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27.1	 �Ammonia Metabolism and the Urea Cycle

Ammonia, NH3, is an important source of nitrogen for protein synthesis, amino acid 
metabolism and pH homeostasis. Ammonia dissolves in water and at physiological 
pH ammonia exists predominantly in its ionized form, ammonium, NH4

+. The nor-
mal concentration of ammonium in plasma is between 11 and 50 μmol/L. Ammonia 
is continuously produced and consumed during cellular metabolism and arises from 
breakdown of purine and pyrimidine products and deamination of several amino 
acids including glutamine, asparagine, serine, threonine, glycine, proline and lysine 
[1]. In mammals, the urea cycle is the main pathway of ammonia detoxification. The 
complete urea cycle is only expressed in the liver and proximal parts are expressed 
in the gastrointestinal tract and kidney [2]. Periportal hepatocytes receive the high 
nitrogen load of portal blood arriving from the intestine. The urea cycle consists of 

Clinical Scenario
A 2-day-old male infant presents with a 24 h history of poor feeding, not wak-
ing for feeds and increased respiratory rate. The initial blood gas shows a 
respiratory alkalosis (pH 7.41, pCO2 3.1, HCO3 19 and base excess −4.2) 
with a normal lactate and blood sugar. The plasma ammonia returns as 
550  μmol/L.  What are the initial differential diagnoses and initial 
management?
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six enzymatic steps; the proximal part within the mitochondria and distal part in the 
cytoplasm (Fig. 27.1). The first step of the urea cycle involves the conversion of 
ammonia and bicarbonate into carbamoylphosphate by carbamoylphosphate syn-
thetase 1 (CPS1). The urea cycle, i.e. CPS1 requires allosteric activation by 
N-acetylglutamate (NAG) which is synthesized by N-acetylglutamate synthetase 
(NAGS). Inherited deficiency of this enzyme is extremely rare, moreover toxic 
metabolites can lead to a secondary hyperammonaemia via impairment of NAGS 
activity.

The second step in the urea cycle involves the condensation of carbamoylphos-
phate with ornithine to form citrulline, a reaction catalysed by ornithine transcar-
bamoyltransferase (OTC), the only X-linked urea cycle defect. The following three 
reactions involving argininosuccinate synthetase (ASS), argininosuccinate lyase 
(ASL) and arginase (AR1) take place in the cytoplasm. The final step hydrolyses 
arginine into ornithine and urea, and ornithine is regenerated for another rotation of 
the cycle. Hence transporters are required to transfer the urea cycle intermediates 
across the mitochondrial membrane in both directions; ornithine-citrulline anti-
porter (ORTN1) and aspartate-glutamate antiporter (citrin). Deficiencies of citrin, 
carbonic anhydrase Va (CAVA) and Δ [3]-pyrroline-5-carboxylate synthetase 
(P5CS) can also cause hyperammonaemia by restriction of the supply of asparate, 
bicarbonate and ornithine, respectively, to the urea cycle. The main focus of this 
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chapter will be the main primary hyperammonaemic disorders, their manifestations 
and management. Table  27.1 shows primary and secondary causes of hyperam-
monaemia to be considered.

27.2	 �Clinical Manifestations of Hyperammonaemia

Clinically, hyperammonaemia presents with signs of encephalopathy. In the neona-
tal period, there may be a short symptom-free period and subsequent vomiting, poor 
feeding, increased sleepiness, irritability, muscular hypotonia, seizures, hyper- or 
hypoventilation and coma. In infants and older children there is commonly an inter-
current illness or other catabolic stress, e.g. fasting, post-surgery (and post-partum), 
rapid weight loss, treatment with steroids/chemotherapy or followed by a high-
protein containing meal or load. Some children can display a history of self-selecting 
a low protein diet. A more chronic presentation in some may be reported with cycli-
cal or chronic vomiting, developmental delay, faltering growth, neurocognitive and 
behavioural impairment. These symptoms in older children and adults can often be 
mistaken for encephalitis, drug or alcohol intoxication or a space occupying lesion. 
Hence investigations in any child or adult with unexplained reduced level of con-
sciousness should include an ammonia measurement [4–6].

Table 27.1  Causes of hyperammonaemia

Primary
Urea cycle defects (NAGS, CPS1, OTC, ASS, ASL, AR1 deficiencies)
Urea cycle transporter defects
 � –  Hyperammonaemia-hyperornithinaemia-homocitrullinaemia (ORN1 deficiency)
 � –  Citrin deficiency
Urea cycle substrate deficiencies
 � –  Lysinuric protein intolerance
 � –  Pyrroline-5-carboylate synthetase deficiency
 � –  Pyruvate carboxylase deficiency
 � –  Ornithine aminotransferase deficiency
 � –  Carbonic anhydrase Va deficiency
Organic acidaemias
Fatty acid oxidation defects
Hyperinsulinisim-hyperammonaemia syndrome
Mitochondrial disorders
Glutamine synthetase deficiency
Secondary
Acute or chronic liver failure
Valproic acid treatment (NAGS inhibition)
L-Asparaginase treatment (increased ammonia production due to hydrolysis of asparagine)
Urease-producing organisms
Total parenteral nutrition (relative arginine deficiency)
Post-lung/bone marrow transplantation (reduced glutamine synthetase activity)
Vascular malformations (portosystemic shunting)
Transient hyperammonaemia of the newborn
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27.3	 �Diagnostic Tests

Accurate plasma ammonia measurement requires a free-flowing venous or arterial 
sample, capillary samples are not recommended to avoid spurious results as hae-
molysis causes positive interference. The sample should be collected into an 
ammonia-free specimen tube and transported immediately to the laboratory on ice, 
the sample needs to be separated within 15 min of collection [7]. Generally ammo-
nia levels more than 500 μmol/L suggest an underlying IEM, however, this is not the 
rule. In UCDs there is often the absence of hypoglycaemia, lactic acidosis or ketosis 
in contrast to organic acidaemias for example, where ketosis and metabolic acidosis 
predominates. Ammonia is a respiratory stimulant and respiratory alkalosis is fre-
quently present, particularly in the neonate.

Plasma amino acids can show characteristic patterns with elevation of glutamine 
and alanine indicating hyperammonaemia and low or high citrulline and arginine 
indicting specific UCDs. In OTC and ASS deficiency there is an elevation of orotic 
acid in the urine due to excess carbamolyphoshate, whilst this is absent in NAGS or 
CPS1 deficiency (Fig. 27.2).

Acylcarnitine profiles and urine organic acids can detect specific fatty acid oxi-
dation defects or organic acidaemias.
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Mutation analysis is the gold standard for diagnosis. The majority of disorders 
are autosomal recessive excluding OTC deficiency which is X-linked, where muta-
tion detection has at least 80% sensitivity [8]. The use of next generation sequenc-
ing of multiple genes simultaneously is increasingly being used [9]. In deceased 
patients or when blood DNA is not available, some diagnoses can be made from 
frozen liver tissue or cultured fibroblasts. Genetic diagnosis allows appropriate 
counselling, prenatal diagnosis and appropriate family screening.

27.4	 �Urea Cycle Defects (UCDs)

UCDs result from loss of function of any of the enzymatic steps within the mito-
chondrial or cytosolic part of the urea cycle. The overall frequency is quoted as 1 in 
35,000 [10].

Clinical manifestations: The classical UCDs can all lead to severe hyperam-
monaemia and can present at any age. The most common UCD is OTC deficiency 
followed by ASS deficiency. NAGS and CPS1 deficiency are extremely rare.

Classical presentation in the neonate is typically within the first few days of life 
with poor feeding, lethargy, vomiting and hyperammonaemic encephalopathy. 
Hypoglycaemia, lactic acidosis and ketosis may or may not be present. Clinical 
presentation outside the neonatal period is variable and often triggered by intercur-
rent illness, fasting and/or ingestion of a high protein containing meal or protein 
supplements, post-partum, treatment with steroids or chemotherapy. Older children 
and adults can present acutely with unexplained reduced level of consciousness and/
or neurological signs (tremor, irritability, seizures) which can be mistaken for 
encephalitis or drug intoxication. Hence the importance of measuring plasma 
ammonia in patients of any age with unexplained reduced level of consciousness.

Female carriers of OTC deficiency can manifest clinical and biochemical signs 
which are variable due to X-inactivation (lyonization), ranging from asymptomatic 
to recurrent episodes of hyperammonaemia.

Children with UCDs can have ongoing episodes of hyperammonaemia triggered 
by intercurrent illness or fasting. Those with ASL deficiency are less prone to recur-
rent hyperammonaemia but can still develop neurocognitive difficulties, seizures 
and chronic liver disease. Hypertension is frequent in adolescent and adults with 
ASL deficiency and brittle hair (trichorrhexis nodosa) secondary to arginine defi-
ciency is a pathognomonic finding. In contrast the clinical manifestations of AR1 
deficiency are characterized by developmental delay, neurocognitive impairment, 
seizures and spastic tetra- or diplegia.

Diagnostic tests: Plasma amino acids and urine organic acids are first line tests 
which can distinguish between some of the UCDs. CPS1 and NAGS deficiency are 
biochemically indistinguishable. Enzyme assays in cultured fibroblasts or liver tis-
sue are available in selective laboratories, however, these are recently superseded by 
genetic analysis. Mutation analysis can then be made available for prenatal testing.

27  Hyperammonaemia and IEM
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27.4.1	 �Treatment

	1.	 Emergency management in acute hyperammonaemia must be commenced 
immediately. The main principles of treatment are:
	(a)	 Stop protein intake
	(b)	 Promote anabolism with adequate calorie intake from glucose (8–10 mg/kg/

min) and lipid (1–2 g/kg/day)
	(c)	 Alternate pathway medications to lower ammonia (sodium benzoate and 

sodium phenylbutyrate) with supplementation of arginine and/or citrulline 
depending on the type of UCD.  Carbaglutamic acid or N-carbamyl-L-
glutamate, a synthetic analogue of NAG is the treatment for NAGS defi-
ciency and CPS1 deficiency can sometimes respond to therapy.

	(d)	 Use of acute dialysis to reduce ammonia levels depending on the expertise 
of the centre (see CRRT section)

It is important to provide sufficient calories with glucose and lipid until the 
ammonia is lowered and protein can gradually be reintroduced. The mechanism 
of action of drugs is described later in the chapter and dosing is shown in 
Table 27.2.

	2.	 Maintenance treatment involves a carefully supervised protein-restricted diet, 
ammonia-lowering agents and supplementation of essential amino acids. Regular 
metabolic follow-up is required with monitoring of growth and development, 
plasma amino acid levels, vitamins, minerals and trace elements.

	3.	 Liver transplantation is curative for the proximal urea cycle defects and is a 
viable treatment option to prevent hyperammonaemic episodes, further 
neurological injury and improve quality of life. Hepatocyte transplantation has 
been used a ‘bridge’ to liver transplantation in the male neonate with OTC defi-
ciency [11–13].

Table 27.2  Intravenous medications (bimdg.org.uk—undiagnosed hyperammonaemia 
management)

Drug

Loading dose 
over 90 min 
(mg/kg)

Followed by 
maintenance 
dose over 24 h 
(mg/kg)

Maximum daily 
dose (every 24 h 
thereafter) (mg/kg)

Sodium content of 
daily maintenance 
dose (mmol/kg/d)

Sodium 
benzoate

250 250 500 3.5

Sodium 
phenylbutyrate

250 250 600 2.8

Arginine 150 300 500 Nil
Carnitine 100 100 300 Nil
*See important 
note below

IMPORTANT NOTE: Carnitine should NOT be given if there is evidence of cardiomyopathy, any 
cardiac arrhythmia or if a long chain fatty acid oxidation disorder is suspected
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27.4.2	 �Prognosis

Urgent recognition and management of hyperammonaemia is vital. The impact on 
neurological outcome can be catastrophic if treatment is delayed. Mortality in neo-
natal onset OTCD is reported at 24% and 11% in late onset cases [14]. For UCDs 
collectively the mortality remains 60% for early onset OTCD in males and of the 
collective group 52% had developmental delay [15].

Age at onset and peak ammonia concentration at presentation (>500 μmol/L) 
best predict neurological outcome [16]. Prognosis is considered very poor if: hyper-
ammonaemic coma has lasted more than 3  days, intracranial pressure is clearly 
increased and ammonia peaked at >1000 μmol/L (although impact of this level on 
prognosis depends on the duration of hyperammonaemia) [17].

27.5	 �Other IEMs Causing Hyperammonaemia

27.5.1	 �Organic Acidaemias

These are disorders of branched chain amino acid metabolism. Classical organic 
acidaemias associated with hyperammonaemia are propionic acidaemia, methylma-
lonic acidaemia, isovaleric acidaemia and maple syrup urine disease. Presentation is 
commonly in the neonatal period with metabolic acidosis, lactic acidosis, ketosis 
and hyperammonaemia. The metabolic acidosis often distinguishes this group of 
disorders from UCDs. The hyperammonaemia is thought to arise from a secondary 
inhibition of NAGS and CPS1 function and is often responsive to the addition of 
carbaglutamic acid in emergency management. Organic acids can cause bone mar-
row suppression and pancytopenia can be a feature. Diagnosis is established with 
urine organic acids, acylcarnitine profile and genetic confirmation. Management is 
aimed at restriction of natural protein, carnitine supplementation, ammonia-
lowering agents as required and emergency regimens in the acute situation [18].

27.5.2	 �Fatty Acid Oxidation and Carnitine Cycle Defects

Fatty acid oxidation is a mitochondrial process and clinical presentation is variable. 
Medium chain acyl CoA dehydrogenase (MCAD) deficiency is the most common 
defect and is part of the UK newborn screening programme. Clinical presentation of 
other defects (e.g. Very long chain acyl CoA dehydrogenase (VLCAD) deficiency, 
long chain hydroxyl acyl CoA dehydrogenase (LCHAD) deficiency, carnitine-
acylcarnitine translocase (CACT) deficiency) tend to exhibit hypoketotic hypogly-
caemia, liver dysfunction, mild–moderate hyperammonaemia, cardiomyopathy and 
rhabdomyolysis. End organ effects occur due to accumulation of medium- or long-
chain acylcarnitines, depending on the enzymatic deficiency. The hyperammonae-
mia results from lack of acetyl-CoA and subsequent urea cycle dysfunction. Urine 
organic acids and acylcarnitines will aid initial diagnosis and confirmatory testing is 
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with DNA analysis and/or cultured fibroblast fatty acid oxidation studies. Treatment 
aims to limit fasting periods, emergency regimen in the acute situation and the use 
of fat restriction and medium chain triglycerides in certain defects [19].

27.5.3	 �Lysinuric Protein Intolerance (LPI)

LPI is due to a defect in the transport of dibasic amino acids (lysine, ornithine and 
arginine) at the basolateral intestinal membrane and renal tubular epithelium. The 
defect leads to impaired absorption and loss, respectively, of the dibasic amino 
acids. Urine and plasma amino acids can be diagnostic with genetic confirmation. 
This is a multisystemic disease with clinical features, including faltering growth, 
short stature, interstitial lung disease, chronic renal disease, osteopenia, hepato-
splenomegaly and immune dysfunction [20]. Mild to moderate hyperammonaemia 
results from lack of substrates and subsequent impairment of the urea cycle.

27.5.4	 �Hyperornithinemia-Hyperammonemia-Homocitrullinuria 
(HHH Syndrome)

HHH is a rare IEM of the urea cycle which has a variable phenotype ranging from 
mild form with learning difficulties and neurological involvement to severe form 
with lethargy, hepatic failure and seizures. The defect is in the protein ORC1, which 
is a transporter of ornithine, lysine and arginine into the mitochondrial matrix. The 
presence of homocitrulline is a hallmark of the disease and is detected in the urine. 
Hyperammonaemia is variable and often moderate [21].

27.5.5	 �Hyperinsulinism-Hyperammonaemia (HIHA) Syndrome

HIHA tends to cause mild hyperammonaemia. The disorder results from a gain of 
function mutation in the gene encoding glutamate dehydrogenase (GDH1). This 
protein is expressed in the liver, kidney, brain and pancreatic β-cells. Neonates tend 
to present with profound hypoketotic hypoglycaemia and mild hyperammonaemia. 
They have an increased risk of seizures and learning difficulties. The hypoglycae-
mia usually responds to diazoxide and the hyperammonaemia often does not require 
intervention [22].

27.5.6	 �Mitochondrial Disorders

This is a large and heterogeneous group of disorders involving energy metabo-
lism. The resulting ATP deficiency from impaired mitochondrial oxidative phos-
phorylation is thought to impair urea cycle function as some of the enzymes are 
ATP-dependent. A specific mitochondrial condition with mutations in TMEM70 
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gene (which encodes a transmembrane protein involved in ATP synthase activity) 
tends to present in the neonatal period with hyperammonaemia and lactic acidosis 
[23, 24].

27.5.7	 �Carbonic Anhydrase Va Deficiency (CAVA)

This is a recently described cause of early onset hyperammonaemia with hypogly-
caemia, hyperlactataemia, ketosis and metabolic acidosis. Defective hepatic bicar-
bonate production leads to this unique combination of biochemical findings. 
Diagnosis is confirmed by genetic confirmation. The hyperammonaemia responds 
to carbaglutamic acid and may reach levels which require haemofiltration. Outcomes 
in reported cases appear good in the short-term [25].

27.6	 �Intravenous Medications Used in Hyperammonaemia

Ammonia-lowering or scavenging agents commonly used are sodium benzoate and 
sodium phenylbutyrate, both conjugate specific amino acids within the liver and 
require co-enzyme A. Table 27.2 shows recommended drug doses. Loading doses 
followed by the maintenance infusions are used in the emergency setting, advice 
should always be sought from a metabolic specialist.

Sodium benzoate combines with glycine to form hippurate, which is excreted in 
the urine and thus removal of a nitrogen source. Adverse effects from intravenous 
infusion include metabolic acidosis, hypernatraemia, hyperbilirubinaemia due to 
displacement of bilirubin from albumin and in view of its caustic nature, protection 
from extravasation injury is important.

Sodium phenylbutyrate combines with glutamine to form phenylacetylgluta-
mine, which is also excreted in the urine. Potassium can become depleted and hence 
should be monitored.

Arginine becomes an essential amino acid in certain defects and often requires 
supplementation intravenously. In large doses, resulting nitric oxide accumulation 
can lead to systemic hypotension.

Plasma amino acids should be monitored during treatment and doses adjusted 
accordingly with advice from metabolic specialists [26, 27].

27.7	 �The Role of Dialysis in Hyperammonaemia

At physiologic pH, 1–2% of plasma ammonia exists in the form of NH3, which readily 
permeates across cellular membranes (pK = 9.0) [28]. The process is pH dependent 
with a significantly higher accumulation of cerebral ammonia at alkaline pH [29].

Glutamate is converted in the astrocyte cytosol in an equimolar ratio into gluta-
mine via glutamine synthetase. In hyperammonaemia, there is dysfunction of the 
astrocytes with shrinkage and secondary hyperactivation of the NMDA receptors 
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which leads to disruption of cerebral metabolism and neuronal and glial injury [30]. 
Although the pathway is well described, there is no clear and consistent threshold or 
duration of ammonia toxicity that correlate closely with clinical signs (seizures, 
encephalopathy and cerebral oedema) or that is predictive of permanent neurologic 
injury as many confounding factors such as hypoxia or hypotension may also be 
present especially in the shocked neonate.

In the largest published series of neonatal hyperammonaemia over a 25-year 
period (56 neonates), peak blood level > 1000μmol/L had poorest survival [31]. 
Uchino similarly concluded raised ammonia (peak levels >350 μmol/L) had poor 
survival or neurodevelopmental outcome in a study of 92 neonates with urea cycle 
disorder [32]. In a study of 26 neonates, Msall demonstrated duration of coma was 
associated with peak ammonia level [33].

In contrast Westrope (n = 14) and Picca (n = 45) failed to identify peak ammonia 
or duration of raised ammonia as outcome markers [34, 35].

This exemplifies the complexity of modelling outcomes for rare metabolic dis-
eases where many confounding factors are present and sample size spans many 
years (sometimes decades) over which historical treatment strategies have changed 
and been refined.

27.7.1	 �Ammonia Removal by Dialysis

Ammonia (NH3) is a small water-soluble molecule (molecular mass 17 g/mol) with 
low protein binding. It therefore has a favourable profile for clearance via peritoneal 
or extracorporeal dialysis. Using best practice as a guide, the aim of dialytic therapy 
is to reduce brain ammonia toxicity as fast as possible into a “safe” zone below 
100–200 μmol/L within the first 12–24 hours of therapy [31, 36, 37]. With effective 
dialysis, ammonia blood levels should halve in 2–4 h. There are no studies address-
ing the speed of ammonia reduction and if there are adverse consequences to this 
(e.g. osmolar shifts) versus ongoing toxicity if ammonia levels are reduced more 
gradually.

Dialysis should be considered if ammonia levels start increasing above 
300 μmol/L despite medical therapy been optimized [31]. Effective extracorporeal 
dialysis requires securing a large bore central venous dual lumen catheter and hav-
ing a period of effective trouble-free dialysis without circuit thrombosis or down-
time. In the neonatal population, it is technically challenging with even experts 
experiencing complications and delays [28, 38, 39].

Peritoneal dialysis has been used widely in neonatal hyperammonaemia with the 
advantage of being quick to initiate and relatively easy to perform. Picca demon-
strated the advantages of early initiation of PD sometimes at outlying non-tertiary 
hospitals with similar outcome to those treated primarily by extracorporeal dialysis 
(HD or CVVHD) in tertiary centres [35]. In some studies, ammonia clearance rates 
with PD were similar to hemofiltration [35, 36]. Peritoneal dialysis (PD), when 
applied early, can allow safe and relatively risk-free method to reduce plasma 
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ammonia before extracorporeal dialysis [35]. Others have demonstrated a slower 
initial rate of ammonia reduction with PD (time to half the plasma ammonia level) 
relative to CVVHD (n = 21 neonates); however, both took a similar time to reach a 
“safe” zone within 24 h [37]. Typically acute PD is prescribed at 10–20 mL/kg vol-
umes. Frequent cycles (<30 min) may maximize dialytic ammonia clearance rates 
when ammonia levels are very high.

27.7.2	 �Extracorporeal Dialysis

At maximal efficiency, all extracorporeal dialysis modes (intermittent haemodialy-
sis, CVVH, CVVHD and CVVHDF) may provide excellent ammonia clearance 
[30, 35, 39, 40]. Historically, intermittent hemodialysis has had the reputation of 
having the highest ammonia clearance rates using blood flow rates of 5–10 mL/kg/
min and dialysate flow rates of 500  mL/min (2000–4000  mL per 1.73  m2 [38]. 
Ammonia extraction with these settings is above 95% [35].

McBryde demonstrated improved survival with HD as the primary therapy 
(n = 18) [38]. The main problems experienced are technical issues (adequate vascu-
lar access) and side effects such as hypotension which may limit the required blood 
flow rates. Typically, rebound hyperammonaemia may occur when the hemodialysis 
cycle has finished. For this reason, continuous high-dose renal replacement therapy 
has been proposed as an alternative [34, 37, 39, 41].

For CVVH or CVVHD, three key factors largely determine clearance of ammo-
nia: blood flow rate, haemofilter surface area and ultrafiltration rate. For neonates, 
typically slightly larger filters relative to patient size are used (0.3–0.4 m2). These 
are designed to operate at maximal efficiency at higher blood flow rates of around 
150 ml/min. Using lower blood flow rates of 20–50 mL/min (5–15 mL/kg), which 
is more appropriate for neonates may result in ultrafiltration on the flow dependent 
part of the mass solute clearance curve (Fig. 27.3, point B). Large filtration gains 
can be achieved by increasing blood flow rate (if tolerated by the patient) as filtra-
tion is more efficient at the same transmembrane pressure (Fig. 27.3a, point A). This 
concept is well described by Clarke and Huang [42, 43].

Blood flow rates of 80 mL/min are achievable in neonates with well-placed 7–8 
Fr internal jugular catheters (author’s personal experience) with access pressures 
below 80 cmH20. Small vascular access catheters (5Fr) should be avoided as blood 
flow is limited and circuit thrombosis is universal (100% by 60 h) [44]. Low flow 
rates of 20 mL/min for a 0.3 m2 filter may be at the lower end of efficiency. Picca 
demonstrated ammonia extraction of just above 50% at these lower flows [35].

The second factor to consider in hemofiltration is dialysate flow rate. Troyanov 
compared CVVH versus CVVHD for ammonia clearance in adult patients and iden-
tified maximal efficiency with a dialysate flow rate of 4.5 L per hour (blood blow 
rate of 150 mL/min or 9 L/h) [45].

This is a ratio of dialysate to blood flow of 50%. In contrast, neonates may use a 
similar size filter (0.3–0.4 m2) yet blood flow rates are as much as 10-fold lower 
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(20–50 mL/min). If dialysate flow rates are greater than the blood flow rate, no ben-
efit is gained as only a fixed concentration of ammonia is presented to the filter over 
time. Figure 27.4 shows curves for dialysate flow rate (mls/h) in a 3.5 kg patient at 
different blood flow rates. It demonstrates the wide variations and dialysate flow 
rates for some published cases. For points B and C, ammonia extraction was just 
above 50%. This demonstrates that ammonia clearance can be maximized at higher 
blood flow rates (greater clearance at the same ratio of dialysate to blood flow rate). 
It also highlights that it is important to be aware of the relationship of blood flow 
rate and dialysis rate in neonates who are 3–5 kg in size. With CVVH, predilution 
affords a greater flow rate (30–60 mL/kg/h) but this is partially offset by a dilution 
effect and a loss of 40% efficiency especially if low blood flow rates are used [45].

27.7.3	 �Recirculation

In adult patients, femoral site vascular access demonstrates the highest recirculation 
rates using saline dilution technique of 26% compared to jugular venous access 
[46]. This is because there is less of blood reservoir around the femoral vein com-
pared to the right atrium. Recirculation rate also increase significantly at higher 
flow. Unfortunately, recirculation rates have not been measured in paediatric dialy-
sis, but are likely to be much higher around 50% as the distance between the proxi-
mal and distal lumen in paediatric dual lumen lines is very close, as little as 5–10 mm 

BFR 300ml/min
B.

A.

BFR 100ml/min

FLOW
INDEPENDENT
SOLUTE
TRANSFER

FLOW
DEPENDENT
SOLUTE
TRANSFER

Transmembrane pressure (mmHg)
0

0

20

40

60

80

100

120

140

50 100 150 200 250 300 350 400 450

F
ilt

ra
tio

n 
ra

te
 (

m
l/m

in
)

BFR 200ml/min

Fig. 27.3  Mass transfer of solutes across a hypothetical haemofilter at three different blood flow 
rates (BFR). Red vertical line represents the point where maximal filter efficiency is achieved 
(point B). Ultrafiltration rate is higher at the same transmembrane pressure when blood flow rate is 
maximized (point A)

R. Vara and A. Durward



425

apart. This is partly why efficiency of CVVH or CVVHD is only about 50% in 
neonates. The femoral vein is also significantly smaller in diameter in neonates and 
is more prone to catheter related complications and thrombosis.

The ideal site for vascular access is therefore the internal jugular vein, preferable 
the right as it has a more direct course to the right atrium.

27.7.4	 �Maximizing Efficiency of Dialysis

In some circumstances the ammonia levels fail to decline or even increase despite 
apparently adequate dialysis. Occasionally ammonia production will exceed even 
the most effective dialytic clearance. Important points to consider in this scenario 
are:

	1.	 Minimize recirculation through the vascular access. Use the proximal and distal 
catheter drainage ports as the manufacturer intended. “Swapping” the lumens 
around, even if flow appears better only increases recirculation. Try using inter-
nal jugular access.

	2.	 Optimize blood flow rate(BFR). BFR >40 mL/min enhances filtration but this is 
dependent on good vascular access. Recirculation will increase with higher 
blood flow rate if the catheter position is problematic.
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	3.	 Ensure adequate delivery of intravenous sodium benzoate and sodium phenylac-
etate. Both are small molecular weight molecules that are not protein bound and 
are freely diffusible [47]. Giving excessive doses may also precipitate neurologic 
deterioration [31].

	4.	 Consider dual mode dialysis (peritoneal dialysis and hemofiltration or HD)
	5.	 In hyperammonaemia due to organic acid disorders, larger organic acids may be 

more effectively cleared with convective hemofiltration as opposed to counter 
current haemodialysis or haemodiafiltration.

	6.	 Alkalosis promotes ammonia entry into the brain. If pH >7.45, aim for normal 
pCO2. If the patient is haemodynamically stable, mild to moderate acidosis could 
be tolerated to reduce cerebral ammonia uptake.

�Conclusion

Hyperammonaemia secondary to IEM is a common neonatal/paediatric emer-
gency. Measurement of ammonia levels should form a part of investigations for 
any collapsed newborn or in fact any child who presents with sudden onset of 
loss of consciousness. A very close liaison should always be sought between the 
treating intensive care team and metabolic specialist. Peritoneal dialysis is a 
good modality to lower serum ammonia levels awaiting transfer to tertiary cen-
tres for extracorporeal dialysis or even as the primary form of renal replacement 
therapy. There are no head to head studies comparing convective versus dialysis 
mode of renal replacement therapy. All efforts should be made to optimize CRRT 
including minimizing circuit downtimes. Prognosis depends on the type of 
inborn error of metabolism, peak ammonia levels and the duration of hyperam-
monaemic coma. Despite optimizing dialytic therapy, one might not be able to 
control ammonia levels if the rate of production of ammonia is higher than what 
the extracorporeal therapy can remove.

Key Learning Points
•	 Hyperammonaemia secondary to IEM can occur at any age
•	 Measure ammonia in any patient with unexplained reduced level of 

consciousness
•	 Age of onset and peak ammonia levels at presentation impact neurological 

outcome
•	 Consider dialysis to acutely lower blood ammonia levels above 

300 μmol/L. Ideal target is to half ammonia in 2–4 h with a level below 
150–200 μmol/L within 24 h.

•	 At maximal efficiency, all modes of dialysis including perineal dialysis 
can acutely lower blood ammonia levels. The mode and type of dialysis 
should be chosen according to the expertise of the clinical team or 
institution.

•	 For neonatal haemofiltration (CVVH or CVVHD), a large bore right inter-
nal jugular vascular access catheter (e.g. 7Fr) is preferable for optimal 
blood flow. Femoral catheters may have significant recirculation.
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