
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00467-021-05329-9

ORIGINAL ARTICLE

Characteristics of continuous venovenous hemodiafiltration 
in the acute treatment of inherited metabolic disorders

Fatma Tuba Eminoğlu1  · Ümmühan Öncül1  · Fevzi Kahveci2 · Emel Okulu3  · Elvis Kraja3 · Engin Köse1  · 
Tanıl Kendirli2 

Received: 8 July 2021 / Revised: 2 October 2021 / Accepted: 4 October 2021 
© The Author(s), under exclusive licence to International Pediatric Nephrology Association 2021

Abstract
Background Continuous kidney replacement therapies (CKRT) have been reported to be an effective approach to removing 
toxic metabolites in inborn errors of metabolism (IEM). The present study evaluates efficiency and complications of CKRT 
in children with IEM.
Methods Patients diagnosed with IEM who underwent CKRT in pediatric and neonatal intensive care units were ana-
lyzed. CKRT were initiated in patients with persistently high blood ammonia levels (≥ 500 μmol/L), blood ammonia lev-
els > 250 μmol/L in the presence of moderate encephalopathy, high blood leucine levels (≥ 1500 μmol/L), and blood leucine 
levels < 1500 μmol/L in the presence of deteriorating neurological status or persistent metabolic acidosis.
Results Of 22 patients enrolled, nine (40.9%) Maple syrup urine disease (MSUD), eight (36.4%) urea cycle disorders (UCD), 
and five (22.7%) organic acidemias (OA). Median age was 72.3 [9.9–1040.8] days. In total, 28 dialysis sessions were analyzed 
[16 (57.1%) continuous venovenous hemodialysis, and 12 (42.9%) continuous venovenous hemodiafiltration]. A significant 
decrease was noted in leucine levels (from 1608.4 ± 885.3 to 314.6 ± 109.9 µmol/L) of patients with MSUD, while ammonia 
levels were significantly decreased in patients with UCD and OA (from 1279.9 ± 612.1 to 85.1 ± 21.6 µmol/L). The most 
frequent complications of CKRT were thrombocytopenia (60.7%), hypotension (53.6%), and hypocalcemia (42.9%). Median 
age of patients with hypotension treated with vasoactive medications was significantly lower than median age of those with 
normal blood pressure.
Conclusion CKRT is a reliable approach for effective and rapid removal of toxic metabolites in children with IEM, and 
CKRT modalities can be safely used and are well-tolerated in infants.

Keywords Ammonia · Leucine · Continuous venovenous hemodiafiltration · Inherited metabolic disorders · Children · 
Infants

Introduction

During acute metabolic crises associated with inborn errors 
of metabolism (IEM), toxic metabolite concentrations, such 
as ammonia and leucine, should be reduced as soon as possi-
ble. In hyperammonemia treatment, intravenous glucose and 

lipid infusions for the support of high calorie and ammonia 
scavenger drugs are first-line treatments [1, 2]. For hyperleu-
cinemia, reducing leucine intake and high carbohydrate con-
sumption are required [3], although sometimes diet and drug 
treatments may be insufficient, or toxic metabolite levels 
may increase excessively, and in such cases, extracorporeal 
procedures are essential to prevent neurotoxicity and death.

Continuous kidney replacement therapies (CKRT) [Con-
tinuous venovenous hemodialysis (CVVHD) and continuous 
venovenous hemodiafiltration (CVVHDF)] are effective in 
the removal of toxic metabolites in cases of acute kidney 
failure and acute metabolic crisis of IEM [4].

Several studies to date have been published evaluating 
the characteristics of CKRT in children with IEM [2, 5–8] 
that, overall, identify CKRT as a reliable and safe approach 
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for the removal of toxic metabolites in children with IEM. 
Moreover, with increasing experience, the age and weight of 
patients who undergo CKRT gradually decreases [4], which 
increases such complications as vascular access problems, 
hypothermia, and hypotension. Identifying the possible com-
plications and efficiency of CKRT in infants and patients 
with low weight has emerged as an important issue, although 
there is only limited information on CKRT in infants diag-
nosed with IEM.

This retrospective study evaluates the efficiency and com-
plications associated with CKRT in low-weight children and 
infants with IEM.

Methods

Patients

All patients who underwent CKRT in the pediatric intensive 
care unit (PICU) and neonatal intensive care unit (NICU) 
between 2012 and 2020 were analyzed, and all those geneti-
cally or biochemically diagnosed with urea cycle disorders 
(UCD), Maple syrup urine disease (MSUD) or organic aci-
demias (OA) were enrolled in the study.

The toxic metabolites were determined to be ammonia for 
UCD- and OA-diagnosed patients and leucine for patients 
with MSUD. The demographic data of the patients, labora-
tory results and adjunctive therapies, as well as the prop-
erties of CKRT (the vascular access properties for CKRT, 
modality, duration of CKRT, effectiveness of treatment, 
changes in toxic metabolite levels during CKRT, complica-
tions associated with the procedure and the outcome) were 
collected for each patient retrospectively. The local ethics 
committee approved the study.

The calculated PRISM III (Pediatric Risk of Mortality) 
and PELOD-2 (Pediatric Logistic Organ Dysfunction) scores 
of children admitted to the PICU, and the SNAPPE (Score 
for Neonatal Acute Physiology with Perinatal Extension) 
were collected from chart reviews from the first 24 h of 
admission to the NICU [9–11].

Medical therapy

General supportive care included ventilatory and circula-
tory support, as well as the correction of electrolyte imbal-
ances. To achieve an anabolic state, all patients received 
hypercaloric parenteral nutrition, including intravenous (iv) 
high dextrose-containing fluids and iv lipids of 2–3 g/kg/
day. Insulin treatment was added with a slow iv infusion 
(0.5–1 U/kg/hour) whenever blood glucose levels rose above 
200 mg/dL. All patients with hyperammonemia received 
nitrogen scavenger treatments as soon as possible until 
preparation for dialysis.

Vascular access and dialysis

During this study, our institution implemented clinical 
practice guidelines directing when CKRT should be used: 
“CKRT is initiated in patients with persistently high blood 
ammonia levels (≥ 500 μmol/L); blood ammonia levels 
of > 250 μmol/L in the presence of moderate encephalop-
athy; high blood leucine levels (≥ 1500 μmol/L); blood 
leucine levels of < 1500 μmol/L in the presence of rap-
idly deteriorating neurological status, moderate to severe 
encephalopathy and seizures, or, despite medical treat-
ment, ongoing persistent metabolic acidosis.”

A dual lumen catheter was inserted into a subclavian, 
internal jugular, or femoral vein using the Seldinger tech-
nique by a pediatric intensivist. The appropriate catheter 
size was estimated based on the patient’s weight [12]. 
Hemodiafiltration was introduced with a Prismaflex (Bax-
ter, USA) device, and HF20, M60, and M100 hemofilters 
were used (Baxter, USA). The patient’s body weight was 
taken into account in the selection of the appropriate fil-
ter. An erythrocyte suspension, 5% albumin, or normal 
saline were used to prime the extracorporeal blood circuit. 
Anticoagulation was achieved with unfractionated heparin 
or regional citrate, and the heparin dosage was adjusted 
according to the activated partial thromboplastin time.

During treatment, blood flow velocities were set at 
4–12  mL/kg/min, depending on the weight and blood 
pressure of the patient. Dialysate flow rates were set at 4 
L/1.73  m2/h at the outset. After blood ammonia and leu-
cine levels were reduced to normal levels, dialysate flow 
rates were stepped down to 2 L/1.73  m2/h. The 100% post-
filter replacement fluid rate was used to calculate the total 
effluent fluid rate.

The toxic metabolite reduction rate was calculated 
(using the formula: Initial toxic metabolite level – Post-
treatment toxic metabolite level / Initial toxic metabolite 
level), and the percentage reduction in toxic metabolites 
per hour was calculated using the formula: Toxic metabo-
lite reduction rate / Session duration [7].

Statistical analysis

Statistical analysis was conducted using IBM SPSS Sta-
tistics (Version 22.0. Armonk, NY: IBM Corp.). Categori-
cal data were expressed as numbers and percentages (%), 
while continuous data were expressed as mean ± standard 
deviation (minimum–maximum) and median [25–75 per-
centile]. Independent and dependent parameters (before 
and after CKRT) categorical data were compared with a 
Chi-square test and a McNemar test, respectively. A Kol-
mogorov–Smirnov test was carried out to examine the 
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normality of the numerical data. Independent continuous 
variables were assessed using a Mann–Whitney U test. 
Changes in laboratory parameters after CKRT were evalu-
ated with a Wilcoxon test. A two-tailed p-value of < 0.05 
was considered significant.

Results

Demographic and clinic data of patients

Of the 22 patients enrolled in the study, nine (40.9%) were 
diagnosed with MSUD, eight (36.4%) with UCD, and five 
(22.7%) with OA. The median age of the patients was 72.3 
[9.9–1,040.8] days, and the frequency of consanguinity 
was 86.4% (Table 1). The median age of UCD patients was 
significantly lower than that of MSUD and OA patients 
(p = 0.003) (Data not shown in table).

CKRT treatment properties

A total of 28 CKRT sessions were conducted in the PICU 
[11 (39.3%)] and NICU [17 (60.7%)], and four of the 22 
patients had more than one session due to different indica-
tions for CKRT or on different hospitalization dates. The 
most common symptoms at admission were poor feeding/
vomiting (75%), abnormal consciousness (75%), and seizure 
(46.6%). In none of the 28 CKRT sessions was hypotension 
prior to CKRT observed (Table 1).

CKRT was performed due to hyperammonemia [14 
(50%)], hyperleucinemia [14 (50%)], abnormal conscious-
ness [6 (21.4%)] and metabolic acidosis [2 (7.1%)] (Table 1). 
CVVHD was performed 16 (57.1%) times, and patients were 
followed up under CVVHDF 12 (42.9%) times. There was 
no significant difference between the patients with MSUD, 
UCD, and OA in terms of time to start CKRT after the first 
manifestation of symptoms (p = 0.06) (Table 1).

The adjunctive therapies are listed in Table  1, from 
which it can be seen that the most common were antibi-
otics (100%), total parenteral nutrition (100%), vasoactive 
medications (53.6%), and intravenous bicarbonate treatment 
(42.9%). It was observed that all vasoactive medications 
were initiated during CKRT.

For the administration of ventilator support, noninvasive 
ventilation (NIV) and mechanical invasive ventilation (MIV) 
were performed on six (21.4%) and 18 (64.3%) patients, 
respectively, and two (7.1%) patients were followed up under 
extracorporeal membrane oxygenation (ECMO).

The mean mortality scores (PRISM III, PELOD-2, 
SNAPPE) before CKRT are presented in Table 1. There were 
no significant differences between the MSUD-, UCD- and 
OA-diagnosed patients in terms of PRISM III, PELOD-2 

and SNAPPE scores (p = 0.245, p = 0.175, and p = 0.530, 
respectively) (Table 1).

Anticoagulation was initiated with heparin (78.6%) and 
citrate (21.4%) for all sessions. Red blood cell transfusions 
were performed in 20 (71.4%) CKRT sessions, and plate-
let transfusions were given in 10 (35.7%) CKRT sessions 
(Table 2). The most commonly used vascular access was 
the internal jugular vein (75%), and the most frequently used 
catheter size was 7.0 Fr (64.3%) (Table 2).

Laboratory parameters

A significant decrease was detected in the leucine levels 
of patients with MSUD following CKRT, and a significant 
reduction in ammonia levels was observed in patients with 
UCD and OA following CKRT (Table 3). The changes in 
serum leucine and ammonia levels during CKRT are pre-
sented in Fig. 1. In the MSUD patients, the mean leucine 
reduction rate and the mean leucine reduction rate per hour 
were determined as 74.2 ± 14.3% (45.4–88.9) and 2.8 ± 1.7% 
(1.0–6.3), respectively. The mean ammonia reduction rate 
was calculated as 91.2 ± 6.3% (79.5–97.1), and the mean 
ammonia reduction rate per hour was 4.7 ± 1.7% (2.6–7.7).

An evaluation of other laboratory parameters revealed 
a statistically significant decrease in platelet count, blood 
urea nitrogen (BUN), creatinine, potassium, and phosphorus 
levels following dialysis treatment (Table 3).

With CKRT, the mean value of the platelet count in 
a blood test decreased from 270.7 ± 167.8 ×  109/L to 
106.9 ± 79.5 ×  109/L (p < 0.0001) after CKRT, while the 
mean BUN level decreased from 7.8 ± 5.8 to 4.0 ± 3.3 mg/
dL (p = 0.004). The mean serum potassium level decreased 
from 3.9 ± 1.0 to 3.4 ± 0.7  mmol/L (p = 0.015) and the 
mean serum phosphorus level decreased from 4.6 ± 1.5 to 
3.2 ± 2.0 mg/dL (p = 0.009) after CKRT (Table 3). There 
were no significant differences in the laboratory parameters 
associated with the CVVHD and CVVDHF modes (data not 
shown in table).

CKRT complications

The most frequent complications of CKRT were thrombo-
cytopenia (60.7%), hypotension (53.6%), and hypocalcemia 
(42.9%) (Table 4).

A comparison of demographic and clinical findings 
of CVVHDF and CVVHD is presented in Table 5. The 
median age was significantly lower in the patients under 
CVVHDF (10.5 [3.3–121] days) than under CVVHD 
(1027 [49.3–1592.3] days). While the diagnosis of seven 
(58.3%) patients treated with CVVHDF was UCD, 11 
(68.8%) of the CVVHD treatments were performed on 
MSUD patients (p = 0.0028). There was no significant 
difference in the PRISM III, PELOD-2, and SNAPPE 
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Table 1  Demographic and clinical characteristics of patients undergoing CKRT

CVVHD continuous venovenous hemodialysis, CVVHDF continuous venovenous hemodiafiltration, CKRT continuous kidney replacement ther-
apy, ECMO extracorporeal membrane oxygenation, iv intravenous, max maximum, min minimum, MIV mechanical invasive ventilation, MSUD 
maple syrup urine disease, NICU neonatal intensive care unit, NIV non-invasive ventilation, OA organic acidemia, PELOD-2 pediatric logistic 
organ dysfunction, PICU pediatric intensive care unit, PRISM III pediatric risk of mortality, po per oral, SD standard deviation, SNAPPE score 
for neonatal acute physiology with perinatal extension, UCD urea cycle disorder, *:Ventilatory support during ICU stay

Number of patients MSUD (n = 9) UCD (n = 8) OA (n = 5) Total (N = 22)

Number of dialysis, n 14 9 5 28
Baseline characteristics

  Gender (male), n (%) 5 (55.6) 5 (62.5) 2 (40) 12 (54.5)
Age at dialysis (days),
median [25th–75th percentile]

593 [34–1290.7]] 4 [3–29] 1020 [482–4035] 72.3 [9.9–1040.8]

  Consanguinity, n (%) 9 (100) 5 (62.5) 5 (100) 19 (86.4)
  Weight at dialysis (kg), mean ± SD (min–max) 9.1 ± 6.3 (2.5–19.5) 3.8 ± 1.1 (3–6.5) 14 ± 8.9 (3.7–27) 8.3 ± 6.7 (2.5–27)
  PICU/NICU, n (%) 11 (78.6) / 3 (21.4) 2 (22.2) / 7 (77.8) 4 (80) / 1 (20) 17 (60.7) / 11 (39.3)

Initial mortality score, median  [25th percentile –  75th percentile]
  PRISM III (n = 17) 12 [9-19] 21 [13–29] 15.5 [14.3–25.8] 13 [8–15.5]
  PELOD-2 (n = 17) 9 [7-12]  12 [11-21] 11.5 [4–19.8] 10 [0–20.5]
  SNAPPE (n = 11) 31 [21–35] 31 [24–38] 32 [30–35] 31 [24–35]

Symptoms and findings on admission, n (%)
  Poor feeding/vomiting 12 (85.7) 4 (44.4) 5 (100) 21 (75.0)
  Abnormal consciousness 10 (71.4) 7 (77.8) 4 (80) 21 (75.0)
  Seizures 9 (64.3) 4 (44.4) 0 (0) 13 (46.4)
  Metabolic acidosis 4 (28.6) 4 (44.4) 4 (80) 12 (42.9)
  Sepsis 5 (35.7) 2 (22.2) 4 (80) 11 (39.3)
  Circulatory disorder 2 (14.3) 7 (77.8) 1 (20) 10 (35.7)
  Respiratory failure 2 (14.3) 6 (66.7) 2 (40) 10 (35.7)
  Hypotension prior to CKRT 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

CKRT indications, n (%)
  Hyperleucinemia 14 (100) 0 (0) 0 (0) 14 (50.0)
  Hyperammonemia 0 (0) 9 (100) 5 (100) 14 (50.0)
  Abnormal consciousness 4 (28.6) 0 (0) 2 (40) 6 (21.4)
  Metabolic acidosis 0 (0) 0 (0) 2 (40) 2 (7.1)

Mode of CKRT, n (%)
  CVVHD 11 (78.6) 2 (22.2) 3 (60.0) 16 (57.1)
  CVVHDF 3 (21.4) 7 (77.8) 2 (40.0) 12 (42.9)
  Time to start CKRT after the first symptom (h), 

mean ± SD (min–max)
119.4 ± 195.8 (6.0–108.0) 33.1 ± 30.7 (8–108) 106.0 ± 57.3 (50.0–168.0) 89.3 ± 144.3 (6–720)

Adjunctive therapies, n (%)
  Antibiotherapy 14 (100) 9 (100) 5 (100) 28 (100)
  Total parenteral nutrition 14 (100) 9 (100) 5 (100) 28 (100)
  Inotropes 4 (28.6) 7 (77.8) 4 (80) 15 (53.6)
  Bicarbonate (iv) 4 (28.6) 3 (33.3) 5 (100) 12 (42.9)
  Sodium phenylacetate + sodium benzoate (iv) 0 (0) 8 (88.9) 1 (20) 9 (32.1)
  L-carnitine 0 (0) 2 (22.2) 5 (100) 7 (25.0)
  Carglumic Acid 0 (0) 5 (55.6) 3 (60) 8 (28.6)
  Arginine 0 (0) 7 (77.8) 0 (0) 7 (25.0)
  Sodium phenylbutyrate (po) 0 (0) 1 (11.1) 1 (20) 2 (7.1)
  Hydroxocobalamin 0 (0) 0 (0) 2 (40) 2 (7.1)
  Citrulline 0 (0) 1 (11.1) 0 (0) 1 (3.6)

Ventilatory Support*
  NIV, n (%) 4 (28.6) 2 (22.2) 0 (0) 6 (21.4)
  MIV, n (%) 5 (35.7) 9 (100) 4 (80) 18 (64.3)
  MIV (day), mean ± SD (min–max) 12.2 ± 19.5 (2–47) 6.63 ± 5 (2–17) 12 ± 15.3 (4–35) 9.53 ± 12.6 (2–47)
  ECMO n (%) 1 (7.1) 0 (0) 1 (20) 2 (7.1)
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Table 2  Preparation features 
and settings of CKRT

CKRT continuous kidney replacement therapy, max maximum, min minimum, FV femoral vein, IJV inter-
nal jugular vein, SCV superior vena cava, SD standard deviation

Parameters

Parameters and settings of CKRT
  Blood flow rate (ml/min), mean ± SD (min–max) 47.8 ± 29.9 (10–160)
  Dialysate Rate, mean ± SD (min–max) 866 ± 554.9 (400–2250)
  Anticoagulation (heparin/citrate), n (%) 22 (78.6) / 6 (21.4)
  Red blood cell transfusion, n (%) 20 (71.4)
  Platelet transfusion, n (%) 10 (35.7)
  Vascular access (FV/ IJV / SCV), n (%) 5 (17.8) / 21 (75.0) / 2 (7.1)

Catheter size, n (%)
  5 Fr 2 (7.1)
  6.5 Fr 1 (3.6)
  7 Fr 18 (64.3)
  9 Fr 4 (14.3)
  10 Fr 2 (7.1)
  12 Fr 1 (3.6)

Duration of CKRT (hours), mean ± SD (min–max) 32.6 ± 22.2 (11–48)

Table 3  Laboratory parameters before and after CKRT

CKRT continuous kidney replacement therapy, LDH lactate dehydrogenase, max maximum, min minimum, Hb hemoglobin, WBC white blood 
cell, BUN blood urea nitrogen, * = p < 0.05

Parameters Before CKRT After CKRT p

Leucine (µmol/L), mean ± SD (min–max) 1608.4 ± 885.3 (733–3330) 314.6 ± 109.9 (139–580)  < 0.0001*
Plasma ammonia (µmol/L), mean ± SD (min–max) 1279.9 ± 612.1 (451–2626) 85.1 ± 21.6 (56–140)  < 0.0001*
LDH (U/L), mean ± SD (min–max) 600.9 ± 370.5 (178–1551) 806.6 ± 948.4 (250–5271) 0.424
LDH level in normal range, n (%) 15 (53.6) 15 (53.6) 1.000
Hb (g/dL), mean ± SD (min–max) 10.45 ± 2.5 (6.9–16.8) 10.6 ± 2.0 (6.6–15.6) 0.466
Hb level in normal range, n (%) 16 (57.1) 15 (53.6) 1.000
WBC  (109/L), mean ± SD (min–max) 12.5 ± 7.9 (3.3–35.5) 9.9 ± 5.7 (3.2–21.4) 0.068
WBC level in normal range, n (%) 19 (67.9) 21 (75.0) 0.727
Neutrophils  (109/L), mean ± SD (min–max) 7.0 ± 4.9 (1.1–18.2) 5.7 ± 4.4 (1.0–16.3) 0.203
Neutrophils level in normal range, n (%) 25 (89.3) 22 (78.6) 0.375
Platelets  (109/L), mean ± SD (min–max) 270.7 ± 167.8 (69.0– 678.0) 106.9 ± 79.5 (10.0–327.7)  < 0.0001*
Platelet count in normal range, n (%) 18 (64.3) 6 (21.4) 0.004*
BUN (mg/dL) mean ± SD (min–max) 7.8 ± 5.8 (1–27) 4.0 ± 3.3 (1–14) 0.004*
BUN level in normal range, n (%) 16 (57.1) 6 (21.4) 0.021*
Creatine (mg/dL), mean ± SD (min–max) 0.58 ± 0.57 (0.11–2.45) 0.33 ± 0.32 (0.1–1.6) 0.003*
Creatine level in normal range, n (%) 21 (75.0) 27 (96.4) 0.07
Sodium (mmol/L), mean ± SD (min–max) 139.7 ± 8.5 (127–157) 139.0 ± 3.7 (133–147) 0.647
Sodium level in normal range, n (%) 12 (42.9) 24 (85.7) 0.004*
Potassium (mmol/L), mean ± SD (min–max) 3.9 ± 1.0 (2–6.5) 3.4 ± 0.7 (2.4–5.3) 0.015
Potassium level in normal range, n (%) 19 (67.9) 9 (32.1) 0.006*
Calcium (mg/dL) mean ± SD (min–max) 8.4 ± 2.1 (5.3–15.3) 9.0 ± 1.2 (7.1–13.1) 0.086
Calcium level in normal range, n (%) 17 (60.7) 17 (60.7) 1.000
Phosphorus (mg/dL), mean ± SD (min–max) 4.6 ± 1.5 (1.9–9.3) 3.2 ± 2.0 (1.2–10.9) 0.009*
Phosphorus level in normal range, n (%) 21 (75.0) 8 (28.6) 0.007*
Albumin (g/dL), mean ± SD (min–max) 2.9 ± 0.7 (2.1–4.9) 2.8 ± 0.5 (1.8–4.2) 0.173
Albumin level in normal range, n (%) 11 (39.3) 9 (32.1) 0.727
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scores of the CVVHDF and CVVHD groups. Hypotension 
was statistically more frequently observed in CVVHDF 
(75.0%) than CVVHD (37.5%) (p = 0.049) (Table 5).

In total, eight (28.6%) patients died, with a higher mor-
tality rate detected in CVVHDF (50.0%) than CVVHD 
(12.5%) (p = 0.044) in a comparison of CKRT modalities 
(Table 5).

An analysis of the demographic and clinical findings 
and the clinical outcomes of CKRT are presented in 
Table 6. There were no significant differences in the age 
and diagnosis of the patients who survived and those who 
died. While no relationship was detected between mor-
tality and PRISM III (p = 0.060), PELOD-2 scores were 
higher in the patients who died (22 [2–32]) than in those 
who survived (10 [0–16.5]) (p = 0.023). No relationship 
between SNAPPE and mortality was identified in new-
born patients (p = 0.610), and the complications associated 
with CKRT were not different between the two groups 
(Table 6).

Evaluation of the relationship 
between the properties and complications of CKRT 
and patient age

The patients treated with vasoactive medications and admin-
istered MIV were younger than the others (p = 0.019 and 
p < 0.0001). The median age of the patients with hypoten-
sion (15 [4–180] days) was significantly lower than the 
median age of those with normal blood pressure (1042 
[60–1745.5] days) (Table 7). While no significant difference 
was recorded in the age of platelet-transfused patients and 
those who were not transfused (Table 7), the requirement 
for platelet transfusion was higher in patients under the age 
of 3 months (57.1%) than in patients older than 3 months 
(15.4%) (p = 0.031) (data not shown in table).

Fig. 1  (a) Changes in serum ammonia levels during CKRT in patients with hyperammonemia. (b) Changes in serum leucine levels during 
CKRT in patients with MSUD

Table 4  The complications and outcomes of CKRT

CKRT continuous kidney replacement therapy

CKRT complications Total (N = 28)
n (%)

Thrombocytopenia 17 (60.7)
Hypotension 15 (53.6)
Hypocalcemia 12 (42.9)
Hypokalemia 12 (42.9)
Hypophosphatemia 10 (35.7)
Bleeding 8 (28.6)
Hypothermia 7 (25.0)
Hypomagnesemia 5 (17.9)
Hyponatremia 3 (10.7)
Hypoalbuminemia 2 (7.1)
Pneumothorax 1 (3.7)
Thrombosis 1 (3.7)
Cardiac arrest 1 (3.6)
Outcome
Death, n (%) 8 (28.6)
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Discussion

High toxic metabolite levels in the neonatal and early child-
hood periods, especially hyperammonemia and hyperleu-
cinemia, can lead to cerebral edema, irreversible central 
nervous system damage, and even death in patients with 
UCD, OA, and MSUD. Accordingly, the elimination of toxic 
metabolites to avoid neurological complications should be 
considered a medical emergency. CKRT is an effective treat-
ment for acute crises in some IEM [13, 14]. In the present 
study, CKRT was shown to quickly reduce toxic metabolites 
(ammonia, leucine) in patients diagnosed with IEM.

In recent decades, CKRT has emerged as an essential 
approach to treating acute metabolic crises in children 
[15], and experience in the use of CKRT in infants weigh-
ing 10 kg or less has improved [16]. There have, however, 
been only a limited number of studies evaluating CKRT in 
patients diagnosed with IEM to date [6–8, 15]. The primary 
strength of the present study is its status as the study with 

the most extensive CKRT series (28 sessions) in patients 
diagnosed with IEM to date, and the fact that more than half 
of the patients (15 patients 53.6%) were under the age of 
3 months. This report describes the significant contribution 
of CVVHD/CVVHDF to the treatment of acute metabolic 
crises not only in children but also in infants under the age 
of 3 months.

While there is no current recommended level for start-
ing extracorporeal detoxification for the management of 
hyperleucinemia, it is known that CKRT may be required 
if leucine levels exceed 1500 μmol/L [17]. Aygun et al. 
reported an initial mean leucine level in patients with MSUD 
of 1777 ± 831.6 μmol/L [6], while another study reported 
an initial leucine level of 1648 ± 623.8 μmol/L [7]. In the 
present study, the mean initial plasma leucine level value 
was 1608 ± 885.3 μmol/L, and the initial plasma leucine lev-
els of nine patients were < 1500 μmol/L. In these sessions, 
CKRT was started due to the patients’ rapidly deteriorating 
neurological status, moderate to severe encephalopathy, and 

Table 5  Comparison of demographic and clinical findings of CVVHDF and CVVHD

CVVHD continuous venovenous hemodialysis, CVVHDF continuous venovenous hemodiafiltration, CKRT continuous kidney replacement ther-
apy, MSUD maple syrup urine disease, NICU neonatal intensive care unit, OA organic acidemia, PELOD-2 pediatric logistic organ dysfunction, 
PICU pediatric intensive care unit, PRISM III pediatric risk of mortality, SNAPPE score for neonatal acute physiology with perinatal extension, 
UCD urea cycle disorder. * = p < 0.05

Parameters CVVHDF (n = 12) CVVHD (n = 16) p

Gender (male), n (%) 6 (50.0) 6 (37.5) 0.508
Age at dialysis (days), median [25th–75th percentile] 10.5 [3.3–121] 1027 [49.3–1592.3] 0.001*
Diagnosis (UCD/MSUD/OA), n (%) 7 (58.3) / 3 (25.0) / 2 (16.7) 2 (12.5) / 11 (68.8) / 3 (10.7) 0.028*
PICU/NICU, n (%) 9 (75.0) / 3 (25.0) 2 (12.5) / 14 (87.5) 0.001*
Consanguinity, n (%) 10 (83.3) 15 (93.8) 0.560
PRISM III, median [25th–75th percentile] 14.0 [13.0–14.0] 11.0 [7.8–15.3] 0.300
PELOD-2, median [25th–75th percentile] 20.0 [0.0–20.0] 6 [0–15.0] 0.676
SNAPPE, median [25th–75th percentile] 31.0 [22.5–35.0] 34.5 [31.0–34.5] 0.436
Time to start CKRT after the first symptom (h), median 

[25th–75th percentile]
60 [24.0–105.0] 31.5 [15–90] 0.537

CKRT complications
   Thrombocytopenia 8 (66.7) 9 (56.3) 0.576
   Hypotension 9 (75.0) 6 (37.5) 0.049*
   Hypocalcemia 7 (58.3) 5 (31.3) 0.152
   Hypokalemia 6 (50.0) 6 (37.5) 0.508
   Hypophosphatemia 6 (50.0) 4 (25.0) 0.172
   Bleeding 4 (33.3) 4 (25.0) 0.691
   Hypothermia 3 (25.0) 4 (25.0) 1.000
   Hypomagnesemia 2 (16.7) 3 (18.8) 1.000
   Hyponatremia 1 (8.3) 2 (12.5) 1.000
   Hypoalbuminemia 1 (8.3) 1(3.6) 1.000
   Pneumothorax 1 (8.3) 0 (0) NA
   Thrombosis 1 (8.3) 0 (0) NA
   Cardiac arrest 0 (0) 1 (3.6) NA

Outcome
   Death, n (%) 6 (50.0) 2 (12.5) 0.044*
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Table 6  The analysis of demographic and clinical findings on the clinical outcome of CKRT

CKRT continuous kidney replacement therapy, MSUD maple syrup urine disease, NICU neonatal intensive care unit, OA organic acidemia, 
PELOD-2 pediatric logistic organ dysfunction, PICU pediatric intensive care unit, PRISM III pediatric risk of mortality, PICU pediatric inten-
sive care unit, SNAPPE score for neonatal acute physiology with perinatal extension, UCD urea cycle disorder, * = p < 0.05

Parameters Survived (n = 20) Death (n = 8) p

Gender (male), n (%) 10 (50) 2 (25) 0.401
Age at dialysis (days), median [25th–75th percentile] 124 [14.8–124] 46 [4–758] 0.281
Diagnosis (UCD/MSUD/OA), n (%) 6 (30) / 12 (60) / 2 (10) 3 (37.5) / 2 (25) / 3 (37.5) 0.262
Consanguinity, n (%) 18 (96) 7 (87.5) 1.000
PICU/NICU, n (%) 13 (65) / 7 (35) 4 (50) / 4 (50) 0.671
Scores, median [25th–75th percentile]
PRISM III 9 [7.5–14.5] 15 [14–24.8] 0.060
PELOD-2 10 [0–16.5] 22 [2–32] 0.023*
SNAPPE 31 [24–38] 33 [23.5–35] 0.610
Time to start CKRT after the first symptom (h), median [25th–

75th percentile]
31 [12–90] 72 [30–105] 0.218

CKRT complications
   Thrombocytopenia 13 (65.0) 4 (50.0) 0.671
   Hypotension 10 (50.0) 5 (62.5) 0.686
   Hypocalcemia 8 (40.0) 4 (50.0) 0.691
   Hypokalemia 10 (50.0) 2 (25.0) 0.401
   Hypophosphatemia 6 (30.0) 4 (50.0) 0.578
   Bleeding 6 (30.0) 2 (25.0) 0.791
   Hypothermia 6 (30.0) 1 (12.5) 0.334
   Hypomagnesemia 4 (20.0) 1 (12.5) 1.000
   Hyponatremia 1 (5.0) 2 (25.0) 0.188
   Hypoalbuminemia 0 (0) 2 (25.0) NA
   Pneumothorax 0 (0) 1 (12.5) NA
   Thrombosis 1 (5.0) 0 (0) NA
   Cardiac arrest 1 (5.0) 0 (0) NA

Table 7  Evaluation of the 
relationship between properties, 
and the complications of CKRT 
and age of patients

CKRT continuous kidney replacement therapy, MIV mechanical invasive ventilation, NIV non-invasive ven-
tilation, *: p < 0.05

Parameters Age at dialysis (days), median [25th–75th percentile] p

Yes No

Adjunctive Therapies
  Inotropes 28 [4–180] 1037 [30–1745.5] 0.019*
  NIV 28 [10.5–72.5] 570 [12.3–1282.5] 0.232
  MIV 16 [4–159] 1039.5 [739.3–1744.3]  < 0.0001*
  Red blood cell transfusion 52 [4.8–1040.8] 166 [21.3–1562.3] 0.601
  Platelet transfusion 32 [6.3–297.8] 607 [11.5–1718.3] 0.133

CKRT complications
  Thrombocytopenia 43 [5.5–1027] 152 [28–1743] 0.191
  Hypotension 15 [4–180] 1042 [60–1745.5] 0.003*
  Hypocalcemia 35.5 [8.8–1036.5] 114.5 [7.3–1114.3] 0.537
  Hypokalemia 48 [4–820.5] 518.5 [14.3–1115.5] 0.423
  Hypophosphatemia 83.5 [4–1719.5] 72.5 [163–1034.8] 0.869
  Bleeding 1035.5 [18.3–1543] 55.5 [4–1005] 0.237
  Hypothermia 28 [4–1034] 152 [14.5–1091] 0.348
  Hypomagnesemia 1042 [16–1729] 68 [7–1034] 0.380
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seizures. We believe that with increased experience, CKRT 
will be more frequently performed in cases with leucine lev-
els below 1500 μmol/L in MUSD-diagnosed patients with 
abnormal consciousness, as observed in the present study.

An approach involving the cessation of protein consump-
tion and a higher calorie intake was applied to all patients. 
According to the most recent guidelines related to the man-
agement of hyperammonemia in pediatric patients, CKRT 
should be initiated in patients with persistently high blood 
ammonia levels (≥ 500 μmol/L) or blood ammonia levels 
of > 250 μmol/L in the presence of moderate encephalopa-
thy [4]. Consistently, the mean value of the initial plasma 
ammonia levels was 1279.9 ± 612.1 μmol/L and the mini-
mum value of the plasma ammonia level was 451 μmol/L. 
The observed treatment modalities were consistent with 
those recommended in published guidelines [1, 18].

Continuous kidney replacement therapy has led to 
improvements in the outcomes of dialysis complications 
and is superior to intermittent hemodialysis in maintain-
ing hemodynamic stability and preventing a re-increase of 
toxic metabolites [4]. Multiple CKRT techniques have been 
developed, all of which are safe and efficacious, and among 
which, CVVHD enables a higher toxic metabolite clearance 
rate than continuous venovenous hemofiltration (CVVH) for 
the management of hyperammonemia and hyperleucine-
mia [4, 19, 20]. In the present study, the CVVHD (57.1%) 
and CVVHDF (42.9%) modalities were analyzed, and the 
CVVHD modality was found to be used in most MSUD 
dialysis sessions (78.6%), as the rapid removal of leucine is 
not as important as ammonia removal. On the other hand, 
the CVVHDF mode was frequently preferred in the patients’ 
hyperammonemia sessions (64.3%), although the authors 
identified no significant difference between CVVHD and 
CVVHDF in the reduction of leucine rates according to the 
CKRT duration [7].

Studies of the toxic metabolite reduction rates associated 
with CKRT have produced inconsistent results [5–7]. For 
instance, a study published in 2019 detected a mean duration 
of dialysis for hyperammonemia in UCD-diagnosed patients 
of 46 (33–53) h [5], while another study reported a mean 
duration of 19.4 ± 16.4 h in a similar group of patients, and 
a mean ammonia reduction rate of 5.02 ± 4.53% per hour for 
patients with organic acidemia [6]. The same study identi-
fied a mean leucine reduction rate of 3.88 ± 3.65%, while 
Demirkol et al. reported a mean leucine reduction rate of 
between 62.3% and 75.9%, and a mean leucine reduction 
rate per hour of between 4.5% and 5.8% in different CKRT 
modalities [6, 7]. Moreover, the mean leucine reduction rate 
and the mean leucine reduction rate per hour were recorded 
as 83 ± 6.6% and 4 ± 2.5% for CVVHDF, respectively, in 
another study [7]. In the present study, a higher ammonia 
reduction rate and a lower mean ammonia reduction rate 
per hour than in previous studies were detected. In MSUD 

patients, lower leucine reduction rates and leucine reduction 
rates per hour were calculated, and we concluded that this 
diversity in findings could be attributed to the use of dif-
ferent CKRT modalities, the area of the membrane and the 
blood flow rate. Nevertheless, all studies reported CKRT to 
be a safe and effective approach to removing toxic metabo-
lites in patients with IEM.

In a metabolic crisis, kidney function tests may be 
impaired, and metabolic acidosis, electrolyte imbalance, and 
dehydration may be observed. In the patients in the present 
study, abnormal levels of BUN, creatinine, sodium, potas-
sium, and phosphate were detected, all of which improved 
with CKRT treatment. These findings support the suggestion 
that CKRT applied to patients with IEM not only removes 
toxic metabolites but also impairs electrolyte imbalance 
[21].

Despite all these advantages, providers need to be aware 
of the potential complications of CKRT, the most often 
reported of which are thrombocytopenia, hypotension, 
hypocalcemia, hypokalemia, hypothermia, complications 
of anticoagulation, complications due to vascular access 
such as bleeding, and thrombosis [20]. The disadvantages 
of CKRT relate primarily to technical difficulties, including 
complications in the insertion of catheters for neonates and 
infants, and low body-weight children. To avoid catheter 
complications, the most commonly preferred vascular line 
is the right internal jugular vein [20, 21]. Consistently, in 
the present study, thrombocytopenia, hypotension, hypoc-
alcemia, hypokalemia, and hypothermia were identified as 
the most common complications of CKRT, and similar to 
other studies, the right internal jugular vein (67.8%) was 
commonly used for CKRT.

The development of hypotension following CKRT is 
common, with critically ill children being at greater risk 
than adults [22]. Generally, the CKRT circuits and lines usu-
ally used have an extracorporeal volume of over 10% of an 
infant’s blood volume, meaning that there is a significant 
risk of hypotension, and priming with blood or albumin is 
required to prevent hypotension [23]. While one cohort has 
identified a global incidence of hypotension of 49.7%, in a 
global survey, hypotension was observed in 18.8% of adult 
patients [23, 24]. In the light of this information, before the 
initiation of CKRT in the present study, blood, albumin, or 
physiological saline were used to prevent hypotension in 
all sessions. In the present study, hypotension occurred in 
more than half of patients, with the median age of those who 
developed hypotension being lower than that of the patients 
with normal blood pressure. As expected, vasoactive medi-
cations were more frequently used in young patients. These 
findings indicate that the risk of hypotension should be kept 
in mind in low weight and young patients. Furthermore, 
hypotension was more frequently observed in CVVHDF 
(75.0%) than CVVHD (33.3%), although this finding could 
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be attributable to the lower age of patients under CVVHDF 
than those under CVVHD.

PIM, PIM2, and PIM3 scores, together with PRSIM III 
and PELOD 2, provided the most suitable indications of 
mortality, while PRISM provided the poorest mortality 
prediction of all the tested scores [25]. Based on the daily 
estimation of the severity of multiple organ dysfunction syn-
dromes in critically ill children, a high PELOD score (≥ 20 
points) was associated with a mortality rate of 40.7%, and a 
low PELOD score (< 10 points) was associated with a mor-
tality rate of < 1% on the first day of PICU admission [26]. 
Similar to this logistic regression model, in the present study 
the mean PELOD-2 score was higher in patients who died 
(22 [2–32]) despite the mean PELOD-2 score of all patients 
being 10 [0–16.5]. The study with the largest study popula-
tion with IEM evaluated the relationship between PRISM 
III, PELOD-2 scores and mortality in CKRT, and reported 
the PELOD score to be lower in the surviving patients. 
However, in this study, the effectiveness of CKRT and the 
reduction rate of toxic metabolites were not evaluated [27]. 
To better understand the relationship between scores and 
mortality, larger study populations and meta-analyses are 
needed. Furthermore, the effect of other factors, such as 
the patients’ age and weight, and the time interval between 
symptom emergence and CKRT initiation, on the outcome 
of CKRT should not be forgotten.

In the present study, we evaluated the relationship 
between the complications and outcomes of CKRT and 
the patients' age and identified no significant difference 
between mortality and age. As mentioned above, we believe 
this result to be associated with the increased experience of 
CKRT in young infants weighing 10 kg or less. One inter-
esting finding of the present study is that the mortality rate 
in CVVHDF (50%) is higher than for CVVHD (12.5%), 
although we believe it is not necessary to take this into 
account as the diagnosis of more than half of the patients 
treated with CVVHDF was UCD, while more than half of 
the CVVHD treatments were performed on MSUD patients. 
One can imagine that a neonate with an undiagnosed UCD 
will be much sicker than an older child with a known 
MSUD. Studies including larger populations with the same 
diagnosis are essential to understand better the mortality 
rates associated with the two methods.

Limitations of the study

The present study has several limitations. First, it is a retro-
spective single-center study in which long-term outcomes 
were not followed up. Secondly, no evaluation was made 
of the parameters affecting the efficacy of CKRT, such as 
the area of the membrane and the blood flow rate. Finally, 
we believe the number of dialysis sessions should be higher 
to allow a comparison of subgroups and obtain more 

statistically significant results, despite this being one of the 
largest patient groups in literature in its area of interest.

Conclusions

In conclusion, CKRT can be considered a reliable approach 
to the effective and rapid removal of toxic metabolites in 
patients with IEM. Our study, in which the largest number of 
dialysis sessions reported to date is examined, showed that 
CKRT modalities can be used safely and are well-tolerated 
in infants as well as adults, although a considerable number 
of complications of CKRT were determined. Multicenter 
prospective studies are needed to confirm our findings.
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