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BAKCGROUND: The aim of this study was to evaluate the efficacy and safety of citrate versus heparin anticoagulation for CRRT in
critically-ill children.
METHODS: This retrospective comparative cohort reviewed the clinical records of critically-ill children undergoing CRRT with either
RCA or systemic heparin anticoagulation. The primary outcome measure was hemofilter survival time. Secondary outcomes
included the comparison of complications and metabolic disorders.
RESULTS: A total of 131 patients (55 RCA and 76 systemic heparin) were included, in which a cumulative number of 280 hemofilters
were used (115 in RCA with 5762 h total CRRT time, and 165 in systemic heparin with 6230 h total CRRT time). Hemofilter survival
was significantly longer for RCA (51.0 h; IQR: 24–67 h) compared to systemic heparin (29.5 h; IQR, 17–48 h) (p= 0.002). Clotting-
related hemofilter failure occurred in 9.6% of the RCA group compared to 19.6% in the systemic heparin group (p= 0.038). Citrate
accumulation occurred in 4 (3.5%) of 115 RCA sessions. Hypocalcemia and metabolic alkalosis episodes were significantly more
frequent in RCA recipients (35.7% vs 15.2%, p < 0.0001; 33.0% vs 19.4%, p= 0.009).
CONCLUSION: RCA is a safe and effective anticoagulation method for CRRT in critically-ill children and it prolongs hemofilter
survival.
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IMPACT:

● RCA is superior to systemic heparin for the prolongation of circuit survival (overall and for clotting-related loss) during CRRT.
● These data indicate that RCA can be used to maximize the effective delivery of CRRT in critically-ill patients admitted to

the PICU.
● There are potential cost-saving implications from our results owing to benefits such as less circuit downtime and fewer circuit

changes.

INTRODUCTION
Continuous renal replacement therapy (CRRT) is the most
commonly used renal replacement therapy (RRT) in critically-ill
children. It is used in various indications, including acute kidney
injury (AKI), severe electrolyte imbalance/metabolic acidosis,
refractory or diuretic-resistant fluid overload, intoxications, and
inborn metabolic disorders.1,2 Therapeutic efficacy is associated
with a number of factors, one of which is circuit survival (CS) that
depends on anticoagulation.3 During CRRT, ideal anticoagulation
should be able to sustain the circuit while causing minimal side
effects on circulation. It should be safe, available, consistent, easily
monitored, and reversible. Premature clotting of the CRRT circuit
can lead to increased workload and health care costs, as well as
adverse outcomes for the patient.4,5 Thus, efficient anticoagulation

protocols are required to prevent clotting and prolong circuit life
(CL).
In clinical practice, systemic heparin anticoagulation and

regional citrate anticoagulation (RCA) are the two main antic-
oagulation strategies for CRRT. The major advantages of using
heparin are its low cost, ease of administration, monitoring, and
reversibility. However, the increased risks for bleeding with
heparin use is a major concern in critically-ill children who are
predisposed to bleeding for many reasons such as surgical
procedures, trauma, severe liver dysfunction, and thrombocyto-
penia.6 RCA is favoured by many intensivist as it avoids systemic
anticoagulation and inhibits the clotting cascade by chelating
ionized calcium (iCa) preventing the initiation of the coagulation
cascade also thrombin formation.7

Received: 28 November 2023 Revised: 23 February 2024 Accepted: 1 March 2024
Published online: 30 March 2024

1Department of Pediatrics, Istanbul Goztepe Prof. Dr. Suleyman Yalcin City Hospital, Istanbul, Turkey. 2Pediatric Intensive Care Unit, Istanbul Goztepe Prof. Dr. Suleyman Yalcin City
Hospital, Istanbul, Turkey. 3Department of Pediatrics, Division of Pediatric Nephrology, Istanbul University Faculty of Medicine, Istanbul, Turkey.
✉email: dr.seymakoksalatis@gmail.com

www.nature.com/pr

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-024-03163-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-024-03163-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-024-03163-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-024-03163-x&domain=pdf
http://orcid.org/0000-0002-8597-8889
http://orcid.org/0000-0002-8597-8889
http://orcid.org/0000-0002-8597-8889
http://orcid.org/0000-0002-8597-8889
http://orcid.org/0000-0002-8597-8889
https://doi.org/10.1038/s41390-024-03163-x
mailto:dr.seymakoksalatis@gmail.com
www.nature.com/pr


RCA was studied for the first time by Mehta et al who examined
a group of 18 adults with acute renal failure. The study revealed
the superiority of RCA over heparin in terms of bleeding risk and
thrombocytopenia.8 In subsequent adult studies, RCA has been
demonstrated to be superior to systemic heparin anticoagulation
based on reduced clotting, prolonged hemofilter life, and lower
risk of bleeding.7–13 Indeed, the 2012 kidney disease improving
global outcomes (KDIGO) guidelines recommended using RCA for
adult patients at increased risk of bleeding –given that there are
no contraindications for citrate infusion.10 In critically-ill children
requiring dialysis, citrate anticoagulation was used successfully by
Bunchman et al. in the early 2000s.14 However, when compared to
adults, research concerning critical-ill children receiving CRRT is
limited in terms of evaluating RCA for hemofilter survival,
treatment efficacy, and safety, particularly in Turkey. Furthermore,
available studies are mostly comprised of limited patient series
and some results are conflicting.7,9,15–22 This study aims to
compare RCA and systemic heparin in pediatric CRRT to assess
safety and efficacy by examining hemofilter survival, complica-
tions, and metabolic disturbance.

MATERIALS AND METHODS
Study design
This study was conducted in a multidisciplinary tertiary PICU of Prof. Dr.
Suleyman Yalcin City Hospital in Istanbul, Turkey. Our research design is
based on a retrospective single-center cohort. The study was approved by
Medical Ethics Committee of our hospital (Registration number: 2021/
0017). Patient consent was waived due to retrospective nature of
the study.

Study population
All critically-ill children who were admitted to our general PICU from April
2015 to January 2021 and received CRRT with either systemic antic-
oagulation (heparin) or RCA were assessed for enrolment. Patients were
excluded if they fulfilled at least one of the following criteria: (i) insufficient
data, (ii) received anticoagulation therapy for therapeutic purposes during
CRRT or up to 24 h (h) before the start of CRRT, (iii) received an RRT

modality other than CRRT (intermittent or peritoneal hemodialysis), (iv)
underwent RRT for various other reasons, such as chronic renal failure,
before admission to the unit.
The subjects were divided into two groups: one group comprising

patients who received RCA and the second group comprising of those who
received systemic anticoagulant with heparin (Fig. 1).

Data collection and definitions
CRRT was performed according to locally-defined protocols. Demographic
data, laboratory results, and CRRT-specific data were extracted from
medical records or any other pertinent clinical data storage (physical files,
notes etc.). Age, weight, sex, presence of comorbidities, diagnosis, Pediatric
Risk of Mortality (PRISM) III score, and risk factors associated with bleeding
were recorded at admission to the PICU. Admission diagnoses were
classified into eleven groups as follows: renal disease, hemato-oncologic
disease, sepsis, pneumonia, respiratory failure, liver failure, cardiac arrest,
metabolic disease, cardiopathies, intoxication, acute abdomen, and others.
Identified risk factors for bleeding were admission due to major surgery or
trauma, thrombocytopenia/coagulopathy, hematologic malignancies, sep-
sis, respiratory failure (requiring invasive mechanical ventilation), hepatic
failure, extracorporeal membrane oxygenation (ECMO), and higher PRISM
III score at admission.23,24

Clinical data collected at CRRT initiation were as follows: indication for
CRRT initiation, percentage of fluid overload (%FO), urine output (UO),
need for invasive mechanical ventilation, presence of multiple organ
dysfunction syndrome (MODS), need for ECMO, vasoactive inotropic
support / vasoactive inotrope score (VIS), and stage of AKI. The indications
for CRRT initiation were classified as electrolyte or acid-base imbalance,
AKI, FO, hyperammonemia, acute exacerbation of inborn metabolic
disorders, intoxication, tumor lysis syndrome, and rhabdomyolysis. The
indications for commencing CRRT were identified from the documentation
of the attending intensivist. Survival was defined as surviving until
pediatric intensive care unit (PICU) discharge.
%FO at CRRT initiation was calculated using the following formula: (total

fluid intake [L] – total fluid output [L] / (PICU admission weight
[kg]) × 100.25 Analysis was performed separately for three FO categories
(<10%, 10–20%, and >20%), which were defined based on previous
studies.26,27 UO was calculated for the 24 h before the initiation of CRRT.
VIS was calculated using the following formula: (dose of dopamine +
dobutamine + [100 × epinephrine] + [100 × norepinephrine] + [10 ×
milrinone] [all in microgram/kg/min] + [10.000 × vasopressin] [U/kg/hr]).28

2410 critically-ill children admitted
to the PICU, from 2015 to 2022

Patients who received continuous
renal replacement therapy (CRRT)

(n=163)

Patients included in the analyses
(n=131)

Excluded patients (n=32):

-Insufficient data (n=7)

-Received renal replacement therapy (RRT) other
than CRRT (n=8)

-Received RRT prior to PICU admission (n=14)

-Therapeutic anticoagulation treatment (n=3)

CRRT with RCA
(n=55)

CRRT with heparin
(n=76)

Fig. 1 Flowchart of the study. PICU Pediatric intensive care unit, CRRT Continuous renal replacement therapy, RRT Renal replacement
therapy, RCA Regional citrate anticoagulation.
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AKI was classified using KDIGO criteria based on changes in serum
creatinine. If baseline serum creatinine was not available, we instead
utilized the value of UO in the last 24 h before CRRT initiation.10 Finally,
MODS was defined as the presence of at least three failed organs,
according to the guidelines put forth by the Pediatric Sepsis Consensus
Conference.28

Biochemical variables collected at the initiation of CRRT were as follows:
creatinine, urea, hemoglobin, platelet count, pH/arterial blood gases, lactate,
serum electrolytes, prothrombin time (PT) (sec), activated partial thrombo-
plastin time (aPTT) (sec) and international normalization ratio (INR).
The CRRT operating parameters were as follows: total CRRT time, the

number of hemofilters used and survival, the size of hemofilters and
catheters, CS time (irrespective of cause), CRRT parameters (pump flow
rate, dialysate/replacement flow rates), and the calcium infusion rate and
citrate dosage in RCA recipients. Reasons for disconnection/hemofilter
failure were categorized as (i) clotting in the circuit, (ii) vascular access
malfunction, (iii) scheduled replacement after 72 h, (iv) end of CRRT
treatment, and (v) technical issues/alarms.
CS time was defined as the time from the beginning of CRRT with the

corresponding filter until filter replacement (until the upper limit for regular
filter replacement; 72 h) or termination of CRRT session due to various
reasons including achievement of treatment goals or death or clotting &
non-clotting events (vascular access malfunction, technical reasons).
Electrolyte-related and metabolic disturbances during CRRT were

recorded and categorized as follows: hypocalcemia (iCa++ < 0.9 mmol/L),
hypercalcemia (iCa++, > 1.25mmol/L), hyponatremia (Na < 130mmol/L),
hypernatremia (Na > 145mmol/L), hypomagnesemia (< 1.5 mg/dl), hypo-
phosphatemia (< 2.5 mg/dL), metabolic acidosis (pH < 7.36 or base excess
[BE] <−3), and metabolic alkalosis (pH > 7.46 or BE >+ 3). Citrate
accumulation (CA) was defined as a ratio of total calcium (totCal++)-to-
ionized calcium (iCal++) of > 2.5 for longer than 48 h with high anion gap
metabolic acidosis.29

The volume of packed red cells transfused during CRRT (and after circuit
clotting) was recorded for each circuit. Transfusions were initiated in
response to hemoglobin concentration measurements obtained from
regular blood sampling, with a threshold of 7.0 g/dL during CRRT.30 If the
reason for hemoglobin decrease below 7.0 g/dL was circuit clotting, the
indication for transfusion was defined to be due to the circuit clotting.
Bleeding site (catheter insertion site, gastrointestinal site etc.) and bleeding
severity were recorded. Severe bleeding was defined as bleeding
associated with hypotension or tachycardia, bleeding that necessitated
red blood cell transfusion, or a 2 g/dl drop in hemoglobin within 24 h.
A number of other variables that may affect circuit survival, as suggested

by prior research,5,31,32 were also assessed. These variables included use of
femoral vein catheter, low patient weight (< 10 kg), small hemofilter size
(60m2 or 93m2), lower pump flow rate (< 100mL/min) and use of systemic
anticoagulation with heparin.

CRRT protocol and anticoagulation method
Initial CRRT was performed according to our institutional protocol. All CRRT
treatments were performed using a Prismaflex HF20, M60 and M100
control unit (Gambro, Sweden and Baxter). Continuous veno-venous
hemodiafiltration was administered to all subjects. Venous access was
obtained by dual lumen hemodialysis catheters (7 F to 12 F) depending on
the age and weight of the child.
During treatments, blood flow rate was set 3–8ml/kg/min with respect

to patient weight, catheter size and filter surface. Total clearance rate was
set between 2–3 L/1.73 m2/hr for the majority of patients, while higher
total clearance rates (up to a maximum of 5 L/1.73 m2/hr) were reached in
cases with specific indications, such as intoxication or hyperammonemia.
The dialysate flow rate, replacement fluid rate and ultrafiltration rate values
were customized based on diagnosis, hemodynamic parameters and FO
values. In both anticoagulation strategies, while regulating dialysate and
replacement flows, care was taken not to increase the filtration fraction
above 25%.
Poly aryl ethylene sulphone (PAES) membranes (Prismaflex HF20; circuit

volume 60ml, surface area 0.2 m2) or AN69 membranes (Prismaflex M60;
circuit volume 93ml, surface area 0.6 m2 and Prismaflex M100; circuit
volume 152ml, surface area 0.9 m2) were used. Children with a body
weight of < 10 kg underwent CRRT using a Prismaflex HF20 set, those with
a body weight between 10 kg and 25 kg received the Prismaflex M60 set,
while those exceeding 25 kg received a Prismaflex M100 set.
Heparinized saline (5 U/mL) was used for hemofilter priming. In patients

with high risk for hemorrhage, the circuit was primed with physiological

saline only. An overall exception was use of blood to prime the circuit in
children with a bodyweight of less than 10 kg and those with hemoglobin
values below 10 g/dL. For this purpose, erythrocyte suspension was diluted
1-to-1 with saline.

Anticoagulation method
Before March 2017, RCA was not performed at our center; thus, the
anticoagulation protocol was systemic heparin in all patients admitted
before this date. After this date, anticoagulation was chosen based on age,
clinical characteristics and diagnosis.
For heparin, infusion was started with 10 international units (IU)/kg/hr

pre-filter. The heparin dose was subsequently adjusted toward a target
postfilter activated clotting time (ACT) of 180–220 s. Dialysis and
replacement solutions were the Dialisan (DVVHD BG2D, Baxter) and
Prism0calB22 (Baxter) solutions.
For citrate administration, a Prismaflex system (Baxter), employing an

automated RCA method with commercially available citrate-buffered
solution (Prismocitrate 18/0, Baxter) and compatible bicarbonate dialysate
solutions (Prism0cal B22, Baxter), was used. Citrate flow was coupled to
blood flow and adjusted by the CRRT device to achieve the prescribed
citrate dose (3 mmol per L of blood). CRRT was performed with pre-filter
citrate anticoagulation and post-filter replacement fluid. Citrate effect was
neutralized using a continuous calcium infusion, calcium gluconate 10%
50/50 with dextrose 5% (116mmol/L). Calcium infusion was administered
through a different central venous line. Only when a separate central line
was not available, we administered calcium infusion through the return
line of the circuit. An initial infusion rate of 1 mL/kg/h was used to maintain
ionized calcium blood level. Calcium compensation was determined
according to systemic ionized calcium values. The filter target iCa++ level
was between 0.25 and 0.35mmol/L and the patient’s iCa++ target was
between 1 and 1.2 mmol/L. The monitoring of iCa++ concentrations was
performed at several time points to ensure maintenance of target
concentrations: at the 30th minute, the first, second and fourth hour of
therapy, and then routinely every 4 h. Patient calcium levels were also
checked one hour after any change in blood flow, citrate concentration, or
dialysis. Biochemical indicators and electrolytes were checked every
12–24 h in both anticoagulation strategies.
In the presence of CA, interventions were made to reduce blood flow

rate or citrate flow rate/dose, or to increase dialysate flow rate to facilitate
citrate clearance. In order to correct ionized hypocalcemia, calcium
infusion rate was increased. In case of metabolic alkalosis, in addition to
the interventions performed for CA, we administered 0.9% sodium chloride
infusion as pre- or post-replacement fluid.29,33

Statistical analysis
The demographic and clinical characteristics of the study subjects were
described as well as variables associated with the filter. Characteristics of
patients, as n (percent) or median (interquartile range [IQR]) for categorical
and continuous variables, respectively, and were compared among groups
using chi-square or Mann-Whitney tests, as appropriate. Results were
evaluated with a significance value of p < 0.05. Kaplan-Meier survival
analysis was applied for survival curves. The median survival for each
group, with its respective 95% confidence interval (CI), was reported, and a
comparison of the curves was tested using a log-rank test. The magnitude
of the effect of the anticoagulant on clotting in the filter was analyzed
using Cox’s non-parametric proportional hazards model, which was
adjusted for potential confounding variables (size of the filter and pump
flow) that could affect the lifetime of the filter. The statistical analysis was
performed using the SPSS (version 23.0) software (SPSS Inc., Chicago, IL).

RESULTS
During the 6-year period, 2410 patients were admitted to the PICU
and 163 patients received CRRT treatment. All 163 patients were
analyzed in the study. Thirty-two children were excluded based on
mentioned criteria and a final total of 131 children were included
in final analysis. The flow-chart describing participant inclusion is
shown in Fig. 1.

Description of the study population
A total of 131 patients (55 in the RCA group and 76 in the systemic
heparin group) were included in the analysis. The demographic
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and clinical characteristics of the patients were largely similar in
the two groups (Table 1), except for the presence of liver failure
and hyperammonemia, which were more frequent among heparin
recipients (p= 0.010, p= 0.044), and the frequency of tumor lysis
syndrome which was more common in the RCA group (p= 0.029).
There was no significant difference in length of PICU stay and PICU
survival.

CRRT and hemofilter characteristics
A total of 11,992 h of dialysis therapy (RCA group 5762 h, heparin
group 6230 h) were included in the analysis (Table 2). Cumula-
tively, a total of 280 hemofilters/circuits were used in all therapies,
115 in the RCA group and 165 in the systemic heparin group.
Kaplan Meier analysis showing overall CS time (for all reasons of

circuit disconnection) was significantly higher in the RCA group
compared to the systemic heparin group [51.0 h (95% CI
39.6–62.4 h) vs. 29.5 h (95% CI 20.5–37.5 h); p= 0.024] (Fig. 2).
Similarly, CS time limited by clotting hemofilter was significantly
higher in the RCA group [38 h (95% CI 20.7–55.3 h) vs. 15 h (95% CI
7.1–20.9 h); p= 0.001] (Fig. 3).
In the RCA group, there were 11 events of hemofilter removal

due to clotting. The systemic heparin group presented with 32
such events, which was significantly higher than the RCA group
(respectively; 19.4% vs. 9.6%, p= 0.03). Other reasons of circuit
disconnection were not different between groups (Table 3).
Cox’s proportional risk analysis showed that the risk of

hemofilter clotting (median CS time limited by clotting hemofilter)
was 3.3-fold higher with the use of systemic heparin compared to
RCA (HR: 3.30; 95% CI: 1.57–7.09; p= 0.002). Dialysis catheter
placement, low weight, small filter size and low pump flow rates
were not significantly associated with hemofilter clotting (Table 4).

Safety issues
Bleeding complication. Among all subjects, 20 episodes of severe
bleeding (6 in the RCA group and 14 in the systemic heparin
group) occurred. The frequency of severe bleeding was similar in
the two groups (p= 0.35). There was no significant difference in
red cell transfusion ratio. The RCA group had a significantly lower
frequency of circuit clotting-related transfusions-to-total transfu-
sions compared to the heparin group (12.5% vs. 42.5%,
respectively) (p < 0.001) (Table 5).

Metabolic complications. The most frequent complications were
hypocalcemia (35.7% in the RCA group, 15.2% in the heparin
group) and metabolic alkalosis (33% in the RCA group, 19.4% in
the heparin group). Both of these complications were significantly
more common with RCA than systemic heparin (p < 0.001 and
p= 0.009). There were 4 cases of CA (3.5%). Median totCa++ to
iCal++ index (CaI) was 2.24 (IQR: 1.92- 2.24), and the maximum CaI
was 2.59 with metabolic acidosis. The groups were similar in terms
of other electrolyte imbalances (hypercalcemia, hyponatremia,
hypernatremia, hypomagnesemia, hypophosphatemia) (Table 6).
No association was found between metabolic complications and
citrate dosage, patient weight, dialysate, or replacement flow rate
(p > 0.05, data not shown).

DISCUSSION
The key findings of this study are that RCA is superior to systemic
heparin for the prolongation of CS (overall and for clotting-related
loss) during CRRT. RCA also reduces hemofilter failure due to
clotting and need for transfusion after circuit clotting. It has
manageable and limited side effects like hypocalcemia, CA and
metabolic alkalosis. Therefore, the current study confirms that RCA
is relatively safe and can prolong the survival of hemofilters as
compared to heparin anticoagulation, which conforms with the
data provided by several pediatric studies. Our data specifically
indicate that RCA can be used to maximize the effective delivery

of CRRT in critically-ill patients admitted to the PICU. There are also
potential cost-saving implications from our results owing to
benefits such as less circuit downtime and fewer circuit changes.
Although no significant difference was found between RCA and

systemic heparin in some adult studies evaluating anticoagulation
efficacy, RCA has been emphasized as a more effective method in
recent years, and this has resulted in the recognition of RCA as the
recommended approach.6,11,12,34,35 In the meta-analysis of adult
studies conducted by Liu et al, it was stated that the use of RCA
prolonged filter life by an average of 15.6 h compared to systemic
heparin.11 Recently, in a randomized controlled study conducted
by Zarbock et al in adults (596 patients), it was reported that RCA
prolonged filter life (47 h vs 26 h) compared to systemic heparin.35

Few studies have been carried out in children regarding the
anticoagulation strategy in CRRT and most of these studies were
conducted in small series. Nonetheless, in the majority of these
studies, RCA has been shown to prolong mesh life compared to
systemic heparin.17–19,22,31,36–40 In a prospective study by Brophy
et al on 138 patients and 442 CRRT circuits, no significant
difference was found between RCA and systemic heparin use in
terms of circuit life (42.1 ± 27.1 h vs. 44.7 ± 35.9 h), albeit systemic
heparin was found to cause increased risks for severe bleeding.41

In recent years, with the development of reliable dialysis devices
with very small extracorporeal volumes, CRRT treatment has been
used more frequently in young infants and newborns, as well as in
adult and pediatric cases.37,42,43 Although the number of cases is
limited, RCA can be used safely in newborns receiving CRRT. There
are reported publications in this age groups.16,42–45 In the Critical
Care Nephrology Section of The European Society of Paediatric
and Neonatal Intensive Care (ESPNIC), as a result of the evaluation
of current pediatric and neonatal studies, it was reported that RCA
may extend circuit life by reducing coagulation.46

In our study, median hemofilter survival was 51.0 h (IQR: 24–67),
which was similar to some pediatric studies,17,18,36,40 but shorter
than those reported by other pediatric studies.14,22,38 These
differences between the filter lifetimes in the studies may be
due to variations in filter size, catheter site, citrate concentration
used, targeted ionized calcium level, and age groups.22,47

CS time is dependent on many factors including clotting and
non-clotting events (vascular access malfunction and technical
issues/alarms etc.).19,22 In our study, the rate of hemofilter failure
due to clotting was significantly higher in the systemic heparin
group (19.4% vs. 9.4%). In addition, in our subgroup analysis, the
median CS time for clotting hemofilters was significantly higher in
the RCA group than in the systemic heparin group (15 h vs. 28 h).
Similar results were found in other pediatric studies.19,22,36

Moreover, the CS time is claimed to be influenced by many
factors, such as the patient’s clinical condition, coagulation status,
the position and patency of the vascular access and catheter size,
the choice of anticoagulant, CRRT modality, and filtration
fraction.5,31,32,47 In our study, Cox regression did not yield
evidence to support the literature in a number of factors,
including patient weight (< 10 kg), filter size, catheter location,
pump flow rate and the half-life of the clotted hemofilter. We
found that the risk of hemofilter clotting was 3.3-fold higher with
systemic heparin compared to citrate. This result was in support of
our previously mentioned data and we can conclude that citrate
can improve CS by reducing the likelihood of clotting. Therefore
we can conclude that RCA is an efficient method in critically in
children under CRRT with respect to progress of treatment.
The potential advantage of RCA for CRRT is that it may reduce the

occurrence of systemic adverse events. The reported bleeding
incidences associated with systemic heparin use in CRRT ranges
from 10% to 50%, with bleeding mortality rates as high as
15%.12,35,48 In addition to various adult studies and meta-analyses,
pediatric studies have also shown that RCA use in CRRT reduces
bleeding risk by more than half compared to systemic heparin
use.4,6,7,35,39,41 However, the effect of RCA in reducing the need for
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Table 1. Patients’ variables and differences between sitrat versus heparin.

Variable All Patients (n= 131) Citrate group (n= 55) Heparin group (n= 76) p

Age (yr), median (IQR) 3.9 (1.3–11.0) 5.2 (1.3–11.3) 3.0 (1.3–7.3) 0.089

Male sex, n (%) 65 (49.6) 28 (50.9) 37 (48.7) 0.941

Weight (kg), median (IQR) 16 (11–32) 21 (11–42) 13.3 (10.8–23) 0.051

Weight < 10 kg, n (%) 24 (18.3) 9 (16.4) 15 (19.7) 0.792

PRISM III score, median (IQR) 15 (9–24) 14 (10–24) 17 (9–24) 0.976

Comorbidity, n (%) 68 (51.9) 30 (54.5) 38 (50.0) 0.736

Risk factor for bleeding, n (%) 53 (40.5) 25 (45.5) 28 (36.8) 0.417

Diagnosis at admission to PICU, n (%)

Renal disease 43 (32.8) 16 (29.1) 27 (35.5) 0.093

Hemato-oncologic disease 19 (14.5) 9 (16.4) 10 (13.2) 0.819

Sepsis 14 (10.7) 7 (12.7) 7 (9.2) 0.744

Pneumonia / Respiratory failure 12 (9.2) 6 (10.9) 6 (7.9) 0.650

Liver failure 9 (6.9) 0 (0.0) 9 (11.8) 0.010

Cardiac arrest 9 (6.9) 7 (12.7) 2 (2.6) 0.096

Metabolic disease 8 (6.1) 2 (3.6) 6 (7.9) 0.157

Cardiopathies 4 (3.1) 2 (3.6) 2 (2.6) 1.000

Intoxication 6 (4.6) 3 (5.5) 3 (3.9) 1.000

Acute abdomen 2 (1.5) 0 (0.0) 2 (2.6) 0.509

Other 5 (3.8) 3 (5.5) 2 (2.6) 0.655

CRRT indication

Electrolyte / acid base disturbance 48 (36.6) 19 (34.5) 29 (38.2) 0.810

Acute kidney injury 42 (32.1) 21 (38.2) 21 (27.6) 0.277

Fluid overload 20 (15.3) 8 (14.5) 12 (15.8) 1.000

Hyperammoniemia 10 (7.6) 1 (1.8) 9 (11.8) 0.044

Acute attack of metabolic disease 6 (4.6) 1 (1.8) 5 (6.6) 0.400

Tumor lysis syndrome 4 (3.1) 4 (7.3) 0 (0.0) 0.029

Rhabdomyolysis 1 (0.8) 1 (1.8) 0 (0.0) 0.420

Clinical variables at initiation of CRRT

% Fluid overload, median (IQR) 6.7 (0.0–18.8) 11.5 (0.0–18.8) 4.0 (0.0–17.95) 0.296

% Fluid overload, n (%)

< 10% 73 (55.7) 25 (45.5) 48 (63.2) 0.066

10–20% 29 (22.1) 16 (29.1) 13 (17.1) 0.156

> 20% 29 (22.1) 14 (25.5) 15 (19.7) 0.572

Urine output (mL/kg/hr), median (IQR) 0.3 (0.0–0.4) 0.2 (0.0–0.4) 0.3 (0.0–0.5) 0.281

Mechanical ventilation, n (%) 80 (61.1) 33 (60.0) 47 (61.8) 0.975

Mechanical ventilation (day), median (IQR) 8 (2–15) 8 (3–24) 7 (2–12) 0.486

Multiple organ dysfunction syndrome, n (%) 59 (45.0) 21 (38.2) 38 (50.0) 0.244

Vasoactive support, n (%) 71 (54.2) 30 (54.5) 41 (53.9) 1.000

Vasoactive inotrope score, median (IQR) 30 (20–40) 31.3 (22.5–45) 25 (15–35) 0.153

Acute kidney injury stage 2 and 3, n (%) 66 (50.4) 29 (52.7) 37 (48.7) 0.780

Isolated acute kidney injury, n (%) 22 (16.8) 7 (12.7) 15 (19.7) 0.411

Insertion site of access catheters

Internal jugular 59 (45.0) 29 (52.7) 30 (39.5) 0.185

Subclavian 15 (11.5) 7 (12.7) 8 (10.5) 0.910

Femoral 57 (43.5) 19 (34.5) 38 (50.0) 0.114

Laboratory variables at initiation of CRRT, median (IQR)

Creatinine (mg/dL) 2.08 (0.75–3.8) 2.1 (0.9–3.58) 1.62 (0.63–3.94) 0.218

Urea (mg/dL) 83 (42–150) 101 (47–146) 76 (38–150) 0.508

Hemoglobin (gr/dL) 8.8 (7.3–10.7) 8.9 (7.2–10.7) 8.8 (7.4–10.7) 0.913

Platelet count, (X 103/µL) 103 (45.6–226) 69 (32–195) 113.5 (57–231.5) 0.074

pH 7.2 (7.09–7.3) 7.17 (7.08–7.3) 7.2 (7.1–7.3) 0.567
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transfusion compared to systemic heparin use is controversial.35

This may be explained by the direct shutdown of systemic heparin
in case of bleeding complications. However, discontinuation or
interruption of heparin anticoagulation may increase the risk of
clotting, leading to interruption of CRRT treatment and treatment

failure. As opposed to previously reported results, we found that
severe bleeding episodes were less frequent among RCA recipients
(18.4% vs. 10.9%), albeit without statistical significance. Moreover,
the need for red blood cell transfusions was higher in systemic
heparin recipients compared to RCA, but again significance was not

Table 2. Characteristics of CRRT in children treated with citrate and heparin.

Variables All Patients (n= 131) Citrate group (n= 55) Heparin group (n= 76) p

Total CRRT time (hr) 11992 5762 6230

CRRT time (hr) per patient, median (IQR) 64 (32–115) 70 (40–144) 56 (30–96) 0.187

Total number of hemofilters 280 115 165

Number of filters per patient, median (IQR) 2 (1–3) 2 (1–3) 2 (2–2) 1.000

Median circuit lifetime (hr), median (IQR) 40 (20–57) 51 (24–67) 29.5 (17–48) 0.024

Median circuit lifetime for clotting hemofilter (h) 19 (12–32) 38 (24–50) 15 (10–23) 0.001

Filter size (m2)

60 45 (34.4) 15 (27.3) 30 (39.5) 0.206

93 46 (35.1) 18 (32.7) 28 (36.8) 0.763

152 40 (30.5) 22 (40.0) 18 (23.7) 0.070

Pump flow rate, (mL/min), median (IQR)

< 100 87 (66.4) 32 (58.2) 55 (72.4) 0.131

≥ 100 44 (33.6) 23 (41.8) 21 (27.6)

Dialysate flow rate, (mL/min), median (IQR) 600 (400–900) 800 (500–900) 600 (400–800) 0.084

Dialysate flow rate per kg, (mL/kg), median (IQR) 36.3 (26.6–45.4) 33.4 (23.5–42.8) 39.4 (29.3–47.1) 0.071

Replacement flow rate, (mL/min), median (IQR) 500 (300–750) 500 (300–800) 450 (300–600) 0.211

Replacement flow rate per kg, (mL/min), median (IQR) 25.0 (20.0–33.3) 24.0 (19.1–29.6) 27.7 (22.5–34.8) 0.006

Calcium infusion flow rate (mmol/h) 3.08 (1.32–5.78) 3.08 (1.32–5.78) NA NA

Calcium infusion flow rate per kg (mmol/kg/h) 0.85 (0.08–0.10) 0.85 (0.08–0.10) NA NA

Citrate dose (mmol/L), median (IQR) 4.0 (3.5–4.0) 4.0 (3.5–4.0) NA NA

T/I calcium ratio, median (IQR) 2.04 (1.88–2.20) 2.04 (1.88–2.20) NA NA

Dialysis catheter size (French)

7 17 (13.0) 5 (9.1) 12 (15.8) 0.388

8 42 (32.1) 16 (29.1) 26 (34.2) 0.667

9 24 (18.3) 9 (16.4) 15 (19.7) 0.792

10 20 (15.3) 10 (18.2) 10 (13.2) 0.587

11 21 (16.0) 12 (21.8) 9 (11.8) 0.195

12 7 (5.3) 3 (5.5) 4 (5.3) 1.000

CRRT Continuous renal replacement therapy, IQR Interquartile range, T Total calcium, I Ionized calcium.

Table 1. continued

Variable All Patients (n= 131) Citrate group (n= 55) Heparin group (n= 76) p

Lactate 3.5 (1.5–6.0) 4.0 (1.6–9.0) 3.5 (1.4–5.6) 0.121

Potassium, (mmol/L) 4.2 (3.8–4.8) 4.3 (3.8–5.0) 4.0 (3.8–4.6) 0.127

Sodium, (mmol/L) 138 (134–141) 137 (133–141) 138 (134–140) 0.859

Phosphor, (mg/dl) 4.6 (3.4–6.2) 4.8 (3.4–6.3) 4.55 (3.3–6.15) 0.346

Magnesium, (mg/dl) 2.05 (1.77–2.33) 2.0 (1.75–2.33) 2.05 (1.78–2.37) 0.836

Total calcium, (mg/dL) 8.2 (7.6–8.9) 8.0 (7.4–8.6) 8.3 (7.65–9.0) 0.125

Ionized calcium, (mmol/L) 1.03 (0.98–1.09) 1.03 (0.98–1.1) 1.03 (0.98–1.08) 0.445

Prothrombin time (sec) 17.3 (15.5–21.0) 17.1 (15.2–22.0) 17.8 (15.5–20.7) 0.987

International normalization ratio 1.38 (1.19–1.69) 1.37 (1.18–1.69) 1.38 (1.2–1.69) 0.789

Activated partial thromboplastin time (sec) 32.6 (30.3–39.5) 32.0 (30.0–39.4) 33.9 (30.4–40.1) 0.663

Length of PICU stay (days), median (IQR) 7 (3–13) 8 (4–14) 6 (3–12) 0.226

PICU mortality, n (%) 37 (28.2) 19 (34.5) 18 (23.7) 0.244

PRISM Pediatric risk of mortality score, PICU Pediatric intensive care unit, CRRT Continuous renal replacement therapy, IQR Interquartile range.
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achieved. However, the frequency of blood transfusion requirement
after circuit clotting (relative to all-cause transfusions) was
significantly higher (42.5% vs 12.55%) among those who received
systemic heparinization compared to RCA. In the pediatric study by
Rico et al, it was observed that the use of RCA did not achieve a
significant decrease in the incidence of serious bleeding events, but
all bleeding events in the heparin group were systemic (gastro-
intestinal, central nervous system, intraabdominal) bleeding,
whereas in the RCA group, up to 30% were local events (high flow
catheter insertion site).38 In addition to prolonging filter life, RCA use

may reduce filter clotting-related blood transfusions. This property
might be crucial for small infants and may contribute to the
reduction of costs and blood transfusions.
Since the main site of citrate metabolism is the liver, patients

with hepatic failure and neonatal and small infants with immature
liver function are risky groups for CA.20 In our study, we did not
apply RCA in patients with hepatic failure because of concerns
about citrate metabolism. However, in recent years, there are
studies showing that it can be used safely in pediatric cases with
hepatic failure and neonatal cases, but with strict
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monitoring.20,41,49 In a series of 50 cases including neonatal
patients by Cappoli et al. it was reported that clinical findings of
CA were observed in only 6 patients, all of whom had a calcium
index of > 2.5. It is interesting that none of these 6 patients had
liver failure.40 Rodriguez et al. reported that 70% of pediatric
patients with liver failure experienced at least one episode of CA,
but RCA had to be interrupted in only two such cases.20 In some

pediatric studies, CA was not observed in any of the
patients.19,22,36,39 In our study, CA was observed in 4 (3.5%) of
115 CRRT sessions with RCA. In adult studies, CA episodes have
been reported at much lower rates (0%–0.7%) compared to
pediatric studies.6,35 Since routine measurement of blood citrate
level is not possible in practice, it should be kept in mind that CA
can be estimated indirectly by totCa++ / iCa++ ratio ( > 2.5 mmol/
L). In the present study, the definition of CA was based on an
elevated totCa++ / iCal++ ratio accompanied by metabolic
acidosis with high anion gap. However, in some studies, the
totCa++ to iCal++ ratio of > 2.5 was accepted to establish CA
diagnosis. However, the direct relationship between high totCa++

/ iCa++ ratio and metabolic complications is controversial.38

The increased risk of CA in children undergoing RCA compared
to adult patients may be explained by two factors. First, citrate
infusions are often administered at much higher rates as
compared to adults (on a mg per kg basis). This is because citrate
infusion rates are based on blood flow and not patient weight. As
discussed earlier, blood flow rates, especially in small children, are
disproportionately high compared to adults when calculated in
mL/min/kg, and therefore, citrate infusion rates must be increased
to accommodate this difference.7,50 Second, lower citrate clear-
ance rates have been reported in CRRT, compared to intermittent
hemodialysis, and the rates are even lower when this therapy is

Table 4. Cox’s proportional risk analysis of risk of hemofilter clotting.

Half-life of hemofilters

Variables Hazard ratio Standard error p-value 95% Confidence Interval

Femoral vein catheter 1.627 0.344 0.158 0.828–3.195

Weight < 10 kg 1.062 0.600 0.920 0.328–3.444

Filter size 60m2 5.017 0.919 0.079 0.829–30.380

Filter size 93m2 5.045 0.822 0.059 1.007–25.268

Pump flow rate < 100 0.346 0.838 0.205 0.067–1.787

Heparin anticoagulation 3.300 0.385 0.002 1.570–7.098

Table 5. Red cell transfusion rates and bleeding complication.

Variables All patient
(n= 131)

Citrate group
(n= 55)

Heparin group
(n= 76)

p

Red blood cell transfused patient, n (%) 87 (66.4) 32 (58.2) 55 (72.4) 0.131

Transfused red blood cell units during CRRT, median (IQR) 1.0 (0.8–2.0) 1.0 (0.8–2.0) 1.0 (0.7–1.5) 1.000

Number of transfusion after circuit clotting / total number
of transfusions, n (%)

39/137 (28.5) 8/64 (12.5) 31/73 (42.5) < 0.0001

Severe bleeding event, n (%) 20 (15.3) 6 (10.9) 14 (18.4) 0.350

Type of bleeding event, n (%)

Catheter insertion 17 (13.0) 4 (7.3) 13 (17.1) 0.165

Gastrointestinal bleeding 7 (5.3) 2 (3.6) 5 (6.6) 0.698

CRRT Continuous renal replacement therapy, IQR Interquartile range.

Table 6. Metabolic and electrolyte disturbances in study groups.

Variables, n (%) Citrate
group %
(n= 115)

Heparin
group %
(n= 165)

p

Hypocalcemia 41 (35.7) 25 (15.2) < 0.0001

Hypercalcemia 3 (2.6) 0 (0.0) 0.068

Hyponatremia 0 (0.0) 0 (0.0) NA

Hypernatremia 18 (15.7) 16 (9.7) 0.189

Hypomagnesemia 13 (11.3) 13 (7.9) 0.446

Hypophosphatemia 35 (30.4) 42 (25.5) 0.359

Metabolic alkalosis 38 (33.0) 32 (19.4) 0.009

Citrate accumulation 4 (3.5) NA NA

Table 3. Reasons for hemofilter disconnection/failure in the heparin and citrate group.

Causes, n (%) All Hemofilter (n= 280) Citrate hemofilter (n= 115) Heparin hemofilter (n= 165) p

Clotting 43 (15.4) 11 (9.6) 32 (19.4) 0.038

Vascular access malfunction 32 (11.4) 12 (10.4) 20 (12.1) 0.806
aScheduled filter replacement after 72 h 77 (27.5) 38 (33.0) 39 (23.6) 0.083

End of CRRT treatment 122 (43.6) 51 (44.3) 71 (43.0) 0.827
bTechnical issues/alarms 6 (2.1) 3 (2.6) 3 (1.8) 0.976

CRRT Continuous renal replacement therapy.
aAdviced maximum duration of hemofilter use according to manufacturer.
bIncorrect scale balanced causes blood flow stop or anaphylactoid reaction to the hemofilter.
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used in children. In adults, clearance rates of 35–50% have been
reported, compared with rates of only 20% in pediatric patients.18

In infants, strategies such as using lower concentrations of citrate
(< 2.5 mmol/L) and targeting higher filter ionized calcium levels
(< 0.5 mmol) and maintaining blood flow below a certain thresh-
old (< 50mL/min) can be used to reduce the risk of CA.15,21,38 In
our study, none of the metabolic complications analyzed
(including CA) were found to be associated with citrate dose or
patient weight. We infer that the population could have other risk
factors (metabolic capacity etc.) and/or triggers for complications
apart from citrate use. All four episodes of CA were managed with
conservative methods (such as decreasing blood flow rate,
decreasing citrate flow rate, increasing dialysate rate) without
altering the anticoagulation method.
The use of RCA is associated with metabolic complications,

including possible life-threatening systemic hypocalcemia and
metabolic alkalosis. Citrate is metabolized mainly in the liver into
three moles of bicarbonate. Exposure to excessive citrate results in
metabolic alkalosis in cases with sufficient liver metabolic capacity.
This can be addressed by administering 0.9% sodium chloride
infusion as pre- or post-replacement fluid, in addition to the
conservative methods used for CA.29,33,39 Hypocalcemia, one of
the most dangerous metabolic complications associated with RCA,
occurs through two mechanisms. The first is the elevation of
dialyzable calcium fraction due to the citrate-calcium complex.
The second is the continuous binding of calcium by free citrate
efflux, as the citrate clearance applied before the filter remains at
the level of 35–50%.51

Frequency of these metabolic complications is variable and
heterogeneous in both adult and pediatric studies.6,18 Similarly,
the reported frequency of metabolic complications associated
with the use of RCA is variable in both adult and pediatric
population studies. In a meta-analysis, it was reported that
hypocalcemia was 3.9 times more common with RCA, but no
adverse events related to hypocalcemia were observed. Also, no
significant difference was observed in the frequency of metabolic
alkalosis.11 Zarbock et al. reported that RCA use did not pose a risk
for the development of severe hypocalcemia (1.4% vs 0.3%), but
increased the frequency of severe alkalosis (2.4% vs 0.3%) in
adults.35 In pediatric studies, there is a wide range of reported
frequencies for both metabolic alkalosis (2.0% to 86.5%) and
hypocalcemia (0% to 60%) with RCA.19,22,36,38,40,50 In our study,
hypocalcemia (35.7%) and metabolic alkalosis (33%) were
significantly more common in RCA recipients compared to heparin
recipients (15.2% vs. 19.4%, respectively).
These complications were diagnosed early by close monitoring

of acid base status and calcium level, and were managed with
conservative methods mentioned above. Thus, metabolic compli-
cations in patients treated with RCA should not be considered as a
drawback, since they are mild and easily resolved. An important
strategy to reduce metabolic complications associated with RCA is
to reduce citrate exposure by lowering citrate infusion rate and
dosage.52–54 Poh et al reported that applying a citrate protocol at
a dose of 2.5 mmol/L reduced citrate-related metabolic complica-
tions without causing a decrease in anticoagulation effectiveness
compared to 3mmol/L.54

In the literature, the mortality rate in pediatric CRRT patients
undergoing RCA varies between 16.7% and 50%, and in the majority
of studies, no significant relationship has been found between
anticoagulation choice and mortality.9,39,40,49 Overall mortality in our
study was 28.2% and frequencies were similar in the two groups.
This study has several limitations. First, this is a single-center

retrospective study. Second, we did not use RCA in patients with
hepatic failure due to concerns regarding contraindication.
Therefore, the systemic heparin and citrate groups are biased in
this regard, potentially distorting findings. Third, patients from the
2015–2017 periods received standard anticoagulation with
systemic heparin, because citrate was not used at our center

before 2017. In March 2017, we started treating patients with RCA,
and therefore, we cannot rule out a bias in this regard or an effect
of increasing experience with CRRT. In addition, the sample size is
smaller relative to adult studies which may subject the analyses to
statistical bias; however, to our knowledge, this study has one of
the largest sample sizes and longest CRRT duration (total hours)
among pediatric CRRT studies comparing the efficacy and safety
of these two anticoagulation methods.
Our data demonstrate that RCA could be more effective than

systemic heparin for prolongation of CS during CRRT in critically-ill
children. It appears to prolong CS with a lower incidence of
clotting and blood transfusion after circuit clotting. We did not
find any serious side effects of RCA, indicating that the efficacy is
complemented by safety in pediatric CRRT. Notably, RCA may
cause minimal metabolic and ionic imbalances which can be easily
resolved. Further prospective studies are needed to assess the
safety and efficacy of RCA in this population.
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