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Abstract

Background: The optimal timing of renal replacement therapy (RRT) initiation is debatable. Many articles in this field
enrolled trials not based on acute kidney injury. The safety of the watchful waiting strategy has not been fully dis-
cussed, and late RRT initiation criteria vary across studies. The effect of early RRT initiation in the AKI population with
high plasma neutrophil gelatinase-associated lipocalin (NGAL) has not been examined yet.

Methods: In accordance with PRISMA guidelines, the PubMed, Embase, and Cochrane databases were systemically
searched for randomized controlled trials (RCTs). Trials not conducted in the AKI population were excluded. Data of study
characteristics, primary outcome (all-cause mortality), and related secondary outcomes [mechanical ventilation (MV)
days, length of hospital stay, RRT days, and length of ICU stay] were extracted. The outcomes were compared between
early and late RRT groups by estimating the pooled odds ratio (OR) for binary outcomes and the weighted mean differ-
ence for continuous outcomes. Prospective trials were also examined and analyzed using the same method.

Results: Nine RCTs with 1938 patients were included. Early RRT did not provide a survival benefit (pooled OR, 0.88; 95%
confidence interval [Cl] 0.62-1.27). However, the early RRT group had significantly fewer MV days (pooled mean differ-
ence, — 3.98 days; 95% Cl — 7.81 to — 0.15 days). Subgroup analysis showed that RCTs enrolling the surgical population
(P=.001) and the AKI population with high plasma NGAL (P=.031) had favorable outcomes regarding RRT days in the
early initiation group. Moreover, 6 of 9 RCTs were selected for examining the safety of the watchful waiting strategy, and
no significant differences were found in primary and secondary outcomes between the early and late RRT groups.

Conclusions: Overall, early RRT initiation did not provide a survival benefit, but a possible benefit of fewer MV days
was detected. Early RRT might also provide the benefit of shorter MV or RRT support in the surgical population and in
AKI patients with high plasma NGAL. Depending on the conventional indication for RRT initiation, the watchful wait-
ing strategy is safe on the basis of all primary and secondary outcomes.
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Background

Acute kidney injury (AKI) is a frequent problem in criti-
cally ill patients, and it is associated with high morbidity
and mortality. Even though improved renal replacement
therapy (RRT) techniques and enhanced knowledge of
critical care have increased the survival of critically ill
patients with AKI in recent decades [1], recent research
still shows a mortality rate of 24% in the AKI population
[2], with 19% of the critically ill AKI population requir-
ing RRT [3]. More than half of critically ill patients have
AKI, and mortality is worse with progressive AKI [4].
Over the last 2 decades, the optimal timing of RRT initia-
tion and the role of early renal support have been widely
discussed. Earlier retrospective and prospective stud-
ies revealed the survival benefits of early RRT initiation;
however, since the AKIKI and ELAIN trials published in
2016, these survival benefits have become debatable. In
recent years, several meta-analyses have been published,
most of which investigated prospective or retrospec-
tive studies owing to the lack of large-scale randomized
controlled trials (RCTs), and in these meta-analyses,
a definitive conclusion regarding the optimal time of
RRT initiation could not be drawn [5—-11]. Conventional
indications (refractory fluid overload, acidemia, hyper-
kalemia, and uremic complication) for RRT initiation are
indisputable over several years. Moreover, bedside inten-
sivists or consulting nephrologists often use conventional
indications as well as the patient’s clinical condition to
make decisions regarding RRT initiation. Several meta-
analyses included studies that did not use conventional
indications as late criteria (most prospective trials) [12]
or studies that were not based on the AKI population
[13-15]. To the best of our knowledge, therefore, little is
known regarding the safety of the watchful waiting strat-
egy and conventional indications for initiating RRT in
AKI patients without the emergent need for RRT initially.
The safety concern involves the risk of exposing critically
ill patients to AKI-related complications (severe fluid
overload, uremia, hyperkalemia, and metabolic acidosis).
Furthermore, recent advancements in novel biomarkers
(neutrophil gelatinase-associated lipocalin [NGAL], cys-
tatin, calprotectin, and [insulin-like growth factor-bind-
ing protein 7] x [tissue inhibitor of metalloproteinase 2])
may provide insights into AKI patient triage, accelerat-
ing AKI or acute tubular necrosis (ATN) diagnosis and
improving AKI prognosis and RRT prediction [16-22].
Moreover, biomarker-guided AKI intervention may lead
to improved outcomes [23]. A higher NGAL level is
now considered a marker of poor prognosis. According
to Bagshaw et al., some severely critically ill patients are
unlikely to benefit from early RRT, and several potential
drawbacks should be considered, such as higher costs
or unnecessary complications from dialysis [74]. Several
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studies in this field used plasma NGAL as their enroll-
ment criterion. Nevertheless, no meta-analysis has dis-
cussed whether the early initiation of RRT has positive or
negative effects in the high-risk AKI population with high
plasma NGAL.

We attempted to supplement previous findings by
including three recent RCTs (EARLY-RRT, 2018 [59];
EST trial, 2018 [58]; and IDEAL-ICU, 2018 [57]) in this
meta-analysis to examine the effect of early RRT initia-
tion in the AKI population with high plasma NGAL, and
we assessed the safety of the watchful waiting strategy in
this population.

Methods

Literature search

Two investigators (JJ-C and CH-C) systematically and
independently conducted a review of published data in
accordance with Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines
to investigate the effect of the timing of RRT initiation
on outcomes in patients with AKI. A search of the Pub-
Med, Embase, and Cochrane electronic databases was
performed to identify all relevant studies published from
January 2000 to March 2019. The search was restricted
to RCTs or prospective cohort studies conducted in adult
patients and published in the English language. The fol-
lowing keywords were used: acute kidney injury, acute
renal failure, acute kidney failure, renal replacement
therapy, timing, hemodialysis, dialysis, hemofiltration,
continuous renal replacement therapy, time to treatment,
time, early, late, and accelerate. Studies published before
2000 were not included in this study because advance-
ments in AKI knowledge and RRT technology would
have resulted in improvement in AKI prognosis. The
detailed search strategy is provided in Additional file 1:
Table S1.

Study selection

Study inclusion eligibility was evaluated by browsing the
titles/abstracts and subsequently the full texts of pub-
lished articles. Any differences in opinion regarding study
eligibility for inclusion were resolved through discussion.
Full texts of potentially relevant articles were retrieved
online. Studies were included if they met the following
criteria:

1. Adult human study.

2. AKI (either guideline-based AKI criteria, such as risk,
injury, failure, loss of kidney function, and end-stage
kidney disease [RIFLE] [24], Acute Kidney Injury
Network [25], Kidney Disease: Improving Global
Outcomes [KDIGO] [26], or predefined AKI criteria
of individual studies).
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3. Comparison of the effect of early versus late RRT on
the relevant primary outcome (mortality) and sec-
ondary outcomes (intensive care unit [ICU] length
of stay [LOS], hospital LOS, mechanical ventilation
[MV] time, RRT duration, and RRT dependence).

4. Clear definitions of early and late RRT initiation.

Studies with insufficient information (no actual event
numbers) or those not based on the AKI population were
excluded. Review articles and meta-analyses were not
included for analysis, but their citations and references
were searched to explore additional relevant studies.

Data extraction

Data of study characteristics that were extracted included
first author, year of publication, study location, study
design, AKI definition, inclusion and exclusion criteria,
patient number (total population and early and late RRT
initiation groups separately), patient population (medi-
cal, surgical, or mixed), RRT modality, whether patients
with the emergent need of RRT were excluded before
randomization or grouping, early and late RRT initiation
criteria, and whether NGAL was used as an enrollment
criterion (either for ATN diagnosis or for AKI patient
risk triage). All these data were extracted and sum-
marized (Additional file 1: Tables S2, S3). The primary
outcome was mortality (including in-hospital mortality
and 30-, 60-, or 90-day mortality). Secondary outcomes
were ICU or hospital LOS; RRT dependence, RRT dura-
tion, and RRT-free days during the follow-up period;
MV time or MV-free days during the follow-up period;
RRT dependence; and renal recovery (Additional file 1:
Tables S2, S3). The following parameters at the time of
RRT initiation or randomization were extracted: serum
creatinine, urea, disease severity score (Acute Physiology
and Chronic Health Evaluation II [APACHE II] score and
Sequential Organ Failure Assessment [SOFA] score), age,
vasopressor use, septic shock/sepsis, and MV use. Dif-
ferences in baseline patient condition between early and
late RRT initiation groups are summarized in Additional
file 1: Tables S3, S4.

Assessment of evidence quality and risk of bias

The risk of bias in the included RCTs was assessed inde-
pendently by two reviewers (JJ]-C and CH-C) using
Cochrane Collaboration’s tool for assessing the risk of
bias [27]. The risk-of-bias tool covers six domains of bias:
selection bias, performance bias, detection bias, attri-
tion bias, reporting bias, and other bias. Each study was
reviewed and rated as having a high, low, or unclear risk
of bias as per the Cochrane Handbook for Systematic
Reviews of Interventions version 5.1 (online) [67]. The
quality of evidence for primary and secondary outcomes
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of this meta-analysis was assessed using the Grading
of Recommendations Assessment, Development and
Evaluation (GRADE) Working Group methodology. We
summarized the results in tables constructed using the
GRADEpro online tool [69].

Definition of early versus late RRT initiation

The definitions for early and late RRT initiation were
diverse among studies. A detailed explanation is provided
in Additional file 2: Document S1.

Outcome measures

Primary outcome

The primary outcome of interest was all-cause mortal-
ity. In-hospital mortality and 30-, 60-, 90-, and 180-day
mortality were recorded. The total patient numbers and
the number of deaths in the early and late RRT initiation
groups were recorded. The overall mortality was ana-
lyzed if 60- to 90-day mortality was available. Otherwise,
we extracted data in the following sequence: in-hospital
mortality, 30-day mortality, and 180-day mortality.

Secondary outcomes

The secondary outcomes were ICU LOS, hospital LOS,
RRT duration, or RRT-free days during the follow-up
period; MV time or MV-free days during the follow-up
period; RRT dependence; and renal recovery. For con-
tinuous outcomes, the mean with standard deviation or
the median with interquartile range was extracted. Under
the assumption of normal distribution, we transformed
the interquartile range into standard deviation accord-
ing to the Cochrane Handbook for Systematic Reviews of
Interventions [70]. Some studies reported MV-free days
or RRT-free days at a fixed time interval (e.g., 60 days);
subsequently, MV-free days or RRT-free days were sub-
tracted from the fixed time interval to calculate the dura-
tion. The definition of renal recovery varied substantially
across studies, and one study did not report the defini-
tion of renal recovery [28]. The 60-day RRT depend-
ence was analyzed first; if it was not available, we used
reported information in the following sequence: 28-day
and 90-day RRT dependence.

Statistical analysis

In this meta-analysis, the pooled odds ratio (OR) for
binary outcomes and the weighted mean difference for
continuous outcomes were calculated. The data from
individual studies were pooled using the random effect
model. We conducted subgroup analysis to examine
the possible modification effects of the patient popula-
tion (medical, surgical, or mixed), study design (whether
patients with the emergent need for RRT were excluded
before enrollment or randomization in the trial), and



Chen et al. Ann. Intensive Care (2020) 10:30

the AKI population with or without high plasma NGAL.
We performed subgroup analysis using the mixed effect
model to study four outcomes: death, ICU LOS, MV
days, and RRT days. Heterogeneity between studies was
assessed using the I statistic. In addition, to evaluate
some of the results of meta-analysis that may be greatly
affected by the result of one outlier study, we performed a
cumulative meta-analysis.

To assess the safety of the watchful waiting strategy and
conventional indications for RRT in the critically ill AKI
population, each included RCT was examined for prede-
fined criteria:

1. Exclusion of patients with the emergent need for
RRT before randomization.

2. Equal baseline condition and disease severity
(assessed using APACHE 1II, SOFA, Simplified Acute
Physiology Score 11, age, vasopressor use, MV, sepsis/
shock, and baseline renal function).

3. Conventional indications for RRT as late criteria.

Studies that fulfilled all the aforementioned criteria
were evaluated through sensitivity analysis. The primary
outcomes of the watchful waiting strategy and the sig-
nificance of secondary outcomes were validated in the
context of information size and effect size by using Trial
Sequential Analysis (TSA) with TSA software version
0.9.5.10 beta. We set several effect sizes of clinical rel-
evance and made conclusions according to three condi-
tions: required information size, whether the monitoring
boundary was crossed, and whether the futility boundary
was crossed [75-77].

Publication bias was assessed using funnel plots. In gen-
eral, a two-sided P value<0.05 is considered statistically
significant. However, in this meta-analysis, alpha error
correction was considered using the Bonferroni adjust-
ment. Seven outcomes (one primary and six secondary
outcomes) were evaluated; therefore, the significance
level was set at 0.0071 (0.05/6). Similarly, the significance
level was set at 0.0042 (0.05/12), because a total of 12 sub-
group analyses were conducted. The risk-of-bias plot and
funnel plot were generated using Review Manager (Rev-
Man) version 5.3 software (Nordic Cochrane Centre, The
Cochrane Collaboration, 2014). This meta-analysis as well
as the random and mixed effect models was conducted
using Comprehensive Meta-Analysis version 3 software
(Biostat, Englewood, NJ, 2013).

Results

Literature search

In the initial search, we retrieved articles using the afore-
mentioned search strategy (Additional file 1: Table S1).
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After excluding duplicate articles and nonrelevant arti-
cles, the titles and abstracts of the remaining 1088 articles
were screened. Twenty-seven articles were identified to
be potentially relevant, and full-text articles were down-
loaded and assessed for eligibility. Of these 27 articles, 7
were excluded because they were not based on the AKI
population [13-15, 29], RRT was not the primary treat-
ment in the late group [30], they had a duplicate cohort
with a single reported outcome that could not be used for
meta-analysis [31], and no actual event numbers and no
information on the baseline characteristics of the early or
late RRT initiation groups were available [32] (Additional
file 1: Table S5). Finally, 20 studies (9 RCTs, 10 prospec-
tive cohort studies, and 1 post hoc analysis of the AKIKI
study) were included in this meta-analysis (Fig. 1).

Study characteristics

A total of 1938 patients with AKI in 9 RCTs (excluding
the post hoc analysis of the AKIKI study) were included
in the meta-analysis. Our study mainly focused on RCTs;
the results of 10 prospective studies are provided in Addi-
tional file 2: Document S2. Overall, 6 of the 9 included
RCTs enrolled a mixed population of critically ill surgi-
cal and medical patients. Moreover, 2 of 9 RCTs enrolled
surgical patients [12, 56]. One study enrolled only medi-
cal patients with septic shock [57]. The modality of RRT
and the definition of AKI varied across the studies. These
details are provided in Additional file 2: Document S3.

Risk of bias

The Cochrane Collaboration’s tool for assessing the risk
of bias revealed that each study had low risk or unclear
risk in most domains of bias assessment. Risk-of-bias
assessments of the included RCTs are summarized in
Fig. 2. A detailed explanation is provided in Additional
file 2: Document S4.

Primary outcomes

Among the nine RCTs, the pooled OR for mortality in
the early RRT initiation group was 0.88 (95% confidence
interval [CI] 0.62-1.27) (Fig. 3). The observation period
of mortality varied across studies (Additional file 1:
Table S4). The results were not altered in the cumulative
meta-analysis.

Secondary outcomes

The mean difference in ICU LOS was nearly neutral:
0.09 days (95% CI — 1.01 to 1.19 days). In addition, hos-
pital LOS was nonsignificantly different between the
groups (— 1.76 days; 95% CI — 3.77 to 0.25 days). Pooled
analysis showed that MV days were slightly fewer in the
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Fig. 1 PRISMA flowchart of study inclusion

early RRT initiation group (—3.98 days; 95% CI — 7.81 to
— 0.15 days), but this result was not statistically signifi-
cant after alpha error correction. No difference was noted
in RRT days between the early and late RRT initiation
groups (— 2.85 days; 95% CI — 6.07 to 0.36 days). The
pooled OR showed no significant difference between the
groups in terms of RRT dependence (OR, 0.74; 95% CI

0.49 to 1.11) or renal recovery (OR, 1.40; 95% CI 0.75 to
2.59) (see forest plot of secondary outcomes in Additional
file 3: Figure S1). In addition, the results were not altered
in the cumulative meta-analysis, except for the result for
MYV days. The result for MV days was not significant after
an outlier study [59] was excluded (data not shown).
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Fig. 2 Summary of risk of bias and applicability concern

Subgroup analysis

We analyzed subgroups on the basis of the patient pop-
ulation (medical, surgical, or mixed), the use of high
plasma NGAL as an enrollment criterion (yes or no),
and study design (excluding or including patients with
emergent need for RRT before randomization) in all nine
enrolled RCTs with available outcomes. No significant
modification effects were observed for three subgroup
variables: mortality (included in all nine RCTs), ICU
LOS (included in six RCTs: [28, 48, 55-58]), and MV
days (included in six RCTs: [28, 55-58]) (Tables 1 and 2).
However, all subgroup variables exerted significant modi-
fication effects on RRT days (included in six RCTs: [54—
59]). The results demonstrated that RCTs that enrolled
a surgical population (P for interaction=.001), enrolled
a population with high plasma NGAL (P for interac-
tion=.031 [result was nonsignificant after alpha error
correction]), and did not exclude patients with the emer-
gent need for RRT (P for interaction <.001) had favora-
ble outcomes in the early RRT initiation group compared

with the late RRT initiation group (Table 2). In addition,
the interaction effect of RRT days subgrouped by high
plasma NGAL-population was nonsignificant after an
outlier study was excluded (data not shown).

Sensitivity analysis

Only six [48, 54-58] of the nine RCTs fulfilled our pre-
defined criteria for examining the safety of the watchful
waiting strategy (Table 3). The pooled data of these six
studies revealed no significant intergroup differences
in primary and secondary outcomes (Additional file 1:
Table S8A, B).

Publication bias

A funnel plot was generated to evaluate the possibil-
ity of publication bias. The results showed generally
symmetrical distributions for mortality, ICU LOS, MV
days, and RRT days (Additional file 4: Figure S2).
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Gaudry / 2016
Jamale / 2013
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controlled trials

Fig. 3 Forest plot for comparison of mortality between the early and late renal replacement therapy initiation groups in the included randomized

Death/Total Odds ratio (95% Cl) Weight
Early Late
138/246 128/242 1.14 (0.80, 1.63) 17.7
10/70 9/36 0.50 (0.18, 1.37) 8.0
150/311 153/308 0.94 (0.69, 1.29) 18.4
21/102 13/106 1.85 (0.87, 3.94) 11.1
36 /58 35/60 1.17 (0.56, 2.45) 11.3
10/20 9/20 1.22 (0.35, 4.24) 6.0
2/14 12/14 0.03 (0.00, 0.23) 25
181748 19/52 1.04 (0.46, 2.35) 10.2
44/112 65/119 0.54 (0.32,0.91) 14.7

0.88 (0.62, 1.27)

Table 1 Subgroup analysis of mortality in the included randomized controlled trials

Outcome/subgroup No. of studies  No. of events/no. No. of events/no. Pooled odds ratio (%) Pfor subgroup
of patients, early of patients, late (95% CI) difference
group group

Population 0.360

Medical 1 138/246 128/242 1.14 (0.80 to 1.63) 0
Surgical 2 46/126 77/133 0.15(0.01 t0 2.62) 85.9
Mixed 6 245/609 238/582 1.02 (0.80 to 1.30) 0
NGAL-based 0.969
No 5 321/743 315/706 0.85(0.49to 1.47) 751
Yes 4 108/238 128/251 0.84 (0.54 to 1.30) 26.5
Emergent need for RRT 0.201
Included 3 22/104 30/70 0.32 (0.06 to 1.77) 78.1
Excluded 6 407/877 413/887 1.00 (0.75t0 1.32) 43

Assessment of evidence quality and summary of findings
We evaluated the primary outcome (overall mortal-
ity) and six secondary outcomes (ICU LOS, hospital
LOS, RRT dependence, renal recovery, MV days, and
RRT days), and we performed quality assessment using
the GRADE system. The outcomes and assessments
are presented as a summary of findings in Additional
file 1: Table S9.

Discussion

In the present meta-analysis, four findings are worth
summarizing. First, early RRT initiation did not reduce
all-cause mortality in the AKI population. Second, ICU
or hospital LOS, RRT duration, or renal recovery/RRT
dependence was not different in the early or late RRT
initiation groups, but the early RRT initiation group had
fewer MV days but this result was not statistically signifi-
cant after alpha error correction. Third, subgroup analysis

revealed that in the surgical population and the AKI
population with high plasma NGAL, early RRT initiation
could reduce RRT days. Fourth, the initiation of RRT until
the appearance of conventional indications in patients
with AKI without conventional criteria for RRT initiation
initially may not adversely affect patient outcomes.

Previous studies

Several recent meta-analyses examined the effect of
early RRT initiation on patient survival and related out-
comes [5-11]. All but one meta-analysis [11] reported
that the early initiation of RRT did not provide a survival
advantage (Additional file 1: Table S7). However, most
of these meta-analyses included trials that did not focus
on the AKI population [13-15, 29]. Further discussion is
included in Additional file 2: Document S5.
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Table 2 Subgroup analysis of ICU days, MV days, and RRT days in the included randomized controlled trials
Outcome/subgroup No. of studies No. of patients Pooled mean difference 1 (%) P for subgroup
(95% Cl) difference
ICU LOS
Population 0518
Medical 1 488 1.00 (— 0.91 t0 2.91) 0
Surgical 1 231 — 0.50 (— 4.65 t0 3.65) 0
Mixed 4 943 —035(—1.77t01.08) 0
NGAL-based 0.350
No 3 1213 0.30 (— 0.89 to 1.49) 0
Yes 3 449 —1.20(=4.121t01.72) 0
Emergent need for RRT 0470
Included 1 106 —200(—7.78t03.78) 0
Excluded 5 1556 0.17 (— 09510 1.29) 0
MV days
Population 0.054
Medical 1 488 1.00 (— 1.63t0 3.63) 0
Surgical 1 231 —231(—450t0 —0.13) 0
Mixed 4 883 — 7.14 (= 150510 0.76) 89
NGAL-based 0.101
No 3 1213 —0.28 (— 2.01 to 1.45) 0
Yes 3 389 — 944 (—2025t01.38) 922
Emergent need for RRT 0.269
Included 2 146 — 1328 (— 348310 8.28) 94.6
Excluded 4 1456 — 1.09 (= 2.78 t0 0.60) 29.7
RRT days
Population 0.001
Medical 1 488 2.00(1.211t02.79) 0
Surgical 1 231 — 16.00 (— 28.57 to — 3.43) 0
Mixed 4 985 —5.19(—11.25t00.86) 93
NGAL-based 0.031*
No 3 1315 146 (0.21to 2.71) 60.4
Yes 3 389 — 1438 (— 28.74to — 0.02) 88.1
Emergent need for RRT <0.001
Included 1 40 —2450(—3284t0—16.16) 0
Excluded 5 1664 045 (— 1.471t0237) 745

LOS length of stay, NGAL neutrophil gelatinase-associated lipocalin, RRT renal replacement therapy

# This result was nonsignificant at P<.0042 (0.05/12) if a Bonferroni adjustment was made for alpha error correction

Present study

Our present review did not demonstrate a statistically
significant survival benefit of early RRT initiation, which
is in line with the findings of most previous reviews [5—
10]. Several studies that revealed positive [13] or nega-
tive [14, 29, 30] effects of early RRT initiation were not
included in our meta-analysis. Early renal support has
several hypothetical benefits: fluid balance maintenance,
electrolyte and acid-base homeostasis, early organ sup-
port despite renal function in patients with multiple
organ failure, removal of cytokines, and balance of meta-
bolic demand in high catabolism condition (sepsis) [40].

KDIGO guidelines suggest starting RRT emergently in the
event of life-threatening conditions (hyperkalemia, meta-
bolic acidemia, pulmonary edema, and uremic compli-
cations) considered the conventional indicators for RRT
initiation [26]. The 2016 Acute Disease Quality Initiative
XVII International Consensus Conference suggested a
more personalized consideration, and that RRT should be
started when the demand exceeds the total renal capac-
ity [41]. Only two RCTs could demonstrate a significant
benefit of early RRT initiation [12, 56]. Several limitations
and possible confounders might need to be considered
(detailed discussion in Additional file 2: Document S6).
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Table 3 Six major randomized controlled trials included in sensitivity analysis for examination of the watchful waiting

strategy
Trial, year Jamale 2013 STARRT-AKI pilot  ELAIN-2016 AKIKI-2016 IDEAL-ICU 2018 The FST trial 2018
2015
Population, N Mixed, 208 (only 3 Mixed, 100 (56% Surgical, 231 Mixed, 619 (80% Medical, 488 (septic  Mixed, 118 (67%
surgical) sepsis) medical) shock) medical)
Inclusion criteria AKI Severe AKI (any 2 KDIGO stage 2 KDIGO stage 3 RIFLE-F stageand  AKI (KDIGO) and
Urea>70 mg/ criteria): and plasma septic shock (1) Clinical diagnosis
dL or creati- (1) 2x increase Cr NGAL> 150 ng/ within 48 h of ATN and
nine>7 mg/dL (2) UOP <6 mL/ mL and (any one): (2) FST nonre-
kg/12h (1) Severe sepsis sponsive: urine
(3) blood (2) Catecholamine output <200 ml
NGAL=>400ng/  (3) Refractory fluid for2 h
mL) overload
(4) Non-renal organ
failure, SOFA > 2
NGAL level NR 400 ng/mL > 150 ng/mL NR NR > 150 ng/mL
Median:>1300ng/ Median Median
mL 490 ng/mL (early) 625 ng/mL (early)
618 ng/mL (late) 860 ng/mL (late)
Other late criteria Nil Nil AKI progression AKI non-recovery AKI non-recovery Nil
in addition to (KDIGO stage 2 (oliguria/anu- (UOP <1000 in
conventional to 3) ria)>72 h) diuretics naive
indication or< 2000 with
diuretics)>48 h
Late group median  NR 31.57(22.83-59.50) 25.5(18.8,40.3) 57 (28-53) 51.5(34.6-59.5) 21 (16.75-48.5)
from randomiza- Mean and SD: Mean and SD:
tion to RRT (IQR), 51.63 h (51.95) 40.0 h (54.5)
hours
Mortality (event/ 21/102 vs. 13/106 18/48 vs. 19/52 44/112 vs.65/119 150/311 vs. 138/246 vs. 36/58 vs. 35/60
number) (90 days) (90 days) (90 days) 153/308 (60 days) 128/242 (60 days) (28 days)

AKl acute kidney injury; ATN acute tubular necrosis; Cr creatinine; FST furosemide stress test; IQR interquartile range; KDIGO Kidney Disease: Improving Global
Outcomes; NGAL neutrophil gelatinase-associated lipocalin; NR not reported; RIFLE risk, injury, failure, loss, end-stage kidney disease; SD standard deviation; UOP urine

output

The present meta-analysis demonstrated a possible
benefit of early RRT initiation: fewer MV days in the
overall enrolled population and shorter RRT duration in
subgroup analysis. However, type I error in the present
study should be considered because TSA demonstrated
an insufficient accrued sample size (Additional file 5: Fig-
ure S3). Further detailed discussion and results of TSA
regarding the possible benefit of fewer MV days are pro-
vided in Additional file 2: Document S7.

In conventional meta-analysis, the watchful waiting
strategy was found to be safe. TSA revealed that early
RRT initiation was unlikely to produce a 15% or greater
mortality risk reduction (Additional file 6: Figure S4).
Other secondary outcomes were also examined, but an
inclusive result was reported because of the relatively
small sample size (Additional file 1: Table S10A, B and
detailed discussion in Additional file 2: Document S8).
Three of six RCTs in our sensitivity analysis used conven-
tional criteria alone, and the others used a combination
of non-renal recovery or AKI progression as the late RRT
initiation criteria. In five RCTs, the time from enrollment
in the study to RRT initiation varied in the late initiation

group (median time ranging from 21 to 57 h) (Table 3).
It is difficult to define the longest safe observation time
for the watchful waiting strategy, but 1-3 days may be
reasonable. We summarized different early and late RRT
initiation criteria as well as the primary outcome of eight
RCTs using conventional criteria as late criteria, and this
information is provided in Additional file 7: Figure S5.
Although we included studies published after 2000, a
possible time-dependent effect as a confounder should
be considered. Compared with more recent trials, earlier
studies differed in RRT prescription, AKI definition, and
study design. We summarize the different RRT prescrip-
tions in Additional file 1: Table S11. The role of biomark-
ers in AKI patient risk prediction and triage was noted
only in recent studies and was not addressed in earlier tri-
als. In addition, the adequate prescribed dose of RRT was
more standardized after the publication of KDIGO AKI
guidelines [26]. For example, in an earlier study by Bou-
man et al. [28], the minimal prescribed continuous veno-
venous hemofiltration dose was 24 L/day, which may be
inadequate, as indicated by later studies and international
guidelines [26, 71, 73]. Therefore, the confounding effect
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across time among these studies between 2002 and 2018
should be considered.

Our study has some limitations. First, significant het-
erogeneity is still a substantial concern, as was true in
previous meta-analyses. Second, with the relatively small
accrued information size as per the study by Feng et al.
[7], our results should be interpreted with caution. Fur-
ther information from STARRT-AKI (NCT02568722),
AKIKI2 (NCT03396757), and other large-scale, well-
designed RCTs (excluding patients with the emergent
need for RRT before randomization, balancing underly-
ing severity in both arms, excluding patients with severe
fluid overload) should be obtained to provide a more
definitive answer regarding the optimal timing of RRT
initiation and optimal RRT duration. The strengths of
our study are the inclusion of three recent RCTs and the
fact that this study is the first subgroup analysis examin-
ing the safety of the watchful waiting strategy regarding
the role of early RRT initiation in patients with AKI with
high plasma NGAL.

Conclusions

Early RRT initiation may not provide a survival advan-
tage, but it offers the possible benefits of reduced MV
and RRT days. Further well-designed studies are needed
to confirm the benefit of shorter duration of MV or RRT
in the surgical population and high-risk AKI population
(high plasma NGAL). Our findings imply that the watch-
ful waiting strategy chosen by nephrologists or intensiv-
ists may be a safe approach for AKI intervention.
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