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Abstract
Background Regional citrate anticoagulation (RCA) is the preferred continuous kidney replacement therapy (CKRT) antico-
agulation strategy for children in the USA. Nafamostat mesilate (NM), a synthetic serine protease, is used widely for CKRT 
anticoagulation in Japan and Korea. We compared the safety and efficacy of NM to RCA for pediatric CKRT.
Methods Starting June 2019, the most recent 100 medical records of children receiving CKRT with either RCA or NM 
were reviewed retrospectively, at one children’s hospital in Japan (NM) and one in the USA (RCA). The number of hours a 
single CKRT filter was in use, was the primary outcome. Safety was assessed by bleeding complications for the NM group 
and citrate toxicity leading to RCA discontinuation or electrolyte imbalance in the RCA group.
Results Eighty patients received NM and 78 patients received RCA. Median filter life was longer for the NM group (NM: 
38 [22, 74] vs. RCA: 36 [17, 66] h, p = 0.02). When filter life was censored for discontinuation other than clotting, the 60-h 
survival rate was higher for RCA (71% vs. 54%). The hazard ratio comparing NM over RCA varied over time (HR 0.7; 
0.2–1.5, p = 0.33 at 0 h to HR 5.5; 1.3–23.7, p = 0.334 at 72 h). The lack of difference in filter survival persisted controlling 
for filter surface area, catheter diameter, and pre-CKRT platelet count. Major bleeding rates did not differ between groups 
(NM: 5% vs. RCA: 9%).
Conclusions RCA and NM provide satisfactory anticoagulation for CKRT in children with no difference in major bleeding 
rates.

Keywords Continuous kidney replacement therapy · Anticoagulation · Regional citrate anticoagulation · Nafamostat 
mesilate · Filter life · Children

Introduction

The Kidney Disease Improving Global Outcomes 
(KDIGO) Clinical Practice Guidelines for AKI recommend 
regional citrate anticoagulation (RCA) as the preferred 

anticoagulation method for continuous kidney replacement 
therapy (CKRT) in patients without contraindications [1]. 
However, RCA has potential adverse effects which include 
alkalosis, lactic acidosis, hypernatremia, and hyperglycemia. 
Although recent literature [2–5] shows the safety of RCA 
in patients with liver failure, some centers avoid RCA due 
to risk of citrate accumulation. A recent study revealed an 
association between citrate intolerance and lactic acidosis 
as the citric acid cycle is oxygen dependent [6]. Liver fail-
ure and inadequate oxygen delivery are not uncommon in 
the critically ill population requiring CKRT. RCA requires 
frequent monitoring of circuit and patient ionized calcium 
levels, which adds to the clinical team workload [7]. Finally, 
recent IV calcium shortages highlight the need for other safe 
and effective CKRT anticoagulation strategies.

Nafamostat mesilate (NM), a synthetic serine protease 
inhibitor placed on the market by Japan Tobacco in 1986, 
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is approved to treat pancreatitis, DIC and for CKRT antico-
agulation in patients with bleeding risk in Japan [8]. NM has 
been used for CKRT anticoagulation in Japan and Korea. 
NM conjugates with thrombin and blocks its coagulative 
activity, and suppresses the activated coagulative factors 
including factor XIIa, Xa, plasmin, kallikrein and comple-
ment [9]. NM also inhibits platelet aggregation by suppress-
ing secretion of arachidonic acids including phospholipase 
A2 [10]. The biological half-life of NM is approximately 
eight minutes [11]. Thus, while adequate circuit anticoagula-
tion is maintained when NM is infused into the access side 
of the CKRT circuit, its systemic concentration decreases to 
a level which does not cause anticoagulation in the patient 
[12]. Therefore, NM does not need a reversal agent like RCA 
and does not cause systemic anticoagulation like heparin. 
NM is not contraindicated in liver failure, shock status or for 
patients at risk of bleeding. While NM has longer filter life 
compared to no anticoagulation usage [13–15], its efficacy 
compared to heparin remains controversial [13, 16, 17].

There is paucity of data for CKRT NM anticoagulation 
in children. The only previously published study compar-
ing NM to either unfractionated heparin (UFH) or no anti-
coagulation showed no major bleeding events in the NM 
group. However, the NM cohort had only 25 patients and 
while filter life of NM was superior to UFH, NM was only 
used for patients with high risk of bleeding [18]. Therefore, 
this indication bias renders conclusions regarding efficacy 
speculative.

In the current study, we compared the safety and efficacy 
of NM anticoagulation to RCA for CKRT in children.

Materials and methods

We conducted a two-center retrospective observational 
cohort study comparing NM and RCA in children receiving 
CKRT. Data for the NM group were collected from the pedi-
atric ICU (mixed unit with cardiac population) at National 
Center for Child Health and Development (NCCHD), Tokyo, 
Japan. Data for the RCA group were collected from the pedi-
atric ICU and cardiac ICU at Cincinnati Children’s Hospital 
Medical Center (CCHMC), Cincinnati, OH. CCHMC served 
as the data coordinating site for this study.

Records from patients at NCCHD were reviewed by study 
investigators. Data were included from patients (i) aged 0 
to 21 years, (ii) receiving CKRT, and (iii) CKRT was not 
accompanied by ECMO. Records were excluded if (i) fil-
ters received no anticoagulation or methods other than RCA 
or NM or (ii) concomitant use of multiple anticoagulation 
methods (e.g., the CKRT filter was anticoagulated with RCA 
while patient was receiving UFH for another device or a 
hypercoagulable state). Data from filters with an anticoagu-
lation method switch in the middle of the same filter were 

also excluded. Data from patients who received different 
anticoagulation methods, but the switch was made between 
filters, were included under a different study identification 
number. When the CKRT treatment course had an inter-
val > 48 h between CKRT procedures, a new study ID was 
created (Fig. 1).

Data from all patients who received CKRT at CCHMC 
and were included in the ongoing quality improvement pro-
ject, under IRB 2019–0466, were enrolled if they met all the 
inclusion criteria and none of the exclusion criteria. Patients 
were identified through IRB study 2019–0466, but additional 
data were collected for the purposes of this study. This study 
was approved by CCHMC IRB 2019–1252 and by NCCHD 
IRB 2019–089. CKRT courses were screened from most 
recent backwards starting June 2019 until 100 CKRT courses 
were reached for each anticoagulation method group. The 
requirement for subject/caregiver informed consent was 
waived given the retrospective design of the study.

Exposure and outcome measures

We collected demographic information including age, sex, 
weight, Pediatric Index of Mortality 2 (PIM2) score [19], 
baseline and admission diagnosis, and CKRT indication. 
Baseline laboratory measurements included blood pH, lac-
tate, potassium, hemoglobin, platelet count, prothrombin 
time-international normalized ratio (PT-INR), active par-
tial thromboplastin time (aPTT), kidney function, and liver 
function before CKRT initiation.

The anticoagulation method was the primary exposure. 
Filter characteristics included the following: anticoagulation 
dosage range, anatomic location and size of hemodialysis 
catheter, size and type of filter. CKRT settings included 
modality, blood pump flow rate, total effluent rate, post or 
pre filter replacement fluid rate, dialysis fluid rate, ultrafil-
tration rate, highest hematocrit for each filter, and filtration 
fraction (%). Concomitant use of other extracorporeal thera-
pies including therapeutic plasma exchange (TPE), selective 
cytopheretic device (SCD; SeaStar Medical, Inc., Denver, 
CO) filter [20], and/or a polymyxin B-immobilized poly-
styrene derivative fibers (PMX; Toraymyxin 20-R; Toray 
Industries, Inc, Tokyo, Japan) were noted.

The primary outcome was filter life in hours defined 
from the time of CKRT circuit initiation to when the filter 
was changed or the CKRT treatment course was completed. 
Elective cessation of the CKRT circuit (i.e., other than filter 
clotting) was treated as censored data. The reason for the fil-
ter change and transmembrane pressure (TMP) before filter 
discontinuation were obtained. The secondary outcome was 
incidence of a major bleeding episode during CKRT, defined 
as new or worsened bleeding on CKRT which required 
transfusion of 15 mL/kg or more of packed red blood cells 
(PRBCs) or accompanied by a decrease in hemoglobin level 
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of ≥ 2 g/dL. The definition was modified from an adult study 
[17]; we used 15 mL/kg, a common volume for pediatric 
PRBC transfusion, to recapitulate the adult protocol, consid-
ering the smaller and diverse size of the patient population. 
Minor bleeding, ICU mortality, incidence of citrate toxicity 
or other electrolyte imbalance in RCA, anaphylaxis in NM 
were described as well. Anaphylaxis in this study is defined 
in the Supplementary reference [21].

Anticoagulation method

Each center followed local practice with respect to the 
anticoagulation (ACG) method. The protocols are listed 
in Table S1. RCA was accomplished using an ACD-A™ 
(Anticoagulant Dextrose-A, Baxter Healthcare, Deer-
field, IL) infusion via arterial limb of the CKRT circuit 
to maintain a circuit ionized calcium level between 0.2 
and 0.4 mmol/L. The patient systemic ionized calcium is 
maintained between 1.1 and 1.3 mmol/L by administra-
tion of calcium infusion (either calcium chloride or cal-
cium gluconate, based on pharmacy availability) into the 

venous limb of CKRT or a separate central line. Paired 
circuit and systemic ionized calcium levels were assessed 
with following intervals; 5 min and 2 h post-initiation and 
every 8 h thereafter, or 30–60 min after a change in rate. 
The 5-min paired assessment is the CCHMC standard as 
a safety measure, to ensure that the ACD-A™ is adminis-
tered to the circuit and the calcium to the patient. If these 
are reversed, the circuit and patient serum ionized cal-
cium concentrations would be similar and would lower 
the patient ionized calcium to potentially dangerous low 
concentrations.

NM was accomplished by using Fusan™ (Nichi-Iko, Toy-
ama, Japan) given pre-filter into the CKRT circuit with start-
ing doses of 1 mg/kg/h followed by 1 mg/kg bolus with a 
post filter activated clotting time (ACT) target of 280–360 s 
using a Glass Activated (P214) ACT tube (International 
Technidyne Corporation, Edison, NJ, USA) or 200–250 s 
using a Celite (FTCA510) ACT tube (International Techni-
dyne Corporation, Edison, NJ, USA). The ACT was meas-
ured every 3 h when in the target range and 1 to 2 h after a 
dosage change.

Fig. 1   Study flow diagram. 
Abbreviations: CKRT, continu-
ous kidney replacement therapy; 
CCHMC, Cincinnati Children’s 
Hospital Medical Center; 
NCCHD, National Center for 
Child Health and Disease; DVT, 
deep vein thrombosis; VAD, 
ventricular assist device; UFH, 
unfractionated heparin; ACG, 
anticoagulation; RCA, reginal 
citrate anticoagulation; NM, 
nafamostat mesilate

 
 

Patients available for Analysis (total n=158 with 455 filters)  

� CCHMC (RCA arm) 78 pts with 253 filters  

� NCCHD (NM arm) 80 pts with 202 filters  

Excluded: 

CCHMC (total n=22) 

� On Heparin/Lovenox™ for DVT/stroke/other thrombus 

treatment or prophylaxis (n=5) 

� On VAD (n=3)  

� CKRT was anticoagulated with UFH/No ACG  

or anticoagulation method was switched during the 

same filter (e.g., UFH was switched for RCA due to 

bleeding) (n=14)  

 

NCCHD (total n=20)  

� CKRT was anticoagulated with UFH  

or anticoagulation method was switched during the 

same filter (e.g., UFH was switched to NM due to 

bleeding or in preparation for OR) (n=20)  

Two hospitals and three ICUs are screened for eligibility. 

 

Starting June 2019, the most recent 

100 CKRT courses screened for each arm. 

 

331 filters (CCHMC) and 237 filters (NCCHD) were screened. 

 

Patients >21 years, or on ECMO during the complete/partial 

CKRT duration excluded before filter screening 
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For patients who received TPE simultaneously with 
CKRT, the TPE circuit was integrated in parallel to the 
CKRT circuit with RCA at a fixed ratio to the blood flow 
rate (CCHMC) or serial/parallel to CKRT with a fixed NM 
rate of 0.5 mg/kg/h (NCCHD).

CKRT machine and filters

The Prismaflex™ (Baxter Healthcare, USA) was used at 
CCHMC. Two different filter types; HF series (polyary-
lethersulfone; PAES) with surface area of 0.2–1.1  m2 and 
M-series (AN69) with 0.6–0.9  m2 were utilized in this study 
population. The TR55X™ machine (Toray, Inc, Japan) was 
used at NCCHD. The UT series (cellulose triacetate, CTA) 
filters with a surface are of 0.3–2.1  m2 were used. Patients 
with sepsis were often supported with an AN69 or SCD 
filter (in line with CKRT) at CCHMC and a PMX filter at 
NCCHD. Filter choice was based on patient size or patho-
physiology. Both centers employ extracorporeal circuit 
blood priming when the extracorporeal volume exceeds 10% 
of the patient’s blood volume.

CCHMC employs a routine circuit change at or near 72 h 
of filter life per manufacturer recommendations. No manu-
facturer recommendations for routine circuit change exist 
for the TR-55X™; therefore, no routine circuit change was 
employed for the NM group.

Statistical analysis

Patient demographics, filter characteristics, and outcome 
were shown by anticoagulation method and compared by 
Wilcoxon rank-sum test for continuous measures and chi-
square test for counts. Distribution normality was assessed 
by Shapiro–Wilk test. Filter life was censored for survival 
analysis if electively discontinued or when discontinua-
tion was unrelated to the filter clot (e.g., mandatory dis-
continuation due to gain/loss limit) and compared using 
Kaplan–Meier analysis with the Cox proportional hazards 
model. Although this initial analysis did not adjust for con-
founders, Cox regression was needed to adjust for correlation 
among filters within the same patients using a shared frailty 
approach. We assessed unadjusted hazard ratios at 60 h and 
72 h for robustness as previous studies mainly reported 
60 h survival rate [22]. Further univariable analyses were 
performed to assess potential factors associated with filter 
survival other than anticoagulation method. Variables that 
showed significance in univariable analysis (cutoff p < 0.05) 
were used for multivariable analysis as confounders. The 
multivariable, shared frailty Cox model that included anti-
coagulation method and confounders was examined for 
non-proportional hazards and we found that the effect of 
NM changed significantly over time (i.e., demonstrated non-
proportional hazards). Therefore, our final model includes 

the main effect of NM versus RCA, as well as a linear time 
term for NM to capture changes in the hazard ratio over 
time. Two-tailed p values were reported for all analyses, 
and α < 0.05 was considered statistically significant. Point 
estimates are reported with 95% confidence intervals (95% 
CIs). We undertook a sub-group analysis among patients 
with liver dysfunction. Liver dysfunction was defined if the 
patient had one of the conditions below. As this is post hoc 
analysis, our data are limited as we do not have information 
regarding mental status information or bilirubin level: (i) 
hyperammonemia OR, (ii) INR > 1.5 with > 3 × upper nor-
mal ALT OR, (iii) ALT > 5 × upper limit of normal. Using 
these criteria, 16 patients in RCA group and 58 patients in 
NM group were identified with liver dysfunction.

We conducted daily uninterrupted CKRT cost compari-
son between RCA and NM anticoagulation based on a 30 kg 
patient receiving CKRT with a blood pump flow rate of 
150 mL/min (Supplementary file). All statistical analyses 
were conducted using STATA/IC (version 16.1; StataCorp 
LLC, College Station, TX, USA).

Results

Patient demographics

Two hundred fifty-three circuits receiving RCA (78 patients) 
and 202 circuits receiving NM (80 patients) were analyzed 
(Fig. 1). Baseline characteristics are shown in Table 1. 
CCHMC and therefore RCA patients were older. The most 
common primary diagnosis in the CCHMC group was pri-
mary kidney disease (23%) with the most common CKRT 
indication being AKI (55%), while the most common diag-
nosis in the NM group was liver disease (28%) with meta-
bolic derangement (63%, mostly hyperammonemia) as an 
indication.

Anticoagulation method, circuit survival, 
and clotting rates

Filter characteristics are shown in Table 2. Median filter life 
was longer in the NM group (NM: 38 [22, 74] vs. RCA: 36 
[17, 66] h, p = 0.02). The elective filter discontinuation rate 
was 74% for the RCA group vs. 54% in the NM group, and 
those were censored for Kaplan Meier analysis (Fig. 2). Fil-
ter clotting was observed in 45/253 (18%) and 83/202 (41%) 
for RCA and NM groups, respectively (p < 0.001). Median 
time to filter clotting was 22 [8, 40] h and 34 [21, 68] h for 
the RCA and NM groups, respectively. Seventy-one percent 
of RCA and 54% of NM circuits were functional at 60 h 
(HR 1.38; 0.84–2.28, p = 0.21), and 69% of RCA and 47% 
of NM circuits were functional at 72 h (HR 1.51; 0.92–2.47, 
p = 0.10).
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Table 1  Characteristics of 
patients receiving CKRT by 
anticoagulation type

Column percentage does not add up to 100% due to rounding
CKRT continuous kidney replacement therapy, RCA  reginal citrate anticoagulation, NM nafamostat mesi-
late, dx disease, BMT bone marrow transplantation, AKI acute kidney injury, PT-INR international normal-
ized ratio of prothrombin time, PTT partial thromboplastin time

RCA (N = 78) NM (N = 80) p value*

Age, median (IQR), years 8 (1.8–16) 1.4 (0.5–6) < 0.001
Sex, n (%), female 33 (42.3) 34 (42.5) 0.98
Race/ethnicity, n (%)

  White 62 (79.5) 0 (0) < 0.001
  Black 9 (11.5) 0 (0)
  Asian 1 (1.3) 80 (100)
  Arabic 4 (5.1) 0 (0)
  Hispanic 2 (2.6) 0 (0)

Admission weight, median (IQR), kg 25.7 (10.9–59) 9.9 (6.5–20.9) < 0.001
  Baseline disease, n (%)
    Congenital heart dx 12 (15.4) 5 (6.3) < 0.001
    Pulmonary dx 4 (5.1) 0 (0)
    Renal dx 18 (23.1) 9 (11.3)
    Liver dx 11 (14.1) 22 (27.5)
    BMT 11 (14.1) 5 (6.3)
    Other oncologic dx 14 (18.0) 4 (5.0)
    Metabolic dx 2 (2.6) 11 (13.8)
    Other 3 (3.9) 12 (15.0)
    None 3 (3.9) 12 (15.0)
  Indications, n (%)
    Fluid overload 22 (28.2) 3 (3.8) < 0.001
    AKI 43 (55.1) 24 (30.0)
    Metabolic 8 (10.3) 50 (62.5)
    Exogenous toxicity 1 (1.3) 1 (1.3)
    Others 4 (5.1) 2 (2.5)

ICU admission to CKRT start (days) 1.8 (0.7–5.7) 0.22 (0.11–1.67) < 0.001
Net fluid overload, median (IQR), % 6.0 (1.4–13.2) 1.9 (0–6.7) 0.038
Mechanical ventilation, n (%) 60 (76.9) 76 (95.0) 0.001
Vasopressor, n (%) 47 (60.3) 29 (36.7) 0.003
CKRT duration, median (IQR), days 5 (3–11) 5 (2–6) 0.150
Baseline lab values

  pH, median (IQR) 7.32 (7.25–7.44) 7.38 (3.28–7.44) 0.01
  BUN, median (IQR), mg/dL 52.5 (35–88) 18 (6.9–43.7) < 0.001
  Creatinine, median (IQR), mg/dL 2.49 (1.31–3.47) 0.46 (0.25–1.44) < 0.001
  K, median (IQR), mEq/L 3.8 (3.2–4.3) 4.1 (3.5–4.6) 0.053
  AST, median (IQR), U/L 65 (28–205) 139 (50–1118) 0.002
  ALT, median (IQR), U/L 49 (24–121) 106 (33–545) 0.038
  Hb, median (IQR), g/dL 9.5 (8.4–10.7) 9.7 (8.2–11.5) 0.36
  Platelet, median (IQR),  103/μL 104 (46–212) 91.5 (52–204) 0.710
  Platelet < 50, n (%),  103/μL 21 (26.9) 18 (22.5) 0.24
  Platelet 50–100, n (%),103/μL 17 (21.8) 27 (33.8) 0.24
  PT-INR, median (IQR) 1.27 (1.11–1.58) 1.79 (1.23–2.12) < 0.001
  PT-INR ≥ 2, n (%) 21 (26.9) 29 (36.3) 0.21
  PTT, median (IQR), s 44 (35.9–56.7) 52.6 (39.2–65.3) 0.016
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Larger filter surface area  (m2), catheter diameter (Fr), 
and lower pre-CKRT platelet count were associated with 

longer filter survival in univariable analysis (Table S2). 
We observed no difference in filter survival between the 

Table 2  Characteristics of each CKRT filter by anticoagulation type

* Wilcoxon rank-sum (Mann–Whitney test) for median and chi-square test for frequency. **non-time-weighted average. ***time weighted aver-
age. ****withdrawal/death
Column percentage does not add up to 100% due to rounding
CVVHDF continuous venovenous hemodiafiltration, CVVHD continuous venovenous hemodialysis, CVVHF continuous venovenous hemofiltra-
tion, SCUF slow continuous ultrafiltration, RIJ right internal jugular, LIJ left internal jugular, R fem right femoral, L fem left femoral, TPE thera-
peutic plasma exchange, SCD selective cytopheretic device, PMX polymyxin B-immobilized polystyrene derivative fibers, TMP transmembrane 
pressure, iHD intermittent hemodialysis, PD peritoneal dialysis

RCA (N = 253) NM (N = 202) p value*

Filter life, median (IQR), h 36.1 (16.5–66.4) 38.3 (21.7–74.1) 0.02
Median time to clotted filter, h 22.1 (8.4–40.2) 34.1 (21.1–68.2) < 0.001
Mode of CKRT, n (%)

  CVVHDF 244 (96.4) 75 (37.1) < 0.001
  CVVHD 8 (3.2) 92 (45.5)
  CVVHF 0 (0) 8 (4.0)
  Others (multiple modes, SCUF, etc.) 1 (0.4) 27 (13.4)

Filtration fraction, median (IQR), %** 18.7 (16.0–21.3) 11.8 (3.1–30.0) 0.010
Filter size, median (IQR),  m2 1.1 (0.6–1.1) 0.5 (0.5–1.1) < 0.001
Catheter size, median (IQR), Fr 10 (9–11.5) 6.5 (6–8) < 0.001
Catheter location, n (%)

  RIJ 209 (82.6) 142 (70.3) < 0.001
  LIJ 7 (2.8) 52 (25.7)
  R Fem 15 (5.9) 2 (1.0)
  L Fem 22 (8.7) 2 (1.0)
  Subclavian 0 (0) 4 (2.0)

Blood flow rate, median IQR, ml/min*** 100 (60–150) 45 (30–65) < 0.001
Blood flow rate, median IQR, ml/kg/min*** 4.5 (3.1–6.3) 5.9 (4.2–7.1) < 0.001
CKRT dosage, median (IQR), ml/h/1.73  m2*** 2233 (2009–2721) 4170 (2031–8079) < 0.001
Filter with TPE, n (%) 8 (3.2) 94 (46.5) < 0.001
Filter with SCD in RCA 13 (5.1) 4 (2.0) 0.078
Filter with PMX in NM, n (%)
Volume of anticoagulation drip, median (IQR), ml/kg/h** 7.4 (5.3–9.9) ml/kg/h 0.12 (0.06–0.20) ml/kg/h < 0.001 NA
Dosage of anticoagulation, median (IQR)** 0.83 (0.59–1.11) mmol/kg/h 0.875 (0.7–1) mg/kg/h
Last recorded TMP before dc, median IQR 115 (92–133) 72 (38–102) < 0.001
Elective filter dc total, n (%) 186 (73.5) 92 (45.5) < 0.001

  Completed treatment 20 (7.9) 46 (22.8) < 0.001
  Transitioned to iHD/PD 27 (10.7) 4 (1.9)
  Changing patient’s condition**** 19 (7.5) 13 (6.4)
  Procedure/traveling 67 (26.5) 29 (14.4)
  Scheduled circuit change 53 (20.9) 0 (0.0)

Non-elective filter dc total, n (%) 67 (26.5) 110 (54.5) < 0.001
  Catheter issues 12 (4.7) 4 (2.0) < 0.001
  Clot/filter pressures 45 (17.8) 83 (41.1)
  Gain/loss limit 9 (3.6) 1 (0.5)
  Machine failure 0 (0) 1 (0.5)
  Unknown 1 (0.4) 21 (10.4)
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ACG groups after adjusting for filter surface area, catheter 
diameter, and pre-CKRT platelet count (Table 3).

Complications

Seven RCA patients had evidence of major bleeding includ-
ing pulmonary, gastrointestinal, cerebral, cerebellar, biopsy 
site, or catheter site hemorrhage. Four NM patients devel-
oped major bleeding including pulmonary and gastrointes-
tinal hemorrhage. Neither major nor minor bleeding rates 
differed between groups (Table 4). Nineteen filters were 
removed prior to analysis for anticoagulation switch during 
the same filter. The reason for the switch from RCA or NM 
to the others were not due to bleeding.

Eleven RCA patients demonstrated citrate toxicity (serum 
total calcium to ionized calcium ratio of greater than 2.5), 
and three patients developed metabolic alkalosis. Eleven 
patients receiving RCA developed citrate toxicity; all but 
one of these patients had evidence of liver failure (elevated 
LFT with an INR > 1.5) and/or was less than 2 years of 

Fig. 2  Kaplan–Meier curves of filter survival rate comparing antico-
agulation type, RCA vs. NM for the first 72 h. Filters were censored 
for elective discontinuation or discontinuation unrelated to the filter 
clot (e.g., due to gain/loss limit or machine failure). Average HR 1.51; 
0.92–2.47, p = 0.09 over the 72  h (adjusted for correlation among 
filters within the same patients). Sixty-hour filter survival; 71% for 
RCA vs. 54% for NM (HR 1.38; 0.84–2.28, p = 0.21)

Table 3  Hazard ratio of filter 
failure among NM compared 
with RCA in univariable and 
multivariable analysis (Cox 
regression model)

HR hazard ratio, CI confidence interval, TVC time varying covariate
* HR is calculated by  ex of − 0.422 + 0.0295*hour
** 95%CI are calculated by  ex of − 0.422 + 0.0092*hour, − 0.422 + 0.0498*hour
0.422 is the coefficient for NM at 0 h, 0.0295 is coefficient for time-varying covariate for NM over each 
hour

Variables HR (95% CI) p value

Univariable analysis RCA NM Ref 1.51 Ref (0.92–2.47) Ref 0.099
Multivariable analysis RCA NM Ref Ref Ref 0.334

*0 h: 0.66 **(0.28–1.54)
10 h:0.88 (0.72–1.08)
15 h:1.02 (0.75–1.38)
20 h:1.18 (0.79–1.78)
24 h:1.33 (0.82–2.17)
36 h:1.90 (0.91–3.94)
60 h:3.85 (1.14–13.01)
72 h: 5.48 (1.27–23.66)

TVC NM 0.0295 (Coefficient) 0.0092 to 0.0498 0.004
Filter size (per  m2) 0.49 (0.23–1.05) 0.065
Catheter size (per Fr) 0.98 (0.80–1.19) 0.820
Pre-CKRT platelet count
> 100 ×  103/μL Ref Ref Ref
 ≤ 100 ×  103/μL 0.48 (0.30–0.79) 0.004

Table 4  Outcome by 
anticoagulation type

RCA (N = 78) NM (N = 80) p value

Major bleeding, n (%) 7 (9.0) 4 (5.0) 0.33
Minor bleeding, n (%) 9 (11.5) 11 (13.8) 0.68
Adverse effect specific to each 

ACG, n (%)
Citrate toxicity 11 (14.1) Anaphylaxis 0 (0) NA
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age. Citrate toxicity was managed by decreasing the citrate 
infusion rate or increasing the CKRT clearance rate. Five 
of these 11 cases resulted in RCA discontinuation. Three 
cases were discontinued due to high total calcium to ion-
ized calcium ratio associated with patient ionized calcium 
of < 1.0 mmol/L refractory to decreasing citrate infusion 
rate or increasing CKRT clearance. The other three cases 
were discontinued due to refractory metabolic alkalosis. Five 
cases resulted in RCA discontinuation and one case resulted 
in ACG switch from RCA to UFH which resulted in minor 
bleeding. No episodes of anaphylaxis were observed in the 
NM group.

We conducted a subgroup analysis of patients with liver 
dysfunction: 16 patients (comprising 44 CKRT circuits) 
receiving RCA and 58 patients (comprising 171 CKRT cir-
cuits) receiving NM, were compared (Tables S3 and S4). 
Patient characteristics in the liver dysfunction sub-group 
mirrored the comparisons for the overall patient cohorts: 
patients in the RCA group were older, larger, and started 
CKRT later in their ICU course. The RCA group had more 
secondary liver dysfunction and the NM cohort had more 
primary liver dysfunction. Both groups had only mechani-
cally ventilated patients.  The pre-CKRT serum creati-
nine concentrations were higher in the RCA group while 
the serum ammonia levels were higher in the NM group 
(p = 0.0001 for each). The median circuit survival was longer 
in the NM cohort (38.4 [21.7–76] vs. 22.3 [15.8–55.9] h, 
p = 0.02).

At the present time, NM anticoagulation is approximately 
1/3 the cost of RCA (daily cost $154 vs. $527), although 
NM is available as a generic form in Japan, whereas there 
is no generic form of ACD-A™ available in the USA (Sup-
plementary file).

Discussion

We compared the safety and efficacy of NM to RCA for 
pediatric CKRT using retrospective data from two quater-
nary pediatric centers. Our data suggest RCA and NM both 
provide satisfactory anticoagulation for CKRT in children 
with no significant differences in bleeding.

The difference in unadjusted filter life seems to be largely 
driven by differences in practice and patient demographics. 
The RCA group was subject to recommended routine circuit 
change at 72 h, whereas the NM group was not. The higher 
circuit clotting rate, yet longer median time to clot for NM 
likely results from this practice difference. Filter survival 
analysis showed tendency of longer filter survival with RCA 
at 60 h and at 72 h, but no difference when adjusted for 
correlation among filters within the same patients or con-
founders. The NM group was younger and smaller in size, 
and thus was prescribed lower blood pump flow rates. Filter 

survival did not differ between groups after controlling for 
filter surface area, catheter diameter and pre-CKRT platelet 
count.

While both a meta-analysis (11 RCT with 992 patients) 
[23] and single-center prospective study in children (20 
patients with 226 circuits) [24] showed longer filter life in 
RCA over UFH, there is mixed evidence regarding the effi-
cacy in NM comparing UFH in retrospective studies [16, 
17]. There are two single-center RCTs of NM vs. no ACG 
in AKI in a high bleeding risk population and both showed 
improved filter life in NM over no ACG, without increasing 
bleeding events [13, 14].

Brain and colleagues reviewed non-anticoagulant factors 
associated with filter life (n = 7502) in CKRT and showed 
absence of robust evidence outside of anticoagulation strat-
egies [25]. However, trends favor CVVHDF (or CVVHD) 
over CVVH. Among CVVH, pre-dilution vs. post-dilution 
strategies have been compared, and concluded that a pre-
dilution strategy is favorable [26, 27]. In our study, distri-
bution of CKRT modalities (more CVVHDF in RCA, more 
CVVHD in NM, CVVH only seen in NM) and dilution 
method (pre-dilution in RCA, post-dilution in NM) were 
different between groups. The mean filtration fraction was 
higher in the RCA group, which results from less CVVHD 
use and the higher effluent rate needed to account for vol-
umes of citrate and calcium infusions that are part of RCA. 
A report from the ppCRRT registry showed an association of 
vascular access location and size on circuit survival in chil-
dren [28], and an adult study showed an association between 
platelet count and circuit survival [29]. Miklaszewska and 
colleagues reported a surface area association with filter life 
in a pediatric population [30]. In our study, larger filter sur-
face area  (m2), catheter diameter (Fr), and lower pre-CKRT 
platelet count were associated with increased filter life.

No differences in major bleeding rates were observed 
between the groups. Both groups had more than 20% of 
patients with high bleeding risk (platelet counts < 50,000: 
27% in RCA, 23% in NM, INR ≥ 2: 27% in RCA, 36% 
in NM). Bleeding complication rates are reported to be 
lower for both NM and RCA compared to UFH in mul-
tiple studies [16–18, 22–24]. A single-center retrospec-
tive study reported that none of 38 patients in the study 
who received NM for CKRT experienced major bleeding 
[11]. The safety of NM in high risk for bleeding patients 
is reported in two RCTs [13, 14]. Yang and colleagues 
studied the evolution of intracerebral hemorrhage on inter-
mittent hemodialysis comparing NM to UFH and showed 
an advantage of NM in this population regarding the size 
of hemorrhage [9]. NM anticoagulation for extracorporeal 
membrane oxygenation (ECMO) [31–33], cardiac bypass 
[34], and leukopheresis [35] are also reported comparing 
UFH. For safety monitoring of NM, a single-center retro-
spective adult study (n = 76) showed correlation between 
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high post-filter time-weighted ACT and bleeding compli-
cations [36]. Post-filter ACT has been a common monitor-
ing method for NM and was used in our study population.

ACD-A™ has a glucose concentration of 225 mg/dL 
and sodium concentration of 224.4 mEq/L, which can 
cause hyperglycemia or hypernatremia. RCA requires 
citrate and calcium infusions that result in a high filtra-
tion fraction to remove the associated volume, while the 
volume for NM anticoagulation is negligible (7.4 ml/kg/h 
vs. 0.1 ml/kg/h). Reported adverse effects of NM include 
hyperkalemia, anaphylaxis and agranulocytosis when sys-
temically used for pancreatitis and DIC.

Our study has several strengths. First, it comprises a 
comparison of 80 and 78 CKRT courses using NM or RCA 
in children, respectively, which allowed us to assess mul-
tiple potential confounders associated with filter survival 
in pediatric CKRT. Second, we chose to assess the 100 
most recent CKRT courses in both institutions starting in 
June 2019, thereby mitigating bias with respect to ICU and 
CKRT ACG practice changes at each of the sites. Finally, 
we excluded circuits that had a change in ACG strategy or 
were connected to other extracorporeal circuits using UFH 
for ACG, so we could assess RCA or NM ACG outcomes 
directly.

Our study has limitations which require us to view our 
data with caution. First, standards for circuit discontinua-
tion differed between the centers, with a 72-h mandate for 
the RCA group. Second, the CKRT modalities differed 
between the groups. Third, the NM group was younger 
and smaller, and had resultant lower CKRT circuit blood 
pump flow rates. Fourth, the NM group had almost half of 
the filters with concomitant use of TPE.

We suggest both NM and RCA can serve well as CKRT 
anticoagulation strategies with comparable safety. NM can 
be a viable alternative for patients not eligible for UFH 
for bleeding risk/developing heparin-induced thrombocy-
topenia and when RCA is complicated due to the risk of 
developing citrate toxicity in younger patients, or those 
with liver dysfunction. In addition, RCA has not been pos-
sible during times of national intravenous calcium short-
age. Given the heterogeneity between the study groups, 
a prospective trial of RCA vs. NM anticoagulation in the 
same patient centers would be optimal to confirm our find-
ings and support our conclusions.

Supplementary Information The online version contains supplemen-
tary material including a graphical abstract available at https:// doi. org/ 
10. 1007/ s00467- 022- 05502-8.
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