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Citrate versus heparin anticoagulation
for continuous renal replacement therapy:
an updated meta-analysis of RCTs

Abstract Purpose: The purpose
of this study was to evaluate the
effect and safety of citrate versus
heparin anticoagulation for continu-
ous renal replacement therapy
(CRRT) in critically ill patients by
performing a meta-analysis of upda-
ted evidence. Methods: Medline,
Embase, and Cochrane databases
were searched for eligible studies,
and manual searches were also per-
formed to identify additional trials.
Randomized controlled trials (RCTs)
assessing the effect of citrate versus
heparin anticoagulation for CRRT
were considered eligible for inclu-
sion. Results: Eleven RCTs with
992 patients and 1998 circuits met the
inclusion criteria. Heparin was
regionally delivered in two trials and
systemically delivered in nine trials.
Citrate for CRRT significantly
reduced the risk of circuit loss com-
pared to regional (HR 0.52, 95 % CI
0.35-0.77, P = 0.001) and systemic
(HR 0.76, 95 % CI 0.59-0.98,

P = 0.04) heparin. Citrate also
reduced the incidence of filter failure
(RR 0.70, 95 % CI 0.50-0.98,

Introduction

Continuous renal replacement therapy (CRRT) is com-
monly used for critically ill patients with acute kidney
injury, severe metabolic disorder, refractory fluid over-
load, and certain drug intoxications. Clotting in the
extracorporeal circuit shortens the filter and catheter life-
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P = 0.04). The citrate group had a
significantly lower bleeding risk than
the systemic heparin group (RR 0.36,
95 % CI 0.21-0.60, P < 0.001) and a
similar bleeding risk to the regional
heparin group (RR 0.34, 95 % CI
0.01-8.24, P = 0.51). The incidences
of heparin-induced thrombocytopenia
(HIT) and hypocalcemia were
increased in the heparin and citrate
groups, respectively. No significant
survival difference was observed
between the groups. Conclu-

sions: Given the lower risk of
circuit loss, filter failure, bleeding,
and HIT, regional citrate should be
considered a better anticoagulation
method than heparin for CRRT in
critically ill patients without any
contraindication.
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spans, causes blood loss, and decreases solute clearance,
consequently reducing the effectiveness of CRRT and

increasing treatment cost and workload [1, 2].

Heparin can be systemically and regionally adminis-
trated for anticoagulation during CRRT. Systemic heparin
was the classically used anticoagulation agent and had the
advantages of low cost, easy administration, simple
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monitoring, and reversibility by protamine. However,
systemic heparin increases the risk of bleeding in criti-
cally ill patients who already have an increased bleeding
risk [3]. Regional delivery of heparin to the extracorpo-
real circuit and protamine to reverse its effect is an
alternative to systemic heparin. Despite a reduction of the
bleeding risk, regional heparin is associated with heparin-
induced thrombocytopenia (HIT) risk similar to those of
systemic heparin, and increased risks of protamine
exposure and allergy [4, 5].

Regional citrate anticoagulation was first employed in
hemodialysis in 1983 [6] and was introduced in CRRT in
the 1990s [7]. Since then, the safety and efficacy of
regional citrate anticoagulation have been extensively
evaluated. Several randomized controlled trials (RCTs)
have compared the efficacy and safety of citrate antico-
agulation to those of heparin anticoagulation, and some of
the results of those studies were controversial [8—10]. The
recent Kidney Disease: Improving Global Outcomes
(KDIGO) guideline. which was based on five earlier
RCTs, has recommended regional citrate rather than
heparin in patients who do not have contraindications for
citrate [11].

Thereafter, two meta-analyses summarized the data of
the same six RCTs [12, 13]. Although the two meta-
analyses were not consistent in several data points of the
included trials, they concluded that citrate anticoagulation
could significantly reduce the risk of bleeding. However,
they did not agree on whether citrate could improve cir-
cuit life-span compared to heparin. Additionally, both
meta-analyses demonstrated significant inter-trial hetero-
geneity in the pooled effect of bleeding and circuit life-
span. Therefore, the Canadian Society of Nephrology
concluded that the data were insufficient to determine the
most cost-effective anticoagulation method because of the
uncertain improvement in filter life-span with citrate [14].
Recently, more RCTs [10, 15-18] with valuable data on
citrate versus heparin anticoagulation for CRRT have
been published. Therefore, we performed the present
meta-analysis to summarize the updated evidence and
evaluate the role of citrate anticoagulation for CRRT.

Materials and methods

Search and selection of studies

Two of the authors (M.B. and F.M.) independently per-
formed the study searches and screens to identify eligible
studies. Discrepancies were resolved by discussion and
consensus. We searched the Medline, Embase, and
Cochrane databases from inception to 6 April 2015. Eli-
gible studies were identified using the following key
terms: citrate, heparin, anticoagulation, CRRT, continu-
ous renal replacement therapy, CVVH, continuous

venovenous hemofiltration, CVVHD, continuous ven-
ovenous hemodialysis, CVVHDF, and continuous
venovenous hemodiafiltration. We also manually
reviewed the reference lists of the identified articles and
the article lists of the relevant journals for additional
studies. Additionally, we searched the International
Clinical Trials Registry Platform (ICTRP,
http://apps.who.int/trialsearch/Default.aspx) and Clini-
calTrials.gov for gray trials. No language restriction was
employed for the searches.

Studies with the following characteristics were can-
didates for inclusion: (1) the interventions were citrate
versus heparin anticoagulation for CRRT and (2) the
included patients were randomly assigned to the treatment
groups. Studies with any of the following conditions were
excluded: (1) quasi-random treatment assignment method
(e.g., day of birth or date of admission), and (2) required
data could not be extracted from the published results.
When more than one publication reported the results from
one study, only the publication with the most recent and
complete data was included.

Data extraction

Two of the authors (B.M. and Z.M.) independently
extracted the following data from each study using a
predefined form: first author, publication year, included
patients and circuit number, population characteristics,
study design, inclusion and exclusion criteria, CRRT
protocol, filter parameters, interventions, outcomes, and
complications. The quality of each study was assessed
using the Jadad score system, with 5 points representing a
high-quality study and O points representing a low-quality
study [19]. Discrepancies were resolved by discussion and
consensus. The assessed outcomes included circuit loss
(circuit termination for any reason), filter failure, catheter
dysfunction, patient mortality, bleeding episodes, HIT,
metabolic disturbances, and hypocalcemia. Filter failure
was defined as the occurrence of filter clotting or high
transmembrane filter pressure. If there was any need for
additional data, then the corresponding authors were
contacted.

Statistical analysis

Risk ratios (RRs) with 95 % confidence intervals (95 %
CIs) were pooled for outcome which was reported as a
binary variable. For the time-to-event outcome, hazard
ratios (HRs) were pooled as the summarized parameter
[20, 21]. Ln(HR)s and their standard errors (SEs) were
calculated using the randomization ratio, number of
analyzed patients, observed events, and expected events,
HR and associated 95 % CI, log-rank variance, log-rank
observed-minus-expected events, and P value of the log-
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rank test [20, 22]. When these variables were not avail-
able, the survival curves were assessed to calculate the
In(HR)s and SEs using the easy-to-use calculations
spreadsheet provided by Tierney et al. [20]. Subgroup
analyses according to heparin delivery method (systemic
or regional) were performed for circuit loss risk and
bleeding risk.

A funnel plot and Begg’s test were employed to assess
the potential publication bias of the meta-analysis
including 10 or more studies [23]. Heterogeneity among
the included studies was evaluated using a Chi squared
test and I* statistic and sensitivity analyses were per-
formed to explore the source of heterogeneity. All of the
pooled results were calculated using Review Manager
software (version 5.3, Copenhagen: The Nordic Cochrane
Center, The Cochrane Collaboration, 2011). A
P value less than 0.05 was considered to indicate a sta-
tistically significant difference. The results were
calculated in random-effect models to yield controversial
conclusions and were tested in fixed-effect models as
well. The Mantel-Haenszel method was used for all of the
binary endpoints and the inverse variance method was
used for all of the time-to-event endpoints. Begg’s test
was performed using STATA 10 (Stata Corporation,
College Station, TX, USA).

Results

Study inclusion

The study selection process is presented in Fig. 1. The
numbers of studies identified in the Embase, Medline, and
Cochrane databases were 398, 292, and 182, respectively.
An additional two studies were identified by the manual
searches. The searches of the two trial registry platforms
identified no trials that had been completed and were
unpublished. A total of 218 publications were excluded
because they were duplicates among the databases or
were repeat publications, resulting in the titles and
abstracts of 656 studies being screened, and an additional
632 studies were excluded. Full-text review of the
remaining 24 articles identified 11 RCTs with 992
patients and 1998 circuits that fulfilled all of the selection
criteria.

Table 1 presents the characteristics of the included
studies. Four studies [9, 15, 17, 24] were multicenter
trials, four studies [9, 10, 15, 25] presented recurrent
events data, and two studies [8, 26] had a crossover
design. More than half of the included studies were
published after 2010. The study participants of all inclu-
ded trials were acute kidney injury (AKI) patients
requiring CVVH, and the median number of participants

Fig. 1 Study inclusion
flowchart

Total identified references (n = 874)

Duplications (n = 218)

v

References without duplications (n = 656)

A 4

References excluded (n = 632) after title and abstract
assessment because they were observational studies (n
= 261), systematic reviews and meta-analysis (n = 113),
reviews (n = 99), irrelevant RCTs (n = 89), case reports
(n = 35), basic and animal researches (n = 19), letters
and editorials (n = 9), pharmacological studies (n = 5),
and Cochrane groups (n = 2)

References needed further evaluation (n = 24)

Studies excluded after full-text evaluation because they
were studies without randomization (n = 11) and studies
published as conference abstracts (n = 2)

Included studies (n = 11)
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was 48 (range 20-212). Liver failure, high risk of
bleeding, and contraindications to heparin or citrate were
employed as the exclusion criteria in most of the included
trials.

Table 2 presents the characteristics of the interven-
tions of the included RCTs. In nine studies, the doses of
regional citrate used were 2.5-4.3 mmol/L blood flow [8,
15-18, 24-27], and in the remaining two studies, the
citrate dose was adjusted according to the initial serum
jonized Ca®" (jonCa®") concentration [9, 10]. Heparin
was systemically delivered in nine trials at various doses
to maintain the activated partial thromboplastin time
(APTT) between 45 and 80 s [8-10, 16-18, 24, 25, 27]
and was regionally given in the remaining two trials [15,
26]. The CRRT model was CVVH in seven trials [8, 17,
18, 24-27] and CVVHDF in three trials [9, 10, 16]. In the
remaining study, patients underwent either CVVH or
CVVHDF [15]. The definitions of filter failure, bleeding,
metabolic alkalosis, and hypocalcemia were not com-
pletely uniform but were comparable, and none of the
included studies reported the definitions of HIT or
catheter dysfunction (supplementary Table 1).

The Jadad scores of the included trials are presented in
supplementary Table 3. Because the two interventions
were significantly different, blinding was not practical
and was not used in any of the included trials. Four trials
did not describe the method used to generate the sequence
of randomization, and two studies did not report the
withdrawals and dropouts. The final Jadad scores were 2
and 3 in six trials and five trials, respectively.

Risk of circuit loss

Circuit loss was evaluated as a time-to-event endpoint in
all of the included trials, except the study by Hetzel et al.
[24]. HR and its 95 % CI were used to compute the
In(HR) and its SE in the trial by Gattas et al. [15], and
P value and the number of events were used to evaluate
the In(HR) and its SE in the study by Oudemans-van
Straaten et al. [27]. None of the remaining eight trials
reported the data necessary to directly calculate In(HR)
and its SE. Therefore, the In(HR)s and their SEs of those
studies were assessed from the survival curves [8—10, 16—
18, 25, 26].

Finally, the analysis of circuit loss risk included eight
trials that used systemic heparin [8-10, 16-18, 25, 27]
and two trials that used regional heparin [15, 26]. In the
subgroup analysis of citrate versus systemic heparin
anticoagulation with 953 filters, citrate filters had a sig-
nificantly lower risk of circuit loss (HR 0.76, 95 % CI
0.59-0.98, P = 0.04, Fig. 2), with no significant inter-
trial heterogeneity (I* =29 %, P = 0.20). The citrate
versus regional heparin subgroup included 877 filters and
did not exhibit significant inter-trial heterogeneity

(> =0 %, P = 0.34). The citrate group had a signifi-
cantly lower risk of circuit loss than the regional heparin
group (HR 0.52, 95 % CI 0.35-0.77, P = 0.001, Fig. 2).
Subsequently, the summarized results of the two sub-
groups significantly favored the citrate group (HR 0.71,
95 % CI 0.56-0.90, P = 0.006, Fig.?2). Inter-trial
heterogeneity (P = 0.12) and inter-subgroup hetero-
geneity (P = 0.11) were not significant in the total group
analysis (Fig. 2). Fixed-effect meta-analyses did not
result in different overall conclusions. Additionally, the
funnel plot and Begg’s test demonstrated a low risk of
publication bias in the total group analysis (supplemen-
tary Fig. 1, P = 0.653). The sensitivity analysis
excluding the two crossover trials [8, 26] and the four
trials [9, 10, 15, 25] with recurrent events data did not
result in different overall conclusions (supplementary
Table 2).

Filter failure

Data on filter failure were available in six trials [8, 9, 15,
17, 25, 27]. The number of filter failures was 339 of the
685 citrate filters (49.5 %) compared with 471 of the 790
heparin filters (59.6 %). The pooled RR significantly
favored the citrate group (RR 0.70, 95 % CI 0.50-0.98,
P = 0.04, Fig. 2); however, the inter-trial heterogeneity
was significant (I2 = 84 %, P < 0.001). Similar results
were observed in the fixed-effect meta-analyses. Sensi-
tivity analyses were performed by sequentially excluding
the study that used regional heparin [15], the study that
used nadroparin [27], the studies with recurrent events
data [9, 15, 25], the study with a crossover design [8], and
the study with no definition of filter failure (supplemen-
tary Table 2) [17]. Additionally, subgroup analyses were
performed according to the use of CVVHDF and Jadad
score (supplementary Table 2). All of these analyses were
associated with significant inter-trial heterogeneity.

Catheter dysfunction

The number of catheter dysfunctions was available in five
trials [8, 9, 17, 25, 27]. In total, catheter dysfunction
occurred in 27 of the 295 circuits with citrate anticoag-
ulation (9.2 %) compared to 28 of the 314 circuits (8.9 %)
with heparin anticoagulation. The risk of catheter dys-
function was similar between the two groups (RR 1.0,
95 % CI10.52-1.91, P = 0.99, Fig. 2), with no significant
inter-trial heterogeneity (I* = 25 %, P = 0.26). The
results of the fixed-effect meta-analyses were consistent
with those of the random-effect meta-analyses. Sensitivity
analyses excluding the crossover trial [8] and the two
trials with recurrent data [9, 25] did not result in different
overall conclusions (supplementary Table 2).
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A

Citrate Heparin

Hazard Ratio Hazard Ratio

r r log[Hazard Rati E__ Total Total Weight IV, Random, 95% Cl Year IV. Random, 95% CI
Citrate versus systemic heparin
Monchi et al. 2004 -1.51 0.76 26 23 2.5% 0.22[0.05, 0.98] 2004
Kutsogiannis et al. 2005 -0.91 0.49 36 43  53% 0.40[0.15, 1.05] 2005 -
Betjes et al. 2007 0.21 0.26 70 72 13.2% 1.23[0.74, 2.05] 2007 ™
Oudemans-van Straaten et al. 2009 -0.02 0.21 97 103 16.6% 0.98 [0.65, 1.48] 2009 -
Tiranathanagul et al. 2011 -0.51 1.32 10 10  0.9% 0.60 [0.05, 7.98] 2011
Brain et al. 2014 -0.34 0.19 65 156  18.2% 0.71[0.49, 1.03] 2014 ™
Schilder et al. 2014 -0.38 0.24 66 73 14.5% 0.68 [0.43, 1.09] 2014 -
Stucker et al. 2015 -0.46 0.34 54 49  9.4% 0.63[0.32, 1.23] 2015 -/
Subtotal (95% CI) 424 529 80.5% 0.76 [0.59, 0.98] L 4
Heterogeneity: Tau? = 0.04; Chi? = 9.83, df =7 (P = 0.20); I = 29%
Test for overall effect: Z = 2.09 (P = 0.04)
Citrate versus regional heparin
Fealy et al. 2007 -0.01 0.7 10 10 29% 0.99[0.25, 3.90] 2007 -1
Gattas et al. 2015 -0.71 0.21 390 467 16.6% 0.49[0.33,0.74] 2015 By
Subtotal (95% Cl) 400 477  19.5% 0.52 [0.35, 0.77] 4
Heterogeneity: Tau? = 0.00; Chi? = 0.92, df =1 (P = 0.34); 2= 0%
Test for overall effect: Z = 3.24 (P = 0.001)
Total (95% CI) 824 1006 100.0% 0.71 [0.56, 0.90] L 4
Heterogeneity: Tau? = 0.05; Chi? = 14.00, df = 9 (P = 0.12); 1> = 36% f t t i
Test for overall effe'ctz Z=277 (P'= 0.006) 0.01 Fg\./:)urs citrate L Favours he1:arin 100
Test for subgroup differences: Chiz = 2.52, df =1 (P = 0.11), I = 60.3%
B Citrate Heparin Risk Ratio Risk Ratio
__Study or Subgroup Even | Weight M-H, Ran % Cl Year M-H, Random, 95% CI
Monchi et al. 2004 15 26 21 23 18.3% 0.63 [0.44, 0.90] 2004 a
Kutsogiannis et al. 2005 7 36 25 43 11.3% 0.33[0.16, 0.68] 2005
Betjes et al. 2007 39 70 31 72 18.6% 1.29[0.92, 1.81] 2007 ™
Oudemans-van Straaten et al. 2009 46 97 49 103 19.5% 1.00 [0.74, 1.33] 2009 -
Schilder et al. 2014 6 66 35 73  10.0% 0.19[0.09, 0.42] 2014 -
Gattas et al. 2015 226 390 310 476 22.4% 0.89[0.80, 0.99] 2015 =
Total (95% CI) 685 790 100.0% 0.70 [0.50, 0.98] L 4
Total events 339 471 ) ) ) .
it 2 = . 2 = = < c |12 = 0, T T T 1
o % W
: : : Favours heparin Favours citrate
C Citrate Heparin Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI
Monchi et al. 2004 5 26 1 23 8.8% 4.421[0.56, 35.14] 2004 ]
Kutsogiannis et al. 2005 2 36 0 43 4.4% 5.95[0.29, 119.99] 2005 >
Betjes et al. 2007 8 70 12 72 35.0% 0.69 [0.30, 1.58] 2007 — &
Oudemans-van Straaten et al. 2009 8 97 7 103 28.8% 1.21[0.46, 3.22] 2009 —
Schilder et al. 2014 4 66 8 73 22.9% 0.55[0.17, 1.75] 2014 - =
Total (95% CI) 295 314 100.0% 1.00 [0.52, 1.91]
Total events 27 28 ) ) ) .
it 2 = . i2 = - - -2 = 0, r T T T 1
Heterogeneity: Tau? = 0.13; Chi? = 5.30, df = 4 (P = 0.26); I> = 25% 0.01 01 1 10 100

Test for overall effect: Z = 0.01 (P = 0.99)

Favours heparin Favours citrate

Fig. 2 Forest plot of comparisons: citrate versus heparin. Outcomes: a circuit loss, b filter failure, and ¢ catheter dysfunction

Incidence of bleeding

All of the included trials evaluated the incidence of
bleeding during the study period. In the nine trials that
compared citrate to systemic heparin, 17 of the 378 citrate
anticoagulation patients (4.5 %) developed a bleeding
episode compared to 61 of the 382 systemic heparin
anticoagulation patients (16.0 %) [8-10, 16-18, 24, 25,

27]. In this subgroup analysis, citrate anticoagulation
reduced the bleeding risk by 64 % (RR 0.36, 95 % CI
0.21-0.60, P < 0.001, Fig. 3), and no significant inter-
trial heterogeneity was observed among the trials
(P =0 %, P=0.56). In the two trials that compared
citrate to regional heparin in a total of 232 patients, only
one patient in the regional heparin group had one episode
of bleeding during the study period [15, 26]. The



A Citrate Heparin Risk Ratio Risk Ratio
__Study or Subgroup Events Total Events Total Weight M-H. Random. 95% Cl Year M-H, Random. % Cl
Citrate versus systemic heparin
Monchi et al. 2004
Kutsogiannis et al. 2005
Betjes et al. 2007
Oudemans-van Straaten et al. 2009

8 1 12 27% 0.48[0.02, 10.54] 2004
16 8 14 6.7% 0.11[0.02, 0.77] 2005
21 10 27 3.3% 0.06[0.00,0.98] 2007 |
97 16 103 31.7% 0.40[0.16, 0.98] 2009 —

covwoumo o
®
~N

Hetzel et al. 2011 12 83 25.6% 0.40[0.15, 1.08] 2011 S |
Tiranathanagul et al. 2011 10 0 10 Not estimable 2011

Schilder et al. 2014 66 10 73 245% 0.55[0.20, 1.53] 2014 I
Brain et al. 2014 19 0 11 Not estimable 2014

Stucker et al. 2015 54 4 49 3.0% 0.10[0.01, 1.83] 2015 —
Subtotal (95% CI) 378 382 97.5% 0.36 [0.21, 0.60] >

Total events 17 61

Heterogeneity: Tau? = 0.00; Chi? = 4.85, df = 6 (P = 0.56); I = 0%
Test for overall effect: Z = 3.94 (P < 0.0001)

Citrate versus regional heparin

Fealy et al. 2007 0 10 0 10 Not estimable 2007
Gattas et al. 2015 0 105 1107 25% 0.34[0.01, 8.24] 2015

Subtotal (95% CI) 115 M7 2.5% 0.34[0.01, 8.24] e ———
Total events 0 1

Heterogeneity: Not applicable
Test for overall effect: Z = 0.66 (P = 0.51)

Total (95% Cl) 493 499 100.0% 0.36 [0.22, 0.59] >
Total events 17 62
itv: Tau? = 0.00: Chiz = = = 2= I } t i
?etf;ogeneltyl.lT;u " ;)(304 (()I(I)‘u P <408§08f1 7 (P=0.68); I?=0% 0.01 01 1 10 100
est for overall effect: Z = 4. ( <0. ) Favours citrate Favours heparin
Test for subgroup differences: Chi? = 0.00, df = 1 (P = 0.98), 1= 0%

Citrate Heparin Risk Ratio Risk Ratio

udy o ubgroup n a nts otal VWeig d 0 ea andom, 95%Cl
Oudemans-van Straaten et al. 2009 3 97 4 103 28.7% 0.80[0.18, 3.47] 2009 =
Hetzel et al. 2011 4 87 8 83 46.0% 0.48[0.15, 1.52] 2011 L
Schilder et al. 2014 0 66 2 73 6.8% 0.22[0.01, 4.52] 2014
Stucker et al. 2015 1 54 2 49 11.1% 0.45[0.04, 4.85] 2015 -
Gattas et al. 2015 0 105 5 107 7.5% 0.09[0.01, 1.65] 2015 * - I
Total (95% CI) 409 415 100.0% 0.46 [0.21, 1.01] -
Total events 8 21
ity Tau? = 0.00- Chiz = = = 2= I ! - |
Heterogeneity: Tau? = 0.00; Chi? = 2.05, df =4 (P = 0.73); = 0% 0.01 01 1 10 100

Test for overall effect: Z = 1.92 (P = 0.05) Favours heparin Favours citrate

C Citrate Heparin Risk Ratio Risk Ratio
Study or Subgrou, Events Total Events Total Weight M-H. Random.95% Cl Year M-H. Random, 95% ClI
Monchi et al. 2004 1 8 0 12 11.9% 4.33[0.20, 94.83] 2004
Kutsogiannis et al. 2005 3 16 0 14 13.1% 6.18 [0.35, 110.11] 2005 >
Betjes et al. 2007 0o 21 2 27 125% 0.25[0.01, 5.03] 2007
Oudemans-van Straaten et al. 2009 9 97 20 103 38.3% 0.48 [0.23, 1.00] 2009 —
Schilder et al. 2014 1 66 0 73 11.4% 3.31[0.14,79.96] 2014
Stucker et al. 2015 3 54 0 49 128% 6.36 [0.34, 120.17] 2015 ’

Total (95% Cl) 262 278 100.0% 1.39 [0.40, 4.85]
Total events 17 22

Heterogeneity: Tau? = 0.91; Chi? = 8.34, df = 5 (P = 0.14); 1> = 40% y

0.01 0.1 1 10 100
Test for overall effect: Z = 0.52 (P = 0.60) Favours heparin  Favours citrate

D Citrate Heparin Risk Ratio Risk Ratio
Study or Subgrou Events Total Events Total Weight M-H. Random,95% Cl Year M-H, Random, 95% CI
Monchi et al. 2004 1 8 0 12 9.0% 4.33[0.20, 94.83] 2004
Kutsogiannis et al. 2005 1 16 0 14 8.8% 2.65[0.12,60.21] 2005
Betjes et al. 2007 2 21 0 27 9.6% 6.36 [0.32, 125.86] 2007 >
Oudemans-van Straaten et al. 2009 6 97 2 103 34.4% 3.19[0.66, 15.41] 2009 T &
Hetzel et al. 2011 1 87 0 83 8.4% 2.86[0.12,69.32] 2011
Schilder et al. 2014 4 66 0 73 10.1% 9.94 [0.55, 181.20] 2014 -
Stucker et al. 2015 6 54 1 49 19.7% 5.44[0.68, 43.64] 2015 T -
Total (95% Cl) 349 361 100.0% 4.26 [1.69, 10.73] i
Total events 21 3 ) ) ) )
Heterogeneity: Tau? = 0.00; Chi? = 0.74, df = 6 (P = 0.99); 12 = 0% |0.01 011 1 1'0 100‘

Test for overall effect: Z = 3.07 (P = 0.002) Favours heparin Favours citrate

Fig. 3 Forest plot of comparisons: citrate versus heparin. Outcomes: a bleeding, b HIT, ¢ metabolic alkalosis, and d hypocalcemia
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Citrate Heparin

Hazard Ratio Hazard Ratio

__Study or Subgroup log[Hazard Ratio] SE  Total Total Weight IV, Random, 95% Cl Year IV. Random, 95% CI
Oudemans-van Straaten et al. 2009 -0.45 0.25 97 103  29.2% 0.64 [0.39, 1.04] 2009
Hetzel et al. 2011 -0.1 0.23 87 83 34.5% 0.90 [0.58, 1.42] 2011
Tiranathanagul et al. 2011 -0.23 0.71 10 10 3.6% 0.79[0.20, 3.19] 2011 i
Schilder et al. 2014 -0.05 0.29 66 73 21.7% 0.95[0.54, 1.68] 2014 .
Stucker et al. 2015 -0.37 0.41 54 49 10.9% 0.69[0.31, 1.54] 2015 I I
Total (95% CI) 314 318 100.0% 0.80 [0.61, 1.04] L
s i i = = 2= 0o I } f {
Heterogeneity: Tau? = 0.00; Chi? = 1.59, df =4 (P = 0.81); 1= 0% 0.01 01 1 10 100

Test for overall effect: Z = 1.67 (P = 0.10)

Fig. 4 Forest plot of comparisons: citrate versus heparin. Outcome:

incidence of bleeding was not significantly different
between patients who received citrate and regional hep-
arin anticoagulation (RR 0.34, 95 % CI 0.01-8.24,
P = 0.51, Fig. 3). Citrate anticoagulation reduced the
bleeding risk by 64 % (RR 0.36, 95 % CI 0.22-0.59,
P <0.001, Fig.3), with no inter-trial heterogeneity
(=0 %, P=0.68). No heterogeneity was observed
between the fixed-effect meta-analyses and the random-
effect meta-analyses. No significant publication bias was
identified by the funnel plot or Begg’s test (supplementary
Fig. 1, P = 0.386). The sensitivity analysis excluding the
two crossover trials [8, 26] did not result in different
overall conclusions (supplementary Table 2).

Heparin-induced thrombocytopenia

Data on HIT were available in five trials [15-17, 24, 27].
Citrate reduced the risk of HIT by 54 %, and this
reduction was on the margin of statistical significance
(RR 0.46, 95 % CI 0.21-1.01, P = 0.05) with no inter-
trial heterogeneity (P =0%, P=0.73). No hetero-
geneity was observed between the fixed-effect meta-
analysis and the random-effect meta-analysis.

Metabolic alkalosis

Data for the metabolic alkalosis endpoint were reported in
six trials [8, 9, 16, 17, 25, 27]. The risk of metabolic
alkalosis was not significantly different between the two
interventions (RR 1.39, 95 % CI 0.40-4.85, P = 0.60),
and the inter-trial heterogeneity was insignificant
(? = 40 %, P = 0.14). Similar results were observed in
the fixed-effect meta-analyses. The sensitivity analysis
excluding the crossover trial [8] did not result in different
overall conclusions (supplementary Table 2).

Hypocalcemia
The number of patients with hypocalcemia during the

study period was reported in seven trials [8, 9, 16, 17, 24,
25, 27]. Patients who underwent citrate anticoagulation

Favours citrate Favours heparin

mortality

had significantly higher risk of hypocalcemia (RR 4.26,
95 % CI 1.69-10.73) without significant inter-trial
heterogeneity (I = 0 %, P = 0.99). No hypocalcemia-
related severe complications were observed in these trials.
The results of the fixed-effect meta-analyses were con-
sistent with those of the random-effect meta-analyses.
The sensitivity analysis excluding the crossover trial [8]
did not result in different overall conclusions (supple-
mentary Table 2).

Mortality

Data on mortality were reported in seven trials [9, 15-18,
24, 27]. Of those trials, the In(HR) and SE(In(HR)) of
patient mortality were available in five trials [16-18, 24,
27]. The In(HR) and SE(In(HR)) of the first month were
calculated using the reported P value and the observed
events in each arm for three trials [16, 17, 24] and using
the survival curves for the remaining two trials [18, 27].
Mortality was not significantly different between citrate
and heparin anticoagulation (HR 0.80, 95 % CI
0.61-1.04, P = 0.10, Fig. 4), and the inter-trial hetero-
geneity was insignificant (> =0 %, P = 0.81). No
heterogeneity was observed between the fixed-effect
meta-analysis and the random-effect meta-analysis.

Discussion

Our present meta-analysis with 11 RCTs demonstrated
that regional citrate anticoagulation for CRRT was able to
reduce the risk of circuit loss compared with heparin
anticoagulation. Additionally, in the subgroup analyses,
regional citrate anticoagulation was significantly superior
in circuit loss risk to both regional and systemic heparin.
Furthermore, patients undergoing citrate anticoagulation
had lower incidences of filter failure, bleeding, and HIT.
However, citrate anticoagulation was associated with an
increased risk of hypocalcemia, although without
hypocalcemia-related severe complications. The risk of
catheter dysfunction, metabolic alkalosis, and death were
not significantly  different between the two
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anticoagulation methods. Accordingly, the present meta-
analysis suggests that regional citrate is most likely a
better option than heparin for CRRT in critically ill
patients.

The results of high-quality trials with approximately
2000 filters and 1000 patients were summarized in this
meta-analysis. The sample size of this meta-analysis is
three times larger than those of the previous meta-anal-
yses by Zhang and Hongying [12] and Wu et al. [13].
Because of larger sample size the results of this meta-
analysis are more reliable. Both of the two previously
published meta-analyses employed mean difference to
evaluate the pooled effect of citrate versus heparin on
filter life-span and mortality [12, 13], which caused the
information of censored participants to be lost. According
to the PRISMA guideline for reporting systematic reviews
and meta-analyses, HR is the most appropriate measure
for pooling because both the number of deaths and the
time to death are important when examining time-to-
event outcomes [20, 21]. Therefore, we pooled the HRs of
the circuit loss and mortality endpoints in this meta-
analysis to present more reliable results. Owing to the
enlarged sample size and appropriate analysis methods,
almost all of the analyses were associated with low inter-
trial heterogeneity. Additionally, no heterogeneity was
observed between the fixed-effect meta-analyses and the
random-effect meta-analyses. The subgroup analyses had
consistent results for the circuit loss and bleeding end-
points. Additionally, the data were double-checked by
two of our authors to prevent data error, and the reference
lists of the identified articles and relevant journals were
manually searched to decrease bias due to missing data.
These advantages of the present meta-analysis guarantee
the reliability of the findings presented here.

Citrate inhibits the clotting cascade at several levels by
chelating Ca®*. Studies have reported near total inhibition
of coagulation when serum Qa_ concentration is
decreased to less than 0.33 or 0.25 mmol/L [28, 29]. The
serum Ca’" concentration can be easily targeted by
careful adjustment of citrate dose according to Ca*"
concentration and blood flow. Therefore, if calcium
replacement fluid is not tightly linked to calcium loss,
citrate definitely has the potential to increase the inci-
dence of hypocalcemia. However, no hypocalcemia-
related severe complications were observed in the inclu-
ded trials. The anticoagulation effect of heparin is
dependent on antithrombin, which is the most important
endogenous inhibitor of thrombin and other coagulation
factors [30]. However, the activation of coagulation and
degradation by granulocyte-derived elastase in critically
ill patients reduced the antithrombin concentration [31]
resulting in heparin resistance. Furthermore, the occur-
rence of HIT also increased the filter clotting risk in
heparin patients. All of these characteristics contributed to

the reduction of circuit loss risk by more than a quarter in
the citrate group compared to the heparin group.

It is regrettable that we could not obtain the HR of
circuit loss risk from the study by Hetzel et al. [24]. The
results of their study suggest that citrate was significantly
superior to heparin in circuit life-span and were consistent
with our pooled results of the remaining 10 trials.
Therefore, the addition of the data from that study most
likely would not have changed the conclusions reached.

Citrate also reduced the risk of filter failure. However,
there was significant inter-trial heterogeneity without
identified sources after careful sensitivity analyses, sug-
gesting that unidentified factors caused the heterogeneity.

The reported bleeding incidences of heparin CRRT
ranged from 10 to 50 %, with bleeding mortality rates as
high as 15 % [32]. With careful adjustment of serum
calcium concentration in the systemic circulation and
preserved ability to metabolize citrate in the liver, muscle,
and kidneys, the systemic coagulation system is mini-
mally affected by the regional use of citrate [33]. The
pooled results of this meta-analysis demonstrated that
regional citrate anticoagulation for CRRT reduced
bleeding risk by more than half compared with systemic
heparin anticoagulation. Regional heparin was reported to
have less influence on systemic coagulation function than
systemic heparin [34, 35], and regional heparin antico-
agulation had similar bleeding risk to regional citrate
anticoagulation in our present meta-analysis.

Patients with liver failure and high bleeding risk were
excluded in all of the included trials, which limited the
application of the results to those subgroups. Several
cohort studies proved that it was safe to use 01trate in liver
failure patients with careful monitoring of Ca®" concen-
tration and citrate accumulation [36-38]. The KDIGO
guideline suggests to use regional citrate instead of
regional heparin for patients with increased bleeding risk
[11]. However, the strength of that recommendation and
the quality of the evidence supporting it were of low
grade. Further studies are needed to define an appropriate
anticoagulation strategy for CRRT in patients with
increased bleeding risk.

The present meta-analysis has several limitations.
First, publication bias could not be completely avoided,
even though comprehensive search strategies were used
for the identification of eligible trials. There is a high risk
of missing studies with negative results because they are
less likely to be published. However, the additional
searches of ICTRP and ClinicalTrial.gov did not identify
any gray trials, and the funnel plot and Begg’s test
demonstrated high symmetry, which suggested a low risk
of publication bias. Second, none of the included studies
had high Jadad scores. The significant differences
between the interventions did not allow for blinding, but
most of the included trials adequately managed random-
ization and withdrawals. Therefore, the results of our
meta-analysis are likely associated with a satisfactory
evidence level. Third, the unavoidable variation in the
inclusion criteria, endpoints definition, interventions,
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CRRT technique, and data format among the included
trials may have introduced bias into the pooled results.
However, according to our clinical experience, we believe
that the variations in these characteristics were accept-
able for conducting this meta-analysis. Fourth, failure to
identify the source of inter-trial heterogeneity of the filter
failure endpoint after adequate sensitivity and subgroup
analyses is another limitation of our present meta-analy-
sis. Fifth, this meta-analysis did not adjust for competing
risk, which may have yielded incomplete and potentially
misleading conclusions [39]. Finally, the inclusion of
crossover studies may have biased the results of this meta-
analysis. However, the sensitivity analyses without the
crossover studies did not result in different overall con-
clusions, which strengthens our findings.

Conclusions

Regional citrate anticoagulation for CRRT is more
effective  than systemic or regional heparin

anticoagulation for decreasing the risk of circuit loss and
filter failure and is safer than systemic heparin anticoag-
ulation for the reduction of bleeding risk. Metabolic
complications of citrate can be avoided by using an
appropriate protocol and careful monitoring. Citrate-re-
lated hypocalcemia is rarely associated with severe
complications and most likely can be reduced by further
improvement of the citrate anticoagulation protocol.
Therefore, citrate should be considered as the first choice
for anticoagulation during CRRT in critically ill patients
without increased bleeding risk or liver failure, and fur-
ther studies are needed to evaluate the safety and efficacy
of citrate for CRRT in these patient subgroups.
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