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ABSTRACT 

Background: A phenylalanine restricted diet is the principal treatment in the inherited 

metabolic disorder phenylketonuria (PKU) but is practically difficult to apply in children. 

Feeding patterns and practices, growth and parental anxiety have not been reported in 

infants with PKU. There is limited information about dietary patterns, taste preferences, 

food acceptance and neophobia in children, impeded by inadequate tools to measure 

habitual food intake. Parents/caregivers have difficulty interpreting food labels, calculating 

protein intake and determining food suitability, compounded by conflicting advice from 

health professionals. Accurate, consistent, evidence based dietary information, and 

suitable educational tools are essential. 

Methods: A series of longitudinal case-control studies report on growth, weaning age, 

feeding progression, the feeding environment, mealtime emotions and behaviours, dietary 

patterns, food acceptance and food neophobia in children with PKU compared with age/sex 

matched healthy children. Parental anxiety, coping strategies, and food neophobia were 

also examined. Further studies reported the validation of a food frequency questionnaire 

(FFQ) developed specifically for PKU for collecting data on habitual food intake and 

dietary patterns; development of national consensus statements for PKU on food labelling 

interpretation and protein allocation by the British Inherited Metabolic Disease Group 

(BIMDG) dietitians; and a randomised controlled trial to assess self-efficacy, label reading 

knowledge, and calculation of natural protein intake in caregivers/patients with PKU using 

a low protein multimedia diet app compared with using written/pictorial material.   

Results: Children with PKU did not differ significantly from non-PKU children in most 

aspects of weaning progression, although they commenced weaning a month earlier, and 

experienced prolonged bottle and parental spoon feeding associated with parental anxiety. 

Teething and illness affected weaning protein substitute administration with difficulties 

peaking at age 10-18 months. Accelerated linear growth was observed in infants with PKU. 



  

Protein, carbohydrate and fat as a percentage of energy intake were comparable with 

control children up to 12 months of age, when carbohydrate increased, but fat decreased 

compared to controls. This difference was validated by the FFQ which demonstrated 

energy and macronutrient reproducibility and validity compared with 24-hour dietary 

recalls. All children (PKU and non-PKU) demonstrated a preference for sweet foods 

compared with savoury, bitter and sour foods despite the early and persistent exposure to 

bitter tasting protein substitutes in infancy in PKU. Children with PKU were more food 

neophobic than their parents and non-PKU peers. The 112 food statements developed by 

BIMDG dietitians to guide interpretation of food labels and allocation of protein in PKU 

were translated into a patient-friendly app. The patients/caregivers of younger children 

found the app particularly informative and there were trends toward improved protein 

calculation and labelling knowledge with frequent app users. 

Conclusion: Timing of solid food and weaning protein substitute introduction, parental 

approach, and consistent feeding routines were important in aiding their acceptance. 

Systematic introduction of weaning protein substitute facilitated normal growth and 

feeding development although parents required support in managing the complexity of 

feeding and to ‘normalise’ mealtime social inclusivity. Neophobia played a significant role 

in food refusal in PKU and may be related to a fear of eating unfamiliar high 

phenylalanine/protein foods. Any preference for bitter tasting foods in PKU may be 

modulated by the continual use of artificially sweetened protein substitutes in childhood. 

Measurement of energy, macronutrient and individual food intake using the validated FFQ 

will be useful in assessing changes in dietary patterns over time in patients with PKU. The 

low protein diet app will support education of parents/caregivers, extended family and 

nursery/school employees. Collectively, these studies enhance knowledge and provide 

innovative practical tools that will improve dietary management of PKU and will assist 

health professionals to effectively support patients with PKU and their families. 
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PHENYLKETONURIA 

 
Phenylketonuria (PKU) is a rare inherited metabolic disorder (IMD) due to a 

deficiency or absence of the hepatic enzyme, phenylalanine hydroxylase (PAH), resulting 

in partial or complete inability to catalyse the hydroxylation of the essential amino acid 

phenylalanine to tyrosine [1-4]. If untreated, this leads to deficiency of tyrosine and 

accumulation of phenylalanine in the blood and brain tissue. It causes intellectual 

disability, microcephaly, seizures, hyperactivity, aberrant behaviour, psychiatric 

symptoms, neuromotor disturbances, a musty odour and eczema [1, 2, 4-6]. Traditional 

treatment is a phenylalanine restricted diet supplemented with phenylalanine-free amino 

acids or low phenylalanine casein glycomacropeptide (CGMP). In a subset of milder 

cases, an oral pharmacological adjunct treatment, sapropterin, is used in combination with 

dietary phenylalanine restriction. In patients over 16 years of age, a subcutaneously 

administered phenylalanine ammonium lyase enzyme treatment, pegvaliase (Palynziq), 

may be used in the USA and some European countries. Early and continuous lifelong 

treatment prevents major neurocognitive deficits and enables individuals to develop 

normally, achieve expected educational outcomes, obtain employment, and live 

independently as adults [1, 2, 4, 6-14]  

However, even with early and continuous treatment, individuals with PKU on 

average, have a lower intelligence quotient (IQ) than non-PKU peers and they experience 

impairment in executive functioning (e.g. planning, problem solving, information 

processing, and attention), psychiatric, behavioural and social problems, cerebellar 

ataxia, tremor and visual abnormalities [1, 2, 4, 6-16]. These deficits are frequently 

associated with higher mean lifetime, blood phenylalanine concentrations or increased 
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variability. Some deficits may still occur irrespective of degree of metabolic control [4, 

8, 9, 16-22]  

 

1.1 Pathophysiology   
 

Normally, the essential amino acid phenylalanine is hydrolysed to the amino acid 

tyrosine by the hepatic enzyme PAH. This requires the presence of cofactors: reduced 

pterin tetrahydrobiopterin (BH4), ferrous iron, and molecular oxygen [1, 4, 7, 23]. BH4 

is oxidised in the reaction and enzymatically recycled back into BH4 for further 

hydroxylation of phenylalanine [7]. In PKU, absence or deficiency of PAH leads to 

hyperphenylalaninaemia (HPA) and hypotyrosinaemia [7]. Deamination of 

phenylalanine leads to the formation of phenylketones such as phenylpyruvate which are 

subsequently excreted in the urine [7]. 

The main pathological manifestations of PAH deficiency affect the brain, associated 

with excessive blood and brain phenylalanine concentrations, although HPA alone does 

not fully explain the mechanism of brain dysfunction in PKU, which remains unclear [7, 

24-26]. There is evidence of hypomyelination/demyelination and changes in brain white 

matter in PKU that are implicated in the brain damage seen in untreated or poorly treated 

patients. Reasons for white matter change are multifactorial and may include alterations 

in lipid metabolism; impaired glucose metabolism, myelin synthesis, and protein 

synthesis; abnormal epigenetic alterations; and oxidative stress associated with HPA [7, 

27-32]. There is also evidence of grey matter abnormalities and other central nervous 

system (CNS) dysfunctions associated with PKU [27, 33]. 
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There is a relationship between plasma phenylalanine concentrations and cerebral 

protein synthesis, with decreased synthesis at concentrations above 600 μmol/L [26]. 

Large neutral amino acids (LNAA) enter the brain across the blood brain barrier (BBB) 

via the carrier, L-amino acid transporter 1 (LAT1), which has a higher affinity for 

phenylalanine than for the other LNAA (histidine, isoleucine, leucine, methionine, 

threonine, tryptophan, valine, tyrosine). High blood phenylalanine levels competitively 

inhibit the transport of other LNAA, such as tryptophan (a precursor of the 

neurotransmitter serotonin) and tyrosine (a precursor of the neurotransmitters dopamine 

and norepinephrine) at the BBB causing reductions in protein and neurotransmitter 

synthesis and demyelination [25, 30]. The same mechanisms and white matter changes 

appear to operate even in early and continuously treated individuals with blood 

phenylalanine levels within the range expected [25]. 

There is also evidence of reduced antioxidant defenses and oxidative stress 

associated with high blood phenylalanine concentrations, indicated by increased lipid 

peroxidation and microglial activation in mouse models [7, 30]. HPA is also implicated 

in epigenetic alterations of gene expression patterns in the brain [7]. 

 

1.2 History 
 

Imbecillitas phenylpyruvica (the original name for PKU), was first described by a 

Norwegian chemist and physician, Asbjorn Folling, in 1934 [34, 35] when he identified 

the phenylketone, phenyl pyruvic acid (PPA) in the urine of two siblings with 

developmental delay [36]. Folling suggested that the condition was due to an excess of 

the amino acid phenylalanine which was converted to PPA and excreted in the urine [23]. 
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It was subsequently identified as a recessively inherited disorder and named 

phenylketonuria (PKU) [37]. It was unclear what caused this disorder, although a 

deficiency of tyrosine and an excess of phenylalanine were considered and several 

attempts to identify a dietary treatment ensued [5, 23, 38, 39]. Reducing dietary protein 

intake by more than half was discovered to initially reduce urinary PPA but also led to 

weight loss and a subsequent increase in PPA (due to endogenous breakdown of tissue 

protein) [38]. It was not until 1953 that the enzyme deficiency was identified [40].  

In 1951, Bickel, Gerrard, and Hickman at Birmingham Children’s Hospital, UK, in 

consultation with chemist Dr Louis Woolf from London, developed the first 

phenylalanine restricted diet to treat PKU in a 2 year old girl [5, 39, 41]. Using a casein 

hydrolysate formula, phenylalanine was selectively removed by adsorption 

chromatography with charcoal and administered as a drink along with a low 

phenylalanine diet [5, 39, 41]. As the separation process also removed tyrosine and 

tryptophan these were supplemented in the final formula [41]. On a daily intake of 17g 

of protein and 0.3g of phenylalanine, growth was satisfactory, blood phenylalanine levels 

normalised, no PPA was excreted in the urine, the musty odour and eczema disappeared, 

and psychosocial behaviour, motor function and concentration improved but it could not 

reverse the brain damage already sustained [5]. Two phenylalanine challenges rapidly 

produced behavioural and motor skill deterioration, thereby substantiating the efficacy of 

the diet [5]. In 1954 their phenylalanine-free casein hydrolysate became commercially 

available in a powdered form [41]. It was established that a low phenylalanine diet 

supplemented with a low phenylalanine protein hydrolysate formula and sufficient 

carbohydrate and fat to prevent catabolism were essential components of dietary 

treatment for PKU [42]. 
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Bickel suggested that to achieve the best outcome, dietary treatment needed to 

commence in infancy [5, 39]. In 1961 the first sibling of a patient with PKU, tested and 

diagnosed soon after birth, and treated with a low phenylalanine diet, verified that both 

normal development and IQ were possible [36]. The first large-scale screening program 

commenced in 1958 in Cardiff, testing the urine of 6-week old infants [41, 43]. Then in 

1963 universal newborn screening (NBS) launched in the USA using dried blood spots 

(Guthrie test) [35, 44].  

Protein substitute based on phenylalanine-free amino acids were developed in the 

1960s but during these early years, nutritional deficiencies, malnutrition and even death 

were associated with dietary treatment [42]. In 1980, the first UK nutritionally complete 

amino acid formula was produced and in 1988 the first age-specific protein substitutes 

were developed [42, 45]. There have been significant improvements in the composition 

and presentation of protein substitutes in the last 20 years [42, 46-51] involving alterations 

in the quantity and type of fat and carbohydrate [52], including addition of long chain 

polyunsaturated fatty acids [53-56], prebiotic oligosaccharides [57], use of casein 

glycomacropeptide [58-71], and prolonged release protein substitutes [72-76]. 

 

1.3 Incidence 
 

PKU, whilst rare, is the most frequently occurring inherited metabolic disorder 

(IMD) with an estimated global incidence of approximately 6 in 100,000 (range: 0.3 - 

38.1 per 100,000) [77] or 1 in 24,000 live births [78]. Prevalence of PKU shows 

considerable geographic variability, with an estimated incidence in Europe of 1 in 10,000 

newborn babies, but higher rates in countries such as Italy (1 in 4000), Ireland (1 in 4500) 
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and Turkey (1 in 6000) and much lower rates in Finland (1 in 100,000), Japan (1 in 

125,000) and Thailand (1 in 225,000) [1, 2, 77-79]. In the USA incidence is estimated to 

be approximately 1 in 25,000 [78]. Globally, the highest regional prevalence is seen in 

the Eastern Mediterranean followed by Europe and the lowest incidence in Southeast Asia 

[77, 78]. Incidence tends to be higher in countries with a high prevalence of consanguinity 

within the population [4, 77]. The phenotype also varies from country to country and 

region to region with some countries in the Mediterranean such as Spain experiencing 

milder forms, and Eastern Europe experiencing the more severe classic PKU [4, 80]. 

The UK reports an incidence of approximately 1 in 10,000 [78] and the West 

Midlands 1 in 12,400 [81]. It is estimated that there are approximately 2400 patients (40% 

children) with PKU monitored by IMD centres in England with 77% of these on active 

dietary treatment, 48% of whom are children [82]. In 2017-2018, there were 113 positive 

diagnoses from 755,704 newborn screenings (1.22 in 10,000) across the UK [83]. 

 

1.4 Genetics 
 

PKU is an autosomal recessive condition [5, 6, 77] caused by mutations in the gene 

coding for phenylalanine hydroxylase (PAH), located on chromosome 12q23.1, 

consisting of 13 exons and covering 100kb of genetic data in total. There are over 1550 

different mutations in the gene coding for PAH that are known to be associated with PAH 

deficiency [84] resulting in a range of genotypes and phenotypes. Approximately 75% of 

patients have 2 different mutations and one may influence the expression of the other [80, 

85].  
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The position and nature of the mutation determines the phenotype, varying from very 

mild to severe HPA [4]. Patient genotyping is not required for diagnosis but can provide 

information on metabolic phenotype [2, 8, 80]. Based on gene variants, the level of BH4 

responsiveness can be predicted in around 71% of patients, and PKU severity (based on 

level of residual PAH activity) in 78%, but the nature of the relationships is complex and 

not fully understood for all mutation combinations [80]. 

 

1.5 Diagnosis 
 

At birth, infants have normal blood phenylalanine and are initially asymptomatic, 

however, if untreated, neurological damage is progressive, gradually becoming apparent 

over several months as a normal protein intake is established leading to elevated blood 

phenylalanine levels [3, 77]. In patients with PKU, every 4 week delay in starting 

treatment, causes a reduction in IQ of 4 points [86]. Therefore, diagnosis and treatment 

with a phenylalanine restricted diet within the first 10 days of birth is advocated to prevent 

neurological damage and ensure normal development [1, 2, 4, 77, 86]. 

PKU is now screened by national newborn screening (NBS) programs in many 

countries [2, 8]. In the UK, due to routine neonatal screening at 5 days of age, children 

are diagnosed early, and treatment is usually commenced within 12 days after birth [87]. 

At diagnosis, infants may present with blood phenylalanine concentrations >1000µmol/L 

and all patients with untreated levels >360µmol/L should be treated [2, 8]. 

Despite NBS, late diagnoses still occur due to absence or partial coverage of NBS in 

the country of origin (e.g., Africa and the Middle East); birth before the implementation 

of NBS (e.g., Saudi Arabia and Egypt), or technical failure of NBS (e.g., false negative 
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results or failure to follow up positive results) [88]. In the USA and Europe, most missed 

cases are due to immigrants and refugees from countries with no NBS [88].  

 

1.6 Classification 
 

In non PKU individuals, blood phenylalanine concentrations are between 50-110 

µmol/L [4]. Traditionally, categories for classification of PKU were defined as mild, 

moderate or severe/classic based on the highest untreated blood phenylalanine 

concentration following diagnosis [1]. In classic or severe PKU there is total or almost 

total deficiency of PAH, leading to high pretreatment blood phenylalanine concentrations 

typically >1200 μmοl/l, moderate PKU with levels of 900–1200 μmol/l, mild PKU with 

levels of 600–900 μmol/l and mild HPA with levels 120-600 μmol/l [3, 4, 6, 9]. It is 

estimated that approximately 55% of cases have classical PKU [80]. However, because 

of early screening, infants may not have reached the peak blood phenylalanine 

concentration without treatment at the time of sampling, so this method of classification 

is potentially erroneous [1, 4, 9].  

The European PKU guidelines proposed a new classification based on treatment 

needs (dietary, BH4 or both) to maintain blood phenylalanine in the recommended target 

range [1, 2, 89]. Using this new classification, no intervention is required if untreated 

blood phenylalanine concentrations are <360µmol/L; up to the age of 12 years, treatment 

is recommended if untreated blood phenylalanine is between 360-600µmol/L, and 

lifelong treatment is recommended if untreated blood phenylalanine is >600µmol/L at 

any age [1, 2].  
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1.7 Monitoring 
 

All patients with PKU require long-term monitoring of blood phenylalanine to assess 

dietary control and adherence as well as nutritional, clinical, anthropometric, 

biochemical, psychosocial and neurocognitive follow up. Minimum requirements for 

management and follow up are based on age, adherence and clinical status [1, 2, 90]. 

Treatment and follow-up should be conducted by specialised metabolic centres ideally 

with access to physicians, dietitians, biochemistry, neuropsychology/ psychology and a 

social worker [1, 2]. Blood phenylalanine samples should be taken at the same time of 

day and preferably after fasting (i.e., in the morning after an overnight fast) as this is when 

phenylalanine levels are at their highest [2, 91, 92]. 

 

1.8 Treatment 
 
The core treatment for PKU is a phenylalanine restricted diet accompanied by a low or 

phenylalanine-free amino acid or casein glycomacropeptide (CGMP) protein substitute, 

special low protein foods, and calculated/measured amounts of some protein containing 

foods to meet phenylalanine requirements within tolerance limits. Pharmacological 

treatments such as sapropterin, LNAA and pegvaliase that may reduce the need for dietary 

restriction and protein substitutes are suitable for use in subgroups of patients.  

1.8.1 Pharmacological treatment 
 

Tetrahydrobiopterin (BH4) 
 

Around 25-30% of patients with mild or moderate PKU, benefit from a 

pharmacological treatment, sapropterin dihydrochloride, that acts as a pharmacological 
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chaperone [8, 80, 88, 93-103]. This is usually given as an adjunct treatment with a 

phenylalanine restricted diet, but occasionally can fully replace dietary treatment. In 

responsive patients, it decreases blood phenylalanine and/or an increases dietary 

phenylalanine tolerance. There is also less variability in blood phenylalanine 

concentrations [1, 2, 6, 8, 9, 104]. 

Patients can be tested for BH4 responsiveness firstly by genotyping, followed by a 

sapropterin loading test which analyses blood phenylalanine before and after a single 

daily dose of 20mg/kg over varying periods of time (24 hours, 48 hours or 28 days) 

depending on national practices [1, 2, 8]. Initial BH4 responsiveness is identified by a 

>30% reduction in blood phenylalanine with a BH4 loading test. Long term effectiveness 

is demonstrated by improved metabolic control with >75% of blood phenylalanine levels 

within target range without any decrease in natural protein intake, or an increase in natural 

protein tolerance of ≥100% with blood phenylalanine concentrations remaining 

consistently within the target range [1, 2, 104].  

 

Large Neutral Amino Acids (LNAA) 

Administration of LNAAs, alone or in combination with a phenylalanine restricted 

diet, has the potential to improve health outcomes for adolescents or adults with PKU 

with poor dietary adherence by reducing brain phenylalanine concentrations [2, 6, 9, 90, 

105]. It is not recommended for children under the age of 10 years due to insufficient data 

on safety and efficacy [2, 6, 9]. 

LNAAs typically provide 20–30% of the total protein requirement with 70–80% of 

protein supplied by natural sources [6, 9, 90, 106]. In some countries LNAA are used for 
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treatment in adults only but evidence of their efficacy is controversial [1]. Currently there 

is insufficient data to make international recommendations about LNAA use. 

 

Pegvaliase (Palynziq) 

PEGylated recombinant phenylalanine ammonia-lyase (PEG-PAL) or pegvaliase is 

an enzyme substitute approved in the USA and the European Union for lowering blood 

phenylalanine [107-110]. This enzyme, administered as a daily subcutaneous injection, 

catalyses the conversion of L-phenylalanine to transcinnamic acid and ammonia that are 

subsequently metabolized in the liver and excreted in the urine, without the need for PAH 

or the cofactor BH4 [107-110]. It is effective in lowering blood phenylalanine 

concentrations in patients on unrestricted diets and unlike sapropterin, is suitable for all 

phenotypes of PKU [8, 9]. However, as there is no catalytic conversion of phenylalanine 

to tyrosine by PAH, tyrosine deficiency remains a risk [110]. In addition, phase 2 and 3 

studies identified that an early decrease in blood phenylalanine was not sustained, and 

increasing frequency or dosage was associated with an increase in adverse events 

including anaphylaxis and hypophenylalaninaemia; although these effects improve over 

time (6-12 months) [108-112]. Consequently, some patients may be reluctant to accept 

the treatment [112]. Monitoring of dietary intake is essential to ensure an adequate intake 

particularly with the removal of protein substitutes [107]. It has not been tested for safety 

and efficacy in children so is currently only recommended in patients ≥16 years of age 

with blood phenylalanine levels >600µmol/L and for whom other available treatment 

options (sapropterin and/or diet) have not been successful in maintaining metabolic 

control [107, 108, 110].  
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Gene therapy 

With advancing medical technology, additional treatments utilising gene therapy to 

deliver a working copy of the PAH gene into the patient’s liver cells, or correcting the 

defective gene by gene editing, are undergoing clinical trials [16, 113]. 

 

1.8.2 Dietary treatment  
 
For most patients with PKU, a phenylalanine restricted diet is the mainstay of treatment. 

The aim of dietary treatment is to safeguard neurological function, achieve optimal 

growth and development by meeting recommended nutritional requirements, and 

maintain normal feeding patterns.  

The principles of dietary treatment are (Figure 1.1): 

1. Substrate reduction: To limit the substrate load on the blocked metabolic 

pathway, dietary phenylalanine is restricted to around 20-25% of normal intake 

by avoidance of foods naturally high in phenylalanine/protein such as meat, fish, 

eggs, cheese, nuts, seeds, soya, and aspartame, an artificial sweetener [2, 6, 114]. 

Considering phenylalanine is an essential amino acid, it cannot be totally 

excluded, and so is allocated in daily measured amounts (according to individual 

tolerance) using a phenylalanine/protein food exchange system [3, 114]. In the 

UK, one exchange is equivalent to that amount of food that provides 1g protein 

or 50 mg phenylalanine.  

2. Supplementation: Natural protein is replaced with a low or phenylalanine-free 

synthetic protein substitute that provides all essential amino acids except for 

phenylalanine to meet requirements for growth and development. It is based on 
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amino acids or low phenylalanine CGMP. Additional macro- and micro-nutrients 

are usually added to these supplements [3, 105, 114, 115]. The nutrient content 

of protein substitutes for infants are designed to replicate nutritionally complete 

standard infant formula whilst those for older children and adults commonly 

contain nutrients to meet reference nutrient intakes (RNI) in a prescribed amount.  

3. Maintenance of anabolic state: Provision of a normal energy intake is essential 

to prevent catabolism and subsequent endogenous production of toxic 

metabolites. This is often achieved with the use of special low protein staple 

foods such as bread, pasta and cereals [3, 114, 115]. In addition, some regular 

foods that are naturally low in protein can be consumed without measurement 

including: fats (butter, margarine, oils), sugar, jams, honey, syrups, aspartame 

free sweet drinks (soft drinks, squash, juices), and foods with a protein content 

≤0.5/100g (Phe ≤25mg/100g) such as vegan cheeses, sweets and starches (e.g., 

arrowroot, cornstarch) [114]. However, as in any healthy diet, foods high in 

sugars and fats need to be moderated and a balanced diet incorporating a wide 

variety of foods is advocated within the boundaries of dietary restrictions (Figure 

1.2). 
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Figure 1.2 Food pyramid for PKU[114]. 

Figure 1.1 Overview of the role of diet in PKU 
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Phenylalanine tolerance is defined as the amount of dietary phenylalanine (in mg/day 

or mg/kg/day) or natural protein (g/day, assuming a phenylalanine content of 50mg / gram 

of protein) that an individual with PKU can tolerate to maintain blood phenylalanine 

consistently within therapeutic target range [2] [114]. The amount of dietary 

phenylalanine tolerated varies between individuals based on severity of PKU (genotype 

and residual PAH activity), dosage, frequency and adherence with protein substitute 

administration, BH4 responsiveness, age and growth [2, 8, 47, 90, 91, 114, 116]. Some 

patients with classical PKU may only tolerate 150 mg/day of phenylalanine (3g/day 

natural protein).  

The total protein intake (from natural protein and protein substitutes) should supply 

more than Dietary Reference Intakes (RDI) or approximately 40% above the 

FAO/WHO/UNU 2007 age-related safe levels of protein to compensate for the reduced 

availability of amino acids in protein substitutes, the ineffective absorption of natural 

protein which is largely plant based, and to optimise the effect of amino acids on blood 

phenylalanine control [1, 2, 6, 90, 114]. Across Europe recommendations for protein 

equivalent intake are usually 2-3g/kg/day for 0-1 years of age, 1.5-2g/kg/day for 1-10 

years and 1g/kg/day for >10 years [117]). 

 

Special low protein foods 

Special low protein foods (SLPFs) generally contain ≤50mg phenylalanine or ≤1g 

protein per 100g [1]. They provide a source of energy to meet requirements, bulk to 

satisfy appetite, and increase variety to help normalise a restrictive diet [2, 3, 6, 8, 118, 

119]. They may provide as much as 50% of estimated daily energy requirements [2, 6, 
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114], and the range and quantity of products consumed is highly variable due to individual 

tastes and appetite. Patients with milder phenotypes, with a higher natural protein 

tolerance are less dependent on their use [6, 119]. SLPFs include milk replacements, 

bread, pasta, cereals, flour, pizza bases, burger/sausage mix, biscuits, crackers, cakes, 

desserts, and chocolate; many are based on food starches (wheat, potato and maize) that 

are low in protein and high in carbohydrate [118].  

 

Protein substitutes in PKU 

Age targeted low or phenylalanine-free protein substitutes are the main source of 

protein, particularly in classical PKU providing at least 75% of daily nitrogen 

requirements [114]. If inadequate amounts of protein substitutes are given, amino acids 

become rate limiting for protein synthesis and this leads to catabolism and a subsequent 

rise in blood phenylalanine [1, 114]. They are usually supplemented with, tyrosine (due 

to inefficient in vivo production), essential amino acids, vitamins, minerals, trace 

elements and long chain fatty acids, to make up the deficit in micronutrients caused by a 

severely restricted diet [6, 114] (Figure 1.3). Protein substitutes contain branch chain 

amino acids (BCAA) (isoleucine, leucine and valine) and LNAAs, including histidine, 

methionine, threonine, and tryptophan. 
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The quantity, composition, diurnal distribution, acceptability and administration of 

protein substitutes can influence blood phenylalanine control [6, 47-50, 52, 91, 92, 116, 

120]. When protein substitutes containing free amino acids are administered in bolus 

amounts during the day, they are rapidly absorbed causing a rapid increase in blood amino 

acids that may exceed the capacity of anabolic processes to incorporate them into nascent 

proteins and subsequently, it increases urinary nitrogen excretion [48, 75, 116, 121-123]). 

Protein retention is greater with more slowly absorbed protein sources (e.g., casein), 

inhibiting protein catabolism and oxidation of amino acids. Smaller and repeated dosages 

of amino acids lead to less phenylalanine fluctuation [47, 48, 75, 91, 116, 121-123]. In 

the presence of amino acids, insulin stimulates protein synthesis, thus adequate energy in 

Figure 1.3 The advantages and challenges of protein substitute composition and 
adherence in PKU 
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the form of glucose, along with BCAA (especially leucine) are important [121]. Protein 

substitutes are therefore rich in leucine and LNAA to promote protein synthesis by 

competitively reducing the uptake of phenylalanine via LAT1 and balancing the transport 

of amino acids across the BBB.  

Amino acids are bitter tasting and have an unpleasant odour, that influences protein 

substitute adherence [2, 10, 124-128] (Figure 1.3). Very early exposure to bitter flavours 

(commencing in the first weeks of life) may impact on the taste preferences of children 

and adults with PKU [129]. Amino acid-based protein substitutes have a high osmolality 

(concentration of solution expressed as total number of solute particles per kg) which may 

delay gastric emptying and subsequently lead to gastrointestinal symptoms such as 

diarrhoea, abdominal cramps, distention, nausea, vomiting and constipation [1, 6, 114].   

There is also a need to transition from one age-appropriate protein substitute to the 

next, initially at 6 months (second stage weaning protein substitute), then again at 3 to 5 

years (third stage protein substitute) as nutritional requirements change. A choice of 

products for different ages is therefore necessary [8, 114]. Consistency and routine are 

important aspects of protein substitute administration, and numerous strategies are 

employed to encourage adherence. Table 1.1 provides a summary of types of protein 

substitute available in the UK.  
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Table 1.1 Types of protein substitute for PKU suitable for children 

Stage Type Composition Features Issues 
1 Infant 

protein 
substitutes 
(powder/ 
liquid) 

L-amino 
acids 

• phenylalanine-free  
• given following neonatal diagnosis 
• similar nutritional composition to 

regular infant formula 
• early infant exposure to amino acids 

accustoms their taste to amino acids 
 

• may need reconstitution 
with water  

• poor taste 

2 Semi-solid 
weaning 
protein 
substitutes 
(powder/ 
ready to use 
puree) 

L-amino 
acids 

• phenylalanine-free 
• semi-solid consistency given from a 

spoon 
• consistency can be adjusted to suit 

developmental age  
• higher in protein equivalent than 

infant protein substitutes  
• introduce from 6 months 
• low volume/low energy so infant has 

appetite for solid foods 
• added vitamins, minerals, long chain 

fatty acids, carbohydrate and fat 
 

• may need reconstitution 
with water 

• poor taste but most 
infants adapt if 
introduced at 6 months 

• difficult to administer 
during teething/ illness 

• thickens on standing 
• high osmolality 

2/3 Powders 
suitable 
from 1y+ 

L-amino 
acids 

• phenylalanine-free 
• concentrated in amino acids so low 

volume 
• +/- vitamins, minerals, long chain 

fatty acids, carbohydrate and fat 
• flexible as the amount of water 

added can be adjusted to give as a 
semi-solid or drink 

• available in different flavours 
 

• need reconstitution with 
water  

• poor taste  
• less convenient 
• high osmolality  

3 Ready to 
use liquid 
protein 
substitutes 

L-amino 
acids 

• phenylalanine-free 
• low volume  
• convenient 
• usually with added vitamins, 

minerals, long chain fatty acids, 
carbohydrate and fat 

• usually low in carbohydrate/fat/ 
energy  

• suitable for a range of ages 
• available in different flavours 

 

• poor taste 
• high osmolality  
 
 

3 Casein 
glycomacro-
peptide with 
amino acids 
(CGMP-
AA) 
(powder/ 
liquid) 

peptide 
based 
substitute 
with added 
amino acids 

• low phenylalanine 
• powdered, liquid and bars  
• improved taste and palatability  
• lower osmolality 
• may be more slowly digested & 

absorbed (unproven) 
• may promote satiety (unproven) 
• improves nitrogen retention 

• contains residual 
phenylalanine (1.8mg/1g 
protein equivalent) 

• may increase blood 
phenylalanine in well-
treated children if given 
as a sole source of 
protein substitute 
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• less blood phenylalanine variability 
• prebiotic, antimicrobial and 

immunomodulatory effects  
• with added vitamins, minerals, long 

chain fatty acids, carbohydrate and 
fat 
 

• human studies on long-
term effects are limited  

• may require 
reconstitution with water 

3 Slow-
release 
protein 
substitutes 
suitable 
from 3y+  

Amino acids 
coated with 
ethyl 
cellulose 
and alginate 

• phenylalanine-free 
• granules 
• mixed with food or fruit juice  
• prolonged release and physiological 

absorption of amino acids  
• improved taste, smell and 

palatability  
 

• only short term studies 
reported 

3 Tablets or 
capsules 

L-amino 
acids 

• phenylalanine-free 
• +/- vitamins and minerals  
• masks taste and smell of amino acids 

• high numbers required 
to meet full protein 
requirement 

• often used in 
combination with other 
protein substitutes to aid 
variety 
 

3 Snack bars L-amino 
acids 

• phenylalanine-free 
• +/- vitamins and minerals  
• masks taste and smell of amino acids 

• large amounts required 
to meet full protein 
requirement 

• often used in 
combination with other 
protein substitutes to aid 
variety 
 

                                   Adapted from Yilmaz et al 2022 [130] and MacDonald et al 2020 [114] 

 

CGMP, a low phenylalanine protein derived from cheese whey, has an improved 

taste compared to amino acid supplements. Pure CGMP is naturally low or deficient in 

phenylalanine and the essential LNAAs, histidine, leucine, tryptophan and tyrosine, and 

is two to three times higher in the LNAAs, threonine and isoleucine than amino acid 

protein substitutes [2, 9, 58, 60, 65]. Consequently, CGMP protein substitutes adapted for 

PKU are supplemented with deficient LNAAs, vitamins, minerals and trace elements to 

meet age-specific nutritional requirements. CGMP may have several benefits compared 

to amino acids but is unsuitable for children under 4 years of age (Table 1.1). 
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1.9 Application of dietary treatment  
 

Overall, there are numerous difficulties with the application of dietary treatment in 

PKU that may lead to disordered feeding patterns, aberrant eating behaviour and delayed 

feeding progression (Figure 1.4). The social stigma associated with consuming a 

restrictive diet and the difficulty in obtaining suitable foods means that eating outside the 

home is largely avoided [131]. Patients with PKU are considered at risk of food poverty 

i.e., the inability to obtain an adequate and nutritious diet in socially acceptable ways 

[132].  

 
 
There are issues surrounding the weaning process, assessing dietary patterns, 

development of food preferences, food acceptance and food neophobia. Furthermore, 

there is a lack of consensus on how to apply the diet and educate patients in terms of 

Figure 1.4 Feeding issues in Phenylketonuria (PKU) 
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interpreting food labelling, calculating phenylalanine/protein intake and determining 

suitability of foods for inclusion in the diet. 

 

1.10 Protein substitutes, feeding development and weaning in PKU 
 

Weaning is the time when solid foods are introduced to complement breastfeeding 

or infant formula feeding and to meet developmental and nutritional needs. Some of the 

food preferences and feeding patterns seen in PKU are likely to have their origin in the 

early years and during the early weaning process [133, 134]. As well as understanding 

the normal process of weaning, parents of children with PKU have the additional anxiety 

of dealing with administration of a second stage protein substitute, introducing SLPFs 

and learning how to calculate phenylalanine exchanges [133]. The knowledge that dietary 

indiscretions and inability to persuade children to eat all their phenylalanine allocation or 

take protein substitutes, may result in inadequate blood phenylalanine control and 

irreversible neurological disability, causes a significant amount of anxiety for parents 

particularly during mealtimes [133]. Any abnormal focus on food and eating that has a 

negative impact on food behaviour [135], can overshadow the important social aspects of 

eating [132].  

Across Europe, weaning in PKU generally commences between the age of 17 to 26 

weeks of age [134, 136] but there is wide variation in the age at which second stage 

protein substitutes and phenylalanine containing foods are given [136] and this is not 

based on scientific evidence [133, 136, 137]. It is thought that introducing solid food 

before the 6 months of age recommended by the World Health Organisation [138], can 

be an advantage in minimising neophobic responses and improving food acceptance in 
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PKU [133]. Balancing the need for a prescribed intake of protein substitute with the 

introduction of foods and the demands of new tastes and textures is challenging. As with 

any child there is a need to gradually reduce the intake of liquid diet whilst increasing 

solid food intake and maintaining protein and energy requirements to aid normal growth 

and development.  

In PKU, although there are protein substitutes specifically designed for the weaning 

age (from 6 months), no studies have formally investigated the best approach to 

introducing these second stage protein substitutes. Studies have also not examined the 

meal patterns, self-feeding skills, feeding environment and mealtime behaviour of 

weaning children with PKU compared with non-PKU children. It might be expected that 

parents of infants with PKU feel more in control of their child’s intake if they continue 

to spoon feed, to ensure that adequate amounts of prescribed natural protein and protein 

substitute are consumed, but this has not been investigated. Studies have not examined 

levels of anxiety and coping behaviours of parents of infants with PKU during the 

weaning years. 

There has also been concern that early growth may be suboptimal in PKU [11, 139-

144]. Studies of extensively hydrolysed protein formula used for cow’s milk protein 

intolerance, showed slower growth than infants fed standard cow’s milk based infant 

formula [145-147]. It is hypothesised that this may be due to compositional differences 

in protein source, availability, amino acid composition, fat type and quantity, and 

absorption and bioavailability of individual nutrients [146]. Second stage weaning protein 

substitutes for PKU are amino acid based and tend to be high in carbohydrate and low in 

fat and this may affect growth, although this has not been systematically studied. 
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Therefore, studies examining growth, energy and macronutrient intake in PKU infants 

prescribed a second stage protein substitute are warranted.  

 

1.11 Food preferences, food acceptance and neophobia in PKU 
 

1.11.1 Assessing dietary patterns in PKU 
 

Whilst much is known about what patients with PKU should eat, less is known about 

what they consume including meal choices and food patterns. There is also increasing 

concern about the development of other co-morbidities such as obesity [148-152]. High 

sugar and carbohydrate (particularly high glycaemic index) intakes and the type of protein 

substitute used could contribute to excessive weight gain in PKU. In addition, a 

proportion of children with mild or moderate PKU are treated with sapropterin, [93-103, 

153] but little is known about how this will change food choices, particularly the type and 

variety of food eaten and impact on body mass index (BMI).  

Measuring food and nutrient intake to identify feeding patterns in PKU relies on the 

selection of a suitable research tool for dietary assessment. This is challenging as no 

single method measures dietary intake without error [154]. In addition, those used for the 

general population are generally unsuitable due to the restrictive nature of a low protein 

diet. A food frequency questionnaire (FFQ) provides a list of foods and respondents are 

required to say how often they consume each food in broad terms such as the number of 

times per day/per week/per month. FFQ are useful due to minimal demands on health 

professional time, low participant commitment and lower cost [154]. The results obtained 

represent usual intakes over time and can be used to rank subjects into low, medium or 

high intake groups. Dietary pattern analysis is used to study total food intake and the 
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potentially synergistic effect of food and nutrients [155, 156] and is based on habitual 

food consumption [157]. FFQs are particularly well suited to dietary pattern analysis by 

providing a broad picture of food and nutrient consumption. This may be more predictive 

of disease risk than individual foods or nutrients.  

It is important to validate a FFQ to ensure that it measures what it claims to measure, 

yields consistent reliable/reproducible results, can differentiate between different subject 

groups and compares well with an existing standard [158]. This improves the quality of 

the data collected and enables comparisons to be made between studies using the same 

tool. There is no validated UK FFQ for a phenylalanine restricted diet. An American FFQ 

has been validated for use in adolescents and adults with PKU but this is based on foods 

and portion sizes consumed in the USA, it does not cater for young children with PKU 

and focusses on validity in measuring protein intake but not energy or other 

macronutrients [159]. It is important to develop a UK validated FFQ tool to examine 

dietary patterns in PKU.  

 

1.11.2 Food acceptance and neophobia  
 

Unlike standard infant formula, which is composed of whole proteins, low protein 

substitutes are composed of bitter tasting amino acids, similar to protein hydrolysate 

formula used in cow’s milk protein intolerance [129, 160]. The administration and 

acceptance of protein substitutes in PKU is critical for metabolic control. Studies in 

infants taking hydrolysate formula and subjective evidence in patients with PKU 

prescribed amino acids have suggested that there is a narrow age window for successful 

introduction in terms of acceptance [161]. Furthermore, infants fed bitter tasting protein 
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hydrolysate formulas from birth have been shown to eat more savoury, bitter, and sour-

tasting weaning foods than those given sweeter tasting milk-based formula or breast milk 

[162]. Whilst anecdotal evidence suggests that savoury and bitter foods may be preferred 

in PKU, little is known about the impact of this on the dietary patterns of children with 

PKU. 

The development and maintenance of food acceptance in PKU is essential. Food 

preferences are normally controlled by a multitude of emotional, personal, age, cultural, 

and situational factors and are widely agreed to be important determinants of eating 

behaviour in young children. Neophobia and food fussiness have previously been 

reported in PKU [135]. Parents may play a significant role in the development of these 

traits in terms of social and environmental factors around mealtimes, attitudes toward 

food, and role modelling with respect to their own food preferences [124]. A higher 

degree of food neophobia has been associated with unpleasant mealtime emotions, a 

mother’s own degree of neophobia, and with the maternal practice of coaxing children to 

eat in response to food refusal [163, 164]. Children with PKU often eat in isolation, due 

to preparation of separate and differing meals than the rest of the family, and to enable 

parents to focus more attention on ensuring meals are consumed; children also require 

more prompting to eat as they have less interest in food [135, 165, 166]. To what extent 

this influences longer term food choice in children with PKU is unknown. Use of a 

validated PKU FFQ may help to establish differences in taste preferences and food choice 

in children.  
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1.12 Burden of care and education 
 
Children with PKU are dependent on complex life-long dietary treatment [1, 4, 6, 167]. 

There is much intricate information for parents, and later patients, to learn. 

Implementation of this special diet is challenging. Difficulties with treatment adherence 

are common, but some of this could be due to dietary misunderstandings and so repeated 

education and continuing support are vital.  

 

1.12.1 Low protein food labelling, protein calculation and interpretation of food 
suitability 
 

Understanding which foods can be included in the diet and in the amounts permitted 

is complex. Natural protein prescriptions vary between individuals and even within the 

same individual over time, so no one rule fits all. There are no definitive dietary 

guidelines on what constitutes one protein/phenylalanine exchange and how to interpret 

protein values on food labels.  

Difficulty in interpreting the protein content on food labels may occur for numerous 

reasons (Table 1.2), including unclear, inconsistent, misleading or changes in labelling 

[168-170]. A recent review of regular and ‘free-from’ supermarket foods identified 55% 

had uncertain protein labelling, with misleading, omitted, or erroneous information in 

43% of ‘free-from’ foods and 62% of regular foods [169]. Accidental consumption of the 

phenylalanine containing artificial sweetener aspartame by adults and children with PKU 

is commonly attributed to manufacturers changing ingredients on food labels [168]. 

Similarly, in a recent survey of 246 adult patients and caregivers of children with PKU, 

31% found it difficult to calculate food protein exchanges from food labels [170].  
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Even amongst dietitians there is conflicting advice and not surprisingly this causes 

confusion for patients and families who commonly use social media to discuss issues and 

seek guidance. There is also disparity between health professionals and patients regarding 

interpretation of food labels [171]. This presents a huge challenge for dietitians. A means 

of simplifying the messages, improving long-term retention of knowledge and providing 

readily available and easily accessible dietary information is required. 

 

1.12.2 Dietary resources and dietary instruction  
 

There is a need for consensus and development of shared resources to support 

families with PKU [133]. Caregivers/patients with PKU require accurate, reliable and 

readily available information about the protein content of foods, to aid self-care skills in 

interpretation of food protein suitability.  

People have different learning styles, so no one educational tool will suit all patients. 

A combination of teaching methods (visual, auditory, and tactile) is necessary [172]. A 

range of resources and methods are currently available including written/pictorial 

booklets, social media (e.g., Twitter), individual clinic verbal face-to-face sessions, group 

teaching sessions (e.g., cooking, shopping), peer support groups and web-based teaching 

modules [114]. Dietitians spend a considerable amount of clinical time responding to 

patient/caregiver telephone calls, and email queries about low protein labelling 

interpretation and product suitability.  

Involving patients and carers in dietary plans, decision making, and development of 

educational materials are important in obtaining commitment to the treatment, 

particularly with adolescents. There is discrepancy between patients and clinicians’ views 
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on the perceived effectiveness of nutrition education tools and this has significant 

implications for long-term treatment adherence [173]. Patients, particularly those under 

the age of 10 years, report that their families are the best source of education and written 

material the least effective, whilst parents prefer one-on-one counselling [173]. 

Motivational interviewing improves self-efficacy and self-management behaviour in 

adolescents and adults with PKU [174].  

The challenge is how best to disseminate consistent and accurate educational material 

to users and how to make it readily accessible to all UK patients with PKU. Mobile apps 

are an important educational resource and many of the problems in acquiring instant 

access to the protein content and suitability of foods could be overcome by access to a 

mobile low protein diet app available on mobile phones and tablets. Apps may be more 

motivational particularly for teens and preadolescent children.  

Studies examining technology education in PKU are limited. An online search of 

apps suitable for protein metabolic disorders, conducted in 2016  [175], identified 22 apps 

(18 PKU) from 11 countries (Table 1.3). Only 4 were developed by health 

professionals/organisations, the remainder by commercial dietary companies, 

parents/patients with the condition or independent/unknown individuals. Not all were 

available free of charge, only 5 were available on both iOS and Android, whilst 3 were 

web-based requiring internet access to function. The majority focused on protein 

calculators, low protein recipes and monitoring intake/blood results rather than the 

suitability of foods for inclusion in the diet. Few had been validated by a healthcare 

organisation or certified by a recognised body. Food databases on apps reflect local diets 

so are not suitable for use internationally due to differing guidelines for allocation of 

dietary protein. No current apps for PKU are inclusively: developed by health 



 32 

professionals, available on both iOS an Android, free to download, based on UK foods, 

and able to answer user questions on food suitability. 
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Table 1.3 Current apps for Inherited metabolic disorders of amino acid metabolism 

App Developer Compatibility Price Language Features Cons 

AccuGo for PKU 
  

Jeremy Cross © 
2015 

(parent)  
(USA) 

Requires iOS 6.0 or 
later Compatible with 
iPhone, iPad, and iPod 

touch 
  

£0.79 
  

English + track phenylalanine or protein  
+ track 10,15,20,25 or 50mg exchanges 
+ includes pre-loaded and searchable hand-picked USDA-
based food items 
+ add your own foods and values to database or share with 
community 
+ enter food amounts using a variety of units 
+ works offline regardless of Wi-Fi or cellular availability 
+ online synchronisation on >1 device 
+ overview of day’s running total phenylalanine, exchanges 
and calories 
+ email daily records 
+ historical records 
+ built in calendar 
 

+ not free 
+ only on iOS 
+ USA based food items 
+ developed by parent rather 
than health professional so 
focus may differ 
+ no guidance on how to 
determine appropriateness of 
foods 
 
  
 

DietWell™ for 
PKU 

Cambrooke 
Foods, LLC © 

2009 
Cambrooke 

(USA) 

Requires iOS 4.3 or 
later Compatible with 
iPhone, iPad, and iPod 

touch 

$4.99         English + add new items, save frequently used ones 
+ share custom items, recipes and meals with friends 
+ monitor daily goals with the graphing feature (intake and 
blood phenylalanine) 
+ phenylalanine, protein, protein equivalent, calories for 
>7500 USDA foods including LP foods and formula. 
+ enter food amounts using a variety of units 
+ email daily records 
+ no Wi-Fi needed except to email logs 
+ free updates 
 

+ not free 
+ only on iOS 
+ USA based food items 
+ commercial bias 
+ no guidance on how to 
determine appropriateness of 
foods 
 
 

My PKU USA 
  

Nutricia 
(USA) 

Requires iOS 7.0 or 
later Compatible with 
iPhone, iPad, and iPod 

touch 
  

Free English, 
Dutch 

+ set and track daily PKU protein substitute and protein intake 
and set reminders so you don't miss a serving  
+ track and monitor your phenylalanine levels over time and 
set blood test reminder notifications 
+ enter food amounts using a variety of units 
+ scan food items 
+ create a PDF so you can print or email the report 
 

+ only on iOS 
+ commercial bias 
+ USA based food/formula 
options 
+ no guidance on how to 
determine appropriateness of 
foods 
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App Developer Compatibility Price Language Features Cons 

Phenylketonuria 
(PKU) 

Vitaflo 
International 

Limited 
(UK) 

Requires iOS 6.0 or 
later Compatible with 
iPhone, iPad, and iPod 

touch 

Free English + Vitaflo's PKU Guide helps to explain the diagnosis and 
dietary management of the genetic condition PKU  

+ only on iOS 
+ commercial bias 
+ information provision only 

Metabolic Diet 
App 

BC Children's 
Hospital 

Foundation and 
the Rare 
Diseases 

Foundation 
(Canadian) 

Compatible with 
iPhone, iPad, android, 

laptop, computer 

Free English + functions include nutrient intake counts, own foods and 
recipes, and daily food diary 
+ on the desktop version, there is an export food log which 
can be shared with healthcare providers 
+ track and plan meals 
+ suitable for 15 different IMDs 
+ energy, CHO, fat and protein content of foods and amino 
acid content specific to condition 
+ login to access and personalise data 
+ export food log on desktop version e.g. email dietitian 
 

+ USA based food items 
+ no guidance on how to 
determine appropriateness of 
foods 
 

My PKU Diet  T J Lee 
(USA) 

Android 3 and up Free English + tool to manage daily diet records for PKU and personal LP 
foods 
 
 
 
 
 
 

+ only on Android 
+ source of information 
uncertain i.e. validated by a 
health professional? 
+ no guidance on how to 
determine appropriateness of 
foods 

Cambrooke foods 
for PKU 

T J Lee 
(USA) 

Android 3 and up Free English + nutritional and product info for all the PKU foods that are 
manufactured by Cambrooke Foods only 
+ barcode scanner 
 

+ commercial bias 
+ only on Android 

De PKU Kenner van McWood 
Solutions 

(Initiative of the 
Dutch PKU 
association)  

  

Requires iOS 7.1 or 
later Compatible with 
iPhone, iPad, and iPod 

touch 

€ 0,99 Dutch + has protein content of foods on your phone 
+ keep track of how much protein and blood values 
+ get reminders 
+ large number of products, the amount of protein (grams) per 
volume (provide unit) 
+ unit in which the quantity is given varies by product  
+ values in the standard table are from the NEVO table and 
checked by metabolic dieticians 
+ a direct initiative of the Dutch PKU association in 
collaboration with the Foundation for Research PKU 

+ not free 
+ only on iOS 
+ Dutch based food items 
+ no guidance on how to 
determine appropriateness of 
foods 
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App Developer Compatibility Price Language Features Cons 

Phenylalanine 
Rechner 

Andre Reus  Requires Android, 
Windows Phone & 

Google Chrome 
 Other platforms (such 

as iOS) can use the 
app on website 

 

Free English, 
German 

+ combines calculator, pencil, paper and nutrition table 
+ calculated per 100g phe levels for a given weight  
+ search with English and German terms 
+ daily schedule and list 
+ bookmark foods (favourites) 
+ add own foods 
+ warning when exceed daily protein/phe allowance 

+ limited use on iOS 
+ based on USA dietary 
system so fruits and vegetables 
counted as exchanges 
+ source of information 
uncertain  
 

PKU Daily Food 
Diary Light 

Maria Pia Izzo   
© 2013  

  

Requires iOS 5.0 or 
later Compatible with 
iPhone, iPad, and iPod 

touch  

Free  Italian, 
English, 
German, 
Spanish, 
Northern 
Sami 

+ an application that helps people with PKU in the daily 
calculation of the amount of protein they can take 

+ only on iOS 
+ source of information 
uncertain i.e. validated by a 
health professional? 
+ no guidance on how to 
determine appropriateness of 
foods 
 

PKU Maik Barz Maik Barz  Requires iOS 8.0 or 
later Compatible with 
iPhone, iPad, and iPod 

touch  

Free English 
Deutsch 
Dutch 

+ in the daily overview you can see how much phe you still 
need in order to complete your daily amount  
+ create recipes, add foods, supplement alerts, monitor 
phenylalanine intake 

+ only on iOS 
+ source of information 
uncertain i.e. validated by a 
health professional? 
+ no guidance on how to 
determine appropriateness of 
foods 
 

Aphetit Merck Sante 
© Merck Serono 

SAS 

Requires iOS 7.0 or 
later Compatible with 
iPhone, iPad, and iPod 

touch 

Free French + approximately 30 recipes available and easy to make  
+ convert levels of phenylalanine in the units used by different 
labs around regions in France 
+ monitor phe intake and blood phe levels 

+only on iOS 
+ commercial bias 
+ no guidance on how to 
determine appropriateness of 
foods 
 

PKyoU  Bio Marin 
Pharmaceutical's 

Requires iOS 6.0 or 
later Compatible with 
iPhone, iPad, and iPod 

touch 

Free  Italian + functions include nutrient intake counts, own foods and 
recipes, and daily food diary 
+ monitor adherence 

+ only on iOS 
+ commercial bias 
+ no guidance on how to 
determine appropriateness of 
foods 
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App Developer Compatibility Price Language Features Cons 

PheFeed © Mark 
Brenneman 

(USA) 
(patient) 

Requires iOS 8.1 or 
later Compatible with 
iPhone, iPad, and iPod 

touch 

Free English + like people’s PKU dishes to save them to your profile 
+ comment on people’s PKU dishes to ask them about the 
recipe or other tips 

+ only on iOS 
+ developed by patient rather 
than health professional so 
focus may differ 
+ no guidance on how to 
determine appropriateness of 
foods 

How much 
phenylalanine 

Virginia Schuett 
(Dietitian) 

(USA) 
initiated by a 

parent who was 
a web developer 

Any mobile device 
with internet access 

Subscrip-
tion 
(National 
PKU 
News 
Service) 

English + all foods in LP food list 
+ get phe, protein, calories, exchanges for foods 
+ calculator to convert your quantities into exchanges 
+ record your intake and blood phe so can track 
+ 7000+ food items 

+ requires internet connection 
+ not free although funds go 
into PKU organisation 
+ USA based food items 

CalculAA Jorge Acosta 
Alvarado 

Latin American 
Congress of 

IEM, Institute of 
Food 

Technoology 
Uni Chile 

Requires iOS 7.1 or 
later Compatible with 
iPhone, iPad, and iPod 

touch 

Free Spanish, 
??Chilean 

+ set and track your daily intake for PKU and maple syrup 
urine disease (MSUD) counting mg of phenylalanine and 
leucine  

+ only on iOS 
+ no guidance on how to 
determine appropriateness of 
foods 
 

eDietetik  IJS, Jožef 
Stefan Institute, 

Computer 
Systems 

 Requires iOS 4.3 or 
later Compatible with 
iPhone, iPad, and iPod 

touch and Android 

 Free  Slovenian  + for celiac disease, diabetes, PKU, high blood pressure  
+ people can scan the barcode of the food product by using 
smartphone camera and it will inform you about the 
ingredients, which may be in excessive quantities for you or 
your child 

+ source of information 
uncertain i.e. validated by a 
health professional? 
+ no guidance on how to 
determine appropriateness of 
food 
 

PKU Tarifleri  Multimedia Compatible with 
Android 4.2 and up 

Free Turkish + LP recipes for patients with PKU 
+ food categories: salads, pasta and rice, yogurt and ice cream, 
breakfast, pastry, veggie meatballs, soups and desserts 

+ only on Android 
+ ? Turkish based food items 
+ source of information 
uncertain i.e. validated by a 
health professional? 
+ no guidance on how to 
determine appropriateness of 
foods 
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App Developer Compatibility Price Language Features Cons 

EWG’s Food 
Source 

 Environmental 
Working Group 

 Requires iOS 8.0 or 
later Compatible with 
iPhone, iPad, and iPod 

touch 

Free English + an easy-to-navigate database created to help consumers 
make healthier, greener food choices  
+ it is not a PKU APP but it can be adapted for PKU 
+ counts calories, fat, sugar, protein, sodium, fibre, fruit and 
vegetables 
+ looks at ingredients and potential contaminants, and level of 
processing 
+ database of >80,000 products, 5000 ingredients and 1500 
brands 
+ compare similar products 
+ comparison with daily requirements based on age and 
gender 

+ only on iOS 
+ USA based food items 
+ not specific to IMDs 
+ no guidance on how to 
determine appropriateness of 
foods 
 

PKU Diet 
Management 

(USA) Android 2.3.3 and up 
(Google play) 

Free English + track phe, protein, calories, CHO and 18 vitamins and 
minerals – compares with RDI 
+ barcode scanner 

+ only on Android 
+ source of information 
uncertain i.e. validated by a 
health professional? 
+ no guidance on how to 
determine appropriateness of 
foods 

PKU Diary ReFlex Wireless 
(USA) 

Android 3 and up Free English + helps people to manage their phenylalanine level by 
monitoring protein intake 

+ only on Android 
+ source of information 
uncertain i.e. validated by a 
health professional? 
+ no guidance on how to 
determine appropriateness of 
foods 
 

PKU Manager Andre Reus 
 

Android 4 and up Free Spanish, 
English 

+ search for foods, add, edit foods + only on Android 
+ source of information 
uncertain i.e. validated by a 
health professional? 
+ no guidance on how to 
determine appropriateness of 
foods 

LP = low protein; PE = protein equivalent; USA = United States of America; USDA = United States Department of Agriculture; iOS = iPhone operating system; PDF = 
portable document format; IMD = inherited metabolic disease; UK = United Kingdom; NEVO = Dutch food composition database; Phe = phenylalanine; RDI = Reference 
Daily Intake  [175]
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Patients with PKU require strict control of the protein content of their diet. 

Patients/caregivers need information to assess individual food products (not just protein 

content, but specific information regarding suitability) and be able to make decisions 

without having to consult a dietitian. No existing apps for PKU have been validated for 

efficacy via a randomised controlled trial (RCT) with a user group. An app that will 

provide concordance in label interpretation and standardisation of dietary instruction, has 

the potential to improve knowledge, adherence, long-term metabolic control and 

empower individuals to take greater responsibility in managing dietary treatment. It 

would also be useful for schools, nurseries, and other family members.   

 

1.13 Summary 
 

There are many barriers that impede the attainment of dietary treatment goals in PKU 

[10, 176]. Difficulties of administrating bitter tasting protein substitutes may influence 

development of food neophobia, taste preferences and alter weaning experiences [129, 

133]. A phenylalanine restricted diet has implications for growth, nutritional status and 

quality of life [3]. It also affects patient/parental anxiety, food choice, mealtime strategies 

and the feeding environment. The dietary restriction is complex and difficult to 

understand. This is compounded by inconsistencies in dietary advice due to a lack of 

health professional consensus on dietary issues such as food labelling, its interpretation 

and protein calculation. New and novel approaches to dietary education are essential to 

motivate and encourage patients with PKU to take responsibility for their dietary 

management with confidence. This thesis, through a series of questions, aims to address 

these issues to further improve dietary support in PKU.  
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1.14 RESEARCH QUESTIONS 
 
QUESTION 1 (CHAPTER 2a). Is a specially designed weaning protein substitute for 

PKU more appropriate during the weaning years and is it well accepted? 

In PKU, the aim of this retrospective study was to examine the introduction and 

transition from a liquid infant formula protein substitute to a semi-solid weaning protein 

substitute during weaning in terms of child developmental progression, difficulties with 

administration, and strategies used. This included a review of weaning age, growth, 

metabolic control, dosage of liquid and semi-solid weaning protein substitutes at each 

stage in the stepwise transition process, introduction of natural protein foods, and issues 

with administration of food and protein substitutes. 

QUESTION 2 (CHAPTER 2b). How do the weaning patterns and practices of children 

with PKU differ to normal healthy children? 

The aim of this 20-month prospective case-controlled study was to observe 

longitudinal feeding development and progression in infants with PKU compared with a 

group of age, ethnicity, and gender matched control children. This included progression 

with textured foods, self-feeding motor skills development, the feeding environment, 

gastrointestinal symptoms and behaviour at mealtimes. 

QUESTION 3 (CHAPTER 2c). How do maternal and child anxiety and coping 

mechanisms during the transition from a liquid to a solid diet compare between children 

with PKU and healthy control children? 

The aim of this 2-year prospective case-control study was to compare mealtime 

emotions, anxieties and coping strategies between a group of mothers with infants with 

PKU and a group of age, ethnicity and gender matched control infants during the 
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transition from a liquid to a solid diet; and to determine the effect of the additional burdens 

of protein substitute administration and natural protein restriction. This included an 

examination of mealtime emotions for parent and child, parental anxieties, and coping 

behaviours around feeding and protein substitute administration. 

QUESTION 4 (CHAPTER 2d). Does the growth and macronutrient intake of infants with 

PKU differ from that of control children during the first 2 years of life? 

This prospective, longitudinal case-control study aimed to compare the growth, 

energy and macronutrient (protein, carbohydrate, fat) intakes of infants with PKU 

compared to age, ethnicity and gender matched control children during the transition from 

liquid to solid diet and the transition from a liquid to semi-solid protein substitute. 

QUESTION 5 (CHAPTER 3a). Can a food frequency questionnaire be validated for use 

in determining food preferences and dietary patterns of children with PKU compared 

with normal healthy children? 

The aim of this study was to develop a validated UK food frequency questionnaire 

(FFQ) for use in children with PKU based on food items commonly eaten in PKU and 

the ‘general’ population. Once validated, the questionnaire can be used to compare food 

intakes and preferences of PKU and control children and can be used to examine dietary 

patterns in PKU.  

QUESTION 6 (CHAPTER 3b). Do children with PKU given amino acid protein 

substitutes from infancy prefer bitter tasting foods compared to normal healthy children? 

The aim of this randomised controlled study was to investigate the flavour preference 

of young children with PKU compared with normal healthy control children and to 

establish if ‘flavour imprinting’ occurs in PKU as a result of early exposure to bitter 
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tasting amino acids. In addition, it explores differences in food neophobia and food 

preferences (measured by food frequency questionnaire) between PKU and non-PKU 

children. 

QUESTION 7 (CHAPTER 3c). Do parents of children with PKU differ from control 

parents with respect to food preferences and neophobia; and how does this influence their 

children? 

The aim of this prospective observational study was to determine if food preferences 

(measured by food frequency questionnaire) and neophobia seen in children with PKU is 

influenced by parental food preferences and neophobia; and if this differs to control 

children compared with their parents. 

QUESTION 8 (CHAPTER 4a). How can dietitians simplify and minimise the disparity 

and inconsistencies in food labelling interpretation and protein calculation for 

individuals with PKU and their caregivers? 

The aim of this prospective study was to identify areas of disparity between dietitians 

in the UK in terms of interpretation of how different foods should be allocated in low 

protein diets for PKU and to describe the process used to develop national consensus 

guidelines utilising Delphi methodology. 

QUESTION 9 (CHAPTER 4b). What are the UK National Consensus Statements on Food 

Protein Interpretation for PKU? 

This paper follows on from chapter 4a, describing the final collaborative statements 

agreed by UK IMD dietitians for food labelling interpretation and protein allocation in a 

low protein diet for PKU, how they have been categorised and justification for their 
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inclusion. This will provide consistency in the dietary education provided for patients 

with PKU across the UK. 

QUESTION 10 (CHAPTER 4c). In PKU, does the use of a mobile multi-media low protein 

diet app improve the knowledge and accuracy of patient/caregiver protein 

calculations/food choices when selecting fresh, manufactured and specialised dietary 

products in a low protein diet? And does regular use of a mobile app increase both self-

efficacy in dietary management and reduce dependence on dietitians?  

The aim of this randomised controlled trial was to develop a mobile multi-media app 

as a UK national resource for patients/caregivers prescribed a low protein diet for PKU. 

Its efficacy was then tested in a 12-week randomised controlled parallel intervention 

study and compared with use of ‘traditional’ written dietary resources. 
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infant formula milk is replaced by solids containing the
equivalent quantity of Phe. Ensuring an adequate intake
of non Phe L amino acids and energy intake is essential.
As infants increase in weight, the infant protein substitute
should increase accordingly in line with non Phe protein
requirements. However, when an infant is over 6 months
of age, more than 600 mL day!1 of infant protein substi
tute is not in concordance with good feeding practice.
For all infants, a high volume of fluid intake limits appe
tite for solid foods, thereby deterring exposure to differ
ent tastes and textures and contributing to bottle feeding
dependence. At the age of weaning, when the aim is to
progress onto more solid food, children with PKU should
ideally replace their infant protein substitute with a sup
plement that has a higher concentration of Phe free
L amino acids and is given in a semi solid consistency (3).
During the weaning stage, dietitians have tried many dif
ferent techniques to introduce protein substitutes that are
more concentrated in protein equivalent. This has
included adding a second source of non infant Phe free
L amino acid to bottles of infant protein substitute for
mula or adding a small quantity of water to a non infant
Phe free L amino acid supplement and administering this
as a paste (4). Although this had the advantage of lower
ing the volume of protein substitute, the design and com
position resulted in an inconsistent and often undesirable
texture (2). However, the administration of a paste is gen
erally less problematic and is associated with less parental
and child stress (3), although the success and impact of
these techniques remains unreported.
In the UK in 2001, a weaning Phe free L amino acid

supplement designed to be given as a gel (PKU gel; Vita
flo International Ltd, Liverpool, UK) was introduced. We
have retrospectively evaluated the medical/dietetic records
of infants prescribed this product, examining the intro
duction and administration of the weaning protein sub
stitute during the first 2 years of life.

Materials and methods

Subjects
Retrospective data were collected from patient records for
31 consecutive children (16 male) with PKU diagnosed
by newborn screening who were prescribed a second stage
weaning protein substitute (PKU gel; Vitaflo International
Ltd) administered as a gel or paste during weaning from
one specialist PKU centre. They all took a Phe free infant
L amino acid formula (PKU Anamix Infant: Nutricia,
Trowbridge, UK) in combination with breast or infant
formula milk to provide a source of Phe. Fourteen sub
jects were breast fed for at least 1 month (median
3 months; range 1 12 months). The method, timing and
sequence of introduction of solids was the same

irrespective of whether infants were breastfed or formula
fed. The decision to commence introduction of solid
foods was initiated by parents/carers. Infants with biop
terin defects were excluded.
In the UK, the aim of dietary management in children

from 0 3 years is to establish dietary Phe tolerance by
titrating the amount of Phe intake until blood Phe con
centrations were within target range (120 360 lmol L!1),
prescribe a total of 3 g kg!1 day!1 protein equivalent
(from natural protein and Phe free protein substitute)
and encourage low protein foods that are given without
measurement (e.g. low protein fruits and vegetables, con
taining less than 75 mg Phe per 100 g of product, and
low protein special foods).
The present study was conducted as a service evalua

tion based on guidelines from the National Research
Ethics Service and did not require ethical review by a
NHS Research Ethics Committee. However, it was con
ducted in accordance with basic ethical principles with
respect for the confidentiality of participants and in line
with the Data Protection Act 2000 and was registered as
an audit within the study centre. Written consent was
obtained from parents/caregivers.

Study product

PKU gel (Vitaflo International Ltd) is a powdered Phe
free protein substitute containing essential and non essen
tial amino acids, carbohydrate, vitamins, minerals and
trace elements for the dietary management of children
with PKU from 6 months of age [in line with World
Health Organization (WHO) recommendations for wean
ing age; however, in PKU weaning is recommended to
commence earlier at 17 26 weeks (2)]. It provided 10 g of
protein equivalent per 24 g of powder and was prepared
with the addition of water to produce a gel/paste that
was administered by spoon and is of similar texture and
consistency to early weaning foods.
For an equivalent protein content, the weaning protein

substitute has a vitamin and mineral composition similar
to the infant protein substitute but is lower in energy
[67 kJ (16 kcal) per 2 g protein versus 280 kJ (67 kcal)
per 2 g protein], with the aim being to reduce the impact
on appetite and thereby encourage appetite for solid
foods (both natural protein sources and low protein
foods).

Study design

This was a single centre retrospective study. Patient
records from 2001 for children with PKU taking the same
second stage weaning protein substitute were accessed
and the data collected were: gender; birth order; family

350 ª 2017 The British Dietetic Association Ltd

15 years of weaning protein substitutes for PKU S. Evans et al.



  

 

 

members with PKU; weaning age; age commenced wean
ing protein substitute; anthropometry [weight and
weight for age z score (WHO)] (at the closest point to
age 6, 12 and 24 months); blood Phe levels; weaning pro
tein substitute and infant protein substitute formula pre
scription by age; protein equivalent from infant protein
substitute formula, weaning protein substitute and natural
protein by age; and any behavioural issues or difficulties
with administration of weaning protein substitute, infant
protein substitute formula or other foods. Data were col
lected from the time of weaning until the children’s sec
ond birthday.

Statistical analysis

Descriptive statistics were used for quantitative outcome
measures, as well as more detailed analysis using non
parametric tests (Mann Whitney).

Results

Subjects
The dietetic case records of 31 subjects with PKU (16
male) given a second stage weaning protein substitute as
a gel were identified. Sixteen were first born children, 11
were second born and four were third born. Thirteen
subjects had a sibling(s) with PKU and one subject’s
mother had PKU.

Introduction of weaning protein substitute and solid
foods

The median age of introducing weaning foods was
17 weeks (range 12 25 weeks) and the median age for
commencing weaning protein substitute was 20 weeks
(range 13 37 weeks). There was no difference between
boys and girls and it was not influenced by birth order or
older PKU siblings. However, children who were breast
fed for a minimum of 4 weeks (n = 14) were more likely
to wean at a later age (19 versus 15 weeks; P = 0.009; t
test) and therefore commenced weaning protein substi
tute later (23 versus 19 weeks; P = 0.04; t test).
At weaning commencement, all children were given

small amounts of unmeasured, low protein foods, such as
puree fruit, suitable vegetables and low protein rusks. The
primary Phe source was breast milk (n = 6) or standard
infant formula (n = 25) and non Phe protein by infant
protein substitute formula. The time of starting weaning
was usually determined by the parents/caregivers.
The process of introducing weaning protein substitute

was similar for all children. They usually started with 5
10 g day!1 of powder (providing 2 4 g day!1 protein
equivalent) (n = 29/31), given once or twice daily. The

weaning protein substitute was mixed with water to a
paste (resembling baby rice texture) and was given prior
to any solids or milk (i.e. breast milk, standard infant
formula or infant protein substitute formula). It was
administered from a weaning spoon (n = 29/31) but, in
two children (aged 7 18 months and 8 10 months), it
was given via a syringe as a result of temporary difficul
ties with its administration. When weaning protein sub
stitute was commenced, breast feeds or standard infant
formula were gradually replaced by weaning foods con
taining an equivalent Phe content (i.e. the introduction
of a 50 mg Phe exchange system). Twenty nine percent
of caregivers (n = 9) used a flavoured weaning protein
substitute from a median age of 13 months (range 7
16 months).

Median protein equivalent from protein substitute and
natural protein

For the first 2 years, protein equivalent from weaning
protein substitute increased linearly, whereas the infant
protein substitute formula decreased (Fig. 1 and Table 1).
Protein equivalent from weaning protein substitute
increased by a mean intake of 0.2 g kg!1 day!1

(2 g day!1) each month from commencement until
12 months of age and then by 0.1 g kg!1 day!1 every
2 months (1 g day!1 monthly) to 24 months of age
(Table 1). Infant weight gain and volume of daily infant
protein substitute formula determined dosage.
By direct contrast, the median daily protein equivalent

from the infant protein substitute formula gradually
decreased by 0.1 g kg!1 day!1 each month from the start
of introducing the weaning protein substitute until
15 months of age (Table 1). The infant protein substitute
continued to provide a protein equivalent of 0.5
0.6 g kg!1 day!1 until 2 years, and by this time, most
children (n = 30/31) had stopped taking it.
There was a trend toward boys consistently consuming

more protein equivalent from the infant protein substi
tute formula at each age (additional 1.0 2.6 g day!1 pro
tein or 55 130 mL day!1 of formula), although this only
reached statistical significance at 14 months of age (addi
tional 130 mL formula day!1 and 2.6 g/day protein;
P = 0.03; t test).
Phenylalanine tolerance was similar for most children

with an intake of natural protein of between 3 and
5 g day!1 throughout the study period, except for two
children who tolerated a median of 8 g of natural protein
per day. Natural protein intake remained consistent at a
median of 4 g day!1 for the first 2 years (range 3
11 g day!1) (Table 1). However, when expressed as
g kg!1 day!1, natural protein intake decreased from
0.6 g kg!1 day!1 at 3 months to 0.4 g kg!1 day!1 at
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more refusal of weaning protein substitute when unwell
(79% versus 59%). Those introduced to weaning protein
substitute >26 weeks of age (n = 7) experienced more
weaning protein substitute refusal (71% versus 58%) and
were more likely to take flavoured weaning protein sub
stitute >1 year of age (57% versus 29%).

Anthropometry

Children had appropriate growth during their first 2 years
of life. Median weight for age z scores were: 0.59 (range
2.6 to 2.0) at 6 months; 0.03 (range 2.6 to 1.8) at

12 months; and 0.20 (range 1.7 to 2.4) at 24 months.
At 6 and 12 months of age, three children had a z score
< 2, although, by 24 months, their z scores were > 2.

Blood phenylalanine levels

Median blood Phe levels were within reference range (120
360 lmol L!1) from the start of weaning to 12 months of
age: 175 lmol L!1 (range 90 310); and from 12 to
24 months of age they were: 180 lmol L!1 (range 100
400 lmol L!1). No children had median blood levels above
the reference range between weaning and 1 year of age and
only one exceeded the reference range between 1 and 2 years.

Discussion

Weaning is a challenging time for parents/caregivers of
any child, with or without PKU, and although the process
of weaning onto solid foods is similar, specific challenges
and issues differ (5). In PKU infants, the demands of the
dietary treatment commonly take priority over normal
feeding development. The present study is one of the first
to report on the practicalities and issues associated with
weaning children with PKU. In this retrospective study,
we describe the use of a protein substitute that had been
developed to administer as a semi solid paste in the
weaning period. It was well accepted when it was first
administered at 17 25 weeks of age, although it was asso
ciated with some infant refusal during late weaning,
mainly accompanied by teething and intercurrent illness.
In parallel, the same frequency of food refusal occurred
with ‘natural’ foods. As reported previously in children
without PKU (6,7), parental approach influenced the
recovery from protein substitute and food difficulties,
with poor routines and inconsistency exacerbating these
issues. Breast feeding, usually associated with mothers of
higher educational achievement, and/or previous experi
ence of managing a PKU infant, was associated with
fewer difficulties during the weaning process.
Weaning protein substitute was generally well tolerated

and provided an appropriately textured product to

progressively replace infant protein substitute. Initially,
weaning protein substitute was given in small doses
(equivalent to 5 g powder once or twice daily) from a
median age of 20 weeks and was gradually increased
according to weight gain and intake of infant protein
substitute formula. At the same time, standard infant for
mula or breast milk was gradually replaced by an equiva
lent amount of protein from Phe containing exchange
foods with the aim of maintaining a total protein intake
of approximately 3 g kg!1 day!1. By 2 years of age, most
children had stopped infant protein substitute formula.
Breast milk or standard infant formula was replaced by
equivalent protein from solid foods by the age of
12 months. The total protein intake given to this group
of children was consistent with previously reported
intakes from Northern Europe (8). Despite the lower
energy content of weaning protein substitute compared to
infant protein substitute, no child was reported to have
growth issues. It is assumed that an increasing solid food
intake will compensate for this energy discrepancy.
The WHO advocate weaning from 6 months of age (9)

but in PKU, it is considered beneficial to introduce solids
from 17 weeks (2). Earlier exposure to foods has been
shown to improve acceptance to a wider food variety (10–

13), which is vital to establish in a low Phe diet that is
already severely limited and where reliance on prescrib
able low protein special foods is paramount. In this
observational study, there was suggestion that very early
weaning (<17 weeks of age) or later introduction of
weaning protein substitute (>26 weeks of age) was associ
ated with a lower acceptance of weaning protein substi
tute and a higher incidence of refusal. Those individuals
with a delayed introduction of textured foods also tended
to have more problems with refusal of both food and
weaning protein substitute, particularly when teething.
This is likely to be associated with lack of parental
encouragement and a tendency to continue offering foods
that they know will be eaten rather than risking food
refusal by offering something new.
Refusal of food is more predominant than weaning

protein substitute refusal up until 12 months of age, after
which the latter is more predominant. Weaning protein
substitute refusal is most common between 12 and
14 months of age and this mainly coincides with teething
and intercurrent illness. However, with perseverance and
consistency, most caregivers could re establish good
acceptance of the weaning protein substitute. There was a
trend for children with a delayed introduction of more
textured foods, as well as those weaned before 17 weeks
of age and those commencing weaning protein substitute
late (>26 weeks of age), to refuse weaning protein substi
tute at some time. Overall, parents/caregivers of children
with PKU are under pressure to administer the correct
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dose of protein substitute, three times daily. They are
aware that failure to complete the prescribed dose may
adversely affect blood Phe control and it is unsurprising
that some rejection and self induced vomiting may occur.
Previous studies have reported that, between the ages of 1
and 5 years, the administration of protein substitute can
be problematic(14 16) and food neophobia is common in
this group of children (16).
This was a retrospective, uncontrolled study, and so

there were potentially several confounding factors that
may have affected the results, including caregiver level of
education, socio economic status and previous experience
with weaning (in a child with or without PKU). In addi
tion, because the data were retrospective and taken from
patient notes, it may have been incomplete or remained
unreported for some patients. Small subject numbers,
particularly in subgroups, may have led to some differ
ences not being statistically significant. Some children
came from families with severe social problems that may
have influenced the weaning experience.
The findings of the present study highlight the impor

tance of timing of weaning protein substitute introduc
tion, as well as appropriate progression onto more
textured foods in infants with PKU. Much of the negative
behaviour observed was associated with normal weaning
behaviour, teething and intercurrent infections. Good and
consistent feeding routines are required from the com
mencement of weaning. It was clear that good parenting
strategies overcame practical issues, but when parental
skills were inconsistent and uncertain, feeding difficulties
persisted. As a group, these families had received inten
sive one on one practical dietetic support. However, the
time and patience required for the successful administra
tion of both weaning protein substitute and solid foods
during periods of infant rejection is overwhelming for
some vulnerable parents. The involvement of extended
families, in addition to obtaining early nursery provision,
attending parenting courses, and encouraging discussion
with other parents of PKU children who have already
been through this process, might provide additional
hands on, practical and emotional support. Judging the
right time to introduce weaning protein substitute is
essential. If an infant is introduced to a weaning protein
substitute several weeks after they have been accustomed
to the taste of solids foods, establishing its successful
acceptance may be challenging.
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CHAPTER 2B:   HOW DOES FEEDING 

DEVELOPMENT AND PROGRESSION ONTO 

SOLIDS IN PKU COMPARE WITH NON-PKU 
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3.6. Frequency of Meals and Snacks

Children with PKU generally had one less meal or snack of solid food per day compared to
control children and sometimes an additional meal of infant (Phe-free) formula; although by 2 years of
age this difference was not evident (Table 8).

Table 8. Median number of meals or snacks per day.

Total Number of Meals/Snacks

4 m 5 m 6 m 7 m 8 m 9 m 10 m 11 m 12 m 15 m 18 m 24 m

PKU 6 6.5 6 6 6 6 6 6 5 6 5 6
Control 9 8 7 8 7.5 7 7 7 7 7 6 6
p value * 0.01 0.07 0.37 0.01 0.02 0.07 0.02 0.06 0.04 0.03 0.12 0.80

Number of Solid Meals/Snacks

PKU 2 3 3 3.5 3 3.5 4 4 4 4 4 4
Control 1 2 3 4 5 5 5 5 5 5 5 5
p value * 0.05 0.27 0.57 0.38 0.30 0.01 0.02 0.04 0.09 0.02 0.03 0.16

Number Fluid Breastmilk/Formula Feeds

PKU 6 6 5 5 4 4 3 3 2 2 1 0
Control 7.5 5 4 4 4 3 2.5 3 2 0 0 0
p value * 0.005 0.22 0.04 0.33 0.80 0.12 0.05 0.76 0.12 0.06 0.04 0.25

* Mann-Whitney; m: months.

3.7. Negative Behaviour with Protein Substitute (PKU Group)

The most frequent negative behaviours associated with taking weaning protein substitute were
closing the mouth or turning the head away when offered the protein substitute; occurring in at least
5 children at each monitoring visit. These negative behaviours were most common at the age of
10–18 months coinciding also with the age for teething (Figure 1).

Figure 1. Number of children displaying different negative behaviours associated with protein
substitute administration at each age.

3.8. Gastrointestinal Symptoms

There was no significant difference between the two groups for total number of incidences
or number of subjects experiencing vomiting, diarrhoea, bloating, constipation or colic at any age.
However, more children with PKU reported problems with flatulence (0.0005), burping (p = 0.001) and
retching (p = 0.03) at all ages; and more controls reported regurgitation (p = 0.003) (Wilcoxon signed
rank test). Symptoms generally declined with increasing age although vomiting and diarrhoea were
variable, most likely associated with illness (Figure 2).
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Figure 2. Mean maternal feelings about giving protein substitute to their child with phenylketonuria
(PKU) at di↵erent child ages in the first two years.
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Figure 3. Mean control maternal feelings about feeding their child solid foods at di↵erent child ages in
the first two years.

3.3. Beck Anxiety Inventory (BAI)

Mothers of both groups of children demonstrated low levels of anxiety with mean scores below 7
(minimal anxiety) at all ages (Figure 4). However, whilst there was a gradual decline in mean anxiety
in the control group with a spike again at two years, the mothers of children with PKU showed more
variable anxiety (larger standard deviations), peaking at 15 months and remaining higher than control
mothers until two years, when both groups had equivalent levels of anxiety. Di↵erences were not
statistically significant between groups or over time.

Figure 4. Mean anxiety scores for mothers of children with PKU and control mothers.
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acids, di and tripeptides and have similar bitter flavour
notes (e.g. sulphur volatiles) to vegetables such as broc
coli(4). Children given bitter tasting protein hydrolysate
formula during infancy are more likely to prefer broccoli
and other savoury, bitter and sour tasting foods than
those children who had received sweeter milk based for
mulas(3,5–7). There is also evidence that these early flavour
experiences influence subsequent flavour preferences sev
eral years after infancy(3,5,6). It is possible that the intro
duction of L amino acid supplements may have a similar
effect in PKU.
Food neophobia, an unwillingness to eat novel foods(8),

may also affect children’s food choices, with some prefer
ring the familiar to the unfamiliar. There is evidence that
young children with PKU eat a limited range of foods
even within the confines of their dietary restriction(9),
although little has been documented about its impact on
food choices and food preferences in children with PKU
aged >5 years.
In PKU, it is unknown whether ‘flavour imprinting’

occurs because of the early introduction of L amino acids
and, if so, how long this effect may last and how it may
affect food preferences. The aim of the present controlled,
prospective study was to determine the flavour prefer
ences of children with PKU and to compare these with a
group of healthy age matched control children.

Materials and methods

Subjects
Thirty five children, aged 4 13 years (median 8.5 years;
17 male), with PKU diagnosed on newborn screening,
were recruited from one specialist PKU centre. They were
following a low phenylalanine diet providing ≤10 g/day!1

of natural protein allocated from 50 mg phenylalanine
exchanges (each exchange equivalent to 1 g of natural
protein) from diagnosis (<14 days of life). All were taking
a phe free L amino acid supplement [PKU Cooler
(n = 19), PKU Gel (n = 4) (Vitaflo International, Liver
pool, UK), PKU Lophlex LQ (n = 11) and Anamix First
Spoon (n = 1) (Nutricia, Trowbridge, UK)]. Thirty five
age (within 6 months) and gender matched control chil
dren on a normal diet and with no existing health condi
tions that might influence taste perception were also
recruited from a local community centre. The age group
of subjects studied was determined by the minimum age
at which children are able to comprehend and comply
with tasting procedures.
The present study was conducted in accordance with

guidelines laid down in the Declaration of Helsinki and
all procedures involving human subjects/patients were
approved by the local research ethics committee. Written
informed consent was obtained from all subjects/patients.

Study design

This was a single centre prospective controlled trial. Chil
dren were asked to taste 10 blinded puree foods in a
computer generated random order, rating them using a
seven point pictorial hedonic scale and then ranking them
in preferential order.

Categorisation and ranking of foods
Hedonic categorisation and ranking methods(10,11) were
used to assess taste preferences in PKU children on a low
protein diet and control children on a normal diet. Chil
dren attended the hospital play centre for 60 min.
Assisted by a hospital play therapist and following a prac
tice session to check understanding, each child (after
assent) was blindfolded (using a child friendly blindfold)
to avoid any influence of colour on food preference(12).
Using a standard script, the play therapist presented each
child with a spoonful of each of 10 foods in a random,
pre selected order (to eliminate order effects) and asked
them to categorise each food using a seven point hedonic
scale; ‘super yummy’, ‘really yummy’, ‘yummy’, ‘just okay’,
‘yucky’, ‘really yucky’ or ‘super yucky’ using images of
faces(13). Foods were presented in small, opaque, plastic
containers so that the colour and appearance of the food
was hidden. To validate responses, children were then
asked to feed the foods that they liked to a friendly pup
pet and the foods they disliked to a monster puppet that
‘liked yucky foods’. Water was offered between each tast
ing. Once all foods had been categorised and fed to a
puppet, children then rank ordered the foods from most
liked to least liked.
An initial pilot study on 12 children of varying age was

conducted to confirm that the study methods and proce
dures were achievable.

Study foods
The foods were chosen to represent a range of foods that
could be eaten by both groups of children and to repre
sent a broad range of flavour sensations including bitter,
sour, sweet and savoury. Eight foods (strawberry, apple,
banana, low protein custard, carrot, sweet potato, broc
coli and cauliflower) were blended (using the same
equipment by the same researcher) to an equivalent
pureed texture and ‘spoon dropping’ consistency using
only the addition of a measured amount of water. Two
liquids (50% lemon juice/water and decaffeinated instant
coffee 1 g to 80 ml water) were also used. All were
served at room temperature, with the exception of the
four vegetables, which were steamed, pureed and served
at normal serving temperature for cooked vegetables (50
60 °C). The food temperature was checked prior to
serving.
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Food frequency questionnaire
Caregivers completed a food frequency questionnaire. This
indicated the number of times (per week!1) that children
consumed each of 60 commonly eaten food items from
major food groups, including milk and milk replacements;
dairy products; fruit and vegetables; cereals, pasta and bread;
meat and meat alternatives; ready meals; snack foods; fats
and oils; and drinks. Caregivers also completed a question
naire on how often children consumed each of the 10 test
foods using a seven point scale (from daily to never).

Neophobia ccale
Caregivers completed a neophobia questionnaire using a
seven item scale (ranging from ‘always’ to ‘never’) to
measure their child’s variety seeking tendency with
respect to foods, food neophobia and general neophobia.
This was modified from an existing questionnaire for
adults(14). This included nine questions specifically related
to food and five questions on general neophobia.

Statistical analysis

Flavour preferences were compared using the categorisa
tion and ranking of the 10 food items for the PKU and con
trol groups. Neophobia and food frequency data were
similarly compared between PKU and control groups.
Descriptive statistics were used for quantitative outcome
measures and a more detailed analysis of the food ranking/
rating scores was conducted using nonparametric tests.

Results

Rating of foods
Overall, both groups of children preferred sweet foods to
savoury, sour and bitter. The three most liked foods by

PKU children irrespective of age were custard, banana
and apple, whereas, for control children, the top three
foods were the same but in reverse order. PKU children
preferred custard, sweet potato and carrot significantly
more than control children (Table 1). Most foods (except
apple and lemon) were rated higher by the PKU children
compared to the control subjects. There was no signifi
cant difference in responses by gender, although younger
children (4 8 years) with PKU significantly preferred
sweet potato and custard and older children (9 13 years)
with PKU significantly preferred carrot and custard com
pared to controls (Table 1).

Food ranking

The three most highly ranked foods by PKU children were
custard, banana and strawberry, and, for control, children
banana, apple and custard (Table 2). This differed little with
age for the PKU children but younger control children
ranked custard highest, whereas older control children pre
ferred strawberry to custard. When foods were considered in
food groups, control children ranked fruits as a group
higher than PKU children (mean ranking: PKU 4.6 versus
3.7; P = 0.03), whereas PKU children ranked vegetables as a
group higher than controls (mean ranking: PKU 5.6 versus
6.3; P = 0.05). However, when foods were grouped as bitter
(broccoli, cauliflower, coffee) and sweet (apple, banana, cus
tard), there was no significant difference between PKU and
control children.

Food frequency questionnaire

Children with PKU consumed 50 100% more than con
trol children of high energy, sugar containing drinks,
sweets, chips, sweet biscuits and crisps (Table 3).

Table 1 Mean values for categorisation of foods by age group

All ages

P value*

4 8 years

P value*

9 13 years

P value*PKU Control PKU Control PKU Control

Apple 4.7 5.1 0.53 4.4 5.2 0.27 4.9 4.9 0.99

Banana 5.1 5.0 0.46 5.2 5.3 0.89 5.1 4.7 0.52

Broccoli 4.3 3.7 0.21 4.3 3.7 0.41 4.2 3.6 0.32

Carrot 4.6 3.5 0.009 4.4 3.5 0.13 4.8 3.5 0.02

Cauliflower 4.1 3.6 0.29 3.7 3.6 0.92 4.5 3.5 0.11

Coffee 3.2 2.9 0.58 3.6 3.1 0.44 2.8 2.7 0.75

Custard 5.8 4.6 0.001 6.1 4.9 0.02 5.5 4.3 0.02

Lemon 2.9 3.2 0.37 2.7 3.1 0.47 3.1 3.3 0.76

Strawberry 4.6 4.1 0.22 4.4 4.2 0.74 4.7 4.0 0.13

Sweet potato 4.6 3.4 0.009 4.7 3.0 0.008 4.4 4.1 0.49

1 super yucky; 2 really yucky; 3 yucky; 4 just okay; 5 yummy; 6 really yummy; 7 super yummy.

Bold figures represent statistically significant results.

*Kruskall Wallis. PKU, phenylketonuria.
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Children with PKU consumed, on average, more than one
sugary drink/day!1, whereas control children only had
them 3 times/week!1. Similarly, sweets and sweet biscuits

were consumed by PKU children six out of 7 days/week!1

compared to 3 days/week!1 for control children.
Intakes of fruit and vegetables and most other foods were

similar across PKU and control groups (Table 3). Both
groups consumed approximately three servings of fruit and
three servings/day!1 of vegetables; milk/milk replacement
1 2 servings/day!1; bread/low protein bread two servings/
day!1; water 2 3 servings/day!1; sugar free drinks 3 4
times/week!1; and natural fruit juice 5 6 times/week!1.
The most frequently eaten (more than once/week!1)

study foods were: strawberry, banana, carrot and apple
for PKU children, and apple, banana, carrot and straw
berry for the control group children (Table 3). Strawberry
and sweet potato were eaten significantly more commonly
by children with PKU compared to controls, although all
other foods were eaten with similar frequency.

Neophobia scale

Children with PKU were consistently reported by care
givers to be more neophobic and, in particular, more
food neophobic than control children (Table 4). Care
givers of children with PKU reported that their children
were significantly more likely than controls to be particu
lar about what foods they eat and were less trusting and
more fearful of new foods. However, although children
with PKU were more uncomfortable in new and different
situations, their neophobia did not make them less social
because both groups were equally comfortable talking
with or sitting next to a stranger.

Flavour of phe free L amino acid supplements and
influence on preferences

There was no significant difference between groups taking
different flavoured phe free L amino acid supplements

Table 2 Mean values for ranking of foods by age group

All ages

P value*

4 8 years

P value*

9 13 years

P value*PKU Control PKU Control PKU Control

Apple 5.0 3.5 0.02 5.4 3.6 0.03 4.5 3.3 0.19

Banana 3.9 3.3 0.22 3.8 3.4 0.62 4.1 3.1 0.22

Broccoli 5.9 5.9 0.93 5.7 5.8 0.93 6.1 6.1 0.93

Carrot 5.3 6.3 0.08 5.8 6.1 0.73 4.7 6.6 0.03

Cauliflower 6.0 6.5 0.41 6.0 6.4 0.66 5.9 6.6 0.48

Coffee 7.6 7.7 0.80 6.6 7.3 0.47 8.6 8.4 0.68

Custard 3.4 3.8 0.54 3.1 3.3 0.80 3.8 4.5 0.46

Lemon 7.4 7.2 0.77 7.4 7.5 0.95 7.3 6.7 0.63

Strawberry 4.8 4.4 0.54 4.9 4.5 0.67 4.7 4.3 0.64

Sweet potato 5.3 6.5 0.03 5.4 7.4 0.01 5.2 5.5 0.71

1 most liked; 10 least liked.

Bold figures represent statistically significant results.

*Kruskall Wallis. PKU, phenylketonuria.

Table 3 Mean (range) number of times/week 1 certain food/food

groups consumed

PKU Control

P value*Mean (range) Mean (range)

Fruit 22.9 (0 89) 20.5 (3 124) 0.55

Vegetables 22.4 (2 56) 22.1 (1 102) 0.47

Potato fries 3.2 (0 14) 1.5 (0 5) 0.002

Bread (all types) 13.1 (1 35) 11.0 (0 24) 0.26

Pasta (all types) 5.2 (0 25) 2.4 (0 5) 0.006

Rice (all types) 2.1 (0 9) 2.0 (1 3) 0.40

Butter/margarine 11.3 (0 35) 8.7 (0 35) 0.12

Sweet biscuits

(including LP)

6.0 (0 27) 3.4 (0 9) 0.01

Cake (including LP) 2.4 (0 9) 2.0 (0 7) 0.92

Sweets 6.3 (0 28) 2.8 (0 10) 0.001

Ice cream (all types) 1.7 (0 12) 1.7 (0 8) 0.13

Crisps 4.1 (0 7) 2.6 (0 14) 0.01

Chocolate (including LP) 1.5 (0 7) 3.9 (0 14) <0.0001

Sugary drinks 9.4 (0 35) 2.9 (0 28) <0.0001

Natural fruit juice 5.5 (0 28) 5.5 (0 21) 0.61

Water 18.1 (0 35) 17.1 (0 35) 0.87

Sugar free drinks 3.7 (0 25) 4.4 (0 21) 0.09

Study foods

Apple 3.4 (0.1 7) 3.5 (0.3 7) 0.84

Banana 3.6 (0 7) 3.4 (0.1 7) 0.73

Broccoli 1.8 (0 7) 1.8 (0 4) 0.95

Carrot 3.3 (0.3 7) 3.3 (1 7) 0.95

Cauliflower 1.1 (0 4) 0.7 (0 4) 0.24

Coffee 0.2 (0 4) 0.07 (0 1) 0.26

Custard 0.5 (0 4) 0.9 (0.1 4) 0.18

Lemon 0.4 (0 4) 0.7 (0 4) 0.28

Strawberry 4.2 (0 7) 2.8 (0.1 7) 0.01

Sweet potato 1.5 (0 4) 0.5 (0 4) 0.004

*Kruskall Wallis. LP, low protein; PKU, phenylketonuria.

Bold figures represent statistically significant results.
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and categorisation, ranking or frequency of eating the
study foods. Twenty six percent (n = 9) of children were
taking a strawberry flavoured L amino acid supplement,
and 26% (n = 9) were taking berry, 23% (n = 8) orange,
17% (n = 6) unflavoured and 8% (n = 3) citrus/lemon
flavoured supplements.

Discussion

This is the first study in PKU to demonstrate that chil
dren with PKU aged ≥4 years did not prefer bitter tasting
foods (coffee, broccoli, cauliflower) associated with the
taste of L amino acids. This suggests that, if taste imprint
ing does occur in PKU(15), it may be limited to infancy
and pre school age, decreasing with continuing exposure
to a wider range of foods. However, it was clear that chil
dren with PKU are apprehensive about trying new foods

and eat only a limited range of foods within their dietary
restrictions. Food neophobia may have a stronger influ
ence on food acceptance than food taste preferences.
Although the bitter tasting phe free L amino acid for

mulas prescribed from early infancy in PKU are initially
unflavoured (as with standard infant formula), flavoured
products are commonly introduced at 12 months of age,
and all products for children aged ≥3 years are available
in flavoured varieties. Phe free L amino acid supplements
are usually administered 3 times/day!1 and have added
sugar, sweeteners and flavours that are designed to mask
the bitter flavour of the L amino acids. This may interfere
with the taste imprinting reported in other infants and
young children on protein hydrolysate formula. With
increasing age in PKU, the contribution of L amino acid
supplements to total energy intake declines, whereas the
intake of other high energy foods increases and this may
further explain the dilution of taste imprinting.
There was some evidence to suggest that children with

PKU prefer savoury (vegetables) foods more than control
children, although there was also evidence that children
with PKU prefer some sweet foods (custard) significantly
more than control children. The intake of sweets, sweet
drinks and biscuits was certainly greater in PKU children.
However, no results demonstrated a preference for (or a
liking for) bitter tasting foods more so than control chil
dren.
Studies have shown that repeated exposure to a new

food dramatically increases infants’ intake of other foods
that are similar after only one exposure(16), in contrast to
pre school children who may take up to six to 10 expo
sures before accepting a new food(17,18). This suggests that
food neophobia is age related. From an evolutionary
point of view, food neophobia is a protective trait
designed to prevent humans from ingesting potentially
harmful foods(19). Therefore, it is not surprising that chil
dren with PKU are particularly food neophobic because
they are educated from an early age that high protein
foods are potentially harmful. There is also evidence that
children who demonstrate food neophobia have less vari
ety in their diets(20,21), although, in PKU, this is clouded
by the necessary dietary restrictions. Although children
with PKU may generally be more reluctant to try new
foods, in the present study, they appeared to be less fussy,
consistently rating most foods higher than control chil
dren. Therefore, although neophobia may inhibit children
with PKU from trying a wider variety of foods, it is not
necessarily because they are averse to the flavour.
There are some limitations to the present study. The

texture and seasonal taste of the foods may have altered
perception for some children. For example, the strawber
ries used in the present study were less sweet as a result
of the study being conducted in late winter/early spring,

Table 4 Comparison of mean response for general and food

neophobia questions

PKU Control P value*

Food neophobia

Frequently tries new and

different foods (r)

5.0 5.4 0.54

Does not trust new foods 3.4 4.5 0.002

Likes foods from different

countries (r)

4.4 5.3 0.03

Thinks ethnic food looks too

weird to eat

4.2 5.0 0.05

Will try new foods at

parties (r)

3.9 5.2 0.002

Is afraid to eat things they

have never had before

3.4 4.6 0.003

Is very particular about the

foods they will eat

2.7 4.2 0.001

Will eat almost anything (r) 3.6 5.0 0.009

Likes to try new foods when

eating out (r)

4.0 5.2 0.007

Mean total score (range 9 63) 34.5 46.2 0.0003

General neophobia

Is uncomfortable in new or

different situations

3.5 4.4 0.03

Prefers to be at home among

familiar surroundings

3.0 3.7 0.05

Avoids speaking to people

they do not know

4.5 4.6 0.91

Feels uneasy in unfamiliar

surroundings

3.9 4.7 0.04

Does not like sitting next to

someone they do not know

4.1 4.7 0.24

Mean total score (range 5 35) 18.8 22.1 0.05

Always 1; mostly 2; sometimes 3; unsure 4; rarely 5;

mostly never 6; never 7.

Bold figures represent statistically significant results.

(r) scoring reversed for analyses.

*Kruskall Wallis. PKU, phenylketonuria.
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which may explain the low ratings in children who might
normally have liked strawberries. However, all children
were exposed to the same tastes and textures for compar
ison purposes and two different measures were used to
determine food preference (ranking and hedonic scale) to
check the validity of responses(2). Because both methods
produced similar results, we can assume that responses
were relatively reliable. Previous studies have demon
strated that a ‘taste and ranking’ method of testing food
preferences produces reliable results with pre school chil
dren(2,22–24). Furthermore, studies have shown that chil
dren from the age of 5 years can reliably and consistently
categorise food preferences using a seven point hedonic
scale(10,12,13). Although we did include a few 4 year old
children, they were assessed as competent in the tasks
required prior to the study. Demographic data such as
parent age, education or socio economic status were not
collected and this may have influenced the results.
In conclusion, although there is some evidence to sug

gest that children aged ≥4 years with PKU prefer savoury
flavours (vegetables) more than control children, bitter
taste imprinting does not occur. Consistent and frequent
intake of sweetened phe free L amino acid supplements
from the age of 3 years may well mask the bitter flavours
of some L amino acids. The increase in the proportion
of energy from food and the reduction in energy from
L amino acid supplements with increasing age may also
alter taste preferences and food acceptance. However,
children with PKU are significantly more fearful of new
and unfamiliar foods and attention to caregiver influences
and food neophobia requires further study.
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2.1.2. App Design
The app was designed and developed over 4 months, which included choice of

name (‘PKU Bite’®), logo design (Figure 2), background, and page designs. During this
development phase, the app design was discussed with user focus groups, including
parents of children with PKU (n = 7) and children with PKU (n = 4), to collect feedback on
usability and to direct development.

 
Figure 2. ‘PKU Bite’® logo.

2.2. Randomised Controlled Trial
2.2.1. Subjects

Eighty-one patients aged 10–16 years, or caregivers of children aged 1–16 years, on
low-protein diets for PKU were recruited (40 study and 41 control subjects). Subjects
were recruited from one specialist IMD centre (Birmingham Women’s and Children’s NHS
Foundation Trust). Subjects were excluded, if the child with PKU had co-morbidities
(e.g., cancer, inflammatory bowel disease, diabetes), or was following a special diet for any
other medical reason. All subjects were well established on their Phe-restricted diet.

2.2.2. Randomisation
Individual subjects or families were randomised, by computer-generated random

number block sequences (blocks of 2 and 4), to use the app, called ‘PKU Bite’® (study
group), or to use written/pictorial resources (control group) only.

2.2.3. App Group
Study group subjects were sent a trial download of the ‘PKU Bite’® app for their

phone/tablet and attended a hands-on 30 min training session, to explain how to download
the trial app and use the app functions. A copy of the teaching slides was given for refer-
ence. Subjects were asked to use the app for 12 weeks, as a source of information for food
suitability, and to use the exchange calculator to determine the appropriate portion size for
any protein-containing foods searched. They could use the recipes, menu ideas, prepara-
tion, storage, and availability information, as required. Other non-app sources of dietary
information available to this group included: direct contact with an IMD dietitian, any pre-
viously distributed written/pictorial information, social media (e.g., Facebook/Instagram),
and the NSPKU (National Society for PKU) webpage.

2.2.4. Control Group
Control group subjects were issued with an NSPKU exchange calculator card, dietary

information book, and written pictorial product information booklets, produced by the
IMD dietetic team. This included pictorial guides on: the basic PKU diet; food exchanges;
low-protein fruits and vegetables; ice lollies, ice-creams, and sorbets; low-protein cheese;
low-protein baking and desserts; plant milks, creams, yoghurts, and desserts; low-protein
sweets; and savoury low-protein alternatives. This information was comparable to the
data on the app. They, also, had direct access to an IMD dietitian and information from
social media. They used these resources as a reference for 12 weeks for information on food
suitability, protein exchange amounts, and menu ideas.
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5.1 Overview of Results 
 

This research examines the development of food preferences, dietary patterns, food 

acceptance and food neophobia in children with PKU, commencing during the weaning 

period when a second stage weaning protein substitute is introduced. It describes how 

dietary adherence to a phenylalanine restricted diet and the administration of a 

phenylalanine-free protein substitute causes stress and anxiety for parents/caregivers of 

children with PKU. It also explores how the child environment and management of 

feeding behaviour can influence successful dietary treatment. It further shows the 

complexity of the dietary knowledge required to interpret food suitability for inclusion in 

a phenylalanine restricted diet and how this can be lessened through a low protein food 

app. National dietetic professional agreement on allocation of protein and interpretation 

of food labels in PKU was essential before national resources were introduced, guiding 

content and aiding effective application of these agreed principles in clinical practice.  

 

5.2 Weaning protein substitute 
 

Weaning is an important formative period in developing and instilling longer term 

healthy food patterns, preferences and behaviours in young children. This has rarely been 

studied in PKU. Prior to weaning, protein and energy requirements for infants with PKU 

are met by a phenylalanine-free liquid formula (protein substitute) together with a 

controlled amount of breast milk or standard infant formula. These protein substitutes 

provide a percentage of energy from fat and carbohydrate (Table 5.1) similar to human 

milk and regular infant formula and in line with dietary reference values (DRVs) [1]. By 

weaning age (6 months), it is difficult to achieve the higher protein equivalent 
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requirements required for infants with PKU from phenylalanine-free infant formula alone 

as the volume required is high [2]. Instead, protein requirements are partially met by 

introducing a phenylalanine-free weaning protein substitute. These are low volume, 

amino acid based powders with added carbohydrate (starch), vitamins and minerals that 

are mixed with a small amount of water to make a spoonable age-appropriate textured 

paste. They contain negligible amounts of fat (mostly omega 3 fatty acids) and are lower 

in energy and carbohydrate (Table 5.1). Third stage protein substitutes (usually 

introduced from the age of 3-5 years) are even lower in energy than weaning protein 

substitutes containing less carbohydrate, and minimal fat (as essential fatty acids) but 

include high amounts of protein equivalent. The carbohydrate content of infant protein 

substitutes is mainly starch based, with less than 15% contribution from sugars. Weaning 

and third stage protein substitutes are more concentrated, and have a larger percentage 

contribution from sugar, as well as artificial sweeteners. 

Prior to the development of second stage weaning protein substitutes in 2001, infants 

were either given concentrated liquid phenylalanine-free infant formula, infant formula 

supplemented with preparations designed for older children, or protein substitutes mixed 

into a paste with added water [2-4]. Despite 15 years since the introduction of weaning 

protein substitutes, their use had not been systematically investigated, particularly 

examining their tolerance and method of introduction. A review in 2012 clearly identified 

the need for observational and intervention studies examining the weaning process in 

PKU, focusing on biological, maternal, infant, social and environmental factors 

associated with weaning to guide evidence-based guidelines [2]. 

 



 
 

74 

Table 5.1 Energy and macronutrient composition of infant, weaning and third 
stage protein substitutes for PKU 

 Volume 
providing 
10g protein 
equivalent 

Energy 
Kcal/10g 
protein 
equivalent 

Protein 
equivalent g  
(% energy) 

Carbohydrate 
g/10g protein 
equivalent 
(% energy) 

Sugars 
g/10g 
protein 
equivalent 
(% 
energy) 

Fat g/10g 
protein 
equivalent 
(% 
energy) 

Infant 
protein 
substitute 1 
(PKU Start) 

500ml 
prepared  
 

340 10 (12%) 36 (42%) 3.5 (4%) 17.5 
(46%) 

Infant 
protein 
substitute 2 
(Anamix 
Infant) 

500ml 
prepared 

350 10 (12%) 37.5 (43%) 5.5 (6%) 17.5 
(45%) 

Weaning 
protein 
substitute 1 
(PKU Gel) 

24g powder 
+ 30ml 
water 

76 10 (49%) 8.9 (51%) 4.8 (25%) 0.02 
(<1%) 

Weaning 
protein 
substitute 2 
(Anamix 
First Spoon) 

25g powder 
+ 20ml 
water 

82 10 (49%) 9.6 (47%) 6.4 (31%) 0.3 (3%) 

3rd stage 
protein 
substitute 1 
(PKU 
Cooler) 

87ml liquid 65 10 (62%) 4.4 (27%) 3.0 (18%) 0.8 (11%) 

3rd stage 
protein 
substitute 2 
(Lophlex 
LQ) 

62.5ml 
liquid 

58 10 (69%) 4.4 (31%) 3.7 (26%) 0 (0%) 

 

In a retrospective study, the medical and dietetic records of 31 children with PKU 

were examined to investigate the introduction and administration of a second stage 
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weaning protein substitute and solid foods from commencement until 2 years of age. They 

were all given the same second stage phenylalanine-free weaning protein substitute 

administered as a semi-solid gel or paste consistency. The age at which parents chose to 

commence solid foods varied between 12-25 weeks of age, and the weaning protein 

substitute was introduced between 13-37 weeks under the direction of a dietitian. 

Weaning protein substitute was well accepted when introduced in a stepwise manner and 

administered from a spoon before solid foods or any liquid infant formula. This coincided 

with a stepwise decrease in liquid infant protein substitute formula as well as the gradual 

introduction of phenylalanine-containing exchange foods to replace breast feeds or 

standard infant formula. Despite the lower energy content of the weaning protein 

substitute compared to the infant protein substitute it replaced, growth and metabolic 

control were within expected ranges. The main obstacles with administering weaning 

protein substitute were its refusal associated with teething, illness and general food 

rejection, with problems peaking at 12-14 months of age. Routine and consistency with 

protein substitute administration were important during challenging periods. Early (<17 

weeks) or late (>26 weeks) weaning, delayed introduction of coarser textured foods, and 

first-born children were more likely to experience refusal of protein substitute or food 

particularly during teething or illness.  

For dietitians managing PKU, discouraging very early or late weaning, ensuring a 

consistent approach by caregivers and providing intensive support for parents particularly 

during the most challenging ages (12-14 months) was paramount. Educating and enlisting 

the support of grandparents and nurseries may also assist parents at this time, as well as 

parent social support groups that enable discussion with others who have already been 

through a similar experience. 
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The limitations of retrospective data, the lack of dietary pattern data and the inability 

to assess parental anxiety and dietary management strategies in this study led to the design 

of a longitudinal prospective case-control study. Twenty infants with PKU commencing 

a weaning protein substitute, and 20 healthy control infants were recruited. Subjects were 

followed prospectively from weaning until 2 years of age. The study reported growth, 

energy and macronutrient intakes; weaning progression including the introduction of 

textured food (e.g., thin puree, thick puree, mashed, finger foods), self-feeding motor 

skills, stepwise reduction of infant formula, the feeding environment (where they eat and 

with whom), gastrointestinal symptoms and negative feeding behaviour. Mealtime 

emotions, anxiety and coping strategies were also examined to assess the impact of the 

additional dietary burdens of weaning protein substitute administration and natural 

protein prescription adherence in PKU.   

 

5.3 Growth, macronutrient intake and weaning protein substitute 
 

Weight, height, BMI, head circumference and dietary intake were assessed monthly 

from weaning commencement to 12 months of age, then at 15, 18 and 24 months. The 

aim was to establish if growth in PKU was comparable to non-PKU infants during this 

critical period and examine the energy and macronutrient intakes in infants with PKU 

transitioning from an infant to a lower energy dense weaning protein substitute.  

Z-scores for growth did not differ between PKU and control infants and were within 

normal ranges at all ages. No child’s z-scores for any parameters were below -2 

(underweight/stunted) at 2 years of age and only one child with PKU had a BMI z-score 

>2. Length and length-for-age z-scores showed that infants with PKU were statistically 
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taller at all ages. This was explained by the girls with PKU being taller than their non-

PKU controls. This early accelerated growth has previously been reported [5, 6] and may 

be related to the quantity or quality (natural vs synthetic) of protein intake and a possible 

effect on bone age [6]. Boys with PKU also had a slower growth rate than controls and 

girls with PKU, and there were trends indicating that female infants with PKU had a 

higher weight and BMI than male infants, as previously reported [5]. Studies of older 

children and adults have demonstrated that girls with PKU are more susceptible to 

overweight and obesity than boys [7-10]. At what age this susceptibility begins is 

unknown, but it may well occur as early as weaning.   

A detailed 24-hour prospective dietary intake record was collected monthly until 12 

months of age and then at 15, 18 and 24 months. Protein intake from protein substitute 

(both infant and weaning) remained constant at a mean of 2.8g/kg body weight from 7 

months of age when infant protein substitute intake started to decline in a linear fashion 

as weaning protein substitute intake correspondingly increased. Natural protein intake 

was constant throughout the study at 0.7-0.8g/kg/day. At all ages, total protein intake in 

both groups exceeded WHO/FAO/UNU safe protein levels (0.97-1.77g/kg/day) [11] plus 

the additional 40% recommended for PKU to compensate for the reduced utilisation of 

protein from amino acid based protein substitutes. Whilst it is difficult for children with 

PKU to meet non-phenylalanine protein requirements in the early stages of weaning due 

to the volume of infant protein substitute required [2], this study shows that if weaning 

protein substitute was introduced in a consistent stepwise manner, the protein intake was 

maintained at recommended levels. What impact this has on the observed growth rates in 

boys and girls is unknown. 
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Total energy intakes were comparable across all ages in both study groups. Energy 

intake from protein substitutes (weaning and infant) remained constant between weaning 

(4-6 months) and 2 years of age, at a mean of 423kcal/day. Protein substitute (mostly 

weaning type) contributed 75% of protein intake and 20% of energy intake by the age of 

2 years, with food making up the remainder. 

Until 12 months of age, the percentage of energy from carbohydrate and fat was the 

same in both groups. However, between the ages of 1-2 years, infants with PKU had a 

higher percentage of energy from carbohydrate but lower fat (60% and 25%) compared 

to controls (48% and 36%). This difference had previously been reported in other studies 

of older children and adults with PKU [12-14], but not in early childhood, and this was 

the first time that the age at which these differences occur has been identified. This is 

likely to be influenced by the low fat, high carbohydrate composition of SLPF needed to 

meet energy requirements in PKU. This in turn may have an impact on appetite, 

adherence, and feeding problems [15-17]. Nearly 70% of SLPFs are higher in 

carbohydrate and 60% are lower in fat than their equivalent regular varieties [18]. The 

most consumed SLPFs in children include the staple foods: bread, pasta/rice, flour and 

milk substitutes [13, 19, 20]. Their most significant contribution is carbohydrate (mostly 

high glycaemic index starches), and therefore energy, and they all contain more added 

sugar than their protein containing equivalents [18]. This could have implications on the 

incidence of overweight and obesity, insulin resistance [21, 22] and risk of metabolic 

syndrome [23] in PKU. However, a recent systematic review and meta-analysis suggested 

that body mass index (BMI) was similar between patients with PKU and healthy controls, 

thereby providing no evidence that a phenylalanine-restricted diet is a specific risk factor 

for overweight [24]. 
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There is also evidence that higher carbohydrate intake reduces ghrelin [21, 25], a gut 

hormone that affects appetite, adiposity, and regulates energy expenditure and glucose 

homeostasis by inhibiting insulin secretion [26]. Ghrelin may also have a role in bone 

formation and metabolism, and there is evidence that bone mineral density in PKU, whilst 

within the normal range, is below that of non-PKU peers, [27-32] due to a possible 

imbalance between bone formation and resorption. Furthermore, there is evidence that 

the high carbohydrate content of phenylalanine-restricted meals containing SLPFs raises 

postprandial plasma glucose and insulin, lowers fat oxidation and the thermic effect of 

feeding (a metabolic factor associated with regulation of energy balance) more so than a 

regular meal, and this may, over time, contribute to insulin resistance, overweight and 

obesity in susceptible individuals [15]. 

Whilst the dietary imbalance of carbohydrate and fat might be corrected by adding 

more fat to weaning protein substitutes, this would impact on texture, volume and satiety 

and potentially reduce adherence. The main role of protein substitutes is to provide a 

source of non-phenylalanine protein, vitamins and minerals. The addition of starch, sugar 

and sweeteners are designed to improve the taste, texture and mouthfeel, so balancing the 

volume and composition of protein substitutes is challenging. It is also difficult to alter 

the composition of SLPFs as many are staple foods that are fundamentally high in 

carbohydrate and are an important source of energy and bulk. Adding more fat and less 

carbohydrate could also alter their acceptability. Judicious use of low protein milk 

replacements could help address the dietary balance if their composition was modified by 

increasing the quality and quantity of their fat content.   

Further longitudinal studies are required to determine if the growth trends seen in 

this study continue into childhood, adolescence and adulthood. This includes longitudinal 
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data on dietary patterns, food intake, body composition and growth rate at all ages. 

Identifying the point at which trends begin and why will be important in preventing and 

controlling lifestyle diseases such as obesity in adulthood. Further detailed studies 

examining ghrelin concentrations, glycaemic index and glycaemic load are important to 

assess the impact of dietary composition of a phenylalanine restricted diet.   

 

5.4 Feeding development and progression during weaning 
 

In PKU, there is a strong focus on food, and feeding is directed, controlled, and 

monitored by health professionals. Knowing more about what happens at mealtimes, 

children’s reactions, and the approaches parents/caregivers use to manage mealtimes is 

important in developing educational strategies that will guide parents through this 

challenging feeding stage.  

In the longitudinal weaning study, infants with PKU did not differ significantly from 

their non-PKU peers in most aspects of weaning progression. However, the following 

was observed in the infants with PKU: prolonged bottle feeding (with phenylalanine-free 

infant formula), deferred transitioning from a bottle to a cup, protracted parental spoon 

feeding, and delayed self-finger feeding. Delays in independent feeding were associated 

with parental anxiety and the perceived need to control mealtimes to ensure that 

prescribed protein substitute and protein exchanges were consumed to maintain metabolic 

control. In the healthy population, baby led weaning, which encourages self-feeding, 

reduces fussiness compared with parent led spoon feeding [33], increases variety and 

exposure to vegetables and more textured foods at a younger age [34, 35], improves 

satiety, reduces parental pressure at mealtimes [36], and stimulates interest in family 



 
 

81 

foods and shared family meals [37]. Previous studies have identified that children with 

PKU may have distorted feeding patterns and eating behaviours including food aversions, 

faddiness, neophobia, limited variety, poor appetite, eating in isolation and the need for 

more parental coercion [38-40]. The daily coercion required to encourage children to take 

their protein substitute and prescribed natural protein intake, is exhausting and stressful 

for caregivers [41].  

Some children with PKU commenced weaning at a younger age (median 4 months) 

than controls (median 5 months). First weaning foods were similar to controls, but puree 

fruit and vegetables were consumed more by children with PKU, whilst for the control 

group baby rice/porridge was the main first food. Thus, it might be expected that 

vegetables and fruits may be better accepted by children with PKU in the longer term 

than in non-PKU children due to this earlier and persistent introduction in infancy.  

Parents in this study reported more gastrointestinal symptoms such as flatulence, 

burping and retching than controls, possible side effects of the high osmolality of the 

protein substitutes [16, 39, 42]. For this reason, it is recommended that protein substitutes 

be taken with additional water, particularly if they are made up more concentrated than 

recommended by the manufacturers. They should also be administered in small frequent 

doses (3 or 4) that are spread evenly throughout the day [16, 43, 44]. This helps to 

minimise 24-hour fluctuations in blood phenylalanine levels, improves nitrogen retention, 

and minimises oxidation [45-49]. 

Various strategies have been reported for improving adherence with protein 

substitutes [16, 50]. For example, routine and consistency are important, administering 

the protein substitute at the same time every day, with the same adult supervision, and 

ideally before meals whilst the child is hungry. The environment should be calm, 
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encouraging, but persistent, and all caregivers should follow the same procedure and use 

the same strategies [16, 50]. Flexibility in timing pre and post meals may be important in 

finding the right balance between giving protein substitute when the child is hungry 

(before meals) but preventing the protein substitute from inhibiting appetite and slowing 

development of feeding skills.  

Results from the longitudinal study showed that children with PKU were less likely 

to sit at the table with the rest of the family at 2 years of age, as previously reported [38, 

51]. This may be due to preparation of separate meals to the rest of the family resulting 

in a negative mealtime atmosphere and a lack of social experiences associated with eating 

[16]. Eating meals together enables infants to learn and model adult and older sibling 

behaviour. When mothers of non-PKU children eat shared meals, distractions are 

minimised (e.g., TV, toys) and children are allowed some choice in food type and 

quantity, they are observed to refuse fewer foods and are easier to feed [52]. Getting the 

balance right between structured mealtimes where the family eat together but still 

allowing children some autonomy in terms of food choice, may be important in 

minimising food neophobia and fussiness [52].  

Further study into the gastrointestinal side effects attributed to protein substitutes and 

compositional product development aimed at minimising these would be beneficial. In 

addition, studies looking at the implementation of baby led weaning in PKU could help 

to identify if this can reduce fussy eating, increase variety and minimise stress during 

mealtimes. Mothers who have experience of weaning their own children with PKU could 

act as role models and provide support for first time parents of children with PKU. 
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5.5 Parental feeding strategies, anxiety and coping behaviour during weaning  
 

It was observed that support from their dietitian and family, confidence in the 

medical team, and optimism, helped mothers of children with PKU adapt and cope during 

weaning, minimising anxiety and stress to comparable levels observed in control mothers. 

However, this study identified a critical period between 12-24 months of child age when 

additional emotional support was needed. All 4 study questionnaires showed peaks in 

maternal stress, anxiety and coping behaviour at around 15 months of age. Fears about 

protein substitute refusal peaked between 12-24 months of age and mealtimes were 

reported as being less enjoyable for both mother and child in the PKU group particularly 

between 8 and 24 months of age, coinciding with the age of protein substitute refusal, 

teething and growing independence.  

Some of the feeding difficulties observed in children with PKU reflected unrealistic 

parental expectations about how much food their child should eat, especially when protein 

substitutes commonly provided up to 25% of energy requirements [16]. Parental anxiety 

and fear of the neurological consequences of poor dietary control weigh heavy in the 

second year of life for parents of children with PKU and can produce parenting practices 

that restrict a child’s emotional and social development. In contrast, the control mothers 

improved in their confidence and were less anxious with increasing child age, although 

they experienced a peak in concerns at 24 months when their child became more 

independent. Force feeding, unpleasant mealtime environments and associated negative 

behaviour such as crying, gagging and refusal have previously been reported in PKU and 

were observed in the longitudinal protein substitute study [16]. A recent study suggested 

that across all ages, parents of children with PKU were more frustrated, angry and anxious 

when feeding their children [51]. 
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Blood phenylalanine concentrations in this weaning study were higher, although 

within target reference ranges, and more variable between 13-18 months of age and were 

correlated with teething and illness, maternal mealtime stress, mood, and fears of protein 

substitute refusal. Parents of non-PKU fussy eating toddlers, tended to use more 

controlling prompts to eat rather than autonomy-supportive prompts and this was 

associated with food refusal [53]. In a recent study looking at non-PKU maternal feeding 

practices, it was found that unpleasant mealtime emotions (stressful for the mother, or 

tearful for the child), coaxing the child to eat, and the mother’s own neophobia, were all 

associated with a higher degree of child neophobia [54]. 

Whilst an anxious, coercive and controlling parenting style around mealtimes may 

produce satisfactory blood phenylalanine concentrations, higher levels of anxiety and 

psychiatric disorders have been observed in early and continuously treated adults who 

had good metabolic control as children [55-58]. Social problems such as withdrawal, 

anxiety, depression, poor attention and low self-esteem have been reported in children 

with PKU [41, 58, 59]. It is unknown if these symptoms are caused by poor blood 

phenylalanine control, the nature of dietary treatment, or having a chronic illness, but 

parental coping mechanisms may account for some of the variance [41, 59]. The 

psychological adjustment of parents to PKU can therefore have a longer-term impact on 

their child. A PKU specific quality of life (QoL) questionnaire identified the emotional 

impact of PKU, and anxiety about blood phenylalanine levels and protein substitute 

intake, as having the most impact on QoL irrespective of patient age [60]. These impacts 

were less for patients with mild or moderate PKU and those on sapropterin treatment [60].  

Further study into strategies for dealing with parental anxieties at mealtimes with a 

particular focus on independent feeding, normalising the feeding environment, and 



 
 

85 

including children in the social aspects of family mealtimes, are needed. This might 

include resources to build parental confidence such as parent support groups particularly 

during the latter stages of the weaning period (1-2 years of age). 

 

5.6 Food frequency questionnaires and dietary patterns 
 

It is important to identify nutrient imbalances and examine differences in dietary 

patterns that may influence lifestyle disease risk in PKU [43]. Achieving optimal nutrient 

status is challenging given that a significant proportion (80%) of the nutrient intake is 

chemically derived with poor bioavailability and little natural protein to aid absorption 

and utilisation [41, 43]. It is not surprising that in trying to adhere to a highly restrictive 

diet, feeding patterns and food choices are affected, and may lead to disordered eating 

including preoccupation with food, anxiety associated with eating, food poverty, feelings 

of guilt and shame around eating, and a sense of loss of control over their diet [16]. 

Therefore, examining food patterns and changes in nutritional status are important areas 

for monitoring [16]. 

A better understanding of food preferences in PKU, what patients actually eat, how 

these preferences develop and how patients/carers manage their daily restrictions is 

essential. To do this, a PKU specific validated tool for assessing dietary patterns is 

necessary. Only one such tool had been validated but was specific to adults not children 

with PKU, and based on food types and portion sizes unique to the USA [61].  

A FFQ specifically designed for low protein diets was developed and assessed for 

reproducibility (test/retest reliability), criterion validity (comparison with an existing 

standard: the 24-hour dietary recall technique) and construct validity (ability to 
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differentiate between different subject groups) for energy and macronutrient intake and 

individual foods. It was studied in 50 children with PKU and 50 healthy control children. 

A portion size photographic booklet was designed to accompany the questionnaire and a 

database of food item composition was developed to aid analysis.  

The low protein FFQ was composed of 89 food items and 11 general dietary pattern 

questions. There was good reproducibility and criterion validity indicating that the FFQ 

was a valid tool for assessing habitual intake of energy, macronutrients and commonly 

eaten foods, providing comparable data to repeated 24-hour dietary recall assessments. 

FFQ are useful tools for collecting data on habitual intake. This is the first FFQ 

developed specifically for children with PKU, and will be invaluable in measuring 

changing patterns in dietary intake over time. It is a comprehensive tool covering a wide 

range of foods commonly eaten in PKU, including SLPFs and fruits and vegetables of 

differing phenylalanine content, and is therefore a useful adjunct to 24-hour dietary 

records that are designed for collecting data on current rather than habitual food intake. 

Whilst the FFQ can be self-completed, administration by a dietitian gives valuable 

additional information that might otherwise be overlooked. For example, dietitians may 

identify foods patients have not yet tried or have tried in the past but wish to retry, or 

foods they have difficulty in accessing. In focussing on calculating how many food 

portions they have, patients/caregivers may concentrate less on what they think the 

dietitian wants to hear. Hence more accurate intake data may be obtained.  

With the introduction of pharmacological treatments such as sapropterin, that can 

increase dietary phenylalanine tolerance, and reduce reliance on protein substitute, 

assessment of changing food patterns is essential. There are few studies describing the 

long-term effect of sapropterin treatment on dietary intake [43]. The 3-year European 
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SPARK (Safety Paediatric EfficAcy PhaRmacokinetics with Kuvan) study was the first 

clinical trial of sapropterin to demonstrate safety and efficacy in children before the age 

of four years in combination with a phenylalanine restricted diet [62]. Commencing 

sapropterin treatment early is likely to be beneficial in aiding development of a normal 

healthy dietary pattern but this remains unstudied. Although sapropterin treatment may 

liberalise protein restriction, it is rare for the diet to be completely liberalised and may 

even lead to nutritional imbalances [63]. The FFQ will enable assessment of dietary intake 

before and after sapropterin treatment to identify any nutritional imbalances and help to 

characterise the dietary patterns associated with treatment change. 

Further studies examining accuracy and adherence with self-completion of online 

versions of the FFQ with parents/carers and patients with PKU are necessary. 

Longitudinal studies assessing dietary patterns in children, teenagers and adults with PKU 

are also required. The FFQ will prove a useful tool to examine dietary choices and their 

impact on the cost of living, burden of care and quality of life.  

 

5.7 Food acceptance and neophobia 
 

At diagnosis, infants with PKU start dietary treatment immediately which includes 

the introduction of a phenylalanine-free infant formula [16]. Amino acid based infant 

protein substitutes, introduced in the first weeks of life, are critical for metabolic control 

but are bitter tasting in contrast to the sweet taste of breast milk or standard infant formula 

and may impact on taste preferences in children with PKU.  

A prospective case-control study examined food preferences, neophobia and dietary 

patterns in 35 children with PKU and 35 age and gender matched healthy controls. Parents 
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completed a pre-validated version of the FFQ previously described, to assess their 

children’s habitual dietary intake, and a validated questionnaire on their child’s food and 

general neophobia. Children were asked to taste 10 blinded puree/liquid foods (including 

sweet, savoury, sour and bitter taste sensations) in random order and to rate them on a 7-

point hedonic scale and then rank them in preferential order.  

All the children (in PKU and control groups) rated and ranked sweet foods the 

highest. There was no evidence for a conditioned preference or acceptance of bitter foods 

in the children with PKU associated with early and consistent exposure to bitter tasting 

protein substitutes. In this study, children with PKU preferred vegetables more than 

controls, and controls preferred fruits more than the PKU group. However, there was no 

difference in their reported intakes; a mean of 3 servings/day of fruit and 3/day of 

vegetables in both groups. Food neophobia was also significantly higher in the children 

with PKU and is likely to play a bigger role in dietary patterns and food refusal in PKU 

than taste preferences.  

All healthy children are predisposed to prefer sweet and salty foods and many display 

significant food neophobia particularly in the pre-school years [64]. Food preferences 

develop over time and are acquired via experience, and so they have the potential to be 

modulated. For example, in healthy infants, acceptance of sweet and salty tastes has been 

shown to be modified by early dietary experience [65] and pre-school children tend to 

prefer the tastes they are familiar with [66]. So repeated introduction of healthy foods of 

varied flavours increases hedonic appeal of healthier foods later in life [67]. In PKU, it is 

likely that the introduction of artificially sweetened protein substitutes after weaning (3-

5 years) and the sugar content of many unrestricted foods, modulate any preference there 

may be for bitter tasting foods associated with early exposure to bitter tasting unflavoured 
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infant and weaning protein substitutes. In PKU, a study comparing 4 flavours of amino 

acid with the same 4 flavours of CGMP protein substitutes found a preference for the 

sweeter flavours of chocolate and strawberry, whilst tomato flavour, described by 

participants as bitter and salty, was the least liked [68], as might be expected in healthy 

non-PKU children.  

Understanding the taste preferences of children with PKU and how these might differ 

to those in non-PKU children is important so that the food manufacturers developing 

protein substitutes and SLPFs produce tailored foods with respect to taste preferences to 

help improve patient adherence with the diet [43, 69]. Identifying if there is a preference 

for bitter tastes in infancy, when this preference fades, and if it is related to the 

introduction of artificially sweetened protein substitutes or sweet foods requires future 

study.   

Food neophobia is a significant barrier to dietary change, is associated with lower 

dietary variety and is primarily mediated by fear of encountering unacceptable tastes [70]. 

In PKU food neophobia may also inherently protect patients from eating foods that are 

high in protein. There is also evidence that food neophobia is associated with the timing 

of introduction of semi-solid foods [71] suggesting that late weaning or a delay in 

introduction of more textured foods, may increase its incidence.  

One of the study limitations was the subjective nature of parents describing their 

child’s food neophobia. It was postulated that some of the results seen in this study may 

be attributable to the influence of parental food preferences and neophobia, as they are 

the main providers of children’s food. There is evidence that parents with food neophobia 

tend to report neophobia in their children despite observations to the contrary [54, 72]. A 

follow on prospective observational case-control study examined the food preferences 
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and neophobia of the parents (mothers and fathers) of the same 35 children with PKU and 

35 matched controls using the same FFQ and neophobia questionnaire used for their 

children. Both PKU and control groups had more food neophobia than their parents, and 

mothers did not differ significantly from fathers in either group. However, both mothers 

and fathers of children with PKU were more food neophobic than the mothers and fathers 

of control children and this may affect the foods offered to their children. Mothers and 

fathers of children with PKU did not differ significantly in their dietary intakes, although 

mothers’ diets were less varied than mothers of control children. It may be that parents of 

children with PKU adapt the variety of foods they eat to simplify mealtimes and avoid 

having to prepare two different meals.  

Parents of children with PKU frequently report stress associated with food 

preparation and restrictions on social life [42]. In contrast, control children ate more 

similarly to their parents than children with PKU who, not surprisingly, consumed a 

significantly less varied diet than both their parents and the control children.  

An understanding of general neophobia and food neophobia in PKU and how these 

change from early childhood, through adolescence and into adulthood is important. 

Studies examining the age at which food neophobia is first identified, how it develops 

over time and how it relates to general neophobia and the incidence of other eating 

disorders are needed. With sapropterin treatment, and subsequent diet relaxation, it will 

also be important to identify the impact this has on the incidence of food neophobia.  

 

5.8 Food labelling interpretation and protein calculation 
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In PKU there is much complex information for parents/caregivers and patients to 

understand before they can implement the dietary restrictions. This includes 

understanding and calculating the protein/phenylalanine content of foods and interpreting 

protein content from nutrition labels. Teaching patients/caregivers how to read and 

interpret food labels is confusing [16, 73].  

In an online survey of adult patients with PKU and parents/caregivers of children 

with PKU, 90% had difficulty with food labelling in the previous 6 months [73]. There 

were several issues that complicated reading and interpreting the nutrient content on food 

labels for PKU, including cut off points for declaring protein content [73-75], lack of data 

on phenylalanine content, lack of clarity as to whether the nutrition analysis is for the 

cooked/prepared or uncooked/unprepared version of the food, and analyses based on 

addition of other protein containing ingredients [16, 73]. This has substantial implications 

for a diet that is already significantly restricted.  

To further add to the uncertainty, phenylalanine is found in varying amounts in 

natural protein food sources. Animal and cereal protein sources (e.g., meat, fish, eggs, 

milk, wheat) contain about 5% phenylalanine, so 1g of protein provides approximately 

50 mg of phenylalanine, and this can be estimated from the protein content on food labels 

[16]. Fruits and vegetables contain a lower and more variable amount of phenylalanine 

(20-40 mg per 1g of protein), so using the protein content of fruits and vegetables on a 

food label, overestimates phenylalanine content due to a lower phenylalanine:protein 

ratio [16]. For this reason, many fruits and vegetables have been analysed specifically to 

identify their phenylalanine content [76-78].  

The collaborative study conducted with IMD dietitians aimed to facilitate the 

development of consensus statements about the interpretation of protein food labelling 
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and the allocation of protein in a low phenylalanine diet for the management of PKU. 

Over 4 years, 10 Delphi rounds were used to systematically obtain consensus from 93 

British inherited metabolic disorder group (BIMDG) dietitians, representing 34 centres 

treating patients with PKU. One hundred and twelve practical statements for classifying 

food for inclusion in a low phenylalanine diet were agreed.   

Aimed at patients with PKU tolerating ≤10g/day of natural protein, the statements 

were divided into 4 categories of food based on their phenylalanine content:  

1) foods high in phenylalanine and best avoided (foods containing aspartame or with 

a protein content >15g/100g);  

2) foods allowed without measurement (fruits and vegetables containing ≤75mg 

phenylalanine/100g, most foods containing ≤0.5g protein/100g, foods containing protein 

>0.5g/100g but used in small quantities (e.g., fats, oils, herbs, spices), and SLPFs 

containing phenylalanine <25mg/100g), in line with the EU PKU guidelines [41] and 

previous studies [79-83];  

3) manufactured foods that should be calculated as an exchange food; and  

4) fruits and vegetables containing >75mg phenylalanine/100g that are calculated as 

exchange foods. 

In Europe, fruit and vegetables with a phenylalanine content ≤75mg/100g are 

allowed without restriction except for potatoes which tend to be consumed in larger 

quantities so are usually calculated as part of the daily phenylalanine allocation [41]. Fruit 

and vegetables with phenylalanine content 76-100mg/100g were more controversial, and 

it required 3 rounds of the Delphi process to reach agreement to include these as exchange 
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foods and simplify calculation by using a 60g portion size as the standard for 1 exchange 

for all foods in this category. 

Statements included guidance for incorporating SLPFs, canned, frozen and dried 

fruits and vegetables, plant milks, soups, cooking sauces, soya sauce and ice cream in the 

PKU diet. Patients and caregivers find it confusing when SLPFs, specifically designed to 

be low in protein, must be calculated as part of their protein exchanges, and for this 

reason, manufacturers were encouraged to comply with the 25mg/100g cut off point.  

These statements have brought about uniform national interpretation of the suitability 

of foods for inclusion in a phenylalanine restricted diet. This provides consensus ground 

rules for dietitians when providing education for patients with PKU and their families. 

However, these statements were aimed at dietitians so it was necessary to translate them 

into a format that could be easily understood by patients and caregivers. An information 

booklet was developed by the National Society for PKU (NSPKU) [84] and a low protein 

diet app was developed. Patient experience, blood phenylalanine control and feedback 

from patients/parents/caregivers, dietitians and low protein food manufacturers will guide 

amendments and additions to these statements over time. Follow up studies assessing the 

impact and application of these statements will be necessary to validate their acceptance 

in the PKU community and to assess any impact they might have on long-term adherence, 

metabolic control and food neophobia. 

 

5.9 A low-protein multimedia diet app for PKU 
 

A low protein app (“PKU Bite”) was created that provided a user-friendly and readily 

accessible patient guide to the 2020 UK national consensus statements on food protein 
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allocation and labelling interpretation for PKU. The app was designed and developed 

using feedback from dietitians and user focus groups. A 12-week randomised controlled 

trial (RCT) and a 6-month follow-up study was conducted in 60 caregivers of children, 

and 21 adolescents, with PKU to test the app’s efficacy in improving interpretation of 

food labels, accuracy in food protein calculation and independence in dietary self-

management compared with traditional written dietary resources. 

The app contained a database of over 1100 foods. A description of each food outlined 

its suitability in a low phenylalanine diet, how to calculate/interpret the protein content, 

ideas on its incorporation in the diet, exchange-free recipes, and information on its 

preparation, storage and availability. A protein exchange calculator estimated protein 

exchange amounts. Users could filter the foods to identify all products that might contain 

the artificial sweetener, aspartame (E951).   

This RCT demonstrated that parents of younger children (<10y of age) were more 

likely to use the app than either adolescents or their parents/caregivers. Among frequent 

app users, there was a trend toward improved knowledge of food labelling interpretation 

and those using the app made fewer protein calculation errors than controls. Whilst there 

was no difference between groups for blood phenylalanine control during the study, there 

was a trend toward lower blood levels in both groups at 12-weeks, suggesting that 

increased attention to dietary management during the study period may have improved 

metabolic control. The app was more popular than written information or social media as 

a tool for deciding on food suitability and for protein exchange calculation, but contacting 

the dietitian for information was equally preferred. Three quarters of participants were 

still using the app after 6-months, half of these at least weekly. 
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The app received over 1000 downloads in the first 4 months of public release and 

further additions to the app are planned based on feedback from participants. This 

includes a protein substitute and exchange tracker, a label scanner that can read and 

calculate the protein content and an assessment questionnaire for PKU clinics that will 

include the food frequency questionnaire specifically designed for children with PKU.  

Dietary treatment in PKU imposes a significant social burden. The practical 

application of identifying suitable low protein foods from the vast number of 

manufactured products on the commercial market is problematic and time consuming. 

Studies on living with PKU for patients and their caregivers have identified time 

constraints and stress associated with food preparation, limited food choice and record 

keeping as the primary obstacles to achieving better dietary adherence [42, 85]. A study 

examining the time burden of dietary care estimated that caregivers in the UK spend 19 

additional hours per week on dietary management [75]. Educating parents, carers and 

patients requires considerable time and dedication. Although no single intervention can 

serve as a panacea [85], the app is a useful tool for accessing suitable dietary information 

on PKU. It is hoped that the app will save caregiver/patient time. Validation by the 

government agency NHSX, responsible for national health service (NHS) technology, 

will ensure that it meets clinical safety, data protection and useability standards. 

Accessibility via app stores and NHS.uk will enable patients/caregivers to easily find and 

download the app as a source of immediate and trustworthy information when out 

shopping.  

Long-term studies during weaning and early childhood (<5 years of age) are 

necessary to assess if parent/caregiver knowledge, self-efficacy and accuracy of protein 

calculation can be improved when using the app. In addition, studies assessing the 
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usefulness of the app for extended family members, and staff in nurseries and schools, 

would be valuable.  

 

5.10 CONCLUSION 
 

In PKU, dietary management is the principal treatment. This thesis draws together 

the results of studies examining feeding development, food acceptance, food neophobia, 

dietary patterns and education in PKU. Feeding progression was hampered by many 

factors throughout childhood, including difficulties with protein substitute 

administration, the weaning process, food acceptance, food preferences, food neophobia, 

distorted feeding patterns and behaviours, and maternal stress. Patients/caregivers 

experienced practical difficulties with dietary application, sometimes associated with 

misunderstandings and misinformation. The development of nationwide consensus 

statements for the interpretation of food labelling and allocation of protein in the PKU 

diet has brought about consistency amongst healthcare professionals in the delivery of 

education in PKU. The dietary assessment tools and educational resources developed as 

part of this thesis were validated and are now accessible to professionals and patients and 

are in line with technological trends to support ongoing training, learning and monitoring 

in patients and their caregivers. 

There is a critical time for the introduction of weaning in PKU and studies in this 

thesis identified a vulnerable stage in the second year of life where protein substitute and 

food refusal were common. Alongside feeding difficulties, parental stresses and anxieties 

were common. Parents are understandably fearful of refusal of both protein substitute and 

the prescribed natural protein. These stresses can lead to controlling and coercive parental 
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behaviour during mealtimes, causing delays in independent feeding, food neophobia, and 

a negative impact on the social aspects of eating compared to similar aged non-PKU 

children. Whilst on the surface parents appeared to cope well, this was commonly at the 

expense of their own social and psychological wellbeing. 

These studies also highlight the differences in dietary patterns observed between 

children with PKU and their non-PKU peers. There are subtle differences in their growth 

trajectories with girls being taller than their peers and having higher weight and BMI than 

boys with PKU. The significance of this in terms of long-term health and incidence of 

lifestyle diseases is unknown but warrants further study. Children with PKU, have a 

distinct preference for sweet foods and this is a concern as many low protein foods that 

can be eaten without restriction are high in sugar. Despite most fruits and vegetables being 

low in protein and therefore exchange-free, children with PKU do not appear to consume 

these foods in quantities any greater than non-PKU children. Further studies using the 

new validated FFQ will enable further longitudinal analysis to identify age-specific 

dietary patterns in PKU. 

Together, these studies provide new knowledge and innovative practical tools that 

improve dietary management in PKU and will help health professionals to better support 

patients with PKU and their families. 
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^ƵƉƉůĞŵĞŶƚĂƌǇ ^ϰ͗ ^�Z/Wd &KZ Ϯϰ �/�d�Zz Z���>> ;�KEdZK>Ϳ
dK �� �KDW>�d�� �z d,� Z�^��Z�,�Z �z /Ed�Zs/�t ;&���ͲdKͲ&��� KZ d�>�W,KE�Ϳ
t/d, ^�D� W�Z�Ed ���, d/D� ;ϱͲϭϬz �,/>�Ϳ KZ t/d, d,� �,/>� KE>z ;ϭϭͲϭϲzͿ

tĞ ǁĂŶƚ ƚŽ ĨŝŶĚ ŽƵƚ ǁŚĂƚ ǇŽƵͬǇŽƵƌ ĐŚŝůĚ ĞĂƚƐ ĂŶĚ ĚƌŝŶŬƐ ŽŶ Ă ƚǇƉŝĐĂů ĚĂǇ͘

dŚŝƐ ŝŶĐůƵĚĞƐ Ăůů ĨŽŽĚ͕ ĚƌŝŶŬƐ͕ ƐŶĂĐŬƐ ĂŶĚ ƐƵƉƉůĞŵĞŶƚƐ ĞĂƚĞŶ Ăƚ ŚŽŵĞ Žƌ ŽƵƚƐŝĚĞ ƚŚĞ ŚŽŵĞ
ŝŶĐůƵĚŝŶŐ ƐĐŚŽŽů ;ŝĨ ŶŽƚ ŬŶŽǁŶ ĐĂŶ ǁĞ ĂƐŬ ǇŽƵƌ ĐŚŝůĚ͍Ϳ͘

tĞ ĂůƐŽ ŶĞĞĚ ƚŽ ŬŶŽǁ ŚŽǁ ŵƵĐŚ ǁĂƐ ĞĂƚĞŶ ʹ Ğ͘Ő͘ ŶƵŵďĞƌ ŽĨ ƐůŝĐĞƐ͕ ƚĂďůĞƐƉŽŽŶƐ͕ ƚĞĂƐƉŽŽŶƐ͕
ĐƵƉƐ͕ ŐƌĂŵƐ͕ ŽƵŶĐĞƐ Žƌ ŵů͘

KŶůǇ ŝŶĐůƵĚĞ ƚŚĞ ĂŵŽƵŶƚ ŽĨ ĨŽŽĚ ĂĐƚƵĂůůǇ ĞĂƚĞŶ͕ ŶŽƚ ǁŚĂƚ ǁĂƐ ŽĨĨĞƌĞĚ͘

tĞ ĂůƐŽ ŶĞĞĚ ƚŽ ŬŶŽǁ͗

• ďƌĂŶĚ ŶĂŵĞƐ ŽĨ ƉƌŽĚƵĐƚƐ ŝĨ ŬŶŽǁŶ
• ƚǇƉĞƐ ŽĨ ĨŽŽĚ ;Ğ͘Ő͘ ƚǇƉĞ ŽĨ ŵŝůŬ͗ ĨƵůů ĨĂƚͬƐĞŵŝͲƐŬŝŵͬƐŬŝŵ͖ ƚǇƉĞ ŽĨ ƐƉƌĞĂĚ͗ ůŽǁ ĨĂƚͬƌĞŐƵůĂƌ͖ ƚǇƉĞ

ŽĨ ďƌĞĂĚ͗ ǁŚŽůĞŵĞĂůͬ ǁŚŝƚĞ ďƌĞĂĚͬŚĂůĨ ͚Ŷ ŚĂůĨͿ
• ŚŽǁ ĨŽŽĚƐ ǁĞƌĞ ĐŽŽŬĞĚ ;Ğ͘Ő͘ ĨƌŝĞĚ͕ ŐƌŝůůĞĚ͕ ďĂŬĞĚ͕ ďŽŝůĞĚͿ͘
• /Ĩ ǇŽƵ ĐĂŶ ƉƌŽǀŝĚĞ ƌĞĐŝƉĞƐ Žƌ ĞƐƚŝŵĂƚĞ ƋƵĂŶƚŝƚŝĞƐ ĨŽƌ ŚŽŵĞ ĐŽŽŬĞĚ ĨŽŽĚƐ͘
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tĞ ǁĂŶƚ ƚŽ ƌĞĐŽƌĚ ĞǀĞƌǇƚŚŝŶŐ ǇŽƵͬǇŽƵƌ ĐŚŝůĚ ŚĂĚ ƚŽ ĞĂƚ Žƌ ĚƌŝŶŬ ǇĞƐƚĞƌĚĂǇ͘

tĂƐ ǇĞƐƚĞƌĚĂǇ Ă ŶŽƌŵĂů ĚĂǇ͍ ŝ͘Ğ͘ ŶŽ ƉĂƌƚŝĞƐ͕ ĐĞůĞďƌĂƚŝŽŶ ĚĂǇ͕ ŝůůŶĞƐƐ͘

/Ĩ ǇĞƐƚĞƌĚĂǇ ǁĂƐ ŶŽƚ ŶŽƌŵĂů ĐĂŶ ǇŽƵ ƚĞůů ŵĞ ĂďŽƵƚ ƚŚĞ ĚĂǇ ďĞĨŽƌĞ ;Žƌ ƚŚĞ ůĂƐƚ ͚ŶŽƌŵĂů͛ ĚĂǇ
ǇŽƵ ĐĂŶ ƌĞĐĂůůͿ͘

tŚĂƚ ĚĂǇ ŽĨ ƚŚĞ ǁĞĞŬ ǁĂƐ ƚŚŝƐ͍ ;ĐŝƌĐůĞ ƚŚĞ ĚĂǇ Ăƚ ƚŚĞ ƚŽƉ ŽĨ ƚŚĞ ĚŝĂƌǇ ƉĂŐĞͿ͘
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^ƚĂƌƚŝŶŐ ǁŝƚŚ ƚŚĞ ďĞŐŝŶŶŝŶŐ ŽĨ ƚŚĞ ĚĂǇ͕ ĂƉƉƌŽǆŝŵĂƚĞůǇ ǁŚĂƚ ƚŝŵĞ ǁĂƐ ƚŚĞ ĨŝƌƐƚ ĨŽŽĚ Žƌ ĚƌŝŶŬ
ƚĂŬĞŶ͍ ;ƌĞĐŽƌĚ ĞƐƚŝŵĂƚĞĚ ƚŝŵĞ Ğ͘Ő͘ ϴĂŵͿ͘

tŚĂƚ ĨŽŽĚͬĚƌŝŶŬ ǁĂƐ ƚĂŬĞŶ ĨŝƌƐƚ͍

• �ƌĂŶĚ͕ ƚǇƉĞ͕ ŚŽǁ ĐŽŽŬĞĚͬƉƌĞƉĂƌĞĚ͕ ĂŵŽƵŶƚ ĞĂƚĞŶ͕ ƌĞĐŝƉĞ ŝĨ ĂƉƉůŝĐĂďůĞ͍

tŚĂƚ ŽƚŚĞƌ ĨŽŽĚͬĚƌŝŶŬ ǁĂƐ ƚĂŬĞŶ Ăƚ ƚŚĂƚ ƚŝŵĞ͍

• �ƌĂŶĚ͕ ƚǇƉĞ͕ ŚŽǁ ĐŽŽŬĞĚͬƉƌĞƉĂƌĞĚ͕ ĂŵŽƵŶƚ ĞĂƚĞŶ͕ ƌĞĐŝƉĞ ŝĨ ĂƉƉůŝĐĂďůĞ͍

Z�W��d ��Ks� Yh�^d/KE^ hEd/> �>> &KK�ͬ�Z/E< �KE^hD�� �d d,�d d/D� /^ >/^d��

�ŚĞĐŬ͗ ĚŝĚ ǇŽƵͬƚŚĞǇ ŚĂǀĞ ĂŶǇ͗

• ĐĞƌĞĂůͬƚŽĂƐƚ ;�ƌĂŶĚ͕ ƚǇƉĞ͕ ŚŽǁ ĐŽŽŬĞĚͬƉƌĞƉĂƌĞĚͿ͘
• ƐƉƌĞĂĚƐ ŽŶ ďƌĞĂĚͬƚŽĂƐƚ͍ ;�ƌĂŶĚ͕ ƚǇƉĞ͕ ĂŵŽƵŶƚͿ͘
• ĚƌŝŶŬƐ Ğ͘Ő͘ ũƵŝĐĞͬǁĂƚĞƌͬŵŝůŬ͍ tŚĂƚ ƚǇƉĞ ŽĨ ĐƵƉ͕ ŐůĂƐƐ͕ ŵƵŐ Žƌ ĐĂƌƚŽŶ͍
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• ĂŶǇƚŚŝŶŐ ĂĚĚĞĚ ƚŽ ĨŽŽĚ Ğ͘Ő͘ ƐĂůƚ͕ ƐĞĂƐŽŶŝŶŐ͕ ďƵƚƚĞƌ

�ŶǇ ŽƚŚĞƌ ĐŽŵŵĞŶƚƐ ĂďŽƵƚ ƚŚĂƚ ŵĞĂů͍ ;Ğ͘Ő͘ ŚŽǁ ƚŚĞǇ ĨĞůƚ͕ ĞĂƚĞŶ ůĂƚĞƌͬĞĂƌůŝĞƌ ƚŚĂŶ ƵƐƵĂůͿ͘

Z�W��d d,� &K>>Kt/E' ^�Z/Wd &KZ ���, ^�W�Z�d� D��>ͬ^E��< �KE^hD��

tŚĞŶ ŝƐ ƚŚĞ ŶĞǆƚ ƚŝŵĞ ǇŽƵͬƚŚĞǇ ŚĂǀĞ ƐŽŵĞƚŚŝŶŐ ƚŽ ĞĂƚͬĚƌŝŶŬ͍ ;ƌĞĐŽƌĚ ĞƐƚŝŵĂƚĞĚ ƚŝŵĞͿ͘

tŚĂƚ ĨŽŽĚͬĚƌŝŶŬ ǁĂƐ ƚĂŬĞŶ͍

• �ƌĂŶĚ͕ ƚǇƉĞ͕ ŚŽǁ ĐŽŽŬĞĚͬƉƌĞƉĂƌĞĚ͕ ĂŵŽƵŶƚ ĞĂƚĞŶ͕ ƌĞĐŝƉĞ ŝĨ ĂƉƉůŝĐĂďůĞ͍

tŚĂƚ ŽƚŚĞƌ ĨŽŽĚͬĚƌŝŶŬ ǁĂƐ ƚĂŬĞŶ Ăƚ ƚŚĂƚ ƚŝŵĞ͍

• �ƌĂŶĚ͕ ƚǇƉĞ͕ ŚŽǁ ĐŽŽŬĞĚͬƉƌĞƉĂƌĞĚ͕ ĂŵŽƵŶƚ ĞĂƚĞŶ͕ ƌĞĐŝƉĞ ŝĨ ĂƉƉůŝĐĂďůĞ͍

�ŝĚ ǇŽƵͬƚŚĞǇ ŚĂǀĞ ĂŶǇ͗

• ďƌĞĂĚͬǀĞŐĞƚĂďůĞƐͬĨƌƵŝƚͬǇŽŐŚƵƌƚͬĐƌŝƐƉƐͬďŝƐĐƵŝƚƐͬƉƵĚĚŝŶŐƐͬŽƚŚĞƌ ƐŶĂĐŬƐ ;�ƌĂŶĚ͕ ƚǇƉĞ͕ ŚŽǁ
ĐŽŽŬĞĚͬƉƌĞƉĂƌĞĚͿ͘

• ƐƉƌĞĂĚƐ ŽŶ ďƌĞĂĚͬƚŽĂƐƚ͍ ;�ƌĂŶĚ͕ ƚǇƉĞ͕ ĂŵŽƵŶƚͿ͘
• ĚƌŝŶŬƐ Ğ͘Ő͘ ũƵŝĐĞͬǁĂƚĞƌͬŵŝůŬͬůŽǁ ƉƌŽƚĞŝŶ ŵŝůŬ͍ tŚĂƚ ƚǇƉĞ ŽĨ ĐƵƉ͕ ŐůĂƐƐ͕ ŵƵŐ Žƌ ĐĂƌƚŽŶ͍
• ĂŶǇƚŚŝŶŐ ĂĚĚĞĚ ƚŽ ĨŽŽĚ Ğ͘Ő͘ ƐĂůƚ͕ ƐĞĂƐŽŶŝŶŐ͕ ďƵƚƚĞƌ

�Ž ǇŽƵͬƚŚĞǇ ŚĂǀĞ ĂŶǇ ďĞĚƚŝŵĞ ĚƌŝŶŬƐ Žƌ ĂŶǇ ĚƌŝŶŬƐ ŽǀĞƌŶŝŐŚƚ͍

�ŶǇ ŽƚŚĞƌ ĐŽŵŵĞŶƚƐ ĂďŽƵƚ ƚŚĂƚ ŵĞĂů͍ Ğ͘Ő͘ ŚŽǁ ƚŚĞǇ ĨĞůƚ͕ ĞĂƚĞŶ ůĂƚĞƌͬĞĂƌůŝĞƌ ƚŚĂŶ ƵƐƵĂů͘

ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ

EŽǁ / Ăŵ ŐŽŝŶŐ ƚŽ ƌĞĂĚ ďĂĐŬ ǁŚĂƚ ǇŽƵ ŚĂǀĞ ƚŽůĚ ŵĞ ĨŽƌ ĞĂĐŚ ŵĞĂů ĂŶĚ ƐŶĂĐŬ͕ ĂŶĚ ŝĨ ƚŚĞƌĞ ŝƐ
ĂŶǇƚŚŝŶŐ ŵŝƐƐŝŶŐ Žƌ ŝĨ ĂŶǇƚŚŝŶŐ ŝƐ ŝŶĐŽƌƌĞĐƚ ƉůĞĂƐĞ ůĞƚ ŵĞ ŬŶŽǁ͘

Z��� d,ZKh', ���, D��>ͬ^E��< �,��</E' &KK�ͬ�Z/E<͕ Yh�Ed/dz͕ �Z�E�͕ dzW�͕
�KK</E' D�d,K�͘

ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ
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Table S4: Kappa coefficient statistics FFQ vs Dietary Recalls 
 Kappa Score P-value Level of Agreement 
Energy kJ 0.35 <0.001 Fair 
Carbohydrate 0.51 <0.001 Moderate 
Protein 0.49 <0.001 Moderate 
Fat 0.21 0.03 Fair 
Starch 0.52 <0.001 Moderate 
Fibre 0.33 <0.001 Fair 
Sugars 0.44 <0.001 Moderate 
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  DATE: 
  SUBJECT NO: 
  INITIALS: 

      

 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 90 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 a ‘food portion’ is taken each day in the ‘in a 
DAY’ box.   

• 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. 

• 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 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’. 

  









































 
 

152 

 

  DATE: 
  SUBJECT NO: 
  INITIALS: 

      

 

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 69 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 a ‘food portion’ is taken each day in the ‘in a 
DAY’ box.   

• 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. 

• 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 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’. 
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APPENDIX 3:  SUPPLEMENTARY DATA FOR 

CHAPTER 4B 
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APPENDIX 4:  SUPPLEMENTARY DATA FOR 

CHAPTER 4C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


















