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Renal replacement therapy in neonates with an

iInborn error of metabolism
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Hyperammonemia can be caused by several genetic inborn errors of metabolism including urea cycle
defects, organic acidemias, fatty acid oxidation defects, and certain disorders of amino acid metabolism.
High levels of ammonia are extremely neurotoxic, leading to astrocyte swelling, brain edema, coma,
severe disability, and even death. Thus, emergency treatment for hyperammonemia must be initiated
before a precise diagnosis is established. In neonates with hyperammonemia caused by an inborn error
of metabolism, a few studies have suggested that peritoneal dialysis, intermittent hemodialysis, and
continuous renal replacement therapy (RRT) are effective modalities for decreasing the plasma level of
ammonia. In this review, we discuss the current literature related to the use of RRT for treating neonates
with hyperammonemia caused by an inborn error of metabolism, including optimal prescriptions, pro-
gnosis, and outcomes. We also review the literature on new technologies and instrumentation for RRT in
neonates
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Introduction

The etiology of neonatal hyperammonemia includes inborn errors of metabolism, transient
hyperammonemia in the premature infant, severe perinatal asphyxia, total parenteral nutrition,
and liver failure.” Inborn errors of metabolism causing hyperammonemia comprise several
genetic disorders including urea cycle defects, organic acidemias, fatty acid oxidation defects,
and certain disorders of amino acid metabolism.” The overall incidence of small molecule dis-
eases causing congenital hyperammonemia is 1:9,160, among which the incidence of organic
acidurias and urea cycle defects are 1:21,422 and 1:41,506, respectively.” The onset of hyper-
ammonemia can occur during the neonatal period (40%), infanthood (30%), childhood (20%),
or adulthood (5%-100%).”

Hyperammonemia is extremely neurotoxic, causing astrocyte swelling, brain edema,
coma, severe disability, and even death. Thus, emergency treatment of hyperammonemia
must be initiated before a precise diagnosis is established.” The aim of such medical treatment
are to reduce precursor levels and catabolism while increasing anabolism.” Current practice
guidelines for treating hyperammonemia include cessation of protein consumption, caloric
intake >100 kcal/kg, and use of medications such as insulin, arginine, carnitine, vitamins,
benzoate/phenylbutyrate, and peroral carbamylglutamate.” In cases where the level of
plasma ammonia does not respond to medical treatment, renal replacement therapy (RRT)
such as hemodialysis (HD), peritoneal dialysis (PD), or continuous renal replacement therapy
(CRRT) should be started before development of neurological impairments (Table 1). In
neonates with hyperammonemia caused by an inborn error of metabolism, a few studies have
suggested that PD, intermittent HD, and CRRT are effective modalities to decrease the plasma
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Table 1. Current modalities of renal replacement therapy in neonates with hyperammonemia

Variable Principle Efficiency of removal for small molecules Tolerance
Peritoneal dialysis Diffusion+ultrafiltration Poor Good
Hemodialysis Diffusion Very high Poor
Continuous venovenous hemofiltration Ultrafiltration Poor Good
Continuous venovenous hemodiafiltration Diffusion+Ultrafiltration High Good

level of ammonia. *”"” However, there is little data on the optimal
modality, prescription, or prognostic factors associated with RRT
in neonates with hyperammonemia. In the following review, we
discuss the current literature on the use of RRT for treating neonates
with hyperammonemia caused by an inborn error of metabolism,
including optimal prescriptions, prognosis, and outcomes. We also
review the literature on new technologies for RRT in neonates.

Use of RRT in neonates with hyperammonemia

Prior to the 1990s, neonates with hyperammonemia were treated
with PD because of the risk of hemodynamic instability and the
technical challenges of performing extracorporeal dialysis. In
1989 there was a report of 4 neonates who presented with a coma
secondary to hyperammonemia and were treated with PD within 16
and 120 hours, with clinical improvement observed in three patients
within 16 to 72 hours of initiation of PD.”

Ammonia in plasma diffuses easily through dialysis membranes;
thus, removal of ammonia by extracorporeal dialysis is faster and
more efficient compared to the use of PD for the removal of ammo-
nia. Since the 1990s, there have been a few reports comparing PD,
intermittent HD, and CRRT for lowering the plasma level of ammo-
nia in neonates with hyperammonemia. Arbeiter et al.” reported that
the plasma ammonia level was significantly reduced by 50% within
4.742.5 hours with continuous venovenous HD whereas continuous
PD achieved this result within 13.5+6.2 hours, and plasma ammonia
levels of <200 ng/dL were achieved within 22.4+18.1 hours using
continuous venovenous HD whereas continuous PD achieved this
result within 35.0+24.1 hours. This result suggests that CRRT using
continuous venovenous HD can effectively and quickly reduce
plasma ammonia. Lai et al.” found that intermittent HD reduces
plasma ammonia level by as much as 50% after 1-2 hours com-
pared with this result being achieved within 2-14.5 hours with
continuous venovenous hemofiltration. In addition, they also re-
ported that high-volume continuous venovenous hemofiltration
results in good clearance of organic acids and ammonia in young
children with inborn errors of metabolism and that CRRT in con-
tinuous venovenous hemofiltration can be considered as an alter-
native therapy if HD is not feasible due to technical challenges.”
McBryde et al."” reported that initial therapy with HD is associated
with improved survival and concluded that intermittent HD should
be the first-line RRT modality for treatment of hyperammonemia,
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whereas CRRT should be used to prevent rebound after HD is stopp-
ed. Picca et al."” reported that plasma ammonia level decreases
significantly within the first 24 hours irrespective of dialysis modality
and that continuous venovenous HD achieves the highest ammo-
nium clearance, suggesting that CRRT in continuous venovenous
HD mode is the optimal modality for extracorporeal ammonium
detoxification. In their study, the most relevant indicator of prognosis
was coma duration before the start of dialysis.'”In summary, al-
though PD can be started immediately, it has a relatively slower rate
of ammonia removal thus it can be difficult to balance ammonia
formation. On the other hand, although HD is the most efficient way
to remove ammonia, hypotension is a frequently cited complication,
and ammonia level tends to rebound after HD is terminated. In CRRT,
there is a limit to secure vascular access, as well as a lack of equip-
ment appropriate for neonates. Nevertheless, high tolerance for CRRT
is possible in neonates who are hemodynamically unstable, and the
rebound effect of plasma ammonia is often not critical.

Optimal prescription of CRRT in neonates with
hyperammonemia

Spinale et al."” reported cases of 2 neonates with hyperammo-
nemia who were diagnosed with ornithine transcarbamylase defi-
ciency and received high-dose CRRT. Using dialysis/replacement
flow rates of 8,000 mL/hr/1.73 m’, which is 4 fold higher than the
usual rate used for acute kidney injury, they decreased the level
plasma ammonia to <400 pmol/L and <100 pmol/L within 3 and 10
hours, respectively, of initiating CRRT."”

Likewise, Hanudel et al.'” reported several cases of inborn errors
of metabolism treated with a biphasic, high-dose CRRT strategy
consisting first of a dialysis flow rate of 5,000 mL/hr (40,000 mL/
hr/1.73 m’) to rapidly decrease plasma ammonia level, followed by a
second step with a dialysis flow rate of 500 mL/hr (4,000 mL/hr/1.73
m’) to prevent a rebound of plasma ammonia.'” Using this biphasic
dialytic treatment strategy, a rapid reduction in ammonia was
achieved without rebound during a single dialysis session. Kim et
al."” reported that the median time to reduce initial ammonia level by
at least 50% is 12.8 hours with a median ultrafiltration rate (UFR) at
the initiation of CRRT of 2,288.4 mL/hr/1.73 m’, with a survival rate
during hospitalization of 83.3%. The study by Kim et al."” suggested
that it is necessary to determine UFR according to initial plasma
ammonia level. The mode of continuous venovenous HD with high
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dialysate flow is supposed to be the best available option. However,
there is little data regarding the optimal prescription for CRRT to
improve survival in neonates with an inborn error of metabolism,
and further research is necessary.

Prognosis and outcomes in neonates with hyper-
ammonemia

There are a few known prognostic factors in neonates with hyper-
ammonemia receiving RRT. First, duration of coma before starting
RRT has been reported as a significant prognostic factor. Specifically,
Picca et al. reported that coma duration <33 hours is prognostic
of a good outcome."” Pela et al."” also reported that outcomes are
related to coma duration caused by hyperammonemia and that
PD may be effective for neonatal hyperammonemia because it can
be administered quickly. Taken together, these findings support
the importance of prompt medical management with RRT, which
may influence patient outcomes. Enns et al.” reported that good
outcomes are associated with prompt recognition of inborn errors
of metabolism and rapid initiation of medical treatment with both
sodium phenylacetate and sodium benzoate, in conjunction with
other therapies such as intravenous arginine hydrochloride. Enns et
al."” suggested that HD may be needed to control hyperammonemia,
especially in pediatric patients that do not respond to medical
management.

RRT modality and the rate of plasma ammonia removal may
also be associated with patient outcomes. Schaefer et al."® reported
that, among eight children presenting with hyperammonemic
coma, four with the most rapid dialytic ammonia removal rate (50%
reduction within 7 hours) survived, whereas slower toxin removal
was always associated with a lethal outcome. McBryde et al."”
reported that initial therapy with HD was associated with improved
survival, while delayed time to RRT (>24 hours) was associated
with increased mortality. Arbeiter et al.” reported that 18% of their
continuous venovenous HD patients died compared with 50% of
those undergoing continuous PD, suggesting that patient outcomes
may be associated with RRT modality. However, a more recent
study indicated that in patients undergoing extracorporeal dialysis,
the duration of coma before dialysis is longer than in those with PD
and that there is no difference in short-term outcome between PD
and extracorporeal dialysis.'” The same study also suggested that
total coma duration and plasma ammonia level before RRT are risk
factors for death.'”

Lastly, patient conditions such as presenting vital signs may
be associated with outcomes. Westrope et al.”” reported that pre-
continuous venovenous hemofiltration conditions of neonates such
as the PRISM (Pediatric Risk of Mortality) score and requirement
for cardio-active medication are prognostic of patient outcomes. In
summary, recent reports suggest that the most relevant indicator for
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prognosis is duration of coma prior to the start of dialysis. In addi-
tion, there is ongoing controversy as to whether the efficacy of initial
dialysis has an effect on outcomes, because the efficacy of dialysis
is often evaluated according to changes in plasma ammonia level,
which is affected by other factors as well. As a result, it can be diffi-
cult to differentiate the influence of ammonia dialysis clearance from
the effects of other variables.

Obstacles to RRT and introduction of new equipment
for neonates

A retrospective study reported that infants undergoing CRRT
have acceptable outcomes overall and that the outcomes of infants
weighing 3-10 kg are similar to those of older patients.”” Infants
with metabolic disorders have good outcomes, while neonates
weighing less than 3 kg and with certain diagnoses such as congeni-
tal anomalies have worse outcomes.” There have been a few reports
on outcomes in Korean neonates treated with CRRT.”*”” Lee and
Cho™ analyzed the factors associated with outcomes in 34 neonates
undergoing CRRT and reported an overall mortality of 50% and
that neonates with a higher percentage of fluid overload and a
higher level of serum creatinine at the initiation of CRRT had worse
outcomes.

The obstacles of CRRT in neonates include a large circuit volume,
difficulty in fluid balance, and difficulty in establishing vascular
access lines. The relatively large circuit volume (=60 mL) needed
for blood priming carries several risks. A detailed fluid balance is
not possible, and the current instruments used for CRRT are not
licensed for babies weighing less than 8 kg. Likewise, 7F dual-lumen
vascular access lines and blood flow rates of 40 mL/min are usually
recommended for efficient CRRT; however, this can be difficult to
establish in neonates.

A new device for CRRT in patients <10 kg was recently intro-
duced, namely, the Cardio-Renal Pediatric Dialysis Emergency
Machine (CARPEDIEM). The CARPEDIEM is the result of a 5-year
project aimed at creating a new miniaturized CRRT machine for
neonates and small infants (2.5 kg).**® The CARPEDIEM utilizes
reduced priming volumes (27 mL including filter) and has the
capacity to accurately handle very low blood and ultrafiltration
flow rates (roller pump at a flow rate as low as 5-50 mi/min with
the ultrafiltration and replacement fluid pumps operating at 0-10
mL/min).*” The filters of the CARPEDIEM have different surface
areas (0.075, 0.15, and 0.25 m’) that are appropriate for very small
babies.”” The first-in-human use of the CARPEDIEM was in 2013,
where a neonatal patient received CRRT with CARPEDIEM (heparin
anticoagulation).””

The CARPEDIEM was originally designed for continuous veno-
venous hemofiltration in neonatal and pediatric patients and is
limited in that adequate convective clearance may not be achieved
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Fig. 1. The approach of renal replacement therapy for neonates with
hyperammonemia.

because of limited blood flow.”” Thus, there is an ongoing need for
other medical technologies (catheters, fluids, and monitors) designed
for small pediatric patients. Indeed, other dialysis machines for
small babies have been developed, including the Newcastle infant
dialysis and ultrafiltration system (Nidus)”” developed in 1995,
which consists of a novel syringe-driven HD circuit with a circuit
volume of 13 mL that is designed for 24 hours continuous use. In
2005, Nidus was used to treat 4 babies (800 g-3.4 kg) with a single-
lumen access line and no blood-priming.”” In 2014, Nidus was
used to repeatedly withdraw 5-12.5 mL aliquots of blood from a
single-lumen central venous line, pass and return the blood across a
dialysis filter, and then send it back to the baby.”” The prescriptions
for Nidus include a blood flow rate of 20 mL/min, UFR of 0-60 mL/
hr, and heparin anticoagulation.”” Beyond CARPEDIEM and Nidus,
there are relatively few reports of other RRT machines for small
babies.”® Further research on the optimal mode and prescription for
RRT in small babies is needed, along with the development of new
equipment.

Conclusions

RRT can be used to achieve a rapid decrease in plasma ammonia
level, and continuous venovenous HD with a high dialysate flow
rate appears to be the best available option. Severe hyperammone-
mia can be reversed by pharmacological treatment alone in 1/3
of patients, and 4 hours appears to be a reasonable time to allow
for pharmacological treatment to take effect before initiating RRT
(Fig.1). Although newly developed machines for small pediatric
patients have been introduced, there is an ongoing need for research
into optimal modalities, dosing according to primary disease (inborn
errors of metabolism vs. acute kidney injury), and optimal antico-
agulant therapy in neonates undergoing CRRT.
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