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Abstract

Background: Regional citrate anticoagulation (RCA) is a widely used strategy for continuous renal replacement
therapy (CRRT). Most of the current guidelines recommend liver failure as one of the contraindications for citrate
anticoagulation. However, some studies suggested that the use of citrate for CRRT in liver failure patients did not
increase the risk of citrate-related complications. The purpose of this systematic review is to summarize the current
evidences on the safety and efficacy of RCA for CRRT in liver failure patients.

Methods: We performed a comprehensive search on PubMed, Embase, and the Cochrane Library databases from
the inception to March 1, 2018. Studies enrolled adult (age > 18 years) patients with various levels of liver dysfunction
underwent RCA-CRRT were included in this systematic review.

Results: After the study screening, 10 observational studies with 1241 liver dysfunction patients were included in this
systematic review. The pooled rate of citrate accumulation and bleeding was 12% [3%, 22%] and 5% [2%, 8%],
respectively. Compared with the baseline data, the serum pH, bicarbonate, and base excess (BE), the rate of
metabolic alkalosis, the serum ionized calcium (ionCa) and total calcium (totCa) level, and the ratio of total
calcium/ionized calcium (totCa/ionCa) significantly increased at the end of observation. However, no significant
increase was observed in serum citrate (MD — 65.82 [— 194.19, 62.55]), lactate (MD 049 [-0.27, 1.26]) and total
bilirubin concentration (MD 0.79 [—0.70, 2.29]) at the end of CRRT. Compared with non-liver failure patients, the
live failure patients showed no significant difference in the pH (MD — 0.04 [-0.13, 0.05]), serum lactate level (MD
0.69 [-0.26, 1.64]), and totCa/ionCa ratio (MD 0.03 [-0.12, 0.18]) during CRRT. The median of mean filter lifespan
was 55.9 h, with a range from 22.7 to 72 h.

Conclusions: Regional citrate anticoagulation seems to be a safe anticoagulation method in liver failure patients
underwent CRRT and could yield a favorable filter lifespan. Closely monitoring the acid base status and electrolyte
balance may be more necessary during RCA-CRRT in patients with liver failure.
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Background
Regional citrate anticoagulation (RCA) has become a widely
used strategy for continuous renal replacement therapy
(CRRT) [1]. The advantages of citrate anticoagulation
include the reduction of bleeding risk and extension of
extracorporeal circuit lifespan [2]. However, most of current
evidences on the use of citrate anticoagulation were limited
in patients without liver failure. For liver failure patients,
the risk of citrate accumulation might be potentially in-
creased because of the impaired citrate metabolism in the
citric acid cycle, which is mainly processed in the liver [3—
5].
Currently, the Kidney Disease Improving Global Out-
comes (KDIGO) organization recommends citrate as the
first-line anticoagulation agent over heparin for CRRT in
patients without citrate contraindication. In this clinical
practice guideline, severe liver failure was listed as one of
the contraindications of citrate anticoagulation, regarding
the potential citrate accumulation and the subsequent
metabolic complications [6]. In the Chinese Standard Op-
erating Procedure for blood purification, severe liver failure
was listed as one of the contraindications of citrate anticoa-
gulation for CRRT as well [7]. Link et al. reported that
citrate accumulation correlated to the hepatic clearance
and was an independent risk factor for 28-day mortality
[8]. However, several prospectively designed studies sug-
gested that RCA could be safely and effectively used for
CRRT in critically ill patients with liver dysfunction [9-11].
There are controversial results on the feasibility of RCA
in patients with liver failure among the published litera-
tures. Therefore, we performed this systematic review to
evaluate the safety and efficacy of RCA-CRRT in patients
with liver failure.

Method

Search strategy

We performed a comprehensive search on PubMed,
Embase, and Cochrane Library databases by using the
MeSH terms: liver failure, renal replacement therapy,
citrate, and anticoagulants. The searching was performed
on 1 March 2018. The MeSH terms and entry terms from
PubMed were also used in the search of Embase and
Cochrane Library. Furthermore, we manually searched the
reference list of the retrieved studies and review articles for
additional publications. There was no language restriction
in the searching.

Study selection

Studies with the following criteria were considered for
inclusion: (i) studies that included adult (age > 18 years)
patients with various levels of liver dysfunction and (ii) all
patients underwent CRRT and the anticoagulation strategy
was RCA. Studies with the following characteristics were
excluded: (i) full text was not available, (ii) studies that did
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not analyze the safety and efficacy of RCA in patients with
liver failure, (iii) no data on the safety and efficacy of RCA
was available, (iv) sample size <5, and (v) the following
article styles: review articles, case reports, letters, edito-
rials, conference abstracts, and comments.

Study quality

A modified version of the Newcastle-Ottawa Scale [12]
was used to assess the quality of the included studies
(Additional file 1: Table S1). The scale includes eight items
that evaluate three aspects of quality: subject selection,
comparability of cohorts, and assessment of outcomes.
Study with a total score of 68, 4-5, and < 3 was consid-
ered as high, moderate, and low quality, respectively.

Data collection

All criteria and needed data were defined before the study
screening and data collection. For study screening, the art-
icle type, title, and abstract were assessed first. Thereafter,
the full texts of the papers passed initial screening were
reviewed for the final exclusion. Furthermore, the following
information of the included papers was recorded: (i) origin
of the article, (ii) geographic origin, (iii) study type, (iv)
inclusion and exclusion criteria, (v) information relevant to
the quality of the study, (vi) baseline data of patients, (vii)
liver failure relevant data, and (viii) information relevant to
the safety and efficacy of RCA. Parameters only illustrated
in graph were extracted by using the Engauge Digitizer
software (version 9.8,© 2014 Mark Mitchell).

Statistical analysis

For continuous variables, median (IQR interquartile
range) was converted to mean + SD (standard deviation),
according to the methods reported by Wan et al. [13].
For categorical variables, the incidence was calculated by
dividing the number of total patients by the number of
observed events. Mean and SD across studies were com-
bined according to the formula reported in the Cochrane
Handbook [14].

MD (mean difference) and RD (risk difference) were
pooled to evaluate the difference between the end of obser-
vation and the start of CRRT for continuous variables and
categorical variables, respectively. Heterogeneity of the in-
cluded studies was assessed by I* statistic. The source of
heterogeneity was explored by sequentially excluding the
included studies. Subgroup analysis was conducted when
the patients were grouped according to the severity of liver
failure. The MD and RD were pooled using Review
Manager (RevMan) [Computer program]. Version 5.3.
Copenhagen: The Nordic Cochrane Centre, the Cochrane
Collaboration, 2014. The incidences of the outcomes were
pooled using R software (version 3.5.1,© 2018 the R Foun-
dation for Statistical Computing). A P value less than 0.05
was considered as a statistical significance. P value was
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assessed by using random effects model for I*>50% and
fixed effects model for I? < 50% [15].

Results

Selection of studies

The study inclusion flow chart is showed in Fig. 1. After
the searching, 139 references were identified. Of the
identified references, 47 and 51 were excluded because
of duplications and article types, respectively. Further-
more, 21 papers were excluded because they did not as-
sess the safety and efficacy of RCA-CRRT in liver failure
patients, and 4 papers were excluded because their
included patients were < 18 years old. At last, 15 articles
underwent full-text reviewing, 2 [16, 17] of which were
excluded because their sample sizes were less than 5.
Additionally, 3 studies were excluded because the
needed data were not reported. The full text of one
study was not available after searching several databases
and local libraries. Additionally, we got no responses
after sending several letters to the authors of this paper.
Finally, 10 studies [9-11, 18—24] with 1411 patients were
included in this systematic review.

Description of the included studies and patients
The characteristics of the 10 included studies are showed
in Table 1. All of the included studies were observationally
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designed. And, 70% of the included studies enrolled retro-
spective cohort. The detailed protocols of RCA-CRRT in
these studies are showed in Table 2. The model of CRRT
was CVVHD in 5 (50%) studies, CVVHDF in 2 (20%)
studies, and SLED in 1 (10%) study. And the model of
CRRT was not reported in the remaining 2 (20%) studies.
Five (50%) studies [9, 10, 18, 20, 21] conducted compari-
sons between different time points during RCA-CRRT (in-
cluding 0-72 h, 0-24 h, 1-5 days, 1-7 days, and 0-7 days).
Four (40%) studies [11, 19, 22, 24] compared data across
groups divided by liver function. And two studies [23, 24]
compared data between the groups with or without citrate
accumulation.

The patients’ baseline characteristics are showed in
Table 3. Of the 1411 patients enrolled in the included
studies, 170 had normal liver function and the remaining
1241 had different levels of liver dysfunction. The reported
etiologies of liver dysfunction are the following: (i) decom-
pensated liver cirrhosis, (ii) acute liver failure, (iii) peri-
operative liver transplantation, (iv) cardio-surgery, and (v)
end-stage liver disease. The reported methods for evaluat-
ing the severity of liver failure include (i) the Model of
End-stage Live Disease (MELD) score, (ii) total bilirubin
(TB), (iii) Child-Pugh score, and (iv) prothrombin time
index (PTI) <30%. Three (30%) studies [9, 10, 18] graded
the severity of acute kidney injury (AKI) according to the

-
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Fig. 1 Study inclusion flow chart

o small sample size (n =2)

o liver failure patients were excluded (n =1)
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Table 1 Characteristics of the included studies
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Patients

End-points

Source Design Setting Exclusion

Schultheiss et al. [9] POS Medical ICU pH>7550r<7.1;
(GER, 2012) jionCa < 0.9 mmol/I
Lahmer et al. [10] POS Medical ICU pH>7550r<7.1;
(GER, 2015) jonCa < 0.9 mmol/I

Slowinski et al. [11]  POS
(Multicenter, 2015)

Former use of RCA;
participation in other

General, surgical
and medical ICUs

trials
Sponholz et al. [18] ROS Multidisciplinary NR
(GER, 2015) ICU
Durao et al. [19] ROS ICU of tertiary care NR
(BR, 2008) private hospital
De Vico et al. [20]  ROS Surgical ICU NR
(IT, 2015)
Saner et al. [21] ROS Surgical ICU Age < 18years,
(GER, 2012) incomplete records
Balogun et al. [22]  ROS NR CRRT less than 24 h
(US, 2012)
Klingele et al. [23] ~ ROS Interdisciplinary ICG-PDR not
(GER, 2017) surgical ICU performed
Yu et al. [24] (CN, ROS ICU of an CRRT less than 24 h
2018) university hospital

Cirrhosis; acute LF

Cirrhosis; acute LF

Liver transplantation

Cardiac surgery with LF
Liver transplantation
End-stage liver disease
Cirrhosis; viral hepatitis; liver

Cancer

Acute LF

Circuit lifetime; acid-base status; electrolyte
balance; citrate accumulation

Acid-base status; electrolyte balance; serum
citrate level

Circuit lifetime; metabolic complications;
discharges status

Acid-base status; electrolyte balance
Acid-base status; electrolyte balance
TEG value, episodes of hypocalcemia

Circuit lifetime; acid-base status; ionized
calcium

Circuit lifetime; metabolic complications;
discharges status

Metabolic disorders; predictors of citrate
accumulation and metabolic alkalosis

Circuit survival time; acid-base status;
electrolyte balance; Lactate; blood
pressure; TMP

Abbreviations: AKI acute kidney injury, BR Brazil, CN China, CRRT continuous renal replacement therapy, GER Germany, IT Italy, ICU intensive care unit, ionCa ionized
calcium, ICG-PDR indocyanine green plasma disappearance rate, LF liver failure, NR not reported, POS prospective observational study, ROS retrospective
observational study, RCA regional citrate anticoagulation, TEG thrombelastography, TMP trans-membrane pressure, US United States

Acute Kidney Injury Network classification (AKIN). The
most common cause of AKI was sepsis (44.5%, 207/465
patients).

Quality evaluation

The results of the quality assessment of the 10 observa-
tional studies using the Newcastle-Ottawa Scale are de-
scribed in Additional file 2: Table S2. Five studies [9, 11,
21-23] were scored 6-8 and were considered to be
high-quality study. And the remaining 5 studies [10, 18—
20, 24] were scored 4—5 and considered as moderate
quality study.

Efficacy

Filter lifespan

Of the included studies, 8 [11, 18—24] reported the mean
filter lifespan with a median of 55.9 h (IQR 32.8 to 68.9).
And the minimum and maximum mean filter lifespan
were 22.7h [21] and 72h [19], respectively (Table 2).
The number of filters with clotting events were available
in 5 studies [9, 11, 18, 19, 24], and the pooled rate of fil-
ter clotting was 10% (95% CI [3-16%]; I*=94%,
7> =0.0055, P< 0.01, Fig. 2a).

Safety

Citrate accumulation

Eight studies [9-11, 18-20, 23, 24] reported the number
of patients with citrate accumulation, which was

identified by the increased ratio of totCa/ionCa. The
pooled rate of citrate accumulation was 12% (95% CI
[3-22%]; I>=93%, 7°=0.0170, P< 0.01, Fig. 2b). The
mean serum level of totCa/ionCa ratio was available in
four studies [11, 18, 20, 21]. The pooled result demon-
strated that the totCa/ionCa ratio increased slightly dur-
ing RCA-CRRT (MD -0.10, 95% CI [-0.19, -0.01],
P=0.02; I = 68%, P =0.01, Fig. 2c). The mean serum cit-
rate concentration was available in two studies [9, 10].
And the pooled result demonstrated that no significant
difference was observed between the start and the end
of RCA-CRRT (MD -65.82, 95% CI [-194.19, 62.55],
P=0.31; I* =99%, P <0.001, Fig. 2d).

Bleeding
Three studies [11, 19, 21] reported the number of pa-
tients with bleeding, and the pooled rate of bleeding was
5% (95% CI [2-8%]; I>=44%, 7°=0.0008, P= 0.17,
Fig. 3a).

Total bilirubin

The data of total bilirubin were available in four stud-
ies [11, 20, 21, 23]. The pooled result demonstrated
that there were no significant difference in total bili-
rubin between the start and the end of RCA-CRRT
(MD 0.79, 95% CI [-0.70, 2.29], P=0.30; I*=57%,
P = 0.05, Fig. 3b).
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Table 2 Characteristics of RCA-CRRT

Study Type of CRRT Device of CRRT Citrate Calcium CRRT doses Blood flow Postfilter ionCa  Serum ionCa  Mean filter
infusion infusion (ml/h) (ml/min)  target (mmol/l) target (mmol/l) lifetime (h)

Schultheiss  CWHD HF440/Multifiltrate 4°¢ 1.7% 2000 100 0.25-0.35 1.12-1.20 NR

et al. [9]

Lahmer SLED Genius system Local formula 10> 9000 150 0.35-045 1.00-1.10 NR

et al. [10]

Slowinski CWHD Multifiltrate 47¢ 1.7% NR NR 0.25-0.35 1.12-1.20 711

etal [11]

Sponholz ~ CWHD Multifiltrate 43¢ 1.7% 2000 120 0.25-0.35 NR 29+422

et al. [18]

Durao CWHDF Prisrna M100/AN69  140° 7054 2000 100 0.25-0.30 1.12-1.20 724222

et al. [19] filter

De Vico CVWWHDF Prismaflex System  Local 6.38" NR 182 0.20-040 NR 49.76 £

et al. [20] formula 22.10

Saner et al. CWHD Fresenius ADM08/  Local 10% calcium 1000 75-100 <030 >0.95 227+

21 Fe0sS dialyzer formula gluconate 146

Balogun  NR Prisma system/ 180¢ 1064 2000 180 NR NR 624

et al. [22] ST150 filter

Klingele CWHD Multifiltrate-CiCa 4°¢ 1.7% 2000 100 0.25-0.35 NR 622+

et al. [23] 11.2

Yu et al. NR Gambro Prismaflex/ NR 59%° 35ml/h kg 3ml/ 0.25-045 1.0-12 44.2

[24] AN69-M100 filter min-kg

Abbreviations: CRRT continuous renal replacement therapy, CVWHD continuous veno-venous hemodialysis, CVWWHDF continuous veno-venous hemodiafiltration,
ionCa ionized calcium, NR not reported, RCA regional citrate anticoagulation, SLED sustained low-efficiency dialysis

4% trisodium

citrate

bCalcium chloride
“mmol/l blood

4ml/h
mmol/I

Table 3 Baseline data of the enrolled patients

Study Sample  Age F/M MELD Total bilirubin  Child-Pugh  Creatinine pH Serum ionized
size (years) score (mg/dl) score (mg/dl) calcium (mmol/l)

Schultheiss 28 57+ 11 8/20 36+88 124147 12+22 34+20 729+0.1 121 +£0.08

et al. [9]

Lahmer et al. 24 59 4/20 35465 184+ 145 210 38+12 7.29+0.05 1.14+£0.11

[10]

Slowinski et al. 133 63+15 38/95 NR 73 NR 28+135 733 1.08+0.12

(1]

Sponholz et al. 89 54+96 31/58 NR 774 NR 2+10 7.39+0.07 1.11+£0.11

[18]

Durao et al. 143 66+ 16 59/84 NR NR NR 1.5+0.88 729+0.11 1.06 + 0.06

[19]

De Vico et al. 15 674+119 5/10 NR 3.1+338 NR 197+0.88 7.38 +0.09 1.02 £0.06

[20]

Saner et al. 68 471+£118 28/40 23.1+9.1 87+8.1 NR 235+1.01 7.37 £0.08 1.08 £0.03

[21]

Balogun et al. 697 564 2817416 17.7-44.81 114 NR >4 NR NR

[22]

Klingele et al. 69 59.1+124 22/47 19.7+96 95+ 106 NR 27+13 NR NR

[23]

Yu et al. [24] 145 59+17.7 92/53 NR NR NR 27+ NR NR

Summarized 1411 579 568/843  252+108 105 Grade C 244+177 733401 1.08 +0.07

Abbreviations: F female, M male, MELD model of end-stage liver disease, NR not reported
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Testfor overall effect: 2= 1.00 (P=031)

failure group; S, Severe liver failure group; totCa, total calcium
A\

A Weight Weight
Study Events Total Proportion  95%-Cl (fixed) (random)
Schultheiss C, et al. 2012 2 43 —*—v— 0.05 [0.01;0.16] 56%  18.4%
Slowinski T, et al. 2015 4 181 =+ 0.02 [0.01;0.06] 48.6% 21.4%
Sponholz C, et al. 2015 10 127 —*— 0.08 [0.04;0.14] 102%  19.8%
Durao MS, et al. 2008 42 418 —— 0.10 [0.07;0.13] 26.8%  21.0%
YuY,etal. 2018 66 275 H e 0.24 [0.19;0.29] 88%  19.5%
Fixed effect model 104 < 0.07 [0.05; 0.08] 100.0% -
Random effects model _ 0.10 [0.03; 0.16] -- 100.0%
Heterogeneity: 12 = 94%, 1 = 0.0055, p < 0.01
0.05 0.1 0.15 0.2 0.25
B Weight Weight
Study Events Total Proportion ~ 95%-Cl (fixed) (random)
Schultheiss C, et al. 2012 7 43 —*— 0.16 [0.07;0.31] 4.9% 11.6%
Lahmer T, et al. 2015 1 24 —°—~— 0.04 [0.00;0.21] 93%  12.6%
Slowinski T, et al. 2015 3 8 =+ 0.04 [0.01;0.10] 38.7%  13.5%
Sponholz C, et al. 2015 6 53 —-—°— 0.11 [0.04;0.23] 82% 124%
Durao MS, et al. 2008 0 22— 0.00 [0.00;0.16] 154%  13.0%
De Vico P, et al. 2015 0 15 '— 0.00 [0.00;0.22] 82% 124%
Klingele M, et al. 2017 16 69 C———— 0.23 [0.14;0.35] 6.0% 12.0%
YuY,etal 2018 60 145 i — 041 [0.33;0.50] 93% 12.6%
Fixed effect model 455 <> 0.09 [0.06; 0.11] 100.0% -
Random effects model _ 0.12 [0.03; 0.22] -- 100.0%
Heterogeneity: I2=93%, = 00170,p<0d1 T T T 1
0 01 02 03 04
C Startof CRRT  End of observation Mean Difference Mean Difference
r Subgr Mean SD Tofal Mean D Total Weight IV, Random, 95% CI IV, Random, 95% CI

De Vico P, etal. 2015 194 012 15 194 014 6 192%  0.00[0.13,0.13 -1

Saner FH, etal. 2012 187 029 68 218 087 68 11.0% -0.31[-053,-0.09] ”

Slowinski T, etal. [18]M2015 18 01 43 19 02 43 268% -0.10[-0.17,-0.03 -+

Slowinski T, etal. [18]S2015 18 02 42 203 42 25% -020[-031,-009) ¥

Sponholz C, et al. 2015 191 031 53 191 02 3 205%  000[0.11,0.11) B

Total (95% CI) b 190 100.0%  -0.10-0.19, -0.01] L 4

i Tar2= () (- Chiz= —4(P=0(M\ 2= A]Y t } t t

?etizogeneltyl.lT;u ; g.?;;);up jggg df=4(P=001); = 68% 05 9% 0 05 05

estfor overal effct Z = 228 (P =0.02) Favours [starf] Favours [end]
D Start of CRRT  End of observation Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95%Cl IV, Random, 95% CI
Schultheiss C, etal. 2012 28 103 43 160 755 32 49.5% -132.00(-158.34,-105.66] +

Lahmer T, etal. 2015 66 81 43 26 13 43 505% -1.00[4.26,2.26]

Total (95% CI) 86 75 100.0%  -65.82[-194.19, 62.55]

Heteogenely:Tau*= B483.82; Ch = 63.59, =1 (P < 000001 = 69% P PO S A

wenely ( ) ' 200 100 0 100 200

Fig. 2 The pooled rates (95% Cl) of filter clotting (a) and citrate accumulation (b), and the pooled MDs of totCa/ionCa ratio (c) and serum citrate
level (d) between the start of CRRT and the end of observation. Cl, confidence interval; ionCa, ionized calcium; MD, mean difference; M, mild liver

Favours [starf] Favours [end]

Acid-base status at the start of CRRT versus the end of
observation

The pooled results demonstrated that the pH (MD -
0.07, 95% CI [-0.10, -0.05], P< 0.001; I = 83%,
P< 0.001, Fig. 3c), serum bicarbonate (MD -3.79,
95% CI [-4.79, - 2.80], P< 0.001; I>=83%, P< 0.001,
Fig. 3d), and BE (MD -4.57, 95% CI [-6.46, - 2.68],

P< 0.001; I*=90%, P< 0.001, Additional file 3: Figure
S1A) increased significantly during RCA-CRRT. And
the rate of metabolic alkalosis increased by 38% (RD
-0.38, 95% CI [-0.48, -028], P<0.001; I*=44%,
P = 0.18) at the end of RCA-CRRT (Additional file 3:
Figure S1B). The pooled rate of metabolic alkalosis
was 13% (95% CI [0-35%]; I’=94%, t1°=0.0233,
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A Weight Weight
Study Events Total Proportion  95%-Cl (fixed) (random)
Slowinski T, et al. 2015 5 133 —=— 0.04 [0.01;0.09] 76.7%  54.2%
Durao MS, et al. 2008 1 21 = 0.05 [0.00;0.24] 9.7%  20.2%
Saner FH, et al. 2012 8 68 — 0.12 [0.05;0.22] 13.7%  25.6%
Fixed effect model 22 <= 0.05 [0.02; 0.08] 100.0% -
Random effects model _ 0.06 [0.01; 0.11] -- 100.0%
a2 - -
Heterogeneity: /2 = 44%, 1> = 0.0008, p = 0.17
005 01 015 02
B Start of CRRT End of observation Mean Difference Mean Difference
r I Mean SD Total Mean D Total Weight 1V, Random, 95% Cl 1V, Random, 95% Cl
De Vico P, etal. 2015 31 338 15 154 1 6 24.1% 1.56 [-0.33, 3.45] T
Klingele M, etal. 2017 95 106 69 79 6.8 69 15.4% 1.60[-1.37,4.57] 1
Saner FH, etal. 2012 87 81 68 69 5 68 20.7% 1.80 [-0.46, 4.06] T
Slowinski T,etal. 2015M 36 13 43 45 32 43 329%  -0.90(-1.93,0.13) —
Slowinski T, etal. 2015S 184 13 42 17 112 42  69% 1.40[-3.79,6.59] -
Total (95% CI) 27 228 100.0%  0.79[-0.70,229] ?
Heterogeneity: Tau? = 1.50; Chiz = 9.20, df = 4 (P = 0.05); = 57% T
Test f Il effect: Z = 1.04 (P = 0.30 4 2 0 2 4
estfor overall effect: 2= 1.04 (P = 0.30) Favours [start] Favours [end]
C Start of CRRT End of observation Mean Difference Mean Difference
r Subgr Mean _SD Total Mean D Total Weight IV, Random, 95%Cl IV, Random, 95% Cl
De Vico P, et al. 2015 738 009 15 734 01 6 56%  004[-005013 —
Durao MS, et al. 2008 729 041 143 741 008 143 146% -012(-0.14,-0.10) T
Lahmer T, etal. 2015 729 005 43 734 007 43 141% -0.05[-0.08,-0.02) -
Saner FH, etal. 2012 737 008 68 741 0.6 68 14.4%  -0.04[-0.06,-0.02) -
Schultheiss C, et al. 2012 729 04 43 74 01 32 110% -011[0.16,-008) —
Slowinski T, etal. [18]M2015 7.3 01 43 744 005 43 130% -0.11(-0.14,-008 — =
Slowinski T, etal.[18]S2015  7.35 01 42 742 005 42 129% -0.07[-0.10,-0.04] —
Sponholz C, etal. 2015 7390 007 88 745 006 35 143%  -0.06[-0.08,-0.04] B
Total (95% CI) 485 412 100.0%  -0.07 [-0.10, -0.05] >
Heterogeneity: Tau? = 0.00; Chi? = 41.57, df = 7 (P < 0.00001); I2 = 83% PP —t
Test for overall effect: Z = 5.27 (P < 0.00001) (l)é:av ou?s;o[gtan] 0 Fav :u?: e ng] !
D start of CRRT End of observation Mean Difference Mean Difference
udy or Subgroup al_Mea D al_Weig Random, 95% CI IV, Random, 95% CI
Sponholz C, et al. 2015 26 5 8 281 44 36 79% -450[627,-273 -
Slowinski T, etal. 2015 S 208 43 42 247 27 42 84% -390[544,-236) -
Slowinski T, etal. 2015M 205 52 43 258 2 43 81% -530[-6.97,-363 —_
Schultheiss C, etal. 2012 204 34 43 265 29 32 86% -6.10[-7.53,-4.67] -
Saner FH, etal. 2012 242 535 68 269 414 68 82% -270[431,-1.09] —_—
Lahmer T, etal. 2015 198 32 43 214 39 43 85%  -1.30[-281,021] ]
Durao MS, et al. 2008 178 46 143 242 36 143 96% -640[-7.36,-544] -
De Vico P, etal. 2015 212 31 15 205 35 6 50%  0.70[-251,391) T
Balogun RA, etal. 2012G4 20 66 175 23 59 175 89%  -3.00[-4.31,-1.69] -
Balogun RA, etal. 2012G3 20 59 174 24 61 174 90%  -4.00[-5.26,-2.74] -
Balogun RA, etal. 2012G2 20 66 174 24 66 174 87%  -4.00[-5.39,-2.61] -
Balogun RA, et al. 2012 G1 21 51 174 24 59 174 92%  -3.00[4.16,-1.84) -
Total (95% CI) 1183 1110 100.0%  -3.79 [-4.79, -2.80] L 4
Heterogeneity: Tau? = 2.47; Chi = 62.89, df = 11 (P < 0.00001); I = 83% 5 5 5 5 1‘0
Test for overall effect: Z = 7.46 (P < 0.00001) Favours [start] Favours [end]
Fig. 3 The pooled rates of bleeding (a) and the pooled MDs of total bilirubin (b), pH (c), and serum bicarbonate (d) between the start of CRRT
and the end of observation. Cl, confidence interval; G1 group 1, G2 group 2, G3 group 3, G4 group 4; MD, mean difference; M, mild liver failure
group; S, Severe liver failure group

P < 0.01, Additional file 3: Figure S1C). No significant
change was observed in metabolic acidosis rate (RD
025, 95% CI [-0.25 075, P=0.33 I=97%,
P< 0.001, Additional file 3: Figure S1D) and serum
lactate (MD 049, 95% CI [-0.27, 1.26], P=0.21;
P=66%, P= 0.02, Additional file 4: Figure S2A) at
the end of observation.

Serum calcium at the start of CRRT versus the end of
observation

As shown in Additional file 4: Figure S2B-C, both the
ionCa (MD -0.07, 95% CI [-0.11, -0.03], P=0.002;
P =93%, P< 0.001) and totCa (MD - 0.30, 95% CI [~ 0.45,
-0.15], P<0.001; 2 = 96%, P <0.001) in the systemic circu-
lation increased significantly at the end of RCA-CRRT. The
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rate of hypocalcemia was similar between the start and end
of CRRT (RD 0.06, 95% CI [~ 0.19, 0.31], P = 0.62; I* = 83%,
P =0.003, Additional file 4: Figure S2D).

Liver failure patients versus non-liver failure patients

Two included studies [19, 24] compared the pH, serum
lactate, and totCa/ionCa ratio between liver failure
patients and non-liver failure patients. The pooled results
demonstrated that there were no significant differences in
pH (MD -0.04, 95% CI [-0.13, 0.05], P = 0.34; 2 =93%,
P < 0.001), serum lactate (MD 0.69, 95% CI [~ 0.26, 1.64],
P=0.16; >=58%, P= 0.13), and totCa/ionCa ratio (MD
0.03, 95% CI [-0.12, 0.18], P=0.69; I*=84%, P= 0.01)
between the two groups (Additional file 5: Figure S3A-C).

Risk factors of citrate accumulation and circuit lifespan
There were three studies reported the risk factors of cit-
rate accumulation. One study [9] identified that baseline
serum lactate > 3.4 mmol/l and pro-thrombin time < 26%
were independent risk factors of citrate accumulation.
And the elevated citrate level before the start of dialysis
was reported as one of the risk factors by another study
[10]. However, the remaining study [24] identified no risk
factor of the increased totCa/ionCa ratio. None of the 10
included studies conducted multivariate or univariate ana-
lysis to identify the risk factors of circuit lifespan.

Discussion

It is controversial on the use of RCA for CRRT in pa-
tients with liver failure. Our systematic review has sev-
eral findings on this field. First, RCA during CRRT did
not significantly increase the risk of citrate accumulation
in patients with liver dysfunction compared with the pa-
tients without liver dysfunction. Second, the acid-base
status time trend was from the acidotic range towards
alkaline during RCA-CRRT. Third, serum calcium in-
creased slightly and the rate of calcium disarrangement
was similar between the start and the end of CRRT.
Fourth, the liver failure patients had comparable pH,
serum lactate, and totCa/ionCa ratio during RCA-CRRT,
compared with non-liver failure patients. At last, in liver
failure patients, the filter lifespan of RCA-CRRT was
prolonged significantly. These findings could provide cli-
nicians helpful information on the use of RCA in liver
failure patients requiring CRRT.

Patients with liver dysfunction are prone to coagulopa-
thy that may contribute to extended CRRT filter lifespan
[25]. However, some researches proved that patients
with liver dysfunction have a parallel decrease in both
procoagulant and anticoagulant factors which leads to
coagulation system disorder, which means they could
have either a hypo- or hypercoagulable situation [26,
27]. Most likely, liver failure patients underwent CRRT
are at high risk of both bleeding and filter clotting. The
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reported mean filter lifespan of liver failure patients
underwent CRRT without anticoagulation ranged from
7.4 to 12 h [28, 29]. In our systematic review, the pooled
median filter lifespan of RCA-CRRT were significantly
longer than the reported filter lifespan in CRRT without
anticoagulation. And the filter lifespan of RCA-CRRT in
liver failure patients was comparable with the previous
reported filter lifespan of RCA-CRRT in non-liver failure
patients, which was ranged from 24.2 to 82h (median
48 h, IQR 26.85-76 h) [30—34].

In a meta-analysis, Liu et al. [2] demonstrated that the
pooled incidence of bleeding in RCA-CRRT groups was
4.2% in patients without liver failure. In a randomized
controlled study, Stucker et al. [35] reported that the in-
cidence of clotting events in RCA-CRRT filters was 6%
in no-liver failure patients. Our results suggested that
patients with liver failure and those without might have
comparable risk of bleeding and filter clotting.

During RCA-CRRT, about 30-70% of the adminis-
trated citrate could be removed by dialyzer, and the
remaining citrate enters the systemic circulation [36,
37]. In the setting of severe liver dysfunction, citrate
clearance is reduced by about 50%, which means liver
failure patients are more susceptible to citrate accumula-
tion [3, 5]. Khadzhynov et al. [38] reported that citrate
accumulation occurred in 32 (2.99%) out of 1070 pa-
tients underwent RCA-CRRT. And 11 of the 32 cases
(34%) had pre-existing liver dysfunction. In our present
systematic review, the pooled citrate accumulation rate
in liver failure patients is 12% (95% CI 3-22%), which is
higher than the previously reported incidence of citrate
accumulation in total patients.

However, we found out that most of the 8 studies [9-11,
18-20, 23, 24] in our systematic review identified citrate
accumulation only by the increased totCa/ionCa ratio.
Based on this criterion, Meier-Kriesche et al. [4] reported
that citrate accumulation occurred in 33% patients with
liver failure. Khadzhynov et al. [38] considered that the ion-
ized hypocalcemia, which could be induced by other
causes, was not specific enough for the diagnosis of citrate
accumulation and that the increased totCa/ionCa ratio
could not predict citrate accumulation in all cases. There-
fore, Khadzhynov et al. [38] recommended more rigorous
diagnosis criteria for citrate accumulation: (i) decreased
systemic ionized calcium, (ii) increased demand for
calcium substitution, (iii) elevated totCa/ionCa ratio, and
(iv) metabolic acidosis. Most likely, the citrate accumula-
tion incidences of the included studies were over-estimated
by only using the totCa/ionCa ratio.

Theoretically, liver failure patients did not loss all of
the liver citrate metabolization function and preserved
the ability of metabolizing citrate in the skeletal muscle
and kidney cortex [39]. Most likely, with carefully moni-
toring the serum totCa/ionCa level and timely adjusting
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CRRT model and citrate dose, citrate accumulation
could be additionally reduced in liver failure patients.

The pooled results demonstrated that the distribution of
pH, serum bicarbonate concentration, and BE shifted from
the acidotic range towards alkaline range during RCA-
CRRT. This phenomenon has been well explained in the
study by Schneider et al. [40]. In this study, the authors
considered the development of alkalosis in RCA-CRRT as
citrate overload. Commonly, the citrate overload could be
corrected by the reduction of citrate delivery without the
change of anticoagulant for CRRT. Additionally, most of
the included studies used the replacement solution and di-
alysates with fixed bicarbonate concentration. RCA-CRRT
could lead to plasma alkalization due to the metabolism of
citrate [1, 40]. Based on the additional bicarbonate load
during RCA-CRRT, the bicarbonate concentration should
be relevantly reduced to avoid the occurrence of alkalosis.
Mehta et al. [41] and Morgera et al. [42] reported that the
incidences of metabolic alkalosis in non-liver failure pa-
tients who received RCA-CRRT were 23% and 50%, re-
spectively. The significant heterogeneity of metabolic
alkalosis rate was also observed in our systematic review in
liver failure patients, which most likely due to the variation
of CRRT protocols.

Of the 10 included studies, only one study [11] re-
ported that 13 (15%) out of 85 liver failure patients
developed new episodes of metabolic acidosis during
RCA-CRRT. However, half of these patients had preex-
isting acidosis at the initiation of CRRT. In the
remaining 9 studies, the incidence of metabolic acidosis
was not clearly reported. Therefore, in further studies on
RCA-CRRT in liver failure patients, more attention
should be paid to the occurrence of metabolic acidosis.

Citrate anticoagulation might cause severe hypocalcemia,
especially when citrate metabolism was impaired due to
liver dysfunction [4, 43]. Severe systemic ionized hypocalce-
mia is a life-threatening complication, which may lead to
weakness, myocardial dysfunction, and death [44, 45].
However, the pooled results demonstrated that the ionCa
and totCa levels were significantly increased at the end of
CRRT. Additionally, the pooled incidences of hypocalcemia
at the start and end of CRRT were not significantly differ-
ent. These results suggest that RCA-CRRT performed
under the guidance of an appropriate protocol most likely
does not increase the risk of hypocalcemia in liver failure
patients.

For the potential increased risks of citrate-related com-
plications in liver failure patients, all of the included stud-
ies had employed some individualized prophylactic
methods (Additional file 6: Table S3). However, further
studies are needed to evaluate the efficacy of these
methods on the reduction of citrate-related complications.

There are some limitations in our systematic review.
First, we have not evaluated the potential publication
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bias by funnel plots. It is reported that funnel plots gen-
erally are less useful in the context of observational
meta-analyses [46], and tests for funnel plot asymmetry
are not recommended for meta-analysis with less than
10 studies [47]. Second, the etiologies and severity of
liver failure, CRRT models, and RCA protocols are var-
ied across the included studies. Factors affected the
acid-base status and electrolyte balance may be compli-
cated by the variations of these important characteristics
[48]. Third, significant heterogenicity was observed
among the included studies, with /* value ranged from
44 to 99%. We have conducted sensitivity and subgroup
analyses to try to find the cause of heterogenicity. How-
ever, all of these work failed to identify any explanation
for the significant heterogenicity. At last, all of the in-
cluded studies were observational studies and majority
of them did not have control group. In order to present
a stronger conclusion, we pooled the results of the com-
parisons between the start and end of observation and
the comparisons between the patients with different liver
function. Therefore, further well-designed studies are
warranted to evaluate the safety and efficacy of citrate
for CRRT in liver failure patients. Accordingly, we are
performing a retrospective study and a randomized con-
trolled trial to evaluate the efficacy of regional citrate
anticoagulation versus no-anticoagulation for CRRT in
patients with liver failure and increased bleeding risk.

Conclusion

RCA-CRRT might be safe and effective in liver failure
patients with a prolonged filter lifespan. The increased
risk of citrate accumulation is the major limitation of
RCA-CRRT, which most likely could be well addressed
by careful monitoring and timely strategy-adjusting. In-
tensive monitor of the acid base status and calcium pa-
rameters may be more necessary during RCA-CRRT in
patients with liver failure. Further studies with large
sample size, control group, prospective design, uni-
formed standards, and randomized assignment to the
intervention groups are needed to provide higher quality
evidences on the anticoagulation for CRRT in liver fail-
ure patients.
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Additional file 1: Table S1. The Modified version of the Newcastle-
Ottawa Scale for assessing the quality of nonrandomized studies in meta-
analyses. (DOCX 26 kb)

Additional file 2: Table S2. Methodological quality of the included
studies. (DOCX 20 kb)

Additional file 3: Figure S1. The pooled MD of BE (A), the pooled rates
of metabolic alkalosis (B), and the pooled RD of metabolic alkalosis (C)

and acidosis rate (D) between the start of CRRT and the end of
observation. BE, base excess; Cl, confidence interval; MD, mean difference;
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M, mild liver failure group; RD, risk difference; S, Severe liver failure group.
(TIF 6718 kb)

Additional file 4: Figure S2. The pooled MD of serum lactate (A),
serum ionized calcium (B) and total calcium (C), and the pooled RD of
jonized hypocalcemia (D) between the start of CRRT and the end of
observation. All the results were demonstrated in forest plot. Cl,
confidence interval; G1 group 1, G2 group 2, G3 group 3, G4 group 4;
MD, mean difference; M, mild liver failure group; RD, risk difference; S,
Severe liver failure group. (TIF 5817 kb)

Additional file 5: Figure S3. The pooled MD of pH (A), serum lactate
(B) and totCa/ionCa ratio (C) between the liver failure patients and non-
liver failure patient. Cl, confidence interval; ionCa, ionized calcium; MD,
mean difference; totCa, total calcium; LF, liver failure. (TIF 2930 kb)

Additional file 6: Table S3. Management of metabolic complications
and citrate accumulation. (DOCX 20 kb)
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