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Abstract

Background Intermittent hemodialysis (IHD) is the most ef-
ficient form of renal replacement therapy (RRT) for removing
toxic substances from patients’ bodies. However, the efficacy
and safety of IHD in infants and young children with inborn
errors of metabolism are still not clear.

Methods This retrospective study included patients with urea
cycle disorders, maple syrup urine disease, and methylmalonic
acidemia who received THD or non-IHD RRT at our hospital
between 2001 and 2012 to remove ammonia, leucine, or
methylmalonic acid. Both the efficacy and safety of the RRT
were evaluated.

Results Thirty-five courses of RRT, including 25 courses of
IHD and ten courses of non-IHD RRT, for 15 patients were
included in the analysis. Before 2006, non-IHD RRT proce-
dures, including peritoneal dialysis (PD) and continuous
venous-venous hemofiltration (CVVH), were the most often
used; from 2006 onwards IHD was used. There was one
procedure-unrelated death. Catheter penetration occurred in
one course of IHD. The efficacy data revealed that both the
median duration of dialysis and the median 50 % toxin reduc-
tion time were shorter in IHD than in non-IHD RRT.
Conclusions In infants and young children with inborn errors
of metabolism, IHD is safe and more efficient than non-IHD
RRT at removing toxins.
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Introduction

Acute metabolic decompensation in patients with inborn errors
of metabolism (IEM) is a medical emergency that requires
immediate renal replacement therapy (RRT) to remove the toxic
substances from the body to prevent death or permanent brain
damage [1-3]. The common forms of RRT include peritoneal
dialysis (PD), continuous venous-venous hemofiltration
(CVVH), continuous arteriovenous hemofiltration (CAVH),
and intermittent hemodialysis (IHD). Although IHD is the most
efficient form of RRT to remove toxic substances from the body
[4, 5], and infants and young children are more susceptible than
adult patients to damage due to IEM, due to the difficulties in
vascular access and hemodynamic instability in infants and
young children, PD and CVVH have been the most commonly
used forms of RRT in these patients [6—8].

IHD performed in infants and young children has been
described in a number of studies, but in most of these, the case
numbers were small, and the safety and efficacy data were not
complete [4, 9-11]. Experiences in Asian countries are espe-
cially lacking. To improve the treatment of acute metabolic
decompensation in IEM, we initiated IHD for infants and
young children in 2006. In the study reported here, we com-
pared THD and non-IHD RRT with regard to the safety and
efficacy for these patients.

Materials and methods

Data from RRT performed for acute metabolic decompensation
in patients with urea cycle disorders (UCDs), maple syrup urine
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disease (MSUD), and methylmalonic acidemia during the pe-
riod from 2001 to 2012 were analyzed (Table 1). The indication
for RRT was hyperammonemia of >500 uM or persistent
hyperammonemia of >300 pM despite medical treatment for
UCD:s, intractable metabolic acidosis for methylmalonic
acidemia, and consciousness change in MSUD. Patients de-
scribed in one of our previous publications were also included
in this current study when biomarker data were available [6].
Before 2006, non-IHD RRT was the main form of treatment,
except for one patient (patient No. 1) with MSUD who received
PD at ages 3 and 4 years due to the parents’ preference. The
procedures for CVVH have been described previously [6].
Briefly, a Gambro FH22/FH66 hemofilter (polyamide; surface
area 0.2/0.6 m?; priming volume 12/43 mL, respectively;
Gambro, Lund, Sweden) was utilized with an Alaris Imed
Gemini model PC-2TX infusion pump (Soma Technology,
Bloomfield, CT) and Lifecare Abbot Mocri Macro XL infusion
pump (Abbot Laboratories, Abbott Park, North Chicago, IL)
with the priming volume of blood tubing according to the
selected tubing volume. The blood flow was continuously
controlled by a Gambro AK-10 monitor (Gambro). CAVH
was applied in some patients, and it was also achieved by a
0.2-m? polyamide hemofilter (Gambro FH22) without rolling
pumps. The hemofiltration replacement fluid was a combina-
tion of two solutions with a final composition of 142 mEq/L
sodium, 2.6 mEq/L calcium, 1.4 mEq/L magnesium, 113 mEq/

L chloride, and 33 mEq/L bicarbonate. Blood flow rate was 5—
7 mL/kg/h, and the replacement fluid flow rate was 35-50 mL/
kg/h. Heparin was applied with a loading dose of 10-20 U/kg
and a maintenance dose of 10-20 U/Kg/h. PD was also used in
the treatment course for 24 cycles daily in some patients. The
intraperitoneal dwell volume was set as 30 mL/kg with a 30-
min dwell time. The glucose concentration of the PD solution
(Baxter Inc., Singapore) was 4.25 %.

After 2006, IHD for infants and young children with IEM
was developed at our hospital and became the main form of
RRT, except for one patient with argininosuccinate synthase
(ASS) deficiency who experienced a vascular access failure
and CVVH was applied. For the IHD procedures, a double-
lumen catheter of the appropriate size was first inserted through
a right internal jugular vein puncture performed by a cardiac
surgeon. The dialysis machine used was a Fresenius 4008B
(Fresenius Medical Care AG & Co., Bad Homburg vor der
Hohe, Germany) with a targeted blood flow rate of 7-10 mL/
kg/min and a dialysate (hemodialysis concentrate containing
sodium, calcium, potassium, bicarbonate, but not phosphate)
flow rate of 500 mL/min. An appropriate dialysis filter was
chosen to have a surface area (SA) approximating the patient’s
estimated body surface area. A typical setting for babies who
weighed <5 kg was FR 7 double-lumen catheters (Medcomp,
Harleysville, PA) coupled with an FX Paed dialyzer (SA 0.2 m?;
Fresenius Medical Care AG & Co.) and AV-set PAED/BABY

Table 1 Body weight, toxin levels, and outcomes of study patients receiving renal replacement therapy

Case Diagnosis® PD CA/VVH(D) IHD Outcome Case no.

no. in previous
Lowest BW Highest toxin Lowest BW Highest toxin Lowest BW  Highest toxin series [6]
at RRT (kg) at RRT (uM) at RRT (kg) at RRT (uM) at RRT (kg) at RRT (uM)

1 MSUD 11.5 1010 14.2 2,300 15.3 3,090 Severe MR 8

2 MMA - - 7 115.73 - - Mild MR; LT 2

3 UCD (ASS def)) - - 33 230 - - Mild MR

4 MMA - - 2.8 976.6 10 51.84 Mild MR; LT 4

5 UCD (CPS def.) - - 20 1,070 20 476 expired 7

6 MMA - - 23 209.67 - - Mild MR 5

7 UCD (OTC def)) - - 8.3 345 - - LT 3

8 UCD (OTC def)) — — 6.5 182 — - Moderate MR; LT 1

9 MSUD - - - - 18 1850 Borderline MR

10 MSUD - - - - 3 3607 Borderline MR

11 UCD (ASS def)) - - - - 35 691 Moderate MR; LT

12 MMA - - - - 9 94.34 LT; mild MR

13 MSUD - - - - 23 2426

14 MMA - - - - 9.7 111 Mild MR; LT

15 MMA - - - - 9.5 160 expired

PD Peritoneal dialysis; CA/CVVH(D) continuous arteio-/continuous venous-venous hemodialysis; /HD intermittent hemodialysis; B/ body weight;
RRT renal replacement therapy; MR mental retaration; L7 liver transplantation

*MSUD, Maple syrup urine disease; MMA, methylmalonic academia; UCD, urea cycle disorders; ASS def., arginosuccinic acid synthetase deficiency;
CPS def., carbamoyl phosphate synthetase deficiency; OTC def., ornithine transcarbamylase deficiency
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bloodlines (Fresenius Medical Care AG & Co.). The priming
volume was 18 mL for the FX Paed dialyzer and 56 mL for the
AV-set PAED/BABY bloodlines. For patients who weighed
<10 kg, priming with blood was necessary for both CVVH
and THD. Supportive care, including caloric support and protein
restriction, was provided for all patients. Intravenous L-carnitine
was prescribed for methylmalonic acidemia, and oral sodium
phenylacetate and sodium benzoate were prescribed for patients
with UCD.

Each course of IHD was 4 h, and the definition of one
course for non-IHD RRT was from the start of the procedure
until either recovery or death of the patients (usually for 1—
3 days). Endpoints for non-IHD RRT were an ammonia level
of <200 pL in patients with UCD, or a significant improve-
ment in consciousness and metabolic acidosis in patients with
other diseases. Biomarkers used in this study were blood
ammonia level (monitored every 2 h for patients with UCD),
blood spot methylmalonic acid (MMA) level (monitored ev-
ery 4 h for patients with methylmalonic acidemia), and plasma
leucine level (monitored every 4 h for patients with MSUD).
The “50 % toxin reduction time (TRT)” was defined as the
time used to achieve a toxin concentration that was 50 % of
the initial level, based on calculation of the first and the last
measurement of that course. Data are expressed as the median
values (range). Continuous variables were analyzed using the
Mann—Whitney U test. The level of statistical significance
was set at p<0.05. This study was approved by the institu-
tional review board (no. 201303020RINC).

Results

A search of medical records led to the identification of 19
patients with IEM who received 41 courses of RRT during the
study period. Four courses of continuous arteriovenous hemo-
dialysis (CAVHD) were given to three patients with methyl-
malonic acidemia in the early stage, and the MMA levels were
not measured during that period. Two newborns, one with
ornithine transcarbamylase (OTC) deficiency and the other
with HMG CoA lyase deficiency, presented at our hospital in
late stages, with attacks in association with arrhythmia and
pulmonary hemorrhage. IHD and extracorporeal membrane
oxygenation pump (ECMO)/CAVH were applied, but their
neurologic outcomes of these two patients were poor, and the
families declined further treatment. The data from these two
cases were excluded from this study.

Thirty-five courses of RRT, including 25 courses of IHD and
ten courses of non-IHD RRT, performed in 15 patients (7 male
and 8 female patients) were analyzed in this study. There were
five patients with UCDs [2 with OTC deficiency, 2 with ASS
deficiency, and 1 with carbamoyl phosphate synthetase (CPS)
deficiency], six patients with methylmalonic acidemia, and four
patients with MSUD (Table 1). One OTC deficiency patient

(patient 8) decided to have RRT but the condition was compli-
cated with cardiac perforation, and the RRT was started while
the ammonia level was 182 uM [12]. Of the 15 patients, seven
received one course of RRT and eight received two or more
courses. One patient with MSUD received 11 courses of [HD
up to age 3.5 years.

The median age and body weight of the patients at the time
of dialysis and the initial toxin levels did not differ between the
IHD and non-THD RRT groups (Table 2). The smallest patients
in the two groups both weighed 2.3 kg. However, the median
duration of dialysis was significantly shorter in the IHD courses
than in the non-IHD RRT courses (p=0.001), and the median
50 % TRT was also significantly shorter (p =0.001) in the IHD
courses. This difference remained significant (p =0.002) with
the exclusion of PD from the non-IHD RRT group. When
individual diseases were examined, the 50 % TRT of the IHD
courses for MSUD patients (3.34 h) was significantly shorter
than that for the non-IHD RRT courses (11.6 h) (»=0.036).
When we correlated initial toxin level to the 50 % TRT, we
determined that IHD was effective at all initial toxin levels,
while non-THD lost its effect at high toxin levels (Fig. 1a). Non-
IHD was also less effective in patients who were relatively
heavier (Fig. 1b). Only two courses of IHD had a 50 % TRT
of >4 h: one (9.69 h) was in a patient with a low initial leucine
level (247.6 uM, normal <188 pM), and the other (7.8 h) was
in a patient with clotting circuits (twice). We had a good
opportunity to compare different RRT models in the same
patient. One MSUD patient received four courses of different
types of RRT (2 courses of IHD, 1 course of PD, and 1 course
of CVVH) at different ages. Figure 2 shows that IHD removed
leucine faster than CVVH and PD.

Although THD removes toxins quickly, a rebound of toxin
levels can occur because protein catabolism has not been
completely suppressed in such patients. For example, a 1-
year-old patient with ASS deficiency came to our hospital
because of intermittent hyperammonemia over a 1-month
period. His ammonia level decreased rapidly after the first
course of IHD, but the level rose a few hours later despite the
administration of sodium phenylbutyrate and calories. A re-
peat IHD course was performed immediately, and the patient
required still another course of IHD a few days later (Fig. 3).

A transient drop in blood pressure occurred in both IHD
and CVVH when the dialysis was started, but none of these
episodes needed to be managed by vasoactive agents. No
symptomatic hypokalemia, hypophosphatemia, or significant
bleeding occurred, although circuit clotting was a common
problem in both IHD and CVVH. On average, two sets of
tubing were required for each course of IHD and even more
sets were needed for CVVH. Cardiac perforation following
catheter penetration occurred during the insertion of a non-
cuffed double-lumen central venous catheter for IHD in one
patient [12]. The penetration hole was repaired rapidly by
surgery, and there were no further issues. One patient with
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Table 2 Performance of RRT

RRT IHD Non-IHD p
All N=25 N=10
Age at RRT 7 days to 7 years 12 days to 7 years
Weight at RRT (kg) 9.7 (2.3-20) 7.7 (2.3-20) 0.973
Duration of RRT (h) 4.0 (2.54) 20.0 (3-72) 0.001
50 % TRT (h) 3.2(2.15-9.69) 12.3 (1.8-36) 0.001
50 % TRT (h) (exclude PD) 3.2 (2.15-9.69) 12.0 (1.8-21.8) 0.002
Maple syrup urine disease N=16 N=3
Leucine (uM) 1,326 (245-3,607) 1,655 (636-2,300) 0.571
50 % TRT (h) 3.34 (2.45-9.69) 11.6 (11.22-36) 0.036
Urea cycle disorders N=4 N=4
Ammonia (uM) 374.5 (250-691) 287.5 (182-1070) 0.686
50 % TRT (h) 2.8 (2.15-4.1) 8.3 (1.7-21.8) 0.343
Methylmalonic acidemia N=5 N=3
MMA (uM) 94.3 (51.8-160) 209.7 (115.7-976.6) 0.287
50 % TRT (h) 3.14 (2.5-7.8) 12.7 (12.7-17.3) 0.287

TRT Toxin reducing time; RRT renal replacement theraphy; /HD intermittent hemodialysis

Data is expressed as the median, with the range given in parenthesis

CPS deficiency received CVVH for 8.5 h without a satisfac-
tory reduction in the ammonia level (from 1,070 to 861 uM).
After shifting to IHD, the ammonia level of this patient
dropped from 476 to 199 uM in 2.5 h. Unfortunately, the
patient died several hours later; however, his death was not
attributed to either CVVH or IHD. There was no complication
in the PD.

The safety and efficacy of THD can be best demonstrated in
one MSUD patient, now 3.5 years old, who has received 11
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Fig. 1 Comparison of 50 % toxin reducing time (TRT) between inter-
mittent hemodialysis (/HD) and non-IHD, including continuous venous-
venous hemofiltration (CVVH) and two courses of peritoneal dialysis
(PD). a IHD was effective in reducing overall initial toxin levels as
evidenced by the very short 50 % TRT. Non-IHD was less effective than
IHD, especially when the initial toxin levels were high. b IHD was
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courses of IHD to date. This patient was diagnosed through
newborn screening at the age of 7 days. She already had
decreased activity when she was admitted to the hospital for
the confirmatory tests, and the first [HD was performed at a
body weight of 3.2 kg. The patient was then put on a low
branched-chain amino acid diet and calorie supplementation,
but frequent metabolic decompensation still occurred. A brain
magnetic resonance imaging study at 3 years of age did show
some high T2-weighted signals over both sections of the
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effective regardless of the body weight (BW) of the patients. Non-IHD
was less effective than IHD, especially when the patients were relatively
heavier. The initial toxin level is expressed as a fold change of the upper
limit of the normal range (180 uM for leucine, 100 uM for ammonia in
newborns, 35 uM for ammonia in older infants and children, 1 uM for
methylmalonic acid)
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Fig. 2 A comparison of the efficacy of different forms of renal replace-
ment therapy (RRT) in one patient with maple syrup urine disease. The
results reveal that intermittent hemodialysis (/HD) decreased plasma
leucine levels much faster than either continuous venous-venous
hemofiltration (CVVH) or peritoneal dialysis (PD). The two courses of
IHD were performed at different ages

globus pallidus. However, the patient has shown normal men-
tal development, and her gross motor developmental quotients
for gross motor (score=83) and fine motor (score=73) skills
are very close to normal values.

The long-term outcome of each patient is given in Table 1.
Of the nine patients who had non-IHD as the first RRT for
metabolic decompensation, six patients had mental retarda-
tion, one CPS deficiency patient died after one attack (as
described above), one girl with OTC deficiency received a
liver transplant after the attack, and one patient had a stroke
due to methylmalonic acidemia. Of the four patients who had
IHD as the first RRT for metabolic decompensation, one
methylmalonic acidemia patient had developmental delays
and died of Pneumocystis jiroveci pneumonia 4 months after
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Fig. 3 The clinical course of one patient with a urea cycle disorder. The

first course of intermittent hemodialysis (/HD) rapidly lowered the initial

ammonia (NVH3) level. The ammonia level increased (arrow) a few hours

later, and a second course of IHD was performed. The ammonia level

rebounded yet again a few days later (arrowhead) but was successfully
managed by the third course of IHD

liver transplantation. Another methylmalonic acidemia patient
had hypoxia-ischemic encephalopathy as a complication of
the transplantation.

Discussion

Most of the severe forms of IEM have symptom onset during
infancy or the early childhood period. Recurrent metabolic
decompensation is also frequent in these patients because of
the difficulties encountered in controlling the diseases. Howev-
er, the brains of infants and young children are highly vulner-
able to hyperammonemia, metabolic acidosis, or other meta-
bolic insults; consequently, neurological sequelae, developmen-
tal delays, and mental retardation are common. Therefore, the
management of acute metabolic decompensation in infants and
young children with IEM constitutes a medical emergency.

In our patient cohort, IHD removed toxins more rapidly
than PD or CVVH, but currently sufficient data are not avail-
able for a direct comparison between IHD and/or high-volume
CVVH/continuous veno-venous hemodialysis (CVVHD). In
previous studies for patients with UCD, the 50 % TRT was
reported to be longer for CVVHD than for [HD [11]. Patients
with MSUD can have a 50 % TRT of <4 h both with IHD and
CVVH [11, 13, 14], but CVVH usually gives more variable
results [15]. The 50 % TRT of CVVHD reported in one study
[16] is longer than that of IHD in our current study. Never-
theless, a rebound of the toxin levels may occur before catab-
olism has been controlled. The rebound episodes can be
managed by promptly resuming IHD, as shown in our cases.
Either high-volume CVVH [6] or CVVHD may be used to
prevent the rebound of toxin levels after [HD.

The mortality rate in patients with inborn errors of metabo-
lism on continuous RRT can be high [17]. IHD in infants and
young children has been thought to be excessively risky be-
cause of the lack of proper circuits, difficulties with vascular
access, and hemodynamic instability, among other concerns.
Based on our experience, however, IHD in infants and young
children can be performed safely in the presence of proper
equipment (circuits) and by a team that includes experienced
cardiac surgeons, nephrologists, and medical geneticists. Our
study reveals that among our patient cohort the risks associated
with IHD did not exceed those associated with CVVH, which is
consistent with the opinion of Walters et al. [18]. IHD can also
be used in patients with an unstable hemodynamic status by
including an ECMO to support blood pressure [19]. In fact, a
prompt decision to initiate [HD, rather than waiting for further
symptoms or signs, increases the chance that patients will
receive [HD before hemodynamic instability develops.

The long-term benefit of IHD regarding neurological out-
comes is difficult to evaluate based on our results because
individual differences in disease severity, time to the start of
the intervention, and pre-existing neurological status all affect
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the outcomes. For example, one of our previous studies re-
vealed that even mild non-life-threatening hyperammonemia
in young patients with methylmalonic acidemia caused sig-
nificant brain damage [20]. Hopefully, after early disease
detection by the expanded newborn screening and prompt
treatments, including IHD, we can improve the long-term
outcomes of patients with [EM in the future.

There were several limitations to our study. First, these
disorders are rare and, consequently, the number of patients is
usually too small to run randomized trials. Second, IHD is a
more recent treatment, and the availability of new medications,
such as intravenous L-carnitine or sodium phenylbutyrate, may
have helped to stabilize the patients. Therefore, the effective-
ness of IHD may be at least partially attributable to the detox-
ifying medication, and not only to the different RRT regimen.
However, in our practice intravenous sodium phenylbutyrate
has only become available very recently and it was not a
contributory factor in our study, Further studies will be neces-
sary to demonstrate the long-term benefits of IHD treatment for
infants and small children with IEM, and data comparing the
effectiveness of different RRT regimens with the same detoxi-
fying medications are urgently needed.

In conclusion, IHD in infants and young children with [EM
is a safe and efficient treatment to remove toxins at any levels.
IHD should be used to quickly decrease the toxin levels.
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