3%) 48 (0.4%) ns ns
Indigenous 1 (0.00%) 0 (0.00%) 1(0.00%) ns ns
Hospital governance
Private 16020 (93.4%) 4418 (90.7%) 11602 (94.4%) 1.73 (1.52-1.95) p < 0.001
Public 1138 (6.6%) 452 (9.3%) 686 (5.6%) Ref.
Comorbidities
Arterial hypertension 7475 (43.6%) 2203 (45.2%) 5272 (42.9%) 0.90 (0.85-0.97) p < 0.05
Heart disease 5555 (32.4%) 1561 (32.1%) 3994 (32.5%) 1.02 (0.95-1.09) p=0.739
Chronic kidney disease 5440 (31.7%) 1961 (40.3%) 3478 (28.3%) 0.58 (0.54-0.62) p < 0.001
Diabetes mellitus 3539 (20.6%) 1115 (22.9%) 2424 (19.7%) 0.82 (0.76-0.89) p < 0.001
Neoplastic disease 2437 (14.2%) 727 (14.9%) 1710 (13.9%) 0.92 (0.83-1.01) p =0.105
Peripheral arterial disease 1888 (11.0%) 519 (10.7%) 1369 (11.1%) 1.05 (0.94-1.17) p = 0.425
Neurologic disease 1722 (10.0%) 334 (6.9%) 1388 (11.3%) 1.72 (1.52-1.96) p < 0.001
Lung disease 1396 (8.1%) 237 (4.9%) 1159 (9.4%) 2.03 (1.76-2.35) p < 0.001
Immobilization 724 (4.2%) 132 (2.7%) 592 (4.8%) 1.81 (1.50-2.20) p < 0.001
Liver disease 671 (3.9%) 91 (1.9%) 580 (4.7%) 2.60 (2.09-3.27) p < 0.001
Obesity 634 (3.7%) 204 (4.1%) 430 (3.5%) 0.82 (0.70-0.98) p < 0.065
Immunodeficiency 513 (3.0%) 146 (3.0%) 367 (3.0%) 0.99 (0.82-1.21) p =0.969
CCS (mean + SD) 2.02 +0.87 1.94 + 0.88 2.05+0.85 1.15(1.11-1.20) p < 0.001
ESC (meant SD) 3.00 £ 1.46 2.89 +1.47 3.04+1.42 1.07 (1.04-1.09) p < 0.001

Data presented as median (IQR) or frequency; OR: odds ratio (univariate logistic regression); CCS: Charlson comorbidity score; ESC: Elixhauser comorbidity score;

ICU: Intensive care unit; ns: non-significant.

* p values adjusted for multiple comparisons by the FDR method.

https://doi.org/10.1371/journal.pone.0267712.t001

for mortality in patients with sepsis on admission and those that developed sepsis at a later
stage (OR, 1.81; 95% CI, 1.69-1.94; and OR, 2.05; 95% CI, 1.84-2.18; respectively). Among the
precipitating causes of AKI, liver dysfunction carried the highest risk for mortality (OR, 4.09;
95% CI, 2.84-6.13) (Fig 2B). Rates of sepsis and other precipitating causes of AKI were rela-
tively stable across the 11-year period (eFig 4 in S2 File).

The leading causes for initiating RRT were azotemia (84.1%), oliguria (75.8%), and acidosis
(73.8%). The most prevalent initial treatment modality was PIRRT (45.3%). The median length
of hospital stay before RRT initiation was seven days (IQR, 2-16).

Overall mortality predictors

Crude hospital mortality was 71.6% and remained relatively stable throughout the study period
(eFig 5 in S2 File). The number of cases within each age stratum and their adjusted hazard
ratio for mortality are depicted in Fig 3. Using the 10-19-year age group as a reference, mortal-
ity was significantly higher at both extremes of age, following a U-shaped pattern (Fig 3).
Kaplan-Meier curves related to the same age strata are shown in Fig 4.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267712 May 5, 2022

6/17


https://doi.org/10.1371/journal.pone.0267712.t001
https://doi.org/10.1371/journal.pone.0267712

PLOS ONE

Dialysis-requiring acute kidney injury

Table 2. Hospital admission, associated diagnosis, and severity of presentation at the day of RRT initiation.

All Survivors Non-survivors OR p value *
(n=17158) (n =4870) (n=12288) (95% CI)
Clinical setting (%)
Medical 12892 (75.1%) 3403 (69.9%) 9489 (77.2%) Ref.
Surgical 3186 (20.7%) 906 (20.7%) 2280 (20.7%) 1.00 (0.90-1.11) p =0.958
Obstetric 117 (0.7%) 79 (1.6%) 38 (0.3%) 0.19 (0.12-0.28) p < 0.001
Urological 618 (3.5%) 402 (8.3%) 216 (1.8%) 0.21 (0.17-0.25) p < 0.001
ICU admission 14710 (84.9%) 3729 (75.5%) 10981 (88.6%) 2.51 (2.30-2.73) p < 0.001
Main medical diagnoses b
Community-acquired pneumonia 4081 (23.8%) 702 (14.4%) 3379 (27.5%) 2.25 (2.06-2.46) p < 0.001
Hospital-acquired pneumonia 2722 (15.9%) 443 (9.1%) 2279 (18.6%) 2.27 (2.04-2.53) p < 0.001
Ischemic heart disease 1550 (9.0%) 459 (9.4%) 1091 (8.9%) 0.93 (0.83-1.05) p=0.277
Acute decompensated heart failure 1387 (8.1%) 451 (9.3%) 936 (7.6%) 0.80 (0.71-0.90) p < 0.001
Abdominal sepsis 1329 (7.7%) 304 (6.2%) 1025 (8.3%) 1.36 (1.19-1.56) p < 0.001
Urinary tract infection 1302 (7.6%) 405 (8.3%) 897 (7.3%) 0.86 (0.76-0.98) p <0.06
Drug-induced nephrotoxicity 1208 (7.0%) 474 (9.7%) 734 (6.0%) 0.58 (0.52-0.66) p < 0.001
Sepsis unknown/unspecified origin 1199 (7.0%) 231 (4.7%) 968 (7.9%) 1.71 (1.48-1.99) p < 0.001
Cerebrovascular accident 1065 (6.2%) 216 (4.4%) 849 (6.9%) 1.59 (1.37-1.86) p < 0.001
Skin and soft tissue sepsis 738 (4.3%) 222 (4.6%) 516 (4.2%) 0.91 (0.78-1.07) p =0.305
Main surgical diagnoses b
Abdominal emergency 758 (4.4%) 183 (3.8%) 575 (4.7%) 1.25 (1.06-1.49) p <0.05
Cardiac surgery 752 (4.4%) 257 (5.3%) 495 (4.0%) 0.75 (0.64-0.88) p < 0.001
Spine-pelvis-hip-knee surgery 491 (2.9%) 105 (2.2%) 368 (3.1%) 1.47 (1.18-1.83) p < 0.001
Elective surgery 269 (1.6%) 101 (2.1%) 168 (1.4%) 0.65 (0.51-0.84) p < 0.001
Major trauma (except head) 254 (1.5%) 81 (1.7%) 173 (1.4%) 0.84 (0.64-1.10) p=0.261
Vascular surgery 246 (1.4%) 81 (1.6%) 165 (1.4%) 0.80 (0.61-1.05) p=0.127
Head trauma 208 (1.2%) 44 (0.9%) 164 (1.3%) 1.48 (1.07-2.09) p < 0.06
Neurosurgery (non-trauma) 158 (0.9%) 32 (0.6%) 126 (1.0%) 1.56 (1.07-1.34) p <0.06
Organ failure
Mechanical ventilation 12829 (74.8%) 2388 (49.0%) 10441 (85.0%) 5.87 (5.45-6.33) p < 0.001
Vasopressor support 12122 (70.7%) 2178 (44.7%) 9944 (80.9%) 5.24 (4.87-5.60) p < 0.001
Neurological 5913 (34.5%) 1043 (21.4%) 4870 (39.6%) 2.40 (2.23-2.60) p < 0.001
Coagulation 1761 (10.3%) 311 (6.4%) 1450 (11.8%) 1.96 (1.72-2.23) p < 0.001
Liver 1165 (6.8%) 195 (4,0%) 970 (7.9%) 2.05 (1.75-2.410 p < 0.001
Gastrointestinal 860 (5.0%) 175 (3.6%) 685 (5.6%) 1.58 (1.34-1.88) p < 0.001
No additional failure 3066 (17.9%) 1993 (40.9%) 1073 (8.7%) Ref.
1 additional failure 1723 (10.0%) 699 (14.4%) 1024 (8.3%) 2.72(2.41-3.07) p < 0.001
2 additional failures 5787 (33.7%) 1154 (23.7%) 4633 (37.7%) 7.45 (6.76-8.23) p < 0.001
> 3 additional failures 6582 (38.4%) 1024 (21.0%) 6582 (45.3%) 10.08 (9.12-11.14) p < 0.001
SOFA score 11 (6-13) 7 (4-12) 12 (8-15) 1.14 (1.13-1.15) p < 0.001

Data presented as median (IQR) or frequency; RRT: renal replacement therapy; OR: odds ratio (univariate logistic regression); CRS: cardiorenal syndrome; SOFA:

sequential organ failure assessment.

? p values adjusted for multiple comparisons by the FDR method.

b Most frequent diagnoses out of 80 primary non-exclusively diagnostic categories.

© The SOFA score was available for 9280 patients.

https:/doi.org/10.1371/journal.pone.0267712.t002
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Table 3. AKI and RRT aspects at the day of dialysis initiation.

All Survivors Non-survivors OR p value?®
(n=17158) (n = 4870) (n =12288) (95% CI)

AKI category

ACKD 5440 (31.7%) 1961 (40.3%) 3478 (28.3%) Ref.

De novo AKI 1178 (68.3%) 2909 (59.7%) 8809 (71.7%) 1.70 (1.59-1.82) p < 0.001
Setting

Hospital-acquired AKI 12460 (72.6%) 2721 (55.9%) 9739 (79.3%) Ref.

Community-acquired AKI 2698 (27.4%) 2149 (44.1%) 2549 (20.7%) 0.33 (0.30-0.35) p < 0.001
Precipitating causes of AKI

Sepsis on admission 7767 (45.3%) 1703 (35.0%) 6064 (49.4%) 1.81 (1.69-1.94) p < 0.001

Hypovolemia 4880 (28.4%) 1373 (28.2%) 3507 (28.5%) 1.01 (0.94-1.09) p =0.650

Sepsis after admission 4598 (26.8%) 869 (17.8%) 3729 (30.4%) 2.05 (1.84-2.18) p < 0.001

CRS type 1 2245 (13.1%) 504 (10.3%) 1741 (14.2%) 1.42 (1.29-1.58) p < 0.001

Major surgery 2207 (12.9%) 614 (12.6%) 1593 (13.0%) 1.02 (0.93-1.14) p = 0.546

Nephrotoxicity 1652 (9.6%) 628 (12.9%) 1024 (8.3%) 0.61 (0.55-0.68) p < 0.001

Urinary tract obstruction 833 (4.9%) 522 (10.7%) 311 (2.5%) 0.21 (0.18-0.24) p < 0.001

CRS type 2 727 (4.2%) 332 (6.8%) 395 (3.2%) 0.45 (0.39-0.52) p < 0.001

Liver dysfunction 334 (2.0%) 32 (0.2%) 302 (1.8%) 4.09 (2.84-6.13) p < 0.001

Glomerular disease 164 (1.0%) 120 (2.5%) 44 (0.4%) 0.14 (0.09-0.19) p < 0.001

Obstetric complication 111 (0.7%) 75 (1.6%) 36 (0.3%) 0.12 (0.05-0.25) p < 0.001

Other 194 (1.1%) 60 (1.2%) 134 (1.1%) 0.88 (0.65-1.20) p =0.456

1 factor 10381 (60.5%) 3164 (65.0%) 7217 (58.7%) Ref.

2 factors 5654 (33.0%) 1448 (29.7%) 4206 (34.2%) 1.27 (1.18-1.36) p < 0.001

> 3 factors 1123 (6.6%) 258 (5.3%) 865 (7.0%) 1.46 (1.27-1.7) p <0.01
Renal SOFA ®

Renal SOFA (mean + SD) 3.35+0.87 3.43+0.83 3.28 £ 0.89 0.86 (0.82-0.91) p <0.01

Renal SOFA > 2 (points) 79.1% 82.5% 77.9% 0.74 (0.66-0.83) p <001
Criteria for commencing RRT

Azotemia 14428 (84.1%) 4212 (86.5%) 10216 (83.1%) 0.77 (0.70-0.84) p < 0.001

Oliguria 13007 (75.8%) 3142 (64.5%) 9865 (80.3%) 2.23(2.08-2.41) p < 0.001

Acidemia 12616 (73.5%) 3137 (64.4%) 9479 (77.1%) 1.86 (1.73-2.00) p < 0.001

Fluid overload 6532 (38.1%) 1606 (33.0%) 4926 (40.1%) 1.36 (1.26-1.45) p < 0.001

Hyperkaliemia 3552 (20.7%) 1111 (22.8%) 2441 (19.9%) 0.83 (0.77-0.90) p < 0.001

Intoxication 15 (0.1%) 6(0.1%) 9 (0.1%) 0.59 (0.21-1.77) p =0.356

Other 350 (2.0%) 123 (2.5%) 227 (1.9%) 0.72 (0.58-0.90) p <0.05

1 criterion 10381 (60.5%) 3164 (65%) 7217 (58,7%) Ref.

2 criteria 5654 (33%) 1448 (29.7%) 4206 (34.2%) 1.27 (1.18-1.36) p < 0.001

> 3 criteria 1123 (6.5%) 258 (5.3%) 865 (7%) 1.47 (1.27-1.70) p < 0.001
Initial RRT modality

PIRRT 7993 (46.6%) 1567 (32.3%) 6426 (52.3%) 3.76 (3.49-4.07) p < 0.001

IHD 5383 (31.4%) 2578 (52.9%) 2805 (22.4%) Ref.

C-PIRRT 3400 (19.8%) 586 (12.0%) 2814 (22.9%) 4.41 (3.98-4.89) p < 0.001

PD 360 (2.1%) 130 (2.7%) 230 (1.9%) 1.62 (1.30-2.03) p < 0.001
Other RRT data

Hospital days before RRT 7 (2-16) 4 (2-10) 8(3-18) 1.01 (1.01-1.02) p < 0.001

(Continued)
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Table 3. (Continued)

All Survivors Non-survivors OR p value?®
(n=17158) (n = 4870) (n = 12288) (95% CI)
RRT sessions 7 (3-15) 9(3-14) 6(3-14) 0.99 (0.99-0.994) p < 0.001

Data presented as median (IQR) or frequency; AKI: acute kidney injury; RRT: renal replacement therapy; ACKD: acute on chronic kidney disease; CKD: chronic kidney
disease; CRS: cardiorenal syndrome; SOFA: sequential organ failure assessment; PIRRT: prolonged intermittent renal replacement therapy; IHD: intermittent
hemodialysis; C-PIRRT: PIRRT, continuous mode; PD: peritoneal dialysis.

# p values adjusted for multiple comparisons by the FDR method.

® The SOFA score was available for 9280 patients.

¢ The Initial RRT modality information was available for 17136 patients.

https:/doi.org/10.1371/journal.pone.0267712.t003

Several clinical variables that were significantly associated with mortality were identified by
univariate analysis. The burden of underlying comorbidities, as summarized by the CCS (OR,
1.15;95% CI, 1.11-1.20) and ECS (OR, 1.07; 95% CI, 1.04-1.09), was associated with worse
survival. The median SOFA score was significantly higher in non-survivors (12; IQR, 8-15)
than in survivors (7; IQR, 4-12). There was also an association between the number of associ-
ated failing organs and mortality. Patients with > three failing organs had a much higher risk
of mortality (OR, 10.08; 95% CI, 9.12-11.14), and 82.9% of non-survivors had at least two fail-
ing organs compared to 44.7% of survivors (eFigs 6 and 7 in S2 File). Patients with ACKD had
lower mortality risks than those with de novo AKI (OR, 0.58; 95% CI, 0.54-0.62). Lower risk of
mortality was also observed in patients with community-acquired AKI (OR, 0.33; 95% CI,
0.30-0.35).

Among the indications of RRT, oliguria was associated with the worst survival (OR, 2.23;
95% CI, 2.08-2.41) followed by acidosis (OR, 1.86; 95% CI, 1.73-2.00) and fluid overload (OR,
1.36; 1.26-1.45). Non-survivors had a longer length of hospital stay before RRT initiation
(eight vs. four days; OR, 1.01; 95% CI, 1.01-1.02) and were more often initially treated with
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Fig 2. a) Precipitating causes of AKI and b) Crude mortality rates. Causes are not mutually exclusive. CRS:
cardiorenal syndrome.

https://doi.org/10.1371/journal.pone.0267712.g002
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Fig 3. Age distribution in decades of life, number of patients according to 13 age strata, and hazard ratio for
mortality based on a mixed-effects Cox proportional hazard model, stratified by decades of life and taking 10-19
years as reference. The model was adjusted for sex, AKI features (community x hospital-acquired, de novo x acute-on-
chronic kidney disease, septic x non-septic AKI, oliguric x non-oliguric AKI), severity of presentation (number of
failing organ), and comorbidities (Charlson comorbidity score). Individual hospitals variable was considered as a
random-effect variable. Results are presented as a hazard ratio (HR) and 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0267712.9003

slow-extended modalities, such as PIRRT and C-PIRRT (73.8% vs. 38.9%, respectively; OR,
3.23;95% CI, 2.22-4.64).

Multivariate logistic model on mortality (Table 4)

Sixteen variables were retained in the multivariate analysis (Table 4). Those that were found to
be associated with higher odds for mortality included: age, CCS, sepsis at admission, later sep-
sis, liver dysfunction, CRS type I, admission with a clinical diagnosis, ICU admission, the num-
ber of non-renal failing organs, vasopressor use, and mechanical ventilation. Oliguria was the
only renal-related variable that was associated with a worse outcome. Male gender, commu-
nity-acquired AKI, and ACKD were associated with better odds for survival. Hospital

Survival Curves By Kaplan-Meier Method
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Fig 4. Survival curves according to Kaplan-Meier estimates, stratified by 13 age groups (log-rank test, p < 0.001).
https://doi.org/10.1371/journal.pone.0267712.9004
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Table 4. Two-level multivariate logistic regression on mortality.

OR (95% CI) p value

Age (per year) 1.02 (1.01 to 1.02) p < 0.001
Male gender 0.87 (0.80 to 0.94) p < 0.001
Sepsis on admission 1.55 (1.39t0 1.73) p <0.01

Later sepsis 1.44 (1.27 to 1.63) p < 0.001
Liver dysfunction 4.37 (2.86 to 6.68) p < 0.001
CRS type I 1.22 (1.06 to 1.41) p < 0.01

Public hospital 1.14 (0.87 to 1.49) p=0.336
Community-acquired AKI 0.61 (0.55 to 0.68) p < 0.001
ICU admission 1.48 (1.31 to 1.67) p < 0.001
Clinical admission 1.36 (1.23 to 1.67) p < 0.001
Oliguria 1.48 (1.35t0 1.63) p < 0.001
ACKD 0.88 (0.81 t0 0.97) p < 0.05

Charlson score (per point) 1.08 (1.01 to 1.16) p < 0.05

Mechanical ventilation 1.52 (1.32to 1.76) p < 0.001
Vasopressors 1.46 (1.27 to 1.69) p < 0.001
Non-renal organ failure (per organ) 1.40 (1.31 to 1.50) p < 0.001

CRS: cardiorenal syndrome; ACKD: acute-on-chronic kidney disease; ICU: intensive care unit. Chi2 goodness-of-fit
model test: p = 0.174; Model accuracy: 0.788 (95% CI: 0.776 to 0.791); Model sensitivity: 0.923; Area under the
receiver-operating characteristic curve (c statistic): 0.797 (95% CI: 0.790 to 0.805). Hosmer-Lemeshow goodness-of-
fit test: p = 0.233 (non-hierarchical logistic regression model with individual hospital as a fixed effect).

https://doi.org/10.1371/journal.pone.0267712.1004

governance did not impact the outcome. A sensitive analysis stratified by hospital size showed
that this variable did not affect the model assumptions (Section 3, eTable 3a-3c in S1 File).

Outcome in survivors

Among the 4,870 surviving patients, 26.7% completely recovered, 33.0% were discharged with
partial recovery, and 23.3% remained dialysis-dependent. Unknown information on kidney
function at discharge was observed in 17.0% of the patients. Those with ACKD were more
likely to be discharged on dialysis (13.5% vs. 9.8%, p < 0.001) (eFig 8 in S2 File). Patients dis-
charged on dialysis also presented with lesser multiorgan involvement than those that became
dialysis-independent. Only 12.2% of those that ultimately left the hospital on RRT had > three
failing organs at admission as opposed to 20.8 and 23.9% of those with partial and complete
recovery, respectively (p < 0.001). Most patients discharged with dialysis dependency were
submitted to conventional intermittent dialysis (28.7%) compared to PIRRT, C-PIRRT, and
continuous automatized PD (17.8%, 14.7%, and 22.3%, respectively) (Table 4 in S1 File).

Discussion

This cohort study of 17,158 patients admitted to 170 medical facilities is one of the most exten-
sive prospective investigations regarding the causes, clinical characteristics, and outcome of
severe, dialysis-requiring AKI. Furthermore, it addresses the perceived need to increase the
representation of developing countries in the global epidemiological knowledge base on AKI
[1, 7]. Consistent with previous research [15-19], we found that dialysis-requiring AKI is asso-
ciated with significant clinical adversity and a high mortality risk. Mounting evidence indicates
that AKI in itself is a distinct, directly attributable risk factor for patient death [20-22]. How-
ever, the mortality risk is also significantly compounded by the severity of underlying acute
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medical conditions and pre-existing comorbidities. These factors are multiple, heterogeneous,
temporarily variable, and difficult to account for [21]. A significant strength of this investiga-
tion is the size and detail of the database, which allowed this heterogeneity to be addressed by
extensive detailing of associated diagnoses, comorbidities, precipitating factors, and severity of
illness, as well as the power to ascertain age-related differences in a fashion not previously con-
sidered in other studies.

Out of the 80 categorized diagnoses in the database, three-fourths were medical conditions
with a striking predominance of pulmonary infections both at admission or acquired during
the hospital stay. These were involved in virtually 40% of AKI cases and were associated with
increased odds for mortality. Major adverse cardiovascular events (ischemic heart disease,
heart failure, and cerebrovascular accidents) were also frequently associated with severe AKI
development. Postoperative AKI, whose incidence did not significantly differ between survi-
vors and non-survivors, was responsible for one-fifth of the cases. However, the odds of death
were higher for AKI that developed in the setting of abdominal emergency surgery, orthopedic
surgery of the spine—pelvis-hip-knee axis, head trauma, and non-trauma neurosurgery. AKI
development in urological and obstetric settings was responsible for < 5% of the cases and
portended a more favorable prognosis.

There was a high prevalence of nonrenal-associated organ dysfunction, with more than
70% of the patients requiring mechanical ventilation and vasopressor support. This clinical
profile was analogous to the AKI features observed in other urban series [1, 9, 16, 17, 19]. Hos-
pital-acquired AKI comprised approximately two-thirds of the cohort, once again matching
the pattern noted in other large-scale prospective studies [9, 17].

We sought to refine and extend previous observations that analyzed children and adults as
separate cohorts [7, 15-17, 23] by stratifying the survival analysis across 13 age groups encom-
passing the entire length of human life, from premature newborns to centenarians, revealing a
clear U-shaped pattern of AKI-related mortality, with the highest rates at the extremes of age.
This conformation persisted after multivariable adjustment.

Despite the extended age spectrum, the study participants’ median age (75 years) was 10-15
years higher than that reported in other similar studies [15-17, 24]. This feature might indicate
a more vulnerable cohort, and age was an independent risk factor for the mortality of adults,
increasing progressively at each age stratum [15].

Also, in agreement with preceding large series [17, 18, 25], sepsis was the most prevalent
precipitating factor for AKI and was associated with a high risk of mortality either when diag-
nosed at admission or when acquired later. In a secondary analysis of the BEST Kidney Study,
in-hospital mortality was significantly higher for septic AKI than for non-septic AKI (70.2%
vs. 51.8%, respectively) [26]. We also observed this pattern in our study.

The combination of sepsis, advanced age, delayed development of AKI during hospital stay,
oliguria, and severity of clinical presentation (herein reflected by higher SOFA scores and asso-
ciated organ failure) indicated a particular group of patients with very poor prognosis, expos-
ing the high mortality rate that this and other studies have documented [15-19].

The reported prevalence of RRT dependence after an episode of severe AKI is highly vari-
able. The prevalence was 13.8% in the multicenter BEST kidney study [17] and 8.2% in the
recently completed worldwide Standard versus Accelerated Initiation of Renal-Replacement
Therapy in Acute Kidney Injury (STARRT-AKI) trial [24]. When developing and developed
countries were compared, dialysis dependency at discharge after an AKI episode was 18.5%
versus 5.7%, respectively [19]. In this study, there was a high prevalence of patients discharged
on chronic dialysis (23.3%) and a significant association of pre-existing CKD with this out-
come. This may be explained in part by the higher median age of the cohort. However, ACKD
was associated with better survival odds, and patients ultimately discharged on chronic dialysis
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had less severe disease at presentation than those with partial or complete recovery of renal
function. It has been previously shown that a smaller number and severity of acute insults are
required for the development of AKI in patients with pre-existing CKD [27], suggesting that
this subgroup might have suffered a lesser organ injury burden.

Our findings must be interpreted in the context of the study’s limitations. First, in compari-
son to most series, the case mortality rate was certainly overrated, as the focus was on severe
dialysis-requiring AKI rather than on earlier stages. Second, despite the various design and
analytic approaches, residual and unmeasured confounding variables cannot be ruled out, as
in any observational study. Despite highly significant statistical associations between covariates
and the outcome, a causal relationship cannot be assumed.

A third limitation was the lack of uniform policy for the indication and timing of dialysis,
as this was an observational cohort investigation based on real-world clinical practice. These
decisions were at the discretion of the nephrologists that contributed to the study. It is assumed
that they followed standard criteria for commencing RRT, as indicated by more than one-
fourth of the patients being dialyzed without delay within a 48-hour timeframe after hospital
admission and conventional indications for starting dialysis recorded in 98% of the entries.

The balance between the optimal and the feasible is one of the main challenges in prospec-
tive cohort studies. To encourage enrollment, the NefroWeb clinical module was devised to
minimize physician overburdening, as they were already busily involved with patient care.
Therefore, the emphasis was on recording categorical data elements collected in daily practice
through the extensive use of checkboxes and drop-down menus as opposed to numerical clini-
cal variables, such as vital signs and laboratory measures. For example, this was applied in the
definition of organ failure, which was extracted from the SOFA score and SOFC instrument at
the bedside. The lack of precise numerical data may have resulted in loss of information and
lower predictive ability and may be a fourth limitation of this study. However, the large size of
the cohort, density of the collected categorical data, and innovative age-stratified analysis
allowed for a depth of detail regarding the predisposing, comorbid, and risk factors for dialy-
sis-requiring AKI that is the key milestone of the study.

Although the analysis did not identify hospital size as significantly influencing survival, the
institutions differed in staffing, availability of resources and technology, and probably in over-
all quality of care, all of which ultimately might have an unmeasured impact on survival. These
factors may present as a fifth limitation of this study. The painstaking process of individual
record review, including individual hospitals as random effects in the multivariate model, and
sensitivity analysis that considered hospital size were employed to minimize some of these
inherent weaknesses.

It was not our intention to produce a population-level analysis regarding the incidence and
prevalence of dialysis-requiring AKI. The institutions involved do not represent the whole
scope of Rio de Janeiro’s medical facilities, as can be gathered by the higher prevalence of pri-
vate hospitals in the cohort. Likewise, the results do not entirely reflect the complex diversity
of disease burden in the whole of Brazil, considering that the metropolitan area of Rio de
Janeiro is generally more urbanized and has a better healthcare infrastructure compared to
some other regions in the country [28]. Finally, the absence of long-term follow-up of survi-
vors represents an additional weakness of our cohort.

Conversely, the strength of this study is the large database prospectively derived from the
real-world clinical practice of patients with dialysis-requiring AKI instead of centers of excel-
lence or trials with strict selection criteria. This type of design allows for data collection with
considerable clinical detail and may provide valuable information regarding the range and dis-
tribution of patients with a particular disease condition [29]. More broadly generalizable and
applicable results to clinical care may also be produced, uncovering new opportunities for
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prevention while also assisting in selecting potential targets for improved resource allocation.
Finally, we addressed the perceived knowledge gap about the worldwide epidemiology of AKI
from the point of view of a middle-income country [7]. It is fitting to point out that despite
drawing the cohort from a metropolitan area of an emerging economy, the AKI characteristics
were akin to that of high-income countries, in contradiction to the pattern often associated
with middle-income economies.

In conclusion, older individuals with significant comorbidities predominated in this cohort,
although both extremes of age drove similarly poor outcomes. On multivariate analysis,
mechanical ventilation, vasopressor support, liver dysfunction, the number of failing organs,
sepsis at admission, later sepsis acquisition, the Charlson score, male gender, and age were
independently associated with mortality. Oliguria was the only renal-related variable associ-
ated with poor prognosis. Favorable outcomes were associated with the male gender, ACKD,
and community-acquired AKI.

Conclusions

Our results endorse that dialysis-requiring AKI is a significant and devastating syndrome. It
also highlights its significant clinical heterogeneity, including differences in the age of presen-
tation, predisposing factors, comorbidities, frailty state, etiology, precipitation causes, associ-
ated diseases, concurrent organ failure, and response to therapy. Most past investigations have
summarized patient data into relatively few groups or classes to analyze small datasets. As we
have shown, there is a richness in the details that is lost with this exercise. We suggest that
research efforts should acknowledge the complexity of AKI and use today’s ever-increasing
large databases to provide more detailed profiling of individual patients. The combination of
more extensive data collection with current advances in technology and data science may ulti-
mately result in better individualized risk assessment and refinements in the process of care.

Supporting information

S1 File. Supplementary methods and tables.
(DOCX)

S2 File. Supplementary figures.
(DOCX)

S1 Data. Anonymized dataset of the study.
(CSV)

Acknowledgments

The authors would like to acknowledge the contribution of Ricardo A. Farias for the primary
development and implementation of the Nefroweb database and all the other attending
nephrologists who were involved in data entry over the study years: Adolpho B. F. da Silva,
Alan C. A. e Silva, Alberto Zagury, Amanda B. Tutungi, Ana M. R. dos Santos, André G. e
Silva, André G. N. de Albuquerque, André J. de Andrade, Andréia R. H. Gama, Angela Cris-
tina N. V. Sutter, Angélica D. Rito, Anne Louise de O., Bernardo L. da Costa, Bianca G. Bastos,
Carla C. A. Miranda, Christiane S. A. Gonzaga, Claudia Gusmao, Cristina C. C. da Rocha,
Daniel S. Santos, Danielle A. Bazhuni, Denisete R. da Costa, Désirée L. T. Dutra, Dirce M.
Vitorino, Dora Mannarino, Dulce Lessi, Edi A. Coutinho, Eduardo C. W. Bernardes, Elke R.
F. de Carvalho, Eloa O. Nunes, Felipe de A. Magalhées, Fernanda S. Baldotto, Fineias E. S. da
Silva, Flavia C. D. Martins, Flavia Luts Borges, Francisco Magalhies, Francisco R. Alves,

PLOS ONE | https://doi.org/10.1371/journal.pone.0267712 May 5, 2022 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267712.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267712.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267712.s003
https://doi.org/10.1371/journal.pone.0267712

PLOS ONE

Dialysis-requiring acute kidney injury

Geraldo S. Vieira, Gisella P. de Mello, Henrique J. S. Cerqueira, Ivan Matioli-Filho, Janaina F.
Ferreira, Jodo Luiz F. Costa, Jorge A. V. de Menezes, José A. A. de Montalvao, José Guilheme
B. Leite, José Henrique Pires L. Jr, Karla M. S. Alves, Katia R. R. Barros, Lourdes Fernandes,
Luana N. L. Keen, Luciana C. Matulevic, Luciana F. Serpa, Luciano M. Duarte, Luciano Mor-
gado, Luiz A. H. Mariz, Luiz Claudio A. Gongalves, Luiz Guilherme B. de Figueiredo, Luiz
Marcelo Borsato, Manoel R. A. de Almeida, Marcela G. Pinheiro, Marcio Henrique S. de Lima,
Marcia R. Gianotti, Marcos A. A. R. Santos, Marcos R. C. Barnese, Marcos S. de Vasconcelos,
Marcus V. N. Pereira, Maria Angélica G. Bandeira, M. de Fatima S. Bandeira, M. Eugénia G.
Rodrigues, Marina R. de Fazio, Mdrio S. Magalhaes, Marisa de Fatima B. C. Moreira, Michel
O. Haddad, Miguel Graciano, Moénica N. de Vianna, Murillo S. Tatagiba, Patricia S. da Silva,
Paulo P. L. Fernandes, Paulo R. A. da Silva, Paulo W. Duaré, Pedro H. B. D’almeida, Pedro S.
Ribeiro, Rachel de S. Filgueiras, Raquel S. dos Santos, Renata M. Garcia, Ricardo A. S. Rosa,
Ricardo A. Faria, Rivaldo C. Costa, Roberta M. de Abeu, Rouben Bogossian, Sandra F. S. Reis,
Sandra R. B. da Silva, Scyla M. R. Salgado, Silvio R. S. Santa Fé, Simaria A. Ojeda, Simone S.
Collopy, Solange M. S. Baruki, Susana M. Pinho, Tania D. Sobral, Therezina M. G. Vissers,
Valéria R. Soares, Vinicius M. Mariano, Walter L. Gouvéa-Filho.

Author Contributions

Conceptualization: Thais Lira Cleto Yamane, Frederico Ruzany, José Hermdgenes Rocco
Suassuna.

Data curation: Conrado Lysandro R. Gomes, Frederico Ruzany, José Hermoégenes Rocco
Suassuna.

Formal analysis: Conrado Lysandro R. Gomes, José Hermogenes Rocco Suassuna.

Investigation: Conrado Lysandro R. Gomes, Thais Lira Cleto Yamane, José Hermogenes
Rocco Suassuna.

Methodology: Conrado Lysandro R. Gomes, Thais Lira Cleto Yamane, Frederico Ruzany, José
Hermogenes Rocco Suassuna.

Project administration: Conrado Lysandro R. Gomes, Frederico Ruzany, José Hermdgenes
Rocco Suassuna.

Supervision: José Hermodgenes Rocco Suassuna.
Visualization: Conrado Lysandro R. Gomes.
Writing - original draft: Conrado Lysandro R. Gomes.

Writing - review & editing: Conrado Lysandro R. Gomes, Thais Lira Cleto Yamane, Freder-
ico Ruzany, José Hermogenes Rocco Suassuna.

References

1. Mehta RL, Cerda J, Burdmann EA, Tonelli M, Garcia-Garcia G, Jha V, et al. International Society of
Nephrology’s Oby25 initiative for acute kidney injury (zero preventable deaths by 2025): A human rights
case for nephrology. Lancet. 2015; 385(9987):2616—43. https://doi.org/10.1016/S0140-6736(15)
60126-X PMID: 25777661

2. Hoste EAJ, Kellum JA, Selby NM, Zarbock A, Palevsky PM, Bagshaw SM, et al. Global epidemiology
and outcomes of acute kidney injury. Nat Rev Nephrol. 2018; 14(10):607-25. https://doi.org/10.1038/
s41581-018-0052-0 PMID: 30135570

3. Coca SG, Singanamala S, Parikh CR. Chronic kidney disease after acute kidney injury: A systematic
review and meta-analysis. Kidney international. 2012; 81(5):442-8. https://doi.org/10.1038/ki.2011.379
PMID: 22113526

PLOS ONE | https://doi.org/10.1371/journal.pone.0267712 May 5, 2022 15/17


https://doi.org/10.1016/S0140-6736%2815%2960126-X
https://doi.org/10.1016/S0140-6736%2815%2960126-X
http://www.ncbi.nlm.nih.gov/pubmed/25777661
https://doi.org/10.1038/s41581-018-0052-0
https://doi.org/10.1038/s41581-018-0052-0
http://www.ncbi.nlm.nih.gov/pubmed/30135570
https://doi.org/10.1038/ki.2011.379
http://www.ncbi.nlm.nih.gov/pubmed/22113526
https://doi.org/10.1371/journal.pone.0267712

PLOS ONE

Dialysis-requiring acute kidney injury

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Ronco C, Bellomo R, Kellum JA. Acute kidney injury. Lancet. 2019; 394(10212):1949-64. https://doi.
org/10.1016/S0140-6736(19)32563-2 PMID: 31777389

Sawhney S, Fraser SD. Epidemiology of AKI: Utilizing large databases to determine the burden of AKI.
Adv Chronic Kidney Dis. 2017; 24(4):194-204. https://doi.org/10.1053/j.ackd.2017.05.001 PMID:
28778358

Siew ED, Basu RK, Wunsch H, Shaw AD, Goldstein SL, Ronco C, et al. Optimizing administrative data-
sets to examine acute kidney injury in the era of big data: Workgroup statement from the 15(th) ADQI
Consensus Conference. Can J Kidney Health Dis. 2016; 3:12. https://doi.org/10.1186/s40697-016-
0098-5 PMID: 26925248

Susantitaphong P, Cruz DN, Cerda J, Abulfaraj M, Algahtani F, Koulouridis I, et al. World incidence of
AKI: A meta-analysis. Clin J Am Soc Nephrol. 2013; 8(9):1482—93. https://doi.org/10.2215/CJN.
00710113 PMID: 23744003

Salahudeen AK, Kumar V, Madan N, Xiao L, Lahoti A, Samuels J, et al. Sustained low efficiency dialysis
in the continuous mode (C-SLED): Dialysis efficacy, clinical outcomes, and survival predictors in criti-
cally ill cancer patients. Clin J Am Soc Nephrol. 2009; 4(8):1338—46. https://doi.org/10.2215/CJN.
02130309 PMID: 19628685

Mehta RL, Burdmann EA, Cerda J, Feehally J, Finkelstein F, Garcia-Garcia G, et al. Recognition and
management of acute kidney injury in the International Society of Nephrology Oby25 Global Snapshot:
A multinational cross-sectional study. Lancet. 2016; 387(10032):2017-25. https://doi.org/10.1016/
S0140-6736(16)30240-9 PMID: 27086173

Bellomo R, Ronco C, Kellum JA, Mehta RL, Palevsky P. Acute renal failure—definition, outcome mea-
sures, animal models, fluid therapy and information technology needs: the Second International Con-
sensus Conference of the Acute Dialysis Quality Initiative (ADQI) Group. Critical care (London,
England). 2004; 8(4):R204—12. https://doi.org/10.1186/cc2872 PMID: 15312219

Agrawal S, Duseja A, Gupta T, Dhiman RK, Chawla Y. Simple organ failure count versus CANONIC
grading system for predicting mortality in acute-on-chronic liver failure. J Gastroenterol Hepatol. 2015;
30(3):575-81. https://doi.org/10.1111/jgh.12778 PMID: 25251968

Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, Cook D, et al. 2001 SCCM/ESICM/ACCP/ATS/
SIS International Sepsis Definitions Conference. Crit Care Med. 2003; 31(4):1250-6. https://doi.org/10.
1097/01.CCM.0000050454.01978.3B PMID: 12682500

Ronco C, Haapio M, House AA, Anavekar N, Bellomo R. Cardiorenal syndrome. J Am Coll Cardiol.
2008; 52(19):1527-39. https://doi.org/10.1016/j.jacc.2008.07.051 PMID: 19007588

Gasparini A. Comorbidity: An R package for computing comorbidity scores. Journal of Open Source
Software. 2018; 3(23):648.

Metnitz PG, Krenn CG, Steltzer H, Lang T, Ploder J, Lenz K| et al. Effect of acute renal failure requiring
renal replacement therapy on outcome in critically ill patients. Crit Care Med. 2002; 30(9):2051-8.
https://doi.org/10.1097/00003246-200209000-00016 PMID: 12352040

Mehta RL, Pascual MT, Soroko S, Savage BR, Himmelfarb J, lkizler TA, et al. Spectrum of acute renal
failure in the intensive care unit: the PICARD experience. Kidney Int. 2004; 66(4):1613-21. https://doi.
org/10.1111/j.1523-1755.2004.00927.x PMID: 15458458

Uchino S, Kellum JA, Bellomo R, Doig GS, Morimatsu H, Morgera S, et al. Acute renal failure in critically
ill patients: A multinational, multicenter study. JAMA. 2005; 294(7):813-8. https://doi.org/10.1001/jama.
294.7.813 PMID: 16106006

Hoste EA, Bagshaw SM, Bellomo R, Cely CM, Colman R, Cruz DN, et al. Epidemiology of acute kidney
injury in critically ill patients: The multinational AKI-EPI study. Intensive Care Med. 2015; 41(8):1411—
28. https://doi.org/10.1007/s00134-015-3934-7 PMID: 26162677

Bouchard J, Acharya A, Cerda J, Maccariello ER, Madarasu RC, Tolwani AJ, et al. A prospective inter-
national multicenter study of AKIl in the intensive care unit. Clin J Am Soc Nephrol. 2015; 10(8):1324—
31. https://doi.org/10.2215/CJN.04360514 PMID: 26195505

Barrantes F, Tian J, Vazquez R, Amoateng-Adjepong Y, Manthous CA. Acute kidney injury criteria pre-
dict outcomes of critically ill patients. Crit Care Med. 2008; 36(5):1397—403. https://doi.org/10.1097/
CCM.0b013e318168fbe0 PMID: 18434915

Vaara ST, Pettila V, Kaukonen KM, Bendel S, Korhonen AM, Bellomo R, et al. The attributable mortality
of acute kidney injury: A sequentially matched analysis*. Crit Care Med. 2014; 42(4):878-85. https://
doi.org/10.1097/CCM.0000000000000045 PMID: 24201174

Girling BJ, Channon SW, Haines RW, Prowle JR. Acute kidney injury and adverse outcomes of critical
illness: Correlation or causation? Clin Kidney J. 2020; 13(2):133—41. https://doi.org/10.1093/ckj/sfz158
PMID: 32296515

PLOS ONE | https://doi.org/10.1371/journal.pone.0267712 May 5, 2022 16/17


https://doi.org/10.1016/S0140-6736%2819%2932563-2
https://doi.org/10.1016/S0140-6736%2819%2932563-2
http://www.ncbi.nlm.nih.gov/pubmed/31777389
https://doi.org/10.1053/j.ackd.2017.05.001
http://www.ncbi.nlm.nih.gov/pubmed/28778358
https://doi.org/10.1186/s40697-016-0098-5
https://doi.org/10.1186/s40697-016-0098-5
http://www.ncbi.nlm.nih.gov/pubmed/26925248
https://doi.org/10.2215/CJN.00710113
https://doi.org/10.2215/CJN.00710113
http://www.ncbi.nlm.nih.gov/pubmed/23744003
https://doi.org/10.2215/CJN.02130309
https://doi.org/10.2215/CJN.02130309
http://www.ncbi.nlm.nih.gov/pubmed/19628685
https://doi.org/10.1016/S0140-6736%2816%2930240-9
https://doi.org/10.1016/S0140-6736%2816%2930240-9
http://www.ncbi.nlm.nih.gov/pubmed/27086173
https://doi.org/10.1186/cc2872
http://www.ncbi.nlm.nih.gov/pubmed/15312219
https://doi.org/10.1111/jgh.12778
http://www.ncbi.nlm.nih.gov/pubmed/25251968
https://doi.org/10.1097/01.CCM.0000050454.01978.3B
https://doi.org/10.1097/01.CCM.0000050454.01978.3B
http://www.ncbi.nlm.nih.gov/pubmed/12682500
https://doi.org/10.1016/j.jacc.2008.07.051
http://www.ncbi.nlm.nih.gov/pubmed/19007588
https://doi.org/10.1097/00003246-200209000-00016
http://www.ncbi.nlm.nih.gov/pubmed/12352040
https://doi.org/10.1111/j.1523-1755.2004.00927.x
https://doi.org/10.1111/j.1523-1755.2004.00927.x
http://www.ncbi.nlm.nih.gov/pubmed/15458458
https://doi.org/10.1001/jama.294.7.813
https://doi.org/10.1001/jama.294.7.813
http://www.ncbi.nlm.nih.gov/pubmed/16106006
https://doi.org/10.1007/s00134-015-3934-7
http://www.ncbi.nlm.nih.gov/pubmed/26162677
https://doi.org/10.2215/CJN.04360514
http://www.ncbi.nlm.nih.gov/pubmed/26195505
https://doi.org/10.1097/CCM.0b013e318168fbe0
https://doi.org/10.1097/CCM.0b013e318168fbe0
http://www.ncbi.nlm.nih.gov/pubmed/18434915
https://doi.org/10.1097/CCM.0000000000000045
https://doi.org/10.1097/CCM.0000000000000045
http://www.ncbi.nlm.nih.gov/pubmed/24201174
https://doi.org/10.1093/ckj/sfz158
http://www.ncbi.nlm.nih.gov/pubmed/32296515
https://doi.org/10.1371/journal.pone.0267712

PLOS ONE

Dialysis-requiring acute kidney injury

23.

24,

25.

26.

27.

28.

29.

Kaddourah A, Basu RK, Bagshaw SM, Goldstein SL, Investigators A. Epidemiology of acute kidney
injury in critically ill children and young adults. N Engl J Med. 2017; 376(1):11-20. https://doi.org/10.
1056/NEJMoa1611391 PMID: 27959707

The STARRT-AKI Investigators. Timing of initiation of renal-replacement therapy in acute kidney injury.
New England Journal of Medicine. 2020; 383(3):240-51.

Prescott GJ, Metcalfe W, Baharani J, Khan IH, Simpson K, Smith WC, et al. A prospective national
study of acute renal failure treated with RRT: Incidence, aetiology and outcomes. Nephrol Dial Trans-
plant. 2007; 22(9):2513-9. https://doi.org/10.1093/ndt/gfm264 PMID: 17517795

Bagshaw SM, Uchino S, Bellomo R, Morimatsu H, Morgera S, Schetz M, et al. Septic acute kidney
injury in critically ill patients: Clinical characteristics and outcomes. Clin J Am Soc Nephrol. 2007; 2
(3):431-9. https://doi.org/10.2215/CJN.03681106 PMID: 17699448

Rasmussen HH, Ibels LS. Acute renal failure. Multivariate analysis of causes and risk factors. Am J
Med. 1982; 73(2):211-8. https://doi.org/10.1016/0002-9343(82)90181-4 PMID: 7114078

Brazil Collaborators G. B. D. Burden of disease in Brazil, 1990-2016: A systematic subnational analysis
for the Global Burden of Disease Study 2016. Lancet. 2018; 392(10149):760-75. https://doi.org/10.
1016/S0140-6736(18)31221-2 PMID: 30037735

Szklo M. Population-based cohort studies. Epidemiologic Reviews. 1998; 20(1):81-90. https://doi.org/
10.10983/oxfordjournals.epirev.a017974 PMID: 9762511

PLOS ONE | https://doi.org/10.1371/journal.pone.0267712 May 5, 2022 17/17


https://doi.org/10.1056/NEJMoa1611391
https://doi.org/10.1056/NEJMoa1611391
http://www.ncbi.nlm.nih.gov/pubmed/27959707
https://doi.org/10.1093/ndt/gfm264
http://www.ncbi.nlm.nih.gov/pubmed/17517795
https://doi.org/10.2215/CJN.03681106
http://www.ncbi.nlm.nih.gov/pubmed/17699448
https://doi.org/10.1016/0002-9343%2882%2990181-4
http://www.ncbi.nlm.nih.gov/pubmed/7114078
https://doi.org/10.1016/S0140-6736%2818%2931221-2
https://doi.org/10.1016/S0140-6736%2818%2931221-2
http://www.ncbi.nlm.nih.gov/pubmed/30037735
https://doi.org/10.1093/oxfordjournals.epirev.a017974
https://doi.org/10.1093/oxfordjournals.epirev.a017974
http://www.ncbi.nlm.nih.gov/pubmed/9762511
https://doi.org/10.1371/journal.pone.0267712

