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Abstract 

Background Continuous renal replacement therapy (CRRT) is a widely used standard therapy for critically ill patients 
with acute kidney injury (AKI). Despite its effectiveness, treatment is often interrupted due to clot formation in the 
extracorporeal circuits. Anticoagulation is a crucial strategy for preventing extracorporeal circuit clotting during CRRT. 
While various anticoagulation options are available, there were still no studies synthetically comparing the efficacy 
and safety of these anticoagulation options.

Methods Electronic databases (PubMed, Embase, Web of Science, and the Cochrane database) were searched from 
inception to October 31, 2022. All randomized controlled trials (RCTs) that examined the following outcomes were 
included: filter lifespan, all-cause mortality, length of stay, duration of CRRT, recovery of kidney function, adverse 
events and costs.

Results Thirty-seven RCTs from 38 articles, comprising 2648 participants with 14 comparisons, were included in 
this network meta-analysis (NMA). Unfractionated heparin (UFH) and regional citrate anticoagulation (RCA) are the 
most frequently used anticoagulants. Compared to UFH, RCA was found to be more effective in prolonging filter 
lifespan (MD 12.0, 95% CI 3.8 to 20.2) and reducing the risk of bleeding. Regional-UFH plus Prostaglandin I2 (Regional-
UFH + PGI2) appeared to outperform RCA (MD 37.0, 95% CI 12.0 to 62.0), LMWH (MD 41.3, 95% CI 15.6 to 67.0), and 
other evaluated anticoagulation options in prolonging filter lifespan. However, only a single included RCT with 46 
participants had evaluated Regional-UFH + PGI2. No statistically significant difference was observed in terms of length 
of ICU stay, all-cause mortality, duration of CRRT, recovery of kidney function, and adverse events among most evalu-
ated anticoagulation options.

Conclusions Compared to UFH, RCA is the preferred anticoagulant for critically ill patients requiring CRRT. The SUCRA 
analysis and forest plot of Regional-UFH + PGI2 are limited, as only a single study was included. Additional high-quality 
studies are necessary before any recommendation of Regional-UFH + PGI2. Further larger high-quality RCTs are 
desirable to strengthen the evidence on the best choice of anticoagulation options to reduce all-cause mortality and 
adverse events and promote the recovery of kidney function.
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Trial registration The protocol of this network meta-analysis was registered on PROSPERO (CRD42 02236 0263). Regis-
tered 26 September 2022.
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Background
Continuous renal replacement therapy (CRRT) is a 
standard therapy for critically ill patients with acute 
kidney injury (AKI) in the intensive care unit (ICU) [1]. 
In contrast to traditional forms of renal replacement 
therapy (RRT), such as intermittent hemodialysis and 
peritoneal dialysis, CRRT can deliver solute clearance 
and acid–base regulation for patients with unstable 
hemodynamic status [2]. Although CRRT is prescribed 
as a continuous dialysis therapy, unexpected downtime 
can occur due to clot formation in the extracorporeal 
circuits [3]. Frequent clotting in the extracorporeal cir-
cuits limits the benefits of CRRT. Extracorporeal circuit 
clotting can cause potential blood loss that may affect 
hemodynamic stability and require frequent circuit 
changes [4, 5], increasing the workload of medical staff 
and treatment costs [6]. Therefore, effective strategies 
to prevent clotting in extracorporeal circuits during 
CRRT are crucial. In addition to catheter choice, blood 
flow rate, and therapy choice, anticoagulation is also an 
important and commonly used strategy to prevent clot 
formation during CRRT [7].

Anticoagulation is essential to prevent extracorporeal 
circuits clotting during CRRT. Currently, various anti-
coagulation options have been used in clinical settings, 
and unfractionated heparin (UFH) is the most commonly 
used anticoagulant [8] due to its low cost, easy monitor-
ing, and simple reversal [9, 10]. However, the increased 
risk of bleeding and heparin-induced thrombocytope-
nia type II (HIT-II) might lead to life-threatening com-
plications [8]. Regional citrate anticoagulation (RCA) is 
another common anticoagulation option for CRRT. RCA 
has also been recommended as a suitable form of CRRT 
anticoagulation for its longer circuit life, and safety even 
in patients with liver dysfunction [11]. However, potential 
disturbances, such as citrate toxicity, metabolic alkalo-
sis, and hypocalcemia, might be observed in critically ill 
patients [12]. Other anticoagulation options such as low-
molecular-weight heparin (LMWH), nafamostat mesi-
late (NM), Prostaglandin I2 (PGI2), and Regional-UFH 
are also available during CRRT [13–16]. Various antico-
agulation options have been used during CRRT, but the 
efficacy and safety of these anticoagulants remain contro-
versial. To date, no studies have synthetically compared 
the effects of all these anticoagulation options. Therefore, 
we conducted a network meta-analysis (NMA) to provide 

the most recent available evidence on the best choice of 
anticoagulant during CRRT.

Methods
We conducted a systematic review with NMA in accord-
ance with the Preferred Reporting Items for Systematic 
Reviews and Meta-analyses (PRISMA) guidelines [17], 
and the protocol of this NMA was registered on PROS-
PERO (CRD42022360263).

Search strategy
We systematically searched all relevant publications 
without language restriction in PubMed, Embase, Web 
of Science, and the Cochrane database from inception 
to October 31, 2022. The search terms were as follows: 
“renal replacement therapy,” “continuous venovenous 
hemofiltration,” “CVVH,” “continuous venovenous hemo-
dialysis’’, “CVVHD’’, “continuous venovenous hemodia-
filtration’’, “CVVHDF,” “slow continuous ultrafiltration,” 
or “SCUF”; “anticoagulation,” “citrate,” “heparin,” “UFH,” 
“LMWH,” “dalteparin,” “nadroparin,” “enoxaparin,” “biva-
lirudin,” “prostacyclin,” “nafamostat,” “hirudin,” “iloprost,” 
or “tirofiban.” In addition, proceedings from the refer-
ences that were listed in all retrieved articles, and eligible 
studies from published meta-analyses were also searched 
to ensure a complete identification of all eligible studies. 
The detailed search strategy is presented in Additional 
File 1. The search process was performed and confirmed 
by two independent reviewers (ZFZ and CL).

Selection criteria
Participants: Adult critically ill patients receiving CRRT 
in the ICU.

Interventions: Interventions were regarded as phar-
macological interventions for preventing clotting of 
extracorporeal circuits during CRRT with any type of 
anticoagulant.

Types of outcome measures: filter lifespan or occur-
rence of filter clotting, all-cause mortality, length of stay, 
duration of CRRT, recovery of kidney function, adverse 
events, and costs.

Type of studies: all randomized controlled trials (RCTs 
or cluster RCTs) and quasi-RCTs concerning pharmaco-
logical anticoagulation during CRRT.

The inclusion criteria were as follows: (1) RCTs con-
cerning pharmacological anticoagulation during CRRT 

https://clinicaltrials.gov/ct2/show/CRD42022360263
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in critically ill patients; (2) studies reporting the follow-
ing outcomes: filter lifespan or occurrence of filter clot-
ting, all-cause mortality, length of hospital or ICU stay, 
duration of CRRT, recovery of kidney function, adverse 
events, and costs; and (3) sufficient data available to cal-
culate risk ratios (RRs) and mean differences (MDs) with 
95% confidence intervals (CIs).

Exclusion criteria were: (1) no relevant data; (2) confer-
ence abstracts without full-text manuscripts; (3) nonhu-
man studies or studies that enrolled pediatric patients; 
(4) studies that enrolled patients receiving dialysis treat-
ment before admission to the ICU; and (5) studies that 
compared different doses of the same pharmacological 
anticoagulation.

Data extraction and quality assessment
Two investigators (ZFZ and YYY) independently 
screened the titles and abstracts of the articles, and 
extracted data from the included studies. Any disagree-
ments were resolved by a third author (LZ). The following 
data from each study were extracted: (1) study charac-
teristics: publication year, author names, study design, 
target population, number of participants, age, sex, and 
so on; (2) type of anticoagulation during CRRT, CRRT 
modalities, dilution, and blood flow rate; and (3) outcome 
characteristics: filter lifespan or occurrence of filter clot-
ting, all-cause mortality, length of hospital or ICU stay, 
duration of CRRT, recovery of kidney function, adverse 
events, and costs. Quality assessment of the included 
RCTs was performed by two investigators (CL and FW) 
using the Cochrane Collaboration Risk of Bias Tool [18], 
and disagreements would be settled by discussion with a 
third investigator (PF). Selection bias (random sequence 
generation and allocation concealment), performance 
bias (blinding of participants and personnel), detection 
bias (blinding of outcome), attrition bias (incomplete 
outcome data), reporting bias (selective reporting), and 
other biases were categorized as “low,” “unclear,” or “high” 
risk of bias.

Data synthesis and analysis
RR with 95% CIs was calculated for dichotomous vari-
ables, and MD with 95% CIs was calculated for continu-
ous variables. Conventional pairwise meta-analyses were 
initially conducted using Stata SE, version 14 (Stata-
Corp, College Station, TX, USA), for direct comparisons 
between different pharmacological anticoagulants during 
CRRT. P < 0.05 was considered statistically significant. 
Homogeneity, transitivity, and consistency were assumed 
to underlie the validity of conclusions from NMA analy-
ses [19]. Homogeneity assumption was satisfied when the 
magnitude of heterogeneity within direct pairwise com-
parisons was acceptable. Heterogeneity was evaluated 

using the I2 statistic. Specifically, I2 values of 0–24.9%, 
25–49.9%, 50–74.9%, and 75–100% represented no, low, 
moderate, and significant heterogeneity, respectively [20, 
21]. And the transitivity assumption was satisfied when 
studies included were sufficiently similar regarding meth-
odological and clinical characteristics. Inconsistency 
between direct and indirect estimates in the entire net-
work of each outcome was assessed locally with a loop-
specific approach and globally with design-by-treatment 
interaction model [22, 23]. And the consistency assump-
tion was rejected when the p value of the inconsistency 
test was less than 0.05. In addition, Begg’s funnel plots 
and Egger’s test were also performed to analyze potential 
publication bias when ten or more trials were included 
in each pairwise meta-analysis. We also identified the 
relative rankings of different anticoagulants based on the 
surface under the cumulative ranking curve (SUCRA) 
for each outcome, ranging from 0 to 100% [24]. And the 
higher the value, the more effective of the anticoagulation 
during CRRT.

The NMA was also performed for multiple com-
parisons using Stata SE, version 14 (StataCorp, College 
Station, TX, USA). And given the risk of excessively 
high or low blood flow rates on the robustness of the 
NMA results, we performed a sensitivity analysis of 
primary outcome by exclusion of studies with a blood 
flow rate > 200  ml/min or < 130  ml/min, as well as stud-
ies lacking detailed information on blood flow rate. In 
addition, in order to eliminate the potential influence of 
other major non-pharmacological interventions (modes 
of CRRT, and pre- or post-dilution) [25], two subgroup 
analyses were performed for populations with CVVH, 
CVVHD, or CVVHDF and pre-dilution or post-dilution, 
respectively.

Results
Search results and characteristics of the included studies
A flowchart depicting the selection process for this study 
is presented in Fig. 1. A total of 2854 articles were iden-
tified from our initial search, and after removing 868 
duplicates, 1986 articles were assessed by screening the 
title and abstract of each article. Subsequently, 89 arti-
cles were read for full text for further evaluation, and 51 
articles were excluded for the following reasons: irrel-
evant data (n = 38), overlapping data (n = 4), study pro-
tocol (n = 3), and conference abstracts (n = 6). Finally, 
37 RCTs from 38 articles were included in our NMA. 
The eligible studies were conducted from 1993 to 2022 
with a total number of 2648 adult patients. These trials 
were conducted in 14 different countries, with Australia 
contributing the most (8 trials, 21.6%). And among the 
included studies, 6 were conducted in multicenter ICUs, 
and the other 31 RCTs were conducted in a single-center 



Page 4 of 17Zhou et al. Critical Care          (2023) 27:222 

ICU. The NMA evaluated 14 different anticoagula-
tion options, including UFH, RCA, LMWH, NM, PGI2, 
and so on. Across the analyzed studies, the sample sizes 
ranged from 10 to 596, and the mean (or median) age 
of patients ranged from 45 to 78  years. Most studies 
reported two-arm comparisons, except for 5 studies [26–
30] with three-arm comparisons. A range of outcomes 
were recorded in these studies, including filter lifespan 
or occurrence of filter clotting, all-cause mortality, length 
of hospital or ICU stay, duration of CRRT, recovery of 
kidney function, adverse events, and costs. The baseline 
characteristics of the included RCTs are presented in 
Table 1.

Risk of bias
For the evaluation of the quality of the included studies, 
we utilized the Kappa coefficient to test the consistency, 
and we showed a substantial coefficient with a Kappa 
value of 0.90. Discrepancies were resolved by a third 
author through consensus. The details for the risk of bias 
of individual RCTs are presented in Additional File 2. 
Overall, most RCTs had a high risk of bias in blinding of 
participants and personnel, and blinding of outcome due 
to not being blinded or being conducted as an open-label 
study. However, blinding of patients and clinicians was 

clinically impracticable in studies due to virtual practice 
issues. Specifically, the lowest risk was random sequence 
generation, with exceeding 70% of studies considered to 
be at low risk for bias. More than half of the trials were 
judged as having a low risk of bias in allocation conceal-
ment, attrition, and reporting. Additionally, 9 trials had a 
high risk of other bias due to the funding source or lack 
of conflict of interest.

Assessment of heterogeneity, transitivity, 
and inconsistency
The results of heterogeneity in direct pairwise compari-
sons are presented in Additional File 3. Overall, no sta-
tistically significant heterogeneity was observed in most 
direct pairwise comparisons, except for some direct 
comparison pairs for the reduction of creatinine (Cr) 
and blood urea nitrogen (BUN) (Additional File 3). Pub-
lication bias was not evaluated due to the lack of enough 
trials included in each pair. We have evaluated the inclu-
sion and exclusion criteria of the eligible studies, par-
ticularly with respect to adult critically ill patients with 
AKI (Additional File 4). Moreover, the target anticoagu-
lation levels were comparable among studies. UFH and 
RCA are the two most commonly used anticoagulants. 
In the UFH group, the heparin infusion was adjusted 

Fig. 1 Flowchart of study selection
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to maintain the activated partial thromboplastin time 
(APTT) values below 70  s, or the post-filter activated 
clotting time (ACT) between 180 and 210 s in most stud-
ies [13, 26, 31–42]. In the RCA group, the post-filter ion-
ized calcium concentration in most studies was kept at 
0.25–0.35 mmol/L [32, 37, 43–45]. And the targeted sys-
temic ionized calcium levels in most studies were kept at 
0.9–1.2  mmol/L or 1.0–1.35  mmol/L [41, 44–47]. Thus, 
we consider the assumption of transitivity to be valid. In 
addition, there was no evidence of significant inconsist-
ency in the network, either at the global or local levels 
(Additional File 5).

Filter lifespan and filter clotting
Twenty-eight RCTs involving 2342 patients reported fil-
ter lifespan. A total of 12 anticoagulation options were 
included. The network geometry is shown in Fig.  2. 
No statistically significant heterogeneity was observed 
among the included RCTs within most direct pairwise 
comparisons except for three comparison pairs. Com-
parison pairs of LMWH versus UFH (I2 = 66.7%), RCA 
versus Regional-UFH plus protamine (I2 = 56.2%), and 
RCA versus no anticoagulation (I2 = 55.4%) showed 

moderate heterogeneity, but were not statistically sig-
nificant (p > 0.10) (Additional File 3). The inconsistency 
test at the global and local levels also indicated no sig-
nificant inconsistency (Additional File 5). Anticoagula-
tion options ranking based on SUCRA values, which 
are shown in Fig. 3, from best to worst, were as follows: 
Regional-UFH + PGI2 98.7%, RCA + LMWH 85.5%, 
RCA 67.2%, NM 59.7%, Bivalirudin 58.8%, LMWH 
51.9%, UFH + PGI2 44.4%, No 35.5%, PGI2 30.4%, UFH 
23.1%, Regional-UFH 22.8%, and Hirudin 21.9%. The 
forest plot for direct comparison is shown in Fig.  4. 
Regional-UFH + PGI2 had the highest SCURA value, 
and Regional-UFH + PGI2 seemed to outperform RCA 
(MD 37.0, 95% CI 12.0 to 62.0), LMWH (MD 41.3, 95% 
CI 15.6 to 67.0), NM (MD 37.7, 95% CI 6.8 to 68.6), and 
other evaluated anticoagulation options in prolonging fil-
ter lifespan (Additional File 6: Fig. S1). However, only a 
single included RCT with 46 participants had evaluated 
Regional-UFH + PGI2. Therefore, additional high-qual-
ity studies are necessary before any recommendation. 
UFH and RCA are most frequently used to assess the 
filter lifespan, and there is strong evidence that RCA 
increases filter lifespan compared with UFH (MD 12.0, 

Fig. 2 Network geometry of all the included anticoagulation options for evaluating filter lifespan. The size of the nodes and the thickness of 
the lines were proportional to the sample size and number of direct comparisons, respectively. Lines do not connect nodes when there were 
no head-to-head trials between two treatments. Abbreviations: UFH: unfractionated heparin; RCA: regional citrate anticoagulation; LMWH: 
low-molecular-weight heparin; PGI2: prostaglandin I2; NM: nafamostat mesilate; and No: no anticoagulation
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95% CI 3.8 to 20.2) (Additional File 6: Fig. S1). Sensitivity 
analysis was also performed by excluding 6 trials with a 
blood flow rate > 200 ml/min or < 130 mL/min, or without 
details of blood flow rate. And compared to UFH (MD 
18.0, 95% CI 0.0 to 36.0), RCA also showed superiority in 
prolonging filter lifespan (Additional File 6, Fig. S43).

Filter clotting is the most common cause of terminating 
hemofiltration, and 12 anticoagulation options were eval-
uated to decrease the rate of filter clotting (Additional 
File 6: Fig. S2). No statistically significant heterogene-
ity (P > 0.1) was observed, although comparison pairs of 
RCA versus UFH (I2 = 64.1%) showed moderate hetero-
geneity (Additional File 3). The SUCRA analysis and the 
forest plot are also limited in this analysis of Regional-
UFH + PGI2 as it was carried out on data from a single 
trial with a small sample size. RCA (64.3%) ranked higher 
than LMWH (60.5%), UFH (34.3%), Regional-UFH 
(62.9%), NM (58.4%), and PGI2 (47.6%) (Additional File 
6: Fig. S3). However, the forest plot for all comparisons 
indicated that RCA only had a lower incidence of filter 
clotting than UFH (Additional File 6: Fig. S5).

All‑cause mortality
A total of 24 RCTs with 1947 patients, which compared 
to 11 anticoagulation options for CRRT, were included 
in this NMA (Additional File 6: Fig. S6). There was no 
significant heterogeneity, or inconsistency among the 
included trials reporting all-cause mortality (Additional 
File 3; Additional File 5). RCA and UFH were the most 
frequently used anticoagulants to assess all-cause mor-
tality; however, no significant difference was observed 
between the two anticoagulants in reducing all-cause 
mortality (RR 0.99, 95% CI 0.84 to 1.16) (Additional File 
6: Fig. S9). Although based on SUCRA values, Bivaliru-
din as anticoagulation for CRRT had the highest SCURA 
value (76.0%) (Additional File 6: Fig. S7), its 95% CI was 
wide and contained the null effect when compared with 
the other 10 anticoagulation options (Additional File 6: 
Fig. S9). No significant difference was observed among 
the 11 anticoagulation options based on the forest plot 
for all comparisons. Therefore, the anticoagulation 
options ranking for all-cause mortality should be inter-
preted with caution.

Fig. 3 Filter lifespan ranking among different anticoagulation options
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Length of hospital or ICU stay
Only a small subset of trials provided information on 
the length of hospital stay, with 4 RCTs [43, 44, 48, 49] 
involving 3 anticoagulation options. Therefore, NMA 
for this outcome was not performed. A total of 10 trials 
with 1123 patients reported data on length of ICU stay, 
and 7 anticoagulation options were assessed (Additional 
File 6: Fig. S10). Bivalirudin ranked the best according 
to SUCRA statistic (95.5%), followed by UFH (58.6%), 
Hirudin (47.6%), Regional-UFH (40.3%), RCA (38.0%), 
UFH + PGI2 (35.0%), and no anticoagulation (35.0%) 
(Additional File 6: Fig. S11). However, only a single study 
with a small sample size had evaluated Bivalirudin, and 
potential overinterpretation of the statistical testing and 
SUCRA ranking probably exist. Further high-quality 
RCTs are desirable to strengthen the effectiveness of 
Bivalirudin during CRRT. Moreover, no significant dif-
ference was observed among anticoagulation with UFH, 
Regional-UFH, RCA, UFH + PGI2, and Hirudin (Addi-
tional File 6: Fig. S13).

Duration of CRRT 
A total of 9 RCTs comparing 7 anticoagulation options 
reported data on duration of CRRT (Additional File 6: 
Fig. S14). The direct comparison between RCA and UFH 
was most frequently used to assess duration of CRRT. 
The anticoagulation options for CRRT ranking, based on 
SUCRA values, from largest to smallest, were as follows: 
Regional-UFH 73.0%, RCA 61.7%, LMWH 59.4%, Bivali-
rudin 48.8%, no anticoagulation 47.1%, UFH 37.9%, and 
NM 22.0% (Additional File 6: Fig. S15). However, accord-
ing to the forest plot for all comparisons, Regional-UFH 
did not show an advantage in reducing the duration of 
CRRT compared to the other 6 anticoagulation options 
(Additional File 6: Fig. S17). Thus, the anticoagulation 
option ranking should be interpreted cautiously.

Recovery of kidney function
A total of 10 trials with 1248 patients, which were com-
pared to 8 anticoagulation options, reported recovery of 
kidney function (Additional File 6: Fig. S18). No hetero-
geneity was found among the included studies, and the 

Fig. 4 Forest plot in direct comparisons for evaluation of filter lifespan



Page 11 of 17Zhou et al. Critical Care          (2023) 27:222  

consistent assumption was deemed acceptable. There is 
weak evidence suggesting that NM is beneficial to the 
recovery of kidney function compared to the other 7 
anticoagulation options during CRRT. Although NM had 
the highest SCURA value (86.9%), its 95% CI was wide 
and contained the null effect when compared to other 
anticoagulation options (Additional File 6: Fig. S21). The 
reduction of Cr and BUN was also analyzed to reflect 
the recovery status of kidney function. With no differ-
ence in baseline characteristics between the control and 
intervention groups, we collected data on the levels of 
Cr and BUN after treatment to reflect the changes. Ten 
RCTs involving 7 anticoagulation options reported data 
on the reduction of Cr (Additional File 6: Fig. S22). Sub-
stantial heterogeneity was observed across studies within 
the comparison of PGI2 and UFH (I2 = 88.2%, P < 0.01), 
or RCA and no anticoagulation (I2 = 94.7%, P < 0.01). And 
according to the forest plot for all comparisons, no sig-
nificant difference was observed among these 7 antico-
agulation options (Additional File 6: Fig. S25). As for the 
analysis of the reduction of BUN, a significant heteroge-
neity among the included trials was also observed (Addi-
tional File 3), and none of the anticoagulation option 
showed an advantage over each other (Additional File 6: 
Fig. S29). Therefore, further high-quality RCTs are neces-
sary to strengthen the evidence.

Adverse events
A total of 13 RCTs comparing to 8 anticoagulation 
options contributed to the analysis of adverse events. 
However, two RCTs [50, 51] comparing NM and no anti-
coagulation were excluded from the analysis due to a lack 
of direct comparison with the other 6 anticoagulation 
options. Thus, only 11 RCTs comparing to 6 anticoagula-
tion options were included in the NMA of adverse events 
(Additional File 6: Fig. S30). As for the direct comparison 
of NM and no anticoagulation, no statistically significant 
difference was observed (RR 1.07, 95% CI 0.75 to 1.51, 
P = 0.72). Unfractionated heparin plus Prostaglandin 
E1 (UFH + PGE1) ranked the best among the 6 antico-
agulation options (Additional File 6: Fig. S31); however, 
there is weak evidence that it reduces the occurrence of 
adverse events (Additional File 6: Fig. S33). Compared 
to UFH, RCA had a higher SCURA value, and a lower 
occurrence of adverse events was observed according 
to the forest plot for all comparisons (Additional File 
6: Fig. S33). We also analyzed bleeding events reported 
from 30 RCTs compared to 14 anticoagulation options 
(Additional File 6: Fig. S34). Although RCA + LMWH 
ranked highest for lower occurrence of bleeding events, 
its 95% CI was wide and contained the null effect when 
compared with other anticoagulation options. However, 
there is strong evidence that UFH (RR 3.09, 95% CI 2.08 

to 4.60) and LMWH increase the risk of bleeding events 
compared with RCA (Additional File 6: Fig. S37). Meta-
bolic disturbance was also analyzed in this NMA, with 
only 8 trials comparing 5 anticoagulation options (Addi-
tional File 6: Fig. S38). No statistically significant differ-
ence was observed between the 5 anticoagulation options 
(Additional File 6: Fig. S41). In summary, the most effec-
tive anticoagulation option for reducing the occurrence 
of adverse events should be interpreted cautiously. Anti-
coagulation with RCA during CRRT is superior to UFH 
in reducing adverse events, including bleeding events.

Costs
Cost-effectiveness is a critical consideration when select-
ing anticoagulants for CRRT in critically ill patients 
with AKI. However, only four RCTs [30, 41, 49, 52] have 
reported the data on the costs of RCA. Gao et  al. [49] 
noted that the cost of CRRT per person was slightly 
lower in the RCA group than that in the no anticoagu-
lation group. And Schilder et  al. [41] indicated that the 
costs of the first 72  h of CRRT were lower in the RCA 
group, compared to the UFH group. Despite sodium cit-
rate costing more per day than heparin, RCA was found 
to prolong filter lifespan, which resulted in an economic 
benefit. However, Fealy et al. [52] suggested that the mag-
nitude of the gain in circuit life did not offset the addi-
tional cost of citrate sufficiently.

In addition, two studies have compared the total daily 
costs of LMWH and UFH. Joannidis et al. [36] observed 
a lower total daily cost of CRRT during anticoagulation 
with LMWH, which contradicts the finding in the study 
conducted by Reeves et al. [53].

Subgroup analyses
Two subgroup analyses were performed for populations 
with CVVH, CVVHD, or CVVHDF and pre-dilution or 
post-dilution, respectively. Overall, in the CVVH sub-
group, no significant difference was observed between 
the evaluated anticoagulants, except for Regional-
UFH + PGI2. However, only a single included RCT with 
46 participants had evaluated Regional-UFH + PGI2, 
which should be interpreted with caution (Additional 
File 6: Fig. S44). In the CVVHDF subgroup, there was 
evidence that RCA is superior in prolonging filter lifes-
pan compared with UFH. However, no significant differ-
ence was observed among other evaluated anticoagulants 
(Additional File 6: Fig. S45). Due to the lack of sufficient 
data, the network meta-model of CVVHD is not avail-
able. In the pre-dilution and post-dilution subgroups, 
compared to UFH, RCA and LMWH both showed supe-
riority in prolonging filter lifespan (Additional File 6: 
Figs. S46, S47).
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Discussion
Key findings
We performed an NMA of 37 RCTs comprising 2648 
participants to evaluate the efficacy and safety of 14 dif-
ferent anticoagulation options during CRRT in adult 
critically ill patients. UFH and RCA are most frequently 
used to assess the outcomes. Our findings suggested that 
RCA has advantages not only in prolonging filter lifes-
pan, but also in reducing bleeding events when compared 
to UFH. The SUCRA analysis and forest plot of Regional-
UFH + PGI2 are limited as only a single study was 
included. Additional high-quality studies are necessary 
before any recommendation of Regional-UFH + PGI2. 
Moreover, there were similar effects in terms of length of 
ICU stay, all-cause mortality, duration of CRRT, recovery 
of kidney function, and adverse events among most eval-
uated anticoagulation options.

Comparison with previous studies
Several systematic reviews and meta-analyses have com-
pared the effects of RCA and other anticoagulants such 
as UFH during CRRT among critically ill patients. Six 
pairwise meta-analyses have compared the efficacy and 
safety of RCA and UFH in CRRT for critically ill patients 
[54–59]. A systematic review including 3 RCTs and 17 
observational studies assessed the efficacy and safety 
of RCA, UFH, and NM compared to anticoagulation-
free, respectively [60]. Another systematic review evalu-
ated the effects of RCA versus UFH, Regional-UFH, and 
LMWH among critically ill patients treated with CRRT 
[61]. Our study comprehensively evaluated the effects of 
various anticoagulation options altogether, considering 
filter lifespan, all-cause mortality, length of stay, duration 
of CRRT, recovery of kidney function, and adverse events 
as outcomes. Unlike previous meta-analysis focused on 
comparisons of two anticoagulation options, our study 
was able to construct various anticoagulation options 

into a network structure, comprehensively evaluating the 
effectiveness of anticoagulants from both direct and indi-
rect comparison. Comparison of our study with previous 
relevant studies is presented in Table 2. Such a compre-
hensive NMA would be more likely to accurately evalu-
ate the efficacy and safety of different anticoagulation 
options during CRRT.

Clinical implications and future studies
Although filter lifespan is influenced by various factors, 
such as the position and patency of the vascular access, 
catheter choice, and blood flow rate, the choice of anti-
coagulant is also an essential strategy to prolong filter 
lifespan during CRRT [62]. This NMA suggested that 
Regional-UFH + PGI2 seemed to outperform other 
evaluated anticoagulants in prolonging filter lifespan 
and decreasing the rate of filter clotting. However, only 
one RCT with 46 participants evaluated Regional-
UFH + PGI2, and there was potential for attrition and 
reporting bias in this trial. Therefore, the SUCRA analysis 
and the forest plot of Regional-UFH + PGI2 have limita-
tions. And additional high-quality studies are necessary 
before making any recommendation.

Our NMA revealed that RCA is more effective in pro-
longing filter lifespan than UFH during CRRT. Since the 
requirement for intravascular access and artificial cir-
cuits during CRRT may increase the risk of infection, 
the prolonged filter lifespan could be associated with an 
increased rate of infection. However, only a post hoc anal-
ysis of the RICH trial [63] had analyzed the relationship 
between prolonged filter lifespan and the risk of infec-
tion. Further investigation into the potential paradoxical 
and negative impact of prolonged filter lifespan and the 
risk of infection is needed to provide evidence for clini-
cal practice. Another concern is the cost-effectiveness of 
RCA. Currently, there are still no firm conclusions about 

Table 2 Comparison of our study with previous relevant studies

Author Type Years of searching Number of studies RCTs Observational Anticoagulation options

This study NMA NA-2022 37 trials from 38 articles 37 – 14 different anticoagulation options

Zhang [42] MA 1993–2017 20 3 17 RCA, UFH, NM, and no anticoagulation

Zhang [43] MA NA-2011 6 6 – RCA, UFH, LMWH, and Regional-UFH

Chang [36] MA NA-2020 10 10 – RCA and UFH

Wu [37] MA NA-2011 6 6 – RCA and UFH

Bai [38] MA NA-2015 11 11 – RCA and UFH

Tsujimoto [6] MA NA-2019 34 34 – Several different anticoagulation options

Liu [39] MA NA-2015 14 14 – RCA and UFH

Feng [40] MA NA-2019 16 16 – RCA and UFH

Li [41] MA NA-2021 13 13 – RCA and UFH
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whether RCA has superior cost-effectiveness. Only four 
RCTs evaluated cost-effectiveness differences between 
RCA and other anticoagulation options. Future studies 
should therefore pay more attention to cost-effectiveness.

It should be noted that variations in RCA protocols do 
have an effect on filter outcomes. But unfortunately, none 
of the RCTs included in this NMA provided sufficient 
data to analyze the effects of variations in RCA protocols. 
Currently, a variety of RCA protocols involving mode of 
citrate delivery and different citrate-containing solutions 
have been described [64]. Our previous study indicated 
a simplified RCA-based CVVH protocol using calcium-
containing replacement solution had a similar circuit 
lifespan compared to calcium-free replacement solution. 
However, we can continuously supplement calcium with-
out the need for a separate intravenous catheter and the 
preparation of a large dose of intravenous calcium solu-
tion, making it more convenient to apply in RCA-CRRT 
practice [65]. Poh et al. [66] found that a low-dose RCA 
protocol (an initial citrate dose of 2.5  mmol/L instead 
of 3  mmol/L) had fewer citrate-related complications 
without loss of efficacy. However, there remain several 
reasons limiting the widespread use of RCA, including 
the scarcity of CRRT-specific citrate solutions and intra-
venous calcium, complexity of RCA protocols, and the 
increasing workload [64, 67]. Therefore, the development 
of better and simplified RCA protocols is crucial.

In our NMA, all-cause mortality was not significantly 
different among different anticoagulation options. Sev-
eral meta-analyses had also indicated that anticoagula-
tion with RCA or UFH during CRRT did not impact 
all-cause mortality [6, 57]. However, minimizing mortal-
ity is the ultimate goal of develop better adjuvant therapy. 
Therefore, further high-quality prospective controlled 
studies are urgently needed to investigate new anticoagu-
lation options that may decrease mortality.

Our NMA did not find evidence supporting the supe-
riority of any anticoagulant over another on recovery of 
kidney function. The reduction of Cr and BUN is a reflec-
tion of the recovery status of kidney function, and the 
recovery of kidney function ultimately benefits patient 
survival [68]. Thus, future studies should focus on the 
influence of recovery of kidney function. Adverse events 
including bleeding events and metabolic disturbance 
were reported in our study. Our NMA showed that the 
occurrence of adverse events was not significantly differ-
ent among most anticoagulation options during CRRT. 
The most effective anticoagulation option for reduc-
ing the occurrence of adverse events remains unclear. 
Instead, our finding suggested the superiority of RCA 
in critically ill patients in reducing adverse events com-
pared with UFH. Although critically ill patients with 
acute or chronic liver failure were excluded in this NMA, 

a meta-analysis [69] and several observational studies 
[70, 71] had indicated that RCA is also safe in patients 
with liver failure or at high risk of bleeding. Thus, further 
high-quality RCTs are desirable to investigate the most 
effective anticoagulation option for reducing adverse 
events when performing CRRT.

Strengths and limitations
To our knowledge, our study comprehensively evalu-
ated the efficacy and safety of various anticoagulation 
options altogether for critically ill patients with AKI. 
Our NMA allows the comparison of multiple anticoag-
ulation options simultaneously in a single analysis and 
improves the precision by combining direct and indirect 
estimates. The findings of our NMA would add evidence 
to the future choice of anticoagulant during CRRT for 
critically ill patients. Our search strategy was extensive 
and included all the relevant studies with no publication 
year restrictions. It included data from more than 2500 
patients, 37 RCTs from 38 articles, and multiple coun-
tries, including Australia, Italy, Germany, France, China, 
and so on. To ensure homogeneity and improve transitiv-
ity, we set strict inclusion criteria that only adult critically 
ill patients with AKI could be included. And the target 
anticoagulation levels were comparable among included 
studies. A variety of outcomes such as filter lifespan, all-
cause mortality, length of stay, during of CRRT, recovery 
of kidney function, and adverse events were analyzed 
in our NMA. In addition, we have performed sensitiv-
ity analysis to eliminate the potential influence of blood 
flow rate on the results. And in order to eliminate the 
potential influence of other major non-pharmacological 
interventions on filter lifespan, we conducted two sub-
group analyses for populations with CVVH, CVVHD, or 
CVVHDF and pre-dilution or post-dilution, respectively. 
Furthermore, two independent investigators have thor-
oughly evaluated the methodological quality of this study.

Despite these strengths, this NMA still has some limi-
tations. Firstly, only a single included RCT with a small 
sample size had evaluated Regional-UFH + PGI2, and 
there was potential for attrition and reporting bias in 
this trial. The SUCRA analysis and the forest plot of 
Regional-UFH + PGI2 will be limited. Secondly, due to 
the nature of the intervention and clinical problem, most 
included RCTs were not double-blinded or conducted 
as an open-label study. Although it might not influence 
the outcomes, there is still potential for bias. Thirdly, 
insufficient data were available to evaluate the efficacy 
and safety of different anticoagulation options on length 
of hospital stay, which is also an important outcome to 
strengthen the evidence on the best choice of anticoagu-
lation options during CRRT. Fourthly, moderate or sig-
nificant heterogeneity existed in some outcomes such as 
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the reduction of Cr and BUN. This was a potential fac-
tor that might influenced the robustness of these results. 
The results of these outcomes should therefore be inter-
preted cautiously. Last, but not least, only published tri-
als with selective databases were included in this NMA, 
and reporting bias could not be ruled out because not 
all trials reported filter lifespan or filter clotting, espe-
cially when filter lifespan was not the primary outcome. 
Regardless of these limitations, we minimized bias 
throughout the analysis by strict method identification, 
data selection, statistical analysis, sensitivity analysis, and 
subgroup analyses. These steps would strengthen the sta-
bility and accuracy of this NMA.

Conclusions
Between the RCA and UFH groups, RCA is the prior-
ity anticoagulant in prolonging filter lifespan and reduc-
ing the risk of bleeding. Regional-UFH + PGI2 and 
Bivalirudin were evaluated by a single study each. Thus, 
additional high-quality studies are necessary before any 
recommendation of Regional-UFH + PGI2 and Bivaliru-
din. No statistically significant difference was observed in 
all-cause mortality, duration of CRRT, recovery of kidney 
function, and adverse events among most evaluated anti-
coagulation options.
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