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ABSTRACT 

In children with classical phenylketonuria (PKU), a lifelong low phenylalanine diet 

is the only treatment option with natural protein (phenylalanine) intake restricted to 

< 20% of safe recommended intake [1] to minimise neurological damage. The diet 

must be supplemented with artificial protein or protein substitutes. These are 

traditionally based on L-amino acids (AA), providing phenylalanine free nitrogen, 

essential amino acids, tyrosine, vitamins and minerals supporting growth, 

physiological pathways and protein synthesis. Casein glycomacropeptide (CGMP) 

is a bioactive sialylated glycophosphopeptide, a derivative from 𝜅𝜅 casein, and it is 

used as an alternative protein replacement in PKU. As a glycopeptide it offers some 

unique biological properties and in PKU, there is suggestion it may improve bone 

mass and density and stabilise blood phenylalanine concentrations. Unlike 

phenylalanine free AA, CGMP contains a small amount of residual phenylalanine. 

The effect of CGMP has not been investigated in children with PKU. In this thesis 

the primary objectives were to examine the efficacy and impact of CGMP compared 

to AA via a series of controlled studies in children with PKU on: 1) stability of blood 

phenylalanine concentrations; 2) 24-hour blood phenylalanine variability with a 

preliminary investigation on postprandial blood amino acid absorption and 3) body 

composition, bone density, mass and geometry over 3 years. The secondary 

objectives were to compare the effects of CGMP versus AA on: 1) satiety and 2) 

breath volatile organic compounds. 

 

Findings from these studies consistently showed that residual phenylalanine in 

CGMP destabilised blood phenylalanine control, particularly in children who have 



minimal phenylalanine tolerance. When blood phenylalanine was monitored over 24 

hours, there was less variability in blood phenylalanine concentrations with CGMP. 

This only became evident after phenylalanine intake was lowered in the diet so the 

overall daily phenylalanine intake was not increased. In children taking CGMP only, 

there was a trend for improved body composition and height growth. At 36 months 

independent of age the bone formation marker procollagen type 1 N terminal 

propeptide (P1NP) was increased in those taking CGMP only compared to the AA 

group. Satiety and breath volatile organic compounds were not influenced by CGMP 

compared to AA. 

 

Evidence suggesting a potential positive clinical benefit associated with this 

alternative glycosylated phosphopeptide was only shown in those exclusively taking 

CGMP. Its residual phenylalanine content caused metabolic instability principally in 

those with low phenylalanine tolerance. Therefore, only 48% of children could use 

CGMP exclusively. Future research to develop a phenylalanine-free CGMP, 

available to all PKU children is a priority. A greater understanding of the structural 

and functional properties of CGMP in particular the sialic acid, phosphopeptide and 

glycan chain composition, will help consolidate the potential positive clinical 

benefits found by these studies.  

 
1. van Wegberg, A.M.J., et al., The complete European guidelines on 

phenylketonuria: diagnosis and treatment. Orphanet J Rare Dis, 2017. 12(1): p. 
162. 
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1.1 BACKGROUND 

Phenylketonuria (PKU; McKusick #261600) is the most prevalent inborn error of 

amino acid metabolism. It results from mutations in the phenylalanine hydroxylase gene, 

which encodes for the enzyme L-phenylalanine hydroxylase (PAH) [1, 2]. Hillert [3] 

estimates a predicted global prevalence of 0.45 million people with PKU. Phenylalanine 

hydroxylase is a pterin dependent amino acid hydroxylase and is part of the monooxygnase 

family, which includes tryptophan and tyrosine hydroxylase. All three utilise 

tetrahydrobiopterin 4 (BH4) as a cofactor [4]. Phenylalanine hydroxylase converts 

phenylalanine into tyrosine and is dependent on the BH4 cofactor, molecular oxygen and 

non- haem iron [5]. A reduction or absence in phenylalanine hydroxylase (or one of the 

enzymes involved in the synthesis or regeneration of tetrahydrobiopterin) increases blood 

phenylalanine levels causing neurological damage [6-8]. 

 

1.2 PATHOLOGY OF NEUROLOGICAL DAMAGE  

In untreated PKU, brain development is severely disturbed. The most common 

outcome is irreversible intellectual disability, [9, 10] together with seizures, neuropsychiatric 

and cognitive impairment [11, 12]. This altered brain pathology is caused by 

hyperphenylalaninemia and hypotyrosinemia which changes brain neuro-functioning [13]. 

The synthesis of the neurotransmitters dopamine and serotonin are dependent on tyrosine, 

tryptophan and other large neutral amino acids (LNAA) [14]. These LNAA cross the blood 

brain barrier via one transporter: L type amino acid 1 (LAT1). High levels of phenylalanine 

disturb this balanced entry of amino acids into the brain. This results in decreased 

concentrations of neurotransmitters, which alters brain chemistry causing 

neuropsychological problems such as memory difficulties, mood disturbances, intellectual 
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impairment and behavioural difficulties [15, 16]. Other disturbances associated with high 

brain phenylalanine concentrations include cholesterol biosynthesis, important for 

myelination of neurones [17], morphological synaptic and dendritic changes. These change 

communication between cells, as a result of altered cytoskeletal proteins [18-20]. 

Demyelination and altered white brain matter are evident on magnetic resonance imaging 

(MRI) and are significantly related to high blood and brain phenylalanine concentrations 

[21-24]. Human and animal studies have demonstrated abnormalities in myelination in 

subjects with PKU [25-27]. Smith et al [28] showed that for every 4 weeks delay in starting 

dietary treatment, intelligent quotient (IQ) decreased by approximately 4 points. The precise 

pathogenesis of brain dysfunction is still unclear. High blood and brain phenylalanine 

concentrations are detrimental to neurodevelopmental sequelae, and they result in 

intellectual disability, poor growth and seizures [10, 14]. These can be avoided by early and 

continuous dietary intervention. 

 

1.2.1 BEHAVIOURAL AND COGNITIVE CHANGES  

Biochemical defects in PKU cause behavioural and cognitive changes. Their 

prevalence and severity correlate strongly with the degree and timing of exposure to 

elevations in blood phenylalanine [29, 30]. Abnormalities include psychiatric disorders [31-

33], depression [34, 35], anxiety [34, 36, 37], psychosis [38, 39] and attention deficit 

hyperactivity disorders [40, 41]. Neurocognitive deficits have been described in a range of 

domains including:- lower intelligence [42, 43], attention [44, 45], processing speed [12, 

46], working memory [44, 47], immediate verbal and visual memory [48], motor skills, 

coordination [49] and executive functions [50, 51]. This leads to a decreased ability to plan, 

organise and poor conceptual reasoning. 
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1.3  DEFINING PHENOTYPES AND GENOTYPES  

There are different clinical PKU phenotypes, which are determined by the enzyme 

defect, the genotype and the severity of the disorder [3, 52]. There is no consensus regarding 

classification [53]. Guttler suggested pre-treatment blood phenylalanine concentrations and 

dietary phenylalanine tolerance to classify PKU [54]. However, this is flawed as many 

infants start treatment before a maximum blood phenylalanine concentration is reached, and 

phenylalanine tolerance is difficult to determine [15]. The European PKU guidelines [53] 

propose a classification system recommended by Blau [55] (Table1.1). Hillert et al [3] in a 

detailed study reviewed the global genetic landscape and epidemiology of PKU. He 

compared both genotypes and metabolic phenotypes from 16,092 subjects with PKU, 

demonstrating different disease severities from 51 countries in 17 world regions. The global 

phenotypical distribution was: 62% classical PKU, 22% mild PKU and 16% mild 

hyperphenylalaninemia. A genotype/ phenotype pattern was identified across Europe with 

classical PKU in the east, mild PKU in the southwest and mild hyperphenylalaninemia in 

the south. The phenylalanine hydroxylase gene located on chromosome 12q22-24.1 [56, 57] 

has more than 1,180 bi-allelic variants leading to a high degree of heterogeneity [14]. About 

2% of all elevated phenylalanine levels found by newborn screening are due to non-PKU 

BH4 disorders (tetrahydrobiopterin defects) [58]. 

 

1.3.1  EPIDEMIOLOGY  

PKU is one of the most frequent inherited metabolic disorders although the prevalence 

varies significantly among ethnicities and countries [57]. Global prevalence is estimated to 

be 1:23,930 live births with a range of 1:4,500 to 1:125,000. PKU prevalence is highest in 

Europe (Italy; 1:4,000 and Ireland; 1:4,545), but occurring less frequently in the UK; 
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1:10,000. The lowest PKU prevalence is reported in south Asia in Japan 1:125,000 although 

China has a similar prevalence to Europe [3] 

 

Table 1.1 Classification of phenylketonuria 

 

  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
Legend: MPH, mild hyperphenylalaninemia; mPKU, moderate phenylketonuria; GTPCH, guanosine 
triphosphate cyclohydrolase 1; PTPS, 6-pyruvoyl tetrahydropterin; DHPR, dihydropteridine reductase; 
PCD, pterin 4a carbinolamine dehydratase deficiency 

Classification Type Phenylalanine concentrations 
pre treatment commencement 

Phenylalanine 
tolerance with 
dietary treatment 
only (mg/ kg/ day 
or mg/ day) 

Mild 
hyperphenylalaninemia 
(MHP)[53] 

< 360 μmol/L No dietary treatment 
required 
 

MHP/mild PKU[53] 360-600 μmol/L Phenylalanine 
restricted diet, 
sapropterin or both. 
Monitoring 
necessary 

Mild PKU[55] 600-900 μmol/L 25-50 mg/ kg/ day 
(400-600 mg/ day) 

Moderate PKU 
(mPKU)[55] 

900-1200 μmol/L 20-25 mg/ kg/ day 
(350-400 mg/ day) 

Classical/  severe PKU  
(cPKU) [55] 

> 1200 μmol/L < 20 mg/ kg/ day 
(250-300 mg/ day) 

Tetrahydrobiopterin 
defects [58-61] 

1-2% of hyperphenylalaninemia 
are due to mutations in genes 
coding for enzymes in the 
biopterin biosynthesis or 
regeneration 
 
 
Guanosine triphosphate 
cyclohydrolase I (GTPCH) 
 
6-pyruvoyl tetrahydropterin 
synthase (PTPS) 
 
Dihydropteridine reductase 
(DHPR) 
 
Pterin 4a carbinolamine 
dehydratase deficiency (PCD) 

Dietary treatment 
depends on defect. 
DHPR can be 
detected by NBS 
requiring dietary 
restriction 
 
GTPCH, PTPS, 
PCD are detected by 
specific pterin 
patterns in the urine 
and require 
pharmacological 
treatment  
(L-dopa, 5, 
hydroxytryptophan)  
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1.4 DISCOVERY OF PKU 

In 1934, Asjbørn Følling identified an excess of phenylpyruvic acid as the cause of 

an odd musty odour from the urine of two Norwegian children who were severely 

developmentally delayed [62, 63]. The condition was initially named imbecilitas 

phenylpyruvica and later phenylketonuria (PKU). Penrose [64, 65] made the link between 

dietary phenylalanine and urine phenylpyruvic acid. The first successful low phenylalanine 

diet was designed by Louis Woolf a biochemist from Great Ormond Street Children’s 

Hospital (UK). In 1953 it was used by Bickel and colleagues to treat 2 year old Sheila Jones 

at Birmingham Children’s Hospital, UK. Before treatment Sheila was unable to walk or talk. 

After a period of following the artificial diet, Sheila could walk and engage in her 

surroundings, changing the treatment paradigm for PKU [66].  

Chapter 2 Protein substitutes in PKU; their historical evolution 

 

1.4.1 PRINCIPLES OF DIETARY TREATMEMNT  

A strict lifelong low phenylalanine diet remains the foundation of treatment in PKU 

[67]. It may be prescribed as the sole treatment or combined with drug therapy. The goals of 

dietary management are to prevent intellectual disability and achieve normal nutritional 

status. This includes bone mass and density, growth (weight, height, body mass index), and 

body composition.  

 

In classical PKU, natural protein or phenylalanine is restricted to ≤ 25% of a safe 

recommended intake [68]. This is necessary to minimise neurological damage, prevent 

phenylalanine deficiency and maintain phenylalanine concentrations within the European 

PKU Guideline target ranges [53]. In order to help clarification and consistency of dietary 
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prescriptions, in the UK protein cut off values are used to classify the suitability of foods 

permitted in the diet [69, 70]. The dietary restriction (Table 1.2) can be considered in three 

principal parts: 

 

Table 1.2. Classification of foods allowed in a PKU diet 

1. Foods high in protein best avoided 

• Animal protein: e.g., milk, meat, fish, cheese, eggs, chocolate, yoghurt; 
plant protein: nuts, soya, pulses, wheat based products (bread, flour, 
pasta, cakes, biscuits), corn, oats, Quorn ™; gelatin, plant algae and 
spirulina  

• Aspartame E951 (an artificial sweetener) is a source of phenylalanine 
 

2. Foods permitted without restriction 

• Fruits and vegetables containing ≤ 75 mg/100g (except potatoes) 
• Most foods containing protein ≤ 0.5 g/100g 
• Plant milks containing protein ≤ 0.1 g/100g 
• Low protein special foods containing phenylalanine ≤ 25 mg/100g (low 

protein bread, pasta, milk replacements)  
• Sugar, jams, fats and oils 

 
3. Foods given in calculated and measured amounts (1g protein/ 50 mg 

exchanges of phenylalanine) 
 

• A prescribed daily amount of phenylalanine/natural protein that is titrated 
according to blood phenylalanine concentrations is allocated on an 
individual basis. In the UK an exchange system is used to allocate 
protein/phenylalanine 

• One exchange is the amount of natural protein calculated to provide 1g 
protein or 50 mg of phenylalanine. Different upper cut off points are used 
to categorise foods as exchange foods. Any of the following foods with a 
protein/ phenylalanine above the cut off point is an exchange food:  

o milk/ plant milks: protein content > 0.1 g/100g  
o breakfast cereals, savoury spreads: protein content > 0.5 g/100g 
o sauces/ dressings: protein content > 1 g/100g  
o soya sauces: protein content > 1.5 g/100g  
o fruits and vegetables: phenylalanine content > 75 mg/100g 
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A replacement source of protein, obligatory to maintain growth and metabolic function 

is provided by a low/ free phenylalanine protein substitute or medical formula. Nitrogen is 

provided as amino acids or peptides; they are usually supplemented with vitamins, minerals 

and trace elements, and may contain essential and/ or long chain fatty acids and prebiotics. 

Protein substitutes have several pharmacological functions:  

• provide large neutral amino acids, which act in competition at the blood brain barrier for 

the large neutral amino acid transporter (LAT1). This prevents excess phenylalanine 

entering the brain leading to neurocognitive damage [71, 72] 

• promote normal growth and cellular function [73] 

• provide a source of nitrogen for manufacturing smaller molecular substances e.g., nitric 

oxide [74] 

• provide a source of tyrosine, a surrogate essential amino acid in PKU [75] 

• optimise blood phenylalanine control [76, 77] 

• prevent protein deficiency. 

 

In Chapter 2, the history of protein substitute evolution is described. In the late 1960s, low 

phenylalanine protein hydrolysates were slowly replaced with phenylalanine amino acid 

preparations, which are still used today. Protein substitute composition, bioavailability and 

long term metabolic efficacy has received little scrutiny. In 2008, a new class of protein 

substitutes were designed based on a bioactive glycosylated caseinglycomacropeptide 

(CGMP) [78, 79].  
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1.5 BIOACTIVE PROPERTIES OF GLYCOMACROPEPTIDE 

The two major proteins in milk, casein and whey have unique physiochemical and 

biological properties [80-82]. During the production of cheese, bovine casein treated with 

chymosin is cleaved into two peptides: para casein (residue 1-105) and casein macropeptide 

(CMP) (residue 106-169). CMP is found in the soluble whey elute [83]. CMP is a 64 amino 

acid phosphoglycoprotein, which undergoes glycosylation forming a glycoprotein, named 

casein glycomacropeptide (CGMP) [84]. Five oligosaccharides (glycans) have been 

identified as part of the glycomacropeptide structure [83]. The structural properties and 

beneficial effects of CGMP are linked to the glycan chains on the macropeptide [85]. CGMP 

is an incomplete peptide, lacking in phenylalanine and other aromatic and sulphur containing 

amino acids. Nielsen and Tromhold in 1994 recognised the potential of CGMP as a source 

of protein in a low phenylalanine diet [86]. However, they also recognised that 

supplementation of CGMP with some essential amino acids was necessary to make it viable 

in PKU. So far it has been commercially prohibitive to produce a phenylalanine-free source 

of CGMP as there is a residual amount of a phenylalanine left after the manufacturing 

process (35mg/ 20g of protein equivalent) [87]. 

 

1.5.1 GLYCOME OF BOVINE MILK PROTEIN 

There are two types of glycosylation that occur in casein macropeptide: N linked 

when the glycan chain is attached to the amide side chain of the asparagine residue, and O 

linked when the glycan is attached to the oxygen of a serine or threonine residue [88, 89]. 

These linkages are associated with the unique bioactive properties of CGMP. Approximately 

60% of CGMP is glycosylated [90] with exclusively O linking glycans. The glycosylation 

is variable and depends on the lactation and genetic phenotype of the casein preparation [87, 
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91, 92]. The main glycans in mature bovine milk are: N-acetylgalactosamine (Gal1NAc), 

galactose (Gal) and N-acetylneuraminic acid which is also called sialic acid (Neu5Ac). There 

is evidence to suggest glycosylation is a controlled hierarchical process which influences the 

biological associated activities of CGMP [87, 93]. The sialic content of CGMP is vital for 

most of the biological roles associated with this bioactive glycoprotein. Table 1.3 gives 

examples of the beneficial uses of CGMP. 
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Table1.3 Beneficial properties associated with glycomacropeptide 

 

 

Glycoprotein Properties Evidence 
Modulation of 
immune response  

• Mice splenocytes were used to test for immune responses. CGMP 
was found to bind to the mitogen producing cytokines blocking 
inflammatory responses 

• A lymphoctye model of colitis in mice compared CGMP with a 
common medication used to treat colitis (dextran sodium 
sulphate). CGMP produced an anti-inflammatory effect in the 
lymphocyte reducing colitis, a similar and sometimes better 
response than conventional medical treatment 

 

[94] 

[83] 

[88] 

[95] 

 

[96, 97] 

 
Probiotic 
properties  

• Sialic acid promotes bifidobacterial growth. These are important 
in inhibiting pathogenic bacteria. Human studies suggest some 
benefits include producing a higher diversity of microbiota and 
short chain fatty acid concentrations, which have positive effects 
on gut health 

• Studies in PKU mice demonstrate a positive effect of CGMP 
compared to casein and AA diets on gut health. Desulfovibrio 
bacteria decreased, and SCFA increased with a lower level of 
inflammation markers 

 

[98] 

[99] 

[100] 

 

Satiety and 
stimulation of 
cholecystokinin 
release 

• CGMP triggers incretin receptors on the intestinal mucosa 
• Cholecystokinin is stimulated by CGMP 
• Human studies show CGMP influences hormone responses to 

satiety, but energy intake and weight loss have not been 
demonstrated 

 

[101-107] 
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Legend: CGMP, casein glycomacropeptide; GMP, glycomacropeptide; PKU, phenylketonuria; AA, amino acid; SCFA, short chain fatty acids; 
GOS, galactooligosaccharides 

 
 
 
 

Anti cariogenic 
effect 

• Prevents dental erosion. There is a positive action of CGMP 
showing a protective effect and suppressing demineralization of 
teeth. It inhibits the adhesion and modifies the composition of 
cariogenic plaque bacteria. Xylitol has a synergistic action with 
CGMP and is used as an ingredient in toothpaste  

 

[108-110] 

 

Inhibition of 
cholera toxins 

• CGMP binds cholera toxin in mice. 1 mg of CGMP prevented 
diarrhoea in mice infected with the cholera toxin 

 

[111] 

Improved learning 
behaviour 

• Piglets were given different amounts of CGMP and had brain 
gangliosides and sialoprotein concentrations associated with 
learning and memory measured. Learning improved in the group 
given the highest concentration of CGMP 

• Sialic acid was associated with increased learning and an 
increased concentration in the genes associated with learning 

 

[112, 113] 

 

Nutraceutical use • Used in food products, CGMP has a good stability and is soluble 
in acid  

• Infant formula prepared with galactooligosaccharides (GOS) 
together with CGMP as a sialyl donor has been produced, but 
further research is needed to investigate its safety and the impact 
of using sialyated GOS infant formula 

 

[114-116] 
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1.5.2 ADAPTATION OF CGMP FOR USE AS A LOW PHENYLALANINE 

PROTEIN SUBSTITUTE IN PKU 

 In addition to containing a residual amount of phenylalanine [83], commercially 

prepared CGMP has inadequate amounts of five indispensable amino acids. They are histidine, 

tryptophan, methionine, leucine and tyrosine. When CGMP is supplemented with these five 

amino acids, it is a safe alternative to phenylalanine-free L-amino acids [79]. CGMP has also 

been incorporated into foods without altering their palatability [117]. 

 

1.5.3 IS CGMP BETTER THAN L-AMINO ACIDS WHEN USED AS A PROTEIN 

SUBSTITUTE SOURCE IN PKU? 

Various authors suggest CGMP offers potential advantages compared to traditional 

protein substitutes based on L-amino acids. It improves phenylalanine control [78, 118], growth 

[79], body composition, bone density, and neurocognition. [119]. It also has a better 

palatability, which helps dietary adherence [117, 120]. However, no long-term studies have 

been conducted in children, pregnancy or adults to confirm these findings. The short-term 

studies and those using animal models clearly do not measure the long-term efficacy of CGMP 

and they fail to meet rigorous scientific scrutiny. The European PKU guidelines [53] did not 

issue guidance about the use of CGMP due to inadequate evidence. This thesis aims to address 

these shortcomings by prospectively examining over a 3 year period, the efficacy of CGMP 

compared to traditional L-amino acid protein substitutes in children with PKU. The following 

questions will be addressed. 
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1.6 QUESTION 1. DOES THE PHENYLALANINE CONTENT OF CGMP AFFECT 

BLOOD PHENYLALANINE CONTROL IN PKU?  

 Studies using CGMP have suggested no significant alteration in blood phenylalanine 

concentrations [118, 121-124]. In all the studies with one exception [124], phenylalanine 

concentrations were higher (although not statistically significant) in the CGMP groups. 

However, all these studies have their limitations, subjects were studied for ≤ 6 months duration, 

blood phenylalanine control was suboptimal at study entry and some of the subjects had been 

on adjunctive pharmacology treatment. One study [118] suggested that the residual 

phenylalanine in the CGMP they investigated was too high at 0.4 g/100g of product. This was 

only used in three subjects all with a higher phenylalanine tolerance. In the remaining 9 

subjects, the CGMP was further refined providing phenylalanine at 0.2 g/100g of product. This 

adaptation suggested that caution and further investigations were necessary before the wider 

introduction of CGMP to subjects with classical PKU. Table 1.4 lists the studies using CGMP 

in PKU and their outcomes. 
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Table 1.4 Studies using CGMP compared to L-amino acid protein substitutes in PKU 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Legend: AA, amino acid; CGMP, casein glycomacropeptide; PS, protein substitute; ns, not significant; F, female; M, male 

Author/ 
Year 

Country Study design 
Age (range) 

Nos of 
subjects/ 
gender 

PKU 
Phenotype 

Study intervention Mean/ median 
phenylalanine 
concentrations 
in AA compared to 
CGMP-AA (μmol/L)  

Van Calcar  
2009[118] 

United 
States 

Cross sectional 
 
23 y ± 7 (11-31) 

11 
 
4F, 7M 

10 Classical 
1 Variant 

100% AA v 100% CGMP 
4 days on each product 

AA = 619  
CGMP = 676 p=ns 

MacLeod  
2010[125] 

United 
States 

Cross sectional 
 
23 y ± 7 (11-31) 

11 
 
4F, 7M 

11 Classical 100%AA v 100% CGMP 
4 days on each product 

AA = 619  
CGMP = 676 p=ns 

Ney  
2016[122] 

United  
States 

Randomised cross 
over clinical study 
(15-49) 

30 
 
18F, 12M 

20 Classical 
10 Variant 

21 days: 100% GMP or 100% AA AA = 655  
CGMP =777 p=ns 

Zaki  
2016[124] 

Egypt Clinical study 
 
6.7 y (5.0-11.8) 

10 
 
4F, 6M 

10 Classical 9 weeks: 50% CGMP + 50% AA 
9 weeks: 100% AA 

100%AA =490 
CGMP50%+50%AA= 
376 p=ns 

Pinto  
2017[126] 

Portugal Retrospective 
longitudinal study 
 
27 y ± 10 (13-42) 

11 
 
8F, 3M 

6 Classical,  
4 Mild,  
1 HPA 

20 months: n=11 CGMP, n=11 AA AA =516 
CGMP =540 p=ns 

Ahring  
2018[121] 

Denmark Randomised cross 
over clinical study 
33.3 y ± 11.2 (15-
48) 
 
4 PS given over 4 
visits 

8 
 
7F, 1M 

8 Classical PS1= CGMP, PS2 = AA 
PS1 and PS2 same AA profile  
PS3 = CGMP+AA, PS4=AA  
PS3 and PS4 same AA profile but no 
Phe 

AA=688  
CGMP=819, p=ns 
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Chapter 3A. Glycomacropeptide in children with phenylketonuria: does its 

phenylalanine content affect blood phenylalanine control? 

 

Chapter 3B. is a follow-on study as a result of the findings from the pilot study (3A). 

Long term use of modified casein glycomacropeptide (CGMP2) compared to amino 

acid protein substitutes on phenylalanine, growth and nutritional status 

 

1.7.  QUESTION 2. DOES A PROTEIN SUBSTITUTE BASED ON A 
BIOACTIVE AMINO ACID SEQUENCE GLYCOMACROPEPTIDE 
IMPROVE PROTEIN BIOAVAILABILITY BY CHANGING THE 
PHENYLALANINE AND TYROSINE VARIABILITY?  

Amino acids have several nutritional, biochemical and physiological roles 

linked to growth, health and prevention of disease [74, 127, 128]. Functional amino 

acids (essential or non-essential) regulate key metabolic pathways. They provide 

nitrogen, hydrocarbon skeletons and sulphur, which cannot be substituted by other 

nutrients in the diet [129]. Both nitrogen and sulphur are unable to be synthesised de 

novo. Table 1.5 references some of the functional roles of amino acids, which regulate 

body composition and bone health. Other functions include modulating bacterial flora, 

glucose homeostasis and inflammatory responses. Amino acids are also involved in cell 

signalling (including mammalian target of rapamycin complex 1 (mTORC1), and the 

interaction and generation of small peptides, glucagon like peptide 1(GLP-1), peptide–

YY (PYY), serotonin and insulin. Insulin plays a key regulatory role in amino acid 

metabolism, and amino acids alter insulin action by regulating glucose and protein 

metabolism [130]. Therefore, protein substitutes have a central physiological purpose 

in addition to providing a source of high quality protein. Achieving this balance is 

essential to maintaining health. It is vital in children where there is an 80% dependence 
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on a protein which supplies daily nitrogen requirements. Designing a protein substitute 

to meet these criteria is challenging.  
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Table 1.5. Functional role of amino acids 

Amino acid Function Publication 
Branched chain amino acids 
(BCAA) 
Leucine, valine, isoleucine 

• BCAAs are involved in protein synthesis and breakdown 
• Leucine/isoleucine stimulate protein synthesis via 

(mammalian target of rapamycin) mTOR pathway 
• BCAAs effect neurotransmission of chemicals in the brain 

by modifying large neutral amino acid (LNAA) transport 
at the blood brain barrier 

 

[131-136] 

 

Leucine • Stimulates m RNA translation via insulin dependent and 
independent pathways stimulating muscle protein 
synthesis 

• Leucine activates glutamate dehydrogenase activity in 
pancreatic β cells, this stimulates the tricarboxylic acid 
activity of the pancreatic cells leading to increased insulin 
production. This response can be increased when 
carbohydrate is present 

 

[137, 138] 

 

Alanine • Main gluconeogenic amino acid [139] 

Glutamine • Most abundant amino acid in the body 
• Glutamine plays an active role in the immune system 

providing 50% of ATP in lymphocytes and 35% in 
macrophages sustaining immune responses 

• Regulates ammonia formation 
• Production of glutathione maintains acid base balance 

 

[127] 

Glutamine, glutamate, 
aspartate 

• Energy for enterocyte proliferation, protects cells from 
apoptosis 

• Major energy substrate for the small intestine 

 

[140-143] 
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Legend: BCAA, branched chain amino acid; mTOR, mammalian target of rapamycin; LNAA, large neutral amino acids; m RNA, messenger ribonucleic acid; 
DNA, deoxyribonucleic acid 

Glycine • Makes serine the coenzyme of glutathione, purines and 
haem. Acts as an inhibitory neurotransmitter 

 

[144] 

Glycine, tryptophan, tyrosine • Regulation of neurological development and function [145, 146] 

Methionine • Major donor of methyl group affecting DNA and protein 
methylation in cells 

 

[147] 

Arginine, glutamine, 
glutamate, leucine, proline 

• Modulates gene expression and enhances growth of small 
intestine and skeletal muscle 

 

[74, 148, 149]  

Arginine • Produces nitric oxide which has a vasodilatory effect 
• Synthesis of creatine, used in muscle metabolism and 

polyamines regulating gene expression 
• Pathway for ammonia detoxification 
• Stimulates growth hormone and insulin 

 

[150-152] 

Cysteine  • Necessary for skin and hair formation 
• Sulphur containing amino acid. It is key in forming a 

disulfide bridge between two peptide chains e.g., insulin 

 

[153, 154]  

Histidine • Involved in the metabolism of carbohydrate, protein and 
nucleic acids 

 

[155] 

Tryptophan • Source of nicotinic acid 
• Precursor of serotonin 

 

[16, 17, 75, 156-158]  

Tyrosine • Precursor of catecholamine neurotransmitters 
epinephrine, norepinephrine, and dopamine. Precursor of 
thyroxine and melatonin 

• Tyrosine residues have active sites which can be altered 
and change the enzyme specificity  

• Usually, a semi-essential amino acid but essential in PKU 
due to the biochemical absence/ reduced activity of 
phenylalanine hydroxylase  

 

[16, 17, 75, 157, 158] 
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L-amino acids are incapable of replicating the physiological actions of whole protein. 

Amino acids are directly absorbed from the small intestine [74]. A meal based on L amino 

acids results in higher plasma amino acid concentrations compared to a meal based on whole 

protein. Amino acids are rapidly absorbed but have a shorter duration in the plasma compared 

to amino acids slowly released from whole protein. This difference influences their utilization 

[159-161]. Herrmann et al [162] demonstrated that ingestion of large doses of protein substitute 

derived from amino acid, increased amino acid oxidation and nitrogen excretion decreasing 

their cellular availability. For effective protein synthesis all essential amino acids must be 

available to the tissues in appropriate amounts simultaneously [163]. In children with PKU, 

protein substitutes provide 80% or more of their total protein needs. Therefore, any protein 

substitute that will imitate the physiological absorption of whole protein, will theoretically 

improve growth, body composition, bone density and may possibly influence inflammatory 

responses and appetite. 

 

Chapter 4A. Variability of phenylalanine concentrations over 24 hours using two different 

protein substitutes and changing the dietary phenylalanine intake 

 

Chapter 4B. A pilot study to review if a glycomacropeptide compared to L amino acid protein 

substitutes alters the pre and postprandial amino acid profile in children with phenylketonuria  

 

1.8 QUESTION 3. DOES THE USE OF GLYCOMACROPEPTIDE IMPACT 

GROWTH AND BODY COMPOSITION IN CHIDREN WITH PKU? 

The impact of using an artificial diet on physical growth was first reported in the late 

1970s and despite improvements in dietary treatment mixed findings on growth outcome are 

still reported [73, 164-167]. Early studies [168, 169] demonstrated that children on higher doses 
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of protein substitute that exceeded the WHO/FAO/UNU 1973 [68] safe levels of protein intake, 

had improved growth. Smith [170] showed that even if amino acids are efficiently absorbed 

from the intestinal tract, compared to natural protein there was a higher loss of nitrogen as urea. 

McBurnie et al [171] and Holm et al [172] compared height, weight and head circumference 

in two prospective American collaborative studies, comparing 133 and 124 children with PKU 

over 8 and 4 years respectively. In both studies weight and height increased similar to control 

groups. In contrast, 3 European studies [173-175] found children with PKU had reduced height 

growth when compared to control subjects. Dhondt [173] reported normal height and weight 

was achieved after dietary relaxation at 8 years of age. Schaefer et al [176] reported negative 

weight and height in the first 2 years returning to normal at 3 years of age. 

 

A recent systematic review  and meta-analysis examining growth in subjects with PKU [165] 

reported normal growth at birth and during infancy, but children were significantly shorter and 

had lower weight for age than the reference populations during the first four years of life. Linear 

growth was reduced until the end of adolescence. These findings were not identified in patients 

with mild hyperphenylalaninemia following no dietary restriction. Accounting for the diverse 

heterogeneity of the study data when compared to reference groups, linear growth was reduced 

during the first three years of life, in puberty and on reaching adulthood. 

 

However, optimal growth was noted in those studies where total protein intake was higher 

[177-180]. Nitrogen balance is regulated by urea production [181, 182], which is produced 

linearly in response to plasma amino acid concentrations. Ney et al [183] and van Calcar et al 

[118] suggested that CGMP may induce a slower and more sustained release of amino acids, 

leading to decreased urea and greater availability of amino acids for protein synthesis possibly 

leading to improved growth.  
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There are no long-term prospective studies or systematic/ meta-analysis on body composition 

in PKU. Of eleven studies completed in children (Table 1.6), comparison between the studies 

is difficult. This is due to a lack of national reference standards that would allow comparison 

of body composition data. The different techniques used to measure body composition, 

pubertal status and variable PKU phenotypes also makes comparison of data between studies 

difficult. Of six studies using healthy controls, four showed no statistical significance in body 

composition. One study showed a correlation with an increased blood phenylalanine 

concentration and higher fat mass in male subjects with PKU only [184]. Albersen et al [185] 

showed body fat was significantly higher with subjects with PKU, and higher in females >11 

years. In a disorder where nitrogen for body composition and growth is from an artificial 

source, it is important to monitor lean and fat mass. Long term associated health problems such 

as type II diabetes and cardiometabolic health may be linked to an altered body composition 

due to the protein substitute [186, 187]. 
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Table 1.6. Studies measuring body composition in children with PKU 

Author/ year Number/ age of 
subjects 
Body composition 
measurement 
technique 

Parameters 
measured 

Main outcome Limitations 

Allen 1996 
Australia [188] 

n=30 PKU (classical) 
Mean age; 9.6 y  
 
n=65 control  
Mean age; 11.2 y 
 
Skinfold thickness 
 

• Body fat 
• Resting 

energy 
expenditure  

• No differences in body 
fat compared to controls 

• No difference in resting 
energy expenditure 

Skinfold 
measurements 
provide no 
information on 
lean mass.  

Dobbelaere 
2003 [167] 

France 

n=20 PKU (classical) 
n=20 control 
 
Age and gender 
matched 
 
Mean age; 4.5 y 
 
Skinfold thickness 
Bioelectrical impedance 

• Weight, 
height, body 
mass index 
(BMI,) head 
circumference 

• Skin folds 
triceps, biceps, 
subscapular 
and suprailiac 
measurement 

• Body density, 
body fat, lean 
mass 

• Blood 
tyrosine, and 
phenylalanine 
concentrations 

• No differences in body 
composition compared 
with controls 

• Growth, significantly 
different from reference 
population, p < 0.05 

• No correlation with 
phenylalanine 
biochemical bloods or 
calorie intake 

Body mass 
index 
measures 
nutritional 
status not body 
composition 
 
Impedance 
associated with 
poor accuracy 
for individuals 
and groups 
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• Zinc, 
selenium, 
thyroid, 
insulin, 
growth factor 

• Weighed 4 
day dietary 
intake 

Huemer 2007 
[189] 
Study over 12 
months 
Austria 
 

n=34 PKU (classical) 
n=34 control 
 
Age/ gender matched 
 
Mean age; 8.7 y 
 
Total body electrical 
conductivity (TOBEC) 

• Weight, 
height, 
BMI 

• % fat, fat free 
mass  

• Blood 
phenylalanine 
concentrations 

• No differences between 
groups for the measured 
parameters 

• Significant correlation 
between natural protein 
g/ kg/ d and fat free mass 
(p <0.0001) 

TOBEC rarely 
used and 
unknown 
accuracy 
compared to 
other body 
composition 
measurements 

Albersen 2009 
[185] 

Netherlands 

n=20 PKU (classical) 
n=20 control 
 
Age/ gender matched 
 
Mean age; 10 y 
 
BodPod/ whole body air 
displacement 
plethysmograph 

• Weight, 
height, BMI 

• % body fat  
• Blood 

phenylalanine 
concentrations 

• No difference for weight, 
height, BMI  

• Body fat significantly 
higher in PKU despite 
similar BMI to controls 
p=0.002 

• Body fat higher in girls > 
11 y p=0.027 

• Body fat increased with 
weight only in PKU  

• No correlation with 
blood phenylalanine  

4/ 20 PKU 
children were 
from different 
ethnic 
background  

Adamczyk 2011 
[190] 

Poland 

n=45 PKU (classical) 
Mean age; 13.8 y 
 

• Weight, 
height, BMI 

• Normal body fat, and 
lean body mass 

No control 
group 
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Group 1= 15 pre 
pubertal 
Group 2 =18 pubertal 
good control 
Group 3=12 pubertal 
poor control 
 
Dual X ray 
absorptiometry (DXA) 

• Lean body 
mass  

• Fat mass 
• Total bone 

density 
• Bone mineral 

content  
• Ratio of bone 

mineral 
content/ lean 
body mass 

• Bone markers 

• Statistically significant 
differences for ratio bone 
mineral content/ lean 
body mass between 
groups 

• Blood phenylalanine 
negatively affected bone 
status 

• Data compared with 
Polish DXA reference 
values 

DXA radiation 
exposure, 
whole body 
bias dependent 
on size, gender 
and amount of 
fat 

Douglas 2013 
[191] 
USA 

n=59 PKU 
(classical and mild) 
Mean age; 14.4 y 
 
BodPod/whole body air 
displacement 
plethysmograph 
Tricep, subscapular, 
suprailiac, thigh 
skinfold 
 

• Weight, 
height, BMI 

• Body fat 

• Normal body fat 
• Lean mass not evaluated 
• In the group found 

inverse relationship 
between age and body fat 
p=0.016 

• Agreement between 
skinfold depends on 
equations used to convert 
measurement to body fat 

 

Mixed PKU 
phenotype 
 
No control 
group 

Rocha 2012 
Rocha 2013  
[192, 193] 
Portugal 

n=89 PKU 
(classical, mild, 
hyperphenylalaninemia) 
 
Mean age; 14.4 y 
 
n=78 controls 
Mean age; 15.9 y 

• Weight, 
height, BMI 

• Fat mass 
• Lean body 

mass  
• Body cell 

mass 

• No differences in fat 
mass 

• No differences in lean 
body mass 

• No differences in body 
cell, muscular mass or 
phase angle 

Impedance is 
associated with 
poor accuracy 
for individuals 
and groups 
 
Mixed PKU 
phenotype 
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Bioelectrical impedance 
analysis (BIA) 
 
 

• Muscular 
mass 

• Phase angle 

• All classical PKU 
negative height z score 

• No differences in height 
compared to controls in 
children aged <19 y 

• In PKU group, aged 
>19y, height statistically 
significantly worse than 
controls p=0.017 

• Blood 
pressure, 
amino acids 

• Glucose, 
insulin, total 
cholesterol 
high density 
cholesterol, 
triglycerides, 
C reactive 
protein, uric 
acid 

• Assessment of 
protein 
substitute and 
natural protein 
intake  

• Anthropometric 
parameters no 
differences to controls 

• Higher triglycerides / 
high density cholesterol 
in PKU group 

• Metabolic syndrome no 
difference compared with 
controls 

• In PKU subjects those 
with central obesity had 
significantly higher 
triglycerides /high 
density cholesterol than 
those without central 
obesity 

Mixed PKU 
phenotype 

Doulgeraki 
2014 [194] 

Greece 

n=48 PKU 
(classical) 
Mean age; 10.9 y 
 
32 HPA (mild 
hyperphenylalaninemia) 

• Lean body 
mass  

• Fat mass  
• Bone mineral 

density  

• No differences in body 
composition  

• Weight and BMI 
significantly different 
between mild PKU and 
classical PKU 

Mixed PKU 
phenotype 
 
Control group 
not reported in 
study 
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Mean age; 10.9 y 
 
n=57 control  
Age/gender matched 
 
Dual X ray 
absorptiometry (DXA) 

• Bone mineral density 
lower in classical PKU 
compared to mild and 
controls 

• Fat mass significantly 
higher in PKU teenagers 
with poor phenylalanine 
control 

• Positive correlation 
between bone, muscle 
and fat mass in both 
groups and fat mass and 
phenylalanine 
concentrations  

 
DXA radiation 
exposure, 
whole body 
bias dependent 
on size, gender 
and amount of 
fat 

Mazzola 2016 
[195] 

Brazil 

n=27 PKU  
n=11 early diagnosed 
n=16 late diagnosed 
classical and mild 
 
n=27 control 
Age/gender matched 
 
Mean age; 12 y 
 
Bioelectrical impedance 
analysis (BIA) 

• Weight, 
height, BMI 

• Fat mass 
• Lean body 

mass 
• Extracellular 

mass/ body 
cell mass ratio 

• Phase angle 
(PA) 

• No differences in body 
fat 

• No differences in lean 
body mass 

• No effect on time of 
diagnosis or PKU 
phenotype 

Age at 
diagnosis 
variable some 
early and late 
treated PKU 
 
Mixed PKU 
phenotype 

Sailer2020 
[184] 

USA 

n=30 PKU  
n=30 control 
 
Age/gender matched 
 

• Weight, height 
BMI 

• Fat mass  
• Lean body 

mass  

• Male subjects with PKU 
had significantly lower 
lean body mass and more 
fat mass than controls 
p=0.024 

 
Mixed PKU 
phenotype 
13% on 
sapropterin 
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4 subjects on 
sapropterin 
Mean age; 11.6y 
 
Dual X ray 
absorptiometry (DXA) 

• 24h dietary 
recall 

• No differences for 
females and controls 
when measuring same 
parameters 

• Age/ fat mass positively 
correlated with blood 
phenylalanine p=0.02 

• Protein substitute 
negatively correlated 
with blood phenylalanine 
p=0.04 

• Males with PKU had 
significantly lower 
height compared with 
controls p < 0.05 

• No difference in energy 
intake between the 
groups 

DXA radiation 
exposure, 
whole body 
bias dependent 
on size, gender 
and amount of 
fat 

 

Legend: Kuvan (Sapropterin) drug treatment for PKU (BioMarin Pharmaceutical Inc); BMI, body mass index 
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Chapter 5A. Growth and body composition in PKU children - a 3-year prospective study 

comparing the influence of L-amino acid to glycomacropeptide protein substitutes  

 

1.9  QUESTION 4. DOES A PROTEIN SUBSTITUTE BASED ON CGMP 

COMPARED TO L-AMINO ACIDS IMPROVE BONE MASS, DENSITY 

AND GEOMETRY IN PKU CHLDREN?  

Bone mass is maintained by a complex and dynamic process involving resorption 

of bone by the osteoclast and formation of bone by the osteoblast. In children this is a 

dynamic continuous process of modelling and remodelling [196]. Peak bone mass, which 

programmes the future risk of osteoporosis, is established in childhood and adolescence 

[197, 198]. Factors that influence bone mass are varied including genetics, lean mass, 

adiposity, adipocytokines, physical activity and nutrition (Table 1.7). The relationship 

between fat and bone is contentious. Evidence [198] suggests that in early childhood, 

obesity confers a structural advantage, but with age this relationship is reversed and 

excessive fat is detrimental. Clark et al 2006 [199] reported a positive relationship between 

adiposity and bone mass accrual in 3082 healthy children. Others have reported opposite 

findings [200, 201]. Lean body mass is the strongest significant predictor of bone mineral 

content [202, 203] and strongly relates to bone mass and skeletal development in children. 

 

Dietary protein promotes peripubertal bone growth and slows bone loss [204]. 

Protein is necessary for optimal bone metabolism during growth positively influencing 

bone mass, density and strength [204-206]. In children and adults with PKU, bone density 

is inconsistently reported [207-213]. Four systematic reviews and three meta-analysis 
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studies report mixed results. Enns et al [214] reported nine suboptimal bone health 

outcomes. The scope of this review was on general health problems in PKU and therefore 

failed to interpret the results on bone health in depth. Hansen et al [215], described a lower 

spine bone mineral density, but this review had methodological errors and assessment bias. 

Demirdas [216], reported bone mineral density (BMD) was within the normal range, and 

although lower than normal was not clinically important. There was no correlation with 

phenylalanine concentrations, vitamin D, parathyroid hormone and individual nutrients. 

Castro et al [217] supported the findings from Demirdas [216] showing BMD was lower 

than the reference groups but within the normal range. They also demonstrated an 

imbalance between bone formation and resorption, favouring bone removal.  

 

 Solverson et al [218] studied the effect of three different diets on bone strength in 

mice with or without PKU. They were given a low protein diet with a) CGMP b) amino 

acid or c) they were given a normal (casein) diet. The PKU mice fed either CGMP or amino 

acid had a lower BMD than non PKU mice. In PKU mice, who were fed the amino acids, 

the femur length independent of gender was significantly shorter compared to the PKU 

mice fed CGMP or normal diet. Skeletal fragility, brittle and weak femora was a consistent 

finding in the PKU mice regardless of gender or diet. The reduction of BMD and bone 

mineral content (BMC) of the femora measured by dual X ray absorptiometry (DXA) was 

more pronounced in the mice receiving amino acids compared with CGMP. This group 

concluded that the type of protein influenced bone outcome in mice, with CGMP giving 

better results compared to amino acids. However, careful consideration is needed to 

determine the impact of CGMP or amino acids on bone growth. In humans bone growth is 
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a slow multifaceted process affected by hormonal patterns, gender, obesity, dietary intake 

and physical activity. 

No studies have examined the role of CGMP and amino acid protein substitute on long-

term bone health in children with PKU. 

 

Chapter 5B. Evaluation of bone health in children with PKU: a three-year prospective 

study using two different protein substitutes bioactive glycomacropeptide compared to L- 

amino acids 

 
 
 



 32 

Table 1.7. Suggestive factors influencing bone mass  

ADIPOCYTOKINE HORMONES 
Adiponectin • Adiponectin regulates energy homeostasis, glucose and 

lipid metabolism and inflammatory pathways 
• Adiponectin levels were inversely related to bone mass 

accrual in childhood. Analysis using pQCT links periosteal 
growth, endosteal expansion and bone mineral content 

• Plasma adiponectin inversely related to visceral fat mass 
and body mass index (BMI) 

 

[219] 
 
[220] 

 
 
[221, 222] 

Leptin • Leptin increases osteoblast proliferation and differentiation. 
It regulates osteoclast development 

• It promotes bone nodule formation 
• Leptin via the action on the central nervous system 

influences bone development 
• Leptin has a dose mediated effect; lower concentrations of 

leptin are osteoprotective, higher concentrations lead to bone 
loss 

 

[198, 223-225]  

 

[198, 226] 

Inflammatory cytokines  • Inter leukon 6, Tumour Necrosis Factor alpha may 
influence bone mass directly  

• Cytokines may influence appetite and weight indirectly 
affecting bone 

 

[227, 228] 

β CELL PRODUCTION 
Insulin/ IGF • Insulin simulates osteoblast growth 

• Hyperinsulinemia increases fatty acids which inhibit bone 
resorption 

• Insulin growth factor (IGF1) and oestrogen influence 
growth  

 
[229-232] 

 



 33 

• IGF 1 Stimulates calcium and phosphate metabolism 
increases calcitriol synthesis and enhances renal phosphate 
re-absorption 

NUTRITION 
Nutrients: protein/ calcium/ 
vitamin D/ fatty acids 

• Osteoclast activity is related to food intake, and is decreased 
when energy intake is decreased 

• Glucose increases calcitonin secretions, decreasing 
parathyroid hormone 

• Food increases incretin hormones, glucagon like peptide 
(GLP1) and insulinotropic polypeptide (GIP), which 
increase insulin 

• Protein is a structural component of bone 

 

[233] 

 
[223, 234, 235] 

 
[206, 236-238] 

ACTIVITY   
Physical activity  • Exercise represents mechanical strain leading to bone 

deposition and improved bone mass 
• Bone turnover markers are not correlated with activity 
• Physical activity affects bone mineral density (BMD) and 

bone mineral content (BMC) of preadolescent girls. Greater 
activity having a positive influence on BMD 

• Girls 9-13y with higher activity have greater BMC and 
BMD than those with lower activity 

• Prepubescent children appear to have improved activity 
related osteogenic gains compared to adolescents 

 

[239] 

 
Legend: pQCT, peripheral quantitative computed tomography; BMI, body mass index; IGF1, insulin growth factor 1; GLP1, glucagon like peptide 1; 
GIP, gastric inhibitory polypeptide; BMD, bone mineral density; BMC, bone mineral content 
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1.10 QUESTION 5. DOES GLYCOMACROPEPTIDE IMPACT SATIETY 

AFFECTING THE ENERGY AND DIETARY INTAKE OF CHILDREN 

COMPARED TO L- AMINO ACID PROTEIN SUBSTITUTES? 

There is general agreement that protein is the most satiating macronutrient increasing 

gastrointestinal hormones and diet induced thermogenesis [108, 240-242]. Gastrointestinal 

incretin hormones regulate food intake by inducing or suppressing hunger, ghrelin, an 

orexigenic hormone or satiety hormones which include (CCK (cholecystokinin), GLP 1 

(glucagon like peptide 1) and peptide YY (PYY)) [243, 244]. Whey compared to casein is 

thought to have a greater impact on satiety by the action of CGMP and the release of 

cholecystokinin (CCK) [245, 246]. The evidence from various studies suggests there is only a 

tenuous relationship between CGMP and satiety [105, 241, 247-249] and there is no clear 

indication that one protein source is more satiating than others. 

  

MacLeod et al [125] studied the impact of CGMP or amino acids on appetite in eleven 

subjects with PKU. In a cross over study energy intake was bespoke for each subject but 

remained the same over the study period. Bloods were collected fasting and postprandially (180 

mins after breakfast) and analysed for total amino acids, plasma ghrelin and insulin 

concentrations. All subjects completed a motivation to eat visual analog scale (VAS) 

questionnaire. There were no differences between the two study diets for VAS. Postprandial 

total plasma amino acids and insulin concentrations were significantly higher with CGMP 

compared to amino acids. Postprandial ghrelin concentrations after the CGMP breakfast were 

significantly lower compared to the breakfast with amino acids. The authors proposed that 

CGMP had a positive effect on satiety due to lower ghrelin, and higher amino acid 

concentrations. In chapter 6 energy and dietary intake in children with PKU were studied 

systematically over a 3 year period. Two groups were studied one taking CGMP and a second 
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group taking amino acids as their protein substitute source. Any differences in appetite leading 

to a reduced energy intake were objectively examined. 

 

Chapter 6. The impact of the use of glycomacropeptide on satiety and dietary intake in 

phenylketonuria 

 

1.11 QUESTION 6. DO PROTEIN SUBSTITUTES LEAD TO BREATH 

MALODOUR AND ARE THEY IN PART RESPONSIBLE FOR NON- 

ADHERENCE IN CHILDREN WITH  PKU?  

 In PKU there are no immediate clinical consequences to non-adherence, and this is a 

common problem from the start of adolescence [67, 250]. In clinical practice caregivers report 

their children have breath malodour, particularly after the consumption of a protein substitute. 

This may fuel non-adherence by lowering self-esteem, increasing bullying and affecting 

interpersonal communication. Social isolation and consequently lower adherence with protein 

substitutes may result. Other factors precipitating non-adherence are the relentless strict dietary 

regimen and lack of food choice spontaneity. Isolation and emotional insecurity particularly 

when socialising with peer groups is a common finding. CGMP has been shown to improve 

palatability [114, 117], which has been linked to improved adherence. No study has 

quantitatively measured breath odour in PKU children. In a cross over study using gas 

chromatography ion mobility spectrometry exhaled volatile organic compounds were 

measured in children taking CGMP or AA protein substitutes over the course of 10 hours. 

 

Chapter 7. Investigation of paediatric PKU breath malodour, comparing glycomacropeptide 

with phenylalanine free L- amino acid supplements. 
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This thesis aims to draw together a series of questions centred around the efficacy of protein 

substitutes (CGMP and amino acids) essential in the management of PKU. The use of a 

bioactive protein substitute (CGMP) compared to conventional amino acids has not been 

extensively investigated. Over the course of 36 months, comparing CGMP with amino acids, 

we conducted eight studies reviewing phenylalanine tolerance, body composition, bone 

density, the effect on satiety and a preliminary investigation on amino acid absorption. 
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Abstract: Protein substitutes developed for phenylketonuria (PKU) are a synthetic source of protein
commonly based on L-amino acids. They are essential in the treatment of phenylketonuria (PKU)
and other amino acid disorders, allowing the antagonistic amino acid to be removed but with the
safe provision of all other amino acids necessary for maintaining normal physiological function.
They were first formulated by a chemist and used experimentally on a 2-year-old girl with PKU
and their nutritional formulations and design have improved over time. Since 2008, a bioactive
macropeptide has been used as a base for protein substitutes in PKU, with potential benefits of
improved bone and gut health, nitrogen retention, and blood phenylalanine control. In 2018, animal
studies showed that physiomimic technology coating the amino acids with a polymer allows a slow
release of amino acids with an improved physiological profile. History has shown that in PKU,
the protein substitute’s efficacy is determined by its nutritional profile, amino acid composition,
dose, timing, distribution, and an adequate energy intake. Protein substitutes are often given little
importance, yet their pharmacological actions and clinical benefit are pivotal when managing PKU.

Keywords: phenylketonuria; protein substitute; amino acid; glycomacropeptide

1. Introduction

Amino acids are unique substrates providing nitrogen, hydrocarbon skeletons and
sulphur [1]. They are essential precursors for the synthesis of proteins, peptides, and low
molecular weight substances such as glutathione, dopamine, nitric oxide, and serotonin [1].
In phenylketonuria (PKU), dietary treatment was made feasible with the introduction of
low/free phenylalanine synthetic proteins (protein substitutes), that have gradually ad-
vanced with time. In the 1950s, these were originally derived from protein hydrolysates, but
in the 1970s, phenylalanine-free amino acids were introduced. Protein substitutes provide
the building blocks of tissue proteins and their amino acids are essential for the synthesis
of hormones, enzymes, and other cellular processes. Therefore, their composition and nu-
tritional profile is fundamental, helping prevent neurological devastation, allowing normal
growth and biosynthetic functions. The original technology for making protein substitutes
was crude and limited but now precision manufacturing has improved their quality.

Although Følling [2] first identified phenylpyruvic acid in the urine of untreated
children with PKU, it was Penrose who recognised that it was a genetic recessive disorder
and named it phenylketonuria (PKU) [3]. He was also the first to try a dietary treatment
based on fruit, sugar, olive oil, and vitamins, but this protein-free diet lacked essential
phenylalanine and all other amino acids, resulting in malnutrition and so the treatment was
abandoned [4]. Twenty years later, protein substitutes were introduced, but their central
role in the management of PKU remains undervalued.

2. Early Studies

Følling and Penrose [5] both demonstrated that giving phenylalanine to a PKU subject
increased the excretion of phenylpyruvic acid. The type of phenylalanine ingested as
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D or L isomers had different effects on phenylpyruvic excretion, with L phenylalanine
leading to a greater production of phenylpyruvic acid. Similarly, in non-PKU subjects, L
phenylalanine was the preferred metabolised substrate, with D and DL isomers leading
to small amounts of phenylpyruvic acid but an absence when the L form was given due
to its complete metabolism. From these studies, they concluded that phenylpyruvic acid
excreted in PKU patients was due to an incomplete breakdown of phenylalanine. Tyrosine
when administered had no effect on urine phenylpyruvic acid excretion, concluding this
was metabolised normally. It was not until 1944 that Bernheim [6] demonstrated that the
main metabolic pathway for phenylalanine was by parahydroxylation of phenylalanine to
tyrosine. In 1953, Jarvis showed that it was the inability to perform this hydroxylation that
resulted in phenylketonuria [7].

Penrose and Quastel [5] conducted a series of feeding studies where they found that
by lowering the natural protein intake by >50% resulted in an immediate reduction in
urinary phenylpyruvic acid in a patient with PKU. However, after the second day of
treatment, urine phenylpyruvic acid re-appeared and increased over subsequent days. The
authors noted a weight loss over the same time and hypothesised that catabolism led to
the production of phenylpyruvic acid.

In 1951, a positive ferric chloride screening test in a symptomatic 2-year-old girl from
Birmingham, UK, preceded the first successful dietary treatment in PKU. She was only the
third child to be tested with the ferric chloride test at Birmingham Children’s Hospital [8].
In PKU, phenylpyruvic acid present in urine causes the characteristic greenish-blue colour
reaction when a few drops of ferric chloride are added [9]. On presentation, she was unable
to talk, walk, or engage with her surroundings; her mother waited for the doctor every
morning outside the hospital laboratory as she refused to accept that there was no treatment
for her daughters’ condition. Louis Woolf designed the first successful protein substitute
formulation used in PKU. He was a chemist with a commercial background and had used
hydrolysed casein to produce amino acids as a treatment for malnutrition after the Second
World War. Cost was a priority in the post war years and protein hydrolysates were readily
available and cheaper than pure amino acids. In 1949, he suggested that supplementation
of carbon treated casein hydrolysate with appropriate amounts of missing amino acids
(including a source of phenylalanine to prevent deficiency) could treat PKU. He was unable
to convince his medical colleagues at Great Ormond Street (GOS) Children’s Hospital,
London to try his proposed treatment. He recalls: “At GOS, the suggestion floated like a lead
balloon, I was told not unkindly that I should be devising new diagnostic tests, not dreaming up
crazy treatments for conditions that everybody knew were untreatable” [10]. In collaboration
with Drs Bickel, Hickman, and Gerrard from Birmingham, a modification of Louis Woolf’s
protein substitute was given to the 2-year-old child with PKU [11].

3. The First Protein Substitute

Casein was hydrolysed by boiling it for several hours with concentrated hydrochloric
or sulphuric acid to produce a thick black amino acid liquid. This solution was neutralised
with sodium hydroxide and then purified by the addition of activated carbon and finally
filtered to produce a clear solution of amino acids. This solution contained phenylalanine,
which was removed by a second filtration method using activated charcoal. This removed
the aromatic amino acids: phenylalanine, tryptophan, and tyrosine (although a small
residual amount of phenylalanine was detectable). To nutritionally improve the protein
substitute carbohydrate, fat, vitamins and minerals were added, together with tryptophan
and tyrosine [11]. This unpalatable solution was then mixed with sugar, wheat starch,
double cream and water and given as a formula to infants. In older children, it was either
flavoured with tomatoes and given as a soup [12], made into a blancmange with sugar,
margarine and wheat starch [13] or mixed with vegetable oil, and sugar and flavoured
with artificial flavourings [14].

The production of the original formula was difficult and time consuming and had to
be done in a cold room or it would deteriorate. The black charcoal covered everything and
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as the first formula was prepared, the sight of Dr. Bickel wrapped in layers of jumpers
topped by a charcoal smudged lab coat became a common sight [8]. Woolf identified that
a small amount of phenylalanine should be added to the formula as it was an essential
amino acid [15]. He stressed the need for careful monitoring, and he was also the first to
propose treatment for life in PKU [12,16,17].

Phenylalanine-free amino acids as a protein substitute for PKU were first tried in the
USA in the 1950s [18], but had to be abandoned most likely due to the pure amino acid
mixtures causing vomiting.

4. Amino Acid Requirements

In the early stages of making the protein substitute, the exact amino acid compo-
sition of the casein hydrolysate was unknown. Casein was low in sulphur containing
amino acids and cysteine was also partly removed by hydrolysis and charcoal filtration.
Bickel [19] suggested adding L cystine to the hydrolysate and Woolf proposed the addition
of DL methionine [20].

The amounts of tryptophan and tyrosine added to the first protein substitutes were
determined by amino acid requirements established in the early 1950s; this knowledge
was pioneered by Rose [21–25], Holt and Snyderman [26,27]. It was estimated that an
adult man required 1000 mg/day of L phenylalanine to maintain nitrogen equilibrium or
300 mg/day if tyrosine was provided [24]. Synderman [28] suggested that 90 mg per kg/day
of L phenylalanine was needed by an infant, but this was reduced to 25 mg/kg per day if
sufficient tyrosine was supplied. Other essential amino acid requirements were estimated
from the work of Rose, Leverton [23,29] and Swendseid [30]. In Woolf’s [12] original formula,
25 mg/kg/day of L tryptophan and 25 mg/kg/day of L methionine were given in addition
to 50 mg/kg/day of L tyrosine, a surrogate essential amino acid in PKU (Table 1).

Table 1. The original composition of the first protein substitute designed by Louis Woolf (1958).

Product Daily Intake

Casein hydrolysate 24 g

DL-tryptophan 1 g

L-tyrosine 2 g

DL-methionine 1 g

Sucrose 90 g

Cows milk 0–200 mL

Double cream 85 mL

Calcium hydrogen phosphate 0.71 g

Potassium chloride 0.65 g

Sodium chloride 0.016 g

Magnesium sulphate 0.165 g

Sodium citrate 0.177 g

Potassium iodide 0.00013 g

Citric acid 0.08 g

Water 850 mL
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Table 1. Cont.

Product Daily Intake

Vitamins and minerals

Choline chloride 100 mg

Inositol 216 mg

Vitamin B12 4 μg

Aneurine hydrochloride (vitamin B1) 0.5 mg

Riboflavin 0.5 mg

Pyridoxine 0.33 mg

Nicotinamide 3.33 mg

Ascorbic acid 40 mg

α-Tocopherol 0.33 mg

Acetomenaphthone (vitamin K) 0.5 mg

Biotin 0.17 mg

Folic acid 0.35 mg

Vitamin A 3000 iu

Vitamin D 500 iu

Zinc sulphate 0.0014 g

Ferrous sulphate 0.15 g

Manganous sulphate 0.0008 g

Cupric sulphate 0.003 g

There were challenges when administering the artificial diet in PKU [11]. The first child
to start treatment was admitted to hospital for 6 weeks. The musty smell associated with
PKU disappeared, plasma and urinary phenylalanine concentrations returned to normal,
and there was a negative ferric chloride test when the diet was commenced. However,
the child lost weight and within 5 days of treatment, plasma tyrosine concentrations
were un-recordable (with a change in hair pigmentation), and plasma phenylalanine was
raised. Tyrosine (1.5 g/daily) was added, correcting the low plasma tyrosine concentrations
and temporarily arrested weight loss. However, after a further 3 weeks, aminoaciduria
was noted, and in the fifth week, blood phenylalanine increased and phenylpyruvic acid
reappeared in the urine; this was associated with weight loss, vomiting, and the child was
described as unwell. These observations were important, highlighting that tyrosine became
an essential amino acid in PKU as a consequence of the biochemical block in converting
phenylalanine to tyrosine. Aminoaciduria, a result of weight loss and catabolism due to
phenylalanine deficiency, led to an increase in catabolism and a subsequent increase in
blood phenylalanine. Adding a measured amount of phenylalanine back into the diet
(typically 250–500 mg or equivalent to around 5–10 g protein/day) increased plasma
and urine concentrations, but to levels significantly below pre-treatment concentrations.
Laboratory analysis was laborious, each blood test was analysed in duplicate and the
production of a chromatogram took 3 days of intensive labour [8].

After 6 months of treatment, this child made remarkable progress; followed by a
cascade of successful case studies. Woolf [17] reported 3 cases, with a further publication of
10 cases in 1958 [12], in which children were treated from the age of three weeks to 5 years
of age. Armstrong and Tyler [31] reported the treatment of five children, and Armstrong
and Binkley in 1956 [32] followed the progress of an infant starting treatment at 40 days of
age. All reported that a low phenylalanine diet, supplemented with a low phenylalanine
protein hydrolysate corrected the major biochemical abnormalities.

It was also established that sufficient carbohydrate and fat (including a source of
linoleic acid) was necessary to prevent protein catabolism [20,33–35]. Woolf reported that
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the daily intake of hydrolysate should be high correcting for the inefficient utilisation of
the amino acids [12].

5. Commercial Protein Hydrolysate Preparations

Production of the hydrolysate moved from hospital laboratories to commercial pro-
duction in late 1953/early 1954. In Europe, Cymogran 1954/5 (Allen and Hanbury, London,
UK), XP Albumaid (1960) (Scientific Hospital Supplies, Liverpool, UK) and Minafen (de-
signed for infants in 1955), (Trufood Ltd., Guildford, UK) were developed and the US
produced Lofenalac (Mead Johnson, Chicago, IL, USA) in 1958. In the spirit of commercial
interest, Trufood and Allen and Hanbury agreed to share production with one company
making an infant substitute Minafen (Trufood)and the other (Allen and Hanbury) a prepa-
ration for older children Cymogran. Limited practical instructions were provided on how
to reconstitute these formulas and families had to weigh the prescribed powder. The main
difference between hospital and factory production was the use of ion exchange resins
to separate phenylalanine, dispensing with the sodium hydroxide and carbon filtration.
These synthetic filters consisted of microbeads from resin or polymers, allowing the separa-
tion and purification of the hydrolysed casein. These products were supplemented with
variable amounts of vitamins, minerals, carbohydrate and fat.

6. The First UK PKU Guidelines

In 1960, the UK Ministry of Health [9] provided guidelines on screening and early
detection of PKU, together with recommendations on optimal blood phenylalanine con-
centrations and provision of protein substitutes. They proposed screening by the ferric
chloride test at 4–6 weeks of age (which was later replaced by the Guthrie method in
1969 [36]). To prevent phenylalanine deficiency, a target blood phenylalanine concentration
slightly above normal was recommended (90–120 mmol/L), with blood phenylalanine
monitoring done twice weekly until stability was achieved, and then weekly or monthly
monitoring was required.

In infancy, a protein substitute, formulated and reconstituted similar to regular milk-
based infant formula was recommended. A second protein substitute with a lower energy
content was advocated for older children.

7. Nutritional Deficiencies with Early Protein Substitutes

In the early history of treating PKU by diet, there were concerns about ‘over- treat-
ing’ patients and maintaining very low phenylalanine blood concentrations. Nutritional
deficiencies, malnutrition, and even death were linked to dietary treatment [37]. In the
1960s, severe skin rashes in babies on Minafen (Allen and Hanbury Ltd., London, UK)
were reported [38–40]. Woolf [12] described a child with faltering growth and hair loss
when acetyl DL tryptophan was accidentally given instead of DL tryptophan; stopping
the acetyl derivative immediately reversed the symptoms. Studies in animals fed syn-
thetic low phenylalanine diets [41] led to the addition of choline, riboflavin, folic acid,
and vitamin E to the hydrolysate preparations. Two reports of folic acid deficiency were
described [42,43], one child had megaloblastic anaemia due to folic acid deficiency exac-
erbated by vomiting and poor feeding and subsequently died. Hypoglycaemia was also
reported in two cases [44].

8. Amino Acid Preparations

In the late 1960s, commercial amino acid formulas were made from pure crystalline
amino acids by fermentation of bacteria. They were manufactured by the Japanese at an
affordable cost [45]. The first product for PKU was Aminogram Food Supplement [46,47],
which had several advantages, compared to hydrolysed formulas including improved
taste and a lower daily volume, with an amino acid composition that could be easily
adapted for the treatment of other aminoacidopathies such as maple syrup urine disease,
homocystinuria, and tyrosinaemia type 1.
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Manz [48] reported anorexia and vomiting in some infants given amino acid prepara-
tions. Metabolic acidosis was observed when the preparations contained amino acids in the
form of hydrochloride salts or when the ratio of sulphur containing amino acids was too
high, leading to higher urinary pH and increased renal net acid excretion. Modifications in
the amino acid preparations normalised the renal net acid excretion and acidosis.

The early commercial preparations of L amino acid substitutes required separate
supplementation with vitamins and minerals and careful monitoring of nutritional sta-
tus was essential. These vitamin and mineral supplements were commonly deficient in
molybdenum, chromium, selenium, and pantothenic acid [49,50].

L-amino acid substitutes nutritionally complete: In 1980, the first UK amino acid
preparation supplemented with carbohydrate, vitamins, mineral, and trace elements and
designed for children over 1 year of age with PKU was manufactured. It was flavoured for
improved taste and palatability. In 1988, a similar product (but also with added taurine
and carnitine), but formulated for children over the age of 8 years and suitable for maternal
PKU, was introduced [51]. From the 1990s, further advances were made in the nutritional
formulations, taste, and presentation of protein substitutes (Table 2). Although selenium
supplementation was added to protein substitutes from the late 1980s, many countries
were wary about adding selenium to protein substitutes due to concerns about its toxicity
which had been responsible for deaths in man and animals and was referred to as the
‘essential poison’ [52]. Consequently, this led to reports of many cases of biochemical
selenium deficiency [53,54].

Table 2. Introduction of protein substitutes.

Laboratory produced preparation

1952
Hydrolysed casein, powdered preparation, nutritionally incomplete, low phenylalanine
Addition of tyrosine, tryptophan and methionine, carbohydrate, fat, vitamins and minerals

Commercial produced preparations

1954
Hydrolysed casein, powdered preparation, nutritionally incomplete, low phenylalanine
Trufood (infant product), Allen and Handbury/Mead Johnson (older children)

1960
L amino acid, powdered preparation, nutritionally incomplete phenylalanine free
Powell and Scholfield powdered preparation taken as a drink

1980
L amino acid, powdered preparation with added carbohydrate and fat nutritionally
complete, phenylalanine free
Powdered flavoured preparation taken as a drink

1988
L amino acid, powdered preparation with added carbohydrate and fat nutritionally
complete, phenylalanine free
Powdered preparation taken as a drink for >8 years and adults

1988
L amino acid, powdered preparation, with added carbohydrate and fat, nutritionally
complete designed for infants, phenylalanine free
Powdered preparation used for infants 0–12 months

2001
L amino acid, powdered preparation with added carbohydrate and essential fatty acids,
nutritionally complete, phenylalanine free
Powdered flavoured preparation taken as a drink

2001
L amino acid powdered preparation, spoonable paste added carbohydrate, fat free,
nutritionally complete, phenylalanine free
Powdered flavoured preparation taken as a spoonable paste

2002
L amino acid tablets, nutritionally incomplete, phenylalanine free
Amino acid tablets

2003

L amino acid powdered preparation, low carbohydrate, no fat, nutritionally complete,
phenylalanine free
Powdered flavoured preparation taken as low volume drink or spoonable paste for
children >8 years
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Table 2. Cont.

2006
L amino acid ready to drink preparation, low carbohydrate no fat, nutritionally complete,
phenylalanine free
Ready to drink flavoured liquid

2008
Casein macropeptide with L amino acid nutritionally complete with essential fatty acids,
low phenylalanine.
Powdered preparation make into a low volume drink

2018

Slow release L amino acid preparation, carbohydrate and fat free, nutritionally complete,
phenylalanine free
Micro tablets, made from L amino acids coated with ethyl cellulose and alginate which slowly
release the L amino acids

It was also established that the fat intake of children with PKU was low [55] and n-3
long chain polyunsaturated fatty acid status was sub-optimal [56]. This led to the addition
of essential fatty acids to protein substitute powders designed for children [57]. Around the
same time, long chain polyunsaturated fatty acids were added to infant protein substitutes
in 2000; in a double blind randomised study, infants received either a formula with or
without a supplemented fat blend of long chain polyunsaturated fatty acids (LC-PUFA).
The results clearly showed the benefit of supplementation [58] and led to the addition of
LC-PUFA to other products designed for older children.

Over the years, there has been much endeavor to ensure that protein substitutes
meet changing nutritional trends and accommodate nutritional requirements according
to life stage. In 2011, the first phenylalanine-free infant formula containing a specific
mixture of prebiotic oligosaccharides was introduced [59]. This helped maintain levels of
bifidobacteria and lower stool pH in infants with PKU. There is concern about increasing
obesity rates in the PKU and non PKU population, so many recent protein substitutes
introduced for children, teenage, and adults with PKU have a lower carbohydrate and
energy composition [60]. Impact on lowering obesity rates has not yet been proven.

The nutritional adaptation of protein substitutes in order to gain clinical benefit is an
area likely to grow in the future. Recently, specific nutrient combinations (containing uri-
dine monophosphate, docosahexaenoic acid, eicosapentaenoic acid, choline, phospholipids,
folic acid, vitamins B12, B6, C, and E, and selenium) have been studied in PKU mice to
examine the impact on synaptic deficits in PKU [61]. The specific nutrients are precursors
and cofactors for the synthesis of phospholipids thought to be beneficial in improving the
neurotransmitter/synaptic changes in PKU. This combination of nutrients has been shown
to have a benefit on synapse formation, morphology, and function in mouse models of
Alzheimer’s disease so it may be an important nutritional adaptation of protein substitutes
for older patients [62].

9. Choice of Protein Substitutes

The choice, composition, and presentation of protein substitutes have expanded at
fast moving rates since the turn of the century. This time was associated with the evolution
of pre-packaged and premeasured products, which has not only improved convenience
but also accuracy, adherence, and ease of protein substitute prescription for clinicians.

Spoonable low volume protein substitutes: An innovative substitute designed for
young children with PKU was produced in 2000, based on phenylalanine free amino acids
and starch to which a small amount of water was added, forming a gel/paste that was
similar in consistency to a weaning food [60]. This low volume, fat free, lower calorie,
more concentrated amino acid substitute had the advantage of allowing transition onto
a second stage product from the age of 6 months, in line with complementary feeding. It
was presented in premeasured sachets (dispensing with the need for large tins of formula),
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was easy to prepare, with a good consistency and acceptable taste. Normal infant feeding
behaviour, teething, and intercurrent infection can lead to its rejection in late infancy so
perseverance and a consistent approach is needed by parents [63,64].

Ready to drink liquid protein substitutes: In 2005, ‘ready to drink’ flavoured pheny-
lalanine free amino acid pouches were introduced. These small volume, lower energy
protein substitutes were convenient and compact, allowing greater independence for chil-
dren and teenagers. Patients were less self-conscious taking a liquid drink compared to a
powdered preparation [65]. The pharmacological efficacy of these lower volume substi-
tutes did not compromise nutritional biochemistry or phenylalanine concentrations, which
remained the same or improved [60]. One potential problem was abdominal discomfort
(constipation/diarrhoea), attributed to the hyperosmolar concentration of the lower vol-
ume protein substitutes [66,67], and like all concentrated amino acid products, they should
be administered with additional water.

Protein substitute tablets: Amino acid tablets and modular systems were also in-
troduced around 2000. Modular systems are when a combination of amino acid tablets,
capsules, liquids, powder, or bars of amino acids are used to provide daily protein substi-
tute requirements, allowing flexibility of choice. In a randomised crossover study, it was
shown that subjects with PKU successfully took at least 40% of their protein substitute
as tablets, with an improvement in adherence and significantly lower blood phenylala-
nine concentration [68]. The quantity of tablets to meet protein requirements was around
70/day, and they were not nutritionally complete, requiring extra supplementation with
vitamins and minerals. They provide an alternative for older children and adults who
struggle taking conventional protein substitute. Micro-tablets of amino acids have since
been introduced.

Caseinglycomacropeptide with amino acids (CGMP-AA): CGMP-AA was intro-
duced in the UK in 2017, although first used in the USA as a protein substitute for PKU
in 2008 [69]. CGMP is purified from whey by anion exchange chromatography, but the
final product does contain residual amounts of aromatic amino acids including pheny-
lalanine [70]. CGMP-AA is different from amino acid substitutes; approximately 40% of
the product is composed of amino acids, with the rest as a bioactive peptide; based on a
macropeptide, they are associated with improved taste and palatability [71].

Slow-release protein substitute: A prolonged release product was first developed in
2014 [72] but there was little supporting published data demonstrating its effectiveness. In
2018, a slow release preparation containing amino acids coated with ethyl cellulose and
alginate was introduced. Based on physiomimic technology, the bitter taste and smell of
amino acids was improved, and as this product is not mixed with fluid, it does not have
an osmolality. Most importantly, the technology prolongs the release of amino acids into
the systemic circulation. Animal and human kinetic studies demonstrate a reduced peak
concentration of amino acids. This new technology suggests a physiological absorption
of amino acids similar to natural protein [73,74]. In a short-term observational study
using prolonged amino acids in subjects with PKU, it was well tolerated, with fewer
gastrointestinal symptoms and no change in blood phenylalanine concentrations [75].

10. Pharmacological Importance of Protein Substitutes

The amount of protein equivalent (g/kg) from protein substitutes affects blood pheny-
lalanine control [76–79]. As early as 1961, an observational study performed by O’Daly [80]
showed protein substitutes significantly lowered blood phenylalanine concentrations. Fur-
ther studies have shown that phenylalanine tolerance is increased when total protein intake
from a protein substitute is increased [79,81].

Protein substitutes have an important function at the blood brain barrier. Large
neutral amino acids including phenylalanine compete for LAT1, a large neutral amino
acid transporter allowing entry of amino acids into the brain [82]. Phenylalanine has a
particularly high affinity for LAT1 and protein substitutes are the only source of competitive
large neutral amino acids necessary to prevent excess phenylalanine entering the brain.
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These pharmacological effects of ingesting an amino acid rich formula are frequently
neglected and given little scientific credence, and yet they have a significant impact on
phenylalanine metabolism and long-term physical and neurological outcome. The gut
also controls the absorption of amino acids across the epithelial membrane. Phenylalanine
is transported as a carrier mediated sodium dependent process which requires energy.
Similar to the blood brain barrier, large neural amino acids are transported in the gut by
LAT1, also known as SLC5A7, for which phenylalanine has a high affinity [83,84].

11. Protein Substitute Requirements

Human requirements for each amino acid are specific to age, metabolic demands
(immune/neuromuscular), and growth rate (protein deposition) [76,85,86]. For protein
synthesis to occur, all the amino acids should be available; absence of one leads to the
cessation of synthesis [1]. Snyderman [87] reported that the complete withdrawal of pheny-
lalanine from the diet in a normal infant led to the depression in several other amino acids,
the most prominent being tyrosine, hence the importance of tyrosine supplementation.
Woolf showed that the nitrogen content of the artificial substitute was not an exchange
for natural protein; the hydrolysate contained less nitrogen, was rapidly absorbed from
the gut with greater oxidation and urinary amino acid losses [88,89], therefore sufficient
product was needed to meet nitrogen requirements.

A protein substitute intake that just meets minimum WHO requirements (WHO/FAO/
UNU 2007) [90] may result in ‘latent’ catabolism, leading to body tissue breakdown,
increasing phenylalanine concentrations. Protein utilisation is enhanced by a supply of
carbohydrate and fat [91,92] further illustrated in a randomised controlled study in PKU
subjects by MacDonald [93] and supported by Illsinger [94].

The European PKU Guidelines recommend that the total protein intake should supply
40% more than the FAO/WHO/UNU safe levels of protein intake [95]. However, this
amount is arbitrary and unconfirmed by research [67]. A collaborative study [96] involving
63 European and Turkish IMD centres concluded that the amount of total protein prescribed
by different European countries was not uniform. All centres gave higher protein equiva-
lents than the recommended 2007 WHO/FAO/UNU [90] safe levels of protein intake with
Western European centres prescribing less total protein then other European regions.

To maximise the utilisation of amino acids and minimise the variation in phenylala-
nine concentrations, protein substitutes should be taken frequently, a minimum of three
times a day. MacDonald [97] demonstrated that the greater the amount of protein substitute
consumed between waking and 4 p.m., the greater the decrease in phenylalanine concentra-
tions. Likewise, when protein substitute was given 4 hourly for 24 h, there was a marked
stablisation in phenylalanine concentrations, reducing phenylalanine variability [98].

Tyrosine, a precursor of catecholamine neurotransmitters (dopamine, norepinephrine,
and epinephrine), thyroxine, and melanin, is an essential amino acid in PKU due to the
limited or absent hydroxylation of phenylalanine. It is hydrophobic and the absolute
quantities added to protein substitutes are not defined. Indicator amino acid oxidation
studies [99] suggest tyrosine should provide 19 mg/kg/day, although current protein sub-
stitutes provide approximately 5 times above current recommendations. The importance of
tyrosine was recognised by the Report of the Medical Research Council working party on
PKU [100], which recommended that protein substitutes should be nutritionally complete
and contain 100–120 mg/kg/day of tyrosine.

12. Protein Substitute Administration

In the early history, the practicalities of administering an acid based hydrolysed
unflavoured product were particularly challenging. Bentovim [46] described the struggles
families faced trying to persuade children to take the acid tasting formula: the large daily
volume that needed to be consumed, regular vomiting, refusal to eat permitted food
due to negative associations with the substitute, the bad smell, and lack of palatability.
Furthermore, children experienced isolation and psychological difficulties particularly
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in the school years. This was one of the factors leading to diet cessation as early as 6
years [101–103]. An extract from the Cork Examiner describes the struggles faced by one
family adapting to the news that their two children had been diagnosed with PKU and the
dietary changes and challenges made to improve their neurological outcome [104].

Despite the advances in technology, almost all protein substitutes have a strong taste
and odour and are associated with poor palatability and breath odour. They are a burden
to patients as they must be consumed a minimum of three times daily and spread evenly
throughout the day. Ford [66] reported 293 of 631 participants with PKU (39% of adults, 11%
of children) either did not take protein substitute or took less than their prescribed amounts.

Verbatim extract from study: Our greatest struggle is getting our son taking his
protein substitute. He refuses to take it and it can take up to 45 min for him to finish one
with a lot of upset.

Evans [105], in a case control study in PKU children of weaning age, highlighted the
stress, anxiety, and struggles associated with protein substitute administration. Maternal
anxiety regarding child rejection of protein substitute increased with time peaking at 12–
24 months. Similarly, in 2016, MacDonald [106] reported in 114 children with PKU, dietary
management was associated with a considerable time and financial burden for caregivers,
with much time spent supervising protein substitute intake.

13. Conclusions

In PKU, the early pioneers understood the physiological importance of protein substi-
tutes. They stressed the need for a balanced amino acid profile, for even administration
throughout the day, together with an adequate energy intake and dietary treatment for life.
Although these principals remain unchanged 70 years later, each decade has witnessed
improvements in the delivery and nutritional composition of protein substitutes, which
remain of fundamental importance in the treatment of PKU. Further changes are needed,
to deliver improved taste and odour-free products, with the properties of natural protein
delivering a stable chemical environment associated with optimal physiological function
and patient tolerance.

An extract from the Irish Cork Examiner describes the struggles of a family diagnosed
with PKU in 1959, the son aged 4 and the daughter 2 1

2 years old. This extract describes the
determination, sacrifice, hardship, and success against the better judgement of expert advice.

25 October 1962. Phenylketonuria: A story of heartbreak and hope.

“Treatment might help your daughter” he said “but for your son detection has come too
late.” He would deteriorate so much that at a later stage institutional care was inevitable.
No one had attempted treatment on a child over 2 years. But the specialist was willing
to give my little girl a trial. I pleaded for both of them not knowing the terrible struggle
this entailed.

The boy was difficult, backward and had no speech while his sister could neither walk or
talk and was unable to sit up alone and was extremely difficult to manage. Those first
months of 1959 were a nightmare from which there was no awakening. The introduction of
the unpalatable diet and the cessation of stews, broths and chocolate sundaes brought tears
and tantrums. How I dreaded the ice cream vendors that first summer and the laughing
lolly licking youngsters who stood on our corner. The synthetic protein (Minafen) was
unpleasant to take, but I have found it can be disguised reasonably well in savouries
and cookies.

Each child is allowed approximately 270 mg of phenylalanine per day according to body
weight. If the child were to have 1oz of porridge oats this would cover 241.5 mg of their
daily allowance, whereas 1oz of tomatoes would only represent 5 mg, so planning meals
for them was at one time a highly complicated business. Now I possess a simplified chart
of foods with a low phenylalanine content and by drawing on almost every cook book in
print for ideas I have complied my own Cook Book for Phenylketonurias. Special gluten
free flour must be used for bread making and Kosher margarine replaces butter, bread
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making with wheat starch was a different matter “Neolite or just plain leather “was my
husband’s query at my first attempt. Meals for ourselves present a real problem. It is so
difficult to take a hearty T bone steak or peach meringue while two pair of eyes watch
with longing. Meals out are impossible as is home entertainment, but it has been so
worthwhile, the little girl unable to talk or walk takes some chasing and her speech is
coming slowly. Responsiveness and alertness have taken place in slow but sure degrees.
My son now 7 has made remarkable progress benefiting from a normal education.’

Although detection of PKU and treatment soon after birth is essential for complete
recovery we have proved beyond all doubt that much can still be done.
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Abstract

Background: In phenylketonuria (PKU), there are no data available for chil-

dren with respect to evaluating casein glycomacropeptide (CGMP) as an

alternative to phenylalanine-free protein substitutes [Phe-free L-amino acid

(AA)]. CGMP contains a residual amount of phenylalanine, which may alter

blood phenylalanine control.

Methods: In a prospective 6-month pilot study, we investigated the effect on

blood phenylalanine control of CGMP-amino acid (CGMP-AA) protein

substitute in 22 PKU subjects (13 boys, nine girls), median age (range) 11 years

(6–16 years). Twelve received CGMP-AA and nine received Phe-free L-AA, (1

CGMP-AA withdrawal). Subjects partially or wholly replaced Phe-free L-AA

with CGMP-AA. If blood phenylalanine exceeded the target range, the CGMP-

AA dose was reduced and replaced with Phe-free L-amino acids. The control

group remained on Phe-free L-AAs. Phenylalanine, tyrosine and Phe : Tyr

ratio concentrations were compared with the results for the previous year.

Results: In the CGMP-AA group, there was a significant increase in blood

phenylalanine concentrations (pre-study, 275 lmol L�1; CGMP-AA,

317 lmol L�1; P = 0.02), a decrease in tyrosine concentrations (pre-study,

50 lmol L�1; CGMP-AA, 40 lmol L�1; P = 0.03) and an increase in Phe :

Tyr ratios (pre-study, Phe : Tyr 4.9:1; CGMP-AA, Phe : Tyr 8:1; P = 0.02). In

the control group there was a non-significant fall in phenylalanine concentra-

tions (pre-study 325lmol/L: study 280lmol/L [p = 0.9], and no significant

changes for tyrosine or phe/tyr ratios [p = 0.9]. Children taking the CGMP-AA

found it more acceptable to L-AA.

Conclusions: Blood phenylalanine control declined with CGMP-AA but, by

titrating the dose of CGMP-AA, blood phenylalanine control remained

within target range. The additional intake of phenylalanine may have con-

tributed to the change in blood phenylalanine concentration. CGMP-AA use

requires careful monitoring in children.

Introduction

In phenylketonuria (PKU), a protein substitute free of

phenylalanine, but nutritionally complete in all other

amino acids, vitamins and minerals, is an essential part of

dietary management. The original protein substitutes were

based on casein hydrolysates (1) and, during the 1970s,

they were gradually replaced by L-amino acid

supplements (L-amino acids) (2,3). Although considerably

improved in palatability and nutritional composition, the

amino acid composition (g protein equivalent–1) of pro-

tein substitutes has changed little. It is established that

their dosage and timing (4,5) may have an impact on

blood phenylalanine control.

Casein glycomacropeptide (CGMP) is a 64 amino acid

phosphorylated glycopeptide released from j casein by the
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action of chymosin (rennin) during the cheese-making

process; the end product has been adapted for use as a pro-

tein substitute in PKU. CGMP was first given to a 29-year-

old PKU male after safety studies in PKU mice showed

improvement in metabolic control (6–8). Although its use is

not well established within Europe (9), it is clear that

CGMP-amino acid (AA) supplements offer several theoret-

ical advantages compared to conventional Phe-free

L-amino acid supplements. They have been reported to

have a better taste (10,11), increase the efficacy of protein

utilisation (12,13), improve nitrogen retention (7,14), poten-

tially improve long-term bone health (15) and have intesti-

nal anti-inflammatory activity that may be important in

long term health in PKU (16). There is a suggestion that they

reduce post-prandial phenylalanine concentrations (10).

Unmodified CGMP contains very low levels of argi-

nine, cysteine, histidine, tryptophan, leucine and tyrosine,

and the content of the large neutral amino acids, thre-

onine and isoleucine, is two to three times the amount of

other protein substitutes based on L-amino acid supple-

ments. Commercial preparations of CGMP-AA, used in

the treatment of PKU, require supplementation with lim-

iting amino acids. (17) Although the optimal profile of

L-amino acids added to CGMP-AA is yet to be deter-

mined, van Calcar (2009) (10) suggested they provide

130% more histidine, methionine, leucine and tryptophan

and 150% more tyrosine than the American (2002) dietary

reference intakes. Commercial CGMP-AA protein substi-

tutes contain residual phenylalanine (1.5–1.8 mg g�1 pro-

tein) and there are no published long-term human studies

reporting the safety, both in terms of growth and blood

phenylalanine control, of CGMP-AA in children. Consid-

ering CGMP-AA protein substitutes contain phenylala-

nine, it is important to establish via longitudinal, long-

term studies whether CGMP-AA based protein substitutes

have any adverse effect on blood phenylalanine concentra-

tions in children with PKU.

In the first of a series of studies, we investigated the

impact on blood phenylalanine control of a CGMP-AA

based protein substitute with an amino acid profile that

aimed to provide the World Health Organization/Food

and Agriculture Organization/United Nations University

(WHO/FAO/UNU) (2007) requirements in children aged

5–16 years with PKU.

Materials and methods

Subjects

Twenty-two (13 boys, nine girls) children with PKU were

recruited, with a median age (range) of 11 years (6–
16 years). Nineteen children were European and three

were of Pakistani origin. Inclusion criteria included

known adherence with protein substitute and low

phenylalanine diet, aged 5–16 years achieving 70% of

blood phenylalanine concentrations within the age-related

phenylalanine target range (120–360 lmol L�1 for chil-

dren 5–10 years, 120–600 lmol L�1 for patients 11–
16 years), diagnosed by new-born screening, and not

treated with sapropterin dihydrochloride.

The South Birmingham Research Ethics committee

granted a favourable ethical opinion. Written consent was

obtained for all subjects from at least one caregiver with

parental responsibility and written assent was obtained

from the subject if appropriate for their age and level of

understanding.

Selection into control or CGMP-AA group

Children chose which product they preferred to have as

their protein substitute: CGMP-AA or Phe-free L-amino

acid (L-AA). To ensure adherence with CGMP-AA at

5 weeks before the start of the study, each child was

asked to take 20 g of protein equivalent from CGMP-AA

for 7 days. If they preferred the CGMP-AA, they entered

the CGMP-AA arm of the study at week 0 (baseline);

otherwise, they remained on Phe-free L-amino acids and

so entered the control study arm at week 0.

CGMP-AA protein substitute

The CGMP-AA was supplemented with amino acids to

meet WHO/FAO/UNU (2007) requirements, with added

carbohydrate, fat and a comprehensive range of micronu-

trients. Each 20 g of protein equivalent from the CGMP-

AA based protein substitute contained 30 mg of pheny-

lalanine (Table 1).

Intake of CGMP-AA and conventional phenylalanine-

free L-amino acid

The amount of CGMP-AA was individually prescribed for

each child, with the dose titrated against blood phenylala-

nine concentrations. Subjects partially or wholly replaced

their conventional L-amino acid supplement with CGMP-

AA. If blood phenylalanine concentrations were above

target range for 3 consecutive weeks, the dose of CGMP-

AA was reduced by 20 g day�1 protein equivalent and

replaced with 20 g of protein equivalent from Phe-free L-

amino acids. Subjects in the control group remained on

their usual Phe-free L-amino acid supplement throughout

the study period (Table 2).

Anthropometric measurements

At baseline (week 0) and at the end of the study (week

26), weight, height and body mass index were recorded.
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The same investigator measured weight and height.

Height was measured on a Harpenden stadiometer (Hol-

tain Ltd, Crymych, UK) and weight was measured on cal-

ibrated digital scales. Both were measured to the nearest

0.1 unit decimal point.

Dietary assessments

Each subject/caregiver completed a 3-day weighed food

diary. Monthly home visits were conducted to assess

adherence with protein substitute and low phenylalanine

diet. The 3-day weighed food intake was calculated using

the MICRODIET (Microdiet Downlee Systems Ltd, Chapel-

en-le-Frith, UK), analysing phenylalanine, protein and

energy intake from all natural food sources (e.g. 50 mg of

phenylalanine exchange foods, low protein prescribed

product, fruit and vegetables).

Blood phenylalanine/tyrosine monitoring

From baseline to study end, weekly overnight fasting

morning blood spots were collected by trained caregivers

at home. Blood specimens were sent via the postal ser-

vice to the laboratory at Birmingham Children’s Hospi-

tal. Blood samples were collected on filter cards [Perkin

Elmer 226 (UK Standard NBS); Perkin Elmer, Waltham,

MA, USA]. All of the cards had a standard thickness

and the blood phenylalanine and tyrosine concentrations

were calculated on a 3.2-mm punch by tandem mass

spectrometry.

The median of the sum of all the weekly blood pheny-

lalanine, tyrosine and phenylalanine to tyrosine ratios

(Phe : Tyr) during the 6-month study period was calcu-

lated and compared with median of the sum of all the

weekly/fortnightly blood concentrations from the previous

12 months prior to entering the study.

Table 1 Nutritional and amino acid profiles for 20 g of protein

equivalent of study CGMP product

Study product

CGMP-AA

Per 35 g

Energy MJ kJ�1 (kcal kJ�1) 0.502 (120)

Protein equivalent (g) 20

Total carbohydrate (g) 6.5

Sugars (g) 2.2

Total fat (g) 1.5

Saturates (g) 0.2

Monounsaturated (g) 0.44

Polyunsaturates (g) 0.12

Docosahexaenoic acid (mg) 84

Arachidonic acid (AA) (mg) 0

Eicosapentaenoic acid (mg) 0

Fibre (g) 0.1

Salt (g) 0.53

Vitamin A (lg RE) 283

Vitamin D (lg) 4.5

Vitamin E (mg) 6.5

Vitamin C (mg) 38

Vitamin K (lg) 35

Vitamin B1 (thiamine) (mg) 0.68

Vitamin B2 (riboflavin) (mg) 0.78

Vitamin B3 (niacin) (mg) 8.4

Vitamin B5 (pantothenic acid) (mg) 2.7

Vitamin B6 (pyridoxine) (mg) 1.0

Vitamin B7 (biotin) (lg) 63.9

Vitamin B9 (folic acid) (lg) 136

Vitamin B12 (cyanocobalamin) (lg) 1.6

Choline (mg) 204

Sodium (mmol) 9

Potassium (mmol) 6.8

Chloride (mg) 7

Calcium (mg) 407

Phosphorous (mg) 395

Magnesium (mg) 128

Iron (mg) 7.3

Copper (lg) 748

Zinc (mg) 7.3

Manganese (mg) 1.1

Iodine (lg) 85.7

Molybdenum (lg) 49

Selenium (lg) 29.9

Chromium (lg) 29.9

Amino acids (g 20 g–1 PE)

L-alanine 0.76

L-arginine 1

L-aspartic acid 2.04

L-cysteine 0.01

Glycine 2.77

L-histidine 0.42

L-isoleucine 1.37

L-leucine 1.3

L- lysine 1.07

L-methionine 0.54

L-phenylalanine 0.03

Table 1 Continued

Study product

CGMP-AA

Per 35 g

L-proline 1.51

L-serine 0.98

L-threonine 2.17

L-tryptophan 0.17

L-tyrosine 1.01

L-valine 1.31

L-glutamine 1.73

Total amino acids 20.19

L-carnitine (mg) 1.01

Taurine (mg) 1.13

CGMP-AA, casein glycomacropeptide amino acid; RE, retinol equiva-

lent.
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Acceptability

After 7 days of taking CGMP-AA, caregivers and patients

completed acceptability questionnaires. They were asked

questions about taste, smell, texture, mouthfeel and over-

all acceptability of the CGMP-AA.

Statistical analysis

Statistical analysis was performed using nonparametric

Wilcoxon matched pairs signed rank testing and the Pear-

son correlation coefficient. P < 0.05 was considered statis-

tically significant.

Results

Subjects

Twelve children (aged 6–16 years) were in the CGMP-

AA group and nine (aged 6–14 years) were in the L-AA

group. At baseline in both the CGMP-AA and L-AA

groups, the median protein equivalent from protein sub-

stitute was 60 g day�1 (60–80 g). Prior to starting the

CGMP-AA protein substitute, one subject took a pow-

dered preparation (XP Maxamum; Nutricia Ltd, Trow-

bridge, UK); 11 liquid pouches [Lophlex PKU, n = 2

(Nutricia Ltd) and PKU Cooler, n = 9 (Vitaflo Ltd,

Liverpool, UK)]. In the L-AA group, the entire protein

substitute was from Phe-free L-AA supplements. They

either received liquid pouches (LQ Lophlex PKU, n = 1;

PKU Cooler, n = 7) or powdered preparations (PKU gel,

n = 1; Vitaflo Ltd).

In the CGMP-AA group, CGMP-AA was titrated with

their usual L-AA product, the median intake of protein

equivalent was 50% from CGMP-AA and 50% from Phe-

free L-AA at 6 months. In both groups, the median

amount of prescribed natural protein from food sources

was 5 g day�1 (3–30 g). One 12-year-old boy was

excluded from the CGMP-AA group because he failed to

adhere to the inclusion criteria of blood phenylalanine

control within 70% of target range as a result of poor

dietary adherence.

Blood phenylalanine concentrations

At the end of the study period, there was a significant

increase in blood phenylalanine concentrations in the

CGMP-AA group (pre-CGMP-AA, 275 lmol L�1; with

CGMP-AA, 317 lmol L�1; P = 0.02), although the med-

ian blood phenylalanine control remained within target

range. Overall, 75% of the subjects had higher median

phenylalanine concentrations compared to the retrospec-

tive results for the previous year. In seven subjects, the

amount of protein equivalent from CGMP-AA was

reduced to avoid median phenylalanine concentrations

Table 2 Comparison of the median change in blood phenylalanine concentrations (range) from the previous 12 months (before start of study) to

week 26 (end of study) for the CGMP-AA and L-AA groups and, for the CGMP-AA group, the percentage contribution of protein equivalent

from CGMP-AA from baseline to end of study and median CGMP-AA protein equivalent intake at 6 months

CGMP-AA group Control group

Subjects

Age

(years)

Median phenylalanine

lmol L�1 (range)

Median %

protein

equivalent from

CGMP-AA Median protein

equivalent from

CGMP-AA at

6 months Subjects

Age

(years)

Median phenylalanine

lmol L�1 (range)

pre- CGMP-AA

6 month

CGMP-AA Baseline 6 month

12 month

pre-study

6 month

study

1 15 255 (160–440) 345 (290–420) 100 100 60 1 12 360 (100–560) 455 (250–910)

2 11 350 (210–490) 390 (280–510) 100 100 80 2 10 470 (80–570) 245 (110–700)

3 11 550 (240–1120) 610 (320–990) 100 100 60 3 14 350 (180–710) 350 (130–1080)

4 10 315 (70–550) 430 (280–760) 100 30 50 4 9 325 (90–670) 280 (60–450)

5 6 270 (60–510) 420 (160–680) 100 30 20 5 14 540 (100–740) 540 (240–610)

6 6 320 (180–510) 470 (110–710) 100 30 20 6 7 235 (100–500) 180 (80–610)

7 7 220 (90–520) 265 (100–980) 100 70 40 7 12 210 (70–580) 280 (100–520)

8 8 170 (90–660) 250 (110–610) 80 75 60 8 14 240 (70–880) 180 (60–850)

9 7 225 (80–400) 290 (130–700) 75 75 75 9 6 190 (80–480) 270 (110–690)

10 8 225 (100–520) 220 (80–490) 30 30 30

11 7 280 (80–690) 270 (50–410) 30 30 30

12 11 290 (80–630) 200 (70–600) 30 30 30

Median 275 317 100 50 45 325 280

P = 0.02 P = ns

CGMP-AA, casein glycomacropeptide amino acid.
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above target concentrations (Fig. 1 and Table 2). Three

subjects remaining on only 20 g of protein equivalent

from CGMP-AA had no increase in blood phenylalanine

concentrations. However, there was no significant correla-

tion between the dose of CGMP-AA and change in blood

phenylalanine concentrations (r = 0.6) (Fig. 1). In the

control group, there was a nonsignificant fall in median

phenylalanine concentrations (pre-study, 325 lmol L�1;

study, 280 lmol L�1; P = 0.9) compared to the previous

year’s median results.

Tyrosine concentrations (table 3)

In the CGMP-AA group, there was a significant decrease

in tyrosine concentrations (pre-study, 50 lmol L�1; with

CGMP-AA, 40 lmol L�1; P = 0.03), although this was

still above the lower reference range. In the control

group, tyrosine concentrations remained unchanged (pre

and post study 40lmol/L [p = 1]).

Phenylalanine and tyrosine ratio (table 4)

There was a significant difference in the Phe/Tyr ratio in the

CGMP-AA group (Phe : Tyr ratio pre-study, 4.9:1, with

CGMP-AA, 8:1; P = 0.02). There was no significant differ-

ence in the Phe : Tyr ratio in the control group (pre-study

phe/tyr 5.8:1, with study 6.7:1).

Three-day weighed food intake (table 5)

The total protein intake from all foods consumed (natural

protein from phenylalanine exchanges, low protein pre-

scribed foods, fruits and vegetables) was similar for the

CGMP-AA (week 0, 10.8 g day�1; week 26, 9.8 g day�1)

and control groups (week 0, 9 g day�1; week 26,

10 g day�1). Both groups consumed 50% more natural

protein compared to the prescribed amounts (additional

amounts of natural protein: CGMP-AA group, 5 g day�1;

control group, 4.5 g day�1). Although there was no
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Figure 1 Spearman correlation natural protein intake (g day�1)

compared to percentage change in blood phenylalanine concentrations.

[Correction added on 21 February 2017, after first online publication:

Figure 1 was previously captured with incorrect x-axis and has been

corrected in this current version.]

Table 3 Comparison of the median change in blood tyrosine concentrations (range) from the previous 12 months (before start of study) to week

26 (end of study) for CGMP-AA and L-AA groups and, for the CGMP-AA group, the percentage contribution of protein equivalent from CGMP-

AA from baseline to end of study

CGMP-AA group Control group

Subjects

Age

(years)

Median tyrosine

lmol L�1 (range)

Median protein

equivalent from

CGMP-AA at

6 months

Subjects

Age

(years)

Median tyrosine

lmol L�1 (range)

pre- CGMP-AA

6 month

CGMP-AA Baseline 6 month

12 month

pre-study

6 month

study

1 15 50 (30–60) 40 (30–60) 100 100 1 12 40 (30–70) 40 (30–50)

2 11 60 (40–140) 50 (40–70) 100 100 2 10 60 (40–250) 70 (40–140)

3 11 50 (40–140) 40 (30–40) 100 100 3 14 75 (40–270) 70 (40–110)

4 10 35 (30–60) 40 (30–90) 100 30 4 9 40 (30–120) 40 (30–50)

5 6 100 (40–240) 45 (30–190) 100 30 5 14 50 (30–90) 60 (30–130)

6 6 80 (40–290) 40 (30–190) 100 30 6 7 40 (30–70) 40 (30–70)

7 7 70 (40–240) 40 (30–80) 100 70 7 12 50 (30–70) 40 (40–60)

8 8 45 (20–170) 30 (20–50) 80 75 8 14 45 (30–80) 40 (20–100)

9 7 40 (30–60) 40 (20–170) 75 75 9 6 40 (30–70) 40 (30–60)

10 8 50 (30–140) 50 (30–130) 30 30

11 7 60 (30–90) 60 (50–80) 30 30

12 11 40 (30–130) 50 (30–60) 30 30

Median 50 40 100 50 40 40

P = 0.03 P = ns

CGMP-AA, casein glycomacropeptide amino acid.
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significant difference in natural protein intake between

the two groups, in the CGMP-AA group, an additional

median intake of 60 mg of phenylalanine (equal to 12%

of the dietary protein) was derived from the CGMP-AA

protein substitute. Energy intake was similar in both

groups (Table 5).

Anthropometric measurements

No significant changes were recorded for weight, height

and BMI both at the start and end of the study between

the control and study group (Table 6).

Acceptability

All of the subjects in the CGMP-AA group described the

protein substitute as acceptable; with improved taste,

mouth feel, texture and smell compared to their conven-

tional Phe-free L-AA substitute.

Discussion

Regarding PKU, this is the first controlled, longitudinal

study reporting the impact of CGMP-AA protein substi-

tute compared to traditional Phe-free L-amino acid sup-

plements on blood phenylalanine, tyrosine and Phe/Tyr

concentrations in children over a 6-month period. We

have identified a significant increase in blood phenylala-

nine, Phe/Tyr ratios and a significant decrease in tyrosine

concentrations over the study period. Overall, median

blood phenylalanine control was maintained within the

target range, although only with adjustment to the

amount of total protein substitute provided by CGMP-

AA and the Phe-free L-amino acid supplements. Energy

and natural protein intake were similar in both study

groups. However, the overall change in blood phenylala-

nine concentration that we observed was still less than

that reported in a 3 week randomised cross-over study in

30 adults with PKU who took all their protein substitute

Table 4 Comparison of median phenylalanine and tyrosine ratios with the previous 12 months (before start of study) with week 26 (end of

study) for each subject in the CGMP-AA and control groups

CGMP-AA group Control group

Subjects

Age

Year

Median phe/tyr ratio

Subjects

Age

Year

Median phe/tyr ratio

12 month pre-study 6 month CGMP-AA 12 month pre-study 6 month study

1 15 5:1 8.6:1 1 12 8.5:1 11.1:1

2 11 5.8:1 7.8:1 2 10 7.8:1 3.5:1

3 11 11:1 15.5:1 3 14 4.7:1 5:1

4 10 9:1 10.8:1 4 9 8.1:1 7:1

5 6 2.7:1 9.3:1 5 14 10.8:1 9:1

6 6 4:1 11.8:1 6 7 5.8:1 4.5:1

7 7 3.1:1 6.6:1 7 12 4.2:1 7:1

8 8 3.8:1 8.3:1 8 14 5.3:1 4.5:1

9 7 5.6:1 7.3:1 9 6 4.7:1 6.7:1

10 8 4.5:1 4.4:1

11 7 4.7:1 4.5:1

12 11 7.3:1 4:1

Median Phe:try 4.9:1 8:1 5.8:1 6.7:1

P = 0.02 P = ns

CGMP-AA, casein glycomacropeptide amino acid.

[Correction added on 21 February 2017, after first online publication: All ratio listed in this table were previously interchanged and incorrect and

have been corrected in this current version.]

Table 5 Comparison of daily dietary intake for energy [MJ day�1 (kcal day�1)], natural protein, fat and carbohydrate (g day�1) for both CGMP-

AA and control groups at the start and end of the study period

CGMP-AA group Control group

Energy MJ

(kcal)

Natural

protein g Fat g Carbohydrate g Energy MJ (kcal)

Natural

protein g Fat g Carbohydrate g

Baseline (week 0) 7.067 (1689) 10.8 52 300 6.795 (1624) 9 53 292

End (week 26) 7.071 (1690) 9.8* 59 300 6.820 (1630) 10 45 300

*includes a median intake of 1.2 g of natural protein from casein glycomacropeptide amino acid (CGMP-AA).

[Correction added on 21 February 2017, after first online publication: The values in column “Energy MJ (kcal)” under the Control group had the

wrong decimal place and have been corrected in this current version.]
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as CGMP-AA, although the differences were not statisti-

cally significant in the present study (18).

The impact of CGMP-AA on blood phenylalanine con-

trol appeared to vary according to the total amount of

protein equivalent the CGMP-AA provided. When 40 g

or more of protein equivalent (providing an extra 60–
90 mg day�1 of phenylalanine) replaced the entire Phe-

free L-amino acid supplement, all subjects showed an

increase in blood phenylalanine concentrations; when

20 g of protein equivalent from CGMP-AA (providing an

extra 30 mg day�1 of phenylalanine) replaced Phe-free L-

amino acids, blood phenylalanine remained unchanged.

Although, overall, we did not find a significant correla-

tion between the intake of CGMP-AA and the change in

blood phenylalanine concentrations, we decreased the

daily amount of CGMP-AA when blood phenylalanine

concentrations increased consistently. Zaki et al. (19) in a

two phase, nonrandomised study, gave 50% of the pro-

tein substitute from unmodified GMP for 9 weeks, fol-

lowed by conventional amino acid for 9 weeks in a group

of 10 children with a median age 6 years. There were no

significant differences in blood phenylalanine or Phe/Tyr

ratio between the phases, and it was concluded that a

50% replacement of L-AA with GMP was viable. Neither

the amount of protein equivalent from protein substitute,

nor phenylalanine tolerance was reported.

There are several possible explanations for the signifi-

cant increase in blood phenylalanine concentrations in the

CGMP-AA group. First, the impact of the residual amount

of phenylalanine in CGMP-AA is likely to vary according

to the phenylalanine tolerance of the individual; a median

intake of 60 g of protein equivalent provides an extra

90 mg of phenylalanine. If a child is taking 60 g of protein

equivalent from CGMP-AA but is only prescribed

4 g day�1 of natural protein, they will receive an extra

45% of phenylalanine from CGMP-AA; in contrast, if a

child is taking 30 g day�1 natural protein, they would only

receive an extra 6% of phenylalanine from CGMP-AA.

However, it was interesting to observe in the present study

that the same increase in blood phenylalanine concentra-

tions occurred regardless of phenylalanine tolerance.

Secondly, blood phenylalanine and tyrosine concentra-

tions may be influenced by the composition and ratio of

amino acids provided in this CGMP-AA product. All

CGMP-AA protein substitutes are developed to modify

the overall amino acid profile to ensure that no indispens-

able and conditionally indispensable amino acids are defi-

cient. However, the CGMP-AA product studied had lower

amounts of the large neutral amino acids (LNAA) isoleu-

cine, leucine, tyrosine, histidine, and tryptophan than con-

ventional Phe-free L-amino acid supplements, which may

have influenced our findings. Both large neutral and the

cationic amino acids share a common L-type amino acid

transporter enzyme (LAT1) allowing entry of amino acids

across the blood–brain barrier. LNAA supplementation in

a mouse model reduced blood and brain phenylalanine by

33% and 26%, respectively (20). Furthermore, leucine is

important in stimulating muscle protein synthesis; thus,

higher amounts in CGMP-AA may improve blood Phe

control. Developing a new formulation of CGMP-AA with

increased concentrations of some LNAA (isoleucine, leu-

cine, histidine, tyrosine and tryptophan) should theoreti-

cally lower the blood phenylalanine.

In the present study, children taking CGMP-AA had

significantly lower tyrosine concentrations with a higher

Phe/Tyr ratio. Other studies have described lower tyrosine

concentrations with CGMP. van Calcar et al. (10) reported

tyrosine concentrations below the normal range after a

short-term study in 11 subjects taking CGMP; similarly,

in one case report when CGMP was given for 10 weeks,

an additional 1000 mg of tyrosine was supplemented to

achieve normal tyrosine concentrations (8). Tyrosine is a

conditionally essential amino acid in PKU and it appears

that is it difficult to increase plasma and even brain con-

centrations of tyrosine in PKU mouse models (20). It has

been suggested that supplemented tyrosine is used to

restore the profound brain norepinephrine deficiency (20).

Other factors that may have influenced phenylalanine

concentrations include: failure to complete the prescribed

dose of protein substitute, additional natural protein intake

in excess of daily allowance, severity of PKU, weight loss,

illness or non-adherence to diet, particularly in older chil-

dren, which can influence blood phenylalanine concentra-

tions. Throughout this pilot study, all of the subjects were

visited monthly at home to check adherence and diet histo-

ries, as well as to assess stocks of protein substitute used

and monitor growth. No differences in dietary patterns or

growth were observed. Although, in both groups, blood

Table 6 Median (range) of weight and height Z-scores for CGMP-AA and control groups from start to end of the study period

CGMP-AA group Control group

Weight Z-score Height Z-score Weight Z-score Height Z-score

Baseline (week 0) 0.660 (�0.610 to 1.130) 0.170 (�0.61 to 1.130) 0.752 (�1.082 to 2.09) 0.465 (�1.164 to 1.842)

End (week 26) 0.910 (�1.0 to 2.460) 0.145 (�0.670 to 1.3) 0.869 (�1.164 to 1.842) 0.4290 (�1.184 to 1.902)

CGMP-AA, casein glycomacropeptide amino acid.
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phenylalanine control remained within target ranges, in the

CGMP-AA, it increased significantly. Although the older

subjects were less adherent to dietary management, this

applied equally to both groups.

There are limitations to the present study. First, com-

pletion of a randomised blind study was not possible.

The protein substitutes CGMP-AA and Phe-free L-AA

have different tastes, textures, smell and appearances,

making a randomised blind study difficult. Second, chil-

dren were resistant to transitioning between protein sub-

stitutes, which would be necessary to conduct a long-

term randomised controlled trial. A further limitation

was the need to reduce the dosage of CGMP-AA once

phenylalanine concentrations increased beyond target

ranges. This arguably lessened the significance of our

findings, although the ethical priority was to maintain

phenylalanine concentrations within target guidelines.

Finally, gaining adherence in the older age groups in both

the CGMP-AA and control group was challenging.

CGMP is associated with taste advantages and potential

valuable nutraceutical properties, although caution is war-

ranted and further research is needed before this product

can be fully utilised as a replacement for traditional Phe-

free L-AA products in children. It does contain residual

phenylalanine and its potential destabilising effect on blood

phenylalanine concentrations has to be assessed and moni-

tored carefully in children. It is essential that we fully

understand the impact of additional phenylalanine intake

and the amino acid profile of this protein substitute in chil-

dren with PKU who are expected to maintain blood pheny-

lalanine within uncompromising and low target ranges.
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Glycomacropeptide: long-term use and
impact on blood phenylalanine, growth
and nutritional status in children with PKU
A. Daly1* , S. Evans1, S. Chahal1, S. Santra1, A. Pinto2, R. Jackson3, C. Gingell4,5,6,7, J. Rocha8, F. J. Van Spronsen1

and A. MacDonald1

Abstract: In phenylketonuria, casein glycomacropeptide (CGMP) requires modification with the addition of some
essential and semi essential amino acids to ensure suitability as a protein substitute. The optimal amount and ratio
of additional amino acids is undefined.

Aim: A longitudinal, parallel, controlled study over 12months evaluating a CGMP (CGMP-AA2) formulation compared
with phenylalanine-free L-amino acid supplements (L-AA) on blood Phe, Tyr, Phe:Tyr ratio, biochemical nutritional status
and growth in children with PKU. The CGMP-AA2 contained 36mg Phe per 20 g protein equivalent.

Methods: Children with PKU, with a median age of 9.2 y (5-16y) were divided into 2 groups: 29 were given CGMP-AA2,
19 remained on Phe-free L-AA. The CGMP-AA2 formula gradually replaced L-AA, providing blood Phe concentrations
were maintained within target range. Median blood Phe, Tyr, Phe:Tyr ratio and anthropometry, were compared within
and between the two groups at baseline, 26 and 52 weeks. Nutritional biochemistry was studied at baseline and
26 weeks only.

Results: At the end of 52 weeks only 48% of subjects were able to completely use CGMP-AA2 as their single source of
protein substitute. At 52 weeks CGMP-AA2 provided a median of 75% (30–100) of the total protein substitute with the
remainder being given as L-AA. Within the CGMP-AA2 group, blood Phe increased significantly between baseline and
52 weeks: [baseline to 26 weeks; baseline Phe 270 μmol/L (170–430); 26 weeks, Phe 300 μmol/L (125–485) p = 0.06;
baseline to 52 weeks: baseline, Phe 270 μmol/L (170–430), 52 weeks Phe 300 μmol/L (200–490), p < 0.001)]. However,
there were no differences between the CGMP-AA2 and L-AA group for Phe, Tyr, Phe:Tyr ratio or anthropometry at any
of the three measured time points. Within the CGMP-AA2 group only weight (p = 0.0001) and BMI z scores (p = 0.0001)
increased significantly between baseline to 52 weeks. Whole blood and plasma selenium were significantly higher
(whole blood selenium [p = 0.0002]; plasma selenium [p = 0.0007]) at 26 weeks in the CGMP-AA2 group compared L-AA.
No differences were observed within the L-AA group for any of the nutritional markers.

Conclusions: CGMP-AA increases blood Phe concentrations and so it can only be used partly to contribute to protein
substitute in some children with PKU. CGMP-AA should be carefully introduced in children with PKU and close
monitoring of blood Phe control is essential.
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Introduction
The composition, balance and ratio of amino acids in
protein substitutes for phenylketonuria (PKU) requires
further consideration and study. Protein substitutes not
only provide 50–80% of the total nitrogen supply for
growth; they also have a number of physiological proper-
ties potentially influencing phenylalanine (Phe) concen-
trations and anabolism [1, 2]. The delivery of amino
acids (AA) into the systemic circulation alters their
plasma ratio affecting the uptake of AA at both brain
[3–5] and gut membranes [6]. Protein substitutes also
contain higher amounts of leucine compared with cow’s
milk protein (mean amount per 10 g protein equivalent:
L-AA, 127mg ± 23mg; cow’s milk, 100 ± 10mg). Leucine
stimulates muscle protein synthesis and anabolism by
activation of a complex pathway involving mTOR (mam-
malian target of rapamycin), which stimulates insulin se-
cretion [7]. However, there is evidence that L-AA are
absorbed more rapidly than intact protein sources that
requires digestion leading to less AA retention [8, 9]
whereas low Phe glycomacropeptide (CGMP) containing
a peptide component may be more efficacious [10].
CGMP is a ‘residue’ peptide found in the extracted whey
component of cheese. Although it is high in some large
neutral amino acids (LNAA) such as threonine and iso-
leucine, it is low in several essential AA and tyrosine, and
so requires supplementation to ensure suitability for use
in PKU.
Protein substitutes are essential in the management of

PKU, but the majority are based on mono amino acids.
Some children struggle accepting the taste, smell and
prescribed daily volume, while others complain of abdom-
inal discomfort and bad breath. CGMP a peptide-based
substitute with added amino acids offers an alternative
choice to the traditional mono amino acid substitutes.
Identifying suitable alternative protein substitutes with
acceptable palatability and improved biological efficacy is
important in the treatment of PKU.
Commercial CGMP protein substitutes (supplemented

with L-amino acids) (CGMP-AA) contain at least 36mg
of Phe per 20 g protein equivalent (Vitaflo International
Ltd.). We have previously reported the impact of CGMP-
AA1 on blood Phe concentrations in a group of children
aged 5–16 years of age using a formula containing 30mg
of Phe per 20 g protein equivalent [11]. Although, the
blood Phe concentrations remained within the target
reference range, they increased significantly compared
with a control group who remained on L-AA. Therefore,
we concluded that CGMP-AA1 could only partially
replace the L-AA in most children. We also considered
that the blood Phe control might be improved by using a
CGMP-AA with a higher concentration of some essential
and conditionally essential AA comparable to conventional
L-AA supplements. Therefore, we made small adjustments

to the AA formulation of the CGMP-AA, so they were
similar in profile to conventional L-AA supplements.
In this paper, we explain the changes made to the AA

profile of a CGMP-AA formula and the impact this had
on blood Phe, Tyr, and Phe:Tyr ratio. As CGMP has not
been extensively used as a protein substitute in children,
we also investigated changes in the biochemical nutri-
tional status and growth in children using modified
CGMP-AA compared to conventional protein sub-
stitutes. Therefore, in a 12-month longitudinal, prospect-
ive study, we describe the impact of using this modified
CGMP-AA formulation (CGMP-AA2) compared with a
control group of children taking conventional Phe-free
L-AA supplements only.

Methods
Subjects
Fifty children (28 boys, 22 girls) with PKU were re-
cruited. Their median age at recruitment was 9.2 years
(range 5-16y). Forty-seven children were European and
3 were of Pakistani origin. Inclusion criteria included:
diagnosed by newborn screening, aged 5 to 16 years, not
treated with sapropterin dihydrochloride, known adher-
ence with protein substitute, and 70% of blood Phe con-
centrations within Phe target range for 6 months prior
to study entry. Target blood Phe ranges for children aged
5 to 12 years were < 360 μmol/L and for 12 years and
older < 600 μmol/L according to the European guideline
recommendations [12]. Based on untreated blood Phe
levels at newborn screening and dietary Phe tolerance,
two children in the CGMP-AA2, and one child in the
L-AA group had mild PKU with the majority having
classical PKU.
The study was registered by the Health Research

Authority and was given a favourable ethical opinion
by the South Birmingham Research Ethical Committee.
Written informed consent was given for all subjects by at
least one caregiver with parental responsibility and written
assent was obtained from the subjects if appropriate for
their age and level of understanding.

CGMP-AA formulations (Table 1)
CGMP-AA2 is a berry or vanilla flavoured powdered pro-
tein substitute containing 20 g of protein equivalent, and
36mg of Phe per 35 g sachet. Each sachet was mixed with
120ml of water or phenylalanine-free milk replacement.
CGMP-AA2 was modified following the findings of a

pilot study in which CGMP-AA1 was used. Additional
Tyr, tryptophan, leucine and histidine (but less methio-
nine and lysine) were added to provide a similar AA
profile to conventional Phe-free L-AA supplements. For
each 1 g of protein equivalent, it contained 112 mg Tyr,
20 mg tryptophan, 150 mg leucine, and 35mg histidine.
Lysine and methionine were reduced compared with
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Table 1 The nutrient composition of CGMP-AA1 and CGMP-AA2 compared with conventional Phe-free L-AA

Nutrients Units CGMP-AA1 CGMP-AA2 Phe-free L-AA*

Pilot study Week 0–26 Week 0–52 Week 0–52

Per 100 g Per 20 g PE sachet Per 100 g Per 20 g PE sachet Per 100 ml Per 20 g PE pouch

Calories Kcal 342 120 342 120 71 124

Protein equivalent g 57.1 20 57.1 20 11.5 20

Total Carbohydrate g 18.6 6.5 18.6 6.5 5.4 9.4

Sugars g 6.3 2.2 6.3 2.2 4.5 7.8

Total Fat g 4.3 1.5 4.3 1.5 0.4 0.7

DHA mg 240 84 240 84 77 134

AA mg – – – – – –

Fibre g 0 0 0.3 0.1 – –

Salt g 1.5 0.53 1.5 0.53 0.25 0.43

Vitamins and minerals

Vitamin A μg RE 809 283 809 283 160 278

Vitamin D μg 12.9 4.5 12.9 4.5 5.8 10

Vitamin E mg αTE 18.6 6.5 18.6 6.5 3 5.2

Vitamin C mg 109 38 109 38 21 36

Vitamin K μg 100 35 100 35 19 34

Thiamine mg 1.9 0.68 1.9 0.68 0.4 0.7

Riboflavin mg 2.2 0.78 2.2 0.78 0.44 0.77

Niacin mg 24 8.4 24 8.4 4.8 8.4

Vitamin B6 mg 2.9 1.0 2.9 1.0 0.5 0.9

Folic Acid μg 389 136 389 136 77 134

Vitamin B12 μg 4.6 1.6 4.6 1.6 0.9 1.6

Biotin μg 183 63.9 183 63.9 36 63

Pantothenic acid mg 7.7 2.7 7.7 2.7 1.5 2.6

Choline mg 583 204 583 204 115 201

Sodium mmol 25.8 9.0 25.8 9.0 4.2 7.3

Potassium mmol 19.3 6.8 19.3 6.8 4.5 7.9

Chloride mmol 0.6 0.2 0.6 0.2 3.9 6.8

Calcium mg 1163 407 1163 407 230 400

Phosphorus mmol 34.2 12 34.2 12 6.6 11.4

Magnesium mg 366 128 366 128 72 125

Iron mg 20.9 7.3 20.9 7.3 4.2 7.3

Copper μg 2137 748 2137 748 420 730

Zinc mg 20.9 7.3 20.9 7.3 4.2 7.3

Manganese mg 3.1 1.1 3.1 1.1 0.6 1

Iodine μg 245 85.7 245 85.7 49 84

Molybdenum μg 140 49 140 49 28 48

Selenium μg 85.4 29.9 85.4 29.9 17 29

Chromium μg 85.4 29.9 85.4 29.9 17 29

L-amino acids

L-Alanine g 2.17 0.76 2.23 0.78 0.53 0.92

L-Arginine g 2.86 1.00 2.71 0.95 0.86 1.5

L-Aspartic Acid g 5.83 2.04 3.20 1.12 1.36 2.37
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CGMP-AA1 but still provided minimum amino acid re-
quirements suggested by the WHO/FAO/UNU 2007 [13].
A further difference in the formulation of CGMP-AA2,
was the residual Phe content. Due to the manufacturing
process of CGMP, there was a 17% increase in residual
Phe and CGMP-AA2 contained 36mg Phe compared to
CGMP-AA1 containing 30mg Phe for every 20 g protein
equivalent. No changes were made to the composition of
carbohydrate, fat and micronutrients of the CGMP-AA2
throughout the study. Vitaflo International Ltd. produced
the CGMP-AA2 study formulation.

Control group
Children in the control group remained on their usual
Phe-free L-AA, during the study period, with no changes
to the AA formulations throughout the study.

Selection into control or CGMP-AA2 group
Children chose the product they preferred: CGMP-AA2
or Phe-free L-AA. They remained on this formula and in
these groups for the duration of the study.

Study design (Fig. 1)
After completion of the pilot study, and following the
changes made to the CGMP formulation, a total of 50 chil-
dren were recruited and followed up for 12months. This
paper reports the prospective results of Phe and Tyr blood
concentrations, Phe:Tyr ratio, nutritional biochemistry and
growth (weight, height and BMI z scores) over 12months,

using modified CGMP-AA2 compared to Phe-free L-AA
protein substitutes. At baseline and 26weeks, morning
fasted pre-prandial venous samples were collected for nutri-
tional markers. Anthropometry, height and weight together
with a stock check of protein substitute usage, diet history,
and food frequency questionnaire were collected monthly.
All baseline measurements were collected when the children
were on Phe-free L-AA. Baseline data for Phe and Tyr blood
concentrations, and Phe:Tyr ratio were calculated as a me-
dian value from the previous 12months before study com-
mencement. Data for anthropometry and nutritional
biochemistry were collected at the start of the study.

Titration of CGMP-AA2 in the diet
Taking into consideration that CGMP-AA2 contained
Phe (36 mg for each 20 g protein equivalent), the dose of
CGMP-AA2 was individually prescribed and titrated
with the blood Phe concentrations. In the CGMP-AA2
group all the children started with a minimum of 20 g of
protein equivalent from CGMP-AA2, with Phe-free
L-AA providing the remainder of protein substitute
intake. If blood concentrations were stable or decreased,
CGMP-AA2 was increased by 20 g per day protein
equivalent reducing the Phe-free L-AA by the same
amount of protein. If there was any suggestion that
blood Phe control deteriorated (criteria blood Phe ≥ tar-
get range for 3 consecutive weeks), the dose of CGMP–
AA2 was reduced, with a concomitant increase in
Phe-free L-AA providing the remaining total protein

Table 1 The nutrient composition of CGMP-AA1 and CGMP-AA2 compared with conventional Phe-free L-AA (Continued)

Nutrients Units CGMP-AA1 CGMP-AA2 Phe-free L-AA*

Pilot study Week 0–26 Week 0–52 Week 0–52

Per 100 g Per 20 g PE sachet Per 100 g Per 20 g PE sachet Per 100 ml Per 20 g PE pouch

L-Cystine g 0.03 0.01 0.03 0.01 0.35 0.61

L-Glutamine g 7.11 2.49 7.34 2.57

Glycine g 7.91 2.77 3.43 1.2 1.35 2.35

L-Histidine g 1.20 0.42 2.00 0.7 0.53 0.92

L-Isoleucine g 3.91 1.37 3.86 1.35 0.93 1.62

L-Leucine g 3.71 1.30 8.57 3.00 1.46 2.54

L-Lysine g 3.06 1.07 2.29 0.80 0.96 1.67

L-Methionine g 1.54 0.54 0.80 0.28 0.26 0.45

L-Phenylalanine g 0.09 0.03 0.09 0.03 – –

L-Proline g 4.31 1.51 4.34 1.52 0.97 1.69

L-Serine g 2.80 0.98 2.74 0.96 0.6 1.04

L-Threonine g 6.20 2.17 6.29 2.2 0.93 1.62

L-Tryptophan g 0.49 0.17 1.14 0.40 0.29 0.5

L-Tyrosine g 2.89 1.01 6.40 2.24 1.37 2.38

L-Valine g 3.23 1.13 3.11 1.09 1.07 1.86

*protein substitute based on 20 g PE of PKU Cooler 20 (Vitaflo International Ltd)
§ L- Phenylalanine, CGMP-AA1 0.086g /100g; 0.030g/20g PE (30mg /sachet) CGMP-AA2 0.100g/100g; 0.036g/20g PE (36mg/sachet)
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equivalent requirement. No change or reduction was
made to the dietary Phe intake of subjects on the
CGMP-AA2.

Nutritional markers
At baseline and 26 weeks, a fasting morning venous blood
sample was collected and analysed for zinc, selenium
(plasma and whole blood), calcium, magnesium, phos-
phate, C-reactive protein (CRP) haemoglobin, MCV (mean
cell volume), ferritin, vitamin B12 and 25-hydroxy vitamin
D. The laboratory received all samples within 30min of
collection preventing any deterioration in sample quality.
All the samples were stored under appropriate conditions
and then measured at the same time point, minimising
laboratory variations in measurement techniques.
Zinc and selenium (whole blood and plasma) were

collected in a lithium heparin ‘trace metal’ tube and ana-
lysed using inductively coupled plasma mass spectro-
metry. Vitamin D was measured as a clotted sample via
mass spectrometry. Calcium, magnesium, phosphate, and
CRP were all measured in zinc free lithium heparin tubes
and measured on a Roche photometric analyser. Ferritin
and vitamin B12 were collected in Vacuette Z serum
clotted activator tubes and analysed by an Access
analyser using electroluminescence. Haemoglobin and
MCV were collected into EDTA tubes and measured
on a Sysmex XN 2000 analyser.

Blood Phe/Tyr monitoring
Throughout the study, trained caregivers collected weekly
early morning fasted blood spots at home. Blood specimens

were sent via first class post to the laboratory at
Birmingham Children’s Hospital. Blood samples were
collected on filter cards, Perkin Elmer 226 (UK Standard
NBS). All the cards had a standard thickness and the
blood Phe and Tyr concentrations were calculated on a
3.2 mm punch by MS/MS tandem mass spectrometry.

Anthropometry, dietary recall and monitoring
Monthly weight and height measurements were col-
lected using portable Seca scales and stadiometer. A
mean of three readings were taken and measured to one
decimal point. Home visits were completed monthly,
collecting a dietary history and food frequency question-
naire, together with adherence monitoring of protein
substitute usage by performing a stock check of the
amount of protein substitute used. Three trained dieti-
tians measured and assessed the children each month.

Statistics
Comparisons of Phe data across time were carried out
using a linear mixed models approach, which account
for both within and between subject levels of variance.
Models are constructed which include terms for ‘time’
(Baseline, 26 weeks and 52 weeks), treatment effect
(CGMP-AA2 and L-AA) and their interaction. The sub-
ject identifier is included as a random effect. Phe is
included on the square root scale to ensure normality of
model residuals. Results are presented in terms of the
mean effect at each time point with associated 95% con-
fidence intervals. Differences between time points and

Fig. 1 Diagrammatic scheme showing recruitment and introduction of CGMP-AA2 and Phe-free L-AA
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groups are obtained using analysis of deviance tables. All
analyses are carried out using programme R (Version 3).
Statistical analysis for nutritional biochemistry and

anthropometrics was performed within the groups
using non-parametric Wilcoxon matched pairs signed
rank test. When comparisons were made between the
groups non-parametric Mann Whitney test was per-
formed. Nutritional parameters were measured at base-
line and 26 weeks only, anthropometry at baseline, 26
and 52 weeks.

Results
Subjects
Of the 50 recruited children, 31 were in the CGMP-AA2
group and 19 in the L-AA control group. Prior to the
study start: 6 subjects took powdered protein substitutes
[XP Maxamum (Nutricia Ltd.), n = 1; PKU Anamix first
spoon (Nutricia Ltd.), n = 3; PKU gel (Vitaflo Inter-
national Ltd.), n = 2]; and 44 subjects took liquid
pouches [PKU Lophlex LQ (Nutricia Ltd.), n = 3; PKU
Cooler (Vitaflo International Ltd.), n = 41]. In the L-AA
group, they either received liquid pouches [PKU Lophlex
LQ (Nutricia Ltd.), n = 2; PKU Cooler (Vitaflo Inter-
national Ltd.), n = 14] or powdered preparations [PKU
gel (Vitaflo International Ltd.), n = 3]. At the start of the
study, the median age was 8.4 years (5–16) in the
CGMP-AA2 group, and 11.1 years (5–15) in the L-AA
group. Median Phe concentrations at baseline for
CGMP-AA2 were 270 μmol/L (170–430) and for L-AA,
315 μmol/L (140–600).
The total median daily dose of protein equivalent before

and throughout the study in both groups for protein sub-
stitute was 60 g/day (range, 40-60 g). The median number
of prescribed protein exchanges was 5 g protein/day
(range 3-30 g) or 250mg Phe (range, 150-1500mg).

Subject withdrawal
One boy and one girl (aged 12 years) in the CGMP-AA2
group were withdrawn from the study, both failed to com-
ply with the study protocol, one failing to return blood
Phe samples and both had poor adherence with a low Phe
diet. A total of 48 children completed the study; 29 in the
CGMP-AA2 and 19 in the Phe-free L-AA group.

Comparison of blood Phe, Tyr, Phe:Tyr ratio
between CGMP-AA2 and Phe-free L-AA groups and
within groups at: baseline, week 26 and 52 (Tables 2,
3, 4) [Additional file 1. This file shows four additional di-
agrams, Figures S1A, B, C and S2. Supplementary
figures show a mixed linear model for phe, tyr and phe:
tyr ratio at baseline, 26 and 52 weeks for all subjects,
and Fig. 2 shows phe for subjects< 12 y].
For each group the median Phe and Tyr values were

calculated for each subject over a time period from base-
line to week 26, and from week 27 to 52. The median of
the collective medians has been reported.

Blood Phe levels
Phe levels are consistently higher in the L-AA group com-
pared with the CGMP-AA2 group. Both groups observed
a rise in Phe levels over time, but this rise was more
pronounced in the CGMP-AA2 group with a statistical
difference between baseline and 52 weeks (p < 0.001).

Blood Tyr levels
Whilst Tyr levels were consistently higher in the
CGMP-AA2 groups, there were no significant differences
between the CGMP-AA2 and L-AA groups and no dif-
ferences in the change in Tyr over time.

Phe: Tyr ratio
For the CGMP-AA2 group there was a small but con-
sistent rise in the Phe:Tyr ratio with the difference
between baseline and 26 weeks (p = 0.010) and baseline
and 52 weeks (p < 0.001) both statistically significant.
Changes in the Phe:Tyr ratio in the L-AA group were
not statistically significant.

Sub- group analysis for children < 12 years of age
(Table 5) [Additional file 1]
We compared blood Phe concentrations over the same
time period in children aged < 12 years in both groups.
There were 25 children in the CGMP-AA2 group (me-
dian age 8.9y), and 9 children in the Phe-free L-AA
group (median age 9.2y). There were no significant
differences between the groups for median blood Phe at
baseline, 26 or 52 weeks. However, a significant difference

Table 2 Changes in the median (range) blood Phe concentrations (μmol/L) within and between the CGMP-AA2 and Phe-free L-AA
group at baseline, 26 and 52 weeks

Group Number of subjects Baseline μmol/L (range) Wk 26 μmol/L (range) Wk 52 μmol/L (range) P value

CGMP-AA2 29 270 §* (170–430) 300§ (125–485) 300* (200–490) §p = 0.06 *p = < 0.0011

Phe-free L-AA 19 315 §§** (140–600) 325§§ (180–580) 340** (190–600) §§P = 0.687 **p = 0.236

Wilcoxon test § GMP baseline to 26 wk., * GMP baseline to 52 wk
Wilcoxon test §§ L-AA baseline to 26 wk., ** L-AA baseline to 52 wk
ABREVIATIONS: CGMP-AA low phenylalanine glycomacropeptide protein substitute supplemented with L-amino acids, Phe-free L-AA Phenylalanine free L-amino
acid supplement
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was observed for median blood Phe in the CGMP-
AA2 group between baseline and week 26 (p = 0.022)
and baseline and week 52 (p = 0.010). No differences
were observed at any time point in the Phe-free
L-AA group.

Anthropometry (Fig. 3)
Comparison of weight, height and BMI z scores between the
CGMP-AA 2 and Phe-free L-AA groups and within groups at:
Baseline, week 26 and 52
There was no statistical significance for median weight,
height or BMI between the CGMP-AA2 and L-AA
group at each of the measured time points. However,
in the CGMP-AA2 group a significant increase was ob-
served for median (range), weight z score from base-
line (0.55, − 1.93-2.34) to week 52 (0.77, − 1.75-2.60),
(p = < 0.0001) and BMI z score from baseline (0.58,
range − 0.88-2.83) to week 52 (0.92 range, − 0.67-2.98),
(p = < 0.0001). A significant increase was also observed
from week 26 (0.53 range, − 1.8-2.47) to 52 (0.77,
range − 1.75-2.60) for weight z score (p = < 0.0001), and
BMI z score between week 26 (0.61, range − 1.9-2.81)
and week 52 (0.92 range, − 0.67-2.98) (p = < 0.0001).
In the Phe-free L-AA group there was no significant

differences for median weight or BMI z scores: base-
line to week 52 (weight z score: [p = 0.11]; BMI z
score, [p = 0.14]) or from 26 to 52 weeks: (weight z
score, [p = 0.80]; BMI z score, [p = 0.32]). However, at
baseline the control group had a median weight,
height and BMI that were nearly double that of the
CGMP-AA2 group.

Nutritional biochemistry (Table 6)
Comparison of nutritional biochemistry between the CGMP-
AA2 and Phe-free L-AA groups and within groups at
baseline and 26 weeks
The median values for all nutritional parameters mea-
sured at baseline and 26 weeks were all within the refer-
ence ranges. One exception, in both groups was vitamin
B12, which was higher than the reference range at 26
weeks. No differences were found between any of the
parameters at baseline when all the children were taking
Phe-free L-AA.
Whole blood and plasma selenium were significantly

higher (whole blood selenium [p = 0.0002]; plasma selen-
ium [p = 0.0007]) at 26 weeks in the CGMP-AA2 group
compared L-AA.
Within the CGMP-AA2 group between baseline and

week 26, whole blood and plasma selenium significantly
increased (whole blood selenium [p = < 0.0001]; plasma
selenium [p = 0.0005]) and ferritin decreased (p = 0.0006).
Median values all remained within the reference ranges.

Discussion
This is the first longitudinal, comparative prospective
study over 12 months reporting the use of CGMP-AA2
compared to conventional protein substitute L-AA in
children with PKU. After 12 months of using the modi-
fied CGMP-AA2 there were no differences for Phe, Tyr,
Phe:Tyr ratio and anthropometry compared to the con-
trol group using L-AA. However, in the same period
within the CGMP-AA2 group, blood Phe concentrations
significantly increased although this was only by
30 μmol/L. When comparing children < 12 years of age,

Table 3 Changes in the median (range) blood Tyr concentrations (μmol/L) within and between the CGMP-AA2 and Phe-free L-AA
group at baseline, 26 and 52 weeks

Group Number of subjects Baseline μmol/L (range) Wk 26 μmol/L (range) Wk 52 μmol/L (range) P value

CGMP-AA2 29 50§* (30–180) 50§ (30–210) 50* (30–170) §p = 0.916 *p = 0.239

Phe-free L-AA 19 40§§** (40–100) 40§§ (30–105) 40** (30–80) §§p = 0.672 **p = 0.111

Wilcoxon test § GMP baseline to 26 wk., * GMP baseline to 52 wk
Wilcoxon test §§ L-AA baseline to 26 wk., ** L-AA baseline to 52 wk
ABREVIATIONS: CGMP-AA low phenylalanine glycomacropeptide protein substitute supplemented with L-amino acids, Phe-free L-AA Phenylalanine free L-amino
acid supplement

Table 4 Changes in the median (range) blood Phe:Tyr ratio within and between the CGMP-AA2 and Phe-free L-AA group at
baseline, 26 and 52 weeks

Group Number of subjects Baseline (range) Wk 26 (range) Wk 52 (range) P value

CGMP-AA2 29 5.7§* (1.5–11) 6.4§ (1.3–11.7) 6.4* (1.7–11.5) §p = 0.010 *p < 0.010

Phe-free L-AA 19 7.2§§** (3.1–15) 6.8§§ (3–11.7) 7.4** (4–15.1) §§p = 0.555 **p = 0.246

Wilcoxon test § GMP baseline to 26 wk., * GMP baseline to 52 wk
Wilcoxon test §§ L-AA baseline to 26 wk., ** L-AA baseline to 52 wk
ABREVIATIONS: CGMP-AA low phenylalanine glycomacropeptide protein substitute supplemented with L-amino acids, Phe-free L-AA Phenylalanine free L-amino
acid supplement
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within the CGMP-AA2 group, the same small but con-
sistent significant increase for blood Phe concentrations
were evident. Weight and BMI z scores significantly in-
creased within the CGMP-AA2 group. Plasma and whole
blood selenium improved although ferritin decreased but
all nutritional measurements remained within the refe-
rence ranges. Identifying the reason for these physical and
biochemical changes over 12months in the CGMP-AA2
group is important to assess the suitability of using
CGMP-AA2 as a protein substitute in children with PKU.
We have previously reported a small but significant

increase in blood Phe concentrations in the first group
of children recruited to the pilot study using CGMP-
AA1 [11]. CGMP-AA1 was based on an AA profile that
met the minimum safe levels of amino acid intake
(WHO/FAO/UNU 2007) [13] for Tyr, tryptophan, leu-
cine, and histidine. CGMP-AA1 contained 30mg of Phe
for every 20 g protein equivalent. A modified CGMP-AA
formula (CGMP-AA2) was produced by making small
adjustments to the AA composition of CGMP-AA1,
increasing some of the LNAA (Tyr, tryptophan, leucine
and histidine) in amounts similar to conventional L-AA
supplements. Although in this study, we examined a
different cohort of children, after using CGMP-AA2 for

12months, blood Phe concentrations, were lower than
those in the pilot study using CGMP-AA1. Median Phe
concentrations at the end of the pilot study 317 μmol/L
compared to CGMP-AA2 after 12months Phe 300 μmol/L.
We were also able to increase the amount of protein
equivalent supplied from CGMP-AA2 to 75% of total
protein equivalent, without any reduction in dietary
Phe intake. However, at the end of this study period,
only 14 of 29 children (48%) were able to fully transi-
tion to CGMP-AA2 as their only protein substitute,
which suggests that the residual Phe concentration
present in CGMP-AA2 still increases blood Phe concen-
trations in children.
Identifying the optimal amino acid profile for pro-

tein substitutes is challenging, although, the ratio and
amount of LNAA appears important. It is suggested
that LNAA supplementation competes with Phe up-
take at the gut and blood brain barrier (BBB): LNAA
cross the intestinal mucosa using a carrier protein
similar to that at the BBB [14–16]. In vitro studies
investigating intestinal epithelial transport of amino
acids, indicate that lysine, histidine, leucine and Tyr
significantly reduce Phe uptake [6]. High concentra-
tions of LNAA compete with the transport of Phe at

Table 5 Changes in the median (range) blood Phe concentrations (μmol/L) within and between the CGMP-AA2 and Phe-free L-AA
group at baseline, 26 and 52 weeks for children < 12 years

Group Number of subjects Baseline μmol/L (range) Wk 26 μmol/L (range) Wk 52 μmol/L (range) P value

CGMP-AA2 25 270 §* (170–360) 300§ (125–415) 290* (200–450) §p = 0.04 *p = 0.04

Phe-free L-AA 9 288 §§** (140–470) 287§§ (180–348) 291* (190–344) §P = 0.90 **p = 0.41

Wilcoxon test § GMP baseline to 26 wk., * GMP baseline to 52 wk
Wilcoxon test §§ L-AA baseline to 26 wk., ** L-AA baseline to 52 wk
ABABBREVIATIONS: CGMP-AA low phenylalanine glycomacropeptide protein substitute supplemented with L-amino acids, Phe-free L-AA Phenylalanine free L-amino
acid supplement

Fig. 2 Measured Phe levels in children < 12 years of age in the CGMP-AA and L-AA groups and mean 95% confidence intervals
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the gut cellular membrane and may decrease blood
Phe concentrations. Additionally LNAA supplementa-
tion has been shown to reduce blood and brain Phe
concentrations [17, 18] and restore some of the dis-
turbed Phe transport across the BBB by altering
monoaminergic neurotransmitter concentrations. In
mice studies, mice chow with added LNAA, improved
brain tryptophan, serotonin and norepinephrine con-
centrations [4]. There are other functional effects of
protein substitutes, which indirectly affect blood Phe
concentrations. These include the rate of delivery of
L-AA into the systemic circulation and muscle protein
anabolism. Amino acids play an important, but as yet
not fully understood role in nutritional signalling and
regulation of multiple cellular processes [19]. Leucine,
is a potential insulin secretagogue when administered
with carbohydrate and protein, acting as a pharmaco-
nutrient AA improving muscle protein synthesis, by

stimulating mRNA changes via insulin independent
and dependent pathways [7, 20]. Van Loon et al. maxi-
mised endogenous insulin secretion by the combined
ingestion of carbohydrate and wheat protein hydrolys-
ate, with added leucine and Phe [21]. In vitro studies,
using incubated β cells of the pancreas, have shown
that arginine, leucine and phenylalanine have a strong
insulinotropic effect [22]. Further studies are needed
to maximize our understanding of the physiological
absorption process of AA protein substitutes, with the
goal, to achieve a normal absorption pattern compar-
able to natural intact protein.
In contrast, many L-AA are bitter tasting and unpleas-

ant to take, particularly leucine, tryptophan and histidine
[23, 24]. By adding more of these AA to CGMP-AA for-
mulations, it potentially decreases their acceptability and
palatability. It has been suggested by Van Calcar [25]
that the AA profile in CGMP-AA should provide 130 to
150% of the 2002 Institute of Medicine American dietary
reference intake for histidine, leucine, methionine, tryp-
tophan and Tyr to compensate for faster absorption and
degradation of AA [26].
In our study, 52% of children in the CGMP-AA2

group were prescribed a combination of CGMP-AA2
and separate Phe-free L-AA supplements, as they could
not fully transition onto CGMP-AA2 in order to main-
tain blood Phe concentrations within the target range of
120 to 360 μmol/L. The median amount of protein sub-
stitute provided by CGMP-AA2 that could be tolerated
without affecting blood Phe control was 75% of the total
amount. This contrasts with other researchers findings
that have reported that the Phe content of CGMP-AA
has little effect on blood Phe concentration. In an
uncontrolled, short term study reported in 10 children
(aged 4 to 16 years) with PKU, when 50% of their total
protein requirements were supplied by ‘GMP cheese’ for
9 weeks, blood Phe concentrations decreased by a median
of 114 μmol/L although this was not statistically sig-
nificant [27]. In a short-term randomized cross over
trial in 30 patients aged 15 years or over, comparing
CGMP-AA with L-amino acid supplements only,
CGMP-AA was associated with a non-significant in-
crease in Phe of 62 ± 40 μmol/L, although 10 of the 30
patients were prescribed sapropterin (likely to have
improved Phe tolerance), 6 patients appeared less
adherent with CGMP-AA and overall subjects were
only studied over a short time and had a higher baseline
blood Phe levels in comparison to our study group [28].
Furthermore, increases of between 60 to 102 μmol/L may
be unacceptable in children particularly as evidence is
accumulating to suggest that optimal blood Phe may be
below 240 μmol/L [29].
Median nutritional blood parameters in both groups at

baseline and 26 weeks were all within reference ranges,

Fig. 3 Weight and BMI z scores for CGMP-AA2 and L-AA at baseline,
26 and 52 weeks
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with the exception on vitamin B12 being higher than the
reference range at 26 weeks in both groups. There were
no biochemical signs of vitamin or mineral deficiencies
in line with what was retrospectively reported in adult
PKU patients [30]. There was a significant increase in
whole blood and plasma selenium between the groups
at 26 weeks, and within the CGMP-AA2 group from
baseline to 26 weeks. The selenium content of both
products was similar, a median intake of 60 g protein
equivalent from Phe-free L-AA provided 87 mg of se-
lenium compared with CGMP-AA2 providing 90 mg. It
is only conjecture, but absorption of selenium in the
CGMP-AA2 group may be enhanced based on its bio-
active properties. It is also possible that CGMP may
modulate microbiota resulting in a different absorption
or bioavailability. Furthermore, whey protein is rich in
the sulfhydryl amino acid cysteine, which is a precursor
of glutathione, and may in part explain the higher se-
lenium concentrations in the CGMP-AA2 group.
Muniz-Naveiro [31] reported the largest percentage of
selenium in cow’s milk was found in the whey phase,
although unmodified CGMP is not high in cysteine or
selenium. Peptides containing isoleucine, proline, ly-
sine, glutamine, aspartic and glutamic acid have been

shown to have antioxidant properties; hence peptide
structure and amino acid sequencing influence bio-
logical function. The bioactive antioxidant properties of
CGMP and absorption in the gut may have a selenium
sparing effect compared to protein substitutes without
a peptide base [32, 33].
Weight and BMI increased significantly in the CGMP-

AA2 group with an increase in weight and BMI first
becoming evident from 26 weeks, this may be related to
some children using a protein free milk replacement to
make up their powdered CGMP-AA2 protein substitute.
A mean intake of 400ml/day of protein-free milk replace-
ment would increase energy intake by 270 kcal/day. Only
9 children were routinely adding additional milk substitute
to their CGMP-AA2 but there were no significant diffe-
rences evident between children using protein free milk or
water to prepare the CGMP-AA 2, but this may not be
apparent due to the small numbers in the group. We
changed this practice when it was observed that children
were gaining extra weight. Another consideration influen-
cing growth is age; the Phe-free L-AA group were an older
patient cohort and therefore, over the 12-month period it
is difficult to quantify how many were actively reaching
puberty and the effect this has on weight, height and BMI.

Table 6 Median nutritional biochemistry comparing CGMP-AA2 with Phe-free L-AA at baseline and week 26

Parameters Reference
range

Base-line (range) Significance
Base-line

26wk (range) Significance at 26wk

Phe-free L-AA CGMP-AA2 Phe-free L-AA CGMP-AA2

Zinc μmol/L 11–24 14.3 (12.9–
17.4)

14.4 (11.3–18.2) p = 0.3 14.55 (12.3–
17.5)

14.0 (10.5–
16.4)

p = 0.24

C reactive protein mg/L < 10 1.0 (1–4) 1.0 (1–11) p = 0.27 1.0 (1–3) 1.0 (1–6) p = 0.69

Whole blood Selenium ns 0.94 (0.76–
1.21)

0.99§ (0.48–1.38) p = 0.57 0.98* (0.75–
1.23)

1.22*§ (0.86–
1.56)

§p = < 0.0001 *p =
0.0002

Selenium μmol/L 4-7y 0.7–1.7 0.86 (0.53–1.1) 0.91§ (0.38–1.4) p = 0.57 0.85* (0.58–
1.14)

1.12*§ (0.58–
1.35)

§p = 0.0005 *p =
0.0007

7-
18y

0.62–
1.3

Calcium mmol/L 2.2–2.7 2.46 (2.33–
2.56)

2.49 (2.32–2.63) p = 0.56 2.44 (2.31–
2.59)

2.45 (2.25–
2.68)

p = 0.77

Magnesium mmol/L 0.7–1 0.84 (0.75–
0.92)

0.85 (0.72–1.0) p = 0.68 0.82 (0.72–
0.92)

0.84 (0.76–
0.92)

p = 0.14

Phosphate mmol/L 0.9–1.8 1.30 (0.94–
1.53)

1.38 (1.0–1.59) p = 0.08 1.33 (1.0–1.58) 1.39 (1.0–1.71) p = 0.20

25 hydroxy vitamin D
nmol/L

> 50 93.9 (38.8–
182.3)

95.3 (60–162) p = 0.27 84.2 (47.6–
139)

87.6 (47.9–158) p = 0.49

Haemoglobin g/L 120–140 137 (119–164) 136 (101–156) p = 0.55 141 (120–164) 135 (109–155) p = 0.23

MCV fl 78–93 82 (76–90) 82 (75–91) p = 0.48 84 (77–93) 82.5 (76–88) p = 0.50

Ferritin μg/L 11–60 32.8 (20.9–
63.1)

27.4§§ (17.9–
116.5)

p = 0.16 30.80 (17.6–
75.6)

25.2§§ (15.9–
91.6)

§§p = 0.0006

Vitamin B12ng/L 245–798 798 (390–
1500)

1088 (333–
1500)

p = 0.1 745 (308–
1500)

922 (437–
1500)

p = 0.23

ns not specified
Wilcoxon test (paired and unpaired t test)
§Whole blood and plasma selenium CGMP-AA2 baseline compared with CGMP-AA2 at 26 weeks
*Whole blood and plasma selenium CGMP-AA2 26 weeks compared with L-AA at 26 weeks
§§ Ferritin CGMP-AA2 baseline compared with CGMP-AA2 at 26 weeks
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A further consideration is that CGMP based on a protein
source may be more efficiently utilized increasing muscle
mass compared to L-AA. Longer-term observations of
both study groups will hopefully answer this question with
data describing both fat free and fat mass index.
There are several limitations to this study that need to

be considered. We were unable to conduct a randomised
controlled blind trial. CGMP-AA2 and conventional
L-AA supplements are very different in taste, texture and
appearance rendering any blind or randomised trial very
challenging in children who may not easily accept changes
to their protein substitutes [34]. In this study, 40% of chil-
dren preferred to stay on their usual Phe-free L-amino
acid supplement (control group) and so they were a
self-selected, not age-matched group and children in the
control group were older than the study group. Also in
teenage children in both study groups, ensuring dietary
adherence was difficult although patients were moni-
tored closely with monthly home visits to check stock
levels of protein substitute and dietary intake. A further
limitation was the use of low protein milk substitute to
make up the protein substitute, in addition to increa-
sing energy intake it possibly altered CGMP-AA2 absorp-
tion, affecting amino acid kinetics.

Conclusions
It is clear that the biological functions of CGMP may
potentially offer many health benefits in PKU [35–40]
and it is likely to play a significant future role in
provision of low Phe protein substitute. However, it is
important that the manufacturers of CGMP seek to re-
duce its Phe content and the formulation of
CGMP-AA2 requires further research and development
in order to ensure optimal amino acid profiling.
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Additional file 1: Supplementary data using mixed linear models to
express measured Phe, Tyr and Phe: Tyr ratio in the CGMP-AA2 and L-AA
groups. Figure S1A, B and C showing mixed linear models for measured
Phe, Tyr, Phe:Tyr ratio for CGMP-AA2 and L-AA groups and mean
95% confidence intervals. Figure S2. showing Mixed linear model for
measured Phe levels in children < 12 years of age in the CGMP-AA2
and L-AA groups and mean 95% confidence intervals. (DOCX 823 kb)
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Abstract: Introduction: In phenylketonuria (PKU), evidence suggests that casein glycomacropeptide
supplemented with rate-limiting amino acids (CGMP-AA) is associated with better protein utilisation
and less blood phenylalanine (Phe) variability. Aim: To study the impact of CGMP-AA on blood Phe
variability using 3 different dietary regimens in children with PKU. Methods: This was a 6-week
randomised controlled cross-over study comparing CGMP-AA vs. Phe-free L-amino acids (L-AA)
assessing blood Phe and tyrosine (Tyr) variability over 24 h in 19 children (7 boys) with PKU, with a
median age of 10 years (6–16). Subjects were randomised to 3 dietary regimens: (1) R1, CGMP-AA
and usual dietary Phe (CGMP + Phe); (2) R2, CGMP-AA − Phe content of CGMP-AA from usual diet
(CGMP − Phe); and (3) R3, L-AA and usual dietary Phe. Each regimen was administered for 14 days.
Over the last 48 h on days 13 and 14, blood spots were collected every 4 h at 08 h, 12 h, 16 h, 20 h, 24 h,
and 04 h. Isocaloric intake and the same meal plan and protein substitute dosage at standardised
times were maintained when blood spots were collected. Results: Eighteen children completed the
study. Median Phe concentrations over 24 h for each group were (range) R1, 290 (30–580), R2, 220
(10–670), R3, 165 (10–640) µmol/L. R1 vs. R2 and R1 vs. R3 p < 0.0001; R2 vs. R3 p = 0.0009. There was
a significant difference in median Phe at each time point between R1 vs. R2, p = 0.0027 and R1 vs. R3,
p < 0.0001, but not between any time points for R2 vs. R3. Tyr was significantly higher in both R1
and R2 [70 (20–240 µmol/L] compared to R3 [60 (10–200) µmol/L]. In children < 12 years, blood Phe
remained in the target range (120–360 µmol/L), over 24 h, for 75% of the time in R1, 72% in R2 and
64% in R3; for children aged ≥ 12 years, blood Phe was in target range (120–600 µmol/L) in R1 and
R2 for 100% of the time, but 64% in R3. Conclusions: The residual Phe in CGMP-AA increased blood
Phe concentration in children. CGMP-AA appears to give less blood Phe variability compared to
L-AA, but this effect may be masked by the increased blood Phe concentrations associated with its
Phe contribution. Reducing dietary Phe intake to compensate for CGMP-AA Phe content may help.
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1. Introduction

In phenylketonuria (PKU), there is an inability to metabolise dietary phenylalanine (Phe) into
tyrosine (Tyr) due to a deficiency of Phe hydroxylase. It is treated by a low Phe diet, and the major
source of protein equivalent is provided by a Phe-free or low Phe protein substitute, in the form of
either L-amino acids (L-AA) or casein glycomacropeptide (CGMP-AA). CGMP is a 64-amino acid
peptide, found in the whey residue produced as a by-product of cheese production from κ casein. This
protein is naturally low in Phe as well as other indispensable, large neutral amino acids (histidine,
leucine, tryptophan and Tyr). Supplementation with rate-limiting amino acids provides a suitable
protein substitute, allowing CGMP to be administered as a protein replacement in PKU (CGMP-AA).

A disadvantage of CGMP-AA is that it contains residual Phe (typically 36 mg per 20 g protein
equivalent). For patients prescribed 60 g/day protein equivalent from this source, it will supply
108 mg/day Phe, which may affect blood Phe control, especially when Phe intake by natural protein
intake is low. Most children with classical PKU have a daily Phe intake varying from 3 to 8 g of natural
protein. Studies examining the effect of residual Phe in CGMP-AA are largely adult-focused and limited
by small subject numbers over short study time periods. In a single-dose cross-over intervention
study, the metabolic effect of peptide-bound AA in CGMP-AA was examined in 8 older (aged 15 to
48 years) patients who consumed four different drinks containing either pure AA, CGMP-AA or a
mixture of CGMP-AA and AA. After 240 min, no significant changes in blood Phe concentrations
were reported, and they concluded that the small amounts of Phe in CGMP-AA did not increase
blood Phe concentrations, although patients had high baseline blood Phe concentrations and were
only studied for 4 h [1]. Ney et al. [2] examined the efficacy of CGMP-AA compared to L-AA in a
randomised cross-over study, in which subjects took a low Phe diet with L-AA vs. CGMP-AA for three
weeks. To account for the residual Phe in CGMP-AA, subjects were instructed to lower their dietary
Phe intake. Blood Phe tended to increase (62 µmol/L) when subjects took CGMP-AA compared to a
decrease when taking L-AA (85 µmol/L), although this difference did not reach statistical significance.
The increased Phe concentration was associated with subjects not following protocol or failing to
lower their dietary Phe intake when on CGMP-AA. Although Phe was not significantly increased,
there is a suggestion that CGMP-AA plus usual low Phe diet influences Phe control. Van Calcar and
coworkers [3] studied 11 subjects and reported lower Phe concentrations after an overnight fast using
CGMP-AA compared to L-AA supplements, suggesting a slower release of AA in CGMP-AA. Other
studies have also shown that protein synthesis and nitrogen retention are improved with ‘complete’
protein compared with individual L-amino acids [4,5]. However, further kinetic studies are required to
examine if CGMP-AA is associated with a slower rate of amino acid absorption than conventional
L-AA, particularly as CGMP-AA is supplemented with amino acids.

It is established that protein substitutes consisting of synthetic mono amino acids have a lower
biological and functional efficacy compared to intact protein sources [6,7]. After the ingestion of
Phe-free L-AA there is a rapid rise followed by a rapid decline in plasma amino acid concentrations
compared with whole protein. Non-physiological 24 h blood Phe variability is also associated with
Phe-free L-AA supplements [8–10].

In PKU, the residual Phe in CGMP-AA may mask any potential benefit associated with protein
assimilation and reduced blood Phe variability. So far, no studies have examined the impact of
CGMP-AA on 24-h blood Phe or Tyr variability when using CGMP-AA as a protein substitute in PKU;
also, no studies have compared 24-h blood Phe variability with and without adjustment for the Phe
content of the CGMP-AA.
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The findings from a recent systematic review [11] suggest there is little evidence to support
the impact of residual Phe in CGMP-AA on Phe control. However, studies to date have not been
specific in addressing this question in children. Does residual Phe in CGMP-AA have a clinical
impact on metabolic control? The aim of this randomised controlled cross-over study was to assess
the blood Phe variability over 24 h in children with PKU, comparing conventional Phe-free L-amino
supplements with CGMP-AA. In order to examine the impact of the Phe content of CGMP-AA on
blood Phe variability we studied CGMP-AA under two conditions: a) no dietary adjustment for the
Phe content of CGMP-AA, and b) dietary adjustment for the Phe content of CGMP-AA by lowering
dietary Phe intake.

2. Materials and Methods

2.1. Subjects

We recruited 19 children (7 boys) diagnosed by newborn screening with PKU, with a median
age of 10 years (range 6–16 years) from two treatment centres. Seventeen were European and two
were of Pakistani origin. Inclusion criteria included being diagnosed by newborn screening, aged
6–16 years, not treated with sapropterin, known adherence with protein substitute, 70% of blood
Phe concentrations within the Phe target range for age, for 6 months before starting the study and
the ability to take both CGMP-AA and Phe-free L-AA supplements. Exclusion criteria were children
taking sapropterin, those with co-morbidity, an inability to take CGMP-AA and Phe-free L-AA or
poor blood Phe control failing to attain 70% of the routine blood Phe concentrations within the target
range for 6 months prior to the study. Target blood Phe concentrations were according to the European
PKU Guidelines for age [12]; for children < 12 years, 120–360 µmol/L, and for patients ≥ 12 years,
120–600 µmol/L.

The study was registered by the Health Research Authority and given a favourable ethical opinion
by The West Midlands Research Ethical Committee. Written consent was obtained for all subjects from
at least one caregiver with parental responsibility and written assent from the subjects if appropriate
for their age and level of understanding.

2.2. CGMP-AA and Phe-Free L-AA Formulation

The CGMP-AA formula contained approximately 65% CGMP and 35% L-AA. It was supplemented
with Tyr, tryptophan, leucine, arginine, methionine, cysteine and histidine, vitamins and minerals.
One 35 g sachet of CGMP-AA (Vitaflo International Ltd., Liverpool, UK) contained 20 g of protein
equivalent, and 36 mg of Phe, 120 kcal, 6.3 g carbohydrate and 1.6 g of fat, supplying 110 mg of DHA.
Each sachet was mixed with 120 mL of water.

Conventional Phe-free L-AA, contained 100% mono amino acids, vitamins and minerals to meet
dietary reference values. Children took their usual prescribed L-AA supplements taken from liquid
pouches or as a powder taken in a semi-solid format. The Phe-free L-AA had a similar energy profile to
CGMP-AA. The same dose of protein equivalent for each individual subject was taken throughout the
study, and was administered at the same time (3 or 4 times daily) from both CGMP-AA and Phe-free
L-AA (Table 1).
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Table 1. Nutritional composition of casein glycomacropeptide supplemented with rate-limiting amino acids (CGMP-AA) compared with the conventional Phe-free
L-AAs used in the study.

CGMP-AA 20 g PE L-AA Protein Substitutes 20 g PE

Nutrients Units CGMP-AA 1 sachet 35 g
Powder Flavoured

PKU Cooler 20
1 pouch = 174 mL

LQ Lophlex 20
1 pouch = 125 mL

XP Maxamum 1 × 50 g sachet
Powder Unflavoured

First spoon 50 g powder
Unflavoured

PKU Express 1 × 34 g sachet
Powder Flavoured

Calories Kcal 120 130 120 149 164 101
Protein equivalent G 20 20 20 19.5 20 20
Total carbohydrate G 6.3 8.9 8.8 17 19.2 4.7

Sugars G 2.2 5.9 8.8 1.6 12.8 0.3
Total fat G 1.6 1.6 0.44 <0.25 0.6 0.07

DHA Mg 110 134 150 0 104 0
AA Mg - - - - - -
Salt G 0.55 0.26 0 0 0 0.43

Vitamin A µg RE 259 261 285 355 600 283
Vitamin D µg 5.0 10 8 3.9 13.2 4.5
Vitamin E mg αTE 5.30 5.2 3.2 2.6 7.1 5.3
Vitamin C Mg 26 37 17.8 90 75 36.7
Vitamin K µg 23 24 24.9 35 57 34
Thiamine Mg 0.60 0.7 0.43 0.7 0.75 0.68
Riboflavin Mg 0.60 0.77 0.5 0.7 0.75 0.78

Niacin Mg 3.20 3.5 7.1 6.8 3.4 8.4
Vitamin B6 Mg 0.60 0.87 0.58 1.1 0.75 1
Folic Acid µg 102 101 120 250 84 136

Vitamin B12 µg 1.6 1.6 1.8 1.8 1.9 1.6
Biotin µg 13 13 53.4 70 27.8 63.9

Pantothenic acid Mg 2.0 1.9 1.8 2.5 4.2 2.7
Choline Mg 204 200 153 161 139 204
Sodium Mmol 12 4.5 <10 12.1 9.1 7.5

Potassium Mmol 5.9 6.1 <25 9 13.5 8
Chloride Mmol 0.20 3.9 <25 7.9 9 6.9
Calcium Mg 399 400 356 335 626 407

Phosphorus Mmol 13 11 8.9 10.8 14.8 11.4
Magnesium Mg 115 110 107 143 88 128

Iron Mg 7.4 7.3 5.3 11.8 12.4 7.3
Copper Mg 0.60 0.73 0.53 0.7 0.63 0.75

Zinc Mg 7.4 5.6 3.9 6.8 8.8 7.3
Manganese Mg 0.40 0.5 0.53 1.1 0.65 1.1

Iodine µg 84 85 58.4 53.3 127 85.7
Molybdenum µg 20 23 25 53.5 18.4 49

Selenium µg 30 26 26.8 25 23.8 29.9
Chromium µg 12 14 10.6 25 21 29.9
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Table 1. Cont.

CGMP-AA 20 g PE L-AA Protein Substitutes 20 g PE

Amino acid profile

L-Alanine G 0.83 0.92 1.16 0.85 0.95 0.87
L-Arginine G 0.96 1.5 2 1.6 1.65 1.41

L-Aspartic acid G 1.31 2.37 1.75 1.5 1.55 2.23
L-Cystine G 0.24 0.61 0.51 0.6 0.62 0.57

L-Glutamine G 2.70 0 2.6 0 1.73
Glycine G 0.71 2.35 1.88 1.5 1.47 2.22

L-Histidine G 0.70 0.92 0.79 0.9 0.95 0.87
L-Isoleucine G 1.42 1.62 1.24 1.4 1.47 1.52

L-Leucine G 3.02 2.54 2.13 2.4 2.48 2.39
L-Lysine G 0.95 1.67 1.63 1.9 1.71 1.58

L-Methionine G 0.28 0.45 0.34 0.4 0.39 0.42
L-Phenylalanine G 0.036 - 0 0 0 0

L-Proline G 1.60 1.69 2 1.7 1.79 1.59
L-Serine G 1.01 1.04 1.09 1.1 1.09 0.99

L-Threonine G 2.29 1.62 1.04 1.2 1.23 1.54
L-Tryptophan G 0.40 0.5 0.41 0.45 0.48 0.48

L-Tyrosine G 2.25 2.38 1.88 2.1 2.2 2.24
L-Valine G 1.14 1.86 1.38 1.6 1.58 1.76

Abbreviations: PE: Protein equivalent; Phe: Phenylalanine; CGMP-AA: casein glycomacropeptide supplemented with limiting amino acids; L-AA: L-amino acid (protein substitute based
on 20 g PE); DHA: Docosahexaenoic acid; AA: Arachidonic acid.
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2.3. Study Design

In a 6-week randomised controlled cross-over study, each subject was randomised to take three
different regimens at home for 14 days (Figure 1):

• R1: Subjects took CGMP-AA only as their protein substitute and their usual prescribed Phe
allowance from food (CGMP-AA + Phe);

• R2: Subjects took CGMP-AA only, but the amount of Phe contained in the CGMP was deducted
from their dietary Phe allowance (CGMP-AA − Phe);

• R3: Subjects took Phe-free L-AA with their usual dietary Phe allowance (Phe-free L-AA).
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Figure 1. Diagram showing overview of study methodology. Each subject was randomised to R1, R2
and R3 for 14 days, on day 13 and 14, 4 hourly blood spots were collected for Phe and Tyr concentrations.

During the last 48 h of each study period (days 13 and 14), four hourly Phe and Tyr blood spot tests
were taken day and night (08.00 am, 12.00 noon, 16.00 pm, 20.00 pm, 24.00 midnight, and 04.00 am).
Twelve blood spots were collected during each study regimen, with a total of 36 blood spots over
the entire study for each subject. A mean blood value for each time point over 2 days was calculated
for each subject. Using these values, a median value for the whole subject group was determined
representing a 24 h profile.

All the children had their first blood spots taken at 8.00 am (baseline) and they were completed at
04.00 am on the third day.

Randomisation was generated by a block randomisation system and the random order was kept
within a sealed envelope.

2.4. Standardisation of Meals

On day 12, 13 and 14 of each study period, subjects followed the same meal plan and took their
protein substitute at the same time each day. This was to achieve isocaloric intake and minimise
variability due to differences in daily routines and dietary patterns. In R2, when dietary Phe was
withdrawn, to compensate for the Phe in CGMP-AA, the energy content was replaced using low-protein
food sources or glucose polymer solutions. Parents/caregivers weighed and recorded all food on day
12, 13 and 14 during each study period.
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2.5. Blood Spots for Phe and Tyr

Throughout the study, trained caregivers collected four hourly blood spots at home. Blood spots
for Phe and Tyr were collected on filter cards, Perkin Elmer 226 (UK Standard NBS, Public Health
England, London, UK). All parents/caregivers had received previous training on blood spot collection
and their technique was reviewed prior to study commencement. Blood spots were returned to the
laboratory at Birmingham Women’s and Children’s Hospital. All the cards had a standard thickness
and the blood Phe and Tyr concentrations were calculated on a 3.2 mm punch by MS/MS tandem
mass spectrometry.

All subjects received careful supervision on blood collection days with daily home visits from the
lead researcher to ensure blood spots were taken at correct times and were of adequate size. Additional
support was provided by telephone calls made by the lead researcher throughout the evening and
night-time to ensure all blood spots were collected.

2.6. Statistics

Sample size calculations determined that 18 subjects were required to demonstrate a difference of
30 µmol/L variation in Phe over 48 h based on a two-sided alpha level 0.05, a power of 80% and a
standard deviation of 40 µmol/L.

Data are summarised as median (range) for continuous data and frequencies of counts and
percentages for categorical data. Longitudinal regression techniques were used to evaluate the change
in Phe and Tyr over time. Models were constructed which included time as a categorical factor and the
randomisation identifier. Patient identifiers are included as a random effect to evaluate both between
and within levels of variability. Further models were constructed which included time as a continuous
covariate to give the average change in Phe levels over the study period. Of secondary interest was the
stability in Phe levels, and this was assessed by measuring the difference between the Phe levels at
each time point and the daily median.

3. Results

Regarding subject withdrawal, one girl (aged 12 years) withdrew from the study on day 1 of the
first regimen after she decided not to continue with the blood spot sampling.

A total of 18 children with PKU completed the study. The median natural protein intake from
food was 5 g/day (range 3–30 g). A median daily dose of 60 g (40–80 g) of protein equivalent from
protein substitute was consumed between three evenly divided daytime doses. The median intake of
Phe supplied by the CGMP-AA was 108 mg/day (range 70–140).

At enrolment, 4 subjects had powdered Phe-free L-AA, [XP Maxamum (Nutricia Ltd., Trowbridge,
UK), n = 1; PKU First spoon (Nutricia Ltd.) n = 2; PKU Express (Vitaflo International Ltd., Liverpool,
UK), n = 1], and 15 subjects had Phe-free liquid L-AA pouches [LQ Lophlex (Nutricia Ltd.) n = 2, PKU
Cooler (Vitaflo International Ltd.) n = 13]. When taking the CGMP-AA formula, all children mixed
this with water.

Regarding the comparison between regimens 1, 2 and 3 for median Phe concentrations over 24 h
(Table 2), there was a difference in blood Phe variability depending on the regimen that was followed.
The median Phe was 290 (range 30–580 µmol/L) in R1, 220, (range 10–670 µmol/L) in R2 and 165
(range 10–640 µmol/L) in R3. There was a significant difference between the three regimens, [R1 vs. R2
p < 0.0001, R1 vs. R3 p < 0.0001, R2 vs. R3 p = 0.0009]. All median Phe levels were within the European
PKU target guidelines (12).

Regarding the comparison between regimens 1, 2 and 3 for median Phe concentrations for each
time point (Table 3, Figure 2), there was a significant difference in median Phe at each time point (i.e.,
08.00 h, 12.00 h, 16.00 h, 20.00 h, 24.00 h, and 04.00 h) between R1 vs. R2, [median value p = 0.0027] and
R1 vs. R3 [p < 0.0001]. No significant difference was observed between any of the time points for R2 vs.
R3. The Phe concentrations were consistently higher at all time points in R1 and lowest in R3.
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Regarding the comparison of the variation in Phe concentrations between regimens 1, 2 and 3
during each 8 hourly time period (08.00 h–16.00 h), (16.00 h to 24.00 h), (24.00 h to 08.00 h) (Table 4,
Figure 3), measuring the Phe over 8 hourly time periods showed there was less variation with R1
and R2 compared with R3. In all three regimens, the largest change in blood Phe occurred overnight
between 24.00 h and 08.00 h, R1: +35 µmol/L, R2: +20 µmol/L, R3: +70 µmol/L. The largest change in
Phe at all three measured 8 hourly intervals was in R3. In all three regimens, Phe decreased between
08.00–16.00 h and from16.00 h-24.00 h, the least change was in R1, then R2 and the greatest change
always in R3.

For subjects up to 12 years of age, the European blood Phe target range was maintained at 75% at
each time point over 24 h in R1, 72% in R2 and 64% in R3. For subjects ≥ 12 years (n = 3) blood Phe
target range was maintained 100% of the time in R1 and R2 and 64% in R3.

Median Phe Concentrations for Each Subject Compared with Recommended Target Reference Ranges for R1, R2
and R3

Comparing Phe concentrations with European PKU age related guidelines for children <12 years
(120–360 µmol/L), the number of subjects with concentrations < 120 µmol/L was lowest in R1 (7%),
then R2 (22%) and highest in R3 (35%). Phe concentrations > 360 µmol/L were highest in R1 (18%),
then R2 (7%) and no concentrations > 360 µmol/L were recorded in R3. For older children ≥12 years
(120–600 µmol/L), in R1 and R2 all Phe concentrations were within reference range, but in R3, one
subject had concentrations < 120 µmol/L, and one had concentrations > 600 µmol/L (Figure 4).

For children < 12 years, the mean percentage of time over 24 h that Phe concentrations were
< 120 µmol/L was 7% (SD 6) for R1 (n = 4), 12% (SD 8) for R2 (n = 7), and 15% (SD 9) for R3 (n = 9).
The mean percentage time > 360 µmol/L was 16% (SD 4) in R1 (n = 4), and 25% in R2 (n = 1).
No member of the R3 group had levels > 360 µmol/L.

In the older age group of ≥ 12 years, over a 24 h period, R1 and R2 had no Phe concentrations
outside the reference range. In R3, the percentage time over 24 h with Phe concentrations < 120 µmol/L
was 25% in one child, and in another child, Phe concentrations were > 600 µmol/L for 4% of the time.

Regarding the comparison between regimens 1, 2 and 3 for median Tyr concentrations over 24 h
(Table 2), the median Tyr concentrations were highest in R1 and R2 (Tyr 70, range 20–240 µmol/L) and
lowest in R3 (60, range 10–200 µmol/L). When median Tyr concentrations were compared over 24 h,
there was a significant difference between regimens R1 vs. R3 (p = 0.0028) and R2 vs. R3 (p = 0.0016).
There was no difference between R1 vs. R2 (p = 0.96).
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Figure 2. Comparison of median Phe concentrations (µmol/L) at each time point for regimens 1, 2
and 3.
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Table 2. Comparison of median Phe (µmol/L) and Tyr (µmol/L) concentrations (range) over 24 h for
regimens 1, 2 and 3.

R1 R2 R3

Phe µmol/L 290 (30–580) * 220 (10–670) T 165 (10–640) TT

Tyr µmol/L 70 (20–240) ** 70 (20–220) § 60 (10–200) §§

Wilcoxon test Phe * vT, * v TT p < 0.0001, T vTT p = 0.009. Wilcoxon test Tyr ** v §§, § v §§, p = 0.002. Subtext symbols
*,TT, §,§§ show comparisons between the groups R1, R2 and R3.

Table 3. Comparison of median Phe (µmol/L) and Tyr (µmol/L) concentrations (range) at each time
point for regimens 1, 2 and 3.

Time
R1 R2 R3

Phe µmol/L Tyr µmol/L Phe µmol/L Tyr µmol/L Phe µmol/L Tyr µmol/L

08.00 310 (150–490) T 40 (30–120) 230 (115–560) 1 50 (30–120) 220 (80–440) TT 40 (20–200)
12.00 290 (80–450) T 90 (40–150) 220 (40–600) 2 90 (20–170) 185 (30–480) TT 80 (20–200)
16.00 280 (80–500) T 90 (30–240) § 225 (70–670) 3 90 (30–220) ** 190 (20–640) TT 70 (30–160) §§**
20.00 300 (80–580) T 80 (20–190) 210 (50–570) 4 75 (20–150) 170 (20–480) TT 80 (10–180)
24.00 275 (30–500) T 70 (30–150) 185 (10–490) 5 85 (30–180) *** 125 (10–440) TT 60 (30–190) ***
04.00 275 (50–550) T 60 (30–110) § 210 (70–610) 6 60 (30–280) **** 150 (40–440) TT 50 (30–100) §§****

Wilcoxon TvTT p < 0.0001, Tv1 p = 0.0015, Tv2 p = 0.0028, Tv3 p = 0.0016, Tv4 p = 0.0039, Tv5 p = 0.0552, Tv6 p = 0.0073,
Wilcoxon test § v §§ p = 0.03, ** v** p = 0.01, *** v*** p = 0.02, **** v**** p = 0.007. Subtext symbols e.g., T,TT, **,***,****
show comparisons between the groups R1, R2 and R3.

Table 4. Comparison of the variation in Phe (µmol/L) concentrations between regimens 1, 2 and 3 over
8 hourly time periods.

Time R1 Phe µmol/L R2 Phe µmol/L R3 Phe µmol/L

08.00–16.00 −30 −5 −35
16.00–24.00 −5 −40 −65
24.00–08.00 +35 +20 +70
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Figure 3. Comparison in the variation in Phe (µmol/L) concentrations between regimens 1, 2 and 3
over 8 hourly time periods.
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Figure 4. (A) Median Phe (µmol/L) concentrations and ranges for each subject in R1 (CGMP + Phe)
compared with recommended age target ranges (target Phe range 120 to 360 µmol/L aged < 12 years;
120 to 600 µmol/L aged ≥ 12 years). (B) Median Phe (µmol/L) concentrations and ranges for each
subject in R2 (CGMP-Phe) compared with recommended age target ranges (target Phe range 120
to 360 µmol/L aged < 12 years; 120 to 600 µmol/L aged ≥ 12 years). (C) Median Phe (µmol/L)
concentrations and ranges for each subject in R3 (L-AA) compared with recommended age target
ranges (target Phe range 120 to 360 µmol/L aged < 12 years; 120 to 600 µmol/L aged ≥ 12 years).



Nutrients 2019, 11, 520 11 of 14

4. Discussion

In PKU, this is the first randomised controlled study to review the 24-h blood Phe and Tyr
variability using CGMP-AA compared with conventional L-AA. The impact of the residual Phe content
of CGMP-AA on 24-h blood Phe and Tyr profiles under controlled conditions was also studied. When
comparing each of the three regimens for the percentage of Phe concentrations within the target range
for the respective ages, it was clear that the CGMP-AA minus the dietary Phe gave the most consistent
results. However, this study clearly demonstrated that the Phe supplied by CGMP-AA adversely
affected blood Phe control in children. In the R1 group, 18% had Phe concentrations greater than the
reference range compared to none in the R3 group, suggesting that residual Phe in CGMP impacts
metabolic control. However, the median Phe concentrations remained within the current targets for all
three test regimens [13].

It has been well established that timing of protein substitution affects diurnal Phe variation [8].
In a study in which 16 children with PKU received a Phe-free AA every 4 h during the day and
night, the median differences in blood Phe concentrations were 40 µmol/L per day. When the protein
substitute was given in 3 divided doses over 10 h, the median difference in blood Phe was 140 µmol/L
per day. In the current study, the protein substitute was given three times a day over the course of 12 h.
The median difference in Phe, measured between the highest and lowest values, over 24 h were lowest
in R1 at 35 µmol/L, followed by R2 at 45 µmol/L, and highest in R3 at 95 µmol/L. This may suggest
that CGMP-AA has some influence on Phe stability compared to the L-AA group.

There is evidence to suggest that the digestion, absorption and metabolism of CGMP-AA and
L-AA may vary. Amino acid availability depends directly on the quantity and quality of the dietary
source of nitrogen. Protein utilization is affected by factors such as the rate of protein digestion, amino
acid absorption, together with the presence and amount of other essential and non-essential amino
acids and macronutrients [7,14]. The speed of protein digestion and amino acid absorption from the
gut has a major effect on whole body protein anabolism. Studies measuring protein utilization have
shown that a ‘slowly’ digested protein, e.g., casein, is better utilized compared with a ‘fast’ one such
as milk-soluble protein isolate [15,16]. The amino acid profile of dietary proteins may also increase
the secretion of insulin, which has a positive correlation with plasma leucine, phenylalanine and
arginine concentrations [17,18]. Postprandial protein metabolism is a complex biochemical process
influenced by the type of protein ingested, macronutrients, hormonal responses and timing of dietary
intake. An even delivery of Phe into the systemic system may enable a steady state of protein
utilization improving absorption kinetics increasing whole body protein balance and skeletal muscle
protein synthesis.

Some studies [19–22] suggest that fluctuations in blood Phe concentrations may influence
intellectual outcome, although the exact mechanism of how is unknown. In non-PKU adults, Phe
fluctuates by no more than 50% over 24 h. It has been shown that the daily fluctuations in plasma-free
amino acid levels are significantly affected by dietary conditions, with more frequent feeding leading
to less fluctuation [23,24]. The stabilization of blood Phe concentrations would lead to less diurnal
fluctuation, and this may have a positive benefit neurologically and physiologically. However, there is
no agreed definition of Phe fluctuation. A review of the literature suggests that it is the cumulative
effect of day-to-day fluctuations over months and years that may affect cognition impacting on
intelligence quotients [25,26]. A recent short study over 26 weeks by Feldmann concluded that Phe
fluctuations were negatively correlated with IQ in children with mild PKU [27]. Although no study has
definitively shown that fluctuation in Phe affects neurocognitive outcome, evidence suggests there is a
correlation, and therefore the stabilization of Phe concentrations should be the aim of treatment. In R2
and R3 with controlled Phe intake, the only influence on outcomes is the type of protein substitute
consumed, and the evidence in this study suggests that CGMP-AA may have a positive physiological
impact on reducing variability.

Tyr concentrations were highest for all three regimens at 12.00 midday and progressively declined
over 24 h, with the lowest concentrations at 08.00 am. Tyr concentrations showed less stability than Phe.
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Only R1 showed a steady fall over 24 h. Tyr concentrations in R2 and R3, showed greater variations
(rising and falling) within the 24 h period. The impact of this pattern has not been studied in detail.
Tyr is an important functional amino acid; as a large neutral amino acid, it competes at the blood–brain
barrier with Phe, and it is closely associated with the monoamine neurotransmitter dopamine. There is
also some suggestion that Tyr from L-AA protein substitutes are less bioavailable because of altered
gut bacteria compared to CGMP-AA protein substitutes [28]. More work is needed to explore the
association of Tyr and bioavailability on long-term neurocognitive outcomes using CGMP-AA and
L-AA protein substitutes.

There are limitations to this study; for instance, we only enrolled a limited number of children.
However, because the study design was a randomised cross-over study with each child acting as their
own control, it increased the power of the study. We have not accounted for energy expenditure over
the three days, which could have influenced our results, although the children were at school for some
of the study period and the rest of the time was closely supervised. Although protein substitute was
given at the same time point each day for each child, this was not a standardised time for the group of
children, but they took it according to their individual, usual daily routine.

5. Conclusions

This study clearly demonstrates that the residual Phe in CGMP-AA, when used as the only source
of protein substitute in children, has a significant impact on blood Phe control. In its present format, the
formulation of CGMP-AA should be used with caution in children < 12 years of age, as there is a risk
of Phe concentrations increasing beyond target recommendations. However, the glycomacropeptide
structure appears to lead to the stabilization of Phe concentrations with less fluctuation over a 24-h
period compared to conventional amino acid formula. Further studies and research are necessary to
refine the CGMP-AA product providing a lower Phe or Phe-free CGMP-AA, allowing greater use of
glycomacopeptide, and possibly leading to better stabilization of Phe concentrations over the day.
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Abstract: In Phenylketonuria (PKU), the peptide structure of the protein substitute (PS),
casein glycomacropeptide (CGMP), is supplemented with amino acids (CGMP-AA). CGMP may
slow the rate of amino acid (AA) absorption compared with traditional phenylalanine-free amino
acids (Phe-free AA), which may improve nitrogen utilization, decrease urea production, and alter
insulin response. Aim: In children with PKU, to compare pre and postprandial AA concentrations
when taking one of three PS’s: Phe-free AA, CGMP-AA 1 or 2. Methods: 43 children (24 boys,
19 girls), median age 9 years (range 5–16 years) were studied; 11 took CGMP-AA1, 18 CGMP-AA2,
and 14 Phe-free AA. Early morning fasting pre and 2 h postprandial blood samples were collected
for quantitative AA on one occasion. A breakfast with allocated 20 g protein equivalent from PS
was given post fasting blood sample. Results: There was a significant increase in postprandial AA
for all individual AAs with all three PS. Postprandial AA histidine (p < 0.001), leucine (p < 0.001),
and tyrosine (p < 0.001) were higher in CGMP-AA2 than CGMP-AA1, and leucine (p < 0.001), threonine
(p < 0.001), and tyrosine (p = 0.003) higher in GCMP-AA2 than Phe-free AA. This was reflective of the
AA composition of the three different PS’s. Conclusions: In PKU, the AA composition of CGMP-AA
influences 2 h postprandial AA composition, suggesting that a PS derived from CGMP-AA may be
absorbed similarly to Phe-free AA, but this requires further investigation.

Keywords: phenylketonuria; PKU; glycomacropeptide; amino acid; absorption

1. Introduction

Protein substitutes are an essential source of synthetic protein in the dietary treatment of classical
phenylketonuria (PKU). Protein is the second major constituent in the body, critical for growth and
supporting a wide range of metabolic and cellular functions. Amino acids (AA) are engaged in
a dynamic process of protein synthesis and degradation. In PKU, it is critical that the AA profile of
protein substitutes are carefully developed, with a balance of AAs that meet WHO 2007 [1] minimal
AA requirements [2,3]. Furthermore, there is evidence that modification of the large neutral amino
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acid (LNAA) profile (including tyrosine, leucine, isoleucine, methionine, valine, histidine, threonine
and tryptophan) will enhance brain AA concentrations. In mice fed LNAA, an improvement in
brain neurophysiology with increased brain serotonin and norepinephrine, and lower phenylalanine
concentrations was observed [4]. It is also important that the composition and protein source of protein
substitutes help support physiological AA absorption [5].

In PKU, protein substitutes are either manufactured using artificial AA without phenylalanine or
based on caseinglycomacropeptide (CGMP), a by-product of the cheese making process [6]. Artificial AAs
are generated from plant-based materials converted into sugars, fermented, and purified [7]. In contrast,
CGMP modified for use in PKU is a mix of bioactive glycopeptides containing residual phenylalanine
with the addition of essential and semi essential artificial AAs (CGMP-AA). Some authors [8,9] describe
CGMP as an intact protein. However, proteins are large macromolecules made up of one or more
polypeptide chains, whereas CGMP is a 64 macropeptide and therefore classification as an intact protein
source is a misrepresentation [10]. Although there is knowledge about the absorption of AAs and intact
protein, little is known about the absorption properties of CGMP-AA.

It is well recognized that the kinetic and biochemical properties of natural proteins change
depending on the quality of protein, which is determined by its AA pattern, the speed of digestion,
absorption and release of AAs into the circulation [11]. Protein metabolism has been extensively
studied [12,13]. It is established that whey protein is rapidly absorbed, and the release of some
individual AAs (leucine, isoleucine) influences anabolic and hormonal pathways [11,14,15]. In contrast,
the appearance of plasma AAs following a meal with casein is slower, with protein synthesis increased
and breakdown inhibited [11,16,17]. AAs are directly available for absorption by the small intestine,
and so are quickly absorbed, potentially resulting in their transient imbalance, and altering their
bioavailability. AA antagonism, the presence of high concentrations of specific AAs, may alter the AA
equilibrium, impairing the absorption of other AAs and limiting absorption and metabolism [18]

In PKU, several authors [19–22] have demonstrated improved utilization of AAs when protein
substitutes are taken in divided doses throughout the day. However, this still does not produce
a normal physiological response; protein substitutes are usually taken as an addition and not as
an integral part of a meal. In an animal study, the metabolic and biological influences of CGMP were
compared with Phe-free AA, with CGMP giving a more physiological response decreasing metabolic
stress and immunity [23]. In subjects with PKU, van Calcar et al. [24] suggested CGMP improved
protein synthesis and nitrogen retention compared to Phe-free AA. However, peptides may be absorbed
more rapidly than AA [14,25], thereby questioning the rate of delivery of AAs from CGMP-AA.

In this pilot, parallel study in children with PKU, we aimed to investigate if there were any
differences following an overnight fast in the pre and postprandial AA absorption after taking one
breakfast dose of Phe-free AA compared with two different CGMP-AA formulations with varying
AA compositions.

2. Ethical Permission

The South Birmingham Research Ethics committee granted a favorable ethical opinion. The study
was registered 13/WM/0435 IRAS (integrated research application system) 129497. Written informed
consent was obtained for all subjects from at least one caregiver with parental responsibility and
written assent obtained from the subject if appropriate for their age and level of understanding.

3. Materials and Methods

3.1. Inclusion Criteria

Entry into the study included: children diagnosed with PKU by newborn screening, aged 5–16 years
and treated with diet only. Children had to be adherent with diet and protein substitute intake, with 70%
of routine blood phenylalanine concentrations within European PKU Guideline target range [26] for
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six months before study enrolment. Target blood phenylalanine ranges were 120 to 360 μmol/L for
children aged 5 up to 12 years and 120 to 600 μmol/L for 12 years and older [26].

3.2. Study Design

Pre and postprandial AA absorption was measured on one occasion after six months of taking
either Phe-free AA, or one of two CGMP formulations (CGM-AA1 or CGMP-AA2). Children attended
the hospital after an overnight fast (minimal fasting time 10 h). CGMP-AA1 had been taken for
six months by 11 children as part of a pilot study the results have previously been published [27].
Following the results of the pilot study, a further 18 children were recruited and took CGMP-AA2,
which was a modification of CGMP-AA1. Nineteen children remained on Phe-free AA. All children
had fasting capillary finger pricks (0.5 mL), for quantitative plasma AAs. Children then took 20 g
protein equivalent from Phe-free AA, CGMP-AA1 or CGMP-AA2, followed by a breakfast providing
less than one third of their phenylalanine/natural protein allowance (median 2 g natural protein (100 mg
phenylalanine), range 1–6). After 120 min post protein substitute and breakfast, a second capillary
sample was taken for AAs.

3.3. Protein Substitutes (PHE-FREE AA and CGMP1, CGMP2)

The AA profile and nutritional composition of the three different protein substitutes (provided by
Vitaflo International) are given in Table 1. All the children in the Phe-free AA group took the same
liquid pouch (PKU Cooler 20). For each 20 g protein equivalent, Phe-free AA provided 124 kcal, 9.4 g
carbohydrate, and 0.7 g fat, and CGMP-AA1 and CGMP-AA2, 120 kcal, 6.5 g carbohydrate, and 1.5 g fat.
CGMP-AA2 had increased amounts of tyrosine, leucine, histidine, and tryptophan, and less methionine,
lysine, glycine, and aspartic acid than CGMP-AA1. Except for threonine (higher in CGMP-AA1 and
2), glycine and methionine (higher in CGMP-AA1), and leucine (higher in CGMP-AA2), all the other
AAs were slightly but not significantly higher in the Phe-free AA. Glutamine was naturally present
in CGMP-AA, but not added to Phe-free AA. The energy content of the three products was similar,
although the carbohydrate content was 30% higher in the Phe-free AA, and fat content 53% higher in
the two CGMP-AA products, but overall fat intake was low from all three protein substitutes.

The single dose of Phe-free AA, CGMP-AA1, and CGMP-AA2 given in this study provided 20 g
protein equivalent. The CGMP-AA1 and CGMP-AA2 also provided an additional 36 mg phenylalanine
for each 20 g protein equivalent. The children chose either Phe-free AA or CGMP-AA, depending on
their taste preference.

Table 1. Nutritional composition of CGMP-AA 1, CGMP-AA2, and PHE-FREE AA protein substitutes.

Protein Substitute CGMP-AA1 CGMP-AA2 PHE-FREE AA

Nutrients Units Per 20 g PE Sachet Per 20 g PE Sachet Per 20 g PE Pouch

Calories Kcal 120 120 124
Protein equivalent g 20 20 20
Total Carbohydrate g 6.5 6.5 9.4

Sugars g 2.2 2.2 7.8
Total Fat g 1.5 1.5 0.7

Docosahexaenoic Acid mg 84 84 134
Arachidonic Acid mg - - -

Fiber g 0.1 0.1 -

Comprehensive amino acid profile

L-amino acids CGMP-AA1 CGMP-AA2 PHE-FREE AA

20 g PE 20 g PE 20 g PE
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Table 1. Cont.

L-Alanine g 0.76 0.83 0.92
L-Arginine g 1.00 0.96 1.5

L-Aspartic Acid g 2.04 1.31 2.37
L-Cystine g 0.01 0.24 0.61

L-Glutamine g 2.49 2.70 -
Glycine g 2.77 1.20 2.35

L-Histidine g 0.42 0.70 0.92
L-Isoleucine g 1.37 1.35 1.62
L-Leucine g 1.30 3.00 2.54
L-Lysine g 1.07 0.80 1.67

L-Methionine g 0.54 0.28 0.45
L-Phenylalanine g 0.03 0.03 -

L-Proline g 1.51 1.52 1.69
L-Serine g 0.98 0.96 1.04

L-Threonine g 2.17 2.20 1.62
L-Tryptophan g 0.17 0.40 0.5

L-Tyrosine g 1.01 2.24 2.38
Taurine g - - 0.04
L-Valine g 1.13 1.09 1.86

CGMP-AA 1/CGMP-AA 2: casein glycomacropeptide formula 1 and 2; PHE-FREE AA: Phenylalanine-free L-amino
acid (PKU Cooler 20, Vitaflo International).

3.4. Measurement of Quantitative Plasma Amino Acids

Capillary blood samples were collected into a Sarstedt tube and analyzed by ion exchange HPLC
with postcolumn derivatization and spectrophotometric detection (Biochrom, Harvard Bioscience,
Holliston, MA, USA). Prior to analysis, separated lithium-heparinized plasma was deproteinized 1:1
with 8% sulphosalicylic acid containing an internal standard, S-2-amino-ethyl-L-cysteine hydrochloride
(Sigma, Merck, St. Louis, MO, USA). Quantitative amino acids (QAA) were analyzed except tryptophan
and asparagine, which are not reported by our laboratory. Nonproteinogenic AA ornithine, citrulline,
and taurine were included in the analysis. The individual pre- and postprandial AAs were quantitated
(QAA) and the total AAs, total large neutral amino acids (LNAA), total essential amino acids (EAA),
and total branched chain amino acids (BCAA) were calculated from these results. We report total AAs,
LNAAs, BCAA, and EAAs, together with individual AAs.

3.5. Statistics

Descriptive statistics are reported as medians with associated interquartile ranges. Differences in
AAs at baseline and follow-up are assessed using a paired t-test. Differences between the three
treatment groups are performed using linear regression with differences at follow-up adjusting for
baseline covariate values. All analyses are performed in the statistical package R (Version 3.3).

4. Results

4.1. Subjects

Forty-three (41 European and 2 Asian origin) children with PKU, with a median age of 9 years
(range 5–16) were recruited and participated in the study. The number of children in each group was:
Phe-free AA, n = 14 (8 boys and 6 girls), CGMP-AA1, n = 11 (5 boys and 6 girls), and CGMP-AA2,
n = 18 (11 boys and 7 girls). The median age (range) in the groups were: CGMP-AA1, 8.3 years (6–16),
CGMP-AA2, 8.4 years (5–14) and Phe-free AA, 12.9 years (5–15). There was significant difference in age
between CGMP-AA2 and the Phe-free AA group (p = 0.001). The median phenylalanine concentration
for 12 months pre-study (all the children were taking Phe-free-AA) was 288 μmol/L (140–600).

In all three groups, the median daily dose of protein equivalent from protein substitute was
60 g/day (range 40–80 g), and the median amount of prescribed natural protein was 5.5 g/day (range
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3–30 g) or 275 mg phenylalanine (range 150–1500 mg). The majority had classical PKU, except two
children who were mild according to their untreated blood phenylalanine levels at diagnosis and
dietary phenylalanine tolerance.

4.2. Quantitative Plasma Amino Acid Results

Individual Amino Acids

Significant pre and postprandial differences for most individual AA were observed within each
group (Table 2).

Preprandial valine was significantly lower with CGMP-AA2 than CGMP-AA1 (p = 0.031) and
CGMP-AA2 vs. Phe-free AA (p < 0.001). For CGMP-AA1 vs. Phe-free AA, there were no significant
preprandial changes.

Postprandial CGMP-AA1 vs. CGMP-AA2: histidine (p < 0.001), leucine (p < 0.001) and tyrosine
(p < 0.001) were significantly higher for CGMP-AA2, while methionine (p < 0.001) significantly lower
compared with CGMP-AA1.

Postprandial CGMP-AA1 vs. Phe-free AA: histidine (p = 0.005) and tyrosine (p = 0.005) were
significantly higher in Phe-free AA, but isoleucine (p = 0.008), methionine (p < 0.001), threonine
(p = 0.001) significantly lower. For CGMP-AA2 v Phe-free AA, leucine (p < 0.001), threonine (p < 0.001),
and tyrosine (p = 0.003) were all significantly higher in CGMP-AA2.

Changes in the pre and postprandial AA concentrations between the groups appeared to be
mainly a reflection of the different amino acid compositions of the three protein substitutes, being most
evident between CGMP-AA1 and CGMP-AA2. CGMP-AA2 had higher amounts of histidine, leucine,
and tyrosine, and lower methionine and valine compared to CGMP-AA1.

4.3. Total Amino Acids, LNAA, BCAA, and EAA

There were similar significant pre and postprandial changes within the groups for total AAs,
LNAA, BCAA and EAA (Table 3(a–d), Figure 1a–d). No significant pre or postprandial changes were
observed between any of the three groups when comparing total AA, LNAA, BCAA, or EAAs.
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Figure 1. (a) Total median pre and postprandial amino acid concentrations for total amino acids (n = 17)
for CGMP-AA1, CGMP-AA2, and PHE-FREE AA protein substitutes. (b). Total median pre and
postprandial amino acid concentrations for EAA (n = 7) for CGMP-AA1, CGMP-AA 2, and PHE-FREE
AA protein substitutes. (c) Total median pre and postprandial amino acid concentrations for BCAA
(n = 3) for CGMP-AA1, CGMP-AA2, and PHE-FREE AA protein substitutes. (d) Total median pre and
postprandial amino acid concentrations for LNAA (n = 8) for CGMP-AA1, CGMP-AA2, and PHE-FREE
AA protein substitutes.

5. Discussion

This pilot study showed that that the postprandial AA concentrations largely reflected the AA
profile of each of the protein substitutes used. CGMP-AA2 contained higher amounts of tyrosine,
histidine, and leucine, and lower amounts of methionine and valine compared to CGMP-AA1.
These changes were mirrored in the higher postprandial peaks of tyrosine, histidine, and leucine
observed between CGMP-AA1 vs. CGMP-AA2. Although there was no postprandial change between
the groups for valine, preprandial levels were lower between CGMP-AA1 vs. CGMP-AA2 and
CGMP-AA2 vs. Phe-free AA. This is not easily explained physiologically, but may reflect a chance
finding, or changes as a result of the competition between the AAs.

It is interesting to speculate on the postprandial changes, as it seems the more AA added to the
protein substitute, the higher the AA concentrations were when measured at 120 min. The physiological
consequence of these higher AAs is unknown. Postprandial tyrosine was significantly higher in
CGMP-AA2 compared with CGMP-AA1 as a direct response of adding extra tyrosine. Norepinephrine
is derived from tyrosine and is a principal brain neurotransmitter and so the provision of adequate
tyrosine is essential to produce this monaminergic neurotransmitter, which is of clinical significance.
Ney et al. [28] measured fasting tyrosine and tryptophan concentrations in subjects taking Phe-free
AA compared to CGMP-AA and found their concentrations were 50% higher with Phe-free AA.
Gut serotonin levels and microbiome-derived compounds made from tyrosine and tryptophan,
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although not significantly different, were higher in the CGMP-AA group, suggesting an improved
bioavailability of tyrosine and tryptophan [29].

In our study, although individual AAs changed significantly within groups, no significant
differences were observed between groups for total AAs, LNAAs, BCAAs, and EAAs. After 120 min,
AA concentrations had increased significantly above fasting levels with a 56% increase in CGMP-AA1,
73% increase in CGMP-AA2 and a 42% increase in the Phe-free AA group. The total AA concentration
per 20 g protein equivalent for CGMP-AA1 was 21 g, CGMP-AA2, 22 g, and Phe-free AA 24 g. It seems
unlikely that the peptide-based CGMP-AA offered any advantage in minimizing the kinetic release of
AA, although postprandial bloods were not measured in the first hour post consumption.

This exploratory investigation was a crude assessment to explore if there were any kinetic
differences between AAs and a peptide based CGMP-AA with a different AA profile. In a crossover
study in eleven adults with PKU, MacLeod et al. [30] measured postprandial AAs after 180 min
following a breakfast with Phe-free AA or CGMP-AA. CGMP-AA was consumed as GMP foods
rather than drinks. In the CGMP-AA group, postprandial threonine and isoleucine were significantly
higher, and total AA concentrations just reached a significant difference compared to the Phe-free AA
group. The authors suggested that based on the higher concentrations of insulin and total plasma
AAs in the GMP group, CGMP-AA had an improved AA absorption profile compared to Phe-free
AA. Although the preprandial breakfast was isocaloric, the AA composition of both products was
not stated and the protein substitute in the form of a food versus a liquid may alter the absorption of
AAs. Similarly, a non-physiological response causing a rapid rise in insulin concentrations may not be
ideal. What remains unknown both in this and our own study is at what point maximum and nadir
concentrations for AAs were reached, and neither study measured concentrations over 240 min or
used a whole protein source as a comparison from which maximum and minimum AA concentrations
could be compared.

Ahring et al. [31] compared two groups of protein substitutes: group 1, CGMP only versus Phe-free
AA (different protein sources but the same AA composition) and group 2, CGMP-AA (CGMP with
added AAs) versus Phe-free AA, (different protein sources and the same AA composition). The AA
profile was different between group 1 and 2. Measurements were made over 240 min. They reported
no differences in the absorption of total AAs between the two groups, suggesting that CGMP made no
impact on the absorption rate of AAs. However, some individual AAs changed significantly between
the groups. For example, the tyrosine amounts in the different product consumed were markedly
different; group 1, 0.05 g and group 2, 10.81 g. At 30 min post ingestion, plasma tyrosine concentrations
in group 2 were double those in group 1, reflecting changes in the AA profile of the protein substitute
rather than the source of protein.

Gropper et al. [32] and others [33–35] have demonstrated that the type and quality of protein
influences kinetic absorption. Healthy volunteers ingested one of three protein sources: AAs, a mixture
of 75% AA with 25% natural protein, or whole protein. After 150 min, the only AA profile significantly
higher than baseline was the group ingesting whole protein. In the two other groups, peak AA
concentrations were reached before this time point. These studies showed that peak AA concentrations
from a Phe-free AA or Phe-free AA combined with an intact protein source were more rapidly absorbed
compared with an intact protein source only.

Both the time of arrival and pattern of AAs in the systemic circulation are important for effective
protein synthesis. For this to occur efficiently all essential AAs must be presented to the tissues in
appropriate amounts simultaneously. In PKU, the delivery of AAs to tissues is accelerated compared to
a diet based on mixed proteins [12]. Glutamine is the most abundant free AA in the body, with a wide
range of diverse molecular actions [36]. Its primary source is skeletal muscle. Both BCAA and lysine,
by different mechanisms, act as precursors for glutamine synthesis, and leucine can stimulate the release
of glutamine and alanine from muscles. Threonine in high concentrations can decrease glutamine
formation [37]. The importance of understanding the delivery of AAs from protein substitutes and
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their effect on molecular pathways is crucial to long-term health outcomes for patients reliant on
protein substitutes for their main source of nitrogen.

There are limitations to our findings. This was a pilot study with the aim to explore AA absorption
from protein substitutes with different AA compositions. The liquid Phe-free AA preparation
contained 30% more carbohydrate and 50% less fat than the CGMP-AA preparations. Breakfast
provided similar food choices and the protein content was controlled, providing no more than 30% of
their natural/phenylalanine daily allowance; however, we did not standardize the breakfast for all
subjects, nor did we measure the AA concentrations every 30 min or over the course of 240 min as
recommended by others [11,37], thereby missing the peak and baseline values. Similarly, we did not
collect any other supporting data such as insulin and glucose concentrations to review the effect of
insulinotropic AAs between the different protein sources. Our AA analysis did not measure tryptophan.
We did not compare children with PKU with a control group taking a standard breakfast only without
protein substitute.

6. Conclusions

In conclusion, the delivery, timing, and ratios of AAs are essential to maximize nitrogen utilization
and biochemical functions. This pilot investigation compared three protein substitutes with different
AA compositions and two different protein sources. It appeared that the AA composition rather than
protein source was more important in determining postprandial plasma AAs. Further detailed work is
needed to understand the kinetic and functional roles of protein substitute based on different protein
sources and their metabolic impact
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Abstract: Protein quality and quantity are important factors in determining lean body (muscle) mass
(LBM). In phenylketonuria (PKU), protein substitutes provide most of the nitrogen, either as amino
acids (AA) or glycomacropeptide with supplementary amino acids (CGMP-AA). Body composition
and growth are important indicators of long-term health. In a 3-year prospective study comparing the
impact of AA and CGMP-AA on body composition and growth in PKU, 48 children were recruited.
N = 19 (median age 11.1 years, range 5–15 years) took AA only, n = 16 (median age 7.3 years, range
5–15 years) took a combination of CGMP-AA and AA, (CGMP50) and 13 children (median age
9.2 years, range 5–16 years) took CGMP-AA only (CGMP100). A dual energy X-ray absorptiometry
(DXA) scan at enrolment and 36 months measured LBM, % body fat (%BF) and fat mass (FM).
Height was measured at enrolment, 12, 24 and 36 months. No correlation or statistically significant
differences (after adjusting for age, gender, puberty and phenylalanine blood concentrations) were
found between the three groups for LBM, %BF, FM and height. The change in height z scores, (AA
0, CGMP50 +0.4 and CGMP100 +0.7) showed a trend that children in the CGMP100 group were
taller, had improved LBM with decreased FM and % BF but this was not statistically significant.
There appeared to be no advantage of CGMP-AA compared to AA on body composition after
3-years of follow-up. Although statistically significant differences were not reached, a trend towards
improved body composition was observed with CGMP-AA when it provided the entire protein
substitute requirement.

Keywords: phenylketonuria; body composition; glycomacropeptide; protein substitute

1. Introduction

There are concerns about increasing obesity and consequential long-term comorbidi-
ties in both the general and phenylketonuria (PKU) populations [1–3]. A reliance on an
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“artificial” diet may alter normal physiological processes such as the distribution of fat
and lean mass, adversely affecting long-term health outcomes [4]. Body composition is
a key component of health, and it typically refers to the quantification of body fat and
muscle mass—changes that cannot be adequately assessed by body weight or body mass
index (BMI) [5,6]. In PKU, reports of body composition are few and there are no long-term
prospective studies or systematic/meta-analyses reviewing body composition. Therefore,
it is difficult to extrapolate any association between body composition and other factors
such as muscular fitness, adiposity and longer-term health outcomes.

In classical PKU, a low-phenylalanine diet requires substantial modification of usual
dietary patterns. For most patients with PKU, high-biological-value proteins are excluded
(e.g., meat, fish, eggs and dairy products), with low-phenylalanine/phenylalanine-free protein
substitutes providing the principle source of obligatory nitrogen, which is essential to maintain
metabolic control and enable optimal growth and lean body mass [7,8]. Muscle contributes up
to 40–45% of body weight, and skeletal muscle is the largest store of peptides and free amino
acids [9]. Reliance on “synthetic” nitrogen sources may compromise body composition; lean
mass is dependent on amino acid availability and, compared to natural protein, delivery and
utilisation of amino acids from protein substitutes is sub-optimal [10–12].

A consistent finding from a systematic meta-analysis in healthy subjects [13] is that
lean mass is a strong predictor of bone mass. Lean mass, and therefore bone mass, par-
ticularly in teenagers with PKU, may be compromised as it coincides with a time when
adherence with diet and protein substitutes is being challenged [14,15]. Additionally, the
physiological increase in lean body mass and fat mass differs in adolescent boys and girls,
further exacerbating the difficulties in body composition interpretation [16].

The synthetic protein given in PKU is usually derived from amino acids without
phenylalanine (AA). More recently, casein glycomacropeptide (CGMP), a bioactive phos-
phoglycopeptide, has been used as an alternative low-phenylalanine protein substitute
(CGMP-AA). It is associated with better palatability, so adherence is improved [17], but
it is unknown if this bioactive macropeptide will alter body composition in PKU. The
type of protein, its absorption and amino acid composition alters insulin and glucagon
responses. Insulin stimulates protein synthesis [18,19], while glucagon increases amino acid
catabolism. Some non-PKU studies have shown that nitrogen retention is improved when
protein is in the form of oligopeptides compared to whole protein or amino acids [20–22].
It is possible that CGMP, a whey-derived macropeptide, may promote nitrogen retention,
improving lean body mass synthesis [23] and growth potential in children with PKU.

This 3-year, prospective, longitudinal study in children with PKU aimed to compare
the impact of two different sources of protein substitute, AA and low-phenylalanine
CGMP-AA, on growth and body composition by comparing height, lean body mass and
fat mass.

2. Materials and Methods
2.1. Methods

Children were included in the study if they were diagnosed with PKU by newborn
screening, aged 5–16 years of age, on dietary treatment only and adherent with protein
substitute, with 70% of routine blood phenylalanine concentrations within phenylalanine
target range for 6 months before study enrolment. Target blood phenylalanine range
for children aged 5–12 years was 120 to ≤ 360 µmol/L and for 13 years and older was
120 to < 600 µmol/L, as recommended by the European PKU guidelines [24].

CGMP-AA and AA Protein Substitutes

Two types of protein substitute were studied: AA and CGMP-AA. AA were either
powders made up with water to a semi-solid consistency or ready-to-drink liquids pro-
viding 10, 15 or 20 g of protein equivalent, tailored to a child’s protein requirements.
The CGMP-AA powdered protein substitute (a test product via Vitaflo International Ltd.
Liverpool, UK) contained 36 mg of phenylalanine for each 20 g protein equivalent and
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was reconstituted by adding 120 mL of water. Both products had a similar energy pro-
file per 20 g protein equivalent; CGMP-AA, 120 Kcal, 6.5 g carbohydrate and 1.5 g fat;
AA, 124 Kcal, 9.4 g carbohydrate and 0.7 g fat. Threonine and leucine were higher in the
CGMP-AA product.

2.2. Study Design

In this prospective, longitudinal, 3-year study, home visits were conducted 3 monthly
collecting dietary information, weight and height. Dual energy X-ray absorptiometry scans
(DXA) measured body composition at enrolment and at 36 months. At enrolment, all the
children were on AA protein substitute and had a Tanner pubertal assessment. Following
the DXA scan, the patients were divided into 3 subgroups:

(1) AA: protein substitute given as AA only;
(2) CGMP50: patients tolerating a combination of CGMP-AA and AA;
(3) CGMP100: patients tolerating all their protein substitute as CGMP-AA.

Due to the negative impact on blood phenylalanine control, only some children were
able to meet their protein requirements using only CGMP-AA [25]. Therefore, in addition to
the AA group, a third group (CGMP50) was introduced where a combination of CGMP-AA
and AA provided approximately 50% of the protein equivalent intake.

2.2.1. Selection into CGMP-AA or AA Group

The children chose CGMP-AA or AA, depending on their taste preference. Those in the
CGMP-AA group entered CGMP50 or CGMP100 groups depending on their phenylalanine
blood concentrations.

2.2.2. Dual X-ray Absorptiometry (DXA)

A DXA scan of the total body to assess body composition (fat and lean body mass)
was carried out by two trained operators, using a GE Lunar iDXA and Encore TM software
version 13.1 (GE Healthcare, Wisconsin, MD, USA). Trunk thickness and body weight
were utilised to ensure that each child was scanned in the most appropriate acquisition
mode. Children lay supine on a bed, while the DXA scan was completed. At baseline
and 36 months, the following parameters were measured: lean body mass (LBM) g, fat
mass (FM) g, % body fat (%BF), weight (kg), height (cm) and body mass index (BMI)
(kg/m2). Daily quality assurance tests were performed according to the manufacturer’s
instructions. The precision of the instrument was calculated as 1.0% for fat and 0.5% for
lean in normal-weight subjects.

2.2.3. Anthropometric Measurements

Weight and height were measured by one of two metabolic dietitians. Height was
measured using a Harpenden stadiometer (Holtain Ltd., Crymych, UK) and weight
on calibrated digital scales (Seca, Medical Measuring Systems and Scales, Birmingham,
UK. Model 875); weight was measured to the nearest 0.1 g and height to the nearest
0.1 cm. Weight, height and BMI were analysed over four time points; baseline, 12, 24 and
36 months.

2.2.4. Blood Phenylalanine Levels

Throughout the study, trained caregivers collected weekly early morning fasted blood
spots on filter cards, Perkin Elmer 226 (UK Standard NBS) at home. Blood specimens were
sent via first class post to the laboratory at Birmingham Children’s Hospital. All the cards
had a standard thickness, and the blood phenylalanine concentrations were calculated on a
3.2 mm punch by MS/MS tandem mass spectrometry.
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2.2.5. Pubertal Status

A general medical examination was conducted and pubertal status was measured at
enrolment using the Tanner picture index [26]. Stage 1 and 2 were classified as pre-pubertal
and stage 3, 4 and 5 as pubertal.

2.3. Statistical Analysis of Anthropometry and Body Composition

Continuous data are presented as medians with associated inter-quartile ranges (IQR);
categorical data are presented as frequencies of counts with associated percentages. Out-
come data were divided into anthropometric data, weight (kg), height (cm) and body mass
index (BMI) (kg/m2), which were measured as standardised scores, and body composition
was measured as lean body mass g, % body fat (%BF) and fat mass g. Anthropometric
and body composition data were compared with blood phenylalanine concentrations.
Standardised height was represented as the change in height and height z scores at each
time point relative to baseline. Given the number of patients and the difference in ages
between the groups, analysis was performed using longitudinal regression, which adjusts
for patient age. Although standardised measures implicitly account for patient age, it
was retained as a covariate in the analysis to avoid any confounding due to age when
comparing treatment groups.

Correlations between the outcome data were calculated using Pearson’s correlation
coefficient. Anthropometric data were analysed using longitudinal modelling techniques,
including main effects for time and age and evaluating the effect of treatment within each
time-point. Models were further adjusted for patient age, accounting for the differences
in the enrolment age between the treatment groups. Body composition outcomes were
measured at two time points; data were analysed using analysis of covariance (ANCOVA)
techniques, analysing the 36-month data as the outcome and adjusting for the enrolment
data, including patient age at enrolment as well as their pre-pubescent status and gender.

Power Calculation

This prospective intervention study took as a primary outcome measure a conser-
vative difference between CGMP and AA groups using day-to-day blood phenylalanine
concentrations from a previous study. Twenty children maintaining blood phenylala-
nine concentrations between 100 and 400 µmol/L would detect a 5% reduction in blood
phenylalanine concentrations outside the expected target range, at a power of detection
of 88% and at a significance level of p = 0.05. A minimum of 45 children was the target
recruitment aim.

2.4. Ethical Permission

The South Birmingham Research Ethics committee granted a favourable ethical opin-
ion, reference 13/WM/0435 and IRAS (integrated research application system) number
129497. Written informed consent was obtained for all subjects from at least one caregiver
with parental responsibility and written assent obtained from the subject if appropriate for
their age and level of understanding.

3. Results
3.1. Subjects

Fifty children (28 boys, 22 girls) with PKU were recruited. Forty-seven children were
European and three were of Asian origin. Forty-eight completed the study: 29 in the
CGMP-AA group and 19 in the AA group. A significant difference in age was noted
between the AA and CGMP50 groups (p = 0.005) and between the CGMP50 and CGMP100
groups (p = 0.04) (Table 1).
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Table 1. Subject characteristics at recruitment.

AA CGMP50 CGMP100

Number recruited n = 19 n = 16 n = 13

Girls n = 8 n = 8 n = 5

Boys n = 11 n = 8 n = 8

Median age y (range) 11.1 (5–15) 7.3 (5–15) 9.2 (5–16)

% of children prepubertal
(stage 1 and 2) 32% 69% 62%

Girls n = 2 n = 6 n = 5

Boys n = 4 n = 5 n = 3

% of children pubertal
(stage 3 to 5) 68% 31% 38%

Girls n = 6 n = 2 n = 0

Boys n = 7 n = 3 n = 5
AA, amino acid; CGMP, glycomacropeptide; CGMP50, protein substitute based on combination of CGMP and
AA; CGMP100, protein substitute based on CGMP only.

3.2. Pubertal Status

Pre-pubertal status (stage 1 and 2): 32% (n = 6/19) were pre-pubertal in the AA group,
69% (n = 11/16) in the CGMP50 group and 62% (n = 8/13) in the CGMP100 group.

Late puberty (stage 3 to 5): 68% (n = 13/19) in the AA group, 31% (n = 5/16) in the
CGMP50 group and 38% (n = 5/13) in the CGMP100 group.

All had classical PKU, except two with mild PKU based on untreated blood pheny-
lalanine levels at diagnosis and dietary phenylalanine tolerance.

3.3. Subject Withdrawal

One boy and one girl (aged 12 and 11 years, respectively) in the CGMP-AA group were
excluded from the study, as both were unable to adhere to the study protocol. One failed to
return blood phenylalanine samples and both had poor adherence to their phenylalanine-
restricted diet.

3.4. Protein Substitutes and Phenylalanine Concentrations

We have previously reported the types/manufacturers of protein substitutes taken by
the AA, CGMP50 and CGMP100 groups. Similarly, the median phenylalanine concentrations
have been reported at baseline and year 3 [27]. Median phenylalanine concentrations were
within recommended target reference ranges for children aged ≤ 11 and ≥ 12 years old [24].

The median daily dose of protein equivalent from protein substitute was 60 g/day
(range 40–80 g), and the median amount of prescribed natural protein was 5.5 g protein/day
(range 3–30 g) or 275 mg/day of phenylalanine (range 150–1500 mg) in all groups.

3.5. Body Composition Lean Mass, Fat Mass and % Body Fat

Body composition was analysed using ANCOVA, adjusting for patient age, gender,
phenylalanine concentration and pre-pubescent status (Table 2). No statistically significant
differences were found between the three treatment groups for lean body mass, %BF or fat
mass. All parameters increased over the 3-year study period.

3.6. Lean Body Mass, % Body Fat and Fat Mass

ANCOVA showed no significant differences in lean body mass, fat mass or % body
fat between the treatment groups, although a trend for improved lean body mass, fat mass
and % body fat was observed in the CGMP100 group.
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Table 2. Median (range) lean mass, fat mass and % body fat in the AA, CGMP50 and CGMP 100 groups at enrolment and
36 months.

Body Composition Time of Assessment AA (Range)
n = 19

GMP50 (Range)
n = 13

GMP100 (Range)
n = 16

Lean mass (g) Enrolment 26,702
(16,920–34,209)

16,334
(14,280–17,686)

20,060
(16,451–21,947)

36 m 32,560
(25,893–40,511)

23,921
(22,725–26,477)

31,268
(25,561–35,875)

Delta 5858
(8973–6302)

7587
(8445–8791)

11,208
(9110–13,928)

Fat mass (g) Enrolment 9528
(6961–15,018)

5764
(4504–6758)

6688
(5057–8811)

36 m 17,216
(10,930–20,687)

12,945
(10,678–16,519)

12,220
(8347–13,101)

Delta 7688
(3969–5669)

7181
(6174–9761)

5532
(3290–4290)

% body fat Enrolment 29
(23–36)

24
(22–28)

25
(19–30)

36 m 35
(25–39)

33
(30–36)

28
(20–33)

Delta 6 9 3

AA, amino acid; CGMP, glycomacropeptide; CGMP50, protein substitute based on combination of CGMP and AA; CGMP100, protein
substitute based on CGMP only; g, grams; kg, kilograms.

3.7. Changes in Height Z Scores

Accounting for the age and gender differences, there were no statistically significant
differences for height within or between the groups. At the end of the 3-year study, all
groups had a positive height z score. We have previously reported weight and BMI z
scores over the 3 year period [27], showing no statistical differences between the groups
(Tables 3 and 4, Figure 1).

Table 3. Median z scores (range) for height in AA, CGMP50 and CGMP100 groups measured annually
from enrolment to 36 months in PKU children.

Time
(Months)

AA Height z Score
n = 19

CGMP50 Height z Score
n = 16

CGMP100 Height z Score
n = 13

Enrolment
(range) 0.2 (−0.2 to 0.8) −0.1 (−0.6 to 0.6) −0.1 (−0.4 to 0.3)

12 months
(range) 0.2 (−0.2 to 0.6) 0.1 (−0.4 to 0.5) 0.1 (−0.1 to 0.3)

24 months
(range) 0.2 (−0.1 to 0.5) 0.2 (−0.2 to 0.5) 0.4 (0.0 to 0.7)

36 months
(range) 0.2 (0.0 to 0.5) 0.3 (−0.1 to 0.7) 0.6 (0.1 to 0.7)

Delta height
z score 0 +0.4 +0.7

AA, amino acid; CGMP, glycomacropeptide; CGMP50, protein substitute based on combined CGMP and AA;
CGMP100, protein substitute based on CGMP only.

Statistical modelling showed a trend in the CGMP100 group towards improved growth
and a reduction in total body fat percentage and improved lean body mass. Analysis of the
delta change in height was divided by age for those ≤ 10 and ≥ 11 years.
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Table 4. ANOVA regression model showing values for age, treatment (AA, CGMP50, CGMP100) and
treatment/time.

Df Sum Sq Mean Sq F Value Pr (>F)

Age 1 0.015 0.015 0.020 0.887

Treatment 2 1.225 0.613 0.843 0.432

Treatment/time 3 2.081 0.694 0.954 0.415

Residuals 185 134.418 0.727
1 = AA, 2 = CGMP50, 3 = CGMP100.

Figure 1. Change in median height z score from baseline to 36 months in the amino acids (AA), GCMP100 and CGMP 50
groups. Legend: AA, amino acid; CGMP, glycomacropeptide; CGMP50, protein substitutes based on combined CGMP and
AA; CGMP100, protein substitute based on CGMP only.

4. Discussion

Body composition and height over 36 months in a group of children with PKU taking
CGMP or AA protein substitutes showed no statistically significant changes in any of the
measured parameters. However, in the CGMP100 group, statistical modelling indicated a
trend (p = 0.42) towards improved longitudinal growth, a reduction in fat mass and % body
fat and improved lean body mass. When growth was represented as a median change from
baseline over time, it showed that the CGMP100 group had the greatest change in height.
However, age modified this trend and, although the CGMP100 group continued to show
improved height growth, it did not reach significance.

We can only speculate about a suggested trend in improved body composition when
taking CGMP as the complete source of protein substitute. One possible explanation is the
bioactivity of CGMP; it is rich in the branched chain amino acids isoleucine and leucine,
which are potent modulators of protein turnover and have been shown to have a significant
effect on insulin and glucose metabolism [28,29]. If CGMP, by the action of these amino
acids, improves insulin sensitivity, it is possible that growth may be improved. However,
we did not collect any information on insulin resistance in this group of subjects, so it is
difficult to draw any firm conclusions.
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Huemer et al. [30] measured growth and body composition over 12 months in
34 children with classical PKU. Total protein intake was 124% of the German recom-
mended daily allowance. A significant correlation was found between lean body mass
and intake of natural protein, suggesting that improved natural protein intake was ben-
eficial. Evans et al. [31] also reported a similar significant relationship between a lower
% fat mass and a higher total, natural and protein substitute intake, with natural pro-
tein > 0.5 g/kg/day associated with an improved body composition; no relationship was
found between natural protein intake and improved height z scores. Evans, similarly, to
Hoeksma et al. [32], observed that neither natural protein nor energy intake correlated with
linear growth, as reported by Aldamiz Echevarria et al. [33]. The effect of a low-protein diet
on energy balance and postprandial fat oxidation has received little attention in subjects
with PKU. A study by Alfheeaid et al. [34] reported a lower thermal effect of feeding and
fat oxidation after healthy subjects had taken a meal containing special low-protein foods
and protein substitutes, possibly leading to a higher fat mass and altered body composition.
Patients with milder PKU, responsive to sapropterin dihydrochloride (BH4), have a higher
natural protein tolerance but there appeared to be no advantage in height, weight, body
mass index or growth velocity when BH4 was compared to conventional PKU therapy [35].
There are no studies reporting body composition in BH4-responsive patients who use
fewer special low-protein food products and have a wider range of natural protein sources
compared to the classically treated patients with PKU.

The importance of adequate protein intake from protein substitutes (both quality
and quantity) in patients with PKU has been documented by many authors [36–41]. No
studies have identified the protein digestibility score or absorption kinetics of CGMP
protein substitutes; this is important to ascertain protein efficiency. In healthy adults,
protein-containing meals taken at regular intervals improve skeletal muscle protein by 25%,
reinforcing the need to consume protein substitutes in divided doses [42–44]. The optimal
amount of protein substitute based on free amino acids or CGMP remains undefined,
but any factor leading to protein inefficiency may compromise body composition and
optimal height and increase the incidence of overweight. Another confounding factor that
may affect body composition is the effect of a long-term low-phenylalanine diet higher
in carbohydrates, which may be associated with a higher risk of adiposity and insulin
resistance [45,46]. All of these factors may lead to under achievement of optimal growth
potential in children with PKU [47].

Comparison of body composition by gender, regardless of group, showed that lean
body mass was statistically significantly higher in males than females, consistent with
reports in the literature (p = 0.013) [48]. Fat mass and lean body mass vary with age, gender
and pubertal status. Various authors have reported an age-related increase in lean body
mass index being more rapid in males compared with females, particularly between the
ages of 11 and 16 years, which is in line with the rapid accrual of lean body mass during
male puberty [49]. Children gain lean mass disproportionately to height and this is more
pronounced in boys compared to girls [48].

A multitude of methods exist for assessing body composition, including DXA, bioelec-
trical impedance (BIA) and whole-body air displacement plethysmograph (Bodpod), each
having their own assumptions, advantages and inadequacies [50]. Unfortunately, there
is a lack of standardised reference data, making interpretation and comparison of results
challenging. Sensitive and accurate measurements are needed to detect differences in
visceral, compared to central, fat accumulation, as ponderal and body mass index alone are
unable to detect subtle differences. The gold standard for measuring body composition is a
four-compartment (4C) model [51]. DXA has been evaluated against 4C models in children,
and although it overestimates body fat by 1–4% depending on age, sex and body size,
the correlation compared to a 4C model is good despite the small error [52,53]. Reference
data for comparison of body composition parameters are limited; a recent publication
by Ofenheimer [54] has produced age and gender specific reference percentiles of body
composition parameters for European children and adolescents. Comparison of our data
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would indicate appropriate body composition for fat and lean body mass when calculated
as a median between baseline and 36 months.

There are limitations to this study: we did not have a healthy reference control group
or UK-based reference data to compare body composition parameters, an inherent problem
when using the DXA for body composition analysis. Endocrine parameters such as bone
age or growth hormone were not measured, but they may have explained differences in
linear growth. Until kinetic studies are conducted, it is unknown if a peptide compared
to amino acids alters the delivery and assimilation of amino acids, leading to improved
lean body mass and growth. We did not collect parental height data, which may have been
useful as a comparison within the groups. Not all the children were able to completely
replace their full amino acid requirement with CGMP-AA, which may have reduced the
strength of our findings. There were small numbers of children in each study group. More
older children chose to stay on their AA supplement compared to the younger age group,
who were more willing to try an alternative protein substitute, which may have led to
some bias.

5. Conclusions

In this 3-year longitudinal study, we found no noticeable differences in body composi-
tion between the groups taking CGMP-AA and AA. However, there was a trend towards
improved body composition in the group taking all of their protein substitute as CGMP-AA.
This may suggest that CGMP does confer some biological benefit. Proof of concept will only
be possible via larger controlled studies and over a longer duration throughout childhood.
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Abstract 

In patients with phenylketonuria (PKU), treated by diet therapy only, evidence suggests that areal 

bone mineral density (BMDa) is within the normal clinical range but is below the population norm. 

Aims: To study longitudinal bone density, mass and geometry over 36 months in children with 

PKU taking either amino acids (AA) or casein glycomacropeptide (CGMP-AA) as their main 

protein source. Methodology: 48 subjects completed the study: 19 in the AA group (median age 

11.1y, range 5-15y) and 29 in the CGMP-AA group. The CGMP-AA was further divided into 2 

groups, CGMP100 (n=13), children taking CGMP-AA only and CGMP50 (n=16), children taking a 

combination of CGMP-AA and AA. Dual X-ray absorptiometry (DXA) was measured at enrolment 

and 36 months, peripheral quantitative computer tomography (pQCT) at 36 months only, and 

serum blood and urine bone turnover markers (BTM) and blood bone biochemistry at enrolment, 

6, 12 and 36 months. Results: No statistical significant differences were found between the three 

groups for DXA outcome parameters: BMDa (L2-L4 BMDa g/cm2), bone mineral apparent density 

(L2-L4 BMAD g/cm3) and total body less head BMDa (TBLH g/cm2). All blood biochemistry 

markers were within the reference ranges, and BTM showed active bone turnover with a trend for 

BTM to decrease with increasing age. Conclusions: Bone density was clinically normal, although 

the median z scores were below the population mean. BTM showed active bone turn over and 

blood biochemistry was within the reference ranges. There appeared no advantage of a 

macropeptide based protein substitute compared to one based on AA on bone density,mass and 

geometry. 

 

Key words: PKU, bone mineral density, bone turnover markers, osteoporosis, blood biochemistry, 

casein glycomacropeptide, amino acid, protein substiute 
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1. Introduction 

Optimal bone mass is key to preventing the risk of fractures later in life, and many factors influence 

peak bone mass accretion including genetics, physical activity, body composition and quality of 

diet. Severe dietary restriction may be problematic in conditions such as phenylketonuria (PKU) 

which requires rigorous exclusion of many natural foods [1]. In children with classical PKU, the 

majority of protein is provided by a low phenylalanine, semi synthetic protein (protein substitute), 

with some limited dietary phenylalanine given from natural foods according to individual 

metabolic tolerance and disorder severity. Dependency on a synthetic protein may compromise 

both peak bone mass attainment and bone geometry [2, 3]. 

 

Protein substitutes fundamental in the treatment of classical PKU are traditionally derived from 

essential and non-essential amino acids and usually supplemented with added vitamins, minerals 

and trace minerals aiming to achieve optimal growth, bone mass and body composition. Protein 

substitutes are necessary life-long but long-term adherence is difficult to sustain particularly 

during adolescence [4, 5]. This is a particulary vulnerable time for maximising bone mass, density, 

mineralization and growth potential. Amino acids contribute to the structural components of bone 

in addition to those of growth and tissue maintenance [2, 6, 7].  

 

Protein has a positive effect on bone [8, 9], dietary protein intake promotes peripubertal bone 

growth and delays bone loss [10, 11]. Several long-term prospective observational studies [7, 12] 

have shown a significant positive association between protein intake and bone mineral content, 

periosteal circumference, cortical area and an index of strength strain. These studies reinforce that 

a moderate to high protein diet promotes bone accretion. Converesly, the acid ash theory suggests 

that a high protein intake (with protein substitutes based on amino acids) is detrimental to bone 

accretion [10, 13]. High protein diets and protein substitues contain sulphur rich amino acids and 

together with anions such as phosphate produce sulphuric and phosphoric acid. To buffer this 

acidic environment, it is suggested that calcium stored in bones is excreted in the urine as 

bicarbonate [14-18], and this process slowly demineralises bone. However, a systematic and meta 

analysis reviewing calcium balance studies in response to changes in phosphate supplementation 

dismiss this theory [19, 20]. Although the urine pH is lower when taking a protein rich diet, the pH 

of the extracellular fluid is undisturbed due to the regulatory control performed by the kidneys 

[10]. 

 

The use of casein glycomacropeptide supplemented with amino acids (CGMP-AA) is associated 

with improved bone mass in PKU animal models [21], but the use of CGMP (a bioactive peptide) 

compared to AA protein substitutes and their influence on bone mass, density and geometry has 

not been studied in children with PKU.  

 

In this longitudinal prospective controlled study over 36 months we investigated the efficacy of 

CGMP–AA compared to AA protein substitute on bone mass, density, geometry and turnover 

markers in children with PKU. 
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1.1 Ethical approval  

The study was registered by the Health Research Authority and was given a favourable ethical 

opinion by the South Birmingham Research Ethical Committee (referenced 13/WM/0435 and IRAS 

(integrated research application system) number 129497. Written informed consent was given by 

at least one caregiver with parental responsibility and written assent obtained from the subjects if 

appropriate for their age and level of understanding. 

 

2. Materials and Methods 

2.1 Methods 

Inclusion criteria included: children with PKU diagnosed by newborn screening, aged 5-16 years, 

not treated with sapropterin dihydrochloride, known adherence with protein substitutes, and 

maintainance of 70% of blood phenylalanine concentrations within European PKU target 

therapeutic range for 6 months prior to study enrolment [22]. Target blood phenylalanine ranges 

for children aged 5-12 years were 120 to ≤ 360 µmol/L and for 12 years and older 120 to ≤600 µmol/L. 

 

2.1.1 CGMP-AA and AA protein substitutes  

The CGMP-AA (a test product by Vitaflo International Ltd. Liverpool, UK) was a flavoured 

powder. Each 35g sachet contained 20g protein equivalent, and 36 mg phenylalanine, mixed with 

120mL of water. The flavoured AA’s were either powders mixed with water or ready prepared 

liquids providing 10, 15 or 20g of protein equivalent. Both CGMP-AA and AA products had a 

similar nutritional and AA profile; except CGMP-AA contained residual phenylalanine, and higher 

amounts of threonine and leucine.  

 

2.1.2 Selection into CGMP or AA group. 

The children chose the product they preferred, depending on their taste preference: CGMP-AA or 

AA. They remained on this formula for the duration of the study.  

 

2.2 Study design  

The primary aim of this 3-year longitudinal study was to compare bone mass, density and 

geometry of children with PKU taking CGMP-AA or AA as their primary protein source. The 

following examinations were conducted: dual energy X ray absorptiometry (DXA), together with 

blood bone biochemistry, bone serum and urine turnover markers. Peripheral quantitative 

computed tomography (pQCT) of the forearm was performed at 36 months only (Figure 1). 

 

A previous pilot study [23] demonstrated that the residual phenylalanine in the CGMP-AA led to 

compromised phenylalanine control in some children. Therefore the CGMP-AA group was 

subdivided into: 1) CGMP100 group where the children took the entire protein substitute as 

CGMP-AA; 2) CGMP50, where children took a combination of AA and CGMP-AA. There was also 

a third group of children who remained on their usual AA protein substitute (AA group).  
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Figure 1 Diagramatic scheme for study methodology, enrolment to 36 months 

 

Legend: CGMP-AA, casein glycomacropeptide; AA, amino acid; CGMP100, all protein substitute 

from casein glycomacropeptide; CGPM50, 50% of protein substitute taken from casein 

glycomacropeptide and 50% from amino acid protein substitute; DXA, dual x ray absorptiometry; 

pQCT, peripheral quantitative computerised tomography  

 

2.2.1 Dual Energy X-ray Absorptiometry (DXA) and peripheral quantitative computed 

tomography (pQCT) 

A GE Lunar iDXA and Encore™ software version 13.1g (GE Healthcare, Wisconsin MD USA) was 

used to measure bone density at enrolment and at the end of 36 months. Trunk thickness and body 

weight were used as a guide for scanning each child in the most appropriate acquisition mode. 

Children lay supine on a bed, while the DXA scan was completed. The following parameters were 

measured: lumbar spine (L2-L4) areal bone mineral density (L2-L4 BMDa) in g/cm2, lumbar spine 

(L2-L4) bone mineral content (L2-L4 BMC) in g, total body mineral content (BMC) in g and total 

body less head BMDa (TBLH) in g/cm2. Size corrected outcomes measures included lumbar spine 

bone mineral apparent density (L2-L4 BMAD) in g/cm3. At 36 months, in addition to the DXA 

assessment pQCT was also performed. 

 

2.2.2 pQCT 

pQCT (Stratec Pfozheim Germany) measures were taken at the 4% and 66% region of the non 

dominant forearm, evaluating volumetric bone mineral density, together with muscle and bone 

geometry, size and strength. At the 4% site trabecular and total cross sectional area was measured, 

Enrolment tests 
done when all 

on AA

CGMP AA

n=29

CGMP100

n=13

CGMP50

n=16

AA

n=19

AA

n=19

Enrolment 6m 12m 36m 

• Fasting blood  

biochemistry  

• Serum bone 

markers 

• 2nd void  

urine bone 

markers 

• DXA 

• Fasting blood 

biochemistry  

• Serum bone 

markers 

• 2nd void  

urine bone 

markers 

 

• Fasting blood  

biochemistry  

• Serum bone 

markers 

• 2nd void  

urine bone  

markers 

 

• Fasting blood 

biochemistry 

• Serum bone  

markers 

• 2nd void  

urine bone  

markers 

• DXA 

• pQCT 

 

Anthropometry 3monthly; blood phenylalanine weekly 



Nutrients 2021, 13, x FOR PEER REVIEW 5 of 5 
 

 

while at the 66% site cortical density, muscle, bone and fat area were measured. pQCT also 

measured the strength strain index a surrogate marker of bone strength. 

 

2.2.3 Serum blood and urine bone turnover markers 

Fasting early morning venous blood samples were collected at enrolment, 6, 12 and 36 months for 

the following serum bone markers: procollagen type 1 N-terminal propeptide (P1NP), type 1 

collagen β cross-linked C-telopeptide (β-CTX) and bone alkaline phosphatase (bone ALP). A urine 

sample, the second sample of the day was collected at enrolment, 6, 12 and 36 months for urine 

creatinine adjusted free urine pyridinoline (fPYD/UrC), urine free deoxypyridinoline crosslinks 

(fDPD/UrC) and urinary calcium:creatinine ratio (Ur Ca/Cr). Urines were collected in containers, 

which were wrapped in tin foil and put into an envelope to shield them from any light. All samples 

were taken immediately to the laboratory for processing and urine stored at -80°C. β-CTX and 

P1NP were analysed using an electro-chemiluminescence immunoassay (ECLIA) on a COBAS e601 

analyser (Roche Diagnostics, Mannheim, Germany). Inter-assay coefficient of variation (CV) for β-

CTX was <3% across the analytical range between 0.01-6.0 µg/L, with a sensitivity of 0.01 µg/L. 

Inter-assay CV for P1NP was <3% between 5-1200 µg/L with a sensitivity of 5 µg/L. Serum Bone 

ALP was determined by MicroVue™ enzyme-linked immunosorbent assay ELISA kit (Quidel 

Corporation, US), Inter-assay CV for Bone ALP was <5.8% between 0.5-150 U/L, with a detection 

limit of 0.7 U/L.  

 

Analysis for urinary fPYD and fDPD were performed using liquid chromatography tandem mass 

spectrometry (LC-MS/MS) method described by Tang et al. In brief, 0.5 mL of urine 

sample/calibration/quality control materials pretreated with 0.5 mL hydrochloric acid (40% 

concentrate) was extracted using solid phase extraction (SPE) column packed with cellulose slurry. 

Pyridinium cross-links were eluted from the SPE columns and analysed by LC–MS/MS coupled 

with an electrospray ionisation (ESI) source operated in positive mode. Inter-assay CVs were ≤10.3% 

for PYD between the concentration range of 5-2,000 nmol/L and ≤13.1% for DPD between 2-1,000 

nmol/L. The lower limit of quantification was 6 nmol/L for fPYD and 2.5 nmol/L for fDPD.  

 

Urine creatinine was measured to obtain fPYD and fDPD to urine creatinine ratio and urine 

calcium:creatine ratio. Samples were analysed using Roche kinetic colorimetric assays performed 

on the COBAS® C501 analyser (Roche, Burgess Hill, UK) according to the manufacturer 

instructions. The inter-assay CV ranged from 1.3-2.1% across the assay working range for Ur Ca of 

0.20-7.5 mmol/L and Ur creatinine of 0.355 mmol/L. 

 

2.2.4. Blood biochemistry markers 

Overnight fasting blood samples for serum calcium, magnesium, phosphate, vitamin D and 

parathyroid hormone were collected at enrolment, 6, 12 and 36 months.  
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2.2.5 Blood phenylalanine /tyrosine monitoring 

Throughout the 36 month study, trained caregivers collected weekly overnight fasting morning 

blood spots at home for phenylalanine and tyrosine. Blood specimens were sent via the post to the 

Birmingham Women’s and Children’s Hospital laboratory. The blood spot filter cards used were 

Perkin Elmer 226 UK standard NBS; manufactured by Perkin Elmer, Waltham MA, USA. All the 

cards had a standard thickness and the blood phenylalanine and tyrosine concentrations were 

calculated on a 3.2 mm punch by tandem mass spectrometry. 

 

2.2.6 Pubertal status 

A general medical examination and pubertal status was measured at enrolment using the Tanner 

picture index. Stage 1 and 2 are classified as pre-pubertal, and stage 3, 4 and 5 as pubertal. 

 

2.2.7Anthropometric measurements 

Weight and height were measured once every 3 months by one of two metabolic dietitians. Height 

was measured using a Harpenden stadiometer (Holtain Ltd, Crymych, UK) and weight on 

calibrated digital scales (Seca, Medical Measuring Systems and Scales, Birmingham, UK. Model 

875); weight was measured to the nearest 0.1kg, and height to the nearest 0.1cm. 

 

2.3 Statistical methods 

Continuous data are presented as median and inter quartile ranges and categorical data are 

presented as frequencies of counts with associated percentages. Longitudinal data are presented 

graphically using profile plots to show the average change over time with comparisons between 

treatment groups performed using Analysis of Covariance (ANCOVA) techniques which include 

baseline measures as adjusting covariates. Models also include covariates for patient gender, age 

and puberty status. A p-value of 0.05 is used throughout to determine statistical significance. All 

analyses are performed using R (Version 3). 

3. Results 

Fifty children (28 boys, 22 girls) with PKU were recruited. Forty-seven children were of European 

and 3 of Asian origins. Forty-eight completed the study, 29 in the CGMP-AA group and 19 in the 

AA group. At enrolment the median age (range) in the CGMP100 group was 9.2 years (5-16y) 

(n=13); in the CGMP50 group, 7.3 years (5-15y) (n=16) and in the AA group, 11.1 years (5-16y) (n=19). 

All had classical PKU, except two with mild PKU based on dietary phenylalanine tolerance and 

untreated blood phenylalanine levels at diagnostic confirmation.  

 

3.1.1 Subject drop out 

One boy and one girl (both aged 12 years) in the CGMP-AA group were excluded from the study 

as both failed to comply with the study protocol. One failed to return blood phenylalanine samples 

and both had poor adherence to the low phenylalanine diet.  

 

3.1.2 Pubertal status 

The number of children prepubertal (stage 1 and 2) at enrolment were: CGMP100, 62% (n=8/13); 

CGMP50, 69% (n=11/16) and AA group, 32% (n=6/19).  
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The number of children in puberty (stage 3 to 5) were: CGMP100 group, 38% (n=5/13); CGMP50 

group, 31% (n=5/16); and AA group, 68% (n=13/19).  

 

3.1.3 Median DXA z scores measurements for CGMP100, CGMP50 and AA groups   

Overall there were no significant differences between the groups for any of the measured DXA 

parameters. Bone density was on the lower side of normal but within normal reference range (Table 

1).  

 

Table 1. Median (range) L2-L4 bone mineral density (BMDa), lumbar spine bone mineral apparent 

density (L2-L4 BMAD) and total body less head BMDa (TBLH) z scores. Other parameters 

measured included L2-L4 bone mineral content and total bone mineral content for CGMP100, 

CGMP50 and AA at enrolment and 36 months. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group 
Enrolment 

z score (range) 

36 months 

z score (range) 

L2-L4 BMDa (g/ cm2) 

CGMP100 -0.2 (-0.9 to 0.8) -0.6 (-0.9 to 0.6) 

CGMP50 -0.1 (-0.5 to 0.5) -0.1 (-0.6 to 0.4) 

AA -0.1 (-0.7 to 0.4) -0.5 (-0.8 to 0.0) 

L2-L4 BMAD (g/cm3) 

CGMP100 0.2 (-0.9 to 0.6) 0.2 (-0.4 to 0.5) 

CGMP50 -0.2 (-0.5 to 0.9) -0.2 (-0.4 to 0.3) 

AA -0.3 (-0.8 to 0.4) -0.6 (-1.2 to -0.1) 

TBLH BMDa (g/cm2) 

CGMP100 -0.6 (-1 to -0.5) -0.5 (-0.6 to - 0.2) 

CGMP50 -0.8 (-1.3 to -0.1) -0.6 (-0.9 to -0.3) 

AA -0.2 (-0.5 to 0.1) -0.2 (-0.4 to - 0.1) 

Median values (range) for Total and L2-L4 BMC g 

Total body BMC g 

CGMP100 832.8 
(672.9 to 1543.5) 

1258.4 
(1082.8 to 1816.9) 

CGMP50 604.9 
(532.9 to 680.3) 

1019.1 
(963.4 to 1134.8) 

AA 1183.8 
(672.9 to 1543.5) 

1650.2 
(1082.8 to 1816.9) 

L2-L4 BMC g 

CGMP100 18.9 (14.1 to 22.9) 28.1 (24.1 to 38.3) 

CGMP50 14.2 (13.0 to 16.6) 22.1 (20.4 to 25.1) 

AA 25.6 (15.9 to 34.9) 40.2 (25.0 to 45.4) 
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Legend: CGMP, casein glycomacropeptide; CGMP100, all the protein substitute as casein 

glycomacropeptide; CGMP50, a combination of casein glycomacropeptide and amino acid protein 

substitute; AA, amino acid protein substitute; L2L4 BMD, bone mineral density lumbar vertebrae 2 

to 4; BMAD, bone mineral apparent density; TBLH, total body less head; L2L4 BMC, bone mineral 

content lumbar vertebrae 2 to 4  

 

Table 2. Results from the pQCT scan measuring median z scores (range) for trabecular, cortical and 

total density at the 4% site and bone, muscle and fat area, strength strain index and bone 

area/muscle area at 36 months in the CGMP100, CGMP50 and AA groups. 

 

Group 36 months z score (range) 

Trabecular density: 4% 

CGMP100 -1.0 (-1.3 to -0.5) 

CGMP50 -1.0 (-1.2 to -0.7) 

AA -0.5 (-1.2 to -0.1) 

Total density: 4% 

CGMP100 -0.7 (-1.1 to -0.6) 

CGMP50 -0.7 (-0.9 to -0.3) 

AA -0.4 (-0.9 to 0.5) 

Cortical density: 66% 

CGMP100 0.1 (-0.1 to 0.3) 

CGMP50 -0.5 (-1.4 to -0.1) 

AA -0.4 (-1.0 to 0.5) 

Bone area: 66% 

CGMP100 1.9 (1.4 to 4.0) 

CGMP50 0.9 (0.2 to 1.8) 

AA 2.0 (1.5 to 3.7) 

Muscle area: 66% 

CGMP100 -1.1 (-1.8 to -0.5) 

CGMP50 -1.2 (-1.4 to -0.6) 

AA -1.0 (-1.8 to -0.5) 

Fat area: 66% 

CGMP100 0.5 (-0.3 to 0.9) 

CGMP50 1.0 (0.4 to 1.8) 

AA 1.2 (0.1 to 2.3) 

Bone area/muscle area: 66% area 

CGMP100 0.5 (0.2 to 1.1) 

CGMP50 -0.4 (-1.2 to 0.5) 

AA 0.5 (0.2 to 1.6) 

Strength strain index (SSI): 66% 

CGMP100 -0.7 (-1.0 to 1.3) 

CGMP50 -0.1 (-0.6 to 0.5) 

AA 0.4 (-0.3 to 0.6) 
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No significant differences were found between the groups for any of the pQCT measurements 

(Table 2). Overall, all three groups had DXA outcomes within the low-normal range. The only 

significant change was in increase in cortical density in patients with CGMP100 compared to AA 

(p=0.05).  

 

3.2 Nutritional bone biochemistry markers  

Median concentrations for all the biochemistry markers (calcium, phosphate, magnesium, vitamin 

D and parathyroid hormone) were within normal reference ranges for all the groups over the 36 

month study period (Table 3). There was no statistical significant differences within or between the 

groups. 

 

3.2.1. Measurement for bone formation markers and urine calcium  

Urine calcium:creatinine ratio (UrCa/Cr) a measure of renal acid excretion was normal with no 

indication of excess calcium (Table 4). Similarly serum and urine BTMs showed a physiological 

decrease with age, and no evidence of a disturbance between formation and resorption. 
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Table 3 Median (range) biochemical bone markers at enrolment and 36 months for CGMP100, CGMP50 and AA groups. 

 

 
Calcium mmol/L 

(range) 

 

 

 

Phosphate mmol/L 

(range) 

Magnesium mmol/L 

(range) 

25 (OH) Vit D nmol/L 

(range) 

PTH ng/L 

(range) 

 Enrolmen

t 

36m Enrolm

ent 

36m Enrolme

nt 

36m Enrolment 36m Enrolme

nt 

36m 

CGMP10

0 

2.5 

(2.3, 2.6) 

2.4 

(2.3, 2.5) 

1.4 

(1.0, 1.5) 

1.3 

(1.0, 1.5) 

0.9 

(0.7, 1.0) 

0.8 

(0.8, 0.9) 

112 

(81, 162) 

79 

(44, 113) 

17 

(11, 42) 

32 

(22, 57) 

CGMP50 
2.5 

(2.3, 2.6) 

2.4 

(2.3, 2.5) 

1.4 

(1.1, 1.6) 

1.3 

(1.1, 1.5) 

0.8 

(0.8, 1.0) 

0.8 

(0.8, 0.9) 

94.6 

(62,135) 

95.2 

(56,137) 

15.5 

(6, 37) 

31 

(19, 46) 

AA 
2.5 

(2.3, 2.6) 

2.4 

(2.3, 2.5) 

1.3 

(1.0, 1.5) 

1.2 

(0.8, 1.7) 

0.8 

(0.8, 0.9) 

0.8 

(0.7, 0.9) 

93.9 

(39,182) 

91.8 

(60, 161) 

21 

(6, 44) 

31 

(19, 46) 

 

Normal reference ranges (reference ranges from Birmingham Children’s Hospital Clinical Chemistry Laboratory) 

Calcium 2.2-2.7 mmol/L 

Phosphate 0.8-1.9 mmol/L 

Magnesium 0.7-1.0 mmol/L 

25 (OH)D Vitamin D  ≥ 50 nmol/L 

Parathyroid hormone (PTH) 15 -60 10 ng/L 
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Table 4. Median (range) serum bone and urine turnover markers calculated from enrolment to 36 

months for CGMP100, CGMP50 and AA in girls and boys. 

 

Legend. M, males; F, females; CGMP, casein glycomacropeptide; CGMP100, all the protein substitute 

as casein glycomacropeptide; CGMP50, a combination of casein glycomacropeptide and amino 

acid protein substitute; AA, amino acid protein substitute; β-CTX, Collagen type1 cross linked C 

telopeptide; BAP, bone alkaline phosphatase; P1NP, procollagen type 1 N terminal propeptide; 

fPYD/ urine free pyridinolin; fDPD, urine free deoxypyridinoline; fPYD/Ur, urine creatinine 

adjusted urine free pyridinoline; fDPD/Ur urine creatinine adjusted urine free deoxypyridinoline; 

UrCa/Cr, urine calcium:creatinine ratio; UrCr urine creatinine. Standard references for children are 

not available 

 

 

 

 

 

 

 

 

 

 

 

 

 
CGMP100 

boys 

CGMP100 

girls 

CGMP50  

boys 

CGMP50 

girls 

AA  

boys 

AA 

 girls 

Β-CTX 

μg/L 

1.2 

(1.2,1.6) 

1.2 

(1, 1.5) 

1.2 

(1.1,1.4) 

1.2 

(1.2.1.3) 

1.4 

(1.3,1.4) 

1.2 

(0.9,1.3) 

BAP 

U/L 

86 

(76,95) 

103 

(92,106) 

125 

(114,131) 

108 

(76,116) 

85 

(75,95) 

83 

(46,97) 

P1NP 

μg/L 

503 

(488,509) 

476 

(387,663) 

470 

(434, 543) 

507 

(487,649) 

522 

(418,556) 

445 

(175,553) 

f DPD 

nmol/L 

178 

(68,307) 

114 

(71,338) 

207 

(91,227) 

147 

(98,265) 

157 

(96,247) 

107 

(93,114) 

f DPD/Ur 

Cr 

nmol/mmol 

22 

(9,27) 

24 

(12,28) 

26 

(10,30) 

23 

(13,28) 

25 

(8,27) 

14 

(8,26) 

f PYD 

nmol/L 

735 

(276,1514) 

429 

(275,700) 

825 

(310,951) 

624 

(347,1134) 

615 

(331,876) 

413 

(290,436) 

f PYD/Ur Cr 

nmol/mmol 

96 

(33,118) 

90 

(40,121) 

96 

(37,111) 

105 

(49,110) 

94 

(27,109) 

58 

(24,100) 

Ur Ca/Cr 

mmol/L 

1 

(0.4,1.2) 

1.1 

(0.8,1.4) 

1.3 

(0.7,1.5) 

0.8 

(0.4,1.3) 

1.6 

(1.3,2.4) 

1.9 

(1.3,2.5) 

Ur Creat 

mmol/L 

12 

(1,15) 

6 

(5,11) 

8 

(7,9) 

8 

(8,10) 

10 

(8,16) 

7 

(6,8) 
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Figure 2. Correlation of β-CTX with PINP for CGMP 100, CGMP 50 and AA at 36 months. 

 

Legend:  CGMP 100 (glycomacropeptide only),   CGMP50 (combination of CGMP and AA),   

AA only 

 

A strong positive correlation was observed between PN1P and β-CTX at 36 months (r=0.82) (Figure 

2). ANCOVA analysis performed on PN1P indicated  that the level of PN1P was somewhat 

dependent on age with older subjects having a lower PN1P level. Further to this there was evidence 

of an increase in PN1P at 36 months associated with GMP100 when compared to AA (p=0.041) 

(Figure 3). There was no difference between GMP50 and AA (p=0.80)  
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Figure 3. Graphs showing serum and urine bone turnover markers at enrolment, 6, 12 and 36 

months separated by gender for CGMP100, CGMP50 and AA. 
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3.3 Anthropometry  

We have previously reported height, weight and body mass index in this group of children [24]. 

At 36 months all groups had a median positive height AA, 0.2 (0 to 0.5), CGMP50 ,0.3 (-0.1 to 0.7) 

and CGMP100, 0.6 (0.1 to 0.7). Median weight for height z scores and BMI z scores were above the 

ideal reference mean indicating an overweight group of children. 

 

3.4 Blood phenylalanine concentrations 

The median phenylalanine concentrations for the study have been previously reported. Median 

phenylalanine concentrations were within recommended target reference ranges for children aged 

≤11y and ≥ 12 years old [24] 

 

The median daily dose of protein equivalent from protein substitute was 60g/day (range 40-80g), 

and the median amount of prescribed natural protein was 5.5g protein/day (range 3-30g) or 

275mg/day of phenylalanine (range 150-1500mg) in all 3 groups.  

 

4. Discussion 

In this 36 month longitudinal study in children with PKU, bone mass, density and geometry was 

comprehensively examined by DXA and pQCT, in addition to serum BTM and blood biochemistry. 

No statistical significance was evident between the 3 protein substitute study groups (AA, 

CGMP50 or CGMP100), suggesting that CGMP-AA had no advantage over AA for bone 

development. 

 

A strong positive correlation between β-CTX and P1NP was observed in all three study groups, 

with P1NP being lower in the older age subjects. There was evidence of an increased P1NP in the 

CGMP100 group independent of age compared to the AA group (p=0.04). This synergy between 

bone formation and resorption shows active bone turnover, and also reflected appropriate bone 

growth since these markers derive from physiological processes. Our results contrast to those 

reported by Castro et al [25], which suggested a trend towards increased bone resorption in subjects 

with PKU. This controlled study, is the first to monitor bone mass and density by two separate 

imaging technologies (DXA and pQCT), and holistically assesses serum bone, urine and blood 

biochemistry parameters in PKU. Similar to findings from two systematic reviews [25, 26], the 

overall bone density for the group was below the population mean but within the normal reference 

value. Imaging results met the ISCD (International Society for Clinical Densitometry) 

recommendations (ISCD 2013) [27]. There were no differences among the groups for biochemical 

or BTM’s suggesting no alteration in bone metabolism for any of the three protein substitute groups. 

Naturallly, BTM concentrations decreased in older adolescents towards lower adult levels, a 

physiological phenomenon expected in a healthy population [28].  

 

Unlike the findings of Schwahn et al, Mc Murry et al and Fernandez et al [29-31] we found no 

evidence to suggest that mineralization defects began in childhood and then became more evident 

in adolescents. 
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In PKU mouse models, CGMP when compared with AA has been shown to increase bone strength 

measured by biochemical mechanisms. Solverson [21] gave PKU and wild type mice different 

dietary regimens: a normal diet, or a low phenylalanine diet supplemented with AA or CGMP 

protein substitutes. The PKU mice regardless of protein substitute type had lower bone density 

compared to wild type mice, and those taking AA had inferior bone strength to the CGMP protein 

substitute group. The authors suggested the peptide structure of CGMP may possibly account for 

the positive influence on bone radial size improving biochemical performance. Alternatively, the 

high acid load due to the AA’s could decrease bone strength via excreting higher amounts of 

calcium. However, both these suggestions were conjecture as neither net acid excretion or bone 

collagen, a marker of bone biomechanical performance, were measured. Results from our study in 

children with PKU monitored closely over 36 months would suggest neither of these mechanisms 

are active. BTMs monitoring collagen were physiologically normal and there was no evidence of 

net acid excretion with a normal calcium creatinine ratio. 

 

Although many studies identified lower BMD in PKU [32-35], not all these studies included a size 

correction for DXA output and there is little agreement about the lower BMD pathophysiology. 

Dobrowolski et al [36] studied bone mineralization in PKU mice, showing phenylalanine toxicity 

inhibits bone mineralization. However, in human studies there is a discord on the link between 

hyperphenylalaninemia and bone mass, with some studies showing a correlation and others not 

[32, 34, 37, 38]. 

 

Within the three groups (CGMP100, CGMP50 and AA) there were expected physiological changes 

in the concentrations of BTMs. In adults BTM mainly represent bone remodelling, in children they 

are released during bone remodelling, modelling and perpendicular growth. Millet et al [39] 

measured urine DPD and bone ALP in patients with PKU and compared these with a healthy 

paediatric group; bone remodelling was active in children with PKU aged 7-14 years, and bone 

ALP, as expected was found to be significantly lower in the oldest group of patients (aged >18 

years), although significanlty higher DPD concentrations independent of age were reported. In our 

study bone resorption and formation markers were consistently lowest in the AA group, 

particularly noticeable in the AA girls who had reached late puberty with a median age of 17 years 

(8-18y) at 36 months [28, 40-42]. In contrast the youngest group CGMP50 boys showed an increase 

in BTMs over the 36 months. 

 

Interpretation of BTM is difficult and their concentrations vary widely affected by a multitude of 

factors: age, gender, puberty, growth velocity, the rate of mineral accrual, hormonal regulation, 

nutritional status, circadian and even day-to-day changes [43]. Paediatric reference data is available 

for some BTM [44-47], although UK specific data is lacking which hampers appropriate 

interpretation. Specificity for bone tissue and sensitivity and specificity of the measurement assays 

leads to variation rendering comparisons between study groups difficult [46, 48]. Despite these 

challenges, in our study in which children were followed for 36 months, BTM followed the 

expected variations for age with no differences between the groups. These children had an active 

bone turnover profile, supportive of a normal bone mineral density. The reasons why their bone 
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mineral density was below the population median was unclear, but this group were not at any 

increased clinical risk of fractures. 

 

There are limitations to this study; patient numbers in each group were small which reduced the 

the study power. An extended follow up period of > 3 years may be needed for any differences to 

emerge between protein substitute sources, as noted P1NP was increased in the CGMP100 group. 

We also did not have a healthy control group, which would have been beneficial to compare 

differences with the children with PKU. The ages of the children were significantly different in all 

3 groups and CGMP was given at two different concentrations making any absolute differences 

difficult to recognize, although statistically modelling was used to account for this variable. Age 

influences bone changes and children entered puberty over the study period. In children no bone 

marker is specific for any of the three different biological processes of modelling, remodelling and 

changes in endochondral ossification. However, our findings were consistent: all measurements 

were taken via DXA or pQCT and showed a below average bone density, with no significant 

differences between the group taking CGMPAA or AA. Bone markers appear to follow a similar 

pattern to healthy children. Equally we did not measure exercise activity in this group of children, 

but a high proportion (60%) did regular activities such as football, dancing and gymnastics. 

 

5. Conclusions 

In this detailed and comprehensive study measuring global bone development, using both two and 

three dimensional imaging in addition to serum BTM and blood biochemistry, a complete 

assessment of bone mass, density, geometry and bone turnover was assessed. There were no 

statistical differences in this group of children when taking AA and CGMP-AA protein substitutes 

and they had satisfactory metabolic control. Bone density was normal and similar to the findings 

from systematic reviews that suggest it is lower than the population norm, but carries no increased 

osteoporotic risk. Bone remodelling processes appear active in children with PKU, with both AA 

and CGMP-AA protein substitutes supporting normal bone growth 
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Abstract: Protein is the most satiating macronutrient, increasing secretion of gastrointestinal hormones
and diet induced thermogenesis. In phenylketonuria (PKU), natural protein is restricted with
approximately 80% of intake supplied by a synthetic protein source, which may alter satiety response.
Casein glycomacropeptide (CGMP-AA), a carbohydrate containing peptide and alternative protein
substitute to amino acids (AA), may enhance satiety mediated by its bioactive properties. Aim: In a
three-year longitudinal; prospective study, the effect of AA and two different amounts of CGMP-AA
(CGMP-AA only (CGMP100) and a combination of CGMP-AA and AA (CGMP50) on satiety, weight
and body mass index (BMI) were compared. Methods: 48 children with PKU completed the
study. Median ages of children were: CGMP100; (n = 13), 9.2 years; CGMP50; (n = 16), 7.3 years;
and AA (n = 19), 11.1 years. Semi-quantitative dietary assessments and anthropometry (weight,
height and BMI) were measured every three months. Results: The macronutrient contribution to
total energy intake from protein, carbohydrate and fat was similar across the groups. Adjusting for
age and gender, no differences in energy intake, weight, BMI, incidence of overweight or obesity
was apparent between the groups. Conclusion: In this three-year longitudinal study, there was no
indication to support a relationship between CGMP and satiety, as evidenced by decreased energy
intake, thereby preventing overweight or obesity. Satiety is a complex multi-system process that is
not fully understood.

Keywords: phenylketonuria; PKU; glycomacropeptide; satiety

1. Introduction

Phenylketonuria (PKU), due to phenylalanine hydroxylase deficiency, leads to accumulation
of phenylalanine and irreversible brain damage if untreated [1,2]. A lifelong phenylalanine/protein
restricted diet is essential, and most patients with classical PKU tolerate ≤ 500 mg/day of phenylalanine
(equivalent to ≤10 g/day protein). Meats, fish, eggs and cheese are avoided with foods such as potatoes,
cereals and peas given in restricted and calculated amounts; special low protein foods together with
some fruits and vegetables (containing phenylalanine ≤ 75 mg/100 g) are given without restriction.
Therefore, the diet is lacking in high quality protein and protein intake is supplemented with a
minimal/phenylalanine-free protein substitute, usually supplying up to 80% of protein requirements.

Nutrients 2020, 12, 2704; doi:10.3390/nu12092704 www.mdpi.com/journal/nutrients
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It is unclear if this synthetic source of protein alters satiety. Satiety, which is a sense of fullness after
eating, is important in regulating food intake [3,4]. In general nutrition, there is evidence that the
amount and type of dietary protein alters appetite and may influence weight regulation [5,6].

Protein substitutes for PKU are obtained from either casein glycomacropeptide (CGMP) or
phenylalanine-free amino acids (AAs). CGMP and AAs are compositionally different. Amino acid-based
protein substitutes are composed of free L-amino acids only, whereas CGMP is a glycosylated
peptide containing varying amounts of oligosaccharides, mostly sialic acid (N-acetylneuraminic
acid), galactosamine and galactose [7]. CGMP has prebiotic, antimicrobial and immunomodulatory
effects [8,9] and is prevalent in bovine milk. It constitutes 20–25% of the total protein in whey
products [10]. Whey protein has been shown to induce satiety to a greater extent than other protein
sources such as casein, soya and egg albumin [11,12]. There is some evidence that CGMP influences
hormone responses affecting satiety [13–15]. However, human studies investigating the effect of CGMP
on food intake and satiety have resulted in mixed findings [16–19].

Gut absorption of protein is thought to modulate satiety, although the influence of the protein
source and individual amino acids on the control of food intake is not completely understood.
It involves complex pathways that affect vagus-mediated signals, satiety related hormones and their
metabolites (including the peptide ghrelin, cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1),
glucose dependent insulinotropic polypeptide (GIP) and peptide tyrosine–tyrosine (PYY)) [11,15,20–23].
Some blood amino acids, particularly leucine, lysine, tryptophan, isoleucine and threonine, are linked
to satiety responses [24–27]. CGMP is a small peptide and likely to be quickly absorbed [22,28,29].
A sharp rise in the mean circulating amino-acid concentrations following protein ingestion has been
associated with a reduction in appetite [30,31]. Korompokis et al. [32] investigated the absorption
kinetics of protein and the impact of amino acids on appetite and satiety related hormones. In a
randomized cross over study using liquid preloads with a similar energy density but variable energy
from protein, carbohydrate and fat, no postprandial kinetic effect of amino acids on appetite was shown.
They concluded protein intake affected the amino acid profile but was not related to appetite regulation.

Equally, it is well established that amino acids bypass degradation by proteases and compared
to whole proteins are absorbed faster [33–36]. In our own center, we reviewed plasma amino acid
concentrations both fasting and after 2 h following a breakfast meal and 20 g protein equivalent
from protein substitute either based on AA or CGMP. Although there were significant differences for
individual amino acids, probably related to the amino acid composition of the protein substitutes,
postprandial total amino acid concentrations were not different between the protein substitutes [37].
Until the absorption kinetics of CGMP (CGMP with added rate limiting amino acids) has been reported,
its influence on satiety remains speculative. Additionally, CGMP and AA supplements modified for
PKU usually contain added carbohydrate, which may also influence amino acid kinetics and hormone
response [28].

If CGMP did increase satiety in PKU as suggested [38], it may bring important benefits, potentially
helping control obesity, commonly reported in PKU [38,39]. In this study, we compared energy intake,
weight and body mass index (BMI) over a three-year period in a group of children with PKU taking
either CGMP at two different concentrations or amino acid supplements. We hypothesized that, if
CGMP influenced satiety, then energy intake should be lower and weight and BMI changes altered
between the groups.

Ethical Permission

The South Birmingham Research Ethics committee granted a favorable ethical opinion, referenced
13/WM/0435 and IRAS (integrated research application system) number 129497. Written informed
consent was obtained for all subjects from at least one caregiver with parental responsibility and
written assent obtained from the subject if appropriate for their age and level of understanding.
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2. Methods and Materials

2.1. Subjects

In a three-year long-term prospective study, 50 children (28 boys, 22 girls) with PKU were recruited.
Their median recruitment age was 9.2 years (range 5–16 years). Forty-seven children were European
and three were of Pakistani origin. Inclusion criteria included: diagnosed by newborn screening,
aged 5–16 years, not treated with sapropterin dihydrochloride and adherent to protein substitute.
Seventy percent of routine blood phenylalanine concentrations were within phenylalanine target range
for six months before study enrolment. Target blood phenylalanine concentrations for children aged
5–11 years was <360 μmol/L and for 12 years and older <600 μmol/L as recommended by the European
PKU guidelines [40].

2.2. Protein Substitutes

Two types of protein substitute were studied: one based on phenylalanine-free AA (liquid pouches
or powders) and the other on a powdered CGMP-AA supplement (a study product, made by Vitaflo,
International Ltd, UK) (see Table 1 for nutritional analysis comparisons). The CGMP contained
a residual amount of phenylalanine (36 mg/20 g protein equivalent). It was supplemented with
essential and semi-essential amino acids, to provide a balanced amino acid profile to sustain nitrogen
requirements and so the term CGMP-AA is used.

Table 1. The nutrient composition of CGMP-AA compared with conventional AA.

Protein Substitute CGMP-AA Phe-Free AA *

Nutrients Units Per 20 g PE Per 20 g PE

Calories Kcal 120 124
Protein equivalent g 20 20
Total Carbohydrate g 6.5 9.4

Sugars g 2.2 7.8
Total Fat g 1.5 0.7

Docosahexaenoic acid mg 84 134
Salt g 0.53 0.43

Vitamin A μg RE 283 278
Vitamin D μg 4.5 10
Vitamin E mg αTE 6.5 5.2
Vitamin C mg 38 36
Vitamin K μg 35 34
Thiamine mg 0.68 0.70
Riboflavin mg 0.78 0.77

Niacin mg 8.4 8.4
Vitamin B6 mg 1.0 0.9
Folic Acid μg 136 134

Vitamin B12 μg 1.6 1.6
Biotin μg 63.9 63

Pantothenic acid mg 2.7 2.6
Choline mg 204 201
Sodium mmol 9.0 7.3

Potassium mmol 6.8 7.9
Chloride mmol 0.2 3.9
Calcium mg 407 400
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Table 1. Cont.

Protein Substitute CGMP-AA Phe-Free AA *

Nutrients Units Per 20 g PE Per 20 g PE

Phosphorus mmol 12 11.4
Magnesium mg 128 125

Iron mg 7.3 7.3
Copper μg 748 730

Zinc mg 7.3 7.3
Manganese mg 1.1 1

Iodine μg 85.7 84
Molybdenum μg 49 48

Selenium μg 29.9 29
Chromium μg 29.9 29

Amino acids

L-Alanine g 0.78 0.92
L-Arginine g 0.95 1.5

L-Aspartic Acid g 1.12 2.37
L-Cystine g 0.01 0.61

L-Glutamine 1 g 2.57 -
Glycine g 1.2 2.35

L-Histidine g 0.7 0.92
L-Isoleucine g 1.35 1.62
L-Leucine g 3.00 2.54
L-Lysine g 0.80 1.67

L-Methionine g 0.28 0.45
L-Phenylalanine g 0.03 0

L-Proline g 1.52 1.69
L-Serine g 0.96 1.04

L-Threonine g 2.20 1.62
L-Tryptophan g 0.40 0.5

L-Tyrosine g 2.24 2.38
L-Valine g 1.09 1.86

CGMP-AA, casein glycomacropeptide; AA, phenylalanine-free amino acid; PE, protein equivalent; * based on liquid
Phe-free amino acids (Vitaflo International Ltd); 1 glutamine content varies according to if the AA protein substitute
is a liquid or powder.

2.3. Study Design

The primary aim of this three-year single center, longitudinal study was to compare the efficacy
of CGMP-AA compared to AA on bone health in a group of 50 PKU children (this will be reported
separately). The secondary aim was to study energy intake, with particular reference to protein intake
(from protein substitutes and phenylalanine exchanges), weight and BMI changes between the two
groups, exploring the theory that CGMP-AA is actively related to satiety. Following the findings from
a pilot study [41], it was clear that not all children in the CGMP-AA group were able to tolerate their
entire protein substitute from CGMP-AA, due to its phenylalanine content. Therefore, within this
group, there was a further subdivision: CGMP100, those taking all their substitute from CGMP-AA
and those taking a combination of CGMP-AA and AA, named CGMP50. A group of children remained
on AA only.

2.4. Selection into AA or CGMP-AA Group

The children chose AA or CGMP-AA, depending on their taste preference. They remained on this
protein substitute for the three-year duration of the study.
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2.5. Dietary Assessment

A three-day semi-quantitative dietary assessment was completed once every three months.
The diet diaries were all checked during a face-to-face interview with caregivers by one of two trained
metabolic dietitians. Protein containing foods were weighed. A picture book of pre-weighed foods
was used to help caregivers estimate the portion size of other foods such as low protein pasta, fruit and
vegetables. Twice a year, average food portions were weighed, e.g., low protein pasta, bread and low
protein sausages. All children were observed eating at least one meal annually.

2.6. Nutritional Analysis

The dietary assessments were analyzed using Nutritics Nutritional Software (v5.093).
The following macronutrients were analyzed: daily energy (Kcal), protein (g), carbohydrate (unrefined
and refined) (g) and fat (g). For each subject, the annual median macronutrient value was calculated,
and the median value for all subjects in each group was determined, giving the median of the median
value for each macronutrient. The results were compared with age and gender specific UK dietary
reference values or estimated average requirement (EAR) for energy (UK Scientific Advisory Committee
on Nutrition (SCAN)) [42]. The nutrient contribution from CGMP-AA and AA were included in this
analysis as well as all special low protein foods.

2.7. Anthropometric Measurements

Weight, height and BMI were measured once every three months by one of two metabolic
dietitians. Height was measured with a Harpenden stadiometer (Holtain Ltd, Crymych, UK) and
weight on calibrated digital scales (Seca UK model 875); they were measured to the nearest 0.1 cm and
0.1 kg, respectively.

2.8. Blood Phenylalanine Levels

Trained parents/caregivers collected weekly early morning fasted blood spots on filter cards,
Perkin Elmer 226 (UK Standard NBS). Blood specimens were sent via first class post to the laboratory at
Birmingham Children’s Hospital. All the cards had a standard thickness and the blood phenylalanine
concentrations were calculated on a 3.2-mm punch by MS/MS tandem mass spectrometry.

2.9. Statistical Analysis

Continuous data are represented as median (IQR) and categorical data were summarized as
frequencies of counts and associated percentages. Analyses of study endpoints were performed using
Analysis of Covariance (ANCOVA) techniques, which analyzes the data at three years follow-up while
adjusting for baseline values. As there was a difference in age between participants between the two
groups, all models were adjusted for patient age as well as gender. The impact of CGMP compared to
AA was evaluated by comparison of CGMP100 and CGMP50. Descriptive statistics are reported as
medians and differences at baseline and follow up were assessed using a paired t test. Analysis was
performed using R (Version 3).

3. Results

Of the 50 children recruited, 48 completed the study: CGMP group, n = 29; AA group, n = 19.
The CGMP group was divided into CGMP100, n = 13 (45%), and CGMP50, n = 16, (55%). The median
ages at enrolment were: CGMP100, 9.2 years; CGMP50, 7.3 years; and AA, 11.1 years. There was
a significant difference in age between the AA and CGMP50 (p = 0.005) and between CGMP50 and
CGMP100 (p = 0.04).

Prior to starting the CGMP-AA, all patients were prescribed AA as their source of protein substitute.
Six subjects took powdered amino acids (XP Maxamum (Nutricia Ltd., Trowbridge, UK), n = 1;
PKU Anamix first spoon (Nutricia Ltd.), n= 3; PKU gel (Vitaflo International Ltd.), n= 2) and 44 subjects
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took liquid pouches (PKU Lophlex LQ (Nutricia Ltd.), n = 3; PKU Cooler (Vitaflo International Ltd.,
Liverpool, UK), n = 41). The AA group remained on their usual protein substitute (PKU Lophlex
LQ (Nutricia Ltd.), n = 1; PKU Cooler (Vitaflo International Ltd) n = 14) or a powdered preparation
(PKU gel (Vitaflo International Ltd.), n = 4) throughout the study. The median (range) phenylalanine
concentrations at baseline were not statistically different: CGMP100, 255 μmol/L (170–360); CGMP50,
290 μmol/L (220–430); and AA, 315 μmol/L (215–600). The majority had classical PKU, except two
children who were mild based on untreated blood phenylalanine levels at diagnosis and dietary
phenylalanine tolerance.

The median daily dose of protein equivalent from protein substitute was 60 g/day (range 40–80 g),
and the median amount of prescribed natural protein was 5.5 g protein/day in all groups (range 3–30 g)
or 275 mg/day phenylalanine (range 150–1500 mg).

3.1. Subject Withdrawal

One boy and one girl (aged 12 and 11 years, respectively) in the CGMP-AA group were excluded
from the study, as both were unable to adhere with the study protocol. One failed to return blood
phenylalanine samples and both had poor adherence to their phenylalanine restricted diet.

3.2. Nutritional Intake

Change in Nutrient Intake

In all the groups, the energy intake expressed as a percentage of EAR decreased over the three years.
In the AA group: baseline, 106% (77–177), year 3, 95% (80–138); CGMP50, baseline, 105% (90–120),
year 3, 100% (88–144); and CGMP100, baseline, 104% (85–126), year 3, 101% (87–118) (Table 2).

ANCOVA analysis adjusting for age, gender, energy intake (Kcal/d) and EAR showed that the
difference in three-year EAR between AA and CGMP50 was not statistically significant (p = 0.717)
and neither was the difference between AA and CGMP100 (p = 0.673). Further longitudinal analysis
showed no significant differences between the groups over the three years for energy intake.

Table 2. Median daily energy intake (range) and %EAR (range) for AA, CGMP50 and CGMP100 from
baseline to year 3.

Median Energy (Kcal/Day) Median % EAR

Year
AA

(Range)
n = 19

CGMP50
(Range)
n = 16

CGMP100
(Range)
n = 13

AA
(Range)
n = 19

CGMP50
(Range)
n = 16

CGMP100
(Range)
n = 13

Baseline 1950
(1138–2999)

1701
(1466–2494)

1831
(1612–2591)

106
(77–177)

105
(90–120)

104
(85–126)

1 1957
(1151–3191)

1793
(1560–2681)

1917
(1642–2708)

102
(77–140)

99
(85–132)

96
(73–124)

2 1976
(1517–2669)

1828
(1512–2814)

1965
(1258–2810)

99
(72–130)

105
(90–158)

107
(85–152)

3 2120
(1111–3387)

1966
(1523–2405)

2064
(1672–3144)

95
(80–138)

100
(88–144)

101
(87–118)

AA, amino acid; CGMP, casein glycomacropeptide; EAR, estimated average requirement; CGMP50, patients taking
a combination of CGMP-AA and AA; CGMP100, patients taking all their protein substitute from CGMP-AA.

Over the three-year period, the median percentage energy contribution from carbohydrate, protein
and fat was not significantly different among the three groups (Table 3).

The median percentage energy contribution from protein (including protein substitute and natural
protein from food) was similar for all three groups. Protein provided a median of 15% (75 g) of the
total energy intake, and natural protein intake supplied a median intake of 10–16% (8–12 g/day) of
the total protein intake. A small but significant difference was noted for the contribution of protein
substitute between CGMP50 (88%) and CGMP100 (85%) (p = 0.01) as well as between CGMP50 (88%)
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and AA (85%) (p = 0.007). Although the protein substitutes still provided >85% of the total protein
intake in all groups, there were significant differences in the youngest age group (CGMP50) and in
those children unable to tolerate extra phenylalanine from CGMP-AA (Table 3).

Table 4 describes the total protein intake from all foods including fruits and vegetables that
are usually allowed without restriction in a UK diet. The actual intake was higher compared to the
“prescribed” or allocated phenylalanine exchanges (due to the small amounts of protein present in
foods given without restriction). There was a significant increase in the actual intake between baseline
and year 3 in AA (p = 0.002) and CGMP50 (p = 0.02) groups. The median protein intake from food was
significantly different between and within the groups. CGMP50 had the lowest natural protein intake,
with significant differences between CGMP50 and both AA and CGMP100 (Table 4).

These differences reflect protein tolerance, being lower in the youngest age group and those unable
to tolerate the extra phenylalanine from CGMP-AA to meet all their protein substitute requirements.

Table 3. Median three-year percentage (range) energy contribution for protein, carbohydrate and fat
from food and protein substitute in AA, CGMP50 and CGMP100.

Median % Energy from
Protein

Median % Energy from
Carbohydrate

Median % Energy from
Fat

AA
n = 19

CGMP50
n = 16

CGMP100
n = 13

AA
n = 19

CGMP50
n = 16

CGMP100
n = 13

AA
n = 19

CGMP50
n = 16

CGMP100
n = 13

Baseline
(Range)

15
(10–30)

15
(9–26)

15
(11–26)

57
(45–68)

56
(43–70)

57
(45–69)

26
(15–40)

26
(17–37)

28
(17–33)

Year 1–3
(Range)

15
(9–27)

15*
(10–22)

16*
(12–23)

58
(42–70)

57
(46–67)

58
(48–67)

27
(16–39)

26
(18–37)

27
(18–35)

* p = 0.02. AA, amino acid; CGMP, casein glycomacropeptide; CGMP50, patients taking a combination of CGMP-AA
and AA; CGMP100, patients taking all their protein substitute from CGMP-AA.

Table 4. Median natural protein intake (g/day) (range) from food sources only and median percentage
intake from protein equivalent from substitute from baseline to year 3 in AA, CGMP50 and CGMP100.

Natural Protein Intake from Food (g/d)

Year
AA

n = 19
CGMP50

n = 16
CGMP100

n = 13
p Value

Baseline
(Range)

11.5 *

(5–32)
8 *,§

(4–23)
12 §

(5–36)
*,§ p = 0.001

1
(Range)

12 *

(5–33)
8 *,§

(4–24)
12 §

(5–34)
*p = 0.0001, § p = 0.001

2
(Range)

13 *

(5–33)
9 *,§

(3–23)
10 §

(5–44)
* p = 0.014, § p = 0.02

3
(Range)

12 *

(6–46)
9 *,§

(3–24)
13 §

(6–36)
* <0.0001, § p = 0.0006
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Table 4. Cont.

Median % protein intake from protein substitute equivalent (range)

Year AA CGMP50 CGMP100 p Value

Baseline
(Range)

85
(68–92)

87
(72–93)

85
(58–92)

1
(Range)

86
(72–92)

88
(71–93)

83
(65–91)

2
(Range)

86
(65–93)

87
(70–91)

86
(59–93)

3
(Range)

84
(68–90)

88
(75–93)

84
(68–91)

Year 1–3
(Range)

85 *

(65–93)
88 *,§

(70–93)
85 §

(59–93)
*p = 0.01, § p = 0.007

AA, amino acid; CGMP, casein glycomacropeptide; CGMP50, patients taking a combination of CGMP-AA and
AA; CGMP100, patients taking all their protein substitute from * significant difference between AA and CGMP50;
§ significant difference between CGMP50 and CGMP 100.

3.3. Phenylalanine Control

There was a significant increase in blood phenylalanine levels between baseline and year 3 for
AA (p = 0.02) and CGMP50 (p = 0.04), although all groups had median blood phenylalanine control
within target (Table 5). This increase is an expected finding due to children reaching teenage years,
when dietary adherence is known to deteriorate [43,44].

Table 5. Median (range) blood phenylalanine concentrations from baseline to year 3 in AA, CGMP50
and CGMP100.

Baseline Median Phe
μmol/L

Year 3 Median Phe
μmol/L

AA
μmol/L
n = 19

CGMP50
μmol/L
n = 16

CGMP100
μmol/L
n = 13

AA
μmol/L
n = 19

CGMP50
μmol/L
n = 16

CGMP100
μmol/L
n = 13

Phe
(Range)

315*

(140–600)
255 §

(170–360)
290

(200–710)
360 *

(210–830)
290 §

(220–430)
320

(250–895)
* p = 0.02, § p = 0.04. AA, amino acid; CGMP, casein glycomacropeptide; CGMP50, patients taking a combination of
CGMP-AA and AA; CGMP100, patients taking all their protein substitute from CGMP-AA.

3.4. Anthropometric Data

For weight and BMI measurements, ANCOVA was applied adjusting for age, gender, weight and
BMI over the three-year duration (Table 6).

Table 6. Change in weight and BMI Z scores from baseline to year 3 in the AA, CGMP50 and CGMP100
groups applying ANCOVA adjusting for variables in age and gender differences.

BMI Z Score Baseline 36 m Differences

AA −0.15 0.63 0.3
CGMP50 0.17 0.85 0.5

CGMP100 −0.11 0.95 0.6
Wt Z score Baseline 36 m Differences

AA −0.25 0.74 0.2
CGMP50 0.28 0.91 0.2

CGMP100 0.02 0.97 0.4

BMI: body mass index; Wt, weight; AA, amino acid; CGMP, casein glycomacropeptide; CGMP50, patients taking a
combination of CGMP-AA and AA; CGMP100, patients taking all their protein substitute from CGMP-AA.
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Weight and BMI Z Scores

There was no statistical difference in three-year weight Z scores between AA and CGMP50
(p = 0.7), AA and CGMP100 (p = 0.7) and CGMP50 and CGMP100 (p = 0.95). Similarly, for BMI Z
scores there was no statistical difference in the three-year BMI Z scores between AA and CGMP50
(p = 0.784), AA and CGMP100 (p = 0.553) and CGMP50 and CGMP100 (p = 407).

Using the World Health organization (WHO) definition of obesity (BMI equivalent to two standard
deviations over the reference median), obesity rates between years 1 and 3 remained unchanged
in the AA group (26%, n = 5/19), increased in the CGMP50 group from 0% to 19% (n = 3/16) and
remained at 0% in the CGMP100 group over the three years. Overweight, defined as one standard
deviation over the reference median, decreased in the AA group from 37% (n = 7/19) to 26%, (n = 5/19),
remained unchanged in the CGMP50 group at 19% (n = 3/16) and increased in the CGMP100 group
from 15% (n = 2/13) to 46% (n = 6/13).

4. Discussion

This three-year longitudinal study in PKU systematically reviewed the macronutrient intake
and anthropometry of children taking AA compared to CGMP-AA, with CGMP-AA provided at two
different CGMP concentrations. Although satiety was not directly measured through satiety visual
analog scales and hormone concentrations, the hypothesis that CGMP would enhance satiety leading
to lower energy intake and slower weight gain was not observed. EAR decreased in all three groups
over the three years, the most consistent decrease was in the AA group, suggesting the relationship
between satiety and CGMP-AA was less convincing. Adjusting for age and gender, no differences in
weight or BMI were apparent between the AA and CGMP-AA groups. Although there was no obesity
present in the CGMP100 group over the three years of study, the rate of overweight increased from
15% to 45%. Our data suggest that the use of CGMP50 or CGMP100 did not reduce energy intake and
thereby appetite.

Protein substitutes based on 60 g of protein equivalent from CGMP-AA provided a typical intake
of approximately 45 g/day of CGMP. We cannot evaluate from this study if this quantity may have
had a significant impact on hormones such as ghrelin and GLP-1, which are important in controlling
satiety. It has been shown that whey protein given to healthy volunteers at 10% of the energy intake
suppressed subjective hunger but made no impact on actual energy intake. At a higher protein intake
of 25% of energy intake, it increased insulin, and active GLP-1 and incretin hormones were higher,
but made no difference to overall satiety and energy intake [5]. In non-PKU human studies, consensus
is strong that CGMP has no effect on food intake or satiety [16,45], and weight loss after long-term
consumption of CGMP has not been demonstrated [17]. Overall, subjective feelings of appetite indicate
that CGMP is not critical for whey-induced satiety or energy intake. In our study, natural protein
intake was vegetable based, which remained consistent over the study period for each of the three
groups and was not a consideration influencing satiety.

Indirectly, CGMP may influence satiety by its prebiotic properties but a direct relationship on
appetite has not been studied [46]. Microbiota play a key role in regulating energy balance and satiety, by
the interaction of gut hormones and pathways such as leptin-melanocortin, a critical system controlling
appetite and energy balance [47,48]. CGMP can change microbiota. In mice fed CGMP, there was a
reduction in Desulfovibrio bacteria, an increase in short chain fatty acids and reduced inflammatory
markers [9]. Three products, lactose, commercial CGMP (70% GMP, <2% lactose) and semi-purified
CGMP (51% GMP, 4% lactose), were tested on fecal high and low diversity microbiota from healthy
and elderly subjects. Both CGMP products resulted in a healthy microbiota, being more pronounced in
the lower lactose CGMP preparation [49]. How this translates to satiety remains unanswered.

Only one study has examined the effect of CGMP-AA and satiety in subjects with PKU.
MacLeod et al. [50] gave 11 subjects (eight adults and three children) a standard breakfast with
either CGMP-AA or phenylalanine-free AA. Plasma insulin, ghrelin and amino acids were measured
180 min after breakfast. Postprandial ghrelin was significantly lowered associated with fullness in the
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CGMP group, with total plasma amino acids and insulin concentrations only just reaching significance
between the groups. This short four-day study only measured one incretin hormone at one time point.
Studies on satiety ideally need to employ a wide variation in time intervals, capturing differences in
appetite and plasma amino acid profiles [51]. The carbohydrate intake was higher in the CGMP-AA
breakfast, which may sustain insulin concentrations over the short study period. Results from the
satiety questionnaire show 60% of the adult group were overweight. It also included only three
children. Overall, these limitations render any direct interpretation of the effect of CGMP-AA on
satiety challenging.

There were limitations to our study. Firstly, dietary assessments regardless of method are inaccurate,
although face-to-face interviews and periodic weighed food intakes were conducted to minimize these
difficulties. Satiety visual analog scales post protein substitute consumption were not conducted,
although their value is subjective particularly in children and obese subjects. The AA group took
different amino acid preparations but 15 of 19 consumed low energy liquid preparations. Age varied
between the groups but was statistically accounted for; the influence of growth and exercise on
appetite was unmeasured. No biochemical hormone markers were assessed. Both insulin and ghrelin
are endocrine mediators of food intake. However, insulin is an anabolic hormone and ghrelin has
growth hormone functions, further complicating any clear relationship with satiety in children who are
growing and reaching adolescence. Children were not randomized to one of the three protein substitute
groups; choice of group was dependent on protein substitute acceptance and blood phenylalanine
control when taking CGMP-AA. One further limitation was the lack of a non-PKU control group;
although dietary composition would have been different, a comparison of energy intake, weight and
BMI would have been useful. Despite these limitations, no obvious impact on satiety was found
between our two study groups. There are inherent difficulties in studying appetite given the behavioral
and environmental factors that counterbalance the physiological regulators of appetite.

5. Conclusions

In this three-year longitudinal study in children with PKU, CGMP-AA when compared to AA
did not appear to influence energy intake, weight gain or BMI and by implication satiety. In PKU,
there is little understanding of the optimal dietary composition needed to control appetite preventing
overweight and obesity. All macronutrients have unique physiological properties that influence
metabolic pathways. The impact of CGMP-AA on satiety, particularly the amounts, timing of ingestion
and its effect when combined with other foods related to satiety signals remains to be fully explored.
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Abstract
In clinical practice, caregivers of childrenwith phenylketonuria (PKU) report that their children have
breathmalodour. Thismight be linked to the regular consumption of low phenylalanine (Phe)/Phe-
free protein substitutes (PS), which are an essential component of a low-Phe diet. Oralmalodour can
negatively affect interpersonal communication, lead to bullying, low self-esteem and social isolation.
In this longitudinal cross-over study, exhaled volatile organic compounds (VOCs)weremeasured
using gas chromatography-ionmobility spectrometry. 40 children (20 PKU, 20 controls)were
recruited. Subjects with PKU took either L-AminoAcid (L-AA) orCaseinGlycomacropeptide
(CGMP-AA) exclusively for 1week, in a randomised order. On the seventh day, seven exhaled breath
samples were collected over a 10 h period. Subjects then transferred to the other PS for aweek and on
day seven, provided seven further breath samples. All subjects had a standardisedmenu using low-Phe
food alternatives and all food intakewasmeasured and recorded. In the PKU group, the aimwas to
collect samples 30min after consuming PS. In 3 subjects, breathwas collected 5min post-PS
consumption. Fasted L-AA andCGMP-AAbreath samples contained a similar number of VOCpeaks
(10-12) as controls. Longitudinal breath testing results demonstrate that therewas no significant
difference in the number of exhaledVOCs, comparing L-AAorCGMP-AAwith controls, or between
PS (12-18VOCpeaks). Breath analysed immediately after consumption of PS (n=3) showed an
immediate increase in the number of VOCpeaks (25-30), but these were no longer detectable at
30min post-consumption. This suggests PS have a transient effect on exhaled breath.Measurements
taken 30min after consuming L-AAorCGMP-AAwere not significantly different to controls. This
indicates that timing food and drinkswith PS consumptionmay be a potential solution for carers to
reduce or eliminate unpleasant PS-related breath odours.

1. Introduction

Phenylketonuria (PKU) is an inherited metabolic
disorder, caused by a deficiency in the enzyme
phenylalanine hydroxylase (PAH), which is responsi-
ble for converting the amino acid phenylalanine (Phe)
into tyrosine. This metabolic disruption causes Phe
levels to accumulate in blood, which if untreated,
causes neurotoxicity [1] leading to severe and

irreversible neurological impairments [2]. PKU has
been reported in all ethnic groups, affecting males and
females in similar numbers. Incidence rates are around
one in every 10 000 births but with a high prevalence
in Turkey, Poland and Ireland [3]. In the UK, infants
with PKU are detected by new-born screening [4].
While there is no cure for PKU, effective management
of the condition is achieved through dietary restriction
of Phe (in the form of a strict low-protein diet) and
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supplementation with Phe-free protein substitutes
(PS) [5]. PS are essential, supplying adequate nitrogen
for growth, suppressing blood Phe concentrations,
and most will provide comprehensive vitamin and
mineral supplementation meeting age appropriate
requirements.

Most children with PKU tolerate<10 g d−1 natural
protein. This means that high protein foods are avoided
with a controlled intake of some vegetables and cereals
and childrenmust eat different foods from their friends,
compromising normal socialisation. They are usually
recommended to take PS 3 times daily with meals.
While there have been significant improvements in the
taste, appearance and presentation of PS [6], overall PS
tastes unpleasant andpatients often associate intakewith
bad breath. This is a concern of parents and caregivers,
since oral malodour can result in psychological distress,
interfere with social interactions, lower self-esteem and
body-image [7]. Breath malodour in PKU has received
little clinical or research attention, and it is unknown if
this is an issue more common in PKU than a healthy
population.

This study focuses on two types of PS; Phe-free
L-amino acids (L-AA) and low-Phe casein glycoma-
cropeptide (CGMP-AA). Conventional L-AA consist
of single amino acids and have a characteristic odour
associated with their pure amino acid composition.
Casein glycomacropeptide is a peptide, derived from
the whey fraction during the cheese manufacturing
process. It is naturally low in phenylalanine and after
the addition of some essential amino acids, has been
adapted for use as a PS in PKU. CGMP-AA has a dif-
ferent composition from L-AA PS, beingmade of 60%
peptide and 40% L-AA. In PKU, no studies have com-
pared L-AA with CGMP-AA and reported impact on
breath malodour. It is suggested that CGMP-AA is
associatedwith less oralmalodour.

Since there is limited research, the authors pro-
pose three possible causes for PKU-associated breath
malodour: (1) residue from the PS in the oral cavity
leads to a temporary change in breath composition
(i.e. breath smells like the PS); (2) residue and regular
replenishment of sulphur-containing amino acids
from the PS (such as cystine andmethionine) serve as a
substrate for bacterial degradation in the oral cavity [8]
resulting in the release of volatile sulphur compounds
(VSCs) such as hydrogen sulphide, methyl mercaptan,
and dimethyl sulphide (DMS), which are typically
associated with halitosis [9]; and (3) modifications to
the exhaled breath composition of subjects with PKU
is caused by changes in metabolism or the gut micro-
biota due to their low-protein diet [10], resulting in
oral malodour. These factors are not necessarily
mutually exclusive and could be produced by a combi-
nation of these effects.

Currently, three methods for measuring oral
malodour are available, including: organoleptic mea-
surement, sulphidemonitors and gas chromatography-

flame photometric detector (GC-FPD) [11]. The orga-
noleptic method is generally considered the gold
standard halitosis test, and involves assessing oral mal-
odour, as perceived by the human nose of a trained
investigator [12]. However, this method is expensive
(requiring a highly trained professional), subjective
(cannot accurately quantify the oral malodour level)
and is unsuitable for testing large study groups. Portable
commercial instruments such as the OralChroma
(Nissha FIS, Osaka, Japan) and Halimeter (Interscan
Cor., Simi Valley, CA, USA) provide a relatively inex-
pensive and easy-to-use alternative to quantify odour
levels. The disadvantages of these devices are that they
can only measure VSCs with relative concentration
measurements and cannot provide chemical identifica-
tion of other volatile organic compounds (VOCs) in
exhaled breath [13]. GC-FPD is a reliable, objective and
reproducible method of quantifying breath contents.
However, these instruments are bulky, expensive and
require trained operators [14]. In recent years, alter-
native GC-based technologies, such as combining
gas chromatography with ion mobility spectrometry
(collectively known as GC-IMS), have produced por-
table analysers for exhaled breath, which can measure
VOCs in the low parts-per-billion (ppb) range and are
suitable for sampling vulnerable subjects, including
children.

Therefore, in a collaborative research effort, under-
taken by Birmingham Children’s Hospital, the Uni-
versity of Warwick and University Hospitals Coventry
and Warwickshire, this study aims to investigate the
phenomenon of paediatric PKU breath malodour by
analysing exhaled breathusingGC-IMS technology.

2.Materials andmethods

2.1. Subjects
Forty children (20 PKU, 20 healthy controls) were
recruited for this longitudinal cross-over pilot study.
This study received ethical approval (IRAS ref:
211894) and was conducted in accordance with the
Declaration of Helsinki. Participants were recruited to
create a balanced cohort (gender, age, and ethnically
matched). The median age was 11 years (range 7–15.5
years), including 18 males and 22 females. The Phe
concentrations of subjects with PKU were measured
by weekly blood spots 12 months prior to starting the
study. Median Phe concentrations for children �12
years (n=17) was 270 μmol l−1 (range 150–360
μmol l−1), and children >12 years (n=3) was 330
μmol l−1 (range 315–350μmol l−1). Both these groups
show excellent Phe control within the European target
recommendations [15]. An overview of the demo-
graphic data for the study is shown in table 1.

Eight sets of siblings were involved in this study; 4
sets in both groups and 1 set provided a control and a
child with PKU. Recruiting siblings can reduce the
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possible effects of confounding factors, such as life-
style and environment [16]. Confounding factors can
be accounted for in the design-stage by recruiting a
balanced cohort and in the analysis stage by separately
investigating factors, such as age and gender. For these
purposes, age and gender groups were defined as
[�10 versus >10 years] and [male versus female],
respectively. The confounding factor groups are
shown in table 2.

2.2. Study design
Tobetter understand the effects of paediatric PKUbreath
malodour, the recruited subjects were asked to complete
a questionnaire relating to how they perceive their
breath. Subjects with PKU took all their PS requirement
from either L-AA or CGMP-AA exclusively for 7 d, in a
randomised order. On the seventh day exhaled breath
samples were collected over a 10 h period. The subjects
arrived fasted and samples were collected first thing,
post-morning meal, pre- and post-midday and evening
meals, and an afternoon sample taken at a standard time.
Subjects with PKU then transferred to the other PS for 7
d and on day seven, provided seven further breath
samples as before. When randomised to L-AA, 17
childrenwereon liquid and three onpowderedproducts.
The liquid L-AA PS were: PKU Lophlex LQ juicy berry
n=3, (Nutricia Ltd), PKU Cooler red n=12, PKU
Cooler Air red n=2, (Vitaflo, Liverpool, UK). The
flavours of the L-AA powder PS were: PKU express
raspberry n=1, PKU gel raspberry n=1, (Vitaflo,
Liverpool, UK), PKU First Spoon unflavoured n=1
(Nutricia Ltd). They were all reconstituted with water.
CGMP-AA was also a powdered PS, available in vanilla
n=2 and berry n=18 flavours (Vitaflo Ltd, Liverpool,
UK) andwas reconstitutedwithwater.

For the first breath sample (before morning meal)
all children attended the research unit without brush-
ing their teeth. Breath samples were collected in a stag-
gered timetable to maintain standard interval times
between samples for all subjects. A maximum of four

subjects were sampled each day, including control,
L-AA and CGMP-AA subjects on most days. All sub-
jects consumed a standardised menu on the days of
breath sampling using low-Phe alternatives, e.g. low-
protein pasta for subjects with PKU and regular pasta
for controls. All food intake was measured and recor-
ded. The cross-over study design and staggered time-
table are shown infigure 1 and appendix respectively.

In the PKU group, the aim was to collect samples
30 min after consuming the PS to allow subjects to
digest andmetabolise their meals and PS. This enabled
measurements in potential changes in exhaled breath
composition related to the metabolism of PS (i.e.
pharmacokinetic changes), instead of residue from
the PS.

2.3. Gas chromatography-ionmobility
spectrometry (GC-IMS)
This study utilised a commercially-available, GC-IMS
instrument (G.A.S. BreathSpec, Dortmund, Ger-
many). This technology uses GC as a pre-separator,
followed by a drift-tube IMS detector. The BreathSpec
GC-IMS was equipped with a MXT-200 midpolarity
column (Thames Restek, Saunderton, UK) and fitted
with a circulator gas flow unit (G.A.S. CGFU, Dort-
mund, Germany). This unit recirculated and filtered
the air and allowed the unit to operate without the
need of an external gas supply. When the breath
sample was introduced to the GC, chemical interac-
tions with the column cause individual compounds to
elute at different times—known as the retention time.
This stage was followed by the IMS detector, where the
pre-separated analytes were ionised and injected into a
drift-tube. The ions drifted against a buffer gas, under
influence of a uniform electricfield (400 V cm−1). This
enabled ions to achieve different velocities, inversely
proportional to their size, mass and charge [17]. They
were then collected on a Faraday plate, to provide a
time-dependent signal corresponding with ion mobi-
lity. The buffer gas flow rate was 150 ml min−1 and
carrier flow rate through the instrument was
15 ml min−1, while the sample was being introduced.
The carrier flow rate was then ramped to 50 ml min−1

over the 11 min measurement time. The temperatures
of the GC column and IMS were set to 45 °C. The
device can measure substances down to the low ppb
range, depending on the proton affinity of the
compound. The instrument was suitable for a clinical
setting and was placed on a work surface (dimensions:
45×50×30 cm;mass: 20 kg).

Table 1.PKUbreath study demographic data of subjects.

Parameter Subjects with PKU (n=20) Controls (n=20)

Age (SD) 10.5 (2.5) 10.6 (2.5)
Gender ratioM:F 9:11 9:11

Siblings (Twins) 3 (1) 4 (0)
Regularmedication (No. of subjects) Ritalin (1)Neurotransmittermedication (1) N/A

Table 2.Confounding factor groups.

Factor Groups PKU Controls Total

Age �10 years 10 10 20

>10 years 10 10 20

Gender Male 9 9 18

Female 11 11 22
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2.4. Breath sampling
The BreathSpec instrument collects end-tidal breath
using an integrated sampling system. Subjects were
provided with a disposable polypropylene mouth-
piece (G.A.S., Dortmund, Germany), which attached
to a holder (connected to the front-panel of the
instrument). A new mouthpiece was provided for
each sample. The mouthpiece is a tapered and open-
ended tube, with a one-way valve. As the subject
exhales through the tube, air is displaced, which
separates dead-space from end-tidal breath. This
portion of exhalate is pulled into the 10 ml sample
loop, prior to being introduced to the GC column.
The transfer tubing between the mouthpiece holder
and instrument/sample loop was heated, with a
temperature set to 45 °C. The sampling procedure
only required around 4 s of exhaled breath. Subjects
were not required to exhale until their lungs were as
empty as possible; instead, sampling only required a
single normal breath. This procedure improved
reproducibility and was appropriate for paediatric
subjects.

2.5.Data analysis
A typical output response (chromatogram) from the
GC-IMS is shown in figure 2; specifically, a fasted
sample from a control subject. The chromatogram is
represented as a topographic map, whereby each data
point was characterised by the retention time in the
chromatographic column (in seconds), the drift time
(in milliseconds) and the intensity of the ion current
signal (in volts), as indicated by colour. The reactant
ion peak (RIP) refers to the constant peak in the
spectrum that results from the carrier gas being always
present in the measurement process. This peak can be
used to align samples for data analysis. As a result, the
drift time is represented as a RIP relative value.
Laboratory Analytical Viewer software (v2.2.1, G.A.S.,
Germany)was used to analyse chromatograms.

For data analysis, a customprogramwas written in
MATLAB (R2018b,MathWorks, Natick, MA, USA) to
detect, count and extract VOC information. This data
analysis approach attempts to represent breath sam-
ples as VOC ‘fingerprints’ by quantifying the number
and types of endogenous VOCs (compounds that ori-
ginate from within the body). This method has been

Figure 1. Longitudinal cross-over study design: subjects with PKUconsumed L-AA orCGMP-AA exclusively, by randomorder for
7 d, and on day seven, provided seven breath samples. Subjects with PKU then transferred to the other PS for 7 d and provided seven
further breath samples on day seven.

Figure 2.Typical GC-IMSBreathSpec output chromatogram (control subject).
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previously used to demonstrate that patients with
Alzheimer’s disease have different exhaled breath
VOC fingerprints than healthy controls [18]. The first
step involves a pre-processing stage. The aim of which
was to remove the background (that contains no use-
ful information). A typical GC-IMS dataset contains
11 million data points. The individual regions of high
intensity, which correspond to individual VOC peaks,
are thusmade up of tens of single data points. Since we
were only interested in these areas, we could remove
the background by setting a static threshold. The
remaining clusters of non-zero data points can then be
considered as individual VOC peaks and totalled. In
addition, their locations andmaximum intensities can
be extracted. Maximum peak intensities were selected,
as we are able to correspond this with the abundance
of the compound and it is independent of the applied
background threshold. Using the locations of theVOC
peaks, GC-IMS Library Search software (v1.0.1, G.A.
S., Dortmund, Germany) was used to identify the
compounds, based on gas chromatographic retention
times and ion mobility drift times. These were linked
to aNIST database, which included 400 000 annotated
retention indices and an estimated 83 000 compounds
entries [19]. Some common breath VOCs have been
labelled infigure 2.

2.6.Quality assurance and control
For quality assurance, the position andquality of theRIP
on the GC-IMS was regularly checked for signs of
contamination. Samples were collected in the same
setting, by the sameoperator, throughout the study.This
ensured consistent sampling procedures since the
collection process was manually triggered by the opera-
tor, while the subject exhaled through the mouthpiece.
Additional quality control procedures were implemen-
ted. This involved collecting four room air samples at
suitable intervals between breath samples (8:00, 11:00,
15:15 and 18:45) to monitor changes in ambient air and
identify exogenous VOCs (compounds that do not
originate fromwithin the body).

To match the GC-IMS Library Search software
with the equipped column, the GC-IMS instrument
was normalised using a standard ketone mix
(2-butanone, 2-pentanone, 2-hexanone, 2-heptanone,
2-octanone). The locations of common breath VOCs,
such as acetone, 2-butanone, pentanal, hexanal and
1-propanolwere also verified using chemical standards.
The locations of other compounds, such as DMS and
limonene were identified using the GCxIMS Library
Search software. In addition to normalising the column
for compound identification, it is possible to develop
quantification curves for some VOCs. This was
achieved using a dilution series of the target compound
to generate a calibration function, which allows the
voltage signal from the GC-IMS output to be converted
intoppb concentrations.

3. Results

3.1.Questionnaire responses
The questionnaire responses are shown in figures 3–8.
The results indicate that 50% of subjects with PKU
dislike or strongly dislike the taste of L-AA, compared to
35% with CGMP-AA (figure 3). Subjects with PKU
worry more about their breath smelling when consum-
ing L-AA, over CGMP-AA (figures 4 and 8). Controls
stated that they worried little or not at all about their
breath and that others do not comment on their breath
(figures 4 and 5). This suggests that the problem is
associated with PS consumption. While most subjects
(controls and subjects with PKU) noticed their breath
smelling when fasting in the morning, subjects with
PKU also observed their breath odour in the afternoon
and after consuming PS (figure 6). A limited number of
subjects from both PS groups worried their breath smell
might affect friendships (figure 7). The questionnaire
results indicate that subjects with PKU experience
breath malodour in greater numbers than controls and
that these subjects notice their breath smelling more
when consumingL-AA, compared toCGMP-AA.

Descriptive statistics were applied to the ques-
tionnaire results, using one-way ANOVA analysis and
Wilcoxon matched t-test. A significant difference
between the L-AA compared to the CGMP-AA and
control groups was evident when children were asked
‘Q2: Do you worry about your breath smelling?’
(p=0.02), ‘Q3: Do others notice/comment your
breath smells?’ (p=0.03), ‘Q5: Does your breath
affect your friendships?’ (p=0.04), ‘Q6+7: Do you
notice your breath smells more with L-AA than
CGMP-AA, or CGMP-AA than L-AA?’ (p<0.0001).

3.2.Headspace gas and exhaled breath outputs
To demonstrate that the BreathSpec GC-IMS could
measure VOCs from the PS, analysis was conducted of
the headspace gas generated from heating up a small
portion (5 ml) to 40 °C (DB-2D Dri-Block, Techne,
Stone,UK) in a 20 ml glass vial, for 10 minTo illustrate
the change in the GC-IMS output, an empty vial was
also analysed.

For comparison, the exhaled breath of one subject
with PKU was analysed, 5 min after consuming the PS.
To demonstrate the change in the GC-IMS output, the
exhaled breath of the same subject was analysed in a fas-
ted state, 30min after consuming the PS, and 105min
after consuming the PS. The results for L-AA and
CGMP-AAare shown infigures 9 and10, respectively.

The VOC analysis program detected >75 VOC
peaks in the headspace gas of supplement L-AA,
compared to 25 in exhaled breath from a subject with
PKU, 5 min post-consumption of PS. Supplement
CGMP-AA had >140 VOC peaks in headspace gas
and 30 VOC peaks 5 min post-consumption of PS.
By comparison, there were nine and 11 VOC peaks
in the fasted breath samples of the same subject,
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Figure 3.Questionnaire Responses toQuestion 1 (Q1): Do you like/dislike the taste of your L-AAorCGMP-AA supplements?

Figure 4.Questionnaire Responses toQuestion 2 (Q2): Do youworry about your breath smelling?

Figure 5.Questionnaire Responses toQuestion 3 (Q3): Do others notice/comment your breath smells?

Figure 6.Questionnaire Responses toQuestion 4 (Q4):When does your breath smellmore?
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respectively. The number of VOC peaks in samples
collected 30 and 105 min post-consumption of
either PS (11-16 VOC peaks) are significantly lower
than in samples collected 5 min post-consumption.

The extracted VOC peak locations from the PS
established a strong alignment between VOCs found
in the headspace gas and exhaled breath, shortly after
consumption.

Figure 7.Questionnaire Responses toQuestion 5 (Q5): Does your breath affect your friendships?

Figure 8.Questionnaire Responses toQuestions 6 and 7 (Q6+7): Do you notice your breath smellsmorewith L-AA thanCGMP-AA
(blue) orCGMP-AA than L-AA (red)?

Figure 9. L-AA: (a)Empty vial; (b) L-AAheadspace gas; (c) subject with PKU fasted exhaled breath; (d) subject with PKUexhaled
breath 5 min post-consumption of L-AA; (e) subject with PKU exhaled breath 30 min post-consumption of L-AA; (f) subject with
PKU exhaled breath 105 min post-consumption of L-AA.
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3.3. Longitudinal breath samples
Figure 11 shows the longitudinal trends of the number
of VOC peaks in the exhaled breath samples of
controls, and subjects with PKU consuming L-AA and
CGMP-AA, across all seven sampling intervals. The
plot represents mean values, with standard error
whiskers.

Closer examination of the fasted sampling interval
demonstrated that the number of VOC peaks for all
groups start at similar levels. A box plot of the number
of VOC peaks for the fasted samples is given in
figure 12. This demonstrated that the average number
of VOC peaks in controls was slightly lower than L-AA
and CGMP-AA, but not significantly different.
CGMP-AAwas associatedwith the greatest variance.

In addition to monitoring the number of VOCs
peaks, it was possible to track the intensity of specific
VOCs, such as acetone, DMS and 2-butanone
(figures 13–15, respectively). DMS was of particular
interest, since it is a compound typically associated
with halitosis.

The intensity trends shown in figures 13 and 14
indicate that acetone and DMS exhibit similar trends
across all groups. The intensity trends of 2-butanone
(figure 15) show some differences between subjects
with PKU and controls. The post-morningmeal (post-
fasted) sample is associated with a sharp increase in
2-butanone for subjects with PKU (both L-AA and
CGMP-AA). To better characterise this behaviour, the
quantification procedure described in section 2.6 was
completed for 2-butanone to convert voltage signals
from the GC-IMS output into ppb concentrations.
The quantification model indicates that the con-
centration of 2-butanone in the post-fasted samples
for subjects with PKU was around 3.9 ppb, compared
to 2.0 ppb for controls. Subsequent samples are

comparable in intensity (around 3.0 ppb) for all
groups and follow similar increasing trends for the rest
of the day.

3.4. Confounding factors
The analysis in figure 11 was repeated after categorising
the subjects based on confounding factor groups,
instead of intervention groups, e.g. younger versus older
subjects, instead of controls versus L-AA versus CGMP-
AA. The longitudinal trends of the number of VOC
peaks in exhaled breath samples, based on age and
gender, are shown infigures 16 and17, respectively.

4.Discussion

The results of this study provide an important insight
into how subjects with PKU perceive their breath after
consuming PS. The questionnaire results suggest that
control subjects worried little or not at all about their
breath, but subjects with PKU were concerned about
breath odour and associated this with PS. However,
the two types of PS were not perceived in the same
way, since 95% of subjects with PKU stated that they
notice their breath more with L-AA than CGMP-AA.
Unlike CGMP-AA, L-AA was also associated with
others noticing breath malodours. Study results from
the questionnaire suggests that the effects of L-AA and
CGMP-AA on exhaled breath are likely to be different,
immediately post-consumption. The effects of PS
consumption were analysed by locating and extracting
VOC information from the headspace gas and breath
samples for both PS.

Analysis of headspace gas from L-AA and CGMP-
AA was associated with over 75 and 140 VOC peaks,
respectively; while only 25-30 VOC peaks were

Figure 10.CGMP-AA: (a) empty vial; (b)CGMP-AAheadspace gas; (c) subject with PKU fasted exhaled breath; (d) subject with PKU
exhaled breath post-consumption of CGMP-AA; (e) subject with PKUexhaled breath 30 min post-consumption of CGMP-AA;
(f) subject with PKUexhaled breath 105 min post-consumption of CGMP-AA.
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detected in the exhaled breath from subjects with
PKU, 5 min after PS consumption. VOCs in PS thus
appear in reduced numbers and lower concentrations

in exhaled breath, shortly post-consumption. CGMP-
AA is likely associated with greater numbers of VOC
peaks, due to additional flavourings and sweeteners,

Figure 11.Number of VOCpeaks by intervention groups.

Figure 12.Box plot for number of VOCpeaks from fasted sampling interval.

Figure 13.Acetone intensity changes by intervention groups.
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compared with L-AA. This is reflected in the ques-
tionnaire results (figure 3) regarding PS taste, as 50%
of subjects with PKU stated they dislike or strongly
dislike the taste of L-AA, compared to 35% with
CGMP-AA. Subjectively, CGMP-AA is described to

have a sweet smell (like ice cream) and taste less like
traditional L-AA. Experiments measuring breath
odour post-PS administration demonstrate that there
is an immediate and objective change to the breath
content of subjects with PKU, 5 min after consuming

Figure 14.Dimethyl sulphide intensity changes by intervention groups.

Figure 15. 2-butanone intensity/concentration changes by intervention groups.

Figure 16.Number of VOCpeaks: younger versus older (controls and subjects with PKU).
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supplements. The strong alignment of VOC peaks in
both the headspace gas and breath suggest that for a
short duration, the subject’s breath is perceived simi-
larly to the PS. However, the immediacy of this intense
taste in the mouth is likely to lead to subjective differ-
ences, since perceived taste and measurable difference
in exhaled breath are not the same.

Longitudinal breath testing results show that the
mean number of VOC peaks in exhaled breath
increase after the fasted breath sample, in all three
groups. Likewise, the initial number of VOC peaks in
fasted breath are similar. This indicates that there is no
fundamental difference in breath composition
between controls and subjects on a low-protein diet,
supplemented with PS—detectable using our analy-
tical platform. Common breath compounds, such as
acetone, 2-propanol, hexanal, 2-butanone and
1-propanol were observed in fasted samples, including
the control group.

The longitudinal trends of control and L-AA
groups are characterised by two increases in the num-
ber of measured VOC peaks; specifically, during the
‘before midday meal’ and ‘afternoon’ samples. In the
CGMP-AA group, the number of VOC peaks were
observed to increase until the ‘aftermiddaymeal’ sam-
ple and decrease thereafter. The increase in exhaled
VOCs following meals, and throughout the day gen-
erally, is partially associated with the intake of food
and drinks. For example, limonene was observed in
postprandial samples from both control and subjects
with PKU, especially those who drank orange cordial.
It is well known that some dietary products can leave a
residual taste and cause transient breath odours (e.g.
onions, garlic and spicy foods) [9]. The increase in the
number of exhaled VOCs throughout the day is also
linked to day-timemetabolic processes and themicro-
biome in the gastrointestinal tract, which generates
additional VOCs during the metabolism of nutrients
[20, 21]. Subjects with PKU are not observed to have
significantly more, or different types of VOCs in

exhaled breath, when sampled 30 min after consump-
tion of either PS.

The headspace gas analysis enabled identification
of the locations of VOC peaks relating to the PS. The
locations of these VOCs were tracked across the long-
itudinal samples in figure 11. However, none of the
VOC peaks directly related to those in the headspace
gas were detected in any breath samples from subjects
with PKU, for either PS. These findings suggest that
the effects of the PS disappear in less than 30 min after
consumption. This strongly indicates that breath mal-
odour from the supplements is reduced, or entirely
removed, by the intervention of food and drinks.
Comparing samples from subjects with PKU to those
from controls, we did not observe any additional VOC
peaks, which could be linked to by-products of phar-
macokinetic effects and metabolic breakdown of the
supplement.

Analysis of possible confounding factors indicate
that differences in the number and trends of VOCs
throughout the day aremore likely related to factors of
age and gender, rather than PKU-associated effects,
since the differences in the results from confounding
factor groups are greater than in the intervention
groups. This provides further evidence to suggest that
the composition of breath between subject with PKU
and controls is not fundamentally different. The
trends in figures 16 and 17 are quite similar, which
could be related to more females being recruited (22F:
18M) and the mean age of female subjects being mar-
ginally higher than males; 11.0 years (standard devia-
tion: 2.6) and 9.8 years (standard deviation 2.2),
respectively.

Intensity monitoring of specific compounds, such
as acetone and DMS, demonstrate similar trends
across all groups. There is, however, an interesting dif-
ference in the concentration of 2-butanone between
subjects with PKU and controls in the post-morning
meal sample. While controls are associated with a gra-
dual increase throughout the day, both L-AA and
CGMP-AA are associated with a sharp rise after their

Figure 17.Number of VOCpeaks:male versus female (controls and subjects with PKU).
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morning meal (around 3.9 ppb for subjects with PKU,
for both PS, compared to 2.0 ppb for controls). These
levels drop subsequently and maintain similar trends
to controls for the rest of the day. This could be ameta-
bolic response to the PS and requires further invest-
igation. Similar peaks are not observed following the
midday and evening meal PS, which suggests that this
only occurs post-fasting. The quantification results for
2-butanone can be used for comparison with other
studies or serve as a reference for future studies.
Regarding DMS, the intensity trend is shown to
decrease throughout the day, after the fasted sample. It
is possible that this compound is associated with mal-
odorous breath upon awakening, known as ‘morning
breath’. These unpleasant odours are VSCs, which are
produced by bacteria during sleep, as a result of
decreased salivation (i.e. dry mouth) [22, 23]. This
effect usually lasts a few hours and can be reduced or
relieved through oral hygiene (brushing of teeth) and/
or consumption of breakfast. Findings from this study
suggests that DMS concentrations in exhaled breath
are similar in subjects with or without PKU, for
both PS.

There are some limitations associated with this
study. For example, the scope of this study focuses
only on the PS and not on blood Phe levels. In future
studies, blood Phe levels could be monitored in con-
junction with breath measurements, to determine any
links between exhaled breath composition and Phe
levels. It has also been suggested that Phe could be con-
verted to phenyl ketones, which may contribute to
malodour [24]. This is alsoworth investigating.

A further limitation of this study is that targeted
monitoring of sulphur-based compounds using dedi-
cated VSC-monitors may provide insight beyond the
generally screening approach taken here using GC-
IMS technology. Another drawback is that only a small
number of subjects (n=3) provided breath samples,
5 min after consuming the PS. While we were able to
demonstrate that it was possible to measure the
immediate effect of consuming L-AA and CGMP-AA
PS, longitudinal breath testing using GC-IMS could
not establish any significant and measurable changes
between controls and subjects with PKU, for either PS.

These findings strongly suggest that the reported
effects of breath malodour are transient in nature and
can be reduced, or completely removed, by the inter-
vention of food and drinks. Further work should
include an investigation of intervention methods to
determine which are most effective at reducing or

completely removing temporary breath malodour,
following the consumption of L-AA or CGMP-AA.
For example, a simple intervention study comparing
the composition of exhaled breath of subjects with
PKU who rinse their mouth with water post-con-
sumption of PS, to thosewho do not.

5. Conclusions

In this longitudinal cross-over pilot study, exhaled
VOCsweremeasured usingGC-IMS technology when
subjects took both L-AA and CGMP-AA protein
substitutes. Headspace gas from L-AA and CGMP-AA
were associated with over 75 and 140 VOC peaks,
respectively; while only 25-30 VOC peaks were
detected in the exhaled breath from subjects with
PKU, 5 min after consuming the PS. The strong
alignment of VOC peaks in both headspace gas and
breath suggest that consuming PS has an immediate
impact on breath composition. Fasted L-AA and
CGMP-AA breath samples contained a similar num-
ber of VOC peaks (10-12) as controls. Monitoring of
specific VOCs indicate that acetone and DMS demon-
strate similar trends across groups. Post-fasted sam-
ples from subjects with PKU, for both PS, were
associated with a sharp increase in 2-butanone con-
centration, which was not observed in the control
group. This should be further investigated, as it could
be a metabolic response relating to the post-fasted
consumption of PS. Intensity tracking of DMS
suggests a subsiding trend of ‘morning breath’ across
all groups. Longitudinal breath testing showed that
there were no significant differences in the number
and types of exhaled VOCs compared to controls or
between PS (12-18 VOC peaks). PS are thus shown to
have a transient effect on exhaled breath. This
indicates that any PS-related unpleasant breath odours
are eliminated by food or drinks.
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8.1 OVERALL FINDNGS  

Casein glycomacropeptide (CGMP), a bioactive low phenylalanine protein, is given 

as an alternative to phenylalanine free amino acids (AA) in PKU. This thesis examined the 

efficacy of CGMP compared with AAs. The focus was particularly on exploring its efficacy 

and potential health benefits in PKU.  

 

It was evident over the 3 year study duration not all children with PKU could 

completely replace all their AA protein substitute with CGMP. Providing additional CGMP 

increased blood phenylalanine concentrations, particularly in patients with a low 

phenylalanine tolerance. In a randomised crossover study, examining 24-hour phenylalanine 

variability, blood phenylalanine concentrations were more stable with CGMP compared 

with AA. This only became evident after phenylalanine intake was lowered in the diet so 

that the overall daily phenylalanine intake was not increased. Comparing body composition 

in three groups (group 1, AAs only; group 2, CGMP and AA; and group 3, CGMP only), 

there was a trend that children taking CGMP only were taller, had improved lean body mass 

and decreased fat mass. However, this was not statistically significant. Bone mineral density 

for the three groups was clinically normal although the median z score was below the 

population mean. The bone turnover markers, type 1 collagen cross-linked C telopeptide (β-

CTX) (resorption marker) and procollagen type 1 terminal propeptide (P1NP) (formation 

marker), were significantly correlated showing active bone breakdown and formation. At 36 

months after adjusting for age, there was evidence of an increase in P1NP in the CGMP100 

group compared to the AA group. Exhaled organic volatile compounds measured via gas 

chromatography ion mobility spectrometry showed CGMP and AA protein substitutes had 

a transient effect on exhaled breath. No differences were observed when compared to a group 
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of healthy control subjects. However, children in the CGMP group perceived their breath to 

have less odour compared with AAs. 

8.2 CHAPTER 3A. GLYCOMACROPEPTIDE IN CHIDREN WITH 

PHENYLKETONURIA: DOES ITS PHENYLALANINE CONTENT 

AFFECT BLOOD PHENYLALANINE CONTROL? 

Prior to 2012, only two short-term human studies and one case report [1-3] had 

described the use of CGMP compared to AAs as an alternative protein substitute in PKU. 

These trials were of short duration (8 days) with small patient numbers (mainly adults) who 

had variable phenylalanine tolerance and metabolic control. No dietary phenylalanine 

adjustments were made to compensate for the phenylalanine content of CGMP.  

 

In 2009, van Calcar et al [2] compared AA with CGMP in subjects with PKU, 

evaluating plasma concentrations of pre and postprandial AAs, insulin, glucose and urea. 

CGMP was given as a food and AAs as a liquid. CGMP was supplemented with histidine, 

leucine, methionine, tryptophan and tyrosine. All the amino acids except tyrosine provided 

130% of the USA dietary reference values for amino acids (expressed per gram of protein); 

tyrosine provided 150% (IOM 2002) [4]. Each subject took a different type of AA 

supplement with variable AA composition (not referenced in their original paper); except 

for tyrosine which was higher in AAs compared with CGMP. They suggested that CGMP 

was associated with more stable blood phenylalanine concentrations and an improvement in 

blood urea nitrogen suggested better protein utilization. Although CGMP was supplemented 

with indispensable amino acids, several differences in the plasma amino acid profile between 

AA and CGMP were described. In the CGMP group, fasting concentrations of tyrosine and 

arginine were significantly lower and threonine higher. The nutritional composition of the 
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CGMP studied, contained 40% less tyrosine compared to the AA protein substitutes. CGMP 

contained 71 mg tyrosine / g of protein compared to 120 mg/ g of protein in the AAs. The 

authors concluded that the lower blood urea nitrogen, provided evidence of a slower rate of 

AA absorption from CGMP. However, total AA’s, insulin and urea were only measured at 

one time point, missing the peak or nadir concentrations. Similarly, the carbohydrate content 

of the protein substitutes was not reported, and CGMP was given as a food and AAs as a 

liquid, which may have altered the insulin response [5]. 

 

Although the initial results of the CGMP studies conducted primarily in adults were 

encouraging, there was concern that the phenylalanine content of CGMP may adversely 

affect blood phenylalanine control in children. Chapter 3A reported a 6-month pilot study 

comparing the use of low phenylalanine CGMP (30 mg phenylalanine/ 20g protein 

equivalent) with phenylalanine-free AAs. This was conducted in well controlled PKU 

children aged 5 to 16 years. The aim was to compare the effect of the two different sources 

of protein substitute on blood phenylalanine, tyrosine and phenylalanine to tyrosine ratios. 

These markers were monitored weekly together with monthly weight, height and dietary 

assessments. Comparing the essential amino acid composition with the WHO/FAO/UNU 

2007 requirements, expressed as mg/ g of protein, essential amino acids were consistently 

higher in the AA protein substitutes (mean 138%, range 60-200), compared to CGMP (mean 

67%, range 3-300). 

  

This 6-month study was the first long-term controlled study using CGMP in children. 

After 6 months, the CGMP group had a statistically significant increase in blood 

phenylalanine concentrations and phenylalanine to tyrosine ratio with a decrease in tyrosine 
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concentrations compared to the AA group. Every child using CGMP had an increase in blood 

phenylalanine concentrations. In 70% of the children in the CGMP group the protein 

equivalent from CGMP was reduced. This was necessary to keep phenylalanine 

concentrations within the European therapeutic target ranges [6]. Energy intake in both 

groups met estimated average requirements [7].  

 

Three combined factors probably explained these findings: 1) patients were unable 

to metabolise the extra phenylalanine supplied by CGMP, 2) the CGMP contained lower 

amounts of large neutral amino acids (LNAA) compared to AAs, and 3) the added AAs 

(40%) in the CGMP were less efficiently absorbed compared to whole protein [8, 9].  

 

Blood AA concentrations are influenced by the amount, and ratio of amino acids in 

protein substitutes. Tyrosine, considered an essential amino acid in PKU, was 55% lower in 

CGMP than in AA’s. In healthy subjects, 67-90% of phenylalanine in protein is converted 

to tyrosine [10]. The tyrosine added to protein substitutes should adequately meet this 

conversion and allow for the inefficient absorption and retention of amino acids. The amount 

of tyrosine, 55mg/g protein in CGMP failed to meet the physiological demands in PKU. It 

is hypothesised that an increase in the phenylalanine to tyrosine ratio leads to dopamine 

deficiency because of the competition of amino acids at the blood brain barrier [11-13]. The 

CGMP formulation used in this pilot study appeared to provide an imbalance of essential 

LNAA and was functionally less effective. 

 

Overall, the patient numbers in this study were low due to the rarity of PKU. It was 

not possible to conduct a randomised controlled trial as only some of children found the 
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CGMP protein substitute acceptable in the prescribed amounts. Also, mutation analysis was 

not available to confirm the severity of the PKU.  

8.3  CHAPTER 3B. GLYCOMACROPEPTIDE: LONG TERM USE AND 

IMPACT ON BLOOD PHENYLALANINE, GROWTH AND NUTRITIONAL 

STATUS IN CHILDREN WITH PKU 

In the second part of this work, a revised CGMP formulation (CGMP2) was 

developed. It had an amino acid pattern similar to conventional AA supplements, with 

increased amounts of indispensable LNAA: tyrosine, histidine, tryptophan and leucine. The 

exception was threonine which is naturally higher in CGMP. There were lower quantities of 

methionine and valine so the total amino acids per g of protein remained consistent with 

CGMP1. To test the efficacy of the CGMP2, a follow on 12-month prospective, parallel 

study was conducted.  

 

The aim of this study was to re-evaluate blood phenylalanine, tyrosine and 

phenylalanine to tyrosine ratios between AA and CGMP2 in children with PKU. Twenty-

nine children were in the CGMP2 group (median age 8.4 years, range 5-16y) and 19 in the 

AA group (median age 11.1 years, range 5-16y). This study measured weekly blood 

phenylalanine and tyrosine by blood spots, 3 monthly anthropometric measurements (height 

and weight), and nutritional biochemistry at enrolment and 26 weeks.  

 

After 12 months of using CGMP2, there were no significant differences between the 

groups for: blood phenylalanine, tyrosine or phenylalanine to tyrosine ratios. [14]. Blood 

tyrosine significantly improved, and phenylalanine concentrations were lower. Only forty-

eight per cent of the children were able to take CGMP2 as their single source of protein 
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substitute without adverse effect on blood phenylalanine concentrations. Blood 

phenylalanine control deteriorated in 52% when CGMP2 provided > 33% to 66% of intake. 

A combination of CGMP2 and AA was needed to maintain phenylalanine concentrations 

within therapeutic target ranges. Nutritional blood biochemistry (zinc, selenium, vitamin D, 

calcium, phosphate, magnesium, ferritin, B12 and haemoglobin) for both groups were within 

reference ranges, with selenium being significantly higher in the CGMP2 group. Weight and 

BMI z scores significantly increased in the CGMP2 group, but no differences were observed 

between the groups. 

 

The small changes in amino acid composition that were made to CGMP2, led to 

improved tyrosine and stabilised phenylalanine concentrations. It also increased the 

proportion of CGMP2 that could be given in the protein substitute regimens, a mean of 75% 

of daily total protein equivalent intake. The only difference between the amino acid 

composition of CGMP2 and the CGMP study product used by van Calcar et al [2] was a 

higher arginine content in the latter. Van Calcar et al [2] had described low blood arginine 

concentrations and so added additional amounts to their CGMP formulation. Arginine is a 

conditional essential amino acid synthesised from citrulline which is derived from 

glutamine. It has a diverse role in the production of enzymes, growth hormone, insulin and 

nitric oxide. Nitric oxide has an important function contributing to antioxidant status [15, 

16]. The AA product in our study contained 50% more arginine than CGMP2. To prevent a 

breach of manufacturing patent, additional arginine was not added to CGMP2. 

 

The additional amino acids added to CGMP2 were all LNAA. These have received 

considerable attention over recent decades as potential treatment options in PKU [17-21]. 
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They improve brain biochemistry [22], lowering blood and brain phenylalanine 

concentrations in PKU mice. This effect may be due to the competitive inhibition of 

phenylalanine uptake at the gut-blood barrier [18, 23, 24]. It could also be an effect of 

improved protein synthesis associated with the additional amino acids from LNAA [20]. 

Lower brain phenylalanine concentrations support findings of a competitive effect of 

phenylalanine across the blood brain barrier [19]. Blood and brain tyrosine concentrations 

were lower in mice, a surprise finding given the additional tyrosine supplied by the LNAA’s. 

However, norepinephrine synthesised from tyrosine was significantly increased. This 

suggested tyrosine was being utilized to restore this depleted neurotransmitter in the PKU 

mice. There was also an improvement in brain tryptophan, methionine and histidine. Only 

brain threonine concentration was significantly reduced in PKU mice, but this was not added 

to the LNAA formula. Threonine is naturally higher in CGMP. Sanjurjo et al [25] has shown 

that adding threonine supplementation (50mg/ kg/ day extra to the amounts provided by 

regular protein substitute intake) significantly reduced blood phenylalanine concentrations.  

 

Human studies giving LNAA supplements in PKU have reported inconsistent results. 

Some have reported reduced brain and blood phenylalanine with improved tyrosine 

concentrations, but with variable effects on psychometric testing [18, 24, 26-29]. Typically, 

AA supplements contain 470 to 617 mg LNAA/ g protein, and CGMP2 contained 563 mg/ 

g protein. LNAA have an important role to play in restoring altered brain biochemistry but 

the composition of LNAA needed for optimal brain biochemistry is not fully determined. 

 

Our research in contrast to other studies has clearly shown a detrimental effect of the 

residual phenylalanine present in CGMP on blood phenylalanine concentrations in children 
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[30-34]. In a study by Ney et al [31] in older subjects (aged 15-49 years) with PKU, there 

was an increase (+62 μmol/L) in blood phenylalanine with CGMP compared to a reduction 

(-85 μmol/L) with AA supplements. This was reported as non-significant. Zaki et al [34] 

used CGMP in children but a direct comparison with our study was not possible, as only an 

equal combination of AA and CGMP were provided, rather than CGMP only. The CGMP 

was given in the form of food (cheese), which was spread on low protein bread not as a 

liquid supplement. Pinto et al [35] reviewed 11 subjects (median age 27 years), with variable 

PKU phenotypes taking 57% of their protein substitute as CGMP. After a mean time of 13 

months taking CGMP they reported no adverse changes in blood phenylalanine and a 

significant increase in tyrosine. A further extension of this study, after 29 months using 

CGMP, showed that biochemical markers remained unchanged except for HbA1c which, 

was no longer significantly different. Blood tyrosine concentrations continued to be 

statistically significant in the CGMP group, despite AA containing higher amounts of 

tyrosine compared to CGMP [32]. The authors speculated this might be due to improved 

adherence and/ or bioavailability either because of improved solubility in CGMP compared 

to AA or via gut microbiota. Ney et al [36] has shown microbiome derived compounds 

synthesised from tyrosine e.g., phenol sulphate and from tryptophan e.g., quinolinic acid, 

are higher in AA supplements, suggesting less degradation. Further work is needed to 

explore this finding. 

 In a systematic review, Pena et al [37] concluded there was no difference in blood 

phenylalanine concentrations when giving CGMP compared with AA. However only two 

studies (Ahring, et al [30] and Ney et al [31]) qualified for comparable investigation. Pena 

et al [37] acknowledged there were several limitations, such as small sample sizes, short 

study duration, different ages and phenotypes used in the studies. The recommendation was 
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to improve the study design to show if blood phenylalanine increased with CGMP. It was 

also highlighted that in the adult studies, the blood phenylalanine concentrations were 

generally above target therapeutic range. Patient adherence was difficult to assess, and long-

term phenylalanine concentrations were not studied making it difficult to evaluate 

intervention outcomes. In addition, some subjects with PKU were using adjunctive therapy 

such as sapropterin, which naturally decreased phenylalanine concentrations. Thus, any 

impact of the phenylalanine content of CGMP would have been concealed.  

 

In our study, blood selenium concentrations were significantly higher in the CGMP2 

group. Kelleher et al [38] demonstrated that CGMP improved the absorption of zinc in 

monkeys. It was suggested that the negative charge in CGMP had a positive effect on mineral 

and trace element absorption, assisting in chelation and transport of minerals into the 

intestinal epithelium.  

 

A limitation of this study in Chapter 3B, was the age difference between the AA and 

CGMP2 groups. Although these children were monitored very closely, there was an element 

of uncertainty, particularly regarding control and dietary adherence [39, 40]. An extension 

of the nutritional biochemistry to 12 months would have confirmed if an improved selenium 

status could have been sustained over time in the CGMP2 group.  

8.4 CHAPTER 4A. THE EFFECT OF GLYCOMACROPEPTIDE VERSUS 

AMINO ACIDS ON PHENYLALANINE AND TYROSINE VARIABILITY 

OVER 24 HOURS IN CHILDREN WITH PKU: A RANDOMISED 

CONTROLLED TRIAL 

The comparison between CGMP and AA supplements was explored in a randomised 

controlled cross over study in children with PKU. The hypothesis was that CGMP (as an 
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‘intact’ protein) would improve blood phenylalanine stability and decrease phenylalanine 

fluctuations compared with AA supplements. The potential advantages of stable blood 

phenylalanine are improved protein utilization, and a steady release of phenylalanine at the 

blood brain barrier balancing brain neurotransmitter synthesis. Literature suggests that the 

cumulative effect of day-to-day phenylalanine fluctuations may impact on cognition [41, 

42]. 

 

In this study, children were randomised into three groups: regimen R1, CGMP2 only 

with no dietary adjustment to phenylalanine, regimen R2, CGMP2 only with dietary 

adjustments to phenylalanine and regimen R3, AA only with no dietary adjustment to 

phenylalanine. Each child took the protein substitutes and dietary regimens allocated in 

regimen 1, 2 and 3 for two weeks respectively. On day 13 and 14 of each assessment period, 

four hourly blood spots for phenylalanine and tyrosine concentrations were collected over 

48 hours. Children followed the same standardised food menu during the two days of testing.  

 

The results showed the median phenylalanine blood concentrations were 

significantly different between the three regimens. Blood phenylalanine was highest in 

regimen 1 (CGMP2) and lowest in regimen 3 (AA), both with no adjustment for 

phenylalanine intake. The most stable blood phenylalanine concentrations were observed in 

regimen 2 (CGMP2) after dietary phenylalanine adjustment. Blood phenylalanine 

concentrations lowered over 24-hours in regimen 2 and 3 but increased over 24 hours in 

regimen 1. Phenylalanine concentrations within the therapeutic target range occurred in 44% 

of all results in regimen 1, 52% in regimen 2 and 39% in regimen 3. In regimen 1, most 

blood phenylalanine concentrations were above the upper target range of 360 μmol/L in 
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contrast to regimen 3 in which the majority were below the lower target range <120 μmol/L. 

Therefore, the additional phenylalanine source in CGMP2 appeared to adversely affect blood 

phenylalanine concentrations.  

 

In PKU, the 24-hour diurnal variation in phenylalanine and tyrosine concentrations 

are more variable than in non-PKU subjects in which phenylalanine does not vary by more 

than 50%. In non-PKU subjects phenylalanine concentrations are maintained within a 

narrow range 30-70 μmol/L [43, 44]. When comparing regimens 2 and 3, the same daily 

amount of phenylalanine was consumed. Only the protein substitute varied. There was 

improved blood phenylalanine stability with CGMP2 after lowering the phenylalanine 

intake from food, which compensated for the amount of phenylalanine supplied from 

CGMP2. The observed improvement of phenylalanine stability in regimen 2 may be 

accounted for by the composition of the macropeptide base. In regimen 2, CGMP2 provided 

a proportion of phenylalanine intake, which is part of the glycomacropeptide structure and 

therefore, was possibly utilized differently from free amino acids. 

 

In contrast, in regimen 1 there was a steady increase in blood phenylalanine 

concentrations over 24 hours unlike regimen 2 and 3. It is likely that the additional 

phenylalanine supplied in regimen 1, exceeded requirements and so was not metabolised. 

However, the 3-D structure of CGMP is unknown but it is considered to be a random coil or 

an intrinsically disordered peptide, which changes in shape depending on the acidic 

environment and presence of other molecules. How phenylalanine is imbedded into this 

structure and released is unknown [45, 46] and further studies are needed to explain these 

differences. 
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MacDonald et al [47] has shown administration of an AA supplement in 4 hourly 

doses over 24 hours stabilised blood phenylalanine concentrations with minimal variability.  

When the protein substitute was taken in the day as 3 or 4 divided doses there was greater 

variability. Although, protein substitutes were not administered 4 hourly in this CGMP2 

study, in regimen 2 a greater percentage of phenylalanine concentrations were within the 

target therapeutic range, providing evidence of improved stability.  

 

Tyrosine concentrations were highest for all three regimens at 12-midday, after the 

post morning protein substitute ingestion suggesting tissue replenishment after an overnight 

fast. Regimen 1 showed a progressive decline of tyrosine over 24 hours, unlike regimen 2 

and 3, showing a rise and fall over the observation period. In all regimens, the lowest 

concentration was at 8.00 am after overnight fasting. At no point were levels below 

physiological reference ranges. It is unknown why tyrosine concentrations declined steadily 

over 24 hours in regimen 1, but not in 2 and 3 but this may correlate with the phenylalanine 

concentrations rising steadily in regimen 1.  

 

Although this was a randomised controlled study, measurement of essential amino 

acids over 24 hours may have helped explain the findings. Amino acids are gluconeogenic 

precursors and a decrease in their plasma concentrations may occur after an overnight fast 

[48]. In addition, insulin and glucose measurements would have provided additional 

information about amino acid utilisation. Other factors influencing phenylalanine variability 

such as energy intake, exercise and the timing of protein substitute intake, were not 

standardised between subjects and only a small number of children were studied. Ideally a 
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control group of age and gender matched healthy children would have provided information 

about normal amino acid patterns over 24 hours. However, this study methodology was 

intensive and burdensome for children with PKU and their parents.  

 

This study provided further evidence that in a well-controlled group of children with 

PKU, that additional phenylalanine provided by CGMP2 had a significant negative impact 

on blood phenylalanine control. There is some evidence that the macropeptide structure of 

CGMP2 may help stabilise blood phenylalanine concentrations. Developing a CGMP 

product without phenylalanine is an important development for the future.  

8.5 CHAPTER 4B. PRELIMINARY INVESTIGATION TO REVIEW IF A 

GLYCOMACROPEPTIDE COMPARED TO L-AMINO ACID PROTEIN 

SUBSTITUE ALTERS THE PRE AND POSTPRANDIAL AMINO ACID 

PROFILE IN CHILDREN WITH PHENYLKETONURIA 

Van Calcar et al [2] suggested that CGMP improved protein retention and 

phenylalanine utilisation compared with AA supplements. This was not a kinetic study and 

only measured amino acids, urea and insulin at 180 minutes post CGMP consumption. In 

our study, we aimed to evaluate the pre- and postprandial blood amino acid profiles. Subjects 

were given 20g protein equivalent of CGMP1 (from chapter 3A) or CGMP2 (from chapter 

3B) or AA together with a low protein breakfast. Blood samples for amino acids were taken 

after an overnight fast and 120 minutes postprandial after protein substitute and breakfast 

consumption.   

 

No significant postprandial changes for total, large neutral, essential or branch chain 

amino acids were observed between the three groups. This suggested a similar rate of 

absorption and delivery of amino acids into the circulation for all three supplements. 
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However, individual blood amino acids for the three protein substitutes were different, 

particularly between CGMP1 and CGMP2. At 120 minutes, tyrosine, histidine and leucine, 

added to the CGMP2, were significantly higher compared to CGMP1, and leucine, threonine 

and tyrosine concentrations were higher in CGMP2 than AA. This study demonstrated that 

the amino acid composition of protein substitutes modified the blood amino acid 

concentrations and ultimately tissue utilization.  

 

Individual amino acid changes were most prominent for tyrosine and histidine. 

Fasting concentrations of tyrosine were lowest in CGMP1 compared to CGMP2 and AA. 

Postprandial concentrations of tyrosine with CGMP1 were approximately 50% of CGMP2 

and AA. This reflected the lower amount of tyrosine in CGMP1. Histidine remained 

unchanged after 120 minutes in CGMP1 but increased significantly with CGMP2 and AA 

supplements. This lack of pre and postprandial change in histidine suggested insufficient 

supplementation in CGMP1, potentially with rapid tissue replenishment once ingested. 

Nitrogen balance is only maintained when all amino acids are present in adequate quantities. 

There is a suggestion the CGMP1 amino acid profile was potentially unable to meet this 

function. Interestingly, the postprandial arginine concentration, which was not added to 

CGMP2 (unlike the CGMP used in van Calcar’s study) [2], was similar in CGMP1 and AA. 

Although higher in CGMP2, this was not significant. These findings are important, as protein 

synthesis and support of metabolic pathways is dependent on a balanced supply and ratio of 

amino acids [49]. Optimal nitrogen balance is also dependent upon sufficient energy intake, 

but this was adequate in our group.  
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AA supplements deliver amino acids rapidly into the circulation, bypassing protein 

digestion [50]. The rate, duration and quantity of amino acids delivered will determine 

muscle and whole-body protein synthesis in addition to sustaining metabolic pathways [51]. 

Protein substitutes have an anabolic benefit promoting muscle synthesis, although anabolism 

is only established when protein breakdown and synthesis are measured, and assessment of 

muscle protein breakdown is only possible via invasive techniques [50-52]. Therefore, 

essential AA are used to measure protein synthesis by isotope markers [53, 54]. The protein 

synthetic response to an intact protein is sustained over a longer time than free amino acids, 

[51] suggesting a potential benefit for CGMP. However, this will only occur if it is utilised 

in a similar manner to intact/ natural protein. Interestingly the anabolic impact of free 

essential AA is greater than a comparable amount in whey protein. The difference being due 

to free essential AAs being absorbed more rapidly [53]. However, maintaining a balance of 

essential AAs that is in proportion to the demand of each essential AA is important. Tyrosine 

is necessary for the synthesis of monoaminergic transmitters and leucine muscle protein 

synthesis. A balanced formulation of amino acids combined with a high quality intact/ 

natural protein would in theory provide prolonged availability of all the necessary precursors 

for protein synthesis and metabolic pathways.  

 

Kinetic studies are necessary to fully compare the fate of amino acids from AA and 

CGMP with measurements at least over 240 minutes. We did not measure minimum or 

maximum concentrations of each amino acid. We also did not control for the consumption 

of energy, carbohydrate, and fat intake provided at breakfast. The breakfast meal provided a 

mean phenylalanine intake of 30%. Urea, glucose, insulin, leucine/ non-oxidative leucine 

disposal were not measured, which would have given an indicator of protein synthesis. To 
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enhance this study, net protein balance could have been measured, which assesses whole 

body protein synthesis minus protein breakdown. The fractional synthetic rate (FSR) [53], 

which looks at the rate a labelled amino acid precursor is incorporated into protein would be 

a useful indicator, together with net protein balance to measure the effectiveness of protein 

substitute supplementation. 

8.5.1 A 36-month review of blood phenylalanine concentrations using 

CGMP2 compared to AA  

Historical data overwhelmingly supports the evidence for maintaining blood 

phenylalanine concentrations above the normal reference range. It is recommended to 

maintain phenylalanine concentration between a therapeutic target range of 120-360 umol/L 

[55-57] in children aged <12 years and 120-600 µmol/L aged >12 years. Despite early 

intervention with a low phenylalanine diet and protein substitutes, neuropsychological 

deficits, behavioural and social issues still occur [58-60]. Evidence is lacking about the 

optimal blood phenylalanine concentrations in PKU, [12, 61] but agreement is unanimous 

that any intervention leading to higher blood phenylalanine concentrations are detrimental. 

 

Reviewing blood phenylalanine concentrations over 36 months using AA or the 

reformulated CGMP2 either as CGMP100 (CGMP only) or CGMP50 (a combination of 

CGMP and AA) there was an increase in blood phenylalanine concentrations in all groups 

over the 36 months. A significant increase was noted for AA and CGMP50, but not 

CGMP100. Despite the increase, median blood phenylalanine concentrations were within 

target therapeutic range demonstrating good metabolic control. This supports our findings 

from chapter 3B that modification of CGMP2 was able to maintain blood phenylalanine 

concentrations within target therapeutic range over the longer time period. However, not all 
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children could metabolise the additional phenylalanine from CGMP2 and could only replace 

part of their protein substitute from this source. An increase in blood phenylalanine 

concentrations with age could also be associated with a decline in adherence to a stringent, 

arduous and relentless low phenylalanine diet, which was particularly noticeable in the 

oldest (AA) age group studied [39, 40] 

8.6 CHAPTER 5A. GROWTH AND BODY COMPOSITION IN PKU 

CHILDREN A 3-YEAR PROSPECTIVE STUDY COMPARING THE 

INFLUENCE OF L-AMNIO ACID ON GLYCOMACROPEPTIDE PROTEIN 

SUBSTITUTES  

Growth, body composition, bone mass, density and geometry in children with PKU 

remains a contentious issue. Some have reported normal body composition, bone density 

and growth while others suggest sub optimal outcomes [62-66]. Protein substitutes provide 

nitrogen and essential micronutrients needed to support these processes. In this longitudinal, 

controlled study, over 36 months, height was measured 3 monthly and body composition 

parameters (fat and lean body mass and % body fat) were measured by dual X ray 

absorptiometry (DXA) at enrolment and 36 months. The children were divided into 3 groups: 

AA, CGMP100 (CGMP only) and CGMP50 (CGMP and AA).  

 

There was no statistical significance between height, lean body or fat mass between 

any of the groups. No correlation was found with age, pubertal status or blood phenylalanine 

concentrations. However, in the CGMP100 group statistical modelling indicated a trend 

towards improved growth in height, a reduction in total body percentage fat and improved 

lean body mass. It is difficult to explain this trend, the inference, when CGMP is given at a 

higher dose there is a physiological impact improving growth and body composition. CGMP 

a bioactive glycosylated peptide with naturally higher amounts of threonine and isoleucine 



 
77 

may improve muscle synthesis. Branched chain amino acids (BCAA) are important nutrient 

signals yet interventional studies on BCAA present a growing paradox. They may have a 

beneficial effect on health regulating release of hormones and stimulating insulin and muscle 

growth. Mammalian target of rapamycin complex (mTORC1) and protein kinase may be 

activated stimulating muscle growth [67]. BCAA also have a negative association with 

obesity, insulin resistance and diabetes type 2, although it is thought insulin resistance 

increases BCAA and not vice versa. Similarly, essential AAs are the stimuli for an increase 

in muscle protein synthesis [51]. This is a graded response with a higher amount of 

extracellular compared to intercellular essential AA, favouring protein synthesis. These 

mechanisms have not been verified in PKU with children taking either CGMP or AA 

supplements. If CGMP is more slowly absorbed, and oxidation of amino acids reduced 

compared to AA supplements, higher amounts of essential AA and BCAA may be available 

which may further increase protein accretion.  

 

Accumulating evidence from long term cohort studies indicate that body 

composition in childhood tracks into adult life. Early feeding choices (breast versus formula 

milk) may further influence this finding, as macronutrient content and bioactive factors 

differ between breast and formula milk [68]. Breast feeding is advocated in PKU but only in 

combination with a phenylalanine free infant protein substitute. In a longitudinal study 

assessing growth and body composition in healthy boys from birth to 15 years of age, height 

was determined by foetal and infant growth, while fat/ lean body mass ratios were more 

strongly influenced by later growth [69]. In PKU, it is unknown if the protein substitute 

source or dose introduced in the first few days of life alters this pattern of growth and body 

composition in children with PKU. In an age and gender matched controlled longitudinal 
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study, Evans [70] examined growth over 2 years in 20 infants with PKU and described a 

normal growth pattern similar to non-PKU children.  

 

When measuring growth and body composition in children with PKU several other 

confounding factors need consideration. These include frequency of administration and 

adherence with protein substitute. Also, carbohydrate consumption in children with PKU is 

higher compared to Scientific Advisory Committee of Nutrition (SACN) [7] 

recommendations as evidenced in several studies [5, 70, 71]. This altered dietary pattern (a 

higher carbohydrate and lower fat diet) may also change body composition, increasing 

carbohydrate intolerance and insulin resistance. Evans [70] noted this higher carbohydrate 

intake was evident in infants with PKU from the age of 1 year compared to a control group. 

These findings enforce the need for long-term studies in PKU examining the effect of dietary 

intake on body composition and associated biochemical parameters. 

 

The numbers of children in the CGMP50 and CGMP100 groups were small and 

higher numbers in all groups would have improved the power of the study and possibly 

would have shown a statistical difference in body composition. Reference data comparing 

body composition with healthy children was unavailable and a healthy control group was 

not studied. The ratio of lean and fat mass influences health outcomes, a greater fat mass 

leading to overweight and obesity. The risk of cardiometabolic syndrome, diabetes and 

hyperlipidaemia are increased. These parameters were not measured in our group but should 

be routinely reviewed. 
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8.7 CHAPTER 5B. A THREE-YEAR LONGITUDINAL STUDY COMPARING 

BONE MASS, DENSITY AND GEOMETRY MEASURED BY DXA, pQCT 

AND BONE TURNOVER MARKERS IN CHILDREN WITH PKU TAKING 

EITHER L-AMINO ACID OR GLYCOMACROPEPTIDE PROTEIN 

SUBSTITUTES  

Artificial protein substitutes supply 50-80% of total protein requirements in addition 

to essential vitamins, minerals and micronutrients. In PKU, there is concern that dependency 

on an artificial protein supplement may impact on bone mass, density and geometry. Of three 

published systematic reviews examining bone density in PKU [72-74], two (Demirdas et al 

[73] and Castro et al [72]) indicate that bone density is lower than the population norm but 

was within the normal reference range and of no clinical concern. These results contrasted 

with older, individual studies that suggested bone mass and density was compromised in 

PKU [75-77]. 

 

In this study described in Chapter 5B, bone density in children with PKU was 

comprehensively measured over 36 months. The aims were to compare the efficacy of AA 

and CGMP on bone mass, density and geometry in children, by measuring a series of 

parameters systematically over 36 months. No human studies in PKU have investigated the 

effects of two different protein substitutes on bone mass, density and geometry. Bone 

mineral density was assessed at baseline and 36 months, via dual X ray absorptiometry 

(DXA). Also, at 36 months, bone mineral mass, density and geometry was assessed by 

peripheral quantitative computer tomography (pQCT). DXA only measures a composite of 

trabecular and cortical bone, whilst pQCT measures these components separately and is not 

affected by body size and so results in a true volumetric bone density [78]. Blood bone 

biochemistry and bone turnover markers (BTM) were measured at baseline, 6, 12 and 36 
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months. These included formation markers [bone alkaline phosphatase (BAP), procollagen 

type 1 N terminal propeptide (P1NP)] and resorption markers [β cross linked telopeptide (β-

CTX), urine pyridinoline (PYD), and urine deoxypyridinoline (DPD)]. Blood biochemistry 

included vitamin D, calcium, magnesium and phosphate. Measurements were taken in three 

study groups of children with PKU on different protein substitutes: 1) children taking AA 

only, 2) CGMP only (CGMP100) and 3) CGMP50 (a combination of CGMP and AA).  

 

The results of this study show bone density, mass and geometry were within the 

normal reference range, but below the population norm, similar to the finding of the 

systematic review by Demidras et al and Castro et al [72, 73]. Bone resorption and formation 

markers (β-CTX v P1NP) were positively correlated, showing a synergy between formation 

and resorption. At 36 months after adjusting for age there was evidence of an increase in 

P1NP in the CGMP100 group. Clinically, these children had a normal bone density. 

Formation and resorption bone markers were active and in equilibrium. Bone biochemistry 

was normal and therefore this group were not at risk of increased bone fractures. Bone 

turnover markers showed an expected decrease with age, and this is confirmed by other 

studies [79]. Reference values were higher than adult ranges showing active bone formation, 

skeletal growth and bone remodelling. 

 

In human subjects, CGMP when compared to AA did not appear to influence bone 

density. These results conflict with a mouse study [80], which showed a positive effect of 

CGMP on bone health. It is difficult to compare animal and human studies. The strengths of 

our study were systematic follow up of subjects over 36 months in a well-controlled group 

of children with PKU. In addition to regular review of BTM and blood nutritional 
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biochemistry, bone density, mass and geometry were measurement by both DXA and pQCT. 

There was a synergy between bone formation and resorption markers which indicates a 

correlation with a high bone turnover and active bone growth, which in children includes 

remodelling, modelling and epiphyseal growth (the main site of bone growth in children) 

[81, 82]. 

 

Bone mineral density reflects only bone mineral status but not the dynamics of bone 

turnover. BTM reflect changes in bone metabolism more rapidly that bone mineral density. 

They are higher in children due to skeletal growth velocity and rapid bone turnover in mid 

puberty when linear growth is maximised [81, 83]. 

 

Despite a bone density within the normal reference range, it is unclear why all three 

groups had a median bone density lower than the population norm. This may be due to a 

number of molecular and biochemical factors. Protein substitutes are not as efficiently 

utilized compared to whole protein [84, 85]. Therefore, the availability of amino acids for 

sustaining lean body mass, maintaining bone structure and increasing insulin like growth 

factor (IGF1) (an important mediator of osteoblastic activity) [86] may be suboptimal. Some 

argue that the high acid load of amino acids in protein substitutes is detrimental to bone 

density, it lowers the pH of urine and increases calcium excretion decreasing bone density. 

This theory has largely been disproven, and the measurement of urine creatinine/calcium 

ratio in our study was normal. Other studies have reported no adverse effects of a higher 

protein intake [87-89]. 
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There is some evidence supporting the role of individual amino acids in optimising 

bone mineral density namely arginine, lysine, alanine, proline, leucine and glutamine. In 

vitro studies have demonstrated that amino acids stimulate insulin secretion, which promotes 

osteoblast growth and differentiation [90, 91]. Arginine stimulates growth hormone 

secretion promoting IGF1 [92]. Arginine, lysine and glycine are associated with improved 

collagen formation or synthesis [93]. Leucine directly affects messenger ribonucleic acid 

(mRNA) translation and is thought to be the most efficient at increasing muscle protein 

synthesis essential in maintaining bone strength and density [94]. If protein substitutes fail 

to deliver these amino acids efficiently bone density may be compromised.  

 

In the UK, there are no paediatric age and gender matched reference curves for bone 

markers available to appropriately assess and compare bone turnover. A further limitation 

was the failure to include a healthy control group matched for age and gender. Also, within 

the three groups with PKU, we were unable to study children at the same pubertal stage. 

Ideally this study should have included a larger cohort of children with PKU to improve the 

statistical power. To prove a stronger relationship between bone formation and breakdown 

markers in children taking CGMP only, a longer term study is necessary over at least 5 years. 

8.8 CHAPTER 6.  THE IMPACT OF THE USE OF GLYCOMACROPEPTIDE 

ON SATIETY AND DIETARY INTAKE IN PHENYLKETONURIA  

Protein is the most satiating nutrient and gut absorption of protein is thought to 

modulate satiety. The protein leverage hypothesis suggests that a change in the ratio of 

protein to fat and carbohydrate in the diet may influence energy intake. In a 4 day randomised 

controlled study, in healthy lean adults the intake of energy from protein carbohydrate and 

fat was measured. When a lower amount of protein was provided, energy intake from 
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carbohydrate and fat increased. A diet providing 10% of energy as protein led to an increase 

in the consumption of carbohydrate and fat, but the same response did not occur when 15% 

of the energy came from protein [95]. Normal satiety mechanisms activated by food may be 

absent in a low phenylalanine diet, which is high in carbohydrate and lower in fat. Eighty 

percent (80%) of the protein usually comes from an amino acid source [96]. CGMP 

influences cholecystokinin (CCK) a hormone responsible for satiety [97-100]. Animal 

studies have shown a reduction in fat mass when given a CGMP diet compared with whey 

protein isolate [101], although this has not been demonstrated in human studies. 

 

  If CGMP altered satiety, it would benefit weight control and help prevent obesity, an 

increasingly reported problem in PKU [102, 103]. Chapter 6 investigated if CGMP 

compared to AA influenced satiety by altering energy intake and weight gain. Over the three 

year period dietary data was collected once every 3 months, with macronutrient intake 

(energy, protein, fat and carbohydrate) assessed together with weight and BMI (body mass 

index) in children taking AA, CGMP only (CGMP100) and CGMP50 (a combination of 

CGMP and AA).  

 

Analysis over 36 months showed that all groups had the same total energy intake 

from protein, carbohydrate and fat. Likewise, there were no statistically significant 

differences in energy intake, weight or BMI between groups. The incidence of overweight 

and obesity was prevalent in all the groups with a noticeable increase over the study period. 

The assertion that CGMP enhanced satiety was not observed in this study. 
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There is evidence to support CGMP stimulating CCK, but this is a short-term incretin 

hormone. Human studies investigating CGMP on food intake have given inconsistent and 

inconclusive findings [98, 100, 101]. There is agreement that high protein meals cause the 

greatest reduction in hunger [97, 104, 105]. The mechanism how protein controls satiety 

remains unclear. It is multifaceted but an important influence is the gut-endocrine system, 

which plays a major role in regulating eating behaviour. Incretin hormones ghrelin, CCK 

(cholecystokinin), glucagon like peptide (GLP 1) and peptide YY3-36 (PYY3-36) [104, 106, 

107], all have varying influences on satiety. The release of gut hormones depends on the 

amount and composition of foods consumed. PYY appears to be a potent incretin hormone, 

and given intravenously acutely decreases food intake [104, 107, 108]. The satiating effects 

of protein depends on the gut endocrine partnership. This is greater than just the effect of 

CCK making the link between CGMP and satiety less likely. Suppression of food intake is 

observed only when protein is administered orally [109], in PKU natural protein intake is 

limited and mostly in the form of amino acids which, may alter these endocrine responses. 

 

Despite the association of CGMP and CCK, the results from the study in Chapter 6, 

confirm the findings from other studies and do not identify any relationship between CGMP 

and satiety. This longitudinal study over 36 months, contrasted with the majority of satiety 

studies, which are mainly carried out in adults, over one or a few days only, and conducted 

in very controlled environments. Satiety related incretin hormones such as ghrelin, insulin, 

PYY or CCK were not measured; similarly, data using a visual analog appetite scale was not 

collected. However, dietary assessments and anthropometry were consistently measured, but 

showed no changes between the groups. Satiety is a complex study area, influenced by 

physiological and psychological factors. Measuring satiety is challenging in PKU. In 



 
85 

children food is often provided rather than chosen and in PKU natural protein is restricted. 

It is important to establish if satiety mechanisms are altered by the restricted phenylalanine 

intake and abnormal food patterns in PKU. 

8.9 CHAPTER 7.  INVESTIGATION OF PAEDIATRIC PKU BREATH 

MALODOUR COMPARING GLYCOMACROPEPTIDE WITH 

PHENYLALANINE FREE L-AMINO ACID SUPPLEMENTS  

Breath malodour in PKU has received minimal clinical or research attention. 

Children, teenagers, adults and care givers complain of malodour post protein substitute 

ingestion. It is unknown if this problem is specific to PKU compared to a healthy population. 

Despite considerable improvement in protein substitute presentation and taste, they continue 

to have an underlying unpleasant taste, and this is subjectively associated with oral 

malodour. In a randomised controlled crossover study, we measured exhaled volatile organic 

compounds (VOCs) using gas chromatography-ion mobility spectrometry (GC-IMS). 

Twenty children with PKU were randomised to take both AA and CGMP protein substitutes 

for one week prior to testing, and 20 healthy children were used as a comparative group. 

Samples were collected over 10 hours, early morning fasting and pre and 30 minutes 

postprandial, with a random sample mid-afternoon. All subjects had a standardised menu 

adapted for children with PKU.  

 

Despite subjective evidence to suggest differences in the breath signatures of PKU 

compared to a control group of children, fasting VOCs were similar in all children regardless 

of protein substitute intake. Longitudinal results measured over 10 hours showed no 

significant difference in the number of exhaled VOCs comparing AA, CGMP and controls. 

Similarly, no differences were found between protein substitutes. Interestingly, a 

questionnaire asking the children how they perceive their breath after taking AA or CGMP 
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showed that 95% associated less breath malodour with the CGMP. In three children who 

had their breath tested immediately after taking their protein substitute there was an 

immediate increase in the VOCs, but these were not detected after 30 minutes. There was 

one observable difference between the CGMP and AA groups compared to the control 

group. The concentration of 2-butanone rose sharply post-fasted morning sample with the 

AA and CGMP groups. This was not observed in the control group, although all groups had 

a similar concentration at midday. Butanone is a methyl ethyl ketone and the increase was 

identical with AA and CGMP. This would suggest that the increase is 1) due to the protein 

substitute although this is less likely as CGMP and AA were structurally different, or 2) it 

could be explained as a metabolic difference in PKU possibly related to phenylketones 

following a period of overnight fasting. Unfortunately, this observation is not easily 

explained.  

 

VOCs are gases classified depending on their organic structure such as nitrogen 

containing dimethylamine ammonia and sulphur containing ethyl mercaptane 

dimthylsulphide. These can be identified in breath possibly producing a unique breath 

signature. These endogenous volatiles are generated by biochemical reactions. The 

incomplete metabolism of methionine in the transamination pathway produces a sulphur 

compound. Acetone is produced from decaboxylation of acetoacetate derived from lipolysis 

[110-112]. It is possible that the observed rise in 2-butanone characteristic in the subjects 

with PKU could be derived from such a reaction. 

We determined that protein substitutes had a transient effect on exhaled breath. 

Measurements taken 30 minutes after a meal were not significantly different to non-PKU 

subjects. To prevent breath odour, food or water should be taken immediately post protein 
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substitute intake. The results were in contrast to a study in children with cystic fibrosis that 

observed distinct breath pattern differences compared to healthy children [113]. 

  

We did not measure concurrent blood phenylalanine concentrations in this study and 

therefore do not know the impact of blood phenylalanine on breath and the possibility of 

excess phenylalanine producing phenylketones. The use of a volatile sulphur monitor may 

have given more insight into specific exhaled sulphur compounds. The CG-IMS is a general 

screening tool and did not assess all volatile compounds. Not all the children took the same 

brand of amino acid supplement and the flavours were different. Manufacturers were not 

able to clearly identify all the artificial components of each protein substitute making 

identification of all the compounds difficult. In future studies it would be beneficial to 

monitor the effect of taking a protein substitute and measuring breath VOC before and after 

drinking water only. The compound 2-butanone should be more closely investigated as this 

increased in subjects with PKU regardless of the type of protein substitute and therefore 

likely to be a specific metabolic process in PKU.
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Table 1.8. Key findings, clinical implications and future studies that should be conducted 

Key findings Clinical implications Future research 

• The residual phenylalanine in CGMP can 
lead to a deterioration in blood 
phenylalanine concentrations particularly 
in PKU subjects with limited enzyme 
activity  

• Deterioration of blood phenylalanine 
decreases IQ scores and leads to 
neurological deterioration  

• The development of a CGMP 
phenylalanine free protein 
substitute suitable for all patients 
with PKU 

• The development of phenylalanine 
free CGMP infant formula. It 
would then be possible to examine 
if CGMP improves learning (due to 
its sialic content) and alters stool 
quality and microbiota in infants 
with PKU 

• Suggested improvement in blood 
phenylalanine stability when using CGMP 
(with dietary phenylalanine adjustment) 

Potential clinical benefits: 
• may mimic whole protein delivering 

amino acids slowly into the systemic 
circulation 

• may decrease entry of phenylalanine at 
the blood brain barrier (BBB) 

• improves amino acid utilization  

• Aim to demonstrate if CGMP 
improves amino acid absorption 
and potentially improves protein 
synthesis. This could be done by 
kinetic studies that compare 
CGMP-AA, AA, casein and whey 
protein. Studies should be 
conducted over a minimum time of 
240 minutes. Measurements should 
include amino acids, blood glucose, 
insulin, blood urea nitrogen, and 
urine amino acids 

• An indicator amino acid study 
would allow the amino acid profile 
of protein substitutes to be studied 
over time and help direct the ideal 
amino acid profile 
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• Positive trend showing improved body 
composition and growth in those using 
CGMP exclusively 

• CGMP may improve height, body 
composition, lean muscle mass, and 
decrease fat mass with long term use 

• Extended longitudinal study on 
growth and body composition in 
children taking CGMP and AA 
with routine monitoring of body 
composition to study impact of 
different protein substitutes 

• All groups had a positive correlation with 
bone resorption and formation (β-CTX 
compared to P1NP) markers indicating a 
balance bone metabolism 

• In the CGMP100 group P1NP was larger 
compared to the AA group after 
adjusting for age 

• The question remains why BMD 
although clinically normal was 
below the reference norm and 
warrants further study. This finding 
leaves unanswered questions: 
1) is there an underlying 

physiological reason when 
BMD does not achieve a 
median normality? 

2) if CGMP was used for longer 
would there be a difference as 
potentially shown in body 
composition?  

3) studies on net protein balance 
would provide an indication on 
the effectiveness of protein 
substitute supplementation and 
protein synthesis 

• Satiety is not influenced by CGMP • There was no evidence to suggest a link 
between CGMP and satiety 

• Although satiety was unaffected, 
there is evidence to suggest CGMP 
favourably alters gut microbiota, 
which is linked to satiety 

• Future research on gut microbiota 
would be beneficial in this group of 
children in which a mixed fibre 
intake is restricted 

• Despite subjective evidence breath 
malodour did not occur post protein 

• There was suggestion that any malodour 
immediately post protein supplement 

• Systematic investigation of breath 
malodour immediately post protein 
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substitute consumption when volatile 
organic compounds were measured 30 
minutes post consumption.  

consumption dissipated after drinking 
water or food 

substitute examining the impact of 
mouth water ‘wash-outs.’  

• Further investigation to review 
volatile organic compounds not 
captured in the first study such as 
sulphur volatile compounds 
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CLINIC INDICATIONS AND CONCLUSIONS 

This compilation of studies over 36 months in a group of well controlled children with PKU 

compares the novel bioactive CGMP to conventional AA protein supplements, which are 

central to dietary management. In PKU, this is the only prospective, controlled, longitudinal 

research completed over this duration. The studies provide comprehensive, compelling, and 

systematic data that deliver a strong foundation outlining the impact of CGMP in children. 

The key findings and their clinical implications together with a summary of future studies 

which should be conducted on CGMP in PKU are given in Table 8.1. The residual 

phenylalanine in CGMP is a limitation to its use in children with PKU especially in those 

with minimal phenylalanine hydroxylase activity. This has been shown to lead to a 

deterioration in blood phenylalanine control. However, there was a trend (although not 

statistically significant) that children taking all their protein substitute as CGMP had 

improved height and lean body mass with a reduced fat mass. At 36 months independent of 

age, the bone formation marker, PINP, was increased in those taking CGMP only compared 

to the AA group. This suggests that the bioactive properties of CGMP may infer some 

clinical advantages. However, until the residual phenylalanine is fully eliminated from 

CGMP, its associated potential clinical benefits remain inaccessible.  
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Appendix 1.  Dietary assessment diary  
 

 

Dietary Assessment Diary  
 

 

 

 

 

 
Study Patient 

Number 
  

…………………………. 
 
 

Subject initials: 
 

………………………. 
 

Date 
 
 

………………………….. 
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Instructions 
 

 

• Please weigh all food and drink eaten rather than what is offered on the days  
 

• Remember to include all snacks including sweets, biscuits and cakes. 
 

• State the brand names of manufactured foods e.g., Heinz tomato sauce, Walkers plain 
crisps. 

 
• State method of cooking e.g., grilled, fried, boiled etc. 

 
• Please weigh the butter or margarine used over the period of recording the food 

intake. 
 

• Record all food in the diet diary at the time of eating and not all together at the end of 
the day. 

 
• Please save any ingredient labels/nutritional analysis from the sides of manufactured 

foods and return these with the diet diary. 
 

• Please record any type of vegetable oils or fats that you have used  
 

• Please record if you have used normal foods or low protein equivalent. 
 

• Please record if you have used any low fat foods. 
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General Questions 
Please tick appropriate answers 

1. What type of milk replacement is given? 
 

 

Sno Pro 

 

 

Loprofin PKU Drink 

 

 

Prozero 

 

 

Calogen 

 

 

Dalia 

 

 

Duocal 

 

 

Plant milk e.g., rice milk 

 

 

Coffee creamer 

 

 

Full cream milk/ semi skimmed/ 
skimmed 

 

 

2. How much milk replacement does your child drink (on cereals, drinks etc?) 
 

____________________________________________________________ 

 
3. What type of low protein bread is eaten? 

 

Home-made 

 

 

Manufacturers LP sliced bread 

 

 

LP bread rolls 

 

 

Other – please specify 
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4. What type of fat/oil is put on bread? 
 

 

Margarine 

 

 

Butter 

 

 

Low fat spread 

 

 

Oil (please state type) 

 

 

Other 

 

 

5. How is this spread? 
 

 

Thinly 

 

 

Medium 

 

 

Thickly 

 

 

6. Do you put butter/margarine on vegetables? 
 

Yes  

No  

 

7. Please specify the amount of butter/margarine used over the period of recording  
food   intake. 

 

______________________________________________________________________ 

 

8. Do you put oil/salad dressings on salads? 
 

 

Yes 

 

 

No 
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EXAMPLE MENU 
Date:-___________________ 

 

Time 

 

Weight of Food or Drink 

 

 

Type of Food 

8.00 am 20g 

10g 

100 ml 

30g 

  8g 

15g 

PKU Sphere 

200 ml 

Weetabix 

Sugar 

Prozero milk  

Fate low protein white toast 

Butter (Lurpak) 

Jam 

Protein substitute  

Water 

 

10.00 am 

200 ml 

1 (10g) 

Coca Cola 

Mevalia Frollini 

 

12.30 pm 

55g 

1 slice 

16g 

30g 

30 ml (before dilution) 

Tinned pasta (spaghetti) Tesco 

Fate low protein white toast 

Butter (Lurpak) 

Vanilla ice cream (normal) Walls 

Ribena (sugar containing) 

 

3.00 pm 

20g 

25g 

30 ml (before dilution) 

2 sachets  

Starbursts sweets 

Crisps Walkers Plain 

Tesco’s High Juice orange squash 

PKU gel raspberry 

5.00 pm 90g 

90g 

20g 

1 x 200 ml carton 

Oven chips (Tesco French Fries) 

Grilled vegetable fingers (Birds Eye) 

Baked beans (Heinz) 

Apple Ribena (not low sugar) 

8.00 pm PKU cooler 20 

200 ml  

Protein substitute  

Water 
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MENU PLAN DAY 1 
Date:-___________________ 

 

Time 

 

Weight of Food or Drink 

 

Type of Food or Drink 

 

 

Breakfast 

 

 

 

  

 

Mid-Morning 

 

 

 

  

 

Midday 

 

 

 

  

 

Mid-afternoon 

 

 

 

  

 

Evening Meal 

 

 

 

  

 

Bedtime 
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MENU PLAN DAY 2 
Date:-___________________ 

 

Time 

 

Weight of Food or Drink 

 

Type of Food or Drink 

 

 

Breakfast 

 

 

 

  

 

Mid-Morning 

 

 

 

  

 

Midday 

 

 

 

 

  

 

Mid-afternoon 

 

 

 

  

 

Evening Meal 

 

 

  

 

Bedtime 
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MENU PLAN DAY 3 
Date:-___________________ 

 

Time 

 

Weight of Food or Drink 

 

Type of Food or Drink 

 

 

Breakfast 

 

 

 

  

 

Mid-Morning 

 

 

 

  

 

Midday 

 

 

 

  

 

Mid-afternoon 

 

 

 

  

 

Evening Meal 

 

 

 

 

  

 

Bedtime 
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Appendix 2. Low protein food frequency questionnaire 
 

 
LOW PROTEIN 

 
 
 

FOOD FREQUENCY  
 

QUESTIONNAIRE  
 

 
 

DATE 
…………………… 

 
 
 

SUBJECT NUMBER 
 

…………………… 
 
 
 
 

INITIALS 
 

.…………………… 
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. 

FOOD FREQUENCY QUESTIONNAIRE 
 

• This questionnaire asks you questions about what you/your child eats.  
• We would like you to tell us about all foods/drinks regularly eaten by you/your child.  
• The questionnaire lists 92 commonly eaten foods, food groups or drinks.  
• For each food/food group there is a portion size suggested e.g., teaspoon, tablespoon, 

bowl, glass, slice.  
• A portion size booklet is also provided. This will help you complete the food diary.  

 
PLEASE MAKE SURE YOU PUT A NUMBER IN EVERY BOX ON EVERY LINE 
IN THE QUESTIONNAIRE. 
 

• Write the number of times each food is taken each day in the ‘in a DAY’ box.   
• Then write the number of days a week this amount is eaten in the ‘per WEEK’ box. 
• If a food is eaten less than once a week then put a ‘0’ in both boxes for this food. 
• For food items made up of different ingredients e.g., jam sandwich, divide into 

individual ingredients e.g., 2 slices white bread, 1 teaspoon margarine, 2 teaspoons 
jam.  

• If you/your child’s portion size is double the suggested size, count this as 2 portions 
or if their portion size is smaller count it as ½ a portion. 

• If there are food/drinks you/your child has regularly that are not listed, add these in 
the last section of each food group under ‘other’. 

•  
   

FOR EXAMPLE:  
If you/your child has: 

• ½ a small pot of yoghurt once a day,  
• a jam sandwich (2 slices of bread with butter and jam) 5 days a week,  
• fruit once every 2 weeks  

 
your answers should look like this: 

Food Portion size Number of 
portions in a 
DAY 

Number of 
times per 
WEEK 

Regular Flavoured or plain yoghurt 1 small pot (60g) ½  7 

Regular Bread – sliced, toast 1 slice (30-40g) 2 5 

Butter/margarine/oils 1 teaspoon (5g) 2 5 

Sweet spreads e.g., Jam/marmalade/honey/icing 2 teaspoons (10g) 1 5 
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MILK AND MILK REPLACEMENTS 
Food Portion size Number of 

portions in a 
DAY 

Number of 
times per 
WEEK 

Regular Milk – full fat, semi-skimmed, skimmed, 
condensed, soya 

30ml    

Other plant milks – coconut, oat, rice, almond, 
hemp 

200-250 ml   

Low protein milk replacement e.g., Prozero, Sno 
Pro, Loprofin, Dalia 

200-250 ml   

Milk flavouring  
e.g., chocolate, strawberry 

1 tablespoon (15ml)   

Other:  
please list 

   

 
 
PLEASE MAKE SURE THERE IS A NUMBER IN EVERY BOX ON EVERY LINE  
BEFORE CONTINUING 
 
 

DAIRY PRODUCTS AND ALTERNATIVES 
Food Portion size Number of 

portions in a 
DAY 

Number of 
times per 
WEEK 

Regular Cheese   

e.g., cheddar, Edam, Emmental 

15g (1 small cube)    

Regular soft cheese, cream cheese, cheese spread 15-20g (1 tablespoon)   

Low protein cheese e.g., Violife 1 slice (20g)   

Soya cheese 15g (1 small square)   

Regular flavoured or plain yoghurt, drinking 
yoghurt, soya yoghurt, fromage frais, dairy desserts, 
custard, mousse, instant dessert 

Small pot (40-60g)    

Low protein yoghurt, protein-free custard, mousse, 
dessert mix 

1 small serve (60g)   

Cream (all types) 30ml   

Other:  
please list 

   

 
 
PLEASE MAKE SURE THERE IS A NUMBER IN EVERY BOX ON EVERY LINE BEFORE 
CONTINUING 
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BREADS AND CEREALS 
Food Portion size Number of 

portions in a 
DAY 

Number of 
times per 
WEEK 

Regular Bread – sliced, toast, small wrap 1 slice (30g-40g)   

Regular bread roll, English muffin, crumpet, pitta, 
naan, ciabatta, large wrap 

1 small (50-70g)   

Low protein bread- sliced, toast, small wrap  1 slice (30g-40g)   

Low protein bread roll, English muffin, crumpet, 
pitta, naan, ciabatta, large wrap 

1 small (50-70g)   

Gluten-free bread- sliced, toast, small wrap 1 slice (30g-40g)   

Gluten-free bread roll, English muffin, crumpet, 
pitta, naan, ciabatta, large wrap 

1 small (50-70g)   

Regular Breakfast cereals – wheat & oat based  

e.g., muesli branflakes, multigrain, shredded wheat, 
Weetabix, gluten-free 

10g   

Regular or gluten-free Breakfast cereal                     
– corn or rice based  

e.g., cornflakes, rice krispies, Cheerios, sugar puffs, 
Frosties,  

15-20g   

Low protein breakfast cereal 1 small bowl (30g)   

Other:  
please list 

   

 
 
PLEASE MAKE SURE THERE IS A NUMBER IN EVERY BOX ON EVERY LINE BEFORE 
CONTINUING 
 

SPREADS 
Food Portion size Number of 

portions in a 
DAY 

Number of 
times per 
WEEK 

Sweet spreads  
e.g., Jam/marmalade/honey/icing 

2 teaspoons (10g)   

Regular chocolate/nut spread 1 tablespoon (20g)   

Low protein spreads  

e.g., choc spread, low protein cheese spread 

1 tablespoon (20g)   

Regular Savoury spreads/sandwich fillers  
e.g., Peanut butter/hummus/cheese spread 

1 tablespoon (20-30g)   

Butter/margarine/oils 1 teaspoon (5g)   

Low fat spread/butter/margarine 1 teaspoon (5g)   

Other:  
please list 

   

 
 
PLEASE MAKE SURE THERE IS A NUMBER IN EVERY BOX ON EVERY LINE BEFORE 
CONTINUING 
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PASTA, RICE AND POTATO  
Food Portion size Number of 

portions in a 
DAY 

Number of 
times per 
WEEK 

Regular & gluten-free pasta, noodles, rice, 
couscous (cooked) 

Rice cooked (45g),      
pasta/ noodles/couscous 
cooked (15g)  

  

Low protein pasta, noodles, rice, couscous (cooked) Cooked 80-100g    

Tinned pasta 2 tablespoons (50g –70g)   

Potato (boiled, mashed, jacket, baked) 80g    

Potato cooked in fat (roast, chips, fried) Roast (55g), chips (45g)   

Processed potatoes – waffles, croquettes, wedges, 
Alphabites,  

1 piece (30g- 40g)    

Other:  

please list 
   

 
 
PLEASE MAKE SURE THERE IS A NUMBER IN EVERY BOX ON EVERY LINE BEFORE 
CONTINUING 
 

VEGETABLES (fresh, raw, cooked, frozen and canned) 
Food Portion size Number of 

portions in a 
DAY 

Number of 
times per 
WEEK 

Broad beans, peas, spinach, Spring greens, 
sweetcorn, mixed vegetables  

Broad beans (20g),       
peas (25g), spinach 
(25g), Spring greens 
(35g), sweetcorn (35g),        
mixed vegetables (30g) 

  

Asparagus, beansprouts, broccoli, Brussel sprouts, 
cauliflower, okra, yam, sugar snap peas, mange tout  

60g   

All other vegetables e.g., carrots, sweet potato, 
tomatoes, mushroom, cucumber, peppers, salad 

60g   

Legumes/pulse e.g., baked beans, Lentils, 
chickpeas, dried peas/ beans 

20g cooked   

Other:  
please list 

   

 
 
PLEASE MAKE SURE THERE IS A NUMBER IN EVERY BOX ON EVERY LINE BEFORE 
CONTINUING 
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FRUIT 
Food Portion size Number of 

portions in a 
DAY 

Number of 
times per 
WEEK 

All fresh, canned or frozen fruit 1 piece (80-100g)   

Dried fruit  

e.g., apricot, dates, cranberries, banana chips, 
mango, raisins, sultanas, fruit bars 

2 tablespoons (30-
40g) 

  

Other:  

please list 

   

 
 
PLEASE MAKE SURE THERE IS A NUMBER IN EVERY BOX ON EVERY LINE BEFORE 
CONTINUING 
 

MEAT AND ALTERNATIVES 
Food Portion size Number of 

portions in a 
DAY 

Number of 
times per 
WEEK 

Meat  
e.g., beef, lamb, pork, bacon, veal, chicken, turkey 

1 small piece (15g)   

Fish  
e.g., tuna, salmon, cod, haddock, kippers, mackerel, 
sardines prawns, crab, scallops, mussels 

1 small piece (15g)   

Processed meats/ fish  
e.g., sausage, chicken nuggets, fish fingers, ham, 
sandwich slices, burgers, battered/crumbed fish, 
scampi 

1 small piece (15g)   

Tofu/Quorn 1 small piece (15g)   

Eggs – boiled, poached, fried, scrambled, omelette 1 (50-60g)   

Low protein sausage/burger 1 (80g)   

Other:  
please list 

   

 
 
PLEASE MAKE SURE THERE IS A NUMBER IN EVERY BOX ON EVERY LINE BEFORE 
CONTINUING 
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SAUCES  
Food Portion size Number of 

portions in a 
DAY 

Number of 
times per 
WEEK 

Regular table top sauces, ketchup, dressings, 
chutney, pickles, mint sauce, vinaigrette 

1 tablespoon (20-30g)   

Gravy  3 tablespoons (50ml)   

Mayonnaise, salad cream, oil based dressings 1 tablespoon (20-30g)    

Other milk based sauces  
e.g., cheese, white, parsley 

2 tablespoons (50ml) 
 

  

Low protein sauce  
e.g., LP cheese sauce 

2 tablespoons (50ml) 
 

  

Cook-in/meal based sauces  

e.g., curry, sweet & sour 

5 tablespoons (100ml)    

Other:  

please list 

   

 
 
PLEASE MAKE SURE THERE IS A NUMBER IN EVERY BOX ON EVERY LINE BEFORE 
CONTINUING 
 

SWEET SNACKS/PUDDINGS 
Food Portion size Number of 

portions in a 
DAY 

Number of 
times per 
WEEK 

Regular biscuit/cookie 1-2 (15-20g)   

Regular cake, muffin, doughnut, tart, scone, pastry 1 (50-70g)   

Regular cereal bar 1 (20-40g)   

Low protein biscuit/cookie 1-2 (15-20g)   

Low protein cake, muffin, doughnut, tart, scone, 
pastry 

1 (50-70g)   

Low protein cereal bar 1 (20-40g)   

Regular Puddings – cheesecake, crumble, pie, tart, 
sponge, trifle, rice 

Small serve (80-100g)   

Low protein Puddings – cheesecake, crumble, pie, 
tart, sponge, trifle, rice 

Small serve (80-100g)   

Regular ice cream 30g   

Low protein ice cream/sorbet  30g    

Regular chocolate/chocolate bars 3-5 squares (15-25g)    

Low protein chocolate/chocolate bars 1 bar (25g)   

Gummy sweets or marshmallows (contain gelatine)  4-8 sweets (30g)   

Vegetarian gummy sweets 4-8 sweets (30g)   

All other sweets  

e.g., boiled, chewy, mints, candy 

4-6 sweets (30g)   

Regular Jelly with gelatine 100g    
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Low protein jelly 100g    

Ice lolly 1 lolly (45-80ml)   

Sugar added to drinks or cereals 1 teaspoon (5g)   

Other:  

please list 

   

 
 
PLEASE MAKE SURE THERE IS A NUMBER IN EVERY BOX ON EVERY LINE BEFORE 
CONTINUING 
 

SAVOURY SNACKS 
Food Portion size Number of 

portions in a 
DAY 

Number of 
times per 
WEEK 

Potato crisps, corn snacks, rice snacks, popcorn  1 small packet (15-25g)   

Nuts and seeds 1 tablespoon (10-15g)   

Low protein crisps 1 packet (25g)   

Regular crackers, crispbreads, breadsticks, rice 
cakes 

2 (10-15g)   

Other:  

please list 

   

 
 
PLEASE MAKE SURE THERE IS A NUMBER IN EVERY BOX ON EVERY LINE BEFORE 
CONTINUING 
 

TAKEAWAYS/READY MEALS/SOUPS 
Food Portion size Number of 

portions in a 
DAY 

Number of 
times per 
WEEK 

Regular Pizza 1 slice (40-50g)   

Low protein pizza 1 slice (40-50g)   

Vegetarian burger (with bread roll) 1 (50g) burger 

(60g) 1 bread roll 

  

Quiche 1 slice (40-50g)    

Meat based dish e.g., lasagne, curry, chow mein, 
stir fry 

1 small bowl (200g)   

Vegetable based dish – lasagne, curry, stir fry 1 small bowl (200g)   

Meat based pie, sausage roll, pastie, samosa, 
pakora, spring roll  

1 small (50 -80g)   

Vegetable based pie, sausage roll, pastie, samosa, 
pakora, spring roll 

1 small (50-80g)   

Low protein dish  

e.g., pasta & sauce, snack pot, pot noodles 

1 small bowl/1 pot 
(200g)  

  

Soup 1 small bowl (200 ml)    

Other:  

please list 
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PLEASE MAKE SURE THERE IS A NUMBER IN EVERY BOX ON EVERY LINE BEFORE 
CONTINUING 
 

DRINKS 
Food Portion size Number of 

portions in a 
DAY 

Number of 
times per 
WEEK 

Water (tap, mineral) 1 glass (200 ml)   

Natural fruit juice (no added sugar) 1 glass (200 ml)   

Vegetable juice 1 glass (200 ml)   

Regular sweet drinks, squash, fizzy drinks, coke  1 glass (200 ml)   

Sugar-free drinks, squash, fizzy drinks, coke 1 glass (200 ml)   

Tea/coffee 1 small cup (200 ml)   

Powdered hot chocolate  15g (1 tablespoon)   

Non-dairy creamer  
e.g., coffee whitener 

15g (1 tablespoon)   

Other: please list    

 
 

This validated food frequency questionnaire for PKU has been developed by Sharon Evans, a 
dietetic PhD student. 
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Appendix 3. Dietary assessment diary for breath study 
 
 

Dietary Assessment Diary  
 

BREATH STUDY 
 

 

 

 
Study Patient 

Number 
  
 

…………………………. 
 

Subject initials: 
 
 

………………………. 
 

Date 
 

………………………….. 
 
 

 
 

 



 117 

Instructions 
• Please weigh all food and drink eaten rather than what is offered on the day  

 
• Remember to include all snacks including sweets, biscuits and cakes. 

 
• State the brand names of manufactured foods e.g., Heinz tomato sauce, Walkers plain 

crisps. 
 

• State method of cooking e.g., grilled, fried, boiled etc. 
 

• Please weigh the butter or margarine used over the period of recording the food 
intake. 

 
• Record all food in the diet diary at the time of eating and not all together at the end of 

the day. 
 

• Please save any ingredient labels/nutritional analysis from the sides of manufactured 
foods and return these with the diet diary. 

 
• Please record any type of vegetable oils or fats that you have used  

 
• Please record if you have used normal foods or low protein equivalent. 
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EXAMPLE MENU 
Date:-___________________ 

 

Time 

 

Weight of Food or Drink 

 

 

Type of Food 

8.00 am 20g 

10g 

200 ml 

30g 

 8g 

15g 

1 sachet  

200 ml 

Weetabix 

Sugar 

Prozeo milk  

Fate low protein white toast 

Butter (Lurpak) 

Jam 

PKU sphere 

Water 

10.00 am 200 ml 

1 (10g) 

Coca Cola 

Mevalia fruit bar 

12.30 pm 198g 

1 slice 55g 

16g 

30g 

30 ml (before dilution) 

1 sachet 

Low protein pasta (Mevalia) 

Mavalia baguette  

Garlic butter Tesco 

Vanilla ice cream (normal) Walls 

Ribena (sugar containing) 

PKU sphere 

3.00 pm 20g 

25g 

30 ml (before dilution) 

Skittles  

Crisps Walkers (plain) 

Tesco’s High Juice orange squash 

5.00 pm 90g 

90g 

35g 

28g 

48g  

27g 

1 x 200 ml carton 

1 sachet  

Oven chips French Fries (Tesco) 

Hooba sausage  

Lettuce 

Cucumber 

Tomato 

Mayonnaise (Heinz) 

Apple Ribena (not low sugar) 

PKU sphere 
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MENU PLAN 
Date:-___________________ 

 

Time 

 

Type of Food or Drink 

 

Weight of Food or Drink 

 

Breakfast 

 

 

Drinks  

 

 

 

 

 

 

 

 

Mid-Morning  

 

 

Drinks 

 

 

 

 

 

 

Lunch 

 

 

Drinks 

 

 

 

 

 

 

 

 

Mid 
afternoon 

 

 

Drinks 

 

 

 

 

 

 

Tea time 

 

 

Drinks 

 

 

 

 

 

 

 

 

Notes  
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Appendix 4. Breath study questionnaire 
 



QUESTION

4
I notice my breath smells more?

Comments:

 Mornings Lunchtime After my cooler Afternoon Evening Not at all

Other people comment on my breath?

Comments:

QUESTION

3

QUESTION

2
I worry my breath smells?

Comments:

CHAIRMAN
Joanna Davis

CHIEF EXECUTIVE OFFICER
Sarah-Jane Marsh

Screening Questionnaire, Version 1, 08/12/2016 Page 1 of 2IRAS ID: 260916

Vitaflo International Ltd

BREATH STUDY QUESTIONNAIRE

I like the taste of my coolers/ gel/ twist?

Comments:

QUESTION

1 Not at all A little Not bothered Most of the time Very much

Not at all A little Not bothered Most of the time Very much

Not at all A little Not bothered Most of the time Very much

Please answer these questions (Please tick ✓each of the boxes below)



Birmingham Children’s Hospital NHS Foundation Trust | Steelhouse Lane | Birmingham | B4 6NH

Tel: 0121 333 9999  Fax: 0121 333 9998

Screening Questionnaire, Version 1, 08/12/2016 Page 1 of 2IRAS ID: 260916

Vitaflo International Ltd

QUESTION

8
I notice my breath smells more with my twist than cooler/ gel/ lophlex?

I notice my breath smells more with my cooler/ gel/ lophlex than twist?QUESTION

7

QUESTION

6
The worry I have about my breath stops me taking my protein
substitute (cooler/ gel/ lophlex/ twist)?

Comments:

I worry that this might affect my friendships?

Comments:

QUESTION

5 Not at all A little Not bothered Most of the time Very much

Not at all A little Not bothered Most of the time Very much

Yes No No difference Don’t know

Yes No No difference Don’t know

QUESTION
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