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ABSTRACT

Background. Renal replacement therapy (RRT) is essential in the presence of life-threatening complications associated
with acute kidney injury (AKI). In the absence of urgent indications, the optimal timing for RRT initiation is still under
debate. This meta-analysis aims to compare the benefits between early and late RRT initiation strategies in critically ill
patients with AKI.
Methods. Studies were obtained from three databases [Medical Literature Analysis and Retrieval System Online
(MEDLINE), Cochrane Central Register of Controlled Trials (CENTRAL) and Scopus], searched from inception to May 2021.
The selected primary outcome was 28-day mortality. Secondary outcomes included overall mortality, recovery of renal
function (RRF) and RRT-associated adverse events. A random-effects model was used for summary measures.
Heterogeneity was assessed through Cochrane I2 test statistics. Potential sources of heterogeneity for the primary
outcome were sought using sensitivity analyses. Further subgroup analyses were conducted based on RRT modality and
study population.
Results. A total of 13 randomized controlled trials including 5193 participants were analysed. No significant differences
were found between early and late RRT initiation regarding 28-day mortality [risk ratio (RR) 1.00; 95% confidence interval
(CI) 0.89–1.12, I² = 30%], overall mortality (RR 1.00; 95% CI 0.90–1.12, I² = 42%) and RRF (RR 1.02; 95% CI 0.92–1.13,
I² = 53%). However, early RRT initiation was associated with a significantly higher incidence of hypotensive (RR 1.34; 95%
CI 1.17–1.53, I² = 6%) and infectious events (RR 1.83; 95% CI 1.11–3.02, I² = 0%).
Conclusions. Early RRT initiation does not improve the 28-day and overall mortality, nor the likelihood of RRF, and
increases the risk for RRT-associated adverse events, namely hypotension and infection.
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INTRODUCTION

Acute kidney injury (AKI) is a clinical syndrome defined as a sud-
den decrease in renal function [1]. AKI occurs in up to 50% of in-
tensive care unit (ICU) patients and is associated with prolonged
ICU and hospital stay, development of chronic kidney disease
(CKD) and increased short and long-term mortality [2–4]. Renal
replacement therapy (RRT) initiation in critically ill patients with
life-threatening complications of AKI (e.g. pulmonary oedema,
hyperkalaemia or refractory metabolic acidosis) is unanimously
accepted [5]. However, in the absence of clearly urgent indica-
tions, the ideal timing for initiating RRT is still uncertain [6].

Early initiation of RRT may improve fluid and electrolyte bal-
ance, remove uraemic toxins and prevent other AKI-associated
complications. However, many patients spontaneously recover
from AKI with no need for RRT. Thus, a pre-emptive strategy
may occasionally expose the patient unnecessarily to dialysis-
related complications such as hypotension, infection, arrhyth-
mia, or bleeding [5, 6]. Those patients could benefit from con-
ventional or late initiation, where RRT is only started when a
life-threatening complication emerges.

Various observational studies and small-randomized con-
trolled trials (RCTs) [7–11] suggest early RRT initiation may im-
prove survival, consistent with the ELAIN (Effect of Early vs
Delayed Initiation of Renal Replacement Therapy on Mortality
in Critically Ill Patients With Acute Kidney Injury) trial’s find-
ings [12]—a large single-centre RCT focussed on the topic. Other
RCTs [Initiation of Dialysis EArly Versus deLayed in Intensive
Care Unit (IDEAL-ICU) or Artificial Kidney Initiation in Kidney
Injury (AKIKI)] [13, 14] have failed to demonstrate significant dif-

ferences in survival between early and delayed RRT initiation
strategies. STandard versus Accelerated Initiation of Renal Re-
placement Therapy in Acute Kidney Injury (STARRT-AKI) [15],
published in 2020, is the largest-to-date multinational RCT as-
sessing RRT timing—it suggested that an accelerated RRT strat-
egy is not associated with a lower risk of death at 90 days.
Given the conflicting evidence available and to guide future clin-
ical practice, the authors decided to conduct an updated meta-
analysis comparing the impact on mortality, recovery of renal
function (RRF) and RRT-associated complication rates of early
versus late RRT initiation strategies in critically ill adult patients
presenting with AKI.

MATERIALS AND METHODS

This meta-analysis was registered on International Prospective
Register of Systematic Reviews (PROSPERO) (CRD42021256868)
and is reported according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines
[16]. The PRISMA checklist is presented in Supplementary data,
Table S1.

Information sources and search strategy

Studies were identified by searching electronic databases and
manually reviewing the reference lists of the selected arti-
cles. Three electronic databases were used, Medical Litera-
ture Analysis and Retrieval System Online (MEDLINE) (1991–
2021), Scopus (1973–2021) and the Cochrane Central Register of
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Controlled Trials (CENTRAL) (1945–2021). There were no restric-
tions on language, and the last search was run on 31 May 2021.
Details regarding the search strategy used for each database are
provided in the Supplementary data, File S1.

Eligibility criteria

We included studies that met the following inclusion criteria:

(i) Study population: critically ill patients ≥18 years with AKI;
(ii) Intervention: early RRT initiation;
(iii) Comparison intervention: late initiation of RRT;
(iv) Outcome: described outcomes had to include patient mor-

tality;
(v) Study design: RCTs.

The criteria for AKI and the classification as early or late
RRT are reported as in the individual study. The authors did
not implement any restrictions on RRT modalities in this
meta-analysis.

Study selection

After removing duplicate articles, two investigators (I.C. and
M.R.) independently screened the titles and abstracts. The full
texts of the identified eligible RCTs were then independently
assessed to determine whether they should be included in the
analysis. Disagreements between the two reviewers were re-
solved by a third reviewer (L.C.).

Data collection process and data items

Two authors (I.C. and M.R.) independently extracted the follow-
ing data publication information (authors, year), study charac-
teristics (country, design, sample size), participant demograph-
ics (mean age, percentage of males), definition and criteria
for early and late RRT initiation and RRT modality. The pri-
mary outcome was 28-day mortality. Secondary outcomes in-
cluded RRF, adverse events (hypotension, arrhythmia, bleeding
and infection) and overall mortality (extrapolated from the last
available data regardingmortality in each study). Disagreements
between the two reviewers were resolved by a third reviewer
(L.C.).

Assessment of the risk of bias in the included studies

Two authors (I.C., M.R.) assessed the risk of bias using Cochrane
Collaboration’s tool [17]. Adequate generation of a randomized
sequence and allocation concealment (selection bias), blinding
of participants and personnel (performance bias), blinding of the
outcome assessors (detection bias), incomplete outcome data
(attrition bias), selective outcome reporting (reporting bias) and
other possible sources of bias were evaluated independently.
Funnel plots were used to ascertain publication bias. Disagree-
ments were resolved by the other two reviewers (M.M.-S. and
L.C.) or through consensus-based discussion.

Data analysis

The results of the selected RCTs were statistically combined us-
ing Review Manager version 5.3. (Cochrane Collaboration). Di-
chotomous outcome results were expressed using risk ratios
(RR) with a 95% confidence interval (CI) and a P-value <.05 was
set as the threshold for statistical significance. Statistical het-
erogeneity was anticipated due to clinical and methodological
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FIGURE 1: PRISMA flow diagram describing the study selection process.

differences between the included trials (e.g. distinct RRT modal-
ities and population characteristics). In order to incorporate
both within-study and between-study variance, summary mea-
sures were performed using a random-effects model (Mantel-
Haenszel method). Heterogeneity was assessed using I2 tests,
with substantial heterogeneity being defined as I2 ˃50% [18]. Sen-
sitivity analyseswere performed to investigate potential sources
of heterogeneity for the primary outcome, including consecutive
removal of individual trials and removal of studies with a non-
low risk of bias for each domain. Further subgroup analyseswere
conducted based on the RRT modality and study population.

RESULTS

Study selection

Figure 1 summarizes the study selection flow of the meta-
analysis. In total, 975 articles were identified through electronic
searches in the three selected databases, of which 177 were
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Random sequence generation (selection bias)

Allocation concealment (selection bias)

Blinding of participants and personnel (performance bias)

Blinding of outcome assessment (detection bias)

Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Other bias

Low risk of bias Unclear risk of bias High risk of bias

0% 25% 50% 75% 100%

FIGURE 2: Included studies’ risk of bias graph.

duplicates. The remaining 798 papers had their titles and ab-
stracts screened for eligibility—in the process, 763 were ex-
cluded for failing to meet the set inclusion criteria. After assess-
ing the remaining 35 articles and scanning their bibliographic
references, 13 RCTs were included in the meta-analysis [10–15,
19–25].

Study characteristics

Details of the included trials, such as population characteristics,
criteria for RRT initiation, RRT modality and primary outcomes,
are described in Table 1

This meta-analysis included studies conducted between
2002 and 2020, with an aggregate of 5193 participants. Sample
sizes ranged from 28 to 2927 patients, with a median of 118 par-
ticipants. In all, five RCTs (38.5%) were single-centre studies [10–
12, 20, 25] and eight (61.5%) were multicentre [13–15, 19, 21–24],
four trials (30.8%) [10–12, 21] had limited inclusion to surgical
patients—three pertained to cardiovascular surgery only [10, 11,
21]. The remaining nine (69.2%) studies involved medical [20]
and mixed (medical/surgical) patients [13–15, 19, 22–25].

In all, seven studies (53.8%) focussed on continuous tech-
niques [11, 12, 19, 21, 23–25] and two trials (15.4%) [10, 20]
employed intermittent modalities. The remaining four studies
(30.8%) [13–15, 22] used either intermittent, continuous, or com-
bined RRT modalities.

The selected studies used variable criteria for early and late
initiation of RRT. In most cases, dialytic support was based on
trial-specific, or Kidney Disease: Improving Global Outcomes
(KDIGO)/RIFLE-defined biochemical or urinary output cut-offs.
In two cases, Srisawat et al. [24] and Xia et al. [25], quantifi-
cation of a novel biomarker—neutrophil gelatinase-associated
lipocalin (NGAL)—was the basis for early RRT initiationwith cut-
off values of 400 and 1310 ng/mL, respectively. Late initiation,
as in most other cases, was based on traditional indications for
dialysis—refractory metabolic acidosis, severe hyperkalaemia,
or pulmonary oedema.

Risk of bias within and across studies

The authors used the Cochrane Collaboration risk of bias tool
[17] to assess the risk of each included paper across seven do-
mains. For most items, the selected studies were generally as-

sessed at low risk of bias. However, given the nature of the
intervention, effective blinding of the participants and clinicians
was unattainable. Thus, this item was assessed at a high risk of
bias for all included RCTs. The risk of bias assessments is sum-
marized in Figs 2 and 3.

Funnel plots were used to evaluate the possibility of publica-
tion bias (Supplementary data, Fig. S1).Visual inspection showed
no significant asymmetries for all outcomes but RRF.

Synthesis of results

Primary outcome. The primary outcome was 28-day mortality.
Aggregate mortality rates were 37.18 and 37.15% for early and
late RRTs respectively. No significant difference was found be-
tween the two groups (RR 1.00; 95% CI 0.89–1.12; P = 1.00). Mod-
erate heterogeneity was present (I2 = 30%, Fig. 4).

A sensitivity analysis with exclusion of each trial and re-
moval of studies with a non-low risk of bias for each domain
(Supplementary data, Tables S2 and S3) was performed to iden-
tify potential sources of heterogeneity. A meta-analysis con-
ducted after exclusion of each trial factoring in the risk of bias
showed no significant effect on the pooled estimate and 95%
CI. Results were identical using both the random-effects and
fixed-effectmodels. Further subgroup analyses based on the RRT
modality demonstrated no significant difference in the overall
effect estimates (Fig. 5).

From the subgroup analyses based on the study population
(Fig. 6), no significant differences in 28-day mortality were de-
tected between the two strategies when assessing RCTs that
included only medical patients (RR 1.68; 95% CI 0.89–3.17; P =
.11), surgical participants (RR 0.60; 95% CI 0.33–1.09; P = .10) or a
mixed population (RR 1.02; 95% CI 0.95–1.10; P = .52, I2 = 0%). In
the subgroup that exclusively included surgical patients, signif-
icant heterogeneity was found (I2 = 70%; P = .02).

Secondary outcomes

Overall mortality. Overall mortality was calculated using the
last reported data in each study [10–15, 19–25]. No significant dif-
ference in overall mortality was found between the two groups
(RR 1.00; 95% CI 0.90–1.12; P = .98, I2 = 42%, Supplementary data,
Fig. S2).
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FIGURE 3: Included studies’ risk of bias summary.

Recovery of renal function. Due to the general lack of data re-
garding the patients’ baseline renal function, this meta-analysis
used RRT independence as a surrogate indicator for RRF, using
data from the last available follow-up. A total of 12 RCTs with
5122 patients were included in the analysis [11–15, 19–25]. No
significant association was found between the timing of RRT ini-
tiation and RRF (RR 1.02; 95% CI: 0.92–1.13; P = .75, I2 = 53%, Sup-
plementary data, Fig. S3).

Hypotension. A total of seven of the selected trials reported this
outcome [12, 13, 15, 20–23]. In total, 15.4 and 10.9% of the pa-
tients in the early and late RRT groups respectively developed
hypotension. Early RRT initiation was associated with a signif-

icantly higher incidence of hypotensive events (RR 1.34; 95% CI
1.17–1.53; P <.0001; I2 = 6%, Fig. 7).

Infection. RRT-associated infection was defined as a catheter-
related or unexplained bloodstream infection.This outcomewas
reported in six RCTs [14, 15, 19, 20, 22, 23]. In the early RRT group,
2.1% of the patients developed infectious complications, in con-
trast to a 1.1% infection rate in the late RRT group. Early RRT
initiation was associated with a significantly higher incidence
of RRT-associated infectious events (RR 1.83; 95% CI 1.11–3.02;
P = .02; I2 = 0%, Fig. 8).

Arrhythmia. In all, seven trials,with 4601 patients, reported this
outcome [10, 12–15, 22, 23]. No significant association was found
between the timing of RRT initiation and the incidence of ar-
rhythmic complications (RR 1.28, 95% CI 0.92–1.78; P = .14; I2 =
39%, Fig. 9).

Bleeding. A total of 10 trials,with 5130 patients in total, reported
this outcome [10, 12–15, 19, 20–23]. No significant association
was found between the timing of RRT initiation and the inci-
dence of bleeding complications (RR 0.95, 95% CI 0.78–1.16; P =
.62; I2 = 0%, Fig. 10).

DISCUSSION

Thismeta-analysis included 13 studies comparing early and late
RRT initiation strategies among 5193 critically ill adult patients
with AKI. The definition for early RRT initiation was highly vari-
able, including patients with AKI stages 1–3 (AKIN or KDIGO).
In the late group, RRT was generally initiated in the presence
of life-threatening complications of AKI refractory to medical
treatment (e.g. pulmonary oedema, hyperkalaemia and refrac-
tory metabolic acidosis). We aimed to compare the benefits of
early and late RRT initiation strategies in critically ill patients
with AKI. Some other articles have focussed on thismatter, how-
ever, this meta-analysis benefits from the inclusion of the most
recent and largest clinical trial on this topic (Bagshaw et al.)
which significantly increased the aggregate sample size and the
robustness of our findings [26].

No significant difference on 28-day and overall mortality was
established between the two approaches, even after subgroup
analysis according to continuous and/or intermittent RRT,which
is consistent with other recent meta-analysis focussing on RCTs
[27–31]. We found neither strategy was associated with an in-
creased chance of RRF. Furthermore, early initiation was asso-
ciated with a significantly higher risk of RRT-related adverse
events (hypotension and infectious complications), which goes
against the findings of other authors [32, 33].

Themajority of the included RCTs selected bothmedical and
surgical patients [13–15, 19, 22–25], combining different AKI ae-
tiologies. For this mixed population, no significant difference
on 28-day mortality was found between an early and late RRT
strategies. These results are robust and precise, supported not
only by a narrow CI and a non-detectable heterogeneity, but also
by the low risk of bias of the included studies.

However, particular attention should be placed on the sub-
group analysis based on the study population. Restriction to sur-
gical patients [10, 11, 21] seems to favour early RRT initiation.
A total of 3/4 RCTs suggest a decrease on the 28-day mortal-
ity with early RRT initiation, one [11] of which with statistical
significance. Although the combined results of the four RCTs
showed non-significant differences between the two strategies,
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FIGURE 4: Forest-plot for the risk of 28-day mortality between early and late renal replacement therapy.

FIGURE 5: Subgroup analysis for the risk of 28-day mortality between early and late renal replacement therapy based on its modality (continuous and/or intermittent).

this analysis is limited by the uncertainty associated with the
wider CI and high grade of heterogeneity detected.

To produce a satisfactory answer to whether the summary
effect varies in relation to specific characteristics of the par-
ticipants and different AKI aetiologies, RCTs with a different

design are necessary. For future research, we suggest that au-
thors should focus on a detailed characterization and selec-
tion of the study population, based on clinical characteristics
and diagnoses (e.g, patients with AKI due to sepsis, cardiac fail-
ure or cardiothoracic surgery). Although determining a specific



Impact of RRT timing in critically ill patients 1941

FIGURE 6: Subgroup analysis for the risk of 28-day mortality between early and late renal replacement therapy based on the study population (surgical, medical or

mixed population).

FIGURE 7: Forest-plot for the risk of hypotension between early and late renal replacement therapy.

aetiology for AKI is frequently difficult, especially in the pres-
ence of multifactorial mechanisms, comparisons of the results
in these subpopulations would provide further data on the way
different AKI mechanisms influence RRT outcomes and poten-
tially identify patient subgroups that would benefit from early
RRT introduction.

Various other meta-analyses have addressed the impact of
early RRT initiation on patient mortality and different RRT-
related outcomeswithmixed results. Somehave suggested a po-
tential benefit on survival using a pre-emptive approach [34–37];
however, most of the studies included in those reviews have an
observational design and suffer from pertinent methodological
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FIGURE 8: Forest-plot for the risk of infection between early and late renal replacement therapy.

FIGURE 9: Forest-plot for the risk of arrhythmia between early and late renal replacement therapy.

FIGURE 10: Forest-plot for the risk of bleeding events between early and late renal replacement therapy.

limitations. Observational studies tendentially focussed on pa-
tients who received RRT, dismissing patients with AKI that re-
cover without RRT (some of which would belong in the late RRT
initiation group), consequently potentially overestimating the
benefits of an early RRT strategy [34–37].

The high short-term mortality associated with AKI in crit-
ically ill patients is widely acknowledged and was once again
demonstrated in this meta-analysis.

Emerging biomarkers of kidney stress and injury have the po-
tential not only to detect AKI in earlier stages but also to stratify

the risk of severe AKI, renal recovery, or progression to chronic
kidney disease (CKD). These biomarkers could also help to dis-
tinguish multiple clinical phenotypes of AKI, that have diverse
aetiologies, pathogenesis, different outcomes and treatment
responses [38–41].

Therefore, one must question if the results presented in this
meta-analysis would be different if the selection of critically ill
patientswith AKI simultaneously included these novel biomark-
ers, besides serum creatinine (SCr) or urine output, in all RCTs.
Their inclusion could help clinicians identify AKI patients at
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high risk for persistent AKI who are more likely to profit from
early RRT initiation. In the future, their integration in decision
algorithmswill probably allow clinicians to tailor their therapeu-
tic approach to each patient as dialysis is not, by any means, a
one-size-fits-all treatment [39].

Finally, one must also acknowledge that despite the lack of
evidence favouring early RRT initiation, protracted delays in RRT
may also pose harm to critically ill patients with AKI. This was
recently reinforced by the AKIKI 2 trial [42] which compared a
delayed and a more-delayed strategy for RRT initiation in this
population. Patients were randomly assigned to one of the two
strategies if they developed a blood urea nitrogen (BUN) con-
centration between 112 and 140 mg/dL (40–50 mmol/L) and/or
oligo-anuria for more than three consecutive days [42]. In the
delayed group, RRT was started within 12 h after randomiza-
tion, whereas in the more-delayed group, RRT was postponed
until an urgent indication emerged or BUN exceeded 140 mg/dL
(50mmol/L) [42]. RRT-free days did not differ between the strate-
gies. However, a pre-specified multivariable analysis revealed
higher 60-daymortality in themore-delayed group.According to
the experts’ opinion [43], this finding is potentially related to the
effects of prolonged untreated AKI, exaggerated non-renal organ
dysfunction [44] and modified recovery from critical illness [45].

Strengths and limitations

This study benefits from a comprehensive search strategy that
focussed on RCTs. Selected articles were then critically anal-
ysed to guarantee the quality of the data included in the meta-
analysis. The inclusion of a diversified group of outcomes in the
analysis (mortality, RRF and four different adverse events) with
sensitivity and subgroup analysis for the primary outcome fur-
ther strengthened this study.

However, this meta-analysis also has important limitations.
Firstly, clinical heterogeneities amongst the included trials limit
the validity of this meta-analysis. Definitions for early and late
RRT initiation varied significantly across RCTs—some authors
opted for analytical-based criteria while others opted for time-
based classifications (e.g. time after randomization, time rela-
tive to the development of AKI). Thus, what may represent an
early intervention in one trial, could fulfil the criteria for late
RRT in another RCT. Heterogeneity is also present in the pop-
ulation characteristics, RRT modalities and duration of follow-
up. Additionally, adequate blinding of the participants and clini-
cians was unattainable, which presents a potentially significant
source of bias. Furthermore, the asymmetrical appearance of
the funnel plot related to RRF suggests publication bias regard-
ing this outcome. A significant underestimation of the impact
of an early/late RRT strategy on RRF cannot be excluded. Possi-
ble explanations for funnel plot asymmetry include variations
in methodological quality, heterogeneity in intervention effects
and small-study effects—a tendency for intervention effects es-
timated in smaller studies [11, 25] to differ from those estimated
in larger studies [46].

CONCLUSIONS

This updatedmeta-analysis shows that early RRT initiation does
not significantly improve 28-day and overall mortality, nor the
likelihood of RRF in critically ill patients with AKI. Furthermore,
a pre-emptive approach appears to increase the risk for RRT-
associated adverse events, namely hypotension and infection.
Future trials comparing RRT timing strategies should focus on

specific AKI subpopulations that may benefit from earlier dia-
lytic support.
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