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2-MCA 2-methylcitrate
ADP Adenosine diphosphate
ALP Alkaline phosphatase
ARG(1) Arginase (1)
ASL Argininosuccinate lyase
ASA Arginino Succinate
ASS Argininosuccinate synthetase
ATP Adenosine triphosphate
BMI Body mass index
BW Bodyweight
CAMP Carglumic Acid in Methylmalonic Acidemia and Propionic Acidemia
CNS Central nervous system
CoA coenzyme A
CPS(1) Carbamoyl phosphate synthetase (1)

DD Differential diagnosis
DRI Dietary reference intakes
EAA Essential amino acids
ECG Electrocardiogram
EEG Electroencephalogram
FAO Food and Agriculture Organisation
GLN Glutamine
HCO3– Bicarbonate
IMD(s) Inherited metabolic disorder(s)
IQ Intelligence quotient
IV Intravenous
IVA Isovaleric aciduria
IV-CoA Isovaleryl-CoA
IVD Isovaleryl-CoA dehydrogenase
LEU Leucine
MMA Methylmalonic aciduria
MM-CoA Methylmalonyyl-CoA
MRI Magnetic resonance imaging
MSUD Maple syrup urine disease
MUT Methylmalonyl-CoA mutase
NaB Sodium benzoate
NAG N-acetylglutamate
NAGS N-acetylglutamate synthetase
NaP Sodium phenylbutyrate
NCGA N-carbamoyl-L-glutamic acid
NH3/NH4+ Ammonia/ammonium
OA(s) Organic aciduria(s)
ORNT1 Ornithine translocase
OTC Ornithine transcarbamylase
P5CS Pyrroline-5-carboxylate synthase
PA Propionic aciduria
PBA Phenylbutyrate
PC Pyruvate carboxylase
PCC Propionyl-CoA carboxylase
P-CoA Propionyl-CoA
PDH Pyruvate dehydrogenase complex
P:E ratio Protein: Energy ratio
PTH Parathyroid hormone
RDA Recommended daily allowances
TCA Tricarboxylic acid
THAN Transient hyperammonaemia of the newborn
UCD(s) Urea cycle defect(s)
UNU United Nations University
VAL Valine
WHO World Health Organization
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Hyperammonaemia represents a medical 
emergency,1 because high plasma levels of 
ammonia are neurotoxic, and the extent of 
intellectual disability is directly correlated 
with the duration of coma and severity of 
hyperammonaemia.2,3

Until recently, the only treatment for acute 
hyperammonaemia was ammonia-scavenging 
therapy or haemodialysis.4 However, the recent 
development of new therapies such as carglumic 
acid offers an additional treatment modality 
for hyperammonaemia caused by a range of 
conditions4

The information provided here aims to equip 
physicians with the knowledge they need to 
quickly recognise the potential development of 
hyperammonaemia in their patients, and to 
accurately diagnose and treat it effectively.

Hyperammonaemia is defined as elevated plasma 
levels of ammonia. It commonly occurs in adults 
with advanced liver disease,5 and hence the 
development of high levels of plasma ammonia 
in individuals without liver disease should raise 
suspicions for an inherited metabolic disorder 
(IMD) as a potential cause.6 Age-appropriate 
reference levels of ammonia are shown in Table 1Table 1.

Table 1Table 1. Age appropriate plasma levels of ammonia.7

Age groupAge group Plasma ammonia Plasma ammonia 
concentration, μmol/Lconcentration, μmol/L

NeonatesNeonates
   Healthy   Healthy
   Sick   Sick
   Suspected IEM   Suspected IEM

<110<110
<180<180
>200>200

Post neonatal periodPost neonatal period
   Healthy   Healthy
   Suspected IEM   Suspected IEM

50–8050–80
>100>100

IMD, inherited metabolic disorder.IMD, inherited metabolic disorder.

Premature infants may (rarely) have elevated 
levels of ammonia because of immature hepatic 
function. This condition is called 'transient 
hyperammonaemia of the newborn' (THAN), and 
generally resolves without any symptoms or 
clinical consequences.6 In neonates born at term 
or in older infants, hyperammonaemia is likely 
to be caused by an inherited metabolic disorder 
(IMD) (Figure 1),6 particularly if the ammonia level is 
>200 μmol/L in a neonate or >100 μmol/L in an older 
infant. Two major groups of IMDs which cause 
hyperammonaemia include urea cycle defects 
(UCDs) and organic acidurias (OAs). These are 
discussed in more detail in the section 'What 
causes hyperammonaemia?'.

Figure 1Figure 1.
Differentiating conditions associated with hyperammonaemia in neonates
(adapted with permission from Burton, 1998).6

Neonatal hyperammonaemia

Symptoms in first
24 hours of life

Symptoms after
24 hours of age

Premature Term No acidosis Acidosis

THAN IMD Primary
hyperammonaemia

(UCDs)

Secondary
hyperammonaemia

(classical OAs)

IMD, inherited metabolic disorder; OAs, organic acidurias; THAN, transient hyperammonaemia of the newborn; UCDs, urea cycle defects.IMD, inherited metabolic disorder; OAs, organic acidurias; THAN, transient hyperammonaemia of the newborn; UCDs, urea cycle defects.

What is Hyperammonaemia?
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 �What causes hyperammonaemia?What causes hyperammonaemia?

The presence of hyperammonaemia is a hallmark sign of UCDs, which develop when there is an enzyme 
defect in the functioning of the urea cycle.3,8 The urea cycle (Figure 2) is the main biochemical pathway by 
which nitrogen waste products are detoxified, and is the only means of producing endogenous arginine, 
ornithine and citrulline.2 Some of the enzymes in the urea cycle overlap with enzymes in the nitric oxide 
production pathway, including argininosuccinate synthetase (ASS) and argininosuccinate lyase (ASL).2

Figure 2. The urea cycle.7

Ammonia

Urea

Urea
CycleOrnithine Argininosuccinate

Arginine

Citrulline

Carbamoyl-
phosphate

N-acetylglutamate Glutamate

Aspartate

Fumarate

HCO3-

Mitochondrion

Orotic acid
Orotidine
Uracil

Cytosol

OTC

Arginase ASL

ASST

CPS1

NAGS
12

3

4

56

1. N-acetylglutamate synthetase (NAGS); 2. Carbamoyl phosphate synthetase 1 (CPS1); 3. ornithine transcarbamylase (OTC); 4. Argininosuccinate synthetase 1. N-acetylglutamate synthetase (NAGS); 2. Carbamoyl phosphate synthetase 1 (CPS1); 3. ornithine transcarbamylase (OTC); 4. Argininosuccinate synthetase 
(ASS); 5. Argininosuccinate lyase (ASL); 6. Arginase. T: Ornithine Transporter.(ASS); 5. Argininosuccinate lyase (ASL); 6. Arginase. T: Ornithine Transporter.

Hyperammonaemia can also develop in patients with a normally functioning urea cycle if there is 
another defect that affects the delivery of substrates to this cycle or that has an inhibitory effect on 
enzymes that feed into the urea cycle, such as occurs in some OAs (Figure 3).6

Figure 3. Mechanisms involved in hyperammonaemia.6 

Primary enzyme deficiency
(e.g. NAGS deficiency)

Secondary enzyme inhibition
(e.g. NAGS inhibition in organic acidaemia)

Urea cycle
disorder

Urea cycle
dysfunction

HYPERAMMONAEMIA

Hyperammonaemia is the biochemical hallmark of urea cycle disorders or dysfunction
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Therefore, hyperammonaemia can be divided into:

	 • �Primary hyperammonaemia 
– �resulting from an inherited enzyme deficiency 

in the urea cycle.

	 • �Secondary hyperammonaemia 
– �resulting from a defect in another pathway 

that affects the functioning of the urea 
cycle by inhibiting key enzymes or reducing 
the availability of certain substrates.

The age at onset and severity of hyperammonaemia 
depends upon the severity of the enzyme 
deficiency in the urea cycle.2 It should be noted 
that hyperammonaemia may also be caused 
by other defects in the urea cycle (e.g. inherited 
disorders of nitrogen detoxification, transporter 
defects within the urea cycle, etc.), as well as defects 
in other biochemical pathways or secondary to 
valproic acid administration. Here, we exclusively 
focus on primary hyperammonaemia owing to 
urea cycle enzyme deficiency and secondary 
hyperammonaemia due to classical OAs.

 �What is primary hyperammonaemia?What is primary hyperammonaemia?

Primary hyperammonaemia is caused by a deficiency in one of the six main enzymes involved in the 
urea cycle (Table 2, and see Figure 2).2, 9-12 All such defects show autosomal recessive inheritance, 
with the exception of ornithine transcarbamylase (OTC) deficiency, which is X-linked.9

Table 2. Urea cycle disorders causing hyperammonaemia.2, 9-12

Condition and/or Condition and/or 
deficient enzymedeficient enzyme GeneGene Inheritance Inheritance 

(chromosome)(chromosome) IncidenceIncidence PrevalencePrevalence

Defect in the synthesis of the activator of the urea cycleDefect in the synthesis of the activator of the urea cycle

1. NAGS deficiency1. NAGS deficiency NAGSNAGS Autosomal Autosomal 
recessive (17)recessive (17) <1:2,000,000<1:2,000,000 <1:1,000,000<1:1,000,000

Defects in the urea cycle enzymesDefects in the urea cycle enzymes

2. 	CPS1 deficiency2. 	CPS1 deficiency CPS1CPS1 Autosomal Autosomal 
recessive (2)recessive (2) 1:1,300,0001:1,300,000 1:200,000 to 1:200,000 to 

1:800,0001:800,000

3.	 OTC deficiency3.	 OTC deficiency OTCOTC X-linked (X)X-linked (X) 1:56,5001:56,500 1:40,000 1:40,000 
to 1:80,000to 1:80,000

4.	 �Citrullinaemia type I/4.	 �Citrullinaemia type I/
ASS deficiencyASS deficiency ASS1ASS1 Autosomal Autosomal 

recessive (9)recessive (9) 1:250,0001:250,000 1:100,000 1:100,000 

5. �Arginino Succinate 5. �Arginino Succinate 
or ASL deficiencyor ASL deficiency ASLASL Autosomal Autosomal 

recessive (7)recessive (7) 1:218,7501:218,750 1:150,000 1:150,000 

6. �Argininaemia or 6. �Argininaemia or 
arginase deficiencyarginase deficiency ARG1ARG1 Autosomal Autosomal 

recessive (6)recessive (6) 1:950,0001:950,000 1:1,100,0001:1,100,000

ASL, argininosuccinate lyase; ASS, argininosuccinate synthetase; CPS1, carbamoyl phosphate synthetase 1; NAGS, N-acetylglutamate synthetase; OTC, ASL, argininosuccinate lyase; ASS, argininosuccinate synthetase; CPS1, carbamoyl phosphate synthetase 1; NAGS, N-acetylglutamate synthetase; OTC, 
ornithine transcarbamylase.ornithine transcarbamylase.

The specific enzyme deficiency in the urea cycle can be identified by plasma amino acids and urine for 
organic acid and orotic acid, as described in the section 'How is hyperammonaemia diagnosed?'
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 �What is secondary hyperammonaemia?What is secondary hyperammonaemia?

There are many causes of secondary hyperammonaemia due to either urea cycle inhibition or substrate 
deficiency (Table 3).

Table 3. Secondary causes of hyperammonaemia.1

Urea cycle inhibitionUrea cycle inhibition Substrate deficiencySubstrate deficiency
•	 PA: poor acetylglutamate production•	 PA: poor acetylglutamate production
•	 MMA: propionyl Co A or methylcitrate accumulation•	 MMA: propionyl Co A or methylcitrate accumulation
•	 3-Hydroxy-3-methylglutaryl-CoA-lyase deficiency•	 3-Hydroxy-3-methylglutaryl-CoA-lyase deficiency
• �	Secondary CPS1 deficiency stemming from low ATP • �	Secondary CPS1 deficiency stemming from low ATP 

levelslevels
• 	Hyperammonaemia due to valproic acid• 	Hyperammonaemia due to valproic acid

• 	CoA deficiency due to:• 	CoA deficiency due to:
     - 	Fatty acid oxidation defects     - 	Fatty acid oxidation defects
     - 	Carnitine cycle disorders     - 	Carnitine cycle disorders
     - 	Pyruvate dehydrogenase defects     - 	Pyruvate dehydrogenase defects
•	 �Cytosolic aspartate deficiency: pyruvate carboxylase •	 �Cytosolic aspartate deficiency: pyruvate carboxylase 

deficiencydeficiency
•	 �Fasting ornithine deficiency: Δ1 pyrroline-5-•	 �Fasting ornithine deficiency: Δ1 pyrroline-5-

carboxylase deficiencycarboxylase deficiency
•	 �3-hydroxyl-3-methlglutaryl-CoA lyase deficiency•	 �3-hydroxyl-3-methlglutaryl-CoA lyase deficiency
•	 Secondary CPS1 deficiency from low ATP levels•	 Secondary CPS1 deficiency from low ATP levels
•	 Hyperammonaemia due to valproic acid•	 Hyperammonaemia due to valproic acid
• �Lysinuric protein intolerance: decreased ornithine/ • �Lysinuric protein intolerance: decreased ornithine/ 

citrulline/ argininecitrulline/ arginine
• �Hyperinsulinism-hyperammonaemia syndromes: • �Hyperinsulinism-hyperammonaemia syndromes: 

decreased glutamate and increased glutamate decreased glutamate and increased glutamate 
deaminationdeamination

ATP, adenosine triphosphate; CoA, coenzyme A; CPS1, carbamoyl phosphate synthetase 1; MMA, methylmalonic aciduria; PA, propionic aciduria.ATP, adenosine triphosphate; CoA, coenzyme A; CPS1, carbamoyl phosphate synthetase 1; MMA, methylmalonic aciduria; PA, propionic aciduria.

OAs are autosomal recessively inherited enzyme deficiencies affecting branched-chain amino-acid 
metabolism (isoleucine, valine, methionine and threonine in PA and MMA, and leucine in IVA) and 
additional substrates (odd chain fatty acids, cholesterol, nucleotides in PA and MMA).8 These enzyme 
deficiencies lead to an accumulation of their respective precursors: propionyl-CoA (P-CoA) in PA, P-CoA 
and methylmalonyl-CoA (MM-CoA) in MMA, isovaleryl- CoA in IVA and their corresponding organic acids 
once released from CoA.8 The ‘classical OAs’ can have an early onset in the neonatal period or infancy, 
and include the following:13-16

	 •	 • Propionic aciduria (PA)

	 •	 • Methylmalonic aciduria (MMA)

	 •	 • Isovaleric aciduria (IVA)

	 •	 • Maple Syrup Urine Disease (MSUD)

Only the first three of these classical OAs will be discussed here (MSUD will not be covered).

The characteristics of these conditions are summarised in Figure 4.9 All three of these conditions affect 
the functioning of the urea cycle, as the accumulating intermediary metabolites cause inhibition of 
the N-acetylglutamate synthase (NAGS) enzyme and substrate deficiencies in the TCA cycle, ultimately 
leading to hyperammonaemia (see Figure 3).14,16-18 Figure 5 shows how these pathways are interrelated 
and the effects that the enzyme deficiencies have on metabolites.19,20
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Figure 4. Characteristics of the OAs (adapted with permission from Testai et al. 2010).9

Amino acid 
metabolism affected

Leucine Isoleucine Valine

Characteristic Isovaleric Aciduria Propionic Aciduria Methylmalonic Aciduria
Enzyme deficiency
Inheritance
Chromosome
Metabolites in blood

Isovaleryl-CoA dehydrogenase
Autosomal recessive

15
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glycine, isovaleryl carnitine
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glycine, propionyl carnitine, 
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acetoacetate, 
β-hydroxypropionate, 

β-hydroxybutyrate

Methylmalonyl-CoA mutase
Autosomal recessive

6
Methylmalonic acid, 

propionic acid, propionyl 
glycine, propionyl carnitine, 
methylcitrate, acetoacetate, 

β-hydroxybutyrate

Incidence 1:250,000 1:3000 to 1:35,000 1:50,000
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Figure 5. Metabolic pathway of IVA and the interrelationship between MMA and PA pathways,
with the resultant metabolites from the respective enzyme deficiencies.19,20

Leucine

Propionyl-CoA

Propionic acid (gut)
Odd chain fatty acids

Cholesterol side chains

α-Ketocaproate

Valine
Isoleucine
Threonine
Methionine

Isovaleryl-CoA
dehydrogenase

Adenosylcobalamin
cbIA cbIB cbID2

Hydroxyisovalerate
Isovalerylglycine

Other compounds

Methylmalonyl-CoA 
mutase

Propionyl-CoA 
carboxylase

3-OH-propionic acid
3-methylcitrate
Propionylcarnitine
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3-Methylcrotonyl-CoA

Acetyl-CoAAcetoacetate

(L)-methylmalonyl-CoA

Succinyl-CoA

IVA pathway MMA and PA pathway

Biotin

TCA

Isovaleryl-CoA

Key pointsKey points
•	� Hyperammonaemia is a medical emergency, which requires immediate treatment.
•	� Hyperammonaemia is the biochemical hallmark of a urea cycle defect or 

dysfunction caused by IMDs.
•	� UCDs cause primary hyperammonaemia, while classical OAs cause secondary 

hyperammonaemia.
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 �What are the metabolic interactions between the urea and TCA cycles in the biochemical What are the metabolic interactions between the urea and TCA cycles in the biochemical 
pathogenesis of OA?pathogenesis of OA?

Secondary hyperammonaemia in OA is due to the interaction of the resultant metabolites from the 
respective defective enzymes in the urea and TCA cycles (Figure 6). 

Figure 6. The biochemical pathways involved in pathogenesis of UCDs and OAs. 
Adapted with permission from Haberle, et al; 2008.8
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HH22O, water; IV-CoA, isovaleryl-CoA; IVD, isovaleryl-CoA dehydrogenase; LEU, leucine; MM-CoA, methylmalonyl-CoA; MUT, methylmalonyl-CoA mutase; NAG, O, water; IV-CoA, isovaleryl-CoA; IVD, isovaleryl-CoA dehydrogenase; LEU, leucine; MM-CoA, methylmalonyl-CoA; MUT, methylmalonyl-CoA mutase; NAG, 
N-acetylglutamate; NAGS, N-acetylglutamate synthase; NHN-acetylglutamate; NAGS, N-acetylglutamate synthase; NH33, ammonia; OTC, ornithine transcarbamylase; PC, pyruvate carboxylase; PCC, propionyl-CoA , ammonia; OTC, ornithine transcarbamylase; PC, pyruvate carboxylase; PCC, propionyl-CoA 
carboxylase; P-CoA, propionyl-CoA; PDH, pyruvate dehydrogenase complex; TCA, tricarboxylic acid; VAL valine. carboxylase; P-CoA, propionyl-CoA; PDH, pyruvate dehydrogenase complex; TCA, tricarboxylic acid; VAL valine. 
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The urea cycle and its role8

•• �A series of enzymes and transporters allows for the incorporation of ammonia into urea to be excreted 
in the urine.

•• �NAGS catalyses the formation of NAG from glutamate and acetyl-CoA. 

•• �NAG is an essential activator of the rate-limiting enzyme of the urea cycle, CPS1. 

•• �Ammonia that escapes the urea cycle in periportal hepatocytes conjugates with glutamate to form 
glutamine in pericentral hepatocytes, resulting in the increase in glutamine seen in all UCDs.

The urea cycle interacts with other mitochondrial pathways, including the TCA cycle, fatty acid oxidation 
pathway, and amino acid catabolism.8,14,17,18

The tricarboxylic acid (TCA) cycle and its role8

•• �The TCA cycle enables the extraction of reducing equivalents from acetyl-CoA that fuels the oxidative 
phosphorylation of the mitochondrial electron transport chain to generate adenosine triphosphate (ATP).

•• ��The TCA and urea cycles are linked at oxaloacetate, which is the start and end point of the TCA cycle 
(Figure 7). Oxaloacetate can be converted to aspartate via transamination in a reversible reaction.

Figure 7. Oxaloacetate–aspartate reaction is a reversible reaction between the TCA and the urea cycles. 
Fumarate links both the urea and TCA cycles (also known as the Kreb’s cycle).

Urea
Cycle

TCA
Cycle

Aspartate Oxaloacetate

Fumarate

Fumarate
Urea

•• ��2-oxoglutarate is at the intersection between carbon and nitrogen metabolism, connecting the catabolic 
function of the TCA cycle with the anabolic function of the nitrogen assimilation reactions.21

•• ��Glutamate can be also be generated from 2-oxoglutarate and ammonia during physiological 
cataplerosis.22 

•• ��Finally, the oxidation of fatty acids, carbohydrates and amino acids generates acetyl-CoA, which is one 
of the substrates necessary for the synthesis of NAG, in the urea cycle.

Proposed biochemical pathogenesis of OAProposed biochemical pathogenesis of OA
The mechanisms that contribute to hyperammonaemia in OAs remain complex, involving several 
interlinking metabolic cycles. 

Ammonia levels increase in patients with PA when they become metabolically unstable. The severe 
hyperammonaemia may or may not be associated with metabolic acidosis.23 Metabolic decompensations 
in PA are triggered by fever, fasting and infections, all of which are catabolic and prevent anabolism. 
Such conditions lead to a release of propionyl Co-A precursors, methionine and isoleucine from the 
muscle, which directly contribute to the production of propionic acid. As the propionyl Co-A increases, 
propionlycarnitine is formed and excreted in the urine. This forms the rationale for giving carnitine as 
part of the treatment.
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How do OAs affect the urea cycle?
In OAs, the accumulated metabolites (propionyl Co-A, methylmalonyl Co-A and isovaleryl Co-A) 
compete with acetyl Co-A to inhibit the activity of NAGS, thereby diminishing the synthesis of Carbamoyl 
phosphate.8 Excessive propionyl Co-A also favours the synthesis of N-propionylglutamate that cannot 
activate CPS1 in the urea cycle.23 This secondary impairment of the urea cycle is only one of the 
mechanisms involved in the development of hyperammonaemia in OAs. 

Glutamine levels in OA patients are often below normal (‘glutamine paradox’), even when the 
patient is metabolically stable.24 

There is also a negative correlation between ammonia levels and plasma glutamine, in contrast to 
the positive correlation seen in UCD patients.23 The functional impairment of the urea cycle, such as 
that caused by a deficiency of NAG, with secondary deficit of CPS1 alone cannot account for such a 
discrepancy in elevated ammonia levels with lowered glutamine levels.

How do OAs affect the TCA cycle?
The lack of propionyl Co-A carboxylase in PA leads to an accumulation of propionic acid, which has 
a number of effects (Figure 8). 

 

Figure 8. Proposed pathway for propionyl CoA and glutamine metabolism in PA.23
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Propionyl CoA is normally converted via several enzymatic reactions to succinyl CoA, which then enters the TCA cycle. In patients with PA, the accumulating Propionyl CoA is normally converted via several enzymatic reactions to succinyl CoA, which then enters the TCA cycle. In patients with PA, the accumulating 
propionyl CoA forms a complex with oxaloacetate to produce methylcitric acid. Because both oxaloacetate and succinyl CoA levels decrease, the TCA propionyl CoA forms a complex with oxaloacetate to produce methylcitric acid. Because both oxaloacetate and succinyl CoA levels decrease, the TCA 
cycle is impaired, leading to reduced levels of 2-oxoglutarate. The deficit of 2-oxoglutarate can only be restored by using mitochondrial glutamine and cycle is impaired, leading to reduced levels of 2-oxoglutarate. The deficit of 2-oxoglutarate can only be restored by using mitochondrial glutamine and 
glutamate, so levels of these compounds decrease. ATP, adenosine triphosphate; COglutamate, so levels of these compounds decrease. ATP, adenosine triphosphate; CO22, carbon dioxide; CoA, coenzyme A; GDH glutamate dehydrogenase; , carbon dioxide; CoA, coenzyme A; GDH glutamate dehydrogenase; 
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A CLINICIAN’S PERSPECTIVE 
onDIAGNOSISandMANAGEMENT

H Y P E R A M M O N A E M I A



I 15 I

       1. �Propionic acid combines with oxaloacetate (from the TCA cycle) to form methylcitrate, causing a 
depletion of oxaloacetate.23

       2. �The lack of conversion of propionyl Co-A to methylmalonyl Co-A reduces the supply of succinyl CoA 
in the TCA cycle.25-27 

       3. Odd chain fatty acids eventually provide propionic acid that refills the TCA cycle with succinyl CoA. 

The inability to utilise propionic acid in PA results in decreased availability of substrates in the TCA cycle 
and its secondary impairment with a functional lack of 2-oxoglutarate.23

Why are glutamine/glutamate levels reduced in PA?
The direct endpoint of PA and MMA metabolism is the production of succinyl Co-A, an important 
anaplerotic intermediate of the TCA cycle (see Figure 8). This degeneration (anaplerosis) pathway 
represents an important mechanism for replenishing the TCA cycle. Since anaplerosis is disrupted in PA 
and MMA, TCA intermediates must be derived from other pathways.8 For example, the resultant lack of 
2-oxoglutarate (TCA substrate) in PA shifts the equilibrium of the reactions catalysed by mitochondrial 
glutamate dehydrogenase and phosphate-dependent glutaminase, with a net production of ammonia 
and decreased levels of glutamine and glutamate in the muscle and liver (see Figure 8). In one reaction, 
glutamine is cleaved to form ammonia and glutamate:

Glutamine + ADP + Pi    ↔  Glutamate + NH4
+

In another, glutamate is split by glutamate dehydrogenase into ammonia and 2-oxoglurate to replenish 
the TCA cycle:

Glutamate + NAD(P)+ + H2O ↔  2-oxoglutarate + NH4
+ + NAD(P)H

The above two reactions replenish the TCA cycle, resulting in increased ammonia production which 
may contribute to the chronic hyperammonaemia seen in OA.8 In addition, the subsequent reduction of 
glutamate may further impair the synthesis of NAG by NAGS.8

Finally, the flow of glutamine to replenish 2-oxoglutarate in the TCA cycle leads to a decrease in glutamine.8

 �What are the biochemical differences between primary and secondary hyperammonaemia? What are the biochemical differences between primary and secondary hyperammonaemia? 
Although plasma ammonia levels remain elevated in both primary and secondary hyperammonaemia, 
the level of glutamine and urea cycle intermediates (citrulline and arginine) are helpful in distinguishing 
between primary and secondary hyperammonaemia (Table 4).

Table 4. Differences in amino acid profiles between primary and secondary hyperammonaemia.

ParametersParameters Primary hyperammonemiaPrimary hyperammonemia Secondary hyperammonemiaSecondary hyperammonemia
AmmoniaAmmonia HighHigh HighHigh
GlutamineGlutamine HighHigh Normal-low*Normal-low*
Urea cycle intermediatesUrea cycle intermediates
CitrullineCitrulline
ArginineArginine

High/lowHigh/low
Low (except in arginase deficiency Low (except in arginase deficiency 

when the level is high)when the level is high)

No changeNo change
No changeNo change

*Glutamine paradox*Glutamine paradox is seen in secondary hyperammonaemia due to organic acidurias (OAs). is seen in secondary hyperammonaemia due to organic acidurias (OAs).



The IMDs that cause primary or secondary hyperammonaemia can present at any age as an acute or 
a chronic illness.

 �Early onset (neonatal presentation)Early onset (neonatal presentation)
For most neonates with hyperammonaemia, whether from primary or secondary causes, pregnancy 
and the first few days of life are uneventful because excess urea in the foetus has been cleared by the 
maternal circulation.1

However, signs and symptoms of hyperammonaemia can develop within days, depending on the specific 
defect; some milder defects may have subtle, symptomatic episodes that spontaneously resolve or 
develop later in life.1,3

The symptoms of hyperammonaemia are nonspecific due to the very limited repertoire of symptoms 
in the neonate, frequently causing a delay in diagnosis.3 Neonates with acute hyperammonaemia 
resemble those with sepsis, and show feeding difficulties, vomiting, temperature instability, and often 
respiratory distress or hyperventilation.1,3 Respiratory alkalosis is present in about 50% of neonates 
with UCDs, and should prompt an immediate measurement of ammonia levels.3 Progressive cerebral 
involvement may cause seizures and altered consciousness.1,3 Neonates and infants with OAs that cause 
secondary hyperammonaemia all present with a high-anion-gap metabolic acidosis, in addition to 
hyperammonaemia.15

 �Late onset (older infants and young children)Late onset (older infants and young children)

When a patient with an IMD presents later in life, acute hyperammonaemia may be triggered 
by an event such as an infection or vomiting (Table 5).3 In this case, the symptoms of an acute 
hyperammonaemia episode often mimic encephalitis or drug intoxication.3 Patients may show an 
altered level of consciousness (from lethargy and somnolence, to coma), seizures, or psychiatric 
symptoms (such as hallucinations, paranoia, mania), and emotional or personality changes.3 
Like neonates, they may present with vomiting and loss of appetite. As other organs become affected, 
these children may develop signs of liver or multiple organ failure, as well as deteriorating peripheral 
circulation.3

How Does 
Hyperammonaemia Present?
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The initial symptoms of hyperammonaemia are nonspecific, 
frequently causing delay in diagnosis
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Table 5. Potential triggers of hyperammonaemia episodes in patients with urea cycle defects (causing 
primary hyperammonaemia) or classical organic acidurias (causing secondary hyperammonaemia).3

ParametersParameters
• 	• 	InfectionInfection
• 	• 	FeverFever
• 	• 	VomitingVomiting
• 	• 	Gastrointestinal or internal bleedingGastrointestinal or internal bleeding
• 	• 	Decreased energy or protein intake (e.g. fasting before surgery, major weight loss)Decreased energy or protein intake (e.g. fasting before surgery, major weight loss)
• 	• 	Postpartum catabolism and involution of the uterus (mostly in females with OTC deficiency)Postpartum catabolism and involution of the uterus (mostly in females with OTC deficiency)
• 	• 	Drugs:Drugs:
     - 	Chemotherapy     - 	Chemotherapy
     - 	High-dose corticosteroids     - 	High-dose corticosteroids
     - 	Valproate     - 	Valproate
     - 	L-asparaginase/pegasparagase     - 	L-asparaginase/pegasparagase
     - �Others (less frequent causes include topiramate, carbamazepine, phenobarbitone,      - �Others (less frequent causes include topiramate, carbamazepine, phenobarbitone, 

phenytoin, furosemide, hydrochlorothiazide, and salicylates)phenytoin, furosemide, hydrochlorothiazide, and salicylates)
• 	• 	Prolonged or intense physical exerciseProlonged or intense physical exercise
• 	• 	Surgery under general anaesthesiaSurgery under general anaesthesia
• 	• 	Unusually high protein load (e.g. parenteral nutrition)Unusually high protein load (e.g. parenteral nutrition)
OTC, ornithine transcarbamylase.OTC, ornithine transcarbamylase.

 �In older children and adultsIn older children and adults

When the genetic defects are not severe, hyperammonaemia can show a more chronic course, with 
signs and symptoms appearing episodically in response to triggers (see Table 5).1,3 Many children 
with chronic hyperammonaemia choose to avoid protein intake by eating a vegetarian diet from 
a young age.1,3 Psychiatric symptoms are very rare in patients with secondary hyperammonaemia, 
but are relatively common in primary hyperammonaemia associated with UCDs.3,19 Certain conditions 
may be characteristic for individual UCDs or OAs; for example chronic renal failure is common in 
patients with MMA, whereas the heart is more often affected in PA.19 Similarly, patients with ASL 
deficiency commonly develop fragility of the hair shaft (trichorrexis nodosa), and children with 
arginase 1 (ARG1) deficiency may develop a progressive spastic diplegia.3

Test ammonia levels whenever:

• • A patient has unexplained encephalopathyA patient has unexplained encephalopathy

• • A neonate has signs and symptoms of presumed septicaemiaA neonate has signs and symptoms of presumed septicaemia

• • Respiratory alkalosis is present in a sick neonateRespiratory alkalosis is present in a sick neonate

• �• �A patient has signs and symptoms of chronic hyperammonaemia and they voluntarily choose A patient has signs and symptoms of chronic hyperammonaemia and they voluntarily choose 
to eat a vegetarian diet or limit their protein intake from a young ageto eat a vegetarian diet or limit their protein intake from a young age

• • A patient has altered consciousness accompanied by loss of appetite or vomitingA patient has altered consciousness accompanied by loss of appetite or vomiting

• • A patient has an unexplained change in consciousnessA patient has an unexplained change in consciousness
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Once hyperammonaemia is suspected/confirmed, the following tests (many of which will already have 
been undertaken in a sick child) will assist in differentiating between causes of hyperammonaemia:

• • Blood gases
• • 	Electrolytes, including bicarbonate and calculation of anion gap
• • 	Full blood count
• • Urea
• • Blood glucose
• • Lactate
• • 	Liver function test
• • Plasma amino acids profile
• • Acylcarnitines in plasma or blood spot
• • Urinary amino acid and organic acid profile, including orotic acid
• • Urine ketone bodies.

When seeking a patient history, ask about:1,3,19

• • Drug/medication use
• • Unexplained neonatal deaths in the family
• • Neurological disorders in the family
• • Patient’s (or sibling’s) voluntary avoidance of protein
• • 	Consanguinity
• • 	Risk factors for chronic liver disease
• �• �Potential causes of increased ammonia production (e.g. asparaginase treatment, overgrowth of 

urease-positive bacteria, or genitourinary infection)
• �• �Potential causes of increased protein catabolism (e.g. myeloma, chemotherapy, gastrointestinal 

haemorrhage)
• �• �Potential causes of excessive nitrogen levels (e.g. total parenteral nutrition, glycine-containing 

irrigation during transurethral prostate resection).

Once blood test results show hyperammonaemia, plasma amino acids and urine amino and organic 
acids must be measured to assist in the differential diagnosis of the specific UCD or OA. However, 
because of the neurotoxicity of elevated ammonia levels, treatment should be started immediately, 
without waiting for other definitive test results.

Differential Diagnosis 
of Hyperammonaemia
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Once blood test results show hyperammonaemia, treatment should be started 
immediately, without waiting for other definitive test results
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 �Differential diagnosis of primary versus secondary hyperammonaemiaDifferential diagnosis of primary versus secondary hyperammonaemia

The diagnostic algorithm for the presence 
of UCDs or OAs, based on blood and urine 
tests, is shown in Figure 9.3 Both primary and 
secondary hyperammonaemia show elevated 
plasma ammonia levels. A key difference between 
primary and secondary hyperammonaemia is 
that glutamine levels are elevated in patients 

with UCDs, but normal or low in patients with 
OAs.3 At times, the glutamine level will not allow 
this differentiation, especially when the ammonia 
levels are not particularly high, so another 
important distinguishing factor is that there are 
no changes in urea cycle intermediates in OAs.
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Figure 9. Diagnosing urea cycle defects (primary hyperammonaemia) and organic acidurias 
(secondary hyperammonaemia) on the basis of key amino/organic acid tests.3
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ARG1, arginase 1; ASL, argininosuccinate lyase; ASS, argininosuccinate synthetase; CPS, carbamoyl phosphate synthetase; NAGS,ARG1, arginase 1; ASL, argininosuccinate lyase; ASS, argininosuccinate synthetase; CPS, carbamoyl phosphate synthetase; NAGS,
N-acetylglutamate synthetase; OA, organic aciduria; ORNT1, ornithine translocase; OTC, ornithine transcarbamylase; P5CS,N-acetylglutamate synthetase; OA, organic aciduria; ORNT1, ornithine translocase; OTC, ornithine transcarbamylase; P5CS,
pyrroline-5-carboxylate synthase.pyrroline-5-carboxylate synthase.

 �Identifying the enzyme deficiency in primary hyperammonaemiaIdentifying the enzyme deficiency in primary hyperammonaemia

Almost all patients with primary hyperammonaemia 
show low plasma arginine levels, except those 
with arginase deficiency who have high levels of 
this amino acid (Table 6). Similarly, citrulline levels 
can help in distinguishing between the enzymes 
causing primary hyperammonaemia: low citrulline 
levels indicate a deficiency in the first half of 
the cycle, namely NAGS, carbamoyl phosphate 

synthetase 1 (CPS1) or OTC (intra-mitochondrial 
enzymes), whereas higher/normal levels indicate 
either an ASS, ASL or arginase deficiency 
(extra-mitochondrial enzyme deficiency). Once the 
differential diagnosis has established that one of 
the first three (intra-mitochondrial) enzymes is 
involved, urine orotic acid levels can further help 
to determine if the cause is OTC deficiency.
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Table 6. Types of amino acid abnormalities seen in primary hyperammonaemia.1,2,6

ConditionCondition Amino acid levelsAmino acid levels

Plasma citrullinePlasma citrulline Plasma argininePlasma arginine OtherOther

1.	 NAGS deficiency1.	 NAGS deficiency
2.	 CPS1 deficiency2.	 CPS1 deficiency
3.	 OTC deficiency3.	 OTC deficiency

Absent/Normal/LowAbsent/Normal/Low
Absent/Normal/LowAbsent/Normal/Low

Normal/LowNormal/Low

Normal/LowNormal/Low
Normal/LowNormal/Low
Normal/LowNormal/Low

Low urine orotic acid*Low urine orotic acid*
Low urine orotic acid*Low urine orotic acid*
High urine orotic acid* High urine orotic acid* 

4. �ASS deficiency 4. �ASS deficiency 
(citrullinaemia type I)(citrullinaemia type I)

5. �ASL deficiency 5. �ASL deficiency 
(argininosuccinate (argininosuccinate 
aciduria)aciduria)

6. �ARG1 deficiency 6. �ARG1 deficiency 
(argininaemia)(argininaemia)

HighHigh

HighHigh

NormalNormal

Normal/LowNormal/Low

Normal/LowNormal/Low

HighHigh

Absent plasma or urine ASAAbsent plasma or urine ASA

High plasma or urine ASAHigh plasma or urine ASA

––

ARG1, arginase 1; ASA, arginino Succinate; ASL, argininosuccinate lyase; ASS, argininosuccinate synthetase; CPS1, carbamoyl phosphate synthetase 1; ARG1, arginase 1; ASA, arginino Succinate; ASL, argininosuccinate lyase; ASS, argininosuccinate synthetase; CPS1, carbamoyl phosphate synthetase 1; 
NAGS, N-acetylglutamate synthase; OTC, ornithine transcarbamylase.*Not diagnostic when found in isolation – see below.NAGS, N-acetylglutamate synthase; OTC, ornithine transcarbamylase.*Not diagnostic when found in isolation – see below.

Urinary orotic acid is non-specific with many causes for low or high levels and is not diagnostic of OTC 
deficiency when found in isolation. In the presence of high ammonia and glutamine with low citrulline, 
the enzyme deficiency is narrowed down to the first three enzymes (NAGS, CPS1 and OTC). It is in this 
biochemical context that the presence of urinary orotic acid indicates OTC deficiency (Figure 10).

Figure 10. Role of urinary orotic acid levels in the differential diagnosis of urea cycle defects.
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CPS, carbamoyl phosphate synthetase; NAGS, N-acetylglutamate synthetase; OTC, ornithine transcarbamylase.CPS, carbamoyl phosphate synthetase; NAGS, N-acetylglutamate synthetase; OTC, ornithine transcarbamylase.

Differential diagnosis of NAGS and CPS1 deficiencies by clinical ascertainment of Differential diagnosis of NAGS and CPS1 deficiencies by clinical ascertainment of 
responsiveness to carglumic acid.responsiveness to carglumic acid.

Once the differential diagnosis has been narrowed down to either NAGS or CPS1 deficiency, it is important 
to perform the carglumic acid (N-carbamoyl-L-glutamic acid; NCGA) test, which involves administering 
carglumic acid at a dose of 100 to 250 mg/kg/day divided into two to four doses (Figure 11).28 In both NAGS 
deficiency and CPS1 deficiency, ammonia levels will normalise in response to nutritional intervention, 
including protein restriction, and treatment. When protein is reintroduced, patients with NAGS deficiency 
will be able to maintain normal ammonia levels during carglumic acid treatment without any protein 
restriction, whereas patients with CPS1 deficiency will not, and will need to continue with some moderate 
restriction of protein intake to maintain normal ammonia levels even with carglumic acid treatment.
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Figure 11. Algorithm for the differential diagnosis of N-acetylglutamate synthetase and carbamoyl 
phosphate synthetase 1 deficiencies (adapted with permission from Häberle et al. 2012).3

DD NAGS versus CPS1 deficiency
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Perform NAGS genetics

NAGS deficiency

CPS1 deficiency

Low CPS1 activity or CPS1 mutation

NAGS mutation found

No/partial

No
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Genetic testing for NAGS and CPS1 are usually requested together, to ensure a correct genetics diagnosis. CPS1, carbamoyl phosphateGenetic testing for NAGS and CPS1 are usually requested together, to ensure a correct genetics diagnosis. CPS1, carbamoyl phosphate
synthetase 1; DD, differential diagnosis; NAGS, N-acetylglutamate synthetase.synthetase 1; DD, differential diagnosis; NAGS, N-acetylglutamate synthetase.

Clinical point

Figure 12 illustrates the clinical management of a patient with acute hyperammonaemia of unknown 
cause, illustrating the use of pharmacotherapy and nutritional therapy, and the application of the 
carglumic acid test in practice.29  

Figure 12. Clinical management of acute hyperammonaemia and metabolic stabilisation in a patient 
with an undiagnosed IMD.29
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Key features of this case were:29

• • �Neonatal presentation of encephalopathy with high ammonia, 350 rising to 450 µmol/L, with no 
acidosis or urinary ketones.

• • �Diagnostic samples were taken and prioritised with the metabolic laboratory.

• • �Emergency treatment to control hyperammonaemia was implemented, comprising:

       - stopping protein

       - increasing calories through i.v. Dextrose

       - administering ammonia scavengers.

• • �The urgent amino acid profile showed normal glutamine and undetectable citrulline with low 
arginine – consistent with a differential diagnosis of UCD, either NAGS, CPS1 or OTC deficiency.

• �• �Orotic acid was not detected in urine; this rules out OTC and the differential diagnosis is left with 
either NAGS or CPS1 deficiency.

Carglumic acid test in practice29 

• �• �Carglumic acid was given at 200 mg initially followed by 200 mg/day (63 mg/kg/day), divided into 
four doses.  

• �• �Ammonia scavengers were titrated down as ammonia levels decreased and were eventually 
discontinued.

• �• �Dietary protein was gradually introduced and titrated against ammonia levels to reach a tolerance 
point for the patient, while maintaining treatment with carglumic acid.

• �• �Final diagnosis was CPS1 deficiency 

       - �The patient was not able to tolerate full natural protein intake thus giving a clinical diagnosis 
of CPS1 deficiency, based on the findings of the carglumic acid test 

       - �The diagnosis was confirmed by molecular analysis of both the CPS1 and NAGS gene, which 
showed homozygous mutations in the CPS1 gene.

NAGS deficiency is the only urea cycle disorder that is fully responsive to carglumic acid 
while on a normal diet. Therefore, its diagnosis and treatment should not be missed

 Identifying the enzyme defect in secondary hyperammonaemiaIdentifying the enzyme defect in secondary hyperammonaemia

OAs are generally diagnosed by the presence of specific metabolites in urine and blood,9 but usually 
measured in urine. Table 7 shows the metabolites and amino acids that are present in urine in 
patients with OAs causing secondary hyperammonaemia.
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Table 7. Metabolites present in urine of patients with classical organic acidurias.

MMAMMA PAPA IVAIVA

•• Methylmalonic acid Methylmalonic acid
•• Propionic acid Propionic acid
•• 	Propionyl glycine 	Propionyl glycine
•• Propionyl carnitine Propionyl carnitine
•• Methylcitrate Methylcitrate
•• Acetoacetate Acetoacetate
•• β-hydroxybutyrate β-hydroxybutyrate

•• Propionic acid Propionic acid
•• Propionyl glycine Propionyl glycine
•• Propionyl carnitine Propionyl carnitine
•• Methylcitrate Methylcitrate
•• Hydroxyvalerate Hydroxyvalerate
•• Acetoacetate Acetoacetate
•• β-hydroxy-propionate β-hydroxy-propionate
•• β-hydroxybutyrate β-hydroxybutyrate

•• Isovaleric acid Isovaleric acid
•• Isovaleryl glycine Isovaleryl glycine
•• Isovaleryl carnitine Isovaleryl carnitine

IVA, isovaleric aciduria; MMA, methylmalonic aciduria; PA, propionic aciduria.IVA, isovaleric aciduria; MMA, methylmalonic aciduria; PA, propionic aciduria.

Once a definitive diagnosis has been reached regarding the cause of the hyperammonaemia, 
confirmatory testing should include molecular analysis and/or enzymology in skin fibroblast 
cultures.1,3,9,19

Key pointsKey points
•	� Urgently assess ammonia levels whenever a patient has unexplained neurological 

symptoms.

•	� Other blood and urine tests that can help to identify the cause and type of 
hyperammonaemia (primary vs secondary) should be done in parallel to assess metabolic 
acidosis, but should not delay treatment.

•	� Careful review of patient history should include family history indicative of IMDs and 
potential precipitating factors.

•	� Diagnosis should be confirmed by mutation analysis or assay of enzyme activity on liver 
biopsy sample.



 Generic emergency treatment of hyperammonaemiaGeneric emergency treatment of hyperammonaemia

For acute hyperammonaemia, the goal of treatment is to quickly reduce ammonia levels in order 
to prevent or limit neuro-cognitive damage. Treatment approaches depend on the severity of the 
hyperammonaemia and whether or not the patient has a known IMD (Figure 13).3,19 Patients with very 
high ammonia levels should also be assessed for extracorporeal detoxification, alongside initiation 
of pharmacological and nutritional therapy. The choice of detoxification method will depend on local 
facilities but would usually be haemodialysis.3 However, haemofiltration is usually recommended in 
neonates or infants because of difficulties with dialysis in this age group.3

For acute hyperammonaemia, the goal of treatment is to quickly reduce or normalise 
ammonia levels in order to prevent or limit mortality and neurocognitive damage

Figure 13. Recommended treatment for acute hyperammonaemia.3,19
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Nutritional treatment remains the cornerstone of management, in addition to pharmacotherapy 
and extracorporeal detoxification. Nutritional support aims to promote anabolism with the removal of 
ammonia.

As shown in Figure 12, principles of treatment in acute hyperammonaemia are:

• 	• 	Stop all protein

          - �Do NOT stop protein for more than 24–48 hours. Longer withdrawal of protein may induce 
catabolism leading to worsening of the hyperammonaemia.

• 	�• 	�Reduce catabolism by providing alternative sources of energy (e.g. i.v. dextrose), and by maintaining 
protein-free nutrition until ammonia levels return to <100 μmol/L.

          - Provide 120% calories to promote anabolism.

          - �Hyperglycaemia above 8 mmol/L can be managed by administering insulin under strict supervision 
without compromising the delivery of calories.

          - �	i.v. intralipid can be used to provide calories in a lesser volume, once fatty acid oxidation defects 
have been ruled out.

• �• �Remove toxic metabolites by administering ammonia scavengers and carglumic acid, and implementing 
extracorporeal detoxification, as appropriate (Table 8).

• 	�• 	�Adjust serum electrolytes by supplementation to maintain high normal levels.

          - �Beware that both ammonia scavengers (sodium benzoate and sodium phenylbutyrate) contain 
sodium. The sodium content for a maintenance dose of 250 mg/kg/day of sodium benzoate 
and sodium phenylbutyrate are 3.5 and 2.8 mmol/kg/day, respectively. Hypokalaemia can occur, 
particularly when insulin is used and must be appropriately supplemented.

          - �Phosphate levels should be monitored and supplemented early if the patient is undergoing 
haemodialysis.

• 	�• 	�Prevent fluid overload

          - �Strict input/output chart.

Nutritional treatment is the cornerstone of acute hyperammonaemia management
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a Administer glucose at an appropriate dose to prevent catabolism (e.g. 10 mg/kg/min in a neonate) a Administer glucose at an appropriate dose to prevent catabolism (e.g. 10 mg/kg/min in a neonate) 
± insulin. Monitor blood glucose after 30 minutes and every hour thereafter as some neonates are ± insulin. Monitor blood glucose after 30 minutes and every hour thereafter as some neonates are 
highly sensitive to insulin.highly sensitive to insulin.
b Where available, administer an equimolar solution of sodium benzoate and sodium b Where available, administer an equimolar solution of sodium benzoate and sodium 
phenylacetate/ phenylbutyrate (usually phenylbutyrate) as an i.v. bolus 250 mg/kg over 90 to phenylacetate/ phenylbutyrate (usually phenylbutyrate) as an i.v. bolus 250 mg/kg over 90 to 
120 minutes then as 250 mg/kg continuous i.v. infusion over 24 hours.120 minutes then as 250 mg/kg continuous i.v. infusion over 24 hours.
CPS1, carbamoyl phosphate synthetase; i.v. intravenous; MMA, methylmalonic aciduria; NAGS, CPS1, carbamoyl phosphate synthetase; i.v. intravenous; MMA, methylmalonic aciduria; NAGS, 
N-acetylglutamate synthase; OTC, ornithine transcarbamylase; PA, propionic aciduria; UCD, urea N-acetylglutamate synthase; OTC, ornithine transcarbamylase; PA, propionic aciduria; UCD, urea 
cycle defect; ULN, upper limit of normal.cycle defect; ULN, upper limit of normal.
**Diagnostic samples should be taken without delaying treatment**Diagnostic samples should be taken without delaying treatment
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Table 8. Dosages of ammonia scavengers or carglumic acid to be administered in acute hyperammonaemia.3,19

DosageDosage

PatientPatient AdministrationAdministration Sodium benzoateSodium benzoate
Sodium Sodium 

PBA/ sodium PBA/ sodium 
phenylacetatephenylacetate

L-arginineL-arginine Carglumic Carglumic 
acid acid L-carnitine L-carnitine 

Acute hyperammonaemia of unknown causeAcute hyperammonaemia of unknown cause
BolusBolusaa

MaintenanceMaintenance

250 mg/kg250 mg/kg

250–500 mg/kg/250–500 mg/kg/
daydaybb (or 5.5 g/m (or 5.5 g/m22//
day if BW >20 kg)day if BW >20 kg)

250 mg/kg250 mg/kg

250–500 mg/250–500 mg/
kg/daykg/daybb

250(–400) mg/kg250(–400) mg/kg

250 mg/kg/day250 mg/kg/day

100 mg/kg100 mg/kg

25–62.5 mg/kg 25–62.5 mg/kg 
every 6 hoursevery 6 hours

100 mg/kg100 mg/kg

100 mg/kg/day100 mg/kg/day

Acute hyperammonaemia in  diagnosed urea cycle defectAcute hyperammonaemia in  diagnosed urea cycle defect
NAGS NAGS 
deficiencydeficiency

BolusBolusaa

MaintenanceMaintenance

250 mg/kg250 mg/kg

250–500 mg/kg/250–500 mg/kg/
daydaybb (or 5.5 g/m (or 5.5 g/m22//
day if BW >20 kg)day if BW >20 kg)

--

--

250 mg/kg250 mg/kg

250 mg/kg/day250 mg/kg/day

100 mg/kg100 mg/kg

25–62.5 mg/kg 25–62.5 mg/kg 
every 6 hoursevery 6 hours

--

--

CPS1 CPS1 
or OTC or OTC 
deficiencydeficiency

BolusBolusaa

MaintenanceMaintenance

250 mg/kg250 mg/kg

250–500 mg/kg/250–500 mg/kg/
daydaybb (or 5.5 g/m (or 5.5 g/m22//
day if BW >20 kg)day if BW >20 kg)

250 mg/kg250 mg/kg

250(–500) mg/250(–500) mg/
kg/daykg/daybb

250 mg/kg250 mg/kg

250 mg/kg/day250 mg/kg/day

--

--

--

--

ASS ASS 
deficiencydeficiency

BolusBolusaa

MaintenanceMaintenance

250 mg/kg250 mg/kg

250–500 mg/kg/250–500 mg/kg/
daydaybb (or 5.5 g/m (or 5.5 g/m22//
day if BW >20 kg)day if BW >20 kg)

250 mg/kg250 mg/kg

250(–500) mg/250(–500) mg/
kg/daykg/daybb

250 mg/kg250 mg/kg

250 mg/kg/day250 mg/kg/day

--

--

--

--

ASL ASL 
deficiencydeficiency

BolusBolusaa

MaintenanceMaintenance

250 mg/kg250 mg/kg

250–500 mg/kg/250–500 mg/kg/
daydaybb (or 5.5 g/m (or 5.5 g/m22//
day if BW >20 kg)day if BW >20 kg)

250 mg/kg250 mg/kg

250(–500) mg/250(–500) mg/
kg/daykg/daybb

200–400 mg/kg200–400 mg/kg

200–400 mg/200–400 mg/
kg/daykg/day

--

--

--

--

ARG1 ARG1 
deficiencydeficiency

BolusBolusaa

MaintenanceMaintenance

5.5 g/m5.5 g/m22/day /day 
if BW >20 kg)if BW >20 kg)

250 mg/kg250 mg/kg
250–500 mg/kg/250–500 mg/kg/

daydaybb (or 5.5 g/m (or 5.5 g/m22//
day if BW >20 kg)day if BW >20 kg)

--

--

AVOIDAVOID

AVOIDAVOID

--

--

--

--

Acute hyperammonaemia in diagnosed organic aciduriaAcute hyperammonaemia in diagnosed organic aciduria
MMA MMA 
or PAor PA

BolusBolusaa

MaintenanceMaintenance

250 mg/kg250 mg/kg

250 mg/kg/day250 mg/kg/daycc

250 mg/kg250 mg/kg

250 mg/kg/day250 mg/kg/daycc

250 mg/kg250 mg/kg

250 mg/kg/day250 mg/kg/daycc

100 mg/kg100 mg/kg

25–62 mg/kg25–62 mg/kg

100 mg/kg100 mg/kg

100 mg/kg/day100 mg/kg/day
ARG1, arginase 1; ASLD, argininosuccinate lyase; ASS, argininosuccinate synthetase; BW, body weight; CPS1, carbamoyl phosphate synthetase; MMA, ARG1, arginase 1; ASLD, argininosuccinate lyase; ASS, argininosuccinate synthetase; BW, body weight; CPS1, carbamoyl phosphate synthetase; MMA, 
methylmalonic aciduria; NAGS, N-acetylglutamate synthase; ORNT1, ornithine translocase 1; OTC, ornithine transcarbamylase; PA, propionic aciduria; methylmalonic aciduria; NAGS, N-acetylglutamate synthase; ORNT1, ornithine translocase 1; OTC, ornithine transcarbamylase; PA, propionic aciduria; 
PBA, phenylbutyrate.PBA, phenylbutyrate.
ªFor all i.v. agents (amino acids), this should be administered in 90 to 120 minutes. Carglumic acid is administered orally via nasogastric tube.ªFor all i.v. agents (amino acids), this should be administered in 90 to 120 minutes. Carglumic acid is administered orally via nasogastric tube.
bbIf the patient is on haemodialysis, the maintenance dose should be increased to 350 mg/kg/day or increased proportionally based on body surface If the patient is on haemodialysis, the maintenance dose should be increased to 350 mg/kg/day or increased proportionally based on body surface 
area calculations.area calculations.
ccMaximum daily dosage of 5.5 g/mMaximum daily dosage of 5.5 g/m22 or 12 g/day for sodium benzoate or sodium PBA, and 12 g/day for L-arginine. or 12 g/day for sodium benzoate or sodium PBA, and 12 g/day for L-arginine.

Principles of nutritional treatment in acute hyperammonaemia

The nutritional management of acute hyperammonaemia is the withdrawal of all protein for no 
more than 24–48 hours. A longer withdrawal period will cause catabolism leading to worsening 
of hyperammonaemia. To ensure anabolism, protein withdrawal must be accompanied by an 
intravenous hypercaloric protein-free solution, which may be given with insulin.30,31 In parallel, the 
acute hyperammonaemia is controlled by extracorporeal detoxification and/or pharmacotherapy 
using ammonia scavengers and carglumic acid.
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Once ammonia levels are sufficiently controlled, the next phase is to restart oral nutrition with 
high-quality protein. Dependent on the plasma ammonia and amino acid levels, and the activity of the 
gastrointestinal tract, the feeds may be started at 25–50% concentration of full protein requirements. 
It is important not to wait more than 48–72 hours without feeds.32 At this point, it is important to 
supplement with essential amino acid (EAA) mixtures as well as L-arginine and/or L-citrulline, titrated 
against ammonia and amino acid levels in UCD. Protein tolerance should be determined for each 
patient individually.

Extracorporeal detoxification also affects nutritional status. Haemofiltration removes 20–25% of 
nutrients in the plasma, thus creating a catabolic state.33 Hence, aggressive nutritional therapy must 
be instituted during dialysis to prevent a rebound of ammonia levels.

Pharmacotherapy: Modes of action

1.	 Ammonia scavengers

Ammonia scavenger agents include sodium benzoate, sodium phenylacetate and sodium 
phenylbutyrate. They are termed ‘ammonia scavengers’ because their hepatic metabolism involves 
conjugation with glycine (benzoate) or glutamine (phenylacetate or phenylbutyrate) in a process that 
uses ammonia ions to form an amine-containing metabolite (Figure 14).34

Benzoate is conjugated to L-glycine to form hippurate, which is readily excreted in urine. Similarly, 
phenylacetate is conjugated to glutamine in a reaction that requires ammonia ions, to form the 
metabolite phenylacetylglutamine, which is also excreted in urine. Phenylbutyrate, which is converted 
to phenylacetate in vivo, acts in the same way.34 By providing an alternative pathway for nitrogen 
excretion, these agents ‘mop up’ excess ammonia ions and reduce the extent of hyperammonaemia.34

Figure 14. Mechanisms of action of the ammonia scavengers-benzoate, phenylacetate and phenylbutyrate.
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ADP, adenosine diphosphate; ATP, adenosine triphosphate; NH3, ammonia.ADP, adenosine diphosphate; ATP, adenosine triphosphate; NH3, ammonia.

Vomiting can occur in patients receiving ammonia scavengers,3,34 hence antiemetics may be given 
prophylactically with the initial bolus doses.3 Maintenance doses may be associated with reduced 
appetite, taste disturbances, unpleasant body odour, and menstrual dysfunction (in postpubescent 
females).34 There is also a potential for drug-to-drug interactions with agents that are metabolised 
by the cytochrome P450 enzyme system.34

2.	 Arginine and citrulline

Arginine is commonly administered in patients with acute hyperammonaemia, unless the patient 
has ARG1 deficiency; citrulline may be given instead of arginine in severe OTC/CPS1 deficiency.1,3 
These amino acids ensure that the function of the urea cycle is maximised by supplementing 
the substrates in this cycle, thus avoiding any rate-limiting shortages in substrate.3 L-arginine 
administration maximises nitrogen excretion via intermediary metabolites of the urea cycle 
(citrulline or argininosuccinate) and helps to avoid arginine deficiency.1
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3.	 Carglumic acid

Carglumic acid is indicated for the acute- and long-term management of NAGS deficiency, IVA, MMA 
and PA.35 Carglumic acid is a structural analogue of N-acetylglutamate (NAG) which increases the 
excretion of ammonia by directly activating the urea cycle at the site of the first and rate-limiting 
enzyme in this process – CPS1 (Figure 15).36

Figure 15. Mechanism of action of carglumic acid in patients with primary hyperammonaemia caused by 
a urea cycle defect in which the N-acetylglutamate synthetase enzyme is affected, and there is limited 
production of N-acetylglutamate.
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ARG, arginase; ASL, argininosuccinate lyase; ASS, argininosuccinate synthetase; CPS, carbamoyl phosphate synthetase; NAGS,ARG, arginase; ASL, argininosuccinate lyase; ASS, argininosuccinate synthetase; CPS, carbamoyl phosphate synthetase; NAGS,
N-acetylglutamate synthetase; NH4+, ammonium; OTC, ornithine transcarbamylase.N-acetylglutamate synthetase; NH4+, ammonium; OTC, ornithine transcarbamylase.

In patients with secondary hyperammonaemia 
caused by MMA, PA or IVA, the NAGS enzyme is 
not defective, but its action is inhibited by high 
levels of metabolites that accumulate as a result 
of other defective enzymes. These metabolites 
(propionyl-coenzyme A [CoA] in the case of 
PPA and MMA, methylmalonyl-CoA in the case 
of MMA, and derivatives of isolaveric-CoA in 
the case of IVA) inhibit the action of NAGS, 
so their accumulation limits the delivery of 

NAG to the urea cycle and CPS1, and causes an 
increase in ammonia levels. NAG levels may also 
be decreased in PA and MMA by a reduction in 
mitochondrial acetyl-CoA or free CoA levels that 
occurs when glutamate production is inhibited 
(Figure 16).36 Therefore, the lack of NAG in these 
conditions can be compensated for by the 
administration of the CPS1 activator, carglumic 
acid.37
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Figure 16. Mechanism of action of carglumic acid in secondary hyperammonaemia caused by classical 
organic acidurias in which N-acetylglutamate synthetase is inhibited by accumulation of intermediate 
metabolites or by a reduction in acetyl coenzyme A supply.36,38
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CoA, coenzyme A; CPS1, carbamoyl phosphate synthetase 1; MMA, methylmalonic aciduria;CoA, coenzyme A; CPS1, carbamoyl phosphate synthetase 1; MMA, methylmalonic aciduria;
NAGS, N-acetylglutamate synthetase; NH3, ammonia; PA, propionic aciduria.NAGS, N-acetylglutamate synthetase; NH3, ammonia; PA, propionic aciduria.

Carglumic acid is an oral medication, but can be administered by nasogastric tube in infants 
and young children who are unconscious or unable to swallow because of the effects of acute 
hyperammonaemia.35

In published reports, carglumic acid rapidly normalised ammonia levels in acutely ill neonatal patients 
with homozygous NAGS deficiency.39-41 The unconscious patients rapidly regained consciousness,39,40 
and all patients were able to resume oral feeding within 48 hours.39-41 Patients continued to receive 
treatment for NAGS deficiency after discharge and their ongoing neurological development was 
normal.39-41

Carglumic acid has also been used in the acute treatment of secondary hyperammonaemia associated 
with MMA,25,37,38,42,43 PA,37,38,42,44-47 and IVA.38,48 Because of the rarity of IVA, published reports on the use 
of carglumic acid in these patients are limited to fewer than 10 patients.38,48 The dosages of carglumic 
acid used for hyperammonaemia have varied between reports,25,37,38,42-48 but guidelines recommend 
100 mg/kg as the loading dose.19 A loading dose of carglumic acid ≥100 mg/kg, rapidly normalizes 
ammonia levels and improves symptoms in patients with secondary hyperammonaemia.25,37,42-48 

In the largest (retrospective, observational) study of carglumic acid use in patients with secondary 
hyperammonaemia (n=48 episodes), ammonia levels normalised to ≤60 μmol/L in a mean of 2.4 days 
after starting carglumic acid, and these changes were associated with normalization of neurological 
status in most patients (Figure 17).38 Patients in this group had received carglumic acid for between 
1 and 15 days (median 4), with 86.7% of patients discontinuing carglumic acid because the target 
ammonia level had been reached. Additional ammonia scavengers made no significant difference 
to ammonia levels at endpoint (i.e. the last available ammonia measurement made within 18 hours of 
the last carglumic acid administration, or on day 15). However, the endpoint was reached much more 
rapidly when carglumic acid was given with ammonia scavengers (median 3.9 days) versus without 
ammonia scavengers (median 5.0 days) or with haemofiltration (median 4.8 days).38
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Figure 17. Proportion of secondary hyperammonaemia patients with normal functional status in different 
organ systems before and after treatment with carglumic acid.38
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A post hoc analysis of two retrospective studies that compared the efficacy of carglumic acid 
either alone or in combination with ammonia scavengers in patients with OAs during decompensation 
episodes reported a significant reduction in plasma ammonia levels from baseline at 72 hours 
with carglumic acid plus ammonia scavengers compared with ammonia scavengers alone (p<0.01; 
Figure 18).49 It was also observed that the dose of carglumic acid, ≥100 mg/kg affected the median 
time required to reduce plasma ammonia concentrations by 50% in these patients (Figure 19).

Figure 18. Median change from baseline in plasma ammonia levels in patients treated with carglumic acid 
alone, ammonia scavengers alone and a combination of carglumic acid plus ammonia scavengers.49 
Data were censored at extracorporeal detoxification. n represents the numbers of episodes evaluated 
at the time of the retrospective data collection.
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Figure 19. The median time required to reduce plasma ammonia concentrations by 50% of baseline 
values.49 Data were censored at extracorporeal detoxification initiation. Numbers represent the number 
of episodes evaluated at the time of the retrospective data collection.

Overall episodes
0

5

10

15

20

25

M
ed

ia
n 

tim
e 

to
 re

du
ce

ba
se

lin
e 

N
H

3 b
y 

50
%

 (h
ou

rs
)

Episodes with average
dose carglumic
acid <100 mg/kg

NH3 scavengers Carglumic acid Carglumic acid + NH3 scavengers

19.7
18.2 18.0

n=18n=23n=29n=15

16.9

8.3

n=15n=18

15.7

8.0

n=11n=9

19.7
18.8

n=14n=16

Episodes with first
24 h dose carglumic

acid ≥100 mg/kg

Episodes with average
dose carglumic
acid ≥100 mg/kg

Key pointsKey points

•	� The aim of acute treatment of hyperammonaemia is to rapidly reduce ammonia levels in 
order to prevent or limit neurological damage.

•	� Acute treatment of hyperammonaemia involves:
         - stopping protein (not more than 24-48 hours)
         - �reducing catabolism by providing alternative sources of energy (e.g. i.v. dextrose; 

120% calories), and by maintaining protein-free nutrition until ammonia levels return 
to <100 μmol/L

         - �removing toxic metabolites by administering ammonia scavengers and/or carglumic 
acid and implementing extracorporeal detoxification, as appropriate

         - �adjusting serum electrolyte levels at high normal range for sodium and potassium.

•	� In patients with hyperammonaemia of unknown cause, all pharmacotherapy including 
both ammonia scavengers and carglumic acid, with adequate nutritional treatment, 
should be instituted without delay.

•	� In patients who have a known cause for hyperammonaemia, the type of ammonia 
scavenger can be tailored to the underlying IMD.

•	� Carglumic acid rapidly normalises ammonia levels and improves symptoms in patients 
with primary hyperammonaemia due to NAGS deficiency or secondary hyperammonaemia 
due to MMA, PA or IVA.

•	� Haemodialysis is the preferred form of extracorporeal detoxification in most patients, 
but haemofiltration may be easier in neonates and young infants.



Patients with UCD or OA require long-term management of their primary metabolic condition in order 
to prevent hyperammonaemia.3,19

Principles for the long-term management of hyperammonaemia are:

• �• �Maintain metabolic stability to prevent episodes of acute toxicity and decompensation

• �• �Achieve and maintain normal growth and development
          - 	By prevention of secondary nutritional deficiency

• �• �Maintain quality of life

• �• �Avoid/minimise the development of long term complications.

This is achieved primarily through dietary intervention, targeted treatment as needed with carglumic 
acid or ammonia scavengers, and preparation for potential triggers or emergencies.

Clinical point:

It has been reported that sodium benzoate can cause low potassium owing to its interference with 
renal tubular reabsorption of potassium. In contrast, the renal tubular reabsorption of sodium was 
not affected. Sodium phenylbutyrate did not affect plasma potassium levels.50

 Nutritional TreatmentNutritional Treatment

The prescribed diet in its entirety is the cornerstone of the long-term management of UCD 
(except for NAGS deficiency) and OAs, with additional pharmacotherapy as discussed above.

The foundation of nutritional treatment is a moderate-protein, high-energy diet that includes: 

• �• �intact natural protein, as a source of precursor amino acids,

• �• �amino acid-based formula free of, or low in, the precursor amino acids, and

• �• �additional energy sources, carbohydrate and fat to promote anabolism.

Fasting should be avoided to prevent catabolism of muscle protein and to reduce build-up of 
metabolites.51 (Figure 20)

Long-term Management 
of Hyperammonaemia 

due to UCD or OAs
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Figure 20. Catabolism of glucogenic and ketogenic amino acids in the TCA cycle. 
Adapted with permission from www.amboss.com/us/knowledge/Citric_acid_cycle.
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Patients with UCD or OA are treated with a low-protein diet in order to minimise the nitrogen load 
on the urea cycle.3,19 The level of protein should be individualised for each patient, and titrated to 
their serum ammonia level and their daily energy requirements. However, over-restriction should 
be avoided because too little protein can cause malnutrition, resulting in compromised growth 
and metabolic stability.3,19 The amount of protein a patient needs will vary over time, dependent on 
their age, severity of the underlying UCD or OA, growth rate, physical activity, and any intercurrent 
illnesses.3,19 Owing to the complexity of combining the diet with pharmacotherapy, it is essential 
that clinicians prescribing pharmacotherapy work closely with a metabolic dietician calculating the 
dietary prescription. This is to ensure adequate protein intake while maintaining good biochemical 
control. Titration of the drugs requires tandem monitoring of plasma ammonia and amino acid 
profiles with dietary protein and energy intake.32 Other biochemical parameters for adequate growth 
should also be monitored throughout life. Some young infants with hyperammonaemia experience 
feeding difficulties, and older children may develop anorexia or dysphagia, which may require tube 
feeding.3,19

Vitamin, mineral and EAA supplements are often indicated.3,19 Patients with MMA or PA will often 
require supplementation with L-carnitine and precursor-free amino acid and/or isoleucine/valine; 
those with MMA may benefit from vitamin B12 supplements.19

Dietary factors that may contribute to nutritional outcomes include:52

• �• �quality and quantity of protein tolerated

• �• �the frequency of metabolic decompensations treated with further protein restriction with high non-
protein energy intake

• �• �	the abnormal feeding behaviours and food aversions observed in patients with UCD and OA

• �• �	lower-than-prescribed intake of overall protein and energy.



Therefore, protein-restricted dietary regimens may have short- and long-term nutritional risks.

General components of dietary treatment

1.	 Natural protein

• �• �Natural protein intake needs to be restricted and titrated to achieve good biochemical control.

• �• �Natural protein intake should be MAXIMISED in each patient individually according to their 
tolerance, before synthetic protein is added, if necessary.

• �• �This minimises the need to supplement with additional single amino acids, e.g. L-isoleucine and/or 
L-valine, due to a deficiency in these EAA secondary to insufficient natural protein intake.

2. 	Synthetic protein (medical foods)

• �• �Synthetic protein may be needed in order to achieve sufficient overall protein intake for growth and 
development.

• �• �These medical formulas are devoid of the toxic precursors and include:
          - EAA for UCD
          - �Amino acid formula, free of methionine, threonine and valine, and low in isoleucine for MMA/PA
          - A leucine-free, amino acid formula for IVA

3.	 ‘Free’ foods:

• �• �These comprise non-protein containing foods to provide for caloric intake and variety in the diet.

• �• �Often insufficient attention is given to this aspect of the diet thus creating a relative catabolic 
state, which could result in poor biochemical control.

General points regarding protein and energy requirements in UCD and OAs

Exact protein requirements in UCD or OA patients are not well established, partly due to the 
variability of individual tolerance, and compounded by the relative rarity of these disorders. As such, 
in practice, the adequacy of patients’ diets is traditionally measured against recommendations for 
healthy populations. Dietary reference intakes (DRI), Recommended Daily Allowances (RDA) and Food 
and Agriculture Organisation (FAO/WHO/UNU) recommendations were not intended for children 
with chronic illness or with metabolic disorders.32 

Nutritional treatment must be tailored and protein titrated to an amount that is tolerated, promotes 
anabolism and improves morbidity. The use of low biological value natural protein only may not 
support growth in these patients, particularly severely affected patients, and may result in increased 
morbidity.32 Hence, for those patients who obtain the majority of protein from synthetic amino acid 
formulas, their total protein needs are often higher than the total protein recommendations in 
the DRI and FAO/WHO/UNU recommendations. The reasons for the increased requirements are as 
follows:32 

• 	• 	different nitrogen retention rates between natural protein and free amino acids

• �• �differences in the absorption and catabolism rates of amino acids between natural protein sources 
and free amino acids.

The 1985 FAO/WHO/UNU consensus statement incorporated the concept of Protein: Energy ratio 
(P:E ratio).53 The P:E ratio describes the proportion of dietary energy derived from protein and has 
been used to answer the following question:52 'If an individual or group consumes this diet, in amounts 
that will satisfy energy needs, will the concentration of protein also be high enough to meet their 
protein needs?' Evans et al. have defined a P:E ratio of >1.5g to <2.9g of protein per 100 kcal per day 
for patients with IMDs because this ratio correlates with optimal growth outcomes in these patients.52 
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 Condition-specific treatmentCondition-specific treatment

N-acetylglutamate synthetase deficiency

Patients with NAGS deficiency benefit from ongoing daily treatment with carglumic acid to maintain 
normal/safe ammonia levels.39-41,54 The daily dosage may range from 10 to 100 mg/kg, and should be 
adjusted based on plasma ammonia levels.35 Patients taking carglumic acid do not need to restrict 
their dietary protein intake except during acute episodes.3

NAGS deficiency is the only UCD that is effectively treatable with carglumic acid, without additional 
dietary protein restriction. Therefore, it is important to make the diagnosis early and start effective 
treatment as soon as possible.

Organic acidurias

Nutritional treatment is the primary treatment for OAs, alongside additional pharmacotherapy to 
control ammonia levels. Patients with OAs may also benefit from continuous or episodic treatment 
with antibiotics (usually metronidazole) to control the growth of anaerobic gut bacteria, which can 
cause fermentation of carbohydrates in the gut, producing high levels of propionyl CoA.19 Carnitine 
supplementation may additionally help patients with OAs, although no clinical trials have been 
conducted to confirm this.55

Emerging studies have shown that patients with MMA and PA benefit from long-term maintenance 
treatment with carglumic acid. In a report of clinical experience in patients with PA and MMA 
(n=8; aged 2–20 years), treatment with carglumic acid (50 mg/kg/day) for 7–16 months resulted in a 
decreased number and severity of decompensation episodes (24 episodes at baseline vs 9 post-
treatment), and none of the episodes required hospitalisation.56 The treatment also led to a significant 
reduction in plasma ammonia levels in most patients (n=5), and patients had a 20–50% increase in 
natural protein intake during the treatment period.56 

A case report of long-term use of carglumic acid (100 mg/kg followed by 50 mg/kg after 6 months) 
in a patient with decompensated PA and hyperammonaemia reported significantly decreased 
plasma ammonia levels with treatment (75.7 μmol/L vs 140.3 μmol/L before treatment; p<0.005), and 
fewer decompensation episodes (78 episodes during nine years before treatment vs 2 in six years of 
treatment).57 A small increase in the patient’s natural protein intake was also reported during the 
treatment period (0.7 ± 0.12 g/kg/day before treatment vs 0.85 ± 0.18 g/kg/day during treatment).57 

Several studies to determine the effects long-term carglumic acid are currently underway. 
The Carglumic Acid in Methylmalonic Acidemia and Propionic Acidemia (CAMP) study is a randomised, 
multicentre study aims to determine the long-term effectiveness of carglumic acid in patients with PA 
and MMA.58 Other ongoing studies include the PROTECT and the LOTUS studies.59

Liver transplantation can be considered in OA patients who are severely affected with recurrent 
metabolic decompensation.19 The benefits of transplantation must be considered versus the risks 
associated with organ transplantation, and the need for lifelong immunosuppression.3,19

Emerging studies suggest that liver transplantation is not curative for MMA and that a protein- 
restricted diet should be continued post-transplant with close monitoring of renal function.60 
It is still possible that neurological and renal damage remains irreversible in these patients.61

Preparation and monitoring

Patients with IMD are at risk of acute episodes of hyperammonaemia in response to triggers 
(see Table 5); therefore, patients and their parents should have a written day-to-day treatment plan 
and instructions (‘emergency regimens’) for how to manage emergencies.3,19 Even mild illness without 
vomiting or diarrhoea can affect the patient’s nutritional status, so parents should have instructions 
for an emergency feeding regimen to implement, along with additional fluids (Table 9).3,19 



Table 9. Emergency nutritional regimen for children with inherited metabolic disorders during mild 
illness.3,19

AgeAge Protein intakeProtein intake
Glucose polymer Glucose polymer 

concentration concentration 
as % of as % of 

carbohydratecarbohydrate

Energy as kcal Energy as kcal 
per 100 mLper 100 mL

Suggested daily Suggested daily 
intake (mL/kg)intake (mL/kg)

Feeding Feeding 
frequencyfrequency

Patients with primary hyperammonaemia caused by urea cycle defectsPatients with primary hyperammonaemia caused by urea cycle defects33

≤6 months≤6 months
7–12 months7–12 months
1 year1 year
2–9 years2–9 years
≥10 years≥10 years

Stop all proteinStop all protein

1010
10–1510–15

1515
2020
2525

4040
40-6040-60

6060
8080
100100

150 mL/kg150 mL/kg
120 mL/kg120 mL/kg
1200 mL1200 mL

CalculateCalculateaa

CalculateCalculateaa

2 to 3 hourly 2 to 3 hourly 
oral bolus day oral bolus day 
and night or and night or 

continuous tube continuous tube 
feeds using feeds using 

enteral feeding enteral feeding 
pumppump

Patients with secondary hyperammonaemia caused by organic aciduriasPatients with secondary hyperammonaemia caused by organic acidurias19b19b

<12 month<12 month
1–2 years1–2 years
2–9 years2–9 years
≥10 years≥10 years

Stop or reduce Stop or reduce 
total protein total protein 

intake by ≥50% intake by ≥50% 
depending on depending on 
illness severityillness severity

1010
1515
2020
2525

7272
105105
125125
145145

120–150 mL/kg120–150 mL/kg
1200 mL1200 mL

CalculateCalculateaa

CalculateCalculateaa

Continuous Continuous 
tube feeds using tube feeds using 
enteral feeding enteral feeding 

pumppump

a �a �For children weighing 11–20 kg: 100 mL/kg for the first 10 kg, plus 50 mL/kg for each kg thereafter; for children weighing >20 kg: 100 mL/kg for the first 10 kg, For children weighing 11–20 kg: 100 mL/kg for the first 10 kg, plus 50 mL/kg for each kg thereafter; for children weighing >20 kg: 100 mL/kg for the first 10 kg, 
plus 50 mL/kg for the next 10 kg, plus 25 mL/kg thereafter, up to a maximum of 2500 mL/day.plus 50 mL/kg for the next 10 kg, plus 25 mL/kg thereafter, up to a maximum of 2500 mL/day.

b �b �Fat emulsion (50%) may be given at dose of 3.5% fat for children up to 12 months of age, and 5% fat for those ≥1 year, but may not be well tolerated and Fat emulsion (50%) may be given at dose of 3.5% fat for children up to 12 months of age, and 5% fat for those ≥1 year, but may not be well tolerated and 
can be omitted.can be omitted.

This regimen should only be used for short periods (i.e. 24–48 hours) because prolonged protein 
exclusion can lead to protein malnutrition and also stimulate catabolism. More serious illness or any 
signs of acute decompensation should prompt a visit to hospital, preferably one with a specialist 
metabolic team.3,19 Regular follow-up and monitoring is essential, based on the patient’s metabolic 
stability and adherence to treatment and dietary intervention, in order to prevent toxicity and 
secondary nutritional deficiency (Table 10).3,19 Magnetic resonance imaging (MRI) of the central 
nervous system (CNS) is indicated early on in any episode that results in coma or stroke-like 
symptoms, and then every two years thereafter.3 Surgery or treatment for concomitant conditions 
should be carefully planned in consultation with the specialist metabolic team.
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Table 10. Key aspects of monitoring and follow-up in patients with a urea cycle disorder or organic 
aciduria.3,19

UCDUCD33 OAOA1919

Metabolic statusMetabolic status
• Plasma ammonia• Plasma ammonia
• Plasma amino acid profile• Plasma amino acid profile
• Ketone bodies in urine• Ketone bodies in urine

• Plasma ammonia• Plasma ammonia
• Blood gases• Blood gases
• 	Lactate• 	Lactate
• 	Plasma amino acid profile (3–4 hours of fasting)• 	Plasma amino acid profile (3–4 hours of fasting)
• MMA in plasma and urine• MMA in plasma and urine
• Free carnitine in plasma or dried blood spot• Free carnitine in plasma or dried blood spot

Monitoring diet and nutritional statusMonitoring diet and nutritional status
• Growth (head circumference, height, weight)• Growth (head circumference, height, weight)
• Diet history• Diet history
• Clinical examination: skin and hair, liver size• Clinical examination: skin and hair, liver size
• �Vitamins (including vitamin B12), minerals, • �Vitamins (including vitamin B12), minerals, 

trace elements, ferritin, cholesterol, triglycerides trace elements, ferritin, cholesterol, triglycerides 
and essential fatty acidsand essential fatty acids

• Growth (length/height, weight, BMI)• Growth (length/height, weight, BMI)
• Diet history• Diet history
• Clinical examination: skin and hair, liver size• Clinical examination: skin and hair, liver size
• Albumin, pre-albumin• Albumin, pre-albumin
• �Bone health (calcium, phosphorus, ALP, • �Bone health (calcium, phosphorus, ALP, 

magnesium, PTH, vitamin D)magnesium, PTH, vitamin D)
• �Full blood count, zinc, selenium, ferritin, • �Full blood count, zinc, selenium, ferritin, 

folic acid, vitamin B12folic acid, vitamin B12
Monitoring of long-term complicationsMonitoring of long-term complications
• Neurological status, cognitive function and IQ• Neurological status, cognitive function and IQ
• �Neuropsychological status (motor dexterity, • �Neuropsychological status (motor dexterity, 

nonverbal intelligence, visual memory, attention/nonverbal intelligence, visual memory, attention/
executive skills, verbal intelligence, memory, learning)executive skills, verbal intelligence, memory, learning)

• �Health-related quality of life, anxiety, and stress • �Health-related quality of life, anxiety, and stress 
(patient and family)(patient and family)

• �MRI for episodes involving coma or stroke-like • �MRI for episodes involving coma or stroke-like 
symptomssymptoms

• �Liver size (clinical examination and ultrasound)• �Liver size (clinical examination and ultrasound)

• �	Neurological examination, developmental • �	Neurological examination, developmental 
milestones and IQmilestones and IQ

• Kidney function• Kidney function
• Pancreatic function (amylase and lipase)• Pancreatic function (amylase and lipase)
• 	Cardiac function (ECG and echocardiography)• 	Cardiac function (ECG and echocardiography)
• 	Ophthalmologic assessment• 	Ophthalmologic assessment
• EEG, MRI and formal hearing test• EEG, MRI and formal hearing test
• Dentist/oral care• Dentist/oral care

ALP, alkaline phosphatase; BMI, body mass index; ECG, electrocardiogram; EEG, electroencephalogram; IQ, intelligence quotient; MMA, methylmalonic ALP, alkaline phosphatase; BMI, body mass index; ECG, electrocardiogram; EEG, electroencephalogram; IQ, intelligence quotient; MMA, methylmalonic 
acid; MRI, magnetic resonance imaging; OA, organic aciduria; PTH, parathyroid hormone; UCD, urea cycle defect.acid; MRI, magnetic resonance imaging; OA, organic aciduria; PTH, parathyroid hormone; UCD, urea cycle defect.

Key pointsKey points

•	� Nutritional management of protein intake is the key modality for the long-term 
management of patients with UCD or OA:

      - Patients should have coordinated specialist physician and dietician advice
      - Diet should be tailored to the patient’s age, condition and ammonia level.

•	� Patients should be carefully monitored for adequate nutrition, and supplements of 
vitamins, minerals, and appropriate amino acids given as required.

•	� Patients with NAGS deficiency are treated with carglumic acid as maintenance therapy, 
which obviates the need for dietary protein restriction.

•	� Patients with MMA or PA may benefit from antibiotic therapy to reduce levels of 
propionyl CoA-producing bacteria in the gut.

•	� Patients should have a written ‘emergency regimen’ for how to manage acute episodes.

•	� Careful and regular follow-up is required to monitor metabolic status, nutritional status 
and for the presence of complications.

•	�Carefully selected patients with severe disease may benefit from liver transplantation.
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For more information about hyperammonaemia and IMDs, 
visit the following websites:

Orphanet: https://www.orpha.net/consor/cgi-bin/index.php

National Urea Cycle Disorders Foundation: http://www.nucdf.org/ucd.htm

Organic Acidemia Association: https://www.oaanews.org/
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