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Abstract
Background In severe neonatal hyperammonemia, extracor-
poreal dialysis (ECD) provides higher ammonium clearance
than peritoneal dialysis (PD). However, there are limited
outcome data in relation to dialysis modality.
Methods Data from infants with hyperammonemia secondary
to inborn errors of metabolism (IEM) treated with dialysis

were collected in six Italian centers and retrospectively
analyzed.
Results Forty-five neonates born between 1990 and 2011
were enrolled in the study. Of these, 23 were treated with
PD and 22 with ECD (14 with continuous venovenous hemo-
dialysis [CVVHD], 5 with continuous arteriovenous hemodi-
alysis [CAVHD], 3 with hemodialysis [HD]). Patients treated
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with PD experienced a shorter duration of predialysis coma,
while those treated with HD had a shorter ammonium decay
time compared with all the other patients (p<0.05). No differ-
ence in ammonium reduction rate was observed between
patients treated with PD, CAVHD or CVVHD. Carbamoyl
phosphate synthetase deficiency (CPS) was significantly as-
sociated with increased risk of death (OR: 9.37 [1.52–57.6],
p=0.016). Predialysis ammonium levels were significantly
associatedwith a composite end-point of death or neurological
sequelae (adjusted OR: 1.13 [1.02–1.27] per 100 μmol/l, p=
0.026). No association was found between outcome and dial-
ysis modality.
Conclusions In this study, a delayed ECD treatment was not
superior to PD in improving the short-term outcome of neo-
nates with hyperammonemia secondary to IEM.

Keywords Continuous venovenous hemodialysis . Inborn
errors of metabolism . Neonatal hyperammonemia

Introduction

Neonatal hyperammonemia is a severe clinical condition char-
acterized by high ammonium levels and excess glutamine
accumulation in astrocytes, inducing cell swelling and brain
edema. In most cases, it concerns full-term, healthy-looking
neonates showing feeding refusal, seizures, lethargy, coma,
and death. Most frequently, it is caused by urea cycle defects
(UCD) and organic acidurias (OA). In UCD, partial or com-
plete lack of activity of key enzymes of the urea cycle
(carbamoyl phosphate synthetase 1 [CPS1], ornithine
transcarbamylase [OTC], argininosuccinate synthetase
[ASS], argininosuccinate lyase [ASL], arginase 1 [ARG1],
N-acetylglutamate [NAG], ornithine/citrulline antiporter
[ORNT1]) induces primary accumulation of ammonium and
a secondary increase in glutamine production, owing to the
action of intracellular glutamine synthetase in the presence of
hyperammonemia [1]. In OA, intramitochondrial accumula-
tion of acyl-CoA esters induces a secondary block of urea
cycle enzymes and may result in severe hyperammonemia [2].

Neonatal hyperammonemia is a rare condition (prevalence
1:9,000 live births) [3], but its diagnosis and management
involve many competencies (biochemistry labs, metabolism
experts, neonatal intensivists, surgeons), because of the mul-
tidisciplinary approach that these patients require. The initial
management of undiagnosed hyperammonemia includes stop-
ping protein intake, intravenous glucose, initiation of first-line
medications: IV L-arginine, nitrogen scavengers,
carbamylglutamate, carnitine, vitamin B12 and biotin. A diag-
nostic workup is simultaneously started and plasma amino
acids, blood or plasma acylcarnitines, urinary organic acids,
and orotic acid should be urgently requested [1].

In the last four decades, additional artificial ammonium
depuration treatment has been introduced in patients not
responding to medical and dietary management. After initial
experiences with exchange transfusion [4–6], peritoneal dial-
ysis (PD) was performed in these neonates with better results
[6–11].

The availability of extracorporeal dialysis (ECD) facilities
for neonates allowed more efficient ammonium removal [9,
12–18]. In particular, HD and continuous renal replacement
therapy (CRRT) modalities found their application in neo-
nates, given their higher efficacy compared with PD [12, 13,
19]. However, to date, there has been no clear evidence of
which dialysis modality is associated with a better outcome
[11, 13, 14].

In this multicenter, retrospective, non-controlled study, a
large cohort of hyperammonemic neonates treated by dialysis
was collected in six Italian pediatric hospitals with the scope
of analyzing the possible association between dialysis and the
short-term outcome, in terms of both survival and neurologi-
cal sequelae.

Patients and methods

Data collection

This study was promoted by the Italian Society of Pediatric
Nephrology and it was part of a dedicated Study Group. Six
Italian Centers of Pediatric Nephrology were asked to provide
retrospective information on all patients who were treated
with any form of dialysis for neonatal hyperammonemia over
the period spanning 1990 to 2011. Diseases included UCD
(carbamoyl phosphate synthetase deficiency [CPS];
argininosuccinic aciduria [ASA], and citrullinemia [CIT])
and OA (propionic aciduria [PA] and methylmalonic aciduria
[MMA]). In all cases, a final diagnosis was reached based on
biochemical investigations, including measurement of plas-
ma, urinary amino acids, urinary organic acids, and orotic
acid. Plasma ammonium was measured according to local
laboratory methods at the time of diagnosis. Male patients
with ornithine transcarbamylase deficiency (OTC) were ex-
cluded because of the poor prognosis of this condition, irre-
spective of treatment in the post-natal period [20]. In general,
patients were referred to the neonatal intensive care units of
participating centers after a diagnosis of neonatal
hyperammonemia. In a minority of cases, patients were trans-
ferred after failing to respond to medical treatment in order to
begin dialysis.

Medical treatment included avoidance of nitrogen intake
and a combination of the following agents: IV L-arginine
hydrochloride (250–500 mg/kg/day), IV carnitine (250–
500 mg/kg/day), IV sodium benzoate (250–500 mg/kg per
day), PO phenylbutyrate (250 mg/kg per day), IV
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hydroxocobalamin (1 mg/day), and IV biotin (10 mg/day).
The timing of the initiation of medical treatment was recorded
and refers to the timing of the initiation of the above measures;
medications were recorded in the database as dichotomous
variables (yes/no) if they had been given at least once, using
the above-listed doses for each compound.

The final decision to start dialysis and the choice of dialysis
modality was made by local physicians. Dialysis was started
when ammonium levels were considered too high to be treated
only with medical measures or if patients failed to respond
rapidly to medical treatment. Patients responding to medical
treatment without the need for dialysis were excluded from the
study.

Sequential ammonium levels during dialysis were avail-
able in a sub-group of patients. To synchronize levels every
4 h, data were log-transformed, synchronized by linear fitting,
and back transformed.

A uniformed retrospective assessment of neurological
damage was difficult to achieve. To overcome this limitation,
physicians were simply asked to categorize surviving patients
as having no, or any, neurological sequelae at day 28 of life.
Likewise, a precise evaluation of the duration of coma was
also difficult to obtain. Coma was defined as the number of
hours of stage III coma (unconsciousness, decerebrated pos-
ture, reduced response to painful stimuli) or higher [21]. In
general, resolution of coma could be accurately established
from medical charts; in several patients. however, the age at
which patients entered a comatose stage was more difficult to
define; all efforts were made to establish the beginning of
coma, including phone interviews with families and with
referring physicians. Outcome at 1 month was chosen as the
end-point of this study because UCD and OA are known to be
diseases characterized by relapsing episodes of metabolic
decompensation that frequently result in neurological sequel-
ae and influence the medium- and long-term outcome. Pre-
dictors of outcome were analyzed by logistic regression using
as primary end-points: death at 28 days of life, or death or
neurological sequelae at 28 days of life as a composite end-
point. As the primary aim of this study was restricted to
evaluating the impact of the dialysis modality on neonatal
outcome and survival, all data were censored at 28 days of
life. This retrospective analysis was approved by the Ethics
Committee of the Bambino Gesù Children′s Hospital
(IRCCS).

Statistical analysis

Data were analyzed using SPSS 11.5.1 for Windows software
(SPSS, Chicago, IL, USA). Data are expressed as mean
±standard deviation if they passed normality tests (Kolmogo-
rov–Smirnov and Shapiro–Wilk test). Otherwise, continuous
data are reported as the median value and range. Dichotomous
values are indicated as absolute count and percentage. Normal

values were compared using a t test, nonparametric distribu-
tion data were compared using the Mann–Whitney U test and
frequencies using Fisher’s exact test. Outcome values were
analyzed using Kaplan–Meier curves. Data were compared
using the log-rank test. The impact of covariates was analyzed
using the Cox–Mantel test. Multivariate analysis was per-
formed on covariates that reached the p<0.10 threshold. All
p values are two-sided.

Results

Patients’ characteristics and outcomes

Forty-seven patients were included in the study. Of these, 2
patients were excluded because they had been treated with
both PD and extracorporeal dialysis (ECD). In the remaining
45 patients, primary diagnosis was CPS deficiency in 7 pa-
tients, ASA in 9 patients, CIT in 10 patients, PA in 11 patients,
and MMA in 8 patients. Twenty-three infants were treated
with PD and 22 with ECD.

Patient characteristics are reported in Table 1. No differ-
ences were observed in the distribution of the underlying
metabolic defect between the PD and ECD groups, except
for CPS deficiency, which was treated more frequently with
ECD. General characteristics were also similar, with the ex-
ception of the duration of coma before RRT initiation, which
was significantly shorter in the PD group. In the ECD group,
14 patients were treated with CVVHD, 5 with CAVHD, and 3
with HD. In all cases, medical treatment was started soon after
detecting hyperammonemia and included avoidance of nitro-
gen intake and administration of IV glucose solutions and/or
nasogastric infusions of protein-free formulas. In addition, 45
patients (100%) received L-arginine hydrochloride, 34 (76%)
L-carnitine, 34 (76 %) sodium benzoate, 12 (27 %)
phenylbutyrate, 15 (33 %) hydroxocobalamin, and 9 (20 %)
IV biotin.

At 4 weeks of life, 13 patients (29 %) had died, 20 patients
(44 %) recovered without substantial sequelae, and 12 patients
(27 %) recovered with significant neurological sequelae, in-
cluding developmental impairment, seizures, hypotonia and/
or hypertonia. Outcomes for each disease group are presented
in Fig. 1.

Dialysis

Threshold levels of serum ammonium for starting dialysis and
modality of dialysis depended on local facilities and expertise.
Seventy-five percent of patients (34 out of 45) were referred to
one of the tertiary care centers of the present study to start
dialysis after the diagnosis of hyperammonemia. Ammonium
levels at admission, at the beginning of dialysis, as well as
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peak ammonium levels during the hospital stay, were
similar in the PD and ECD groups (Table 1). The
median age for starting dialysis was 4.4 days and did
not differ between children treated with PD or ECD
(Table 1; log-rank test: p=0.331). Conversely, children
treated with PD continued dialysis for a significantly
longer period of time than children treated with extra-
corporeal techniques (log-rank test: p<0.001); the death-
censored median duration of dialysis was 0.9 days and
2.2 days in the ECD and PD groups respectively
(p<0.001).

In most cases, ammonium decreased rapidly after begin-
ning dialysis (Fig. 2a, b), except in 4 patients who were
excluded from the ammonium decay analysis (Fig. 2c). Of
these, 3 patients treated with ECD showed profound hypoten-
sion, limiting dialysis efficiency, and 1 treated with PD did not
show plasma ammonium reduction because of excessive
catabolism.

Synchronized ammonium levels showed that patients treat-
ed with HD had a significantly faster ammonium reduction
rate at 4 h (p=0.045), compared with all other patients. Am-
monium decay tended to be slower in patients treated with PD

Table 1 Patient characteristics

PD peritoneal dialysis, ECD ex-
tracorporeal dialysis, CAVHD
continuous arteriovenous hemo-
dialysis, CVHD continuous
venovenous hemodialysis, HD
hemodialysis

Number of patients PD ECD p value
n=23 n=22

Metabolic defect

Carbamoyl phosphate synthetase defect, n (%) 1 (4.3) 6 (27.3) 0.047

Argininosuccinic aciduria, n (%) 7 (30.4) 2 (9.1) 0.135

Citrullinemia, n (%) 4 (17.4) 6 (27.3) 0.491

Propionic aciduria, n (%) 6 (26.1) 5 (22.7) >0.99

Methylmalonic aciduria, n (%) 5 (21.7) 3 (13.6) 0.699

General characteristics

Gender, M:F 16:7 13:9 0.542

Gestational age, weeks 39.0±1.4 39.2±1.8 0.642

Apgar score 1 min 8 (6–9) 9 (7–10) 0.179

Apgar score 5 min 10 (8–10) 10 (8–10) 0.922

Age at admission, days 3.3 (2.0-11.0) 3.8 (2.0-20.0) 0.715

Age at start medical treatment, days 3.4 (2.0-10.0) 3.7 (2.0-20.0) 0.812

Age at start dialysis, days 4.4 (3.0-12.0) 4.5 (2.0-21.0) 0.973

Birth weight, g 3,244±535 3,306±434 0.675

Weight at admission, g 2,948±519 3,024±434 0.596

Weight loss until admission, g/day −84±41 −75±70 0.592

Serum creatinine, mg/dl 1.22±0.62 1.10±0.46 0.496

Base excess at admission, mEq/l −12.6±11.0 −7.5±6.7 0.142

Mechanical ventilation, n (%) 15 (65.2) 19 (86.4) 0.165

Duration of coma before dialysis, h 10 (1–48) 20 (1–56) 0.049

Total duration of coma, h 66 (4–216) 63 (47–144) 0.877

Dialysis modality

PD, n (%) 23 (100) – –

CAVHD,n (%) – 5 (22.7) –

CVVHD, n (%) – 14 (63.6) –

HD, n (%) – 3 (13.6) –

Ammonium levels and kinetics

At admission, μmol/l 725 (490–6479) 683 (289–3,203) 0.359

Before dialysis, μmol/l 980 (402–3,212) 1,185 (304–4531) 0.742

Peak, μmol/l 1,405 (632–7,024) 1,338 (590–6479) 0.907

Ammonium 50 % reduction, h 14.8±11.0 8.8±10.6 0.108

Outcome at 4 weeks

Survived without neurological sequelae, n (%) 11 (47.8) 9 (40.9) 0.767

Survived with neurological sequelae, n (%) 8 (34.8) 4 (18.2) 0.314

Death, n (%) 4 (17.4) 9 (40.9) 0.108
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and intermediate in patients treated with either CAVHD or
CVVHD, but differences were not statistically significant
(Fig. 2d).

Predictors of outcome

Preliminary analyses on the impact of nonmodifiable vari-
ables showed that the year of treatment after 1990 was mar-
ginally associated with an improved composite end-point
(odds ratio [OR]: 0.87 (0.73–1.02), p=0.091), and that CPS
was significantly associated with an increased risk of death
(OR: 9.37 [1.52–57.6], p=0.016). No association was ob-
served with gender, gestational age, birth weight, Apgar score
or dialysis center (see Supplementary Table 1a and 1b). On
these bases, all subsequent analyses were adjusted for CPS
deficiency and year of treatment (number of years after 1990).

No significant association was observed with the risk of
death (Table 2). Marginal associations (p<0.10) were ob-
served with the age at dialysis (adjusted OR: 1.37 [0.97–
1.95] per day, p=0.074), with pre-dialysis ammonium levels
(adjusted OR: 1.10 [0.99–1.23] per 100 μmol/l, p=0.088) and
with the total coma duration (adjusted OR: 4.30 [0.90–20.61]
per day, p=0.068).

For the composite end-point, a significant association was
observed with the ammonium levels at the beginning of
dialysis (adjusted OR: 1.13 [1.02–1.27] per 100 μmol/l, p=
0.026) and a marginal association was observed with ammo-
nium levels before starting medical treatment (adjusted OR:
1.21 [0.99–1.47] per 100 μmol/l, p=0.059; Table 2).

No association was observed between the primary or com-
posite end-points and modality of dialysis.

Discussion

Over the past decades, technical advances and increased ex-
pertise in performing dialysis in very small infants has led to
treating infants with severe hyperammonemia secondary to
inborn errors of metabolism (IEM) with combined medical
and dialytic treatment [15, 16]. Studies on neonatal
hyperammonemia are scanty and mostly retrospective owing
to the rarity of IEM. Despite the lack of rigorous studies, a
combined medical and dialytic approach has most likely re-
sulted in improved short-term outcome [12, 13, 18, 19].

Several groups have tried to identify predictors of outcome.
In 1984, Msall et al. reported that the neurological outcome of
26 infants with neonatal hyperammonemia was associated
with the duration of coma and not with peak ammonium levels
[21]. However, at that time diagnosis was often delayed and
treatment of hyperammonemia was restricted to decreasing
the ammonium generation rate with experimental drugs, pro-
tein restriction, and calorie supply. This has led to the estab-
lishment of protocols for early diagnosis and treatment in the
following years and to the demonstration in the 1990s that
peak ammonium levels are also associated with poor outcome
[22]. On these bases, dialysis was proposed in infants with
very elevated ammonium levels as a means of accelerating
ammonium reduction in addition to medical treatment [6, 7,
12, 13, 23–27]. In these patients, ammonium levels rapidly
increase after birth as a result of protein introduction, leading
to a high ammonium generation rate and poor renal clearance.
Dialysis increases the clearance of ammonium, which readily
diffuses across synthetic membranes and, to a lesser extent,
across the peritoneal membrane [28, 29].

In theory, extracorporeal treatments, in particular HD,
should be preferred to PD, because they provide significantly
higher ammonium clearances [17, 19, 28]. Thus, HD has been
proposed as the optimal choice for fast ammonium removal
[12, 29]. In addition, CRRT techniques also allow achieve-
ment of satisfactory results [13–15, 18, 19] and are frequently
used nowadays in centers where neonatal HD is not available
or in order to prevent rebound of ammonium after stopping
HD [30]. CRRT offers the advantage of being better tolerated
in sick neonates, compared with HD [14]. Nonetheless, PD
has recently been usedwith good results [11]. In particular, PD
is easier to perform in neonates, whereas extracorporeal tech-
niques require special skills and are more susceptible to com-
plications such as hypotension, hypothermia, and circuit
clotting. In particular, changes in the circuit due to clotting
create significant down-times in the treatment, which can
invalidate the benefits of higher ammonium clearance by
ECD. Moreover, often infant ECD requires neonatal transport
to specialized centers, possibly prolonging coma duration.
Importantly, we did not observe differences in the age at
initiation of dialysis, nor in the ammonium levels at the
beginning of dialysis, between the PD and ECD cohorts,

Fig. 1 Outcome at 4 weeks according to the metabolic defect. Neuro-
logical sequelae included developmental impairment, seizures, hypoto-
nia, hypertonia. ASA argininosuccinic acidurias, CIT citrullinemia, CPS
carbamoyl phosphate synthetase deficiency, MMA methylmalonic
acidurias, PA propionic aciduria
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although we found a shorter coma duration in patients treated
with PD.

The current preferred use of ECD in neonatal
hyperammonemia is primarily based on faster ammonium
clearance by these techniques; outcome studies, however,
are lacking. Arbeiter et al. have retrospectively analyzed data
on 21 hyperammonemic neonates treated with CVVHD (n=
17) or with PD (n=4). The 50 % ammonium reduction time
was significantly shorter in infants treated with CVVHD,
while no significant differences were observed in the time
needed to reach a noncritical value of 200 μg/dl. The survival
rate was 14 out of 17 in the CVVHD group and 2 out of 4 in
the PD group [19]. In the study by Schaefer et al., the ammo-
nium removal rate by dialysis was the main determinant of

outcome in 11 hyperammonemic infants, 6 of whom were
treated with CVVHD. Of note, 2 out of 5 patients treated with
PD had ammonium decay similar to patients treated with
CVVHD. The authors attributed this unexpected result, at
least in part, to the use of small catheters limiting CVVHD
efficiency [13]. However, the role played by the ammonium
removal rate with dialysis in the outcome was not confirmed
in other studies. Westrope et al., for example, found no asso-
ciation between ammonium removal efficacy and outcome in
14 neonates treated with continuous venovenous
hemofiltration (CVVH); they also failed to observe a prog-
nostic value of pre-dialysis ammonium levels [31]. In 2001,
we found no inf luence of ECD modal i ty in 10
hyperammonemic neonates (CVVHD vs HD); their outcome

Fig. 2 Ammonium evolution in a subgroup of 31 patients for whom
sequential ammonium data were available during dialysis. The upper
panels show the ammonium levels of patients treated with a extracorpo-
real and b peritoneal dialysis. c Illustrates levels of dialysis of 4 patients

whose ammonium course was not consistent with an exponential decay
and were for this reason discarded from the analysis in d. d Shows the
percentage of ammonium decay (mean±SE), according to the modality of
dialysis. *p<0.05

844 Pediatr Nephrol (2015) 30:839–847



was equally not related to the rapidity of ammonium level
decrease or to the underlying metabolic defect, but was related
to the duration of coma before starting dialysis [14]. Finally,
Pela et al. reported that patients treated with PD had a good
outcome overall, provided that dialysis was started rapidly
after the first symptoms of hyperammonemic coma [11].

Taken together, these data are limited by the small number
of patients included in each study, but strongly suggest that
prevention or fast resolution of hyperammonemic coma is the
major determinant of short-term outcome in infants with neo-
natal hyperammonemia. No decisive conclusion, on the other
hand, can be drawn on the relative benefit of specific dialysis
modalities.

To overcome limitations due to the rarity of these diseases,
we have set up a multicenter study allowing us to recruit a
large number of patients and to obtain a balanced cohort of
children treated with PD or with ECD. Our main finding is
that short-term outcome is not dependent upon dialysis mo-
dality, both in terms of patient survival and neurological
sequelae. Moreover, ammonium reduction time did not corre-
late with outcome, regardless of the dialysis modality. A trend

was observed in the association between patient outcome and
pre-dialysis ammonium levels and between outcome and co-
ma duration. Pre-dialysis ammonium levels were significantly
associated with the combined outcome of death and neuro-
logical sequelae. As expected, the ammonium reduction rate
was fastest in patients treated with HD. Our results suggest
that HD has to be performed in neonates with extremely high
ammonium levels and in a stable condition, or when ammo-
nium generation induces a rapid increase in plasma levels. No
significant differences in the ammonium reduction rate were
observed when comparing patients treated with PD, CAVHD
or CVVHD. This was in part unexpected, since most studies
have reported higher ammonium reduction rates with
CVVHD than in PD [13, 19, 28, 32]. In this regard, an
important limitation of this study is the lack of data on the
prescription of dialysis. We cannot therefore exclude differ-
ences in dialysis schedule prescription that may have oc-
curred. Indeed, all available reports show that CRRT provides
a two- to ten-fold higher clearance of ammonium [12, 19, 28].
A possible explanation is that the late referral of patients
treated with ECD to the centers with dialysis facilities, as

Table 2 Risk of death or neuro-
logical sequelae β SE Adjusted OR 95 % CI p

Lower Upper

Risk of death

Peritoneal dialysis −0.953 0.905 0.385 0.065 2.272 0.292

Extracorporeal dialysis 0.953 0.905 2.594 0.440 15.286 0.292

Age at admission (days) 0.333 0.210 1.395 0.924 2.108 0.114

Age start medical treatment (days) 0.576 0.367 1.779 0.866 3.656 0.117

Age start dialysis (days) 0.318 0.178 1.374 0.970 1.947 0.074

Serum creatinine on admission (mg/dl) 0.408 0.728 1.503 0.361 6.263 0.576

Base excess on admission (mEq/l) −0.032 0.070 0.968 0.844 1.111 0.644

Ammonium pre-med. (x100 μmol/l) 0.109 0.069 1.115 0.973 1.278 0.116

Ammonium pre-dial. (x100 μmol/l) 0.097 0.057 1.102 0.986 1.231 0.088

Ammonium 50 % decrease (hours) 0.007 0.029 1.007 0.952 1.066 0.810

Total coma duration (days) 1.460 0.799 4.305 0.899 20.606 0.068

Duration of coma before dialysis (days) −0.058 0.245 0.944 0.583 1.526 0.813

Risk of neurological sequelae

Peritoneal dialysis 0.077 0.752 1.080 0.247 4.715 0.919

Extracorporeal dialysis −0.077 0.752 0.926 0.212 4.045 0.919

Age at admission (days) 0.184 0.186 1.203 0.835 1.732 0.322

Age start medical treatment (days) 0.341 0.284 1.406 0.807 2.452 0.229

Age start dialysis (days) 0.285 0.228 1.329 0.851 2.078 0.211

Serum creatinine on admission (mg/dl) 0.764 0.853 2.146 0.404 11.413 0.370

Base excess on admission (mEq/l) 0.029 0.078 1.029 0.884 1.199 0.709

Ammonium pre-medication (×100 μmol/l) 0.189 0.100 1.208 0.993 1.470 0.059

Ammonium pre-dialysis (x100 μmol/l) 0.126 0.056 1.134 1.015 1.266 0.026

Ammonium 50 % decrease (h) 0.011 0.018 1.011 0.975 1.048 0.548

Total coma duration (days) 0.785 0.685 2.192 0.572 8.396 0.252

Duration of coma before dialysis (days) 0.166 0.201 1.181 0.797 1.750 0.408

Pediatr Nephrol (2015) 30:839–847 845



suggested by their longer coma duration (see Table 1), in-
duced extremely high ammonium generation, thus affecting
the plasma reduction even during dialysis with a more effec-
tivemodality (i.e., CRRT). Despite enrolling the largest cohort
of hyperammonemic infants reported to date, our study has
other limitations including the limited number of patients,
which restricts the power of statistical analyses, and the retro-
spective collection of data. In addition, the study period cor-
responds to the development of continuous dialysis tech-
niques and to their adaptation for the treatment of small
infants; therefore, during the study, technology has evolved
and operator skills have improved. This limitation is inevita-
bly present in similar retrospective studies that have consid-
ered data collected over a period from 8 to 12 years [11, 13,
14, 19, 30, 31]. Nonetheless, it is remarkable that patients
treated with PD had a very similar, if not slightly better,
outcome. In the study by Pela et al., PD was the only modality
used and the outcome was generally good in the presence of a
short mean time to PD initiation and a time on PD >200 μmol/
L of ammonium not exceeding 36 h in 5 out of 6 patients. In
our study, 21 out of 22 patients treated with PD had a sub-
stantially longer time to dialysis than those of Pela et al. [11]
reaching ammonium levels <200 within 36 h, but showed a
worse outcome than those of Pela et al., indicating that pa-
tients treated with PD (lowest ammonium clearance) do not
necessarily show a bad outcome provided that time to dialysis
start is short. This indicates that PD should be performed
immediately after admission simultaneously with medical
treatment, if this is yet to be started. In the assessment of risk
factors, restricting the cohort to patients who required dialysis
obviously introduces an important bias by selecting very
severe patients. Therefore, the impact of high ammonium
levels or prolonged coma duration is likely to be
underestimated; thus, these results may apply mainly to dia-
lyzed patients. Moreover, it is possible that the degree of
severity of our patients rendered these results applicable only
to patients with long coma duration. In agreement with this
hypothesis, peak ammonium levels were associated with poor
outcome, indicating that timely diagnosis and referral are
crucial for successful treatment. In this view, our results ques-
tion the rationale of systematically transferring newborns to
third-level centers that can perform ECD, which inevitably
delays initiation of dialysis, rather than performing PD, a
technique that is nowadays available in most centers. Another
important observation was the lack of substantial rebound in
surviving infants, suggesting that ammonium generation was
no longer significant when dialysis was stopped and that
initiation of medical treatment allowed control of the meta-
bolic decompensation. Another intriguing possibility is that
PD has a different impact upon the glucidic metabolism
compared with ECD techniques that use isotonic dialysate
fluids with physiological concentrations of glucose. Con-
versely, peritoneal dialysis solutions have very high glucose

content (more than 10-fold higher than serum levels) and
glucose diffuses directly into the mesenteric circulation
through the peritoneal membrane, which is particularly per-
meable in neonates [33, 34]. Hypothetically, this may result in
higher glucose delivery compared with ECD and decreased
ammonia generation. Unfortunately, our data cannot address
this interesting point because ammonium kinetics were not
ava i l ab l e . H igh se rum ammonium in neona ta l
hyperammonemia is the combined result of an increased
ammonium generation rate and limited renal clearance. Like-
wise, decreased ammonium levels during dialysis reflect in-
creased clearance, but also slower generation after initiation of
medical treatment. This has been a limitation in previous
studies, which have expressed dialysis efficacy by estimating
the 50 % ammonium decay time [13, 14, 19], an easy param-
eter to extrapolate from retrospective data, but one that does
not entirely reflect dialysis efficiency. Of note, ammonium
generation can be very different according to the type of IEM
and to the degree of catabolism [35].

In conclusion, in our series, a delayed ECD treatment was
not superior to PD in improving the short-term outcome of
hyperammonemic neonates. Under these circumstances,
delaying initiation of dialysis in order to transfer patients to
centers with expertise in neonatal ECD must be discussed.
While other studies are needed to confirm these findings, our
data emphasize the importance of early referral for diagnosis,
initiation of medical and dialysis treatment, which probably
represents the major determinant of neonatal outcome. In
these patients dialysis has to be regarded as a means of
accelerating the effects of medical treatment by removing
excesses of ammonium that accumulated during the early
postnatal period.

Disclosure The results presented in this paper have not been published
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