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Abstract

Objective

There are controversial opinions on anticoagulation for continuous venovenous hemofiltra-
tion (CVVH) in patients with liver failure (LF) and increased bleeding risk. Therefore, we con-
ducted a retrospective study to evaluate the efficacy and safety of regional citrate
anticoagulation (RCA) versus no-anticoagulation for CVVH in these patients.

Methods

The included patients were divided into RCA and no-anticoagulation group according to the
CVVH anticoagulation strategy they accepted for CVVH. Filter lifespan, bleeding, citrate
accumulation, catheter occlusion, and totCa/ionCa ratio were evaluated as outcomes.

Results

In the original cohort, the filter lifespan of the RCA group (41 patients, 79 filters) was signifi-
cantly longer than the no-anticoagulation group (62 patients, 162 filters) (> 72 hours vs 39.5
hours (IQR 31.2—47.8), P=0.002). The adjusted results demonstrated that RCA could sig-
nificantly reduce the risk of filter failure (HR = 0.459, 95%CI 0.26—0.82, P =0.008). Four epi-
sodes of totCa/ionCa > 2.5 were observed in the RCA group and continuously accepted
RCA-CVVH after the reduction of citrate dose and blood flow. No obvious citrate accumula-
tion was observed in these patients. In the matched cohort, the filter lifespan of the RCA
group was significantly longer than the no-anticoagulation group (P = 0.013) as well. No sig-
nificant difference in the episodes of totCa/ionCa > 2.5 was observed between the two
matched groups (P = 0.074). Both in the original cohort and the matched cohort, the bleed-
ing, acidosis, alkalosis, and catheter occlusion incidences were not significantly different
between the two groups.
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Conclusions

In LF patients with increased bleeding risk who underwent CVVH, RCA could prolong the fil-
ter lifespan and be safely used with careful blood gas monitoring and citrate dose adjusting.
Further prospective, randomized, control studies are warranted to obtain robust evidences.

Introduction

Continuous venovenous hemofiltration (CVVH) is commonly used in critically ill patients for
the management of acute kidney injury (AKI), severe metabolic disorder, and refractory fluid
overload. AKI were observed in 40-85% of acute liver failure (LF) [1], 24% of liver cirrhosis
[2], and 10-30% of liver transplantation patients [3, 4]. And, most of these patients needed
CVVH treatment to replace the kidneys to clear the endogenous toxins and the excessive
water and to balance the electrolyte and acid-base status. Additionally, according to the Euro-
pean Association for the Study of the Liver (EASL) guideline, CVVH should be early instituted
for persistent hyperammonaemia, hyponatraemia, metabolic abnormalities, and temperature
control in LF patients [4]. Therefore, in clinical practice, LF is a common co-morbidity in criti-
cally ill patients underwent CVVH.

During CVVH treatment, clotting in the extracorporeal circuit shortens the filter and cathe-
ter lifespan, causes blood loss, and decreases solute clearance, consequently, reduces the effec-
tiveness of CVVH and increases the treatment cost and medical stuff’s workload. Our previous
meta-analysis demonstrated that regional citrate anticoagulation (RCA) for continuous renal
replacement therapy (CRRT) could prolong the filter lifespan and decrease the bleeding risk,
compared with heparin anticoagulation [5]. However, most of the included trials excluded the
patients with LF over the impaired coagulation and impaired metabolic ability of anticoagu-
lants. The Kidney Disease Improving Global Outcomes (KDIGO) guideline listed severe LF as
a major contra-indication to RCA [6]. Patients with LF are often associated with coagulation
abnormalities, thrombocytopenia, portal hypertension, esophageal and gastric fundus venous
hemorrhage, all of which indicated increased bleeding risk. The reported incidences of bleed-
ing were 50-80% and 50-63% in acute liver failure patients and decompensated cirrhosis
patients, respectively [7-9]. Accordingly, for patients with LF and increased bleeding risk,
CVVH should be performed without anticoagulation [10]. However, in clinical practice, we
observed that parts of LF patients underwent CVVH with no-anticoagulation would result in
relatively shorter filter lifespan. Previous study reported that the mean CVVH circuit lifespan
was 7-8 hours in the no-anticoagulation group in patients with LF and coagulopathy [11].
And, several studies suggested that the use of RCA in LF patients did not result in incremental
adverse events and could extend the filter lifespan, which suggested potential benefit of RCA
anticoagulation in LF patients, especially in LF patients with increased bleeding risk [12-15].
Our previous systematic review pooled 10 observational studies and demonstrated that the
RCA might be safe and effective for LF patients underwent CRRT. We also found out that all
of the current evidences were limited in observational cohort study and none of the included
studies evaluated the safety and efficacy of RCA versus no-anticoagulation (strategy recom-
mended by the KDIGO guideline) in LF patients with increased bleeding risk [16].

Therefore, the purpose of our present study is to assess the efficacy and safety of
RCA-CVVH versus no-anticoagulation in LF patients with increased bleeding risk in a retro-
spective observational cohort study.
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Methods
Patients

This was a retrospective cohort study from a single center with 133 ICU beds, and approximately
2000 critically ill patients accepted CVVH treatment in our center per year. Patients with LF and
increased bleeding risk who received CVVH therapy in our center between January 2013 and
October 2016 were considered as candidates. We excluded patients if they met any of the follow-
ing criteria: younger than 18 years, patients underwent low molecular weight heparin (LMWH)
anticoagulation, patients underwent heparin anticoagulation, patients with severe hyperlacticae-
mia. According to the anticoagulation strategy for CVVH, the included patients were divided into
the RCA group and no-anticoagulation group. Additionally, the patients in the original group
were matched at 1:1 ratio according to the type (acute/chronic) and severity of LF.

The study was approved by the Ethics Committee of Xijing Hospital, the First Affiliated
Hospital of Fourth Military Medical University and performed in accordance with the Decla-
ration of Helsinki. The ethic committee waived the need for informed consent because of the
retrospective study design.

Characteristics of the CVVH protocol

The initiation of CVVH was decided by the attending doctor based on the KDIGO and EASL
guideline [4, 6]. Briefly, the indications for CVVH included metabolic disorders (azotemia,
hypernatremia, hyperkalemia, severe acidosis, etc.), fluid overload, persistent hyperammonae-
mia, temperature control, and sepsis. Temporary vascular access was created by inserting a
dual lumen catheter into the femoral vein or jugular vein. CVVH were performed by using the
Prismaflex devicer with M100 Set system (Gambro, Sweden), which had an effective mem-
brane area of 0.9 m? or AV600S (Frensius, German) with membrane area of 1.2 m?. The efflu-
ent flow rate was set at the routine speed of 2 L/h for normal-weighted patient, and the dose
was adjusted according to the KDIGO guideline for over-weighted patient (>100 kg). Filter
was routinely replaced every 72 hours, even though it was still functional.

In the RCA group, the initial blood flow rate was 180 ml/min, and the dose of 4% sodium
citrate was 200 ml/min to achieve the postfilter ionized calcium between 0.25-0.35 mmol/L.
The systemic ionized calcium concentration was titrated to be maintained in 1.0-1.3 mmol/L
by the supplement of 10% calcium gluconate solution. Intensive metabolic monitoring, includ-
ing acid-base status, sodium, potassium, and total and ionized calcium levels, was performed
at 2-hour after the CVVH treatment and every 4 hours thereafter. The dose of citrate and cal-
cium gluconate was adjusted based on the results of the postfilter and systemic ionized calcium
levels. The nomograms for citrate and calcium gluconate adjustment are showed in Supple-
mentary SI and S2 Tables [17]. On the condition of totCa/ionCa > 2.5, the dose of 4% sodium
citrate and the blood flow rate were modified to avoid electrolyte or metabolic derangements.

In the no-anticoagulation group, the CVVH treatment was performed without the use of
any anticoagulation. The initial blood flow of no-anticoagulation CVVH was 200 mL/min.

Date collection

Data were retrieved from the electronic medical records of our hospital. Baseline characteris-
tics (demographic, clinical, biochemical data and Child-Pugh score, CVVH treatment indica-
tions), the blood gas results, liver function test results, renal function results, electrolyte test
results, fluid removal, and the treatment-related complications (filter failure, catheter occlu-
sion, bleeding, and citrate accumulation) during the CVVH treatment, and hospital mortality
were recorded.
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Endpoints and definitions

Filter lifespan was defined as the time from the beginning of CVVH treatment to the filter
replacement or CVVH termination due to one of the following reasons: TMP (transmembrane
pressure) > 300 mmHg, extracorporeal coagulation due to blood clots, CVVH termination
caused by non-clotting events (the achievement of treatment goal, severe hypotension, death,
and the upper limited time for filter (72 hours). Safety was assessed by the frequency of adverse
events defined as bleeding, catheter occlusion, totCa/ionCa > 2.5, acidosis (pH < 7.35), and
alkalosis (pH > 7.45). Bleeding was defined as having definite site of gross bleeding and at
least one of the following criteria: drop of mean arterial pressure 10 mmHg, transfusion
(requiring = 2 red blood cells units) within 24 h, decrease in haemoglobin of 2 20 g/L, failure
of haemoglobin increase after RBC transfusion [18]. Metabolic acidosis with an increased
anion gap, decreasing ionized calcium, elevated total calcium and the calcium ratio (totCa/
ionCa) > 2.5 were considered as citrate accumulation [19, 20].

Acute LF was defined as mental alteration (encephalopathy), and coagulation abnormality,
usually INR > 1.5 (no anticoagulant condition) in a patient without pre-existing liver disease
and the duration of illness less than 26 weeks [21]. And, chronic LF was defined as decompen-
sated liver cirrhosis mainly manifested by ascites, portal hypertension, coagulation dysfunction
and hepatic encephalopathy. Patients with one of the following characteristics were considered
to be with increased bleeding risk: platelet count below 40 x 10 °/L, activated partial thrombo-
plastin time (APTT) longer than 60 seconds, INR > 2.0, bleeding within 7 days or active bleed-
ing, recent trauma or surgery (especially head trauma and neurosurgery), recent stroke,
intracranial arteriovenous malformations or aneurysm, retinal hemorrhage, and uncontrolled
hypertension [6, 22].

Statistical analysis

Continuous variables were presented as means and standard deviations, and categorical vari-
ables were presented as numbers (%). We used Student-f test to assess the difference between
groups for normal-distribution continuous variables and Mann-Whitney rank test for non-
normal distribution continuous variables. % test or Fisher’s exact test were employed to assess
the difference between groups for categorical variables. Classified variables was presented as
median (interquartile range) and compared with Mann-Whitney U test. Additionally, the
paired t-test was employed for repeated measure variables. Filter lifespan was assessed by the
Kaplan-Meier survival curve and log-rank test, and the risk factors of time-dependent out-
comes were identified by Cox regression model. All tests were two-sided, and a P value < 0.05
was considered statistical significant. Statistical analysis was run by using SPSS 16.0.

Results

Study population

Between January 2013 and January 2016, 163 consecutive ICU and Emergency Department
patients with LF who received CVVH therapy were enrolled. Of these patients, 60 patients
were excluded based on the exclusion criteria. At last, 103 patients were included in the origi-
nal cohort. Before CVVH, there were 29 patients with active bleeding, 34 patients with recent
(within 7 days) surgery, 5 patients with recent trauma, 3 patients with recent stroke, and 32
patients with coagulopathy and thrombocytopenia. Of the included patients, 41 patients
underwent RCA CVVH with 79 filters and 62 patients underwent no-anticoagulation CVVH
with 162 filters (Fig 1).
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Patients with liver failure and increased bleeding risk
underwent CVVH between 2013 and 2016 (n = 163)

Excluded patients (n = 60)
Age < 18 years (n = 8)
Patients underwent LMWH anticoagulation (n = 47)
Patients underwent heparin anticoagulation (n = 2)
Patients without outcome data (n = 3)

Patients accepted RCA-CVVH
v (n=41)

Included patients
(n=103)

Patients accepted
no-anticoagulation CVVH(n = 62)

Fig 1. Patient inclusion flowchart.

https://doi.org/10.1371/journal.pone.0232516.g001

Baseline characteristics

The baseline characteristics of the included patients are described in Table 1. In the original
cohort, patients in the no-anticoagulation group had higher bilirubin (P < 0.001), APTT (P =
0.006) value, Child-Pugh score (P = 0.001), MELD score (P = 0.014), and AKI stage (P = 0.017)
than the RCA group, but lower BUN levels (P = 0.045). The two groups were not significantly
different in the remaining baseline characteristics (Table 1). Only part of patients (40/163,
38.8%) had the value of serum ammonia before and at the end of CVVH. There was no signifi-
cant difference in the baseline serum ammonia between the RCA and no-anticoagulation
group (136.84 + 42.24 umol/L vs. 149.5 + 71.4 pmol/L, P = 0.741). The delivered dose was

34.8 + 5.6 ml/kg/h in the RCA group and 30.9 + 5.8 ml/kg/h in the no-anticoagulation group.

Efficacy outcomes

The estimated median filter lifespan was longer than 72 hours in the RCA group and 39.5
hours (IQR 31.2-47.8) in the no-anticoagulation group. The RCA group had significantly lon-
ger estimated median filter lifespan compared with the no-anticoagulation group (P = 0.002,
Fig 2A). The accumulated 24-, 48-, and 72-hour filter failure rates were 13.5%, 35.3%, and
44.6% in the RCA group and 30.5%, 55.4%, and 81.1% in the no-anticoagulation group,
respectively.

In univariate analyses, RCA (P = 0.003), PLT (P = 0.008), and APTT (P = 0.045) were signif-
icantly related to filter lifespan. In the multivariate COX regression model, the risk of filter fail-
ure was significantly reduced by RCA (P = 0.001, HR = 0.392) after the correction of the two
factors (PLT and APTT) identified in univariate analysis. Moreover, after adjusting the clini-
cally significant indicators (filter type, vascular access, PLT, and INR), RCA significantly
reduced the risk of filter failure (HR = 0.459, 95% CI 0.26-0.82, P = 0.008) as well. Other iden-
tified risk factors of filter failure included HBG (HR = 1.009, 95% CI 1.001-1.018, P = 0.036)
and APTT (HR = 1.008, 95% CI 1.001-1.015, P = 0.018, Table 2).
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Table 1. Baseline characteristics of the included patients in the original groups.

Variables

Gender, male, n (%)

Age, years

APACHE I

SOFA

Child-Pugh score

MELD score

Bilirubin, umol/L

PLT, 10°/L

FIB, g/L

APTT, s

PTA, %

INR

BUN, mmol/L

Serum Creatinine, umol/L
Liver failure, acute, n (%)
AKI stage, 1/2/3, n (%)
Hypernatremia, yes, n (%)
Hyperkalemia, yes, n (%)
Fluid overload, yes, n (%)

Sepsis, yes, n (%)

RCA-CVVH (n = 41)
22 (53.7)

52.49 +15.62
17.12 + 4.30
11.44 + 4.04
8.51 + 1.31
29.78 + 6.93
67.57 + 26.10
98.8 + 60.65
2.29 +1.36
4586 + 29.52
30.67 +17.41
2.35+1.27
23.57 + 13.57
297.83 + 141.28
39 (95.1)
0(0)/13(31.7)/28(68.3)
4(9.8)

15 (36.6)

12 (29.3)
4(9.8)

No-anticoagulation-CVVH (n = 62)
42 (67.7)

47.13 £ 14.08
16.00 = 5.73
11.65 £ 4.35
9.37 £ 1.26
3474 £ 11.32
184.95 + 138.38
90.19 £ 70.97
1.67 £1.16
66.34 £ 36.56
28.84 £ 16.21
2.67 £ 1.48
18.44 £ 11.85
324.56 + 251.37
51 (82.3)
5(8.1)/11(17.7)/43(69.4)
3(4.8)

17 (27.4)

10 (16.1)
7(11.3)

P-value
0.149
0.073
0.286
0.809
0.001
0.014
<0.001
0.525
0.050
0.006
0.588
0.261
0.045
0.537
0.054
0.017
0.432
0.325
0.111
1.000

RCA, Regional citrate anticoagulation; CVVH, continuous venovenous hemofiltration; PLT, platelet counts; FIB, fibrinogen; APTT, activated partial thromboplastin

time; PTA, prothrombin time activity; INR, international normalized ratio; BUN, blood urea nitrogen; AKI, Acute kidney injury. Unless indicated otherwise, data are

presented as the mean + standard deviation (SD).

https://doi.org/10.1371/journal.pone.0232516.t001

Safety outcomes

Seven (7/162, 4.3%) and 4 (4/79, 5.1%) bleeding episodes occurred in the no-anticoagulation
and RCA group (P = 0.753), respectively. The two groups were not different in the units of red
blood cell transfusion required during CVVH (6.7 £ 5.5 vs. 3.9 + 3.5, P = 0.318, Table 3) and
site of bleeding. Of the included patients, 3 in the RCA group (3/62, 4.8%) and 2 patients (2/
41, 4.9%) in the no-anticoagulation group accepted vitamin K1 injection during their CVVH
treatment. The two groups were not different in the use of vitamin K injection. None was
given clotting factors during their CVVH treatment. There was no difference in the episodes
of catheter occlusion (0.6% vs. 2.5%, P = 0.251) and acidosis (5.0% vs. 9.1%, P = 0.226) between
the two groups. In addition, no central venous thrombosis or thromboembolism events were
observed in our present cohort. No alkalosis (pH > 7.45) was observed in both the two groups.
The incidences of totCa/ionCa > 2.5 was higher in the RCA group (4 out of 79 CVVH
runs) compared with the no-anticoagulation group (0 out of 162 CVVH runs, Table 3). All of
the patients did not have citrate accumulation during their CVVH treatment after the reduc-
tion of the sodium citrate dose and blood flow and the increase of the calcium supplementary.

Other outcomes

At the end of CVVH, there was no significant difference in the serum urea (13.04 £ 6.90
mmol/L vs. 11.53 + 7.14 mmol/L, P = 0.340), and ammonia (72.15 + 39.39 umol/L vs.
79.43 + 32.89 umol/L, P = 0.785) between the RCA group and no-anticoagulation group. Net
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Filters at risk Time (hours) Filters at risk Time (hours)
RCA 79 68 54 3 22 12 1 RCA 52 44 38 19 13 8 4
No-Anticoagulation 162 151 86 42 32 26 2 No-Anticoagulation 82 70 50 30 23 18 1

Fig 2. Survival curves of the filters with the use of RCA versus the filters with the use of no-anticoagulation in the
original cohort (A) and the matched cohort (B).

https://doi.org/10.1371/journal.pone.0232516.9002

ultrafiltrate flow rate during CVVH was 43.8 mL/hr [IQR, 0-52.7] in the RCA group and 43.1
mL/hr [IQR, 0-69.8] in the no-anticoagulation group (P = 0.783).

The averaged follow-up time was 12.8 + 9.6 days. During the hospital staying, 2 patients in
the RCA group and one patient in the no-anticoagulation group underwent plasma exchange.
Of the included patients, no patients underwent MARS. There was no difference in the routine
aspects of care between the two groups. The in-hospital mortality was not significantly differ-
ent between the two groups (RCA: 63.4%, n = 26 vs. no-anticoagulation: 54.8%, n = 34;

p =0.421). One patient in the RCA group accepted liver transplantation at three months and
one patient in the no-anticoagulation group accepted liver transplantation at eight months
after the initiation of CRRT.

Outcomes of the matched cohort

According to the course of LF (acute/chronic) and the degree of LF, 26 pairs of patients were
matched. After the 1:1 matching, the two groups were not significantly different in the baseline
characteristics (Table 4).

In the matched cohort, 82 and 52 filters were used in the no-anticoagulation and RCA
group, respectively. The estimated median filter lifespan was significantly longer in the RCA
group (> 72 hours versus 41 (IQR 10.2-71.7) hours, P = 0.013, Fig 2B) compared with the no-

Table 2. Predictors of filter failure in CVVH patients with liver failure and increased bleeding risk.

Anticoagulation strategy (RAC/no-anticoagulation) | 0.48

Univariate Cox regression Multivariate Cox regression Multivariate Cox regression adjusted

the important clinical parameters
HR 95%CI Pvalue |HR 95%CI Pvalue |HR 95%CI P value
0.295-0.779 | 0.003 0.392 | 0.222-0.695 | 0.001 0.459 0.259-0.815 | 0.008

Filter Type (M100 / AV600) 0.578 | 0.180-1.856 | 0.357 - - - 109626.395 | 0.000 0.974
Vascular access 0.325 |0.079-1.337 | 0.119 - - - 0.384 0.092-1.604 | 0.19
PLT 0.994 | 0.990-0.999 | 0.008 0.997 |0.993-1.001 | 0.182 0.996 0.992-1.001 | 0.99
APTT 1.005 | 1.000-1.010 | 0.045 1.007 | 1.002-1.012 | 0.004 1.008 1.001-1.015 | 0.018
INR 1.001 | 0.999-1.003 | 0.284 - - - 1.010 0.822-1.242 | 0.922
HBG 1.003 | 0.996-1.010 | 0.34 - - - 1.009 1.001-1.018 | 0.036

RCA, Regional citrate anticoagulation; CVVH, continuous venovenous hemofiltration; PLT, platelet; APTT, activated partial thromboplastin time; INR, international

normalized ratio; HBG, hemoglobin.

https://doi.org/10.1371/journal.pone.0232516.t002
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Table 3. Adverse events among the liver failure and increased bleeding risk patients in original and matched cohort.

Endpoints Original cohort Matched cohort
RCA-CVVH No-anticoagulation-CVVH | P-value RCA-CVVH No-anticoagulation-CVVH | P-value

Bleeding, n (%) 4(5.1) 7 (4.3) 0.753 3(5.8) 4(4.9) 1.000
RBC Transfusion (units), mean + SD 6.7+5.5 39+35 0.318 7.6 +6.3 59+38 0.656
Catheter occlusion, n (%) 2(2.5) 1(0.6) 0.251 1(1.9) 0 (0) 1.000
TotCa/ionCa > 2.5, n (%) 4(5.1) 0 (0) 0.004 2(3.8) 0(0) 0.074
Acidosis, pH < 7.35, n (%) 7(9.1) 8(5.0) 0.226 5(9.6) 5(6.1) 0.450
Alkalosis, pH > 7.45, n (%) 0(0) 0(0) 0.237 0(0) 0 (0) 0.134

RCA, regional citrate anticoagulation; CVVH, continuous venovenous hemofiltration; TotCa/ionCa, total to ionized calcium ratio.

https://doi.org/10.1371/journal.pone.0232516.t003

Table 4. Baseline characteristics of the included patients in the matched groups.

anticoagulation group. The 24-hour accumulated filter failure proportion of the RCA group
and the no-anticoagulation group was 11.3% and 28.7%, respectively.
Additionally, the incidences of total Ca®*/iCa** > 2.5 (3.8% vs. 0%), bleeding (5.8% vs.
4.9%), units of red blood cell transfusions required during CVVH (7.6 + 6.3 vs. 5.9 + 3.8), aci-
dosis (9.6% vs. 6.1%), and catheter occlusion (1.9% vs. 0%) were not significantly different
between the two groups. No alkalosis (pH > 7.45) was observed in both the two groups

(Table 3).

Discussion

To the best of our knowledge, our present study is the first cohort study evaluated the efficacy
and safety of regional citrate anticoagulation (RCA) versus no-anticoagulation for CVVH in
patients with LF and increased bleeding risk. Our present study has several findings. Firstly,
the use of RCA for CVVH could significantly increase the filter lifespan in LF patients with
increased bleeding risk, compared with the use of no-anticoagulation. Secondly, the use of

Variables RCA-CVVH (n =26) No-anticoagulation-CVVH (n = 26) P-value
Gender, male, n (%) 13 (50) 16 (61.5) 0.402
Age, years 51.19 £ 15.92 46.88 + 14.61 0.314
APACHE I 17.31 £ 4.59 16.46 = 4.90 0.524
SOFA 12.58 £ 4.02 11.38 £ 5.01 0.349
Child-Pugh score 8.58 +1.24 8.92 +1.02 0.833
MELD score 31.85+£7.16 32.23 £5.89 0.276
Bilirubin, umol/L 78.61 £25.94 88.82 £ 50.47 0.363
PTA, % 27.67 £16.32 25.64 £ 13.32 0.626
INR 246 +1.52 2.66 +1.17 0.604
Serum Creatinine, umol/L 350.08 + 150.87 313.27 £ 149.71 0.381
Liver failure, acute, n (%) 26 (100) 26 (100) 1.000
AKI stage, 1/2/3, n (%) 0(0)/5(19.2)/21(80.8) 2(7.7)/5(19.2)/19(73.1) 0.238
Hypernatremia, yes, n (%) 1(3.8) 0(0) 1.000
Hyperkalemia, yes, n (%) 10 (38.5) 6(23.1) 0.229
Fluid overload, yes, n (%) 8(30.8) 4(15.4) 0.188
Sepsis, yes, n (%) 4(15.4) 3 (11.5) 1.000

RCA, Regional citrate anticoagulation; CVVH, continuous venovenous hemofiltration; PTA, prothrombin time activity; INR, international normalized ratio; AKI,

Acute kidney injury. Unless indicated otherwise, data are presented as the mean * standard deviation (SD)

https://doi.org/10.1371/journal.pone.0232516.t004
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RCA for CVVH did not significantly increase the risk of citrate accumulation, bleeding, meta-
bolic acidosis, and alkalosis in LF patients with increased bleeding risk.

LF is a common co-morbidity of ICU patients who need CVVH treatment. And, most of
LF patients are associated with increased bleeding risk. Currently, no-anticoagulation was rec-
ommended for CVVH in patients with severe LF and increased bleeding risk regarding the
impaired citrate metabolic ability and contraindication to systemic anticoagulation. Usually,
LF patients were considered to be associated with coagulopathy which could lead to extended
CVVH filters. However, studies proved that LF patients were insufficient in both procoagulant
(including von Willebrand factor and factor VIII) and anticoagulant factors (including throm-
bomodulin) leaded to the co-exist of hypo- and hypercoagulable situation [4, 23, 24]. These
coagulation disorders most likely contributed to the shorter circuit lifespan for no-anticoagula-
tion CVVH in LF patients with coagulopathy reported by Chua HR et al. (7.4-12 hours) and
Banwari et al (10.5 hours) [11, 25]. In our present study, the 24-hour cumulative filter failure
proportion was 30.5%. Commonly, a CVVH treatment course was at least 24 hours. Therefore,
almost one third of the LF patients underwent no-anticoagulation CVVH needed filter
exchange per treatment course, which directly lead to frequent filter exchange, increased
down-time, decreased solute clearance, and higher treatment costs [26-28].

Several observational studies reported that the averaged circuit lifespan in LF patients
underwent RCA-CVVH was 71.1 hours [12], 62.4 hours [29], and 72 + 22.2 hours [30]. In our
original and matched cohort, the estimated median filter lifespan was more than 24-hour and
the accumulated proportions of filter failure were 13.5% and 11.3%, respectively. Compared
with the patients in the no-anticoagulation group, the filter lifespan was significantly extended
and the filter failure incidence was significantly reduced. Additionally, both the multivariate
Cox regression model adjusted for the significant indicators in the univariate analysis and the
model adjusted for the clinically important indicators identified RCA as one of the indepen-
dent protective factors of filter failure. And, the HR value suggested that the use of RCA for
CVVH could reduce more than 50% filter failure risk compared with no-anticoagulation
CVVH in LF patients with increased bleeding risk.

Regarding the reduced citrate metabolic ability in LF patients which leaded to potential
increased citrate accumulation risk, severe LF was considered as one of the contraindications
for the use of RCA for CVVH [31, 32]. Currently, the blood citrate concentration was not rou-
tinely tested in most hospitals. The totCa/ionCa ratio > 2.5 has been commonly used as an
indicator of citrate accumulation [13, 33, 34]. In the matched cohort, the incidence of totCa/
ionCa > 2.5 in the RCA group was 3.8%. Several cohort studies have reported the use of RCA
in patients with LF underwent CVVH and reported the incidences of citrate accumulation. In
the study by Slowinski et al. [12], Sponholz et al. [35], and Lahmer et al. [36], the incidences of
citrate accumulation were reported to be 2.2%, 3%, and 4%, respectively. And, no citrate accu-
mulation was observed in the study by Durao et al. and De Vico et al.[14, 30]. However,
Schultheif} et al. reported that the incidence of citrate accumulation was 16% in their cohort
[13]. Most likely, these heterogeneity mainly caused by the differences in the severity of LF and
RCA strategy, and especially the citrate accumulation definition. Khadzhynov D et al. consid-
ered that the increase of totCa/ionCa could be induced by other causes and was not specific
enough for the diagnosis of citrate accumulation [20]. Therefore, they recommended more rig-
orous 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 with or without an increased anion gap [19, 20].We employed this definition in our
clinical practice and our present study.

Generally, during RCA-CVVH treatment, 40-60% of the sodium citrate given before the
filter could be removed by the filter [37, 38]. The remaining citrate enter the systemic
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circulation and is metabolized in the liver, muscle and kidney through the tricarboxylic acid
cycle [39]. The occurrence of citrate accumulation could lead to the reduction of ionCa.
Patients with severe lower ionCa concentration might present tremor, convulsions, and severe
arrhythmias [39]. These potentially serious adverse events could be immediately reversed by
the increase of calcium infusion [40]. In our cohort, all of the patients with totCa/ionCa > 2.5
continually underwent RCA after the adjustment of the sodium citrate dose, blood flow, and
calcium supplement infusion rate. And, no obvious citrate accumulation and symptom related
to lower ionCa were observed. Possibly, in most of the LF patients, the remaining liver citrate
metabolism ability and the citrate metabolism ability of other organs could fulfill the clearance
of the system citrate to avoid citrate accumulation in RCA-CVVH [41].

Additionally, other outcomes including bleeding, alkalosis, metabolic acidosis, and catheter
occlusion were commonly used to evaluate the safety of anticoagulation for CVVH [42]. No
difference was observed between the two groups in these outcomes in both the original and
matched cohort. Therefore, in the condition of closely monitoring and carefully dose adjust-
ing, RCA most likely could be safely used in LF patients at high risk of bleeding.

Our present study has several limitations. At first, the retrospective nature should be con-
sidered as the major limitation. Some important baseline covariates were not distributed
equally in the original cohort, which may bias the results. In order to reduce the influence of
this imbalance, we matched patients according to the type (acute/chronic) and severity of LF
and confirmed the results in the matched cohort. Secondly, the blood citrate concentration,
liver function, and coagulation indicators were not routinely tested during CVVH treatment.
Therefore, we have not reported the results of these outcomes, which should be evaluated in
turther prospective studies. Accordingly, we are performing a randomized controlled trial
(NCT 03791190) to verify the findings of our present study and to present higher quality evi-
dences for clinicians to choose appropriate anticoagulation for CVVH in LF patients.

Conclusions

In conclusion, RCA for CVVH could significantly extend the filter lifespan in patients with LF
and increased bleeding risk and may not significantly increase the risk of citrate accumulation,
bleeding, catheter occlusion, metabolic acidosis, and metabolism alkalosis, compared with no-
anticoagulation. Therefore, with intensive monitoring and careful dose adjusting, RCA might
be safe and effective in patients with LF and increased bleeding risk who underwent CVVH.
Further prospective, well designed, randomized controlled trial studies are warranted to pro-
vide higher quality evidences on this field.

Supporting information

S1 Table. Algorithm for adjustment of citrate dose.
(DOCX)

S2 Table. Algorithm for the adjustment of calcium dose.
(DOCX)

Acknowledgments

All of the authors have made an intellectual contribution to the manuscript.

Author Contributions

Conceptualization: Yan Yu, Shiren Sun.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232516  May 5, 2020 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232516.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232516.s002
https://doi.org/10.1371/journal.pone.0232516

PLOS ONE

RCA-CVVH for liver failure and increased bleeding risk

Data curation: Yangping Li, Lijuan Zhao, Li Li.

Investigation: Feng Ma, Wei Zhang.
Methodology: Yan Yu, Ming Bai, Meilan Zhou, Lu Li, Shiren Sun.

Project administration: Ming Bai.

Writing - original draft: Yan Yu.

Writing - review & editing: Yan Yu, Ming Bai, Shiren Sun.

References

1.

10.

11.

12.

13.

14.

Betrosian AP, Agarwal B, Douzinas EE. Acute renal dysfunction in liver diseases. World journal of
gastroenterology. 2007; 13(42):5552—9. Epub 2007/10/24. PubMed https://doi.org/10.3748/wjg.v13.
i42.5552 PMID: 17948928; PubMed Central PMCID: PMC4172733.

Bittencourt PL, Farias AQ, Terra C. Renal failure in cirrhosis: Emerging concepts. World journal of hepa-
tology. 2015; 7(21):2336—43. Epub 2015/09/29. doi: doi: 10.4254/wjh.v7.i21.2336. PMID: 26413223;
PubMed Central PMCID: PMC4577641.

Pertica N, Cicciarella L, Carraro A, Montin U, Violi P, Lupo A, et al. Safety and Efficacy of Citrate Antic-
oagulation for Continuous Renal Replacement Therapy for Acute Kidney Injury After Liver Transplanta-
tion: A Single-Center Experience. Transplantation proceedings. 2017; 49(4):674—6. Epub 2017/05/02.
doi: doi: 10.1016/j.transproceed.2017.02.025. PMID: 28457369.

Wendon J, Cordoba J, Dhawan A, Larsen FS, Manns M, Samuel D, et al. EASL Clinical Practical Guide-
lines on the management of acute (fulminant) liver failure. Journal of hepatology. 2017; 66(5):1047—81.
Epub 2017/04/19. doi: doi: 10.1016/j.jhep.2016.12.003. PMID: 28417882.

Bai M, Zhou M, He L, MaF, Li Y, Yu Y, et al. Citrate versus heparin anticoagulation for continuous renal
replacement therapy: an updated meta-analysis of RCTs. Intensive care medicine. 2015; 41(12):2098—
110. Epub 2015/10/21. doi: doi: 10.1007/s00134-015-4099-0. PMID: 26482411.

Kidney Disease: Improving Global Outcomes (KDIGO)Acute Kidney Injury Work Group. KDIGO Clinical
Practice Guideline for Acute Kidney Injury. Kidney Int Suppl. 2012; 2:1-138. Epub 138.

Sharara Al, Rockey DC. Gastroesophageal variceal hemorrhage. The New England journal of medi-
cine. 2001; 345(9):669-81. Epub 2001/09/08. doi: doi: 10.1056/NEJMra003007. PMID: 11547722.

Bernal W, Lee WM, Wendon J, Larsen FS, Williams R. Acute liver failure: A curable disease by 20247?
Journal of hepatology. 2015; 62(1 Suppl):S112—20. Epub 2015/04/29. doi: doi: 10.1016/j.jhep.2014.12.
016. PMID: 25920080.

Allegretti AS, Parada XV, Eneanya ND, Gilligan H, Xu D, Zhao S, et al. Prognosis of Patients with Cir-
rhosis and AKI Who Initiate RRT. Clinical journal of the American Society of Nephrology: CJASN. 2018;
13(1):16—25. Epub 2017/11/11. doi: doi: 10.2215/CJN.03610417. PMID: 2912291 1; PubMed Central
PMCID: PMC5753306.

Hoste EA, Dhondt A. Clinical review: use of renal replacement therapies in special groups of ICU
patients. Critical care (London, England). 2012; 16(1):201. Epub 2012/01/24. doi: doi: 10.1186/
cc10499. PMID: 22264279; PubMed Central PMCID: PMC3396213.

Chua HR, Baldwin |, Bailey M, Subramaniam A, Bellomo R. Circuit lifespan during continuous renal
replacement therapy for combined liver and kidney failure. Journal of critical care. 2012; 27(6):744.e7—
15. Epub 2012/10/30. doi: doi: 10.1016/j.jcrc.2012.08.016. PMID: 23102533.

Slowinski T, Morgera S, Joannidis M, Henneberg T, Stocker R, Helset E, et al. Safety and efficacy of
regional citrate anticoagulation in continuous venovenous hemodialysis in the presence of liver failure:
the Liver Citrate Anticoagulation Threshold (L-CAT) observational study. Critical care (London,
England). 2015; 19:349. Epub 2015/09/30. doi: doi: 10.1186/513054-015-1066-7. PMID: 26415638;
PubMed Central PMCID: PMC4587580.

Schultheiss C, Saugel B, Phillip V, Thies P, Noe S, Mayr U, et al. Continuous venovenous hemodialysis
with regional citrate anticoagulation in patients with liver failure: a prospective observational study. Criti-
cal care (London, England). 2012; 16(4):R162. Epub 2012/08/24. doi: doi: 10.1186/cc11485. PMID:
22913794; PubMed Central PMCID: PMC3580752.

De Vico P, Messino V, Tartaglione A, Beccaris C, Buonomo C, Talarico D, et al. Safety and efficacy of
citrate anti-coagulation continuous renal replacement therapies in post-cardiac surgery patients with
liver dysfunction. Therapeutic apheresis and dialysis: official peer-reviewed journal of the International
Society for Apheresis, the Japanese Society for Apheresis, the Japanese Society for Dialysis Therapy.
2015; 19(3):272-8. Epub 2015/02/07. doi: doi: 10.1111/1744-9987.12280. PMID: 25656632.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232516  May 5, 2020 11/13


https://doi.org/10.3748/wjg.v13.i42.5552
https://doi.org/10.3748/wjg.v13.i42.5552
http://www.ncbi.nlm.nih.gov/pubmed/17948928
https://doi.org/10.4254/wjh.v7.i21.2336
http://www.ncbi.nlm.nih.gov/pubmed/26413223
https://doi.org/10.1016/j.transproceed.2017.02.025
http://www.ncbi.nlm.nih.gov/pubmed/28457369
https://doi.org/10.1016/j.jhep.2016.12.003
http://www.ncbi.nlm.nih.gov/pubmed/28417882
https://doi.org/10.1007/s00134-015-4099-0
http://www.ncbi.nlm.nih.gov/pubmed/26482411
https://doi.org/10.1056/NEJMra003007
http://www.ncbi.nlm.nih.gov/pubmed/11547722
https://doi.org/10.1016/j.jhep.2014.12.016
https://doi.org/10.1016/j.jhep.2014.12.016
http://www.ncbi.nlm.nih.gov/pubmed/25920080
https://doi.org/10.2215/CJN.03610417
http://www.ncbi.nlm.nih.gov/pubmed/29122911
https://doi.org/10.1186/cc10499
https://doi.org/10.1186/cc10499
http://www.ncbi.nlm.nih.gov/pubmed/22264279
https://doi.org/10.1016/j.jcrc.2012.08.016
http://www.ncbi.nlm.nih.gov/pubmed/23102533
https://doi.org/10.1186/s13054-015-1066-7
http://www.ncbi.nlm.nih.gov/pubmed/26415638
https://doi.org/10.1186/cc11485
http://www.ncbi.nlm.nih.gov/pubmed/22913794
https://doi.org/10.1111/1744-9987.12280
http://www.ncbi.nlm.nih.gov/pubmed/25656632
https://doi.org/10.1371/journal.pone.0232516

PLOS ONE

RCA-CVVH for liver failure and increased bleeding risk

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Saner FH, Treckmann JW, Geis A, Losch C, Witzke O, Canbay A, et al. Efficacy and safety of regional
citrate anticoagulation in liver transplant patients requiring post-operative renal replacement therapy.
Nephrology, dialysis, transplantation: official publication of the European Dialysis and Transplant Asso-
ciation—European Renal Association. 2012; 27(4):1651-7. Epub 2011/11/04. doi: doi: 10.1093/ndt/
gfr510. PMID: 22049184.

Zhang W, Bai M, Yu Y, LiL, ZhaoL, Sun S, et al. Safety and efficacy of regional citrate anticoagulation
for continuous renal replacement therapy in liver failure patients: a systematic review and meta-analy-
sis. Critical care (London, England). 2019; 23(1):22. Epub 2019/01/27. doi: doi: 10.1186/s13054-019-
2317-9. PMID: 30678706; PubMed Central PMCID: PMC6345001.

Amanzadeh J, Reilly RF Jr. Anticoagulation and continuous renal replacement therapy. Seminars in
dialysis. 2006; 19(4):311-6. Epub 2006/08/09. doi: doi: 10.1111/j.1525-139X.2006.00178.x. PMID:
16893409.

Saner FH, Treckmann Jw Fau—Geis A, Geis A Fau—Losch C, Losch C Fau—Witzke O, Witzke O Fau
—Canbay A, Canbay A Fau—Herget-Rosenthal S, et al. Efficacy and safety of regional citrate anticoa-
gulation in liver transplant patients requiring post-operative renal replacement therapy. (1460-2385
(Electronic)).

Ricci D, Panicali L, Facchini MG, Mancini E. Citrate Anticoagulation during Continuous Renal Replace-
ment Therapy. Contributions to nephrology. 2017; 190:19-30. Epub 2017/05/24. doi: doi: 10.1159/
000468833. PMID: 28535516.

Khadzhynov D, Schelter C, Lieker I, Mika A, Staeck O, Neumayer HH, et al. Incidence and outcome of
metabolic disarrangements consistent with citrate accumulation in critically ill patients undergoing con-
tinuous venovenous hemodialysis with regional citrate anticoagulation. Journal of critical care. 2014; 29
(2):265-71. Epub 2013/12/24. doi: doi: 10.1016/j.jcrc.2013.10.015. PMID: 24360392.

Lee WM, Stravitz RT, Larson AM. Introduction to the revised American Association for the Study of
Liver Diseases Position Paper on acute liver failure 2011. Hepatology (Baltimore, Md). 2012; 55
(3):965—7. Epub 2012/01/04. doi: doi: 10.1002/hep.25551. PMID: 22213561; PubMed Central PMCID:
PMC3378702.

Schilder L Fau—Nurmohamed SA, Nurmohamed Sa Fau—Bosch FH, Bosch Fh Fau—Purmer IM, Pur-
mer Im Fau—den Boer SS, den Boer Ss Fau—Kleppe CG, Kleppe Cg Fau—Verviloet MG, et al. Citrate
anticoagulation versus systemic heparinisation in continuous venovenous hemofiltration in critically ill
patients with acute kidney injury: a multi-center randomized clinical trial. (1466—609X (Electronic)).

Habib M, Roberts LN, Patel RK, Wendon J, Bernal W, Arya R. Evidence of rebalanced coagulation in
acute liver injury and acute liver failure as measured by thrombin generation. Liver international: official
journal of the International Association for the Study of the Liver. 2014; 34(5):672—8. Epub 2013/10/30.
doi: doi: 10.1111/liv.12369. PMID: 24164805.

Tripodi A, Primignani M, Chantarangkul V, Dell’Era A, Clerici M, de Franchis R, et al. An imbalance of
pro- vs anti-coagulation factors in plasma from patients with cirrhosis. Gastroenterology. 2009; 137
(6):2105—11. doi: doi: 10.1053/j.gastr0.2009.08.045. PMID: 19706293.

Agarwal B, Shaw S, Shankar Hari M, Burroughs AK, Davenport A. Continuous renal replacement ther-
apy (CRRT) in patients with liver disease: is circuit life different? Journal of hepatology. 2009; 51
(3):504—-9. Epub 2009/07/21. doi: doi: 10.1016/j.jhep.2009.05.028. PMID: 19615775.

Cutts MW, Thomas AN, Kishen R. Transfusion requirements during continuous veno-venous haemofil-
tration: -the importance of filter life. Intensive care medicine. 2000; 26(11):1694—7. Epub 2001/02/24.
PubMed https://doi.org/10.1007/s001340000676 PMID: 11193279.

Uchino S, Fealy N, Baldwin |, Morimatsu H, Bellomo R. Continuous is not continuous: the incidence and
impact of circuit "down-time" on uraemic control during continuous veno-venous haemofiltration. Inten-
sive care medicine. 2003; 29(4):575-8. Epub 2003/02/11. doi: doi: 10.1007/s00134-003-1672-8. PMID:
12577144.

Venkataraman R, Kellum JA. Defining acute renal failure: the RIFLE criteria. Journal of intensive care
medicine. 2007; 22(4):187-93. Epub 2007/08/23. doi: doi: 10.1177/0885066607299510. PMID:
17712054.

Balogun RA, Turgut F, Caldwell S, Abdel-Rahman EM. Regional citrate anticoagulation in critically ill
patients with liver and kidney failure. Journal of nephrology. 2012; 25(1):113-9. Epub 2011/05/25. doi:
doi: 10.5301/JN.2011.8363. PMID: 21607918.

Durao MS, Monte JC, Batista MC, Oliveira M, lizuka IJ, Santos BF, et al. The use of regional citrate
anticoagulation for continuous venovenous hemodiafiltration in acute kidney injury. Critical care medi-
cine. 2008; 36(11):3024—-9. Epub 2008/10/01. doi: doi: 10.1097/CCM.0b013e31818b9100. PMID:
18824904.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232516  May 5, 2020 12/13


https://doi.org/10.1093/ndt/gfr510
https://doi.org/10.1093/ndt/gfr510
http://www.ncbi.nlm.nih.gov/pubmed/22049184
https://doi.org/10.1186/s13054-019-2317-9
https://doi.org/10.1186/s13054-019-2317-9
http://www.ncbi.nlm.nih.gov/pubmed/30678706
https://doi.org/10.1111/j.1525-139X.2006.00178.x
http://www.ncbi.nlm.nih.gov/pubmed/16893409
https://doi.org/10.1159/000468833
https://doi.org/10.1159/000468833
http://www.ncbi.nlm.nih.gov/pubmed/28535516
https://doi.org/10.1016/j.jcrc.2013.10.015
http://www.ncbi.nlm.nih.gov/pubmed/24360392
https://doi.org/10.1002/hep.25551
http://www.ncbi.nlm.nih.gov/pubmed/22213561
https://doi.org/10.1111/liv.12369
http://www.ncbi.nlm.nih.gov/pubmed/24164805
https://doi.org/10.1053/j.gastro.2009.08.045
http://www.ncbi.nlm.nih.gov/pubmed/19706293
https://doi.org/10.1016/j.jhep.2009.05.028
http://www.ncbi.nlm.nih.gov/pubmed/19615775
https://doi.org/10.1007/s001340000676
http://www.ncbi.nlm.nih.gov/pubmed/11193279
https://doi.org/10.1007/s00134-003-1672-8
http://www.ncbi.nlm.nih.gov/pubmed/12577144
https://doi.org/10.1177/0885066607299510
http://www.ncbi.nlm.nih.gov/pubmed/17712054
https://doi.org/10.5301/JN.2011.8363
http://www.ncbi.nlm.nih.gov/pubmed/21607918
https://doi.org/10.1097/CCM.0b013e31818b9100
http://www.ncbi.nlm.nih.gov/pubmed/18824904
https://doi.org/10.1371/journal.pone.0232516

PLOS ONE

RCA-CVVH for liver failure and increased bleeding risk

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Apsner R, Schwarzenhofer M, Derfler K, Zauner C, Ratheiser K, Kranz A. Impairment of citrate metabo-
lism in acute hepatic failure. Wiener klinische Wochenschrift. 1997; 109(4):123-7. Epub 1997/02/28.
PMID: 9076929.

Kramer L, Bauer E, Joukhadar C, Strobl W, Gendo A, Madl C, et al. Citrate pharmacokinetics and
metabolism in cirrhotic and noncirrhotic critically ill patients. Critical care medicine. 2003; 31(10):2450—
5. Epub 2003/10/08. doi: doi: 10.1097/01.CCM.0000084871.76568.E6. PMID: 14530750.

Hetzel GR, Taskaya G, Sucker C, Hennersdorf M, Grabensee B, Schmitz M. Citrate plasma levels in
patients under regional anticoagulation in continuous venovenous hemofiltration. American journal of
kidney diseases: the official journal of the National Kidney Foundation. 2006; 48(5):806—11. Epub 2006/
10/25. doi: doi: 10.1053/j.ajkd.2006.07.016. PMID: 17060000.

Meier-Kriesche HU, Gitomer J, Finkel K, DuBose T. Increased total to ionized calcium ratio during con-
tinuous venovenous hemodialysis with regional citrate anticoagulation. Critical care medicine. 2001; 29
(4):748-52. Epub 2001/05/25. PubMed https://doi.org/10.1097/00003246-200104000-00010 PMID:
11373461.

Sponholz C, Settmacher U, Bauer M, Kortgen A. Regional citrate anticoagulation for continuous renal
replacement therapy in the perioperative care of liver transplant recipients: a single center experience.
Therapeutic apheresis and dialysis: official peer-reviewed journal of the International Society for Aphe-
resis, the Japanese Society for Apheresis, the Japanese Society for Dialysis Therapy. 2015; 19(1):8—
15. Epub 2014/09/10. doi: doi: 10.1111/1744-9987.12196. PMID: 25196675.

Lahmer T, Messer M, Rasch S, Beitz A, Schnappauf C, Schmid RM, et al. Sustained low-efficiency dial-
ysis with regional citrate anticoagulation in medical intensive care unit patients with liver failure: A pro-
spective study. Journal of critical care. 2015; 30(5):1096—100. Epub 2015/08/10. doi: doi: 10.1016/j.jcrc.
2015.06.006. PMID: 26254678.

Morabito S, Pistolesi V, Tritapepe L, Fiaccadori E. Regional citrate anticoagulation for RRTs in critically
ill patients with AKI. Clinical journal of the American Society of Nephrology: CJASN. 2014; 9(12):2173—
88. Epub 2014/07/06. doi: doi: 10.2215/CJN.01280214. PMID: 24993448; PubMed Central PMCID:
PMC4255392.

Wonnacott R, Josephs B, Jamieson J. CRRT Regional Anticoagulation Using Citrate in the Liver Failure
and Liver Transplant Population. Critical care nursing quarterly. 2016; 39(3):241-51. Epub 2016/06/03.
doi: doi: 10.1097/CNQ.0000000000000118. PMID: 27254640.

Monchi M. Citrate pathophysiology and metabolism. Transfusion and apheresis science: official journal
of the World Apheresis Association: official journal of the European Society for Haemapheresis. 2017;
56(1):28—-30. Epub 2017/01/12. doi: doi: 10.1016/j.transci.2016.12.013. PMID: 28073690.

Oudemans-van Straaten HM, Ostermann M. Bench-to-bedside review: Citrate for continuous renal
replacement therapy, from science to practice. Critical care (London, England). 2012; 16(6):249. Epub
2012/12/12. doi: doi: 10.1186/cc11645. PMID: 23216871; PubMed Central PMCID: PMC3672558.

Klingele M, Stadler T, Fliser D, Speer T, Groesdonk HV, Raddatz A. Long-term continuous renal
replacement therapy and anticoagulation with citrate in critically ill patients with severe liver dysfunction.
Critical care (London, England). 2017; 21(1):294. Epub 2017/12/01. doi: doi: 10.1186/s13054-017-
1870-3. PMID: 29187232; PubMed Central PMCID: PMC5707786.

Oudemans-van Straaten HM, Kellum JA, Bellomo R. Clinical review: anticoagulation for continuous
renal replacement therapy—heparin or citrate? Critical care (London, England). 2011; 15(1):202. Epub
2011/02/25. doi: doi: 10.1186/cc9358. PMID: 21345279; PubMed Central PMCID: PMC3222015.
</References>

PLOS ONE | https://doi.org/10.1371/journal.pone.0232516  May 5, 2020 13/13


http://www.ncbi.nlm.nih.gov/pubmed/9076929
https://doi.org/10.1097/01.CCM.0000084871.76568.E6
http://www.ncbi.nlm.nih.gov/pubmed/14530750
https://doi.org/10.1053/j.ajkd.2006.07.016
http://www.ncbi.nlm.nih.gov/pubmed/17060000
https://doi.org/10.1097/00003246-200104000-00010
http://www.ncbi.nlm.nih.gov/pubmed/11373461
https://doi.org/10.1111/1744-9987.12196
http://www.ncbi.nlm.nih.gov/pubmed/25196675
https://doi.org/10.1016/j.jcrc.2015.06.006
https://doi.org/10.1016/j.jcrc.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26254678
https://doi.org/10.2215/CJN.01280214
http://www.ncbi.nlm.nih.gov/pubmed/24993448
https://doi.org/10.1097/CNQ.0000000000000118
http://www.ncbi.nlm.nih.gov/pubmed/27254640
https://doi.org/10.1016/j.transci.2016.12.013
http://www.ncbi.nlm.nih.gov/pubmed/28073690
https://doi.org/10.1186/cc11645
http://www.ncbi.nlm.nih.gov/pubmed/23216871
https://doi.org/10.1186/s13054-017-1870-3
https://doi.org/10.1186/s13054-017-1870-3
http://www.ncbi.nlm.nih.gov/pubmed/29187232
https://doi.org/10.1186/cc9358
http://www.ncbi.nlm.nih.gov/pubmed/21345279
https://doi.org/10.1371/journal.pone.0232516

