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liver failure
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Background: Regional citrate anticoagulation (RCA) is being used more commonly
in children for continuous renal replacement therapy. Few reports describe the
application of membrane-based therapeutic plasma exchange (mTPE) with RCA
in children with liver failure (LF).
Aims: To explore the application of RCA-mTPE in children with LF.
Methods: We retrospectively analyzed data from children with LF who underwent
RCA-mTPE in the Children’s Hospital of Chongqing Medical University’s pediatric
intensive care unit. We used the total to ionized calcium ratio (T/iCa) > 2.5 as the
diagnostic criteria for citrate accumulation (CA). The patients were divided into
two groups according to the occureence of CA at the end of RCA-mTPE (CA
group: T/iCa > 2.5; NCA group: T/iCa≤ 2.5). To evaluate the clinical safety and
efficacy of RCA-mTPE, the following data from medical records were assessed
and compared between groups: clinical characteristics, reasons for LF, RCA-
mTPE parameters and duration, laboratory findings, and complications.
Results: In total, 92 RCA-mTPE treatments were administered to 21 children with
LF over 3.8 ± 0.9 h. The following mean values were determined: blood flow rate
(QB) = 2.8 ml/kg/min, 4% sodium citrate dose/blood flow rate ratio (QCi/QB) = 1.1
(QCi,ml/kg/h); plasma dose/body weight ratio(QP/BW) = 18.5 (QP, ml/kg/h); 10%
calcium gluconate dose/blood flow rate ratio (QCa/QB) = 0.2(QCa, ml/kg/h).
The mean concentration of iCa in vitro was 0.38 ± 0.07 mmol/L. Citrate
accumulation was recorded after 34 (37%) treatments. Hypocalcemia occurred
in 11 (12%) and 7 (7.6%) treatments, during and after mTPE, respectively. Three
hypotensive and one convulsive events, related to hypocalcemia, and two
clotting events occurred during RCA-mTPE. After RCA-mTPE, the patients’ pH,
HCO3

− and Na+ levels, and T/iCa were significantly increased and the total
bilirubin (TB), conjugated bilirubin (DB), prothrombin time (PT), activated partial
thromboplastin time (APTT), alanine aminotransferase (ALT), aspartate
aminotransferase (AST),and ammonia levels were significantly decreased. The
TB, DB, and lactic acid levels, before RCA-mTPE, were significantly higher in
the CA group than in the NCA group, but there were no significance between
the two groups in QB/BW, QCi/QB, and QP/BW, mTPE duration, and estimated
amount of citrate metabolized.
Abbreviations:

APTT, activated partial thromboplastin time; CRRT, continuous renal replacement therapy; FFP, fresh frozen
plasma; iCa, ionized calcium; LF, liver failure; mTPE, membrane-based therapeutic plasma exchange; PT,
prothrombin time; RCA, regional citrate anticoagulation; T/iCa, total to ionized calcium ratio.
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Conclusions: Children with LF undergoing RCA-mTPE are at risk of hypocalcemia.
With proper protocol adjustment, however, RCA-mTPE can be used safely and
effectively in these patients.
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Introduction

The human liver is a vital organ that performs important

functions such as synthesis, metabolism, detoxification,

immunity, and secretion. The significant reduction of its

functions may manifest with conditions such as abnormal blood

coagulation, hypoproteinemia, jaundice, and hyperammonemia.

Liver failure (LF) can have severe clinical manifestations and

result in death. For those with LF, various supportive therapies,

such as therapeutic plasma exchange (TPE), molecular adsorbent

recirculation, and single-pass albumin dialysis, have been

developed as temporary alternatives or bridging treatments before

liver transplantation or self-recovery. TPE is the most commonly

used technique for acute LF and has been included in European

guidelines (1) as a level I, grade 1 recommendation for the

management of this condition. Although the value of TPE for

acute LF remains controversial (1–3).

Pediatric acute LF is a rare disease with reported mortality rates

of 24%–53% (4, 5). It is diagnosed when a patient who has never

had liver disease shows biochemical evidence of hepatic injury

and significant coagulopathy and encephalopathy (6). Pediatric

acute LF is characterized pathologically by hepatic necrosis,

hepatocyte destruction, and bile duct proliferation (7). Children

with liver injury typically show coagulation dysfunction because

the liver is vital for the synthesis of blood coagulation factors.

TPE has been employed for numerous indications over the past

decade, including the management of autoimmune and

rheumatological diseases, LF, sepsis, hematological disorders, and

renal and neurological diseases, and for drug removal (8). It often

necessitates anticoagulation, especially when fresh-frozen plasma

(FFP) is used as a therapeutic solution. Since most anticoagulants

are metabolized in the liver, patients with LF frequently have

coagulation disorders, making this procedure challenging (9).

Systemic heparin administration is the most commonly used

method for hemodialysis and membrane therapeutic plasma

exchange (mTPE), due to its anticoagulatory effect, rapid onset, and

low cost; however, it may increase the risk of bleeding (10).

Generally, the initial and maintenance doses of heparin maintain an

activated clotting time (ACT) or activated partial thromboplastin

time (APTT) 1.5–2 times that of normal (11). As the child’s

coagulation function improves with continuous FFP infusion, the

heparin dose should theoretically be increased to maintain

appropriate anticoagulation (11, 12). However, it is extremely

difficult to increase the dosage of heparin appropriately, and

improper adjustmentmay increase the risk of bleeding or clotting (13).

Citrate inhibits the coagulation cascade by reducing the

concentration of ionized calcium (iCa) in the filter via chelation.

The filter removes a portion of the calcium citrate complexes, and
02
the remainder enters the systemic circulation and is metabolized

rapidly. A constant citrate concentration can theoretically

maintain a constant ionized calcium (iCa) concentration, and the

blood does not clot when the concentration of iCa is less than

0.33 mmol/L (14). Because FFP contains a stable citrate

concentration, it is not necessary to continuously increase the

amount of citrate to maintain an appropriate iCa concentration in

vitro; in fact, the amount of citrate must be reduced. Thus, the

anticoagulant effect of citrate in TPE may be more stable.

Citrate is used more commonly in centrifugal TPE than in

membrane-based TPE (mTPE), due to the less risks of citrate

accumulation and hypocalcemia caused by greater citrate removal

(80% vs. 20%–30%) (15). mTPE is a common PE method that has

the advantages of simple operation, low cost, and high separation

capacity. Theoretically, these risks can be reduced by adjustment

of the mTPE protocol to maintain the citrate dose within the

patient’s metabolic capacity. Few reports describe the application

of mTPE with regional citrate anticoagulation (RCA-mTPE) in

children with LF. The purpose of this study was to assess the

efficacy, safety, and benefits of the RCA-mTPE protocol for

children with LF, to provide a basis for the clinical selection of

more optimal anticoagulation methods for this patient population.
Methods

Study design and patients

We conducted this retrospective study with data from children

with LF who underwent RCA-mTPE at the Children’s Hospital of

Chongqing Medical University, Chongqing, China, between

February 2020 and November 2021. The study was approved by

the hospital’s ethics committee [2022 NLS (Y) no. 146]. Written

informed consent was obtained from all children’s legal

guardians. Pediatric acute LF(PALF) was diagnosed in

accordance with the national diagnostic criteria for acute LF in

children, including: (a) the absence of pre-existing liver disease,

(b) severe LD suddenly occurred within 8 weeks of onset, and (c)

uncorrectable coagulopathy (after the administration of vitamin

K) with prothrombin time (PT) > 20 s and international

normalized ratio (INR) > 2.0 in patients without hepatic

encephalopathy, or coagulopathy with PT > 15 s or INR > 1.5 in

patients with encephalopathy (9, 16).

Inclusion criteria
Meet all the following contents: (a) PALF diagnosis criteria

were met and mTPE treatment was performed; (b) mTPE was

anticoagulated with RCA.
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Exclusion criteria
Meet any one of the following contents: (a) Despite received

mTPE, PALF diagnostic criteria were not met; (b) mTPE was

anticoagulated with other anticoagulation methods besides

RCA.The patients were divided into two groups according to

whether T/iCa > 2,5, which was often being used as a diagnostic

criterion for citric acid accumulation(CA) (9), after RCA-mTPE

(CA group: T/iCa > 2.5; NCA group: T/iCa≤ 2.5).
RCA-mTPE

RCA-mTPEwas performed using the PlasautoΣ blood perfusion

device. An appropriate membrane plasma separator was chosen

according to each child’s weight. When the extracorporeal

circulation volume exceeded 10% of the blood volume or the

patient had hypotension, a red blood cell suspension and albumin

were used to prefill the extracorporeal circulation. Sodium citrate

anticoagulant (136 mmol/L citrate; National Medicine Permit no.

H20058913; Sichuan Nightingale Biological, China) was delivered

to the arterial blood collection end of the device, and 10% calcium

gluconate was delivered to the venous return end. The initial

RCA-mTPE protocol is shown in Table 1. When the ratio of total

to ionized calcium (T/iCa) exceeded 2.5 before RCA-mTPE, the

initial blood flow rate, 4% sodium citrate dose, and plasma dose

took the smaller value, while the 10% calcium gluconate dose took

the larger value. FFP or normal plasma was anticoagulated using

citrate dextrose solution II, resulting in a plasma citrate

concentration of about 15 mmol/L.

First, the sodium citrate dose was adjusted to attain an in-vitro

iCa concentration of 0.2–0.4 mmol/L; it was increased above this

range and reduced below it. The calcium gluconate dose was then

adjusted to attain a target in-vivo iCa concentration of 1.0–

1.35 mmol/L; it was reduced above this range and increased below it.

In-vivo and in-vitro blood gas analyses (ABL90 FLEX analyzer)

were performed 30 min after the start of RCA-mTPE. Routine

blood gas and component analyses were performed and

biochemical indicators, electrolytes, and coagulation factors were

evaluated after RCA-mTPE.
Data collection and variable definitions

The following information was collected from the patients’

medical records: reasons for LF, RCA-mTPE parameters and
TABLE 1 RCA-mTPE parameter settings.

Parameter Initial parameters Final parameters
QB, ml/kg/min 2–5 2.8

QCi/QB 0.8–1 1.1

QCa/QB 0.1–0.3 0.2

QP/BW 10–25 18.5

RCA-mTPE, regional citrate anticoagulation for membrane-based therapeutic

plasma exchange.

QB, blood flow rate; QCi, 4% sodium citrate dose; QCa, 10% calcium gluconate

dose; QP, plasma dose; BW, body weight.

For example, the initial parameters for a 10-kg child are: QB= 30 mL/min, QCi =

30 ml/h, QCa = 6 ml/h, and QP= 200 ml/h.
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duration, laboratory findings, citrate accumulation (T/iCa > 2.5),

hypocalcemia (iCa concentration < 0.9 mmol/L), hypercalcemia

(iCa concentration > 1.35 mmol/L), hyponatremia (sodium ion

concentration < 135 mmol/L), hypernatremia (sodium ion

concentration > 145 mmol/L), metabolic acidosis (bicarbonate

concentration < 22 mmol/L), and metabolic alkalosis (bicarbonate

concentration > 27 mmol/L). When the waste liquid flow rate

equaled the plasma dose + sodium citrate dose, the filter

clearance rate was calculated as:

clearance rate ¼ QPþ QCi
QB� 60þ QCi

:

where QP is the plasma dose, QCi is the sodium citrate dose, and

QB is the blood flow rate. The amount of citrate metabolized by the

body was estimated as:

Citrate metabolized (mmol=kg=h)

¼ QCi � 0:136 � (1� filter clearance rate)þ QP � 0:015:
Statistical analysis

The statistical analyses were performed with IBM SPSS (version

21). The chi-squared test and Fisher’s exact test were used to assess

differences in qualitative data. Continuous variables consistent with

normal distribution were reported as mean ± standard deviation

and compared using the t test, and without normal distribution

were reported as median (first and third quartile) and compared

using the Mann–Whitney U test. P-values <0.05 were considered

to reflect significance.
Results

Patient characteristics

The sample comprised data from 21 children with LF who

underwent 92 RCA-mTPE treatments with an average duration

of 3.8 ± 0.9 h. The patients’ clinical characteristics are

summarized in Table 2.
Effect of RCA-mTPE on the clinical
indicators

After RCA-mTPE, the patients’ total and conjugated bilirubin

levels, APTT, aspartate and alanine aminotransferase levels

improved significantly, however, the pH, bicarbonate levels, and

T/iCa also increased significantly. The in-vivo iCa concentration

decreased significantly in CA group and increased significantly in

NCA group (Table 3).
frontiersin.org

https://doi.org/10.3389/fped.2023.1206999
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


TABLE 3 Biochemical indicators, electrolytes, and blood gas parameters
before and after RCA-mTPE.

Before PE After PE P-value
TB, μmol/L 227.90 ± 95.60 169.30 ± 83.10 <0.001

DB, μmol/L 85.80 ± 59.90 48.70 ± 37.70 <0.001

PT, s 33.90 ± 16.70 20.80 ± 9.00 <0.001

APTT, s 50.50 ± 16.80 43.10 ± 15.30 <0.001

AST, u/L 144.50 (53.25,
447.93)

72.10 (37.25,
183.50)

<0.001

ALT, u/L 138.50 (51.00,
343.00)

80.15 (35.75,
157.55)

<0.001

blood ammonia, mmol/L 78.90 ± 42.40 69.90 ± 33.40 0.003

blood lactate, mmol/L 3.10 ± 2.20 2.80 ± 1.40 0.242

PH 7.43 ± 0.07 7.47 ± 0.08 <0.001

HCO3
−, mmol/L 25.50 ± 5.60 30.50 ± 5.10 <0.001

iCa2+, mmol/L 1.18 ± 0.11 1.14 ± 0.17 0.465

T/iCa 2.03 ± 0.27 2.48 ± 0.51 <0.001

Na+, mmol/L 137.10 ± 4.00 139.80 ± 3.60 <0.001

Effects of citric acid-induced fluid load
Heart rate 117.37 ± 20.63 116.39 ± 21.79 0.639

Mean arterial pressure,
mmHg

72.42 ± 16.00 78.10 ± 17.17 0.002

Diastolic blood pressure,
mmHg

56.14 ± 12.81 60.52 ± 14.89 0.002

CA group
PH 7.42 ± 0.08 7.44 ± 0.06 0.122

HCO3
−, mmol/L 26.17 ± 6.04 28.72 ± 5.39 0.001

iCa2+, mmol/L 1.18 ± 0.11 1.05 ± 0.19 0.001

NCA group
PH 7.43 ± 0.05 7.48 ± 0.08 <0.001

HCO3
−, mmol/L 25.18 ± 5.30 31.50 ± 4.67 <0.001

iCa2+, mmol/L 1.18 ± 0.12 1.24 ± 0.12 0.003

TABLE 2 Patients’ clinical characteristics.

Parameter Value
N 21

Sessions, n 92

Age, months 22.00 (8.04, 74.00)

Body weight, kg 11.50 (8.50, 20.00)

Male gender, male (n, %) 12.00 (57.14%)

PRISM Ⅲ score 8.86 ± 4.69

Child-Pugh score 13.00 (11.00,14.00)

In-ICU days, days 14.02 ± 7.05

In-hospital days, days 25.27 ± 11.43

In-hospital mortality (n, %) 3.00 (14.29%)

90-day mortality (n, %) 10 (47.60%)

Causes of ALF (n, %)
Drug 2 (9.52%)

Poisoning 3 (14.29%)

Infection 3 (14.29%)

Immune 4 (19.05%)

Metabolic 5 (23.81%)

Biliary tract diseases 2 (9.52%)

Others 2 (9.52%)
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Effects of RCA-mTPE on the fluid load and
cardiovascular system

The heart rate, diastolic blood pressure, and mean arterial

pressure were used to assess the effect of a citrate-induced

increase in the fluid load. RCA-mTPE induced significant

increases in patients’ diastolic blood pressure and mean arterial

pressure, but did not affect the heart rate (Table 3).
TB, total bilirubin; DB, direct (conjugated) bilirubin; PT, prothrombin time; APTT,

activated partial thromboplastin time; AST, aspartate aminotransferase; ALT,

alanine aminotransferase; T/iCa, total to ionized calcium ratio.
General data and complications

CA occured in 8 (38.1%) patients, for a total of 34 (36.9%)

RCA-mTPE treatments. Before RCA-mTPE, the TB, DB, and

lactate levels were significantly higher in the CA group than in

the NCA group. The PRISM III score, Child–Pugh score,

prothrombin time (PT), APTT, aspartate and alanine

aminotransferase levels, ammonia level, blood flow rate/ and

plasma dose/body weight ratios, sodium citrate dose/blood flow

rate ratio, PE duration, and estimated amount of citrate

metabolized did not differ between the two groups (Table 4).

During and after treatment, there were 11 (12%) and 5 (5.4%)

episodes of hypocalcemia occurred, respectively, among which

there were three episodes of hypotension and one episode of

seizure, related to hypocalcemia, occurred. After RCA-mTPE, the

incidence of metabolic alkalosis was significantly increased, that

of hyponatremia was significantly decreased, and those of

hypercalcemia, hypocalcemia, hypernatremia, and bleeding

complications did not differ. Two (2.2%) filter clotting events

occurred (Table 5).
Discussion

Although RCA-TPE has been in clinical use for more than a

decade (17), few reports describe RCA-mTPE (8, 18–22), and
Frontiers in Pediatrics 04
even fewer provide specific RCA recommendations for mTPE for

children with LF. In this study, we evaluated the clinical

application of RCA-mTPE in 21 children with LF; the findings

indicate that this treatment is safe and effective for this patient

population when performed with strict monitoring and

adjustment.

RCA-mTPE may be a credible anticoagulation option for

children with LF, many of whom have coagulation disorders.

Systemic heparin administration for anticoagulation in these

patients results in significant prolongation of the APTT and

ACT, increasing the risk of bleeding. The coagulation function

of these patients improves gradually as FFP is exchanged,

making it more challenging to adjust the heparin dose to

maintain the desired integration target. The primary benefit of

RCA is its ability to maintain effective anticoagulation in the

extracorporeal circulation while having a minimal effect on

coagulation in vivo (23). The commonly used RCA target in

clinical practice is an in-vitro iCa concentration of 0.2–

0.4 mmol/L (24–28). Numerous studies have shown that the

maintenance of a constant citric acid concentration enables

the maintenance of a relatively stable iCa concentration in

vitro. Because normal plasma and FFP have the same citrate
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TABLE 4 Characteristics according to the occurrence of citrate
accumulation after RCA-mTPE.

Parameter NCA group CA group P-value
Sessions, N 58 34

90-day mortality (%) 5/12 (41.67%) 4/9 (44.44%) 0.623

Before RCA-MTPE
PRISM Ⅲ score 12.90 ± 2.10 10.20 ± 2.90 0.117

Child-Pugh score 12.50 ± 2.10 11.40 ± 3.60 0.430

PT (s) 35.90 ± 17.40 48.40 ± 44.30 0.152

APTT, (s) 46.80 ± 15.10 59.50 ± 34.00 0.065

TB (μmol/L) 191.00 ± 79.10 256.40 ± 110.90 0.011

DB (μmol/L) 63.00 ± 55.20 92.90 ± 65.40 0.042

ALT (u/L) 138.50 (51.00, 310.90) 122.00 (42.50, 389.00) 0.952

AST, (u/L) 103.00 (53.00, 386.73) 204.50 (54.00, 523.20) 0.363

Lactic acid (mmol/L) 2.10 ± 1.00 3.70 ± 2.60 0.003

Serum ammonia
(mmol/L)

68.00 ± 40.00 84.00 ± 40.00 0.123

Final parameters
QB/BW, (ml/min) 2.94 ± 0.38 2.89 ± 0.53 0.698

QCi/QB 1.04 ± 0.17 1.07 ± 0.22 0.518

QCa/QB 0.20 ± 0.07 0.22 ± 0.10 0.366

QP/BW, (ml/h) 18.07 ± 3.92 20.00 ± 7.39 0.164

DCi (mmol/kg/h) 0.64 ± 0.10 0.66 ± 0.15 0.364

PE duration, (h) 3.67 ± 0.70 3.94 ± 1.11 0.237

NCA, no citrate accumulation (T/iCa < 2.5 at the end of RCA-mTPE); CA, citrate

accumulation (T/iCa > 2.5 at the end of RCA-mTPE); PT, prothrombin time;

APTT, activated partial thromboplastin time; TB, total bilirubin; DB, direct

(conjugated) bilirubin; ALT, alanine aminotransferase; AST, aspartate

aminotransferase; QB, blood flow rate; BW, body weight; QCi, 4% sodium citrate

dose; QCa, 10% calcium gluconate dose; QP, plasma dose; DCi, amount of

citrate metabolized by the body.

Hu et al. 10.3389/fped.2023.1206999
concentration (15 mmol/L), the flow rate of 4% sodium citrate

does not need to be adjusted to maintain the anticoagulation

target. As a result, RCA-mTPE may enable the maintenance of

a more stable anticoagulant state than does the use of systemic

heparin anticoagulation in children with LF. The risk of

bleeding during TPE with citrate is significantly lower than

that during TPE with heparin (0% vs. 11.8%) (8, 29). In our

sample, the incidence of bleeding did not increase after RCA-

mTPE and only two episodes (2.2%) of filter clotting, fewer
TABLE 5 Complications occurring before and after RCA-mTPE.

Before mTPE After mTPE p
iCa2+ < 0.9 mmol.L−1 (n, %) 0 (0.00%) 5 (5.43%) 0.059

iCa2+ > 1.35 mmol.L−1 (n, %) 5 (5.43%) 9 (9.78%) 0.266

PH < 7.35 (n, %) 10 (10.87%) 6 (6.52%) 0.295

PH > 7.45 (n, %) 36 (39.13%) 58 (63.04%) 0.001

HCO3
− > 27 mmol.L−1 (n, %) 36 (39.13%) 70 (76.09%) <0.001

HCO3
− < 22 mmol.L−1 (n, %) 29 (31.52%) 5 (5.43%) <0.001

Na+ > 145 mmol.L−1 (n, %) 6 (6.52%) 5 (5.43%) 0.756

Na+ < 135 mmol.L−1 (n, %) 17 (18.48%) 6 (6.52%) 0.014

T/iCa > 2.5 (n, %) 5 (5.43%) 33 (35.87%) <0.001

Bleeding (n, %) 6 (6.50%) 5 (5.40%) 0.756

Clotting (n, %) 2(2.20%)

iCa2+, in-vivo ionized calcium level; T/iCa, ratio of total to ionized calcium in vivo.

Frontiers in Pediatrics 05
than in other studies with RCA (3.0%–7.3%) (18, 19, 22) and

SHA (4.1%) occurred (30).

RCA-mTPE may be feasibly performed in children with LF

despite their reduced citrate metabolism. As citrate is

metabolized predominantly in the liver, kidneys, and skeletal

muscle, LF was historically regarded as a contraindication for

this RCA. An increasing number of reports describes the use of

RCA with continuous renal replacement therapy (CRRT) in

patients with LF, including children (24, 31, 32). These studies

have demonstrated that these patients have a diminished ability,

rather than complete inability, to metabolize citrate. Thus, we

argue RCA-mTPE can be used effectively and safely for children

with LF with control of the citric acid dose within the range of

the liver’s metabolization ability.

Citrate accumulation is the most concerning complication

for children with LF undergoing RCA-mTPE, as RCA, LF,

and PE all contribute to its risk. T/iCa > 2.5 is used

commonly as the diagnostic criterion for citrate accumulation.

In this study, the rate of citrate accumulation and T/iCa

values increased after RCA-mTPE (37.0% vs. 4.3% and 2.48 ±

0.51 vs. 2.03 ± 0.27, respectively). The percentage of children

with at least one episode of citrate accumulation (38.1%) was

significantly lower than those reported by Ma et al. (20) for

adults who had undergone RCA-mTPE (67%) and by Keila

et al. (33) (70%) for children with LF who had undergone

RCA-CRRT. Citric acid is a non-toxic physiological organic

acid associated with the primary risks of hypocalcemia and

moderate metabolic acidosis (34). Thus, the evaluation of the

safety of RCA based on the presence of these conditions may

be more reasonable.

In theory, the occurrence of citrate accumulation in children

with LF who have undergone RCA-mTPE is related primarily to

the amount of citric acid that must be metabolized by the body

and the individual’s ability to metabolize citrate. In this study,

the PRISM III score, Child–Pugh score, PT, APTT, ammonia

level, blood flow rate/ and plasma dose/body weight ratios,

sodium citrate dose/blood flow rate ratio, PE duration, and

estimated amount of citrate metabolized did not differ between

the CA and NCA group. However, the total and coagulated

bilirubin and lactate concentrations were significantly higher in

the CA group than in the NCA group. These findings

demonstrate that the incidence of citrate accumulation may be

related more closely to individuals’ ability to metabolize citrate,

when RCA-mTPE parameters are not significantly different. They

suggest that children with elevated total and coagulated bilirubin

and lactate levels who undergo RCA-mTPE are at increased risk

of citrate accumulation.

Hypocalcemia is the most severe complication of RCA; in

patients undergoing RCA-mTPE, it may be caused by citrate

accumulation and insufficient calcium supplementation. When

citrate accumulation occurs, reduced breakdown of calcium

citrate can result in the reduction of iCa release. Furthermore,

waste plasma contains iCa and calcium citrate, which cause

more calcium to be lost than is provided by the replenished

plasma, necessitating supplementation. Eleven (12.0%) and five

(5.4%) hypocalcemia events occurred during and after
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treatment, respectively, in this study, fewer than reported in

adults undergoing RCA-mTPE (16.6%–19.4%) (18, 22) and

comparable to the 7% reported by Keila et al. (33) in children

with LF undergoing RCA-CRRT. Three (3.2%) episodes of

hypocalcemia-related hypotension, one (1.0%) episode of

hypocalcemia-related seizure, and no arrhythmia occurred.

These complications were relieved by single calcium

supplements (10% calcium gluconate, 1 ml/kg). The incidence

of hypocalcemia with related symptoms or signs was lower

than that reported by Kissling et al. (35) (8.5%) in adult

patients and comparable to that reported by Cortina et al. (36)

(0.8%) in children undergoing RCA-mTPE.

In addition to citrate accumulation and hypocalcemia, RCA

can cause other metabolic complications, such as acid–base and

salt imbalances. Relative to that before treatment, the incidence

of metabolic alkalosis was significantly higher (pH > 7.45, 63.0%

vs. 39.1%, p = 0.001; bicarbonate concentration > 27 mmol/L,

76.1% vs. 39.1%, p < 0.001) and that of hyponatremia was

significantly lower (18.5% vs. 6.5%, p = 0.01) after RCA-mTPE.

These results reflect increases in the bicarbonate and sodium

concentrations due to sodium citrate metabolism. However,

RCA-mTPE did not alter the incidences of hypercalcemia,

hypocalcemia, or hypernatremia.

Additionally, RCA-mTPE can cause fluid overload. On average,

about 9 ml/kg sodium citrate (3 ml/kg/h for 3 h) was used

throughout the RCA-mTPE period. The increase in fluid

overload resulted in significant increases in the diastolic blood

pressure and mean arterial pressure, but did not affect the heart

rate. We eliminated the excess fluid with diuresis or subsequent

CRRT.

RCA is an effective PE modality for children with LF. The

average in-vitro iCa concentration was 0.38 ± 0.07 mmol/L and

the average duration of RCA-mTPE was 3.8 ± 0.9 h, with clotting

occurring in two (2.1%) sessions. The total and coagulated

bilirubin levels, alanine and aspartate aminotransferase levels, PT,

and APTT were significantly lower after than before treatment,

indicating that the treatment was effective.

The use of different RCA-mTPE parameter settings can

result in a variety of complications. The blood flow rate,

sodium citrate dose, and plasma dose collectively determine

the amount of citrate that enters and needs to be metabolized

in the patient’s body. In this study, the T/iCa value was

significantly higher after than before treatment (2.48 ± 0.51 vs.

2.03 ± 0.27, p < 0.001). Parameters such as the blood flow rate,

sodium citrate dose/blood flow rate ratio, and plasma dose/

body weight ratio can be reduced to reduce the risk of citrate

accumulation.
Limitations

This study is limited by its retrospective nature, which

prevented us from establishing causal relationships; we could

only examine associations. Furthermore, as individual patients

could have received RCA-mTPE, RCA-CRRT, and/or FFP

infusions, the pretreatment laboratory indicators may not
Frontiers in Pediatrics 06
accurately reflect the patients’ liver function or citrate

metabolism capacity, thereby influencing the analysis of citrate

accumulation.
Conclusions

This study demonstrated that RCA-mTPE is a safe and

effective treatment for LF in children. In children undergoing

RCA-mTPE, the risk of citrate accumulation is related most to

the liver’s capacity for citrate metabolism, which decreases

more with increasing total and coagulated bilirubin and lactate

levels, than with increasing aspartate and alanine

aminotransferase and ammonia levels. The risk of citrate

accumulation can be reduced by reducing parameters such as

the blood flow rate, sodium citrate dose/blood flow rate ratio,

and plasma dose/body weight ratio, which makes RCA-mTPE

safer for children with LF.
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