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Novel blood product transfusion
regimen to prevent clotting and
citrate accumulation during
continuous renal replacement
therapy with regional citrate
anticoagulation in children
Yuelin Sun†, Dong Li†, Ke Bai*, Feng Xu, Chengjun Liu
and Hongxing Dang

Intensive Care Unit, Children’s Hospital of Chongqing Medical University, Ministry of Education Key
Laboratory of Children Development and Disorders, China International Science and Technology
Cooperation Base of Child Development and Critical Disorders, Chongqing Key Laboratory of Pediatrics,
Chongqing, China

Objective: Introduce a novel protocol to prevent clotting and citrate accumulation
(CA) from blood product transfusion (BPT) during continuous renal replacement
therapy (CRRT) with regional citrate anticoagulation (RCA) in children.
Methods: We prospectively compared fresh frozen plasma (FFP) and platelet
transfusions between the two BPT protocols, direct transfusion protocol (DTP)
and partial replacement of citrate transfusion protocol (PRCTP), in terms of the
risks of clotting, citric accumulation (CA), and hypocalcemia. For DTP, blood
products were directly transfused without any adjustment to the original RCA-
CRRT regimen. For PRCTP, the blood products were infused into the CRRT
circulation near the sodium citrate infusion point, and the dosage of 4% sodium
citrate was reduced depending on the dosage of sodium citrate in the blood
products. Basic information and clinical data were recorded for all children.
Heart rate, blood pressure, ionized calcium (iCa) and various pressure
parameters were recorded before, during and after BPT, as well as coagulation
indicators, electrolytes, and blood cell counts before and after BPT.
Results: Twenty-six children received 44 PRCTPs and 15 children received 20DTPs.
The two groups had similar in vitro ionized calcium (iCa) concentrations (PRCTP:
0.33 ± 0.06 mmol/L, DTP: 0.31 ± 0.04 mmol/L), total filter lifespan (PRCTP:
49.33 ± 18.58, DTP: 50.65 ± 13.57 h), and filter lifespan after BPT (PRCTP: 25.31 ±
13.87, DTP: 23.39 ± 11.34 h). There was no visible filter clotting during BPT in any
of the two groups. The two groups had no significant differences in arterial
pressure, venous pressure, and transmembrane pressure before, during, or after
BPT. Neither treatment led to significant decreases in WBC, RBC, or hemoglobin.
The platelet transfusion group and the FFP group each had no significant
decrease in platelets, and no significant increases in PT, APTT, and D-dimer. The
most clinically significant changes were in the DTP group, in which the ratio of
total calcium to ionized calcium (T/iCa) increased from 2.06 ± 0.19 to 2.52 ± 0.35,
the percentage of patients with T/iCa above 2.5 increased from 5.0% to 45%, and
Abbreviations

DTP, direct transfusion protocol; PRCTP, partial replacement of citrate transfusion protocol; CA, citric
accumulation; BPT, blood product transfusion; CRRT, continuous renal replacement therapy; iCa, ionized
calcium; T/iCa, total calcium to ionized calcium; PT, prothrombin time; APTT, activated partial
thromboplastin time; SHA, systemic heparin anticoagulation; KDIGO, kidney disease improving global
outcomes; FFP, fresh frozen plasma.
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the level of in vivo iCa increased from 1.02 ± 0.11 to 1.06 ± 0.09 mmol/L (all p < 0.05).
Changes in these three indicators were not significant in the PRCTP group.
Conclusion:Neither protocol was associated with filter clotting during RCA-CRRT. However,
PRCTP was superior to DTP because it did not increase the risk of CA and hypocalcemia.

KEYWORDS

regional citrate anticoagulation, continuous renal replacement therapy, blood product transfusion,

citrate accumulation, children
1. Introduction

Continuous renal replacement therapy (CRRT) is widely used to

treat children who are critically ill with renal dysfunction and other

serious conditions (1–4). Previous researches reported that about

4%–5% of critically ill children need CRRT (5, 6), often for more

than 24 h. In addition, about 33%–65% of patients receiving CRRT

need blood products transfusion (BPT) (7–9). Most researchers

believed that BPT increases the risk of clotting in CRRT (10–12).

However, Ramesh et al. (13) concluded that BPT had no significant

relationship with the lifespan of the CRRT filter. So far, there is no

consensus on whether or how BPT should be used during CRRT. In

addition, most previous studies regarding BPT during CRRT used

systemic heparin anticoagulation (SHA) (10–12), and only rarely

used regional citrate anticoagulation (RCA). However, in 2012, the

Kidney Disease Improving Global Outcomes (KDIGO) guidelines

recommended RCA as the preferred anticoagulation protocol for

CRRT (14). Therefore, it is necessary to study the influence of BPT

in RCA-CRRT.

During RCA-CRRT, the circulating anticoagulation status is

mainly related to the concentration of in vitro ionized calcium

(iCa). Michael et al. found that blood does not clot when the

concentration of iCa was below 0.33 mmol/L (15), and iCa itself

is negatively correlated with the concentration of citric acid.

Because BPTs increase the dosage of citric acid, they may

theoretically not increase the risk of clotting. However, the body

must metabolize this increased level of citrate, and patients may

therefore have an increased risk of citrate accumulation (CA) and

CA-related complications, such as hypocalcemia.

In theory, a stable citrate concentration will maintain a stable

anticoagulant state, and the citrate concentrations in blood

products are relatively constant. Thus, during RCA-CRRT, if the

blood product is infused near the site where the sodium citrate is

being pumped, and if the sodium citrate dose is reduced

according to the amount in the blood product, it is possible to

maintain a constant citric acid concentration, just as before BPT,

and thereby achieve a stable iCa concentration and anticoagulant

status. The research described here tested this hypothesis.
2. Methods

2.1. Patients

This prospective controlled study evaluated clotting and the

risk of CA and CA-related complications in children receiving
02
RCA-CRRT between different transfusion protocols. There were

44 PRCTPs in 26 children and 20 DTPs in 15 children, and the

BPTs were platelets or fresh frozen plasma. We first conducted

44 sessions of PRCTP, and then conducted 20 sessions of DTP.

Due to previous observation and theory, the CA risk of DTP is

greater than that of PRCTP. For the safety of children, we

selected more children with lower risk of CA, which was often

predicted by smaller value of T/iCa, into the DPT group. All 41

children (age ≤18 years-old) who were admitted to the intensive

care unit of the Children’s Hospital of Chongqing Medical

University and received transfusions of fresh frozen plasma (FFP)

or platelets during RCA-CRRT from March 2021 to July 2022

were included. This study was approved by the hospital ethical

review committee (Number: 2020.302).
2.2. Materials

A 4% citrate sodium anticoagulant solution (National Medicine

Permit No. H20058913; Sichuan Nightingale Biological, China),

which had a citric acid concentration of 136 mmol/L, was used.

FFP was anticoagulated using blood preservation solution II,

and the calculated citrate concentration was about 15 mmol/L.

Platelets were anticoagulated using blood preservation solution I,

and the calculated citrate concentration was also about 15 mmol/L.
2.3. Methods

Patients received the direct transfusion protocol (DTP) or the

partial replacement of citrate transfusion protocol (PRCTP)

(Figure 1). The overall T/iCa before BPT was lower in the DTP

group, but there were also individual cases with relatively high T/

iCa. For DTP during RCA-CRRT, blood products were directly

transfused without any adjustment to the RCA-CRRT regimen.

For the PRCTP, blood products were transfused into the CRRT

circulation near the citrate transfusion point; at the same time,

the dosage of 4% sodium citrate was reduced based on the

amount in the blood products (Figure 1).

Basic information (body weight, age, gender, and underlying

diagnostic category), and clinical data (blood product type,

volume, transfusion hours, duration of CRRT before and after

BPT, and filter lifespan) were recorded for all patients. Heart

rate; blood pressure; ionized calcium; various pressure parameters

before, during, and after BPT; coagulation indexes [prothrombin

time (PT), activated partial thromboplastin time (APTT),
frontiersin.org
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FIGURE 1

Overview of the DTP and the PRCTP. PRCTP, partial replacement of citrate transfusion protocol; QCi, the infusion rate of 4% Sodium Citrate before
PRCTP; QCi*, the infusion rate of 4% Sodium Citrate during PRCTP; QBP, the infusion rate of blood product; DTP, direct transfusion protocol.
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fibrinogen, and D-dimer]; electrolytes; and blood cell counts were

recorded before and after BPT.
2.4. Statistical analysis

SPSS version 22.0 was used for statistical analysis. Count data

were expressed as number and percentage, and the chi-square test

was used for comparisons. Continuous data with a normal

distribution were expressed as mean ± standard deviation, and a t-
Frontiers in Pediatrics 03
test was used for comparisons; continuous data with a non-normal

distribution were expressed as median (interquartile range, IQR),

and were compared using the non-parametric Mann–Whitney U-

test. A p value below 0.05 was considered statistically significant.
3. Results

Twenty-six children received 44 PRCRTPs and 15 children

received 20 DTPs (Table 1). At baseline, these two groups had
frontiersin.org
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TABLE 1 Characteristics of children who underwent RCA-CRRT with
transfusion of a blood product using the PRCTP or the DTPa.

PRCTP DTP p
Sessions 44 20

Children 26 15

Age, months 6.00 (1.00, 22.00) 40.00 (2.00, 122.00) 0.136

Males 21 (81%) 11 (73%) 0.788

Weight, kg 7.50 (4.00,12.00) 14.00 (5.00,36.00) 0.311

PRISM-III score 25.25 ± 3.91 26.15 ± 3.62 0.530

Type of blood product
FFP 25 16 0.095

Platelets 19 4 0.095

PRCTP, partial replacement of citrate transfusion protocol, DTP, direct transfusion

protocol, FFP, fresh frozen plasma.
aData are given as number, number (%), median (IQR), or mean± SD.

TABLE 3 Clinical characteristics of patients before, during, and after
PRCTP (44 transfusions in 26 children)a.

Before During After p
WBC ×109/L 8.53 ± 5.65 – 7.98 ± 4.81 0.184

RBC ×1012/L 3.10 ± 0.60 – 3.10 ± 0.62 0.987

Hemoglobin, g/L 91.43 ± 18.00 – 90.70 ± 18.02 0.638

T/iCa 2.33 ± 0.29 – 2.33 ± 0.26 0.918

T/iCa > 2.5 11 (25.0%) – 9 (20.5%) 0.800

iCa2+ < 0.9 0 (0%) – 0 (0%) 1.000

iCa, mmol/L 0.36 ± 0.06 0.33 ± 0.06 0.37 ± 0.06 0.018

iCa in vivo, mmol/L 1.06 ± 0.07 – 1.07 ± 0.09 0.162

HCO3−, mmol/L 23.72 ± 5.74 18.48 ± 3.91 22.61 ± 3.83 <0.001

QB/BW, ml/kg/min 3.52 ± 0.70

Arterial pressure,
mmHg

110.59 ± 28.03 110.34 ± 27.13 111.29 ± 26.31 0.986

Venous pressure,
mmHg

87.93 ± 27.05 88.39 ± 25.66 88.75 ± 24.83 0.989

Transmembrane
pressure, mmHg

55.14 ± 17.31 58.27 ± 19.78 60.39 ± 17.25 0.474

Heart rate, bpm 146.70 ± 34.40 146.11 ± 34.53 146.18 ± 33.60 0.996

Mean arterial pressure,
mmHg

61.20 ± 13.25 62.77 ± 15.41 65.25 ± 14.52 0.417

PRCTP, partial replacement of citrate transfusion protocol, WBC, white blood cell,

RBC, red blood cell, T/iCa, ratio of total calcium to ionized calcium, iCa, in vitro

ionized calcium, HCO3−, bicarbonate, QB, blood flow rate, BW, body weight.
aData are given as mean ± SD or n (%).

TABLE 4 Clinical characteristics of patients before, during, and after DTP
(20 transfusions in 15 children)a.

Before During After p
WBC ×109/L 7.76 ± 6.51 – 7.99 ± 5.79 0.797

RBC ×1012/L 3.21 ± 0.48 – 2.99 ± 0.51 0.059

Hemoglobin, g/L 92.35 ± 8.64 – 87.90 ± 13.94 0.135

T/iCa 2.06 ± 0.19 – 2.52 ± 0.35 <0.001

T/iCa > 2.5 1 (5.0%) – 9 (45.0%) 0.008

iCa2+ < 0.9 0 (0) – 3 (15%) 0.115

External iCa, mmol/L 0.34 ± 0.06 0.31 ± 0.04 0.33 ± 0.07 0.265

iCa in vivo, mmol/L 1.06 ± 0.09 – 1.02 ± 0.11 0.029

HCO3−, mmol/L 25.75 ± 4.96 19.64 ± 4.59 25.65 ± 4.93 <0.001

QB/BW, ml/kg/min 3.03 ± 0.64

Arterial pressure, 112.85 ± 25.38 114.15 ± 27.36 115.80 ± 25.90 0.939

Sun et al. 10.3389/fped.2023.1086420
no significant differences in age, weight, PRISM-III score, type of

blood product (fresh frozen plasma vs. platelets), or gender.

The in vitro iCa during BPT was 0.33 (±0.06) mmol/L in the

PRCTP group and 0.31 (±0.04) mmol/L in the DTP group, the

total filter lifespan was 49.33 h (±18.58) in the PRCTP group

and 50.65 h (±13.57) in the DTP group, and the filter lifespan

after BPT was 25.31 h (±13.87) in the PRCTP group and 23.39 h

(±11.34) in the DT group (Table 2). The two groups had no

significant differences in these three parameters, and also had no

significant differences in BPT rate, BPT duration, ratio of total

calcium to ionized calcium (T/iCa) after BPT, and percentage of

patients with T/iCa above 2.5 before or after BTP (all p > 0.05).

There was no visible filter-clotting in any of the two groups

during BPT. However, compared to the DTP group, the PRCTP

group had a greater T/iCa before BPT (2.33 vs. 2.06 mmol/L,

p = 0.001) and a smaller increase of T/iCa after treatment (0.00

vs. 0.45 mmol/L, p < 0.001).

We also analyzed the clinical data of patients in the PRCTP

group (Table 3) and the DTP group (Table 4) before, during,

and after the BPT. Analysis of each group indicated no

significant differences in arterial pressure, venous pressure,

transmembrane pressure, heart rate, mean arterial pressure, white
TABLE 2 Effect of the PRCTP and DTP on filtration characteristics and
calcium statusa.

PRCTP (n = 44) DTP (n = 20) p
BPT rate, ml/kg/h 11.48 ± 5.41 11.26 ± 3.62 0.884

Filter lifespan, h 49.33 ± 18.58 50.65 ± 13.57 0.785

BPT hours, h 1.45 ± 0.50 1.31 ± 0.53 0.322

Filter lifespan before BPT, h 22.66 ± 14.18 25.28 ± 8.75 0.476

Filter lifespan after BPT, h 25.31 ± 13.87 23.39 ± 11.34 0.615

Clotting during BPT, n 0 0

External iCa during BPT, mmol/L 0.33 ± 0.06 0.31 ± 0.04 0.143

T/iCa before BPT 2.33 ± 0.29 2.06 ± 0.19 <0.001

T/iCa after BPT 2.33 ± 0.26 2.52 ± 0.35 0.038

Change of T/iCa after treatment 0.00 ± 0.23 0.45 ± 0.22 <0.001

T/iCa > 2.5 before BPT 11 (25.0%) 1 (5.0%) 0.085

T/iCa > 2.5 after BPT 9 (20.5%) 9 (45.0%) 0.07

PRCTP, partial replacement of citrate transfusion protocol, DTP, direct transfusion

protocol, BPT, blood product transfusion, iCa, in vitro ionized calcium, T/iCa, ratio

of total calcium to ionized calcium.
aData are given as mean ± SD or number (%).

mmHg

Venous pressure,
mmHg

86.45 ± 24.87 88.50 ± 23.88 89.50 ± 23.56 0.920

Transmembrane
pressure, mmHg

54.05 ± 15.69 58.55 ± 18.58 57.60 ± 16.83 0.682

Heart rate, bpm 133.15 ± 29.21 133.30 ± 28.67 133.90 ± 27.02 0.996

Mean arterial pressure,
mmHg

59.90 ± 18.71 62.10 ± 18.74 63.50 ± 21.21 0.843

PRCTP, partial replacement of citrate transfusion protocol, WBC, white blood cell,

RBC, red blood cell, T/iCa, ratio of total calcium to ionized calcium, iCa, in vitro

ionized calcium, HCO3−, bicarbonate, QB, blood flow rate, BW, body weight.
aData are given as mean ± SD or n (%).
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blood cell count (WBC), red blood cell count (RBC), and

hemoglobin (Hb) at these three periods.

The DTP group had significant increases in T/iCa, percentage

of patients with T/iCa above 2.5, a significant decrease of in vivo

iCa, and a significant change in HCO3
− (all p < 0.05), however

there were no significantly changes in these three indicators in

the PRCTP group.
frontiersin.org

https://doi.org/10.3389/fped.2023.1086420
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Sun et al. 10.3389/fped.2023.1086420
We then compared five coagulation indicators before and after

transfusion with FFP or platelets in the PRCTP and DTP groups

(Table 5). Patients in the PRCTP group who received FFP had

significant declines in the PT and APTT, and a significant

increase in fibrinogen (all p < 0.05); patients in the PRCTP group

who received platelets had a significant decline in APTT and

significant increases in fibrinogen and platelets (all p < 0.05).

Patients in the DTP group who received FFP had significant

declines in the PT and APTT, and a significant increase in

fibrinogen (all p < 0.05); patients in the DTP group who received

platelets had a significant increase of platelets (p < 0.05).
4. Discussion

CRRT is widely used as a rescue treatment for critically ill

patients, but only a few studies examined BPT during CRRT, and

most of these studies were anticoagulated with SHA (10–12).

Many researchers previously believed that BPT increased the risk

of clotting during CRRT (10–12). However, RCA is gradually

replacing SHA as the preferred anticoagulation protocol during

CRRT and there is little known about the influence of BPT on

the risk of clotting and the best BPT protocol to be used during

RCA-CRRT. In this study, we found that both DTP and PRCTP

did not increase the risk of clotting during RCA-CRRT.
TABLE 5 Coagulation indexes and platelet levels before and after PRCTP
or DTP with FFP or plateletsa.

Before BPT After BPT p

FFP with PRCTP (25 transfusions)
PT, s 26.10 (20.95, 33.45) 18.30 (15.50, 22.65) <0.001

APTT, s 96.62 ± 42.10 55.30 ± 29.91 <0.001

Fibrinogen, g/L 1.07 ± 0.65 1.35 ± 0.66 <0.001

D-dimer, mg/L 8.01 (3.04, 14.00) 5.61 (4.31, 12.90) 0.778

Platelets ×109/L 63.88 ± 48.02 62.76 ± 53.59 0.808

Platelets with PRCTP (19 transfusions)
PT, s 18.00 (15.70, 26.10) 17.80 (13.50, 20.40) 0.704

APTT, s 74.76 ± 50.49 71.06 ± 52.24 0.016

Fibrinogen, g/L 1.16 ± 0.66 1.27 ± 0.73 0.023

D-dimer, mg/L 6.15 (3.22, 9.02) 6.08 (3.45, 9.93) 0.965

Platelets ×109/L 15.84 ± 8.12 109.47 ± 71.39 <0.001

FFP with DTP (16 transfusions)
PT, s 24.20 (20.10, 31.60) 15.50 (13.20, 17.00) <0.001

APTT, s 106.30 ± 63.90 56.97 ± 42.08 0.001

Fibrinogen, g/L 1.17 ± 0.72 1.82 ± 1.14 0.028

D-dimer, mg/L 6.70 ± 5.76 7.72 ± 6.54 0.142

Platelets ×109/L 66.47 ± 55.45 59.33 ± 46.20 0.106

Platelets with DTP (4 transfusions)
PT, s 19.40 (17.55, 20.95) 18.20 (16.30, 21.38) 0.564

APTT, s 49.70 (45.33, 147.68) 51.10 (39.30, 148.33) 0.564

Fibrinogen, g/L 0.62 (0.50, 1.37) 0.85 (0.56, 1.42) 0.885

D-dimer, mg/L 5.23 (3.95, 39.65) 3.82 (3.04, 39.77) 0.386

Platelets ×109 7.00 (6.00, 15.50) 62.50 (48.25, 107.50) 0.020

BPT, blood product transfusion, FFP, fresh frozen plasma, PRCTP, partial

replacement of citrate transfusion protocol, PT, prothrombin time, APTT,

activated partial thromboplastin time, DTP, direct transfusion protocol.
aData are given as mean ± SD or median (IQR).
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However, DTP group had an increased risk of CA and

hypocalcemia. But our novel PRCTP regimen significantly

reduced the risk of CA and hypocalcemia.

There are differences in the anticoagulation principles and

monitoring standards for SHA and RCA, so the influence of BPT

on coagulation during CRRT should also theoretically be

different between SHA and RCA. Because the transfusion of FFP

and platelets increase the number of clotting factors or platelets,

which is more likely to increase the risk of clotting than the

transfusion of red blood cell, and the concentration of citrate

contained in FFP or platelets is much higher than that in red

blood cell suspension (about 1.5 mmol/L), this study we focused

on FFP and platelet infusion. When using SHA, clinicians

typically monitor anticoagulation status by measuring the

activated coagulation time or the APTT, with targets of 1.5–2

times the normal values (16). During FFP transfusion,

coagulation factors are added, and the coagulation function of

the child will gradually improve. Thus, using the same heparin

dosage will make it difficult to maintain the ideal anticoagulation

target, and the clotting risk will inevitably increase. It is also

difficult to increase the dose of heparin to maintain a stable

anticoagulant state. Even with platelet transfusion, the increased

number of platelets will activate the clotting system and the risk

of clotting will also increase. However, when using RCA,

clinicians often use the in vitro iCa concentration as the

anticoagulation target (16). Michael et al. found that blood did

not clot when the iCa concentration was below 0.33 mmol/L

(15), and the in vitro iCa concentration is negatively correlated

with the citric acid concentration. During RCA-CRRT, if BPT is

performed without any adjustment, such as DTP regimen,

although the number of coagulation factors or platelets will

increase, citrate contained in blood products will increase the

total dosage of citrate in the CRRT circulation compared to

original RCA-CRRT and lead to further reduction of in vitro iCa.

Theoretically, this may still maintain effective anticoagulation, or

even better anticoagulation effect. The results of this study were

consistent with our speculation. In our DTP group in this study,

in vitro iCa was lower during DTP (0.33 ± 0.06 mmol/L) than

those before (0.36 ± 0.06 mmol/L) and after DTP (0.37 ±

0.06 mmol/L).

Our results showed that neither PRCTP nor DTP increased the

risk of clotting during RCA-CRRT. Firstly, both groups had in vitro

iCa concentrations during BPT below 0.4 mmol/L, within the

anticoagulation target range (15, 17, 18). Secondly, our filter

lifespan was comparable to those reported in other children

receiving RCA-CRRT (24.6–72 h) (19–23), and our two groups

had no significant difference in total filter lifespan (PRCTP:

49.33 ± 18.58 h vs. DTP: 50.65 ± 16.62 h, p = 0.785). The filter

lifespan after BPT was about 24 h (PRCTP: 25.31 ± 13.87 h, DTP:

23.39 ± 11.34 h). Thirdly, platelet transfusion with PRCTP or

DTP did not increase APTT, PT, or D-dimer, and did not

decrease fibrinogen. In addition, there were no significant

decreases in platelets in the groups that received FFP transfusion

with PRCTP or DTP. Fourthly, PRCTP and DTP led to no

significant increases in arterial pressure, venous pressure, or

transmembrane pressure during and after treatment. Therefore,
frontiersin.org
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PRCTP and DTP can both maintain effective anticoagulation

during RCA-CRRT without increasing the risk of filter

clotting, and our two groups had no significant difference in

this outcome.

However, additional citric acid injection may increase the

risk of CA, and our PRCTP is theoretically a good option to

maintain effective anticoagulation without increasing the risk

of CA. DTP increased the dosage of citrate contained in the

blood products based on the original RCA-CRRT, so the risk

of CA was higher than that of the original RCA-CRRT. To

reduce the risk of CA, it is therefore necessary to reduce the

dosage of citrate. If the citrate dosage is reduced by slowing

down the citrate pump during DTP, this will lead to an

insufficient citrate concentration in the CRRT circulation and

iCa in vitro, thereby increasing the risk of clotting. However,

when a blood product is transfused using our PRCTP, this

maintains an effective in vitro iCa, which is similar to the level

before PRCTP, and does not increase the risk of CA. The

following two aspects may be responsible for this effect. First,

we adjusted the flow rate of the citrate pump during PRCTP

according to the calculated dosage of citrate in the blood

product, so as to make sure the actual dosage of citrate

infusing into the body during PRCTP was similar to the

dosage before PRCTP. The citric acid concentration in 4%

sodium citrate is 136 mmol/L, which is 9 times higher than

those in the FFP (15 mmol/L) and platelets (15 mmol/L).

Second, because the blood product infusion point is close to

the sodium citrate infusion point, the actual dosage of citrate

entering the body, that is the sum of the dosage of citrate in

the blood product and the dosage of sodium citrate after

adjusted, is similar to the total dosage of citric acid before

PRCTP, the citric acid concentration in the filter was

approximately equal to that before PRCTP.

Our PRCTP group had significantly lower risk of CA and

hypocalcemia than our DTP group. During RCA-CRRT, CA is

often manifested as increased T/iCa ratio, hypocalcemia and

metabolic acidosis, and T/iCa above 2.5 is often used as the

diagnostic criteria for CA (24, 25). After DTP, the T/iCa (2.06 ±

0.19 vs. 2.52 ± 0.35, p <0.001) and the incidence of sessions with

T/iCa above 2.5 (5% vs. 45%, p = 0.008) increased significantly;

the in vivo iCa (1.06 ± 0.09 mmol/L vs. 1.02 ± 0.11 mmol/L,

p = 0.029) decreased significantly and the incidence of

hypocalcemia also increased though without statistical

significance. However, we found that PRCTP led to no

significant increase in T/iCa, the incidence of patients with T/iCa

above 2.5 and hypocalcemia. Furthermore, we chose more

children with relatively lower T/iCa before BPT to be included in

the DTP group (2.06 ± 0.19 mmol/L) than that in the PRCTP

group (2.33 ± 0.29 mmol/L) to avoid serious complications

related to CA, considering that DTP could theoretically lead to a

greater risk of CA. The increase in T/iCa after BPT was

significantly higher in the DTP group than that in the PRCTP

group (0.45 ± 0.22 vs. 0.00 ± 0.23, p < 0.001). We speculate that if

T/iCa in the DTP group was comparable to that in the PRCTP

group, it would most likely lead to more significant increase in

CA and hypocalcemia complications in the DTP group, or even
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severe hypocalcemia, which would greatly endanger these

children. Therefore, we believe that PRCTP significantly reduced

the risk of CA compared with DTP.

A limitation of our study is that T/iCa was significantly lower

in the DTP group than in the PRCTP group before BPT, which

meant that CA risk was lower in the DTP group than in the

PRCTP group and made the data of the two groups less

consistent. However, this was for the sake of the safety of

children in the DTP group, and our study results also

suggested that our concerns were reasonable. This study was

also limited due to its short duration and the small number of

cases.
5. Conclusion

Both PRTCP and DTP did not increase the risks of filter

clotting during RCA-CRRT. However, the use of PRCTP

significantly decreased the risk of CA and hypocalcemia when

compared to DTP. PRCTP is a good innovative method for

blood product infusion during RCA-CRRT, which does not

increase the risk of clotting and CA-related risk.
Data availability statement

The original contributions presented in the study are included

in the article, further inquiries can be directed to the corresponding

author.
Ethics statement

The studies involving human participants were reviewed and

approved by This study was approved by the Institutional

Review Board of Children’s Hospital of Chongqing Medical

University (2019-237). Written informed consent to

participate in this study was provided by the participants’ legal

guardian/next of kin.
Author contributions

All authors listed have made a substantial, direct, and

intellectual contribution to the work and approved it for

publication.
Funding

Hongxing Dang reported financial support for the present

study from Program for Youth Innovation in Future Medicine

from Chongqing Medical University: Basic and Clinical Study of

Critical Illness in Children (2021-W0111).
frontiersin.org

https://doi.org/10.3389/fped.2023.1086420
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Sun et al. 10.3389/fped.2023.1086420
Acknowledgments

We are very grateful to all patients who participated in this
study. We would like to thank the medical and nursing staff of
Children’s Hospital of Chongqing Medical University.
Conflict of interest

The authors declare that the research was conducted

in the absence of any commercial or financial
Frontiers in Pediatrics 07
relationships that could be construed as a potential conflict of

interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Al-Ayed T, Rahman NU, Alturki A, Aljofan F. Outcome of continuous renal
replacement therapy in critically ill children: a retrospective cohort study. Ann
Saudi Med. (2018) 38(4):260–8. doi: 10.5144/0256-4947.2018.260

2. Goldstein SL, Somers MJG, Brophy PD, Bunchman TE, Baum M, Blowey D, et al.
The prospective pediatric continuous renal replacement therapy (ppCRRT) registry:
design, development and data assessed. Int J Artif Organs. (2004) 27(1):9–14.
doi: 10.1177/039139880402700104

3. Symons JM, Chua AN, Somers MJ, Baum MA, Bunchman TE, Benfield MR, et al.
Demographic characteristics of pediatric continuous renal replacement therapy: a
report of the prospective pediatric continuous renal replacement therapy registry.
Clin J Am Soc Nephrol. (2007) 2(4):732–8. doi: 10.2215/CJN.03200906

4. Goldstein SL, Somers MJ, Baum MA, Symons JM, Brophy PD, Blowey D, et al.
Pediatric patients with multi-organ dysfunction syndrome receiving continuous
renal replacement therapy. Kidney Int. (2005) 67(2):653–8. doi: 10.1111/j.1523-1755.
2005.67121.x

5. Hoste EA, Schurgers M. Epidemiology of acute kidney injury: how big is the
problem? Crit Care Med. (2008) 36(4):146–51. doi: 10.1097/CCM.0b013e318168c590

6. Chertow GM, Burdick E, Honour M, Bonventre JV, Bates DW. Acute kidney
injury, mortality, length of stay, and costs in hospitalized patients. J Am Soc
Nephrol. (2005) 16(11):3365–70. doi: 10.1681/ASN.2004090740

7. Akhoundi A, Singh B, Vela M, Chaudhary S, Monaghan M, Wilson GA, et al.
Incidence of adverse events during continuous renal replacement therapy. Blood
Purificat. (2015) 39(4):333–9. doi: 10.1159/000380903

8. du Cheyron D, Parienti JJ, Fekih-Hassen M, Daubin C, Charbonneau P. Impact of
anemia on outcome in critically ill patients with severe acute renal failure. Intens Care
Med. (2005) 31(11):1529–36. doi: 10.1007/s00134-005-2739-5

9. Al-Dorzi HM, Alhumaid NA, Alwelyee NH, Albakheet NM, Nazer RI, Aldakhil
SK, et al. Anemia, blood transfusion, and filter life span in critically ill
patients requiring continuous renal replacement therapy for acute kidney injury: a
case-control study. Crit Care Res Pract. (2019) 2019:3737083. doi: 10.1155/2019/
3737083

10. Holt AW, Bierer P, Bersten AD, Bury LK, Vedig AE. Continuous renal
replacement therapy in critical ill patients: monitoring circuit function. Anaesth
Intens Care. (1996) 24(4):423–9. doi: 10.1177/0310057X9602400402

11. Cutts MW, Thomas AN, Kishen R, Thomas RK. Transfusion requirements
during continuous veno-venous haemofiltration: the importance of filter life.
Intensive Care Med. (2000) 26(11):1694–7. doi: 10.1007/s001340000676

12. Goonasekera CD, Wang J, Bunchman TE, Deep A. Factors affecting circuit life
during continuous renal replacement therapy in children with liver failure. Ther Apher
Dial. (2015) 19(1):16–22. doi: 10.1111/1744-9987.12224
13. Ramesh Prasad GV, Palevsky PM, Burr R, Lesko JM, Gupta B, Greenberg A.
Factors affecting system clotting in continuous renal replacement therapy: results of
a randomized, controlled trial. Clin Nephrol. (2000) 53(1):55–60.

14. Lameire N, Kellum JA. Contrast—induced acute kidney injury and renal support
for acute kidney injury: a KDIGO summary (part 2). Crit Care. (2013) 17(1):205.
doi: 10.1186/cc11455

15. James MF, Roche AM. Dose-response relationship between plasma ionized
calcium concentration and thrombelastography. J Cardiothorac Vasc Anesth. (2004)
18(5):581–6. doi: 10.1053/j.jvca.2004.07.016

16. Legrand M, Tolwani A. Anticoagulation strategies in continuous renal
replacement therapy. Semin Dial. (2021) 34(6):416–22. doi: 10.1111/sdi.12959

17. Poh CB, Tan PC, Kam JW, Siau C, Lim NL, Yeon W, et al. Regional citrate
anticoagulation for continuous renal replacement therapy—a safe and effective low-
dose protocol. Nephrology (Carlton). (2020) 25(4):305–13. doi: 10.1111/nep.13656

18. Morabito S, Pistolesi V, Tritapepe L, Zeppilli L, Polistena F, Fiaccadori E, et al.
Regional citrate anticoagulation in CVVH: a new protocol combining citrate solution
with a phosphate-containing replacement fluid. Hemodial Int. (2013) 17(2):313–20.
doi: 10.1111/j.1542-4758.2012.00730.x

19. Cortina G, McRae R, Chiletti R, Butt W. The effect of patient- and treatment-
related factors on circuit lifespan during continuous renal replacement therapy in
critically ill children. Pediatr Crit Care Med. (2020) 21(6):578–85. doi: 10.1097/
PCC.0000000000002305

20. Sık G, Demirbuga A, Annayev A, Citak A. Regional citrate versus systemic
heparin anticoagulation for continuous renal replacement therapy in critically ill
children. Int J Artif Organs. (2020) 43(4):234–41. doi: 10.1177/0391398819893382

21. Raymakers-Janssen PAMA, Lilien M, van Kessel IA, Veldhoen ES, Asperen
RMW-v, van Gestel JPJ. Citrate versus heparin anticoagulation in continuous renal
replacement therapy in small children. Pediatr Nephrol. (2017) 32(10):1971–8.
doi: 10.1007/s00467-017-3694-4

22. Persic V, Trampuz BV, Medved B, Pavcnik M, Ponikvar R, Gubensek J. Regional
citrate anticoagulation for continuous renal replacement therapy in children. Pediatr
Nephrol. (2017 Apr) 32(4):703–11. doi: 10.1007/s00467-016-3544-9

23. Jolanta S, Alfred W, Bartłomiej K, Danuta O-N, Anna B, Magdalena S-D, et al.
Citrate anticoagulation for continuous renal replacement therapy in small children.
Pediatr Nephrol. (2014 Mar) 29(3):469–75. doi: 10.1007/s00467-013-2690-6

24. Schneider AG, Journois D, Rimmelé T. Complications of regional citrate
anticoagulation: accumulation or overload? Critical Care. (2017) 21:281.

25. 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. Crit Care. (2012) 16:R162. doi: 10.1186/cc11485
frontiersin.org

https://doi.org/10.5144/0256-4947.2018.260
https://doi.org/10.1177/039139880402700104
https://doi.org/10.2215/CJN.03200906
https://doi.org/10.1111/j.1523-1755.2005.67121.x
https://doi.org/10.1111/j.1523-1755.2005.67121.x
https://doi.org/10.1097/CCM.0b013e318168c590
https://doi.org/10.1681/ASN.2004090740
https://doi.org/10.1159/000380903
https://doi.org/10.1007/s00134-005-2739-5
https://doi.org/10.1155/2019/3737083
https://doi.org/10.1155/2019/3737083
https://doi.org/10.1177/0310057X9602400402
https://doi.org/10.1007/s001340000676
https://doi.org/10.1111/1744-9987.12224
https://doi.org/10.1186/cc11455
https://doi.org/10.1053/j.jvca.2004.07.016
https://doi.org/10.1111/sdi.12959
https://doi.org/10.1111/nep.13656
https://doi.org/10.1111/j.1542-4758.2012.00730.x
https://doi.org/10.1097/PCC.0000000000002305
https://doi.org/10.1097/PCC.0000000000002305
https://doi.org/10.1177/0391398819893382
https://doi.org/10.1007/s00467-017-3694-4
https://doi.org/10.1007/s00467-016-3544-9
https://doi.org/10.1007/s00467-013-2690-6
https://doi.org/10.1186/cc11485
https://doi.org/10.3389/fped.2023.1086420
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Novel blood product transfusion regimen to prevent clotting and citrate accumulation during continuous renal replacement therapy with regional citrate anticoagulation in children
	Introduction
	Methods
	Patients
	Materials
	Methods
	Statistical analysis

	Results
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


