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Abbreviations 

AA = Amino acid 

AAS= Amino acid supplement 

BBB= Blood brain barrier 

BH4 = Tetrahydrobiopterin 

BMD= Bone mineral density 

BMI = Body Mass Index 

DBS = Dried blood spot 

DHPR = Dihydropteridine reductase 

DNAJC12= DnaJ heat shock protein family (hsp40) member C12 

DXA = Dual-energy X-ray absorptiometry 

ETPKU = Early-treated PKU  

FDA = Food and Drug administration 

GMP = Glycomacropeptide 

HDL = High-density lipoprotein 

HPA = Hyperphenylalaninaemia 

HPLC = High performance liquid chromatography 

HRQoL = Health-related quality of life 

IEM = Inborn error of metabolism 

IQ = Intelligence quotient 

IQR = Interquartile range 

ISCD = International Society for Clinical Densitometry 

LAT1 =  L-type amino acid transporter 1 

LDL = Low-density lipoprotein 

LNAA = Large neutral amino acid 

MF-BIA = Multifrequency bioelectrical impedance analysis 

MPKUS = Maternal PKU syndrome 

MSUD = maple syrup urine disease 

NBS = newborn screening 

PAH = Phenylalanine hydroxylase 

PBF = Percent body fat 
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PET = Positron emission tomography 

Phe = Phenylalanine 

PKU = Phenylketonuria 

PLP = Pyridoxal phosphate 

PTPS = 6-pyruvoyl tetrahydropterin synthase 

QoL = Quality of life 

TH = Tyrosine hydroxylase 

TpH = Tryptophan hydroxylase 

Trp = Tryptophan 

Tyr = Tyrosine 

WHO = World Health Organization 

WHR = Waist to hip ratio 
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1. Introduction  
 

1.1. Inborn errors of metabolism 
 

Genetic disorders of intermediary metabolism are called inborn error of metabolism 

(IEM) (1). The term IEM was first used in the first decade of the 20th century by the 

English physician Archibald Edward Garrod to group genetically inherited diseases in 

which there is a blockade of metabolic pathways (2). Thanks to more precise diagnostic 

methods, more than 1000 IEMs have been described so far. Single gene defects of 

proteins (enzymes, transporters, etc.) are the most frequent causative factors. Although 

the clinical picture is highly variable, these alterations mostly lead to accumulation of 

toxic substances or deficiencies of much needed end-products. Based on the 

pathophysiological classification of Saudubray et al. IEMs are grouped into defects in the 

metabolic pathway of complex molecules, diseases with features of intoxication and 

illnesses causing energy deficiency (3). Core characteristics of these illness-groups are 

shown in Table 1. 
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Table 1: Classification of inborn errors of metabolism based on the concept of 

Saudubray et al (3). 

 
Disorders involving 

energy metabolism 

Disorders involving 

complex molecules 

Disorders which give 

rise to intoxication 

Core 

Pathomechanism 

Energy production and 

utilization is damaged 

in different tissues. 

 

Synthesis, trafficking 

and metabolism of 

complex molecules are 

disturbed in cellular 

organelles. 

A metabolic block 

leads to intoxication 

due to accumulation of 

intermediary products. 

Characteristics 

Energy defects are of 

mitochondrial or 

cytoplasmic origin. 

 

Mitochondrial defects 

are more severe and 

may also affect 

embryo-fetal 

development and lead 

to malformations. 

Symptoms are 

progressive, mostly 

permanent and 

unrelated to food 

intake. 

A symptom-free 

interval and 

intermittent clinical 

expression is typical. 

 

Treatment is mostly 

available and 

emergency toxin 

removal is of utmost 

importance. 

Common symptoms 

Common symptoms 

include hypoglycemia, 

hyperlactatemia, 

hepatomegaly, severe 

generalized hypotonia, 

myopathy, failure to 

thrive, cardiac failure. 

 

Multiple organs are 

affected: bone 

dysplasia, 

hepatomegaly, 

neurological 

consequences, 

cardiomyopathy. 

Acute events can 

present with disturbed 

consciousness, liver 

failure, 

thromboembolic 

features. 

Long-term 

consequences are 

developmental delay, 

cardiac symptoms, etc. 

Examples 

Congenital lactic 

acidemias 

 

Mitochondrial 

respiratory chain 

disorders 

 

Fatty acid oxidation 

and ketone body 

defects. 

Lysosomal storage 

disorders 

 

Peroxisomal disorders 

 

Congenital disorders of 

glycosylation 

Inborn errors of amino 

acid catabolism 

 

Organic acidurias 

 

Congenital urea cycle 

defects 

 

Although IEMs are considered to be rare one by one, cumulative prevalence is estimated 

to be around 1:1.000 (4). Main goal of treatment is to reach metabolic stability and to 

minimise complications. Therapeutic options range from dietary therapy with medical 

food supplements to pharmaceutical therapy. In rare cases liver transplantation may also 

be curative, whereas gene therapy is hoped to be the definitive solution in the future (5). 
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Although prognosis of different IEMs can vary widely, thanks to newborn screening 

(NBS) and widening range of therapeutic options, more and more patient reach adult care 

presenting novel challenges and long-term complications (6). 

The most prevalent IEM is phenylketonuria. This is the most researched IEM and 

accumulated knowledge of this disease has led to a better understanding of all IEMs. And 

yet, several important details are still missing regarding its pathomechanism and long-

term consequences. 

 

1.2. Phenylketonuria  
 

Phenylketonuria (PKU (OMIM # 261600)) is caused by pathogenic variants in the gene 

of the enzyme phenylalanine hydroxylase (PAH, EC 1.14.16.1). PAH is predominantly 

synthetised in the liver and converts Phe to Tyr in a reaction which involves 

tetrahydrobiopterin (BH4) as a co-factor. In PKU, hyperphenylalaninaemia (HPA) is seen 

as a consequence: blood Phe concentration is markedly higher than 120 μmol/l, which is 

the upper threshold of the normal range in healthy individuals. Phenylketone bodies are 

formed and get excreted with urine whereas blood Tyr levels are suboptimal. Untreated 

patients are intellectually disabled, experience seizures and have neuropsychiatric and 

executive symptoms. Light pigmentation of skin and body hair, skin rash and a musty 

odor is part of the clinical picture (7). 

Neurocognitive outcome is closely related to blood Phe levels, so treatment primarily 

aims to decrease blood Phe levels. The disease was first described in 1934 by Følling (8), 

whereas the significance of dietary therapy was first reported in 1953 (9). The simple and 

cheap diagnostic method to detect HPA developed by Guthrie in the 1960’s was a crucial 

revelation, which enabled newborn screening and prevention of mental retardation in this 

patient group (10). 

 

Other causes of Hyperphenylalaninaemia: The widely used screening method detects 

HPA defined as blood Phe >120 μmol/L (6). Although 98% of HPA is caused by PKU, it 

needs to be distinguished from other causes like disorders of pterin metabolism, high 

protein intake or even liver disease (11). Specific patterns of excreted pterins enable 

diagnosis of most BH4 deficiencies whereas Dihydropteridine reductase (DHPR) activity 

is assessed using dried blood spot (DBS) analysis (12, 13). BH4 deficiencies were 
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historically called malignant HPA and treatment differs from PKU in many ways (14). 

The extent of HPA-related BH4 deficiency is variable but amine deficiency is generally 

more severe than in PKU (14), the most prevalent diseases are 6-pyruvoyl tetrahydropterin 

synthase (PTPS) deficiency and DHPR deficiency. Prognosis without treatment is poor, 

because of the progression of neurological symptoms leading to reduced life expectancy. 

Common symptoms include abnormal muscle tone, movement difficulties, seizures, 

lethargy, developmental delay (14).  

1.2.1. Symptoms of untreated PKU 
 

Antenatal development is not influenced by PKU of the fetus, infants are born 

phenotypically normal (15). Although PAH is mainly active in the liver and in the 

kidneys, PAH deficiency does not cause direct damage to these organs (16). Most severe 

consequences are on the developmental processes of the central nervous system: reduced 

dendrite arborisation and impaired myelination lead to reduced number of synapses (17).  

If untreated, PKU causes progressive neurological and psychiatrical disability: among 

others microcephaly, moderate to profound intellectual retardation (IQ<50), autism 

spectrum disorders, inadequate behavior, cortical blindness and seizures. Additional non-

neurological symptoms include: lighter pigmentation (of skin, hair and iris), eczema and 

a characteristic „moldy” odor (3, 7). Growing number of studies show that in patients 

who receive treatment from birth, long-term therapy inadherence in later age can lead to 

muscle spasticity, cerebellar ataxia, tremors, and disturbed vision (18-20). 

Thanks to NBS, therapy is usually initiated in the first weeks of life and irreversible 

complications are preventable. These so called „early-treated patients with PKU” 

(ETPKU) can live independently as adults and reach expected educational standards (6). 

Although PKU is considered to be a medical success, behavioral issues, 

neuropsychological symptoms occur in some, and patients in general have a mean 

neurocognitive level below siblings or peers of the general population (7, 21). 

Additionally, being adherent to lifelong therapy is burdensome in practice, especially in 

adolescence and adulthood (22). 
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1.2.2. Pathomechanism  
 

1.2.2.1. Disturbed function of PAH 

 

PAH is an iron-containing monooxygenase enzyme that converts Phe to Tyr (23) (see 

Figure 1). Blockade of this conversion leads to HPA, moderate Tyr deficiency and 

transamination of Phe to phenylketones which are then excreted in the urine (hence the 

name Phenylketonuria). It is logical to presume that these 3 biochemical alterations may 

be the primary pathoetiological factors in PKU. 

 
Figure 1: Phenylalanine metabolism in Phenylketonuria. PAH catalyses the 

transformation of Phe to Tyr with ferrous iron, molecular oxygen and reduced 

tetrahydrobiopterin needed as cofactors. This pathway metabolises ca 90% of daily Phe 

intake (the remaining 10% is used in protein turnover). PAH activity is deficient in 

patients with PKU, which leads to HPA. At the same time Tyr levels are only mildly 

decreased because it can be substituted with dietary intake. In patients with PAH 

deficiency Phe follows an alternative metabolic pathway with deamination and forms 

phenylketones that are excreted in urine (24).  

 

Hypotyrosinaemia: Tyrosine is the precursor of several essential biologically active 

substances as neurotransmitters (dopamine, adrenaline, norepinephrine), melanin, 

thyroxine and can be utilised in complete catabolism as a source of energy. Although 

blood tyrosine concentrations are lower in PKU patients than in controls, usually are not 

below the lower-threshold of normal range. Additionally, the fact that tyrosine 

supplementation alone does not prevent severe consequences in patients prove that Tyr 

deficiency has a minor role in pathogenesis of PKU (25).  
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Accumulation of phenylketone bodies: These organic acids are rapidly excreted through 

the kidneys and studies suggest that tissue concentrations are not high enough to cause 

relevant damage even in patients off treatment (26). 

Hyperphenylalaninaemia: The empirical hypothesis that restriction of Phe intake 

prevents major sequelae of PKU was confirmed in a study in 1960 (27). Now it is widely 

accepted that Phe itself is the main neurotoxin in Phenylketonuria (28).  

 

1.2.2.2. Mechanisms of brain dysfunction  

 

Although the precise cascade of brain damage is still incompletely known in PKU, several 

hypotheses are supported by evidence (29): 

White matter disruption which is mostly reversible after restarting dietary therapy is seen 

in patients with long-term hyperphenylalaninaemia (30). It seems that high Phe levels 

influence the synthesis of lipids, alter dendritic connectivity (31) and may even change 

the characteristics of oligodendrocytes to non-myelinating in the central nervous system 

(32). 

Both animal studies and in vivo PET studies on PKU patients showed that high Phe levels 

lead to reduced cerebral glucose metabolism in the frontal lobe (33, 34). It is assumed 

that Phe inhibits enzymes of glycolysis and oxidative phosphorylation (35).  

Large neutral amino acids (LNAA-s) - as leucine, isoleucine, tryptophan, valine, 

phenylalanine, tyrosine - primarily move across the blood brain barrier through the L-

type amino acid transport protein 1 (LAT1) (36). The transporter has a high affinity for 

large neutral amino acids, hence it is normally constantly saturated. High Phe levels 

competitively inhibit the flux of other LNAAs leading to relatively decreased 

concentrations in the central nervous system, which has a role in impaired protein 

synthesis and neurotransmitter deficiencies seen in PKU patients (37). However, crucial 

details still need to get clarified as there are additional sodium dependent amino acid (AA) 

transporters on the brain capillary endothelial cell membrane which have high affinity for 

LNAAs (38).  

Some cognitive and behavioral symptoms are thought to be consequences of 

neurotransmitter deficiencies, primarily of serotonin and norepinephrine (39). Low 

tyrosine and tryptophan levels of the brain (40), impaired expression of tyrosine 
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hydroxylase and tryptophan hydroxylase and also direct inhibition of these enzymes 

caused by high Phe levels may all be responsible for neurotransmitter deficiency (41).  

Effects on the epigenome through influencing the methylation pattern of certain 

microRNAs are yet insufficiently identified, but possibly important consequences of 

hyperphenylalaninemia as well (42). Extreme high concentration of Phe can even 

aggregate into amyloid-like fibrils and may play a role in the cognitive impairments seen 

in some patients (43). A summary of these alterations is shown on Figure 2.  

 

 

 
Figure 2: The most severe consequences of hyperphenylalaninaemia are on the 

central nervous system. LAT1, a sodium dependent transport protein facilitates the 

crossing of LNAAs (Phe, Tyr, Trp, etc.) through the blood brain barrier (BBB). High 

blood Phe level competitively inhibits the transport of other LNAAs through LAT1 

whereas high Phe level in the central nervous system competitively inhibits tryptophan 

hydroxylase (TpH) and tyrosine hydroxylase (TH). Low LNAA concentration in the brain 

causes impaired protein synthesis, while growing number of studies show that high Phe 

levels also cause epigenetic changes, impaired myelin synthesis, altered glucose 

metabolism in the frontal cortex, oxidative stress and aggregation as amyloid plaque –

like fibrils (24).  
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1.2.3. Classification  
 

Proper definition of PKU phenotypes is a basic need to determine prognosis, treatment 

strategies and provide optimal patient care. Several classifications were historically used 

based on Phe concentrations, Phe tolerance, residual PAH activity or genotype (44). 

Using pre-treatment blood Phe concentrations for classification was invented in the 1980s 

and is still widely used in daily practice (45). Four phenotypes are generally classified 

with this method: Classic PKU (Phe > 1200 μmol/L); moderate PKU (Phe: 900-1200 

μmol/L); mild PKU (Phe: 600-900 μmol/L) and mild HPA (Phe <600 μmol/L (46). 

However with early diagnosis and therapy initiation this method lost accuracy: patients 

in many cases do not reach peak pretreatment Phe levels (47). Calculating the safe amount 

of Phe intake individually that does not lead to blood Phe levels over the upper target 

range (daily Phe tolerance) is a different way for phenotyping PAH deficiency (47). Its 

major limitation is that Phe toleration is dependent on age, growth rate and concurrent 

diseases as well (24). A more detailed classification system is based on assessing the 

clinical course of PKU, this includes both laboratory results (fluctuation of Phe, Phe/Tyr 

ratios) and symptoms. Due to its complexity, this method is rarely used in practice (44). 

Both the European and the American guideline stand for a simplified classification. The 

Complete European Guideline states, that PAH deficiency should be defined either as 

„mild HPA” (Phe: 120-360umol/l) where no therapy is necessary and „PKU” (Phe > 360 

umol/L) which can be either BH4 responsive and non-responsive (6). The diagnosis and 

management guideline for Phenylalanine hydroxylase deficiency issued by the American 

College of Medical Genetics and Genomics suggests an unifying nomenclature as 

spectrum of PAH deficiency, although accepts to name the most severe form „classical 

PKU” (48). 

 

1.2.4. Epidemiology 
 

Prevalence of PKU is estimated to be 1:12.000 globally, although some ethnics and 

geographic regions are more often affected than others. PKU is generally more frequent 

in Caucasian populations and East Asian countries (49). In Europe the prevalence ranges 

from 1:2700 newborn in Italy to less than 1 in 100.000 in Finland (50). Turkey is a typical 
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example that higher prevalence of PKU can be seen than ethnic composition would 

suggest in countries, where consanguineous marriage is frequent (prevalence 1:4370) 

(51). The Russian republic of Karachay Cherkessia has the highest prevalence with 1:850 

births (52). 

Estimated prevalence in Hungary is 1:8500 newborn and carrier frequency is 1:50. Eight 

to twelve children are diagnosed with PKU in Hungary every year (53). 

 

1.2.5. Genetics 
 

There are 1150 known pathogenic variants of the PAH gene on chromosome 12 according 

to the ”Humane Gene Mutation Database” (http://www.hgmd.cf.ac.uk). Autosomal 

recessive inheritance of these mutations lead to disturbed production of the PAH 

monomers and consequently to impaired function or complete absence of the PAH 

protein. Less often the cause of functional PAH deficiency is disturbed BH4 metabolism 

or mutations in the chaperone DnaJ heat shock protein family (hsp40) member C12 

(DNAJC12) (54). 

58% of PAH variants are missense in-frame mutations (50). Some variants lead to 

overproduction of hypoactive monomers while others are associated with instability and 

fast degradation of the monomers (55). Due to the many existing variants and the 

autosomal recessive inheritance many patients are compound heterozygotes but some 

variants are more common than others. The R408W mutation (p.Arg408Trp) is the most 

common in Hungary and in most Eastern European populations (56). This variation is 

associated with extreme instability of PAH with 0% residual enzyme activity and causes 

classical PKU (55).  

Genotype-phenotype prediction is particularly problematic in PKU (57): inter-allelic 

complementation may lead to changes in the activity and stability of the resulting tetramer 

(58). Correlation between pathogenic variants and clinical outcome is weak (14). 

However, genotyping is useful to suggest (or to rule out) potential BH4 responsiveness 

(59).   

http://www.hgmd.cf.ac.uk/
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1.2.6. Screening 
 

Obligatory NBS and early therapy initiation fundamentally changed the prognosis of 

PKU. It was the bacterial inhibition assay invented by R. Guthrie that enabled widespread 

newborn screening for hyperphenylalaninaemia in 1962 (10). Blood Phe concentrations 

are normal at birth, but reach toxic levels in the first days of life. Although precise timing 

is variable worldwide, blood sampling should happen in the 2nd or 3rd day of life (47). 

For analysis, a drop of blood is collected from the neonates heel using a standardized 

filter paper(44). If biochemical analysis is positive, confirmatory testing and further 

investigation is needed to provide precise diagnosis. The diagnosis of IEM has undergone 

revolutionary progress in recent decades enabling more sophisticated analytical methods 

than the Guthrie microbiological inhibition test: enzymatic techniques, High performance 

liquid chromatography (HPLC) and tandem mass spectrometry are widely used (3). In 

Hungary tandem mass spectrometry is preferred: this method reliably provides 

quantitative determination of concentration of multiple substances using small samples 

of blood (60). 

As detailed above, genotyping is mainly used to exclude patients with BH4 unresponsive 

mutations (61). 24 or 48-hour BH4 loading tests may enable diagnosis of BH4 and 

DNAJC12 deficiency and are used to prove BH4 responsiveness in chosen PKU patients 

(24). Reassessing BH4 responsiveness may be justified as some patients who are initially 

unresponsive may still show response in older age (62). Although prenatal diagnosis is 

possible through chorion villus biopsy and genotyping, it is almost never sought for (14). 

 

1.2.7. Therapy 
 

Impairment in brain development starts from the first days of life: every 4 weeks delay in 

therapy initiation leads to 4 points decline in IQ score (63). In most PKU patients residual 

PAH activity cannot be stimulated so reducing Phe intake is crucial to achieve optimal 

metabolic control. The main aim of PKU treatment is to achieve adequate neurocognitive 

and somatic development with a subjectively perceived quality of life as normal as 

possible. 

Recent American and European guidelines hold similar opinions regarding most aspects 

of PKU care, one of the major difference being that the US guideline suggests lower Phe 
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levels for patients older than 12 years (target Phe: 120-360 μmol/L (6, 48). The European 

guideline on PKU stands for maintaining Phe levels below 360 μmol/L to prevent severe 

cognitive sequelae only until patients reach the age of 12 years (64). For older patients 

controlled longitudinal studies would be much needed to describe the exact relationship 

between outcomes and increased Phe levels (6). Hence evidence is inconsistent regarding 

the consequences of Phe concentrations between 360 and 600 μmol/L in adults(65), the 

European guideline advises lifelong treatment with an upper Phe target value of 600 

μmol/l. Regular follow-up is especially crucial in women of childbearing age because of 

potential maternal PKU syndrome of the fetus. Blood Phe concentrations should not 

exceed 360 μmol/L in pregnant women (6). 

 

1.2.7.1. Dietary management 

 

The concept of reducing certain amino acid intake was a huge step in understanding not 

only PKU but other IEMs as well (e.g. homocystinuria, maple syrup urine disease 

(MSUD)). Dietary therapy has been the mainstay of PKU therapy for several decades 

now. Dietary therapy consists of three major elements: limiting natural protein 

consumption, supplementation with amino acid supplements (AAS) and low-protein 

medical foods.  

Limiting Phe intake trough natural protein restriction depends on the residual activity of 

PAH and on Phe necessity which is influenced by growth, age and concurrent illnesses 

as well. Different protein sources contain different amount of Phe: while animal sources 

usually provide about 50 mg Phe per 1 g protein, the same ratio is approximately 20-40 

mg in most fruits and vegetables. As most patients on dietary therapy do not tolerate more 

than 500 mg Phe a day, most patients need to keep a strict, restrictive diet (66, 67). 

Because it is not possible to selectively exclude Phe from nutrition, restriction of natural 

proteins alone can lead to deficiency of other essential amino acids, vitamins and 

micronutrients (68). Symptoms of protein and Phe deficiency are similar: abnormal 

growth, hair loss, lethargy or eczema among others (69, 70). To prevent malnutrition and 

hypovitaminosis, amino acid supplements enriched in Tyrosine and other micronutrients 

are given to all patients who keep a natural protein-restricted diet (6). Finally, low-protein 

foods which are high on fat and carbohydrates are available for patients to supplement 

energy and to enable a diet as normal as possible (66).  
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Although palatability of low-protein foods and amino acid mixtures improved in the last 

decade (71), it is still an impeding factor in therapy adherence (72). Novel inventions as 

glycomacropeptide (GMP) and LNAAs may serve as viable alternatives in the near future 

(73, 74). 

 

1.2.7.2. Pharmacological treatment 

 

Although dietary treatment is the golden standard in PKU care, two drugs were approved 

in recent years to lower Phe levels. The synthetic analogue of the cofactor BH4 

(sapropterin dihydrocloride) was approved in 2007 (74). Sapropterine dihydrocloride is a 

widely used medication in BH4 deficiency and which later proved to be useful in some 

PKU patients as it has an additional role in stabilising PAH (74). Only a minority of PKU 

patients profit from BH4 treatment however, responsiveness is most often seen in those 

who have mild PKU with higher residual PAH activity (24). Although some mutations 

determine BH4 unresponsiveness, in most cases a BH4 loading test is needed to prove 

usefulness (59). Sapropterine dihydrocloride is available in Hungary based on individual 

evaluation. The BIOPKU database lists all alleles that are proved to be responsive to BH4 

treatment (http://www.biopku.org/home/biopku.asp). According to the complete 

European guidelines on PKU: patients with non-BH4-responsive mutations should not be 

tested for BH4 responsiveness whereas patients with 2 responsive alleles may start 

instantly with a trial of BH4 instead of a loading test (6). 

Recent development of the injectable pegylated Phenylalanine-ammonia lyase 

(pegvaliase) is a huge milestone in PKU therapy. Pegvaliase was approved in 2018 by the 

FDA and is increasingly available for patients in Europe. This enzyme replacement 

therapy is administered as a subcutaneous injection and reduces blood Phe levels 

independently of PAH or BH4 (75). Pegvaliase was able to normalise blood Phe level and 

therefore completely replace diet in the majority of patients (75). The disadvantage of 

pegvaliase is the unfavorable adverse reaction profile: severity ranges from skin rash to 

joint pain and in some cases to anaphylaxis (75). Although it can take more than a year 

to achieve the aimed reduction in Phe levels, adverse reactions show a tendency to wear 

off in the first 6 month (75). 
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1.2.8. Special considerations of patient care in different stages of life 

 

Complications of PKU and difficulties associated with therapy present different 

challenges at different ages. 

Infancy: Dietary adherence is best in infancy (14). Until the exact protein composition 

of breastmilk was not described, breastfeeding was not allowed for babies with PKU (24). 

Fortunately, breastfeeding is now possible in PKU patients and with adequate metabolic 

control, a mother with PKU can breastfeed her affected child too (76). 

Childhood: Fonnesbeck et al reported in their meta-analysis, that having high Phe levels 

in young age predicts low IQ score (<85) more precisely than high levels in older patients. 

Based on this finding, a critical (<6 years) period was defined (77). Intensified care is 

needed in childhood as uneven growth rates and concurrent illnesses may lead to highly 

variable Phe requirements (6). There is great room for improvement in this aspect because 

the majority of patients younger than 10 years struggle to achieve optimal metabolic 

control (78). 

Adolescence: Walter et al reported that after 10 years of age the majority of analysed 

samples exceed the recommended threshold for Phe (22). Adolescence is characterised 

by a decrease in dietary adherence for several reasons: A strict low-protein diet is very 

different from the diet of peers, making optimal dietary adherence difficult (72, 79). 

Another challenge for patients is the timing of taking over responsibility of their own diet 

from parents. Van Spronsen et al. in a recent paper emphasize the ponderosity of living 

with a chronic disease were therapy inadherence does not lead to acute consequences 

(24). Finally, suboptimal metabolic control itself may impair compliance: adequate higher 

cerebral functions (e.g. strategic planning) are needed to maintain target Phe levels (80). 

Adulthood: There is increasing evidence regarding the long-term consequences seen in 

adult, early treated PKU patients. Symptoms include executive function deficits, 

disturbances in attention and psychosocial impairment. Correlation is proven between 

concurrent/past Phe levels and brain damage in adult PKU patients (81). 

The oldest early-treated PKU patients are still middle-aged adults: we can only speculate 

which novel complications may surface when these patients advance in age. Regular 

outpatient visits and close follow-up should help to determine individual risks for 
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complications. The complete European guideline on Phenylketonuria stands for life-long, 

regular follow-up of all patients and contains specific recommendations for patient care. 

Principles regarding follow-up of adult patients are shown on Table 2 (6).  

 

Table 2: Recommendations for optimal patient care of adult PKU patients based on 

the complete European guideline on Phenylketonuria (6). Special recommendations 

for pregnant women are not included. 

Systematic follow-

up 
Frequency Recommendations 

Outpatient visit Every year 
Additional visits are recommended if 

metabolic control is suboptimal. 

Clinical nutritional 

assessment 
Every 12-24 months 

Dietary assessment with food diary 

Assessment of anthropometric 

characteristics with particular 

emphasis on clinical features of 

micronutrient and Phe deficiency 

Metabolic control Every month 
Monthly determination of plasma Phe 

levels and yearly AA profiling 

Bone density If needed 

Bone mineral density (BMD) 

measurement in case of increased risk 

or clinical suspect of metabolic bone 

disease 

Neurocognitive functions 
Once at age 18 years with 

additional tests if needed 

Testing should include IQ, perception 

and visuospatial functioning, 

executive functioning and motor 

controls 

Adaptive/behavioral 

issues 
Every year 

Screening of adaptive issues is needed 

at age 18 and than annual 

reevaluation is recommended. 

Neurological 

complications 
Every year As part of the clinical examination 

Psychosocial functioning, 

Quality of Life (QoL) 
Every year 

Screening with the PKU-QoL adult 

questionnaire with annual 

reassessment is suggested 

Psychiatric examination If needed If psychiatric disturbances occur 

White matter 

abnormalities 
If needed If clinical outcome is unexpected 

 

Maternal PKU Syndrome (MPKUS): Suboptimal metabolic control of PKU in pregnant 

female patients may lead to MPKUS of the fetus (while not causing symptoms in the 

mother). The association between high maternal blood Phe levels and the syndrome was 

first described in 1957 (24). Several studies proved (82, 83) that even moderately elevated 

Phe levels (300-400 μmol/L) in maternal blood may increase the risk for MPKUS. 
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Typical symptoms of MPKUS are developmental delay, microcephaly, cardiac 

malformations, intrauterine growth restriction, dysmorphia (84). The European guideline 

on Phenylketonuria not only sets a stricter upper target value of Phe to 360 μmol/L but 

also recommends intensified follow-up already while planning childbirth (6).  

 

1.2.9. Patient care in Hungary  
 

In Hungary, newborn screening of 3 inborn errors of metabolism was introduced nation-

wide in 1976: galactosaemia, biotinidase-deficiency and PKU. These 3 diseases were 

later expanded to 25 (with congenital hypothyroidism being the 26th) altogether. 

Two metabolic centers are responsible for PKU patients in Hungary:[1] Department of 

Pediatrics and Pediatric Health Center of the University of Szeged and [2] 1st Department 

of Pediatrics of the Semmelweis University.  

In the Budapest region, adult PKU patients are treated at the Department of Internal 

Medicine and Oncology of Semmelweis University. With around 200 patients attending 

annual check-ups, this metabolic center belongs to the larger ones in Europe (85).  

 

1.2.10. Complications in adulthood 
 

1.2.10.1. Neurological alterations 

 

Several neurological symptoms have been described by patients who discontinued 

treatment: leukoencephalopathy, parkinsonism and even loss of vision (81). Restarting 

therapy can partially or fully reverse these complications and frank neurological disease 

is uncommon (3, 19). Even patients who adhere to continuous dietary treatment may 

experience brisk reflexes and tremors (86). Previously published results of this research 

group showed that several domains of executive function (coordination of fine movement, 

spatial planning and problem solving) are affected in both adherent and partially-adherent 

adult patients (87). We also reported structural changes of the retina in early-treated adult 

PKU patients (88, 89). 

1.2.10.2. Neuropsychiatric alterations 
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Loss of metabolic control in adulthood and adolescence leads to anxiety, social 

withdrawal and irritability by some patients (90, 91). On the other hand, optimal therapy 

adherence does not hinder the occurrence of all psychiatric complications either: 

attention-deficit hyperactivity disorder and learning disabilities are more common in 

early-treated PKU patients than their healthy peers (92).  

1.2.10.3. Alterations in bone metabolism 

 

It is widely known that risk for osteopenia (and even severely decreased bone mineral 

density) is higher in a subgroup of early treated PKU patients (93, 94). However, the lack 

of articles of appropriate quality and methodology makes it difficult to examine these 

alterations. Even the definitions of osteoporosis and osteopenia are used heterogeneously 

between articles and often do not meet WHO and International Society for Clinical 

Densitometry (ISCD) standards on reporting BMD (93).  

In contrast to previous results (21, 95), Demirdas et al published a meta-analysis in which 

only early-treated PKU patients were involved. They found lower BMD Z-scores in 

patients with ETPKU compared to healthy controls at both the lumbar spine and the 

femoral hip but mean BMD was not out of the reference range (93). A recent review 

confirms that mean BMD is decreased in patients with PKU, although only a minority of 

patients had results below normal range (96). Detailed assessment of bone metabolism 

proved that bone turnover is shifted towards bone removal, especially in adults (97-100). 

One study found a 2.6 times higher risk for fracture in patients compared to healthy 

controls, although this aspect is insufficiently examined (96, 101). All in all, international 

literature on bone health in adult PKU is still scarce, and publications often report 

contradictory results. 

The underlying pathomechanism is only partially described, with several etiological 

factors hypothesized: It seems that high Phe concentrations may alter osteoclast and 

osteoblast function (102). A restrictive diet low in natural protein and consuming medical 

formulae may also add to role in altered bone formation (103). Calcium, phosphorus and 

vitamin D intake may be disturbed, and excessive ureagenesis and suboptimal amino acid 

composition may also contribute (98, 100). As regular physical exercise and sport is 

crucial in maintaining healthy bone structure, patients suffering from neurological and 

psychiatric complications are at greater risk (104, 105). Additionally, fluctuations in 
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blood Phe concentrations and genetic polymorphisms linked to Phenylketonuria may 

have a role in altered bone health (96). 

The European guideline on PKU stresses the importance of adequate vitamin D and 

calcium intake, regular physical activity and optimizing natural protein intake. BMD 

should be assessed in adolescence, and further follow-up may be necessary by all patients 

at risk (6).  

1.2.10.4. Quality of life outcome 
 

Both PKU itself and its therapy is expected to influence Quality of Life (QoL) of early-

treated PKU patients and their families. Living with a chronic disease, avoiding high 

protein foods as meat or eggs and consuming medical foods (that often have unpleasant 

tastes) presents social, emotional and financial burden (72). This results in suboptimal 

compliance to therapy (especially in adolescence and adulthood), and an increasing 

frequency of somatic complications (79, 106) As new therapies emerge, new goals are set 

for patient care and improving quality of life of patients (and their loved-ones) became a 

new therapeutic goal (107, 108).  

Quality of life can be defined using general or disease specific Health-Related Quality of 

Life (HRQoL) questionnaires. The concept is based on subjective patient- report about 

disease and therapy impact on daily life. Target domains include: somatic, psychological, 

social and general well-being (109). Several authors investigated HRQoL in adult 

ETPKU patients, but most of them utilised generic QoL questionnaires., Although most 

articles found a HRQoL comparable to healthy controls (110-115), some studies report 

unfavorable outcome in adult PKU patients (116, 117). A recent, generic questionnaire 

based study conducted by Aitkenhead et al with a large sample of adult PKU patients 

(154 patients involved) reported, that - in case of adequate therapy adherence in childhood 

– relaxing diet in adulthood did not lead to worse educational, occupational outcomes or 

greater prevalence of anxiety or depression (118). The same research concluded that 

partially therapy adherent patients had significantly worse HRQoL scores than those on- 

or off-diet.  

Generic questionnaires are widely used to compare certain patient groups to an unaffected 

population but tend to miss specific areas of interest which are not relevant for the general 
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population (difficulties of „eating-out”, financial burden of consuming medical foods, 

etc.) (119). The European guideline on Phenylketonuria recommends the use of the 

recently developed, population specific „PKU-QoL” questionnaire (6), which addresses 

the most important issues that affect PKU patients: symptoms, disease impact, diet and 

supplements (120). Research using specific quality-of-life questionnaires is essential to 

identify patients' problems, but few studies have been carried out so far in PKU, and most 

of these included either children or their parents only: Morawska et al. found that in 

families where the parenting strategy of over reactivity is often used, children with PKU 

tend to have lower lifetime Phe-levels but higher scores in the impact of PKU module 

(121). Recently, a Hungarian study was published as well: Becsei et al. focused on the 

effects of metabolic control using the PKU-QoL version for parents and children. In 

general, patients and parents showed good HRQoL with most domains minimally affected 

but children with suboptimal metabolic control had worse HRQoL (122).  

1.2.10.5. Alterations in body composition 
 

Although growth restriction in treated children was hypothesized earlier (123), recent 

results disproved this (124-126). Authors found contradictory evidence regarding weight 

(125, 127-131) but there is growing body of work suggesting that overweight is more 

prevalent in PKU (132, 133), especially in females (134, 135). Pathogenesis of obesity is 

not known in PKU patients. It is assumed that taking calorie-rich AAS, premature 

transition to adult products and lack of physical exercise all add to unfavorable body 

composition (132, 136). 

Obesity as a major risk factor for metabolic syndrome and various diseases receives 

increasing attention in adult PKU population. Indeed, some recent articles reported 

accumulation of several cardiovascular risk factors in patients with ETPKU. Preventing 

- and if needed, treating - obesity has become a necessity (137, 138), but before 

appropriate care and prevention plans can be optimised, carefully designed studies are 

much needed.  
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2. Objectives  
 

Early treated PKU patients reach adulthood without major impairments, but long-term 

outcome is only partially explored (139). Potential consequences are neuropsychiatric 

symptoms, nutritional deficiencies, suboptimal psychosocial outcomes, altered body and 

bone composition. Our research team aims to help detect and prevent long-term 

complications of early treated PKU patients: previously published work covered 

ophthalmological (88, 89); neurocognitive (87) and endocrinological (140) fields of 

interest. My doctoral work and this thesis focus on three areas which have recently 

received increasing attention. Precise assessment of health-related quality of life is an 

essential need to improve patient care, while impaired bone health and altered body 

composition may lead to secondary consequences as patients reach older ages.  

 

2.1. Assessment of Health Related Quality of Life outcomes in 

early-treated adult PKU patients using the PKU-QOL adult 

questionnaire  

 

Patients' subjective perception of quality of life may be affected by the disease as well as 

by the strict therapy. Few studies have investigated the relationship between adherence to 

therapy and quality of life (all of these using generic methods) and results are 

contradictory (117, 129, 141, 142). Prior to our study, there was no results available at all 

about differences in health-related quality of life between patients on good and 

suboptimal therapy using the recently developed PKU-QoL (143). The aim of our study 

was to assess the quality of life of Hungarian adult ETPKU population and to compare 

adult diet adherence and health-related quality of life outcomes. 
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2.2. Body composition assessment of early-treated, adult 

Phenylketonuria patients using Multifrequency bioelectrical 

impedance analysis (MF-BIA) 

 

Traditional, simplified methods (e.g. Body mass index) can be misleading when assessing 

body composition. A detailed assessment is essential for obtaining precise results. Most 

studies use Dual-energy X-ray absorptiometry (DXA), which has the disadvantage of 

exposing the patient to ionising radiation. The mutifrequency Bioelectrical Impedance 

analysis (MF-BIA) method is able to measure the differences in the impedance of the 

electronic currents flowing through the cells of the body, calculating regression models 

and performing accurate body composition measurements. The method has the advantage 

of having no side effects and is inexpensive, but its use is limited by changes in water 

homeostasis (144, 145). Bioelectrical Impedance analysis has been well tested in the 

general population (146).  

In this single-center, cross-sectional study we examined the detailed body composition of 

adults with ETPKU using MF-BIA. Main goals were the following: 1) to reveal potential 

correlations between body composition characteristics and therapy adherence, 2) to 

clarify sex differences and 3) to compare MF-BIA results of patients with healthy age and 

gender matched adults.  

 

2.3. Bone mineral density in early-treated, adult PKU patients 

using dual-energy x-ray absorptiometry  

 

Although decreased mean BMD is reported in patients with PKU, data regarding adult 

patients is insufficient and methodology of publications is highly heterogeneous (93, 94). 

In Hungary, there has been no comprehensive study of bone health in adult PKU patients 

so far. We aimed to assess bone mineral density of the Hungarian early-treated adult 

Phenylketonuric population.  
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Some authors hypothesize that the restrictive dietary therapy may play a significant role 

in altered bone health, although there is no consensus on the pathoetiology in PKU (103). 

We analysed the change in bone mineral density longitudinally over several years and 

simultaneously assessed blood amino acid concentrations to reveal possible correlation 

between metabolic control and changes in bone density. 
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3. Results  
 

Following the guidance of the Doctoral school, in this thesis I excluded or only briefly 

described the methods which I have already published in previous articles with my 

authorship. 

3.1. Assessment of Health Related Quality of Life outcomes in 

early-treated adult PKU patients using the PKU-QoL adult 

questionnaire  

 

Eighty-eight adult ETPKU patients (with classical, moderate and mild phenotype) were 

recruited in this single-center, cross sectional, observational study in which we assessed 

1) the HRQoL of Hungarian PKU patients and 2) the relation of HRQoL scores and 

dietary adherence.  

All participants attended our metabolic outpatient clinic for at least 10 years at the time 

of filling out the standardized and validated PKU-QoL adult questionnaire (120). The 65 

questions of the PKU-QoL adult questionnaire cover the main issues related to living with 

PKU and PKU therapy. Questions are grouped in domains which form the 4 main 

modules (Table 3). Actual Phe concentration was measured at the time of completing the 

questionnaire. We assessed long- and medium-term adherence by calculating the mean 

Phe concentration from the last 10 years and last year. Lifetime Phe levels from birth 

were available for 47 patients.   
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Table 3: Modules and domains of the adult PKU-QOL questionnaire. (120) 

PKU Symptoms module PKU in General module 

Administration of Phe-

free Protein Supplements 

module 

Dietary Protein 

Restriction 

module 

 

Self-health rated status 

 

Headaches 

 

Stomach aches 

 

Tiredness 

 

Lack of concentration 

 

Slow thinking 

 

Trembling hands 

 

Irritability 

 

Aggressiveness 

 

Moodiness 

 

Sadness 

 

Anxiety 

 

Emotional impact of PKU 

 

Practical impact of PKU 

 

Social impact of PKU 

 

Overall impact of PKU 

 

Anxiety-blood test 

 

Anxiety-blood Phe levels 

 

Anxiety-blood Phe levels 

during pregnancy 

 

Financial impact of PKU 

 

Information on PKU 

 

 

 

 

Adherence to supplements 

 

 

Practical impact of 

supplements 

 

 

Guilt if poor adherence to 

supplements 

 

 

Impact of supplements on 

family 

 

 

Taste - supplements 

 

 

 

 

 

 

 

 

Food temptations 

 

Adherence to 

dietary protein 

restriction 

 

Social impact of 

dietary protein 

restriction 

 

Practical impact of 

dietary protein 

restriction 

 

Overall impact of 

dietary protein 

restriction 

 

Taste of low 

protein food 

 

Guilt if dietary 

protein restriction 

not followed 

 

Overall difficulty 

following dietary 

protein restriction 

 

Food enjoyment 

 

Detailed description about calculation of scores is published in our previous article, here 

I highlight core elements: All domain scores were transformed to scores 0-100 for better 

clarity. In general, higher scores mean greater impact (or worse adherence / more frequent 

symptoms). Severity of scores in the domains should be interpreted according to the 

following: 0-25 indicates little/no; 26-50 indicates moderate; 51-75 indicates major and 

scores over 75 indicates severe impact / frequent symptoms (143). Similarly, self-rated 

health status was rated subjectively by the patient between 4 – 0: Poor (4), fair (3), good 

(2), very good (1) or excellent (0). 

3.1.1. Descriptive results 

Baseline demographics and blood Phe results are shown in Table 4. Gender distribution 

was balanced (46 female/42 male), median age was 31 (25-40) years. Mean Phe over the 



31 

 

last decade was 588±197 μmol/l. Seventy-five percent of all patients had classical PKU, 

14% had moderate and 11% had mild PKU or HPA. Seventy-seven percent of all patients 

declared their own overall health status as good or excellent (with a median score of 50 

(25-50)). The subgroup of patients by whom lifetime Phe was available („Lifetime Phe 

group”) had a median age of 30 (25-37) and gender distribution in this group was almost 

equal (23 female and 24 male). Mean lifetime Phe was 543±200 μmol/l. 

Table 4: Baseline demographics and blood Phe measurements of patients grouped 

based on disease severity. Tests are two-tailed, using independent samples t-test. 

Significance: *p<0.001. SD=standard deviation, IQR=(25th–75th percentile). (147) 

 
Non-classical PKU 

(n=22) 

Classical PKU 

(n=66) 

All 

patients 

(N=88) 

Age 
median, IQR 

(years) 
30 (24–38) 33 (26–41) 

31 (25–

40) 

Gender 
male (n) 7 35 42 

female (n) 15 31 46 

Blood Phe last measurement 
mean±SD 

(μmol/L) 
421±175* 660±236* 600±236 

Blood Phe last year 
mean±SD 

(μmol/L) 
427±176* 637±198* 584±212 

Blood Phe last 10 years 
mean±SD 

(μmol/L) 
441±185* 636±176* 588±197 

 

Median domain scores did not reach „major or severe impact/frequent symptom” 

category (median score larger than 50) in any domain in the total patient group. Domains 

where moderate impact/symptom severity was noted are shown in Table 5. We 

highlighted „guilt of poor adherence to supplements” domain as well because of the 

relatively high number of patients who experienced major impact.  
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Table 5: Most severely affected domains among all patients. Median (25th-75th 

percentile). (147) 

Affected domains Median (IQR) 

Tiredness 50 (25–50) 

Anxiety - Phe levels during pregnancy 50 (25–100) 

Emotional impact of PKU 35 (15–50) 

Taste - supplements 50 (25–50) 

Guilt if poor adherence to supplements 25 (25–75) 

Guilt if dietary protein restriction not followed 50 (25–75) 

 

Symptoms like stomach aches (median, IQR (0, 0–25)), slow thinking (0, 0–25), 

trembling hands (0, 0–25), aggressiveness (0, 0–25) and sadness (0, 0–50) were especially 

rarely reported by patients. Other spared aspects of living with PKU were food enjoyment 

(0, 0–25), practical impact of supplements (0, 0–19), anxiety about blood tests (0, 0–25) 

and financial impact of PKU (0, 0–25). 

3.1.2. Association between metabolic control and quality of life scores 

We assessed the correlation between PKU-QoL scores and blood Phe levels in three time 

periods among all patients: concurrent, last year mean and last 10 year mean Phe 

concentrations. Although no strong correlation was found, we report weak to fair positive 

correlation in various domains. Significant correlations are shown in Table 6.   
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Table 6: Correlation analysis of QoL scores and metabolic control. Tests are one-

tailed, for positive correlation using Spearman test (except three domains). Alternative 

hypothesis states that there is a positive correlation between domain score and Phe level 

in the examined time frames. Pearson's test was used in 3 domains because the pairs of 

variables followed a bivariate normal distribution in the study population. 

Rs=Spearman’s Rho, Rp=Pearson’s Correlation. Significance: *p<0.05; **p<0.01. 

(147) 

Domain name  
Blood Phe last 

measurement 

Blood Phe 

last year 

Blood Phe 

last 10 

years 

Trembling hands Rs 0.145 0.114 0.213* 

Taste - Low-protein food Rs 0.284** 0.258* 0.172 

Food temptation Rs 0.173 0.248* 0.161 

Social impact of dietary protein 

restriction 
Rs 0.263* 0.231* 0.203* 

Adherence to supplements Rs 0.235* 0.290** 0.344** 

Adherence to dietary protein 

restriction 
Rs 0.264* 0.350** 0.268* 

Practical impact of dietary protein 

restriction 
Rp 0.198* 0.202* 0.17 

Overall impact of dietary protein 

restriction 
Rp 0.265* 0.252* 0.228* 

Anxiety - Phe levels Rs 0.186* 0.209* 0.163 

Practical impact of PKU Rs 0.253* 0.210* 0.219* 

Overall impact of PKU Rs 0.203* 

 

0.206* 

 

0.165 

Emotional impact of PKU Rp 0.306** 0.251* 0.172 
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3.1.3. QoL scores and lifetime Phe levels 

Forty-seven patients were eligible for analysis based on lifetime metabolic control. We 

assessed the correlation between QoL scores and lifetime mean Phe levels and we found 

that trembling hands affected patients with higher lifetime Phe levels more often 

(Rs=0.468, p<0.001) and we report positive correlation in the emotional impact of PKU 

(Rs=0.291, p=0.025) domain as well. 

3.4. Classical versus Non-classical PKU group 

Classical PKU patients need a much stricter therapy to maintain optimal metabolic control 

so we compared QoL scores of patients with classical and with non-classical PKU. 

Patients with classical PKU reported significantly greater financial burden in conjunction 

with their illness (p=0.039; U=840; Rank-Biserial=0.231) but there was no apparent 

difference in other domains.  

3.5. Differences between classical PKU patient groups based on therapy 

adherence 

Patients who are less adherent to therapy are freer to organize their daily lives but suffer 

more from complications of PKU. We performed subgroup analysis in the classical PKU 

group: two subgroups were formed in all time frames based on therapy adherence: 

Classical PKU patients with optimal therapy adherence (Phe or mean Phe < 600μmol/l) 

and with suboptimal therapy adherence (Phe or mean Phe > 600 μmol/l). We compared 

HRQoL of these subgroups to evaluate the importance of therapy adherence on 

subjectively rated quality of life and found significantly greater scores in patients with 

suboptimal therapy adherence in several domains (Figure 3). 
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Figure 3: Patients with classical PKU on short- and/or long-term suboptimal 

therapy adherence had significantly worse outcomes in the above listed domains. 

Long-term Phenylalanine is calculated based on mean Phe in the last 10 years whereas 

short-term phenylalanine was measured at the time of filling out the questionnaire. For 

statistical analyses Mann-Whitney U test or T-test were used based on the distribution of 

variables. domains are only included if difference was significant (p<0.05). (147) 

 

Long-term mean phenylalanine was 636±176 μmol/L (270-1174) in the classical PKU 

patients group, whereas 30 (45%) patients were able to keep good therapy adherence 

(mean Phe levels below 600 μmol/L) over 10 years prior to the investigation. Similar 

number of patients adhered to diet optimally, independently from examined time frames.  

Classical PKU patients who maintained good therapy adherence for at least 10 years, 

rated their general health status significantly better than patients with suboptimal 

adherence (p=0.043; U=616; Rank-Biserial=0.245). It should be highlighted however, 

that this difference was not apparent in the short-term (Figure 4).  
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supplements 

Adherence to dietary 
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Anxiety about Phe levels 

Trembling hands 

Stomach aches 

Food enjoyment 

Long-term high Phe Short-term high Phe 

Slow thinking 
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Food temptation 
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Figure 4: Comparison of self-rated health status. PKU-QoL scores related to diet 

adherence among classical PKU patients in different time frames. Lower scores 

represent better self-rated health status. Boxplots should be interpreted as follows: 

interquartile range (Q1-Q3); -: median; bottom and top bars: observed minimum and 

maximum values; ○: outliers. Tests are one-tailed Mann-Whitney tests. Significance: 

p<0.05. (147) 

 

3.2. Body composition assessment of early-treated, adult 

Phenylketonuria patients using MF-BIA 

 

Among the fifty patients with ETPKU (age range 18–42 years), forty-five had classical 

PKU and five (four female and one male) had moderate PKU. Forty healthy age and 

gender matched controls were recruited for body composition comparison. Detailed 

description of methodology and inclusion criteria are available in the original paper of 

our study. 

3.2.1. Baseline characteristics of PKU patients  

Relevant anthropometric findings, AAS intake and Phe levels are presented in Table 7, 

whereas lipid and protein markers are presented in Table 8.  
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Table 7: Differences in baseline characteristics and anthropometry between female 

and male patients with PKU. Daily amino acid supplement intake (AAS) is calculated 

as total AAS intake per day divided with ideal body weight. Tests are two-tailed, using 

independent samples t-test (results reported as mean±SD) or Mann-Whitney test (results 

reported as median (25th--75th percentile)) based on the distribution of variables. 

Significance p<0.05. (148). 

 
Female  

n=27 

Male 

n=23 
p-value 

Age 31 ± 7.8 26.6 ± 7.6 0.052 

Height (cm) 160 ± 6.4 173 ± 7.4 <0.001 

Weight (kg) 67.3± 11.2 76.1 ± 15.8 0.035 

Body mass index 26.3 ± 4.4 25.2 ± 4.9 0.410 

Waist to hip ratio 0.92 ± 0.06 0.90 ± 0.09 0.570 

Percent body fat (PBF) 36.7 (30.6-42.2) 18.7 (14.3-29.8) <0.001 

AAS (g/kg) 0.85 (0.01-0.93) 0.94 (0.82-1.12) 0.014 

Mean Phe over last 10 years 

(μmol/l) 
676 ± 174 579 ± 146 0.041 

 

Table 8: Differences in laboratory findings between female and male patients with 

PKU. Tests are two-tailed, using independent samples t-test (results reported as 

mean±SD) or Mann-Whitney test (results reported as median (25th-75th percentile)) based 

on the distribution of data. Significance p<0.05. (148) 

 
Female 

(n=27) 

Male 

(n=23) 
p-value 

Triglycerides (mmol/L) 1.12 (0.81-1.5) 1.37 (0.91-1.7) 0.362 

Total cholesterol (mmol/L) 4.58 ± 0.83 3.96 ± 0.79 0.010 

HDL-cholesterol (mmol/L) 1.29 ± 0.29 1.06 ± 0.19 0.002 

LDL-cholesterol (mmol/L) 2.90 ± 0.65 2.54 ± 0.66 0.061 

LDL/HDL 2.19 (1.71-2.95) 2.36 (1.77-3.08) 0.629 

Albumin (g/L) 47.56 ± 3.37 48.20 ± 3.56 0.514 

Prealbumin (mg/dL) 27.94 ± 3.88 30.86 ± 3.39 0.008 

Total protein (g/L) 75.80 ± 4.93 74.68 ± 4.77 0.396 

 

Therapy adherence was significantly worse in female patients when compared to males: 

Long-term (10 years interval) mean Phe levels were higher (p=0.041; Cohen’s D=0.59) 

whereas AAS intake (per ideal body weight) was less (p=0.014; Cohen’s D= −0.61). 
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Thirty-five percent of males and 67% of female patient had mean Phe levels over the 600 

μmol/l threshold during the examined 10 years interval. 

While we found Percent Body Fat below target range by one male patient, PBF was above 

target range (given by the MF-BIA machine) by 48% of male and 86% of female patients. 

Although Body mass index (BMI) was similar in both sexes (p=0.4; Cohen’s D=0.23), 

women had significantly higher PBF than men (p<0.001; Cohen’s D=1.39). Eighty-nine 

percent of women had a waist to hip ratio (WHR) over 0.85 whereas only 26% of male 

patients had WHR above the upper threshold (>0.90). Mean WHR, which is normally 

higher in males was similar in both sexes in the PKU group (p=0.571; Cohen’s D=0.23). 

Overweight and obesity was frequently seen in the PKU patient group, detailed 

distribution is shown in Figure 5.  

 

Figure 5: Distribution of body mass index among adult PKU patients. Patients with 

Grade II or Extreme obesity were not included in this study. (148) 

Laboratory findings suggested that hypercholesterinemia (total cholesterol >5.2 mmol/L) 

is prevalent in the patient group: 4% of males and 15% of females had high total 

cholesterol. Elevated LDL (>3.3 mmol/L) was seen in 9% and 19% of men and women 

respectively. Female patients had significantly higher HDL (p=0.002; Cohen’s D= 0.9) 

and total cholesterol (p=0.002; Cohen’s D=0.76) when compared with males. We do not 

report hypalbuminaemia, subnormal protein or prealbumin levels. Prealbumin of male 

patients was significantly higher than females however (P=0.008; Cohen’s D= −0.79). 
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3.2.2. Correlation analyses of laboratory findings, body composition 

analysis and therapy adherence in the PKU patient group 

We performed extensive correlation analyses in the PKU patient group (n=50) between 

serum protein (albumin, total protein, prealbumin), serum fat (triglyceride, total 

Cholesterol, HDL-, LDL-cholesterol) and long-term metabolic control of PKU (mean Phe 

over the last 10 years). Significant correlation between therapy adherence and prealbumin 

was observed: AAS intake correlated positively with prealbumin (p=0.012; Spearman’s 

Rho=0.358) but negatively with mean Phe levels in the last 10 years interval (p=0.021; 

Pearson’s R=-0.329). 

Markers of therapy adherence (Phe levels or AAS intake) did not show significant 

correlation with body composition parameters in PKU patients, detailed results are shown 

in Table 9.  

Table 9: Correlational analyses between body composition results and dietary 

compliance or AAS intake by male and female patients with PKU. For calculations, 

amino acid supplement (AAS) intake intake was given as daily AAS intake per ideal body 

weight, and body composition parameters were given as percentages of total weight. For 

correlational analyses, two-tailed Pearson’s or Spearman’s correlation methods were 

used based on the distribution of variables. Significance: p<0.05. (148) 

 
Mean Phe over the last 10 years AAS intake 

Male (n=23) Female (n=27) Male (n=23) Female (n=27) 

 
p-

value 

Pearson’

s R 

p-

value 

Pearson’s 

R 

p-

value 

Spearman’s 

Rho 

p-

value 

Spearman’

s Rho 

Fat free 

mass (%) 
0.47 0.15 0.27 -0.21 0.47 -0.15 0.24 0.23 

Skeletal 

Muscle 

Mass (%) 

0.58 0.12 0.31 -0.20 0.56 -0.12 0.29 0.20 

Percent 

Body Fat 
0.47 -0.15 0.27 0.21 0.47 -0.15 0.23 -0.23 

Protein (%) 0.52 0.14 0.25 -0.22 0.46 -0.16 0.26 0.22 
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3.2.3. Comparison of body composition between PKU patients and 

healthy controls  

We compared the results of MF-BIA examination of 40 PKU (F/M=20/20) patients with 

40 gender-matched healthy adult controls. We performed statistical analysis in women 

and men separately.  

Similar weight and age distribution was seen between patients and controls (Table 10). 

Female patients differed from their healthy controls in several aspects, but this was not 

seen in males. Female controls showed a tendency to have lower BMI (p=0.055; Rank 

biserial effect size: −0.357). whereas WHR (p=0.007; Rank biserial effect size: −0.502) 

and PBF (p=0.028; Rank biserial effect size: −0.407) was significantly higher in women 

with PKU. In contrast, female controls had higher mineral content, fat-free mass, protein 

content and skeletal muscle mass percentage per body weight than PKU patients (Table 

10). 
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Table 10: Anthropometric and body composition results of the case-control 

investigations. Female patients with PKU were compared with female control subjects 

and male patients with PKU were compared with male control subjects. Tests are two-

tailed, using independent samples t-test (results are reported as mean±SD) or Mann-

Whitney test (results are reported as median (25th-75th percentile)) based on the 

distribution of variables. Significance: p<0.05. (148) 

 Male Female 

 PKU (n=20) Control (n=20) p--value PKU (n=20) 
Control 

(n=20) 

p-

value 

Age 
26 (20-

30.25) 
24 (21.75-28.25) 0.37 

29.00 (24.00-

35.25) 

26.5 (23.25-

34) 
0.92 

Height 175.4±5.9 178.8±5.0 0.060 162.3±6.4 164±4.8 0.379 

Weight 

69.85 

(63.32-

84.67) 

81.10 (76.55-

89.92) 
0.10 

71.10 (59.55-

78.85) 

56.45 (53.30-

67.50) 
0.06 

Protein (%) 

16.29 

(14.53-

17.13) 

15.97 (14.25-

16.72) 
0.59 

12.71 (11.49-

13.82) 

14.77 (13.51-

15.46) 
0.03 

Mineral 

(%) 
5.39±0.54 5.49±0.56 0.61 4.6±0.6 5.1±0.6 0.01 

Fat free 

mass (%) 

81.96 

(73.05-

85.25) 

80.61 (72.52-

84.90) 
0.71 

64.20 (58.45-

70.24) 

75.19 (69.25-

77.83) 
0.03 

Skeletal 

Muscle 

Mass (%) 

46.12 

(41.55-

48.55) 

45.47 (41.11-

47.92) 
0.72 

35.56 (32.18-

38.40) 

40.69 (37.52-

43.11) 
0.03 

Percent 

Body Fat 

18.05 

(13.67-

26.95) 

19.4 (15.07-

27.52) 
0.70 

35.80 (29.80-

41.45) 

24.70 (22.17-

30.75) 
0.03 

Body Mass 

Index 

22.80 

(20.72-

27.22) 

25.40 (23.25-

27.20) 
0.13 

26.00 (23.17-

29.30) 

21.50 (19.65-

24.50) 
0.06 

Waist to 

Hip ratio 

0.87 (0.84-

0.96) 
0.88 (0.84-0.93) 0.65 

0.92 (0.87-

0.98) 

0.84 (0.81-

0.88) 
0.01 
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3.3. Bone mineral density in early-treated, adult PKU patients 

using DXA  

 

We performed a retrospective analysis among young-adult ETPKU patients who had at 

least two DXA examinations between 2010 and 2016 and by whom concurrent, regular 

blood Phe measurement results were available. Fifty-nine ETPKU patients were included 

in this study, detailed methodology and exclusion criteria are available in the previously 

published article. The mean interval between the two DXA analyses was 3.32 years.  

3.3.1. Demographics, Metabolic parameters and Bone Mineral Density 

We examined the potential link between metabolic control and BMD alteration: Total 

patient group was divided into two subgroups based on mean Phe levels. Those with mean 

Phe levels over the upper threshold were grouped as „Suboptimal therapy adherence 

group” whereas patients with mean Phe levels in the suggested range (120-600 μmol/L) 

were grouped as „Good therapy adherence group”. Basic demographics and metabolic 

parameters are shown in Table 11.  

Table 11: Basic demographics and metabolic Parameters of patients. Tests are two-

tailed, using Mann-Whitney test based on the non-normal distribution of variables 

(results are reported as median (min-max)). (149) 

 All patients Good therapy 

adherence 

Suboptimal 

therapy 

adherence 

p-value 

Number of 

patients 

59 28 31 - 

gender distribution 

(male/female) 

24/35 9\19 15\16 0.18 

Age (years) 33 (25-42) 33 (25-40) 34 (25-41) 0.46 

Phe (μmol/l) 614.4 (181.8-

1222) 

506.4 (181.8-

598.7) 

779 (606.9-

1222) 

< 0.0001 

Tyr (μmol/l) 52.1 (24.4-

95.4) 

58.3 (29.3 - 

99.4) 

41.47 (24.4-

89.5) 

0.01 

Phe/Tyr ratio 16.2 (4.5-35.4) 9.2 (4.5-20.6) 20.14 (9.0-35.4) < 0.0001 
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Bone fracture was not reported during this time course. Z-score was below -1 SD in 

42% of all patients and our examinations revealed low BMD compared to chronological 

age based on the ISCD guideline criteria (Z-score < - 2.0 SD) in 9 patients. Mean BMD 

change in the examined interval was +0.0380 (-0.1550-0.7800) g/cm2 at the femoral 

neck and +0.0120 (–0.57300–0.3130) g/cm2 at the lumbar vertebra.  

3.3.2. Relationship of BMD change and metabolic control  

We found no significant correlation between mean blood amino acid levels (Phe and Tyr) 

and BMD change in this time frame at any examination sites (Table 12). BMD change 

did not correlate with Phe/Tyr ratio either.  

 

Table 12: Correlation analysis between Phe, Tyr, Phe/Tyr ratio and BMD at femoral 

neck and lumbar vertebra. Tests are two-tailed, using Spearman’s rank correlation 

based on the non-normal distribution of variables. Significance: p<0.05. (149) 

 

FEMORAL NECK: 

 r-value p-value 

Phe 0.05 0.66 

Phe/Tyr -0.14 0.26 

Tyr 0.10 0.42 

 

LUMBAR VERTEBRA: 

 r-value p-value 

Phe -0.05 0.66 

Phe/Tyr -0.08 0.52 

Tyr 0.051 0.69 

 

 

Upon comparing Z-score changes in the two subgroups we did not find significant 

difference, detailed results are presented in Table 13 whereas distribution of Z-score 

changes are shown in Figure 6. 
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Table 13: Change of BMD (Z-score) in the examined time frame in the two groups. 

Tests are two-tailed, using Mann-Whitney test based on non-normal distribution of 

variables (results reported as median (min-max)). Significance: p<0.05. (149) 

 Good adherence Suboptimal adherence p-value 

Femoral neck 

+0.03 

((-0.05) – (+0.78)) 

+0.04 

((-0.15) – (+0.30) 

0.92 

Lumbar 

vertebra 

+0.02 

((-0.05) – (+0.31)) 

+0.002 

((-0.57) – (+0.28)) 

0.38 

 

 

Figure 6: Change of BMD (Z-score) in the two subgroups at the femoral neck and 

lumbar vertebra. Tests are two-tailed, using Mann-Whitney test based on non-normal 

distribution of variables. Significance: p<0.05. (149) 
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4. Discussion  

 

4.1. Assessment of Health Related Quality of Life outcomes in 

early-treated adult PKU patients using the PKU-QoL adult 

questionnaire  

 

The PKU-QoL disease specific questionnaires provide a novel method to precisely define 

critical areas of disease management in patients with PKU. Although the complete 

European guideline on Phenylketonuria specifically recommends using the PKU-QoL 

questionnaire for all adult PKU patients (6), literature search resulted in only one research 

using this method at the time of designing our study (150). This can be explained with 

several reasons: PKU is a rare disease, the questionnaires were developed recently in 2015 

and are only available in a few chosen languages. Our study is the first to assess the 

consequences of suboptimal metabolic control using the PKU-QoL in adult PKU patients.  

4.1.1. Results of the questionnaire 

For the majority of PKU-QoL domains skewed distributions were found and median 

scores did not reach severe impact/ frequent symptom (>50). Moreover, most patients 

rated their general health status as at least good (77%) compared to healthy peers. As 

several previous studies showed, that quality of life of PKU patients is comparable to the 

general population, these results are not surprising (110, 112, 114, 115).  

In most domains, our results are similar to that of the developers (143). „Anxiety related 

to high levels of Phe during pregnancy” was the most affected domain altogether. This 

proves, that PKU patients are well aware of the consequences of uncontrolled pregnancies 

on their offspring. Patients reported the greatest impact scores related to disease 

management and to emotional burden (feeling guilty if poor compliance to diet or 

supplements, emotional impact of PKU) whereas tiredness was the most frequently 

reported symptom. We found high scores in the taste of Phe-free AAS domain as well, 

which underlines the need for amino acid supplements with better palatability.  
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4.1.2. Quality of life scores and metabolic control 

Although no strong correlation was observed between therapy adherence and PKU-QoL 

scores, we report weak to fair correlation in various domains. Trembling hands - which 

is a well-described long-term consequence of elevated Phe levels – was significantly more 

burdensome for patients who had higher lifetime or combined-10-years Phe levels (86, 

151).  

Patients who had higher Phe levels at the time of filling out the questionnaire experienced 

greater anxiety about their levels than patients with better metabolic control. This finding 

suggests that patients are well aware of diet-inadherence and this leads to frustration. We 

observed weak positive correlation between recent, short-term therapy adherence and 

domain scores of overall and emotional impact of PKU (feeling unfairness having PKU, 

disease acceptance, self-esteem, worries about children). Similarly, higher lifetime Phe 

levels correlated with greater burden of emotional impact. Emotional disturbances may 

occur as consequence of living with a chronic, non-curable disease and not only as a result 

of having high Phe levels (152). 

Several domain scores in the dietary protein restriction module showed weak to fair 

positive correlation with either long or short-term Phe levels: food temptation, taste of 

low protein foods, diet adherence and impact scores of dietary protein restriction (both 

social, emotional and practical). Although living conditions and other socioeconomic 

circumstances may also influence these results, we speculate that the highly variable 

tolerance to dietary phenylalanine is the most important factor in determining the burden 

of keeping low Phe levels (153).  

Additionally, we performed a comparison between the classical and non-classical PKU 

group as well. The only domain in which significant difference was found was the 

financial impact of PKU domain: this is not surprising as patients with classical PKU 

need to consume more medical foods which are partially covered by health insurance. 

Our findings are in line with the results of the developers: Bosch et al. (143). 

4.1.3. Subgroup comparison between patients with „Optimal” and 

„Suboptimal” therapy adherence 

Results revealed metabolic control related differences of HRQoL in patients with 

classical PKU. These patients suffer from significantly impaired Phe tolerance and strict 
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diet is crucial for maintaining good general health. Ours is the first study, which reports 

on QoL differences between optimal and suboptimal adherent adult classical PKU patient 

groups. We report significantly higher impact and symptom scores in the „suboptimally 

adherent” patient group. 

Although mean Phe level of the suboptimally adherent group was 753±137 μmol/l in the 

last 10 years, it is important to stress that these patients attended regular metabolic care 

and were compliant to therapy at least partially. We presume, that disease impact and 

symptom module score differences would have been more unanimous if comparison 

between patients totally off-diet and patients with good adherence would have been 

possible.  

Classical PKU patients who had suboptimal therapy compliance continuously (both 

during the preceding 10 years and at the time of filling out the questionnaire) suffered 

from higher anxiety scores about their Phe levels. Those, who had only a short-term 

fallout at the time of participating in the questionnaire reported higher overall and 

practical impact of supplements (lack of spontaneity, embarrassment taking 

supplements), food temptation and practical impact of dietary protein restriction (burden 

of estimating quantity of protein, difficulty eating out). Bik-Multanowski et al. reported 

similar results earlier: they concluded that a subset of adult patients who are on a relaxed 

diet suffer from severe psychological burden and therapy resumption may improve 

HRQoL by them (117).  

Although patients with short-term therapy fallout reported an increased burden of slow-

thinking, this was not seen in patients with long-term inadherence. Unawareness of minor 

cognitive changes is a possible explanation to our findings. A recent study, which 

involved both PKU patients, observers and clinicians supports this explanation. Burton et 

al found that lack of self-awareness can aggravate care – especially by patients with 

suboptimal metabolic control. Some patients lack insights on mood swings, temper 

tantrums, irritability and forgetfulness (154). 

No significant difference was found between the patient groups with good and suboptimal 

metabolic control in short term regarding subjectively rated health status compared to 

peers. However, those with a 10 year history of good metabolic control rated their health-

status as significantly better than patients with suboptimal compliance. 
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We conclude, that optimal dietary therapy adherence in adult classical PKU patients is 

associated with significantly better HRQoL. Mutze et al (141) reached a similar 

conclusion earlier: they stated that patients on diet have higher life satisfaction than 

patients with partial diet adherence. One may either hypothesize that good compliance 

leads to favorable changes in life satisfaction or the other way around: a positive 

perception of subjective health status helps to adhere better. Future research is needed to 

clarify the cause-effect relationship. 

4.1.4. Limitations 

Ceiling effect is a frequently occurring distorting factor in QoL questionnaires. We found 

that the majority of PKU-QoL scores approached the upper limit of the scale, hence 

comparison of these results with alternative methods would have been useful. Such 

methods include reporting family members, using structured interviews led by experts, 

using patient generated indexes of QoL or organizing focus group meetings (155-157). 

We enrolled a large patient population compared to previous HRQoL related studies in 

PKU, but involving more patients would have allowed us to detect even minor differences 

of Qol between subgroups with different therapy adherence. Finally, as the PKU-QoL 

questionnaire for adult PKU patients addresses problems which are only relevant in this 

patient group it was not possible to compare results with a healthy control group (143). 

 

4.2. Body composition assessment of early-treated, adult 

Phenylketonuria patients using MF-BIA  

 

Although severe complications of PKU are rarely reported in the ETPKU population, 

subtle impairment of several organs (e.g. higher risk for cardiovascular consequences, 

neuropsychological alterations) are present in a subset of adult patients (80, 138). 

Providing appropriate patient care in the long-term with regular follow-ups is essential to 

maintain good health. Studies, which focus on the impact of lifelong therapy with intake 

of AAS are crucial in revealing relevant alterations. The main goal of this investigation 

was to explore alterations of body composition in adult ETPKU patients who adhere to 

therapy at least partially. Multifrequency bioimpedance analysis was used for in-depth 
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analysis of body composition and results were compared with an age and gender matched 

healthy control group.  

4.2.1. Body composition analysis 

We report higher tendency for being overweight in female patients in contrast to males. 

Both the conventional BMI and body fat percentage exceeded normal range in most 

women. When comparing female PKU patients to healthy peers, significantly higher 

percent body fat values were found in the patient group, although difference of BMI was 

statistically non-significant. These findings confirm previous investigations which 

concluded that female ETPKU patients are more prone to excess weight gain than male 

ETPKU patients (132-135). 

We report higher waist-to-hip ratio in patients compared with controls too. This is a 

relevant finding as waist circumference is a well-known predictor of abdominal obesity  

and the latter leads to increased risk for cardiovascular and metabolic diseases (158, 159). 

On the other hand, female patients had relatively decreased muscle mass, mineral content 

and protein levels based on the MF-BIA examination. These alterations were not present 

when comparing male patients to controls. Our results are in contrast to a recently 

conducted study which also used MF-BIA and involved children: the authors reported 

increased body fat percentage in boys compared to healthy controls (131). 

Altered body composition in ETPKU patients is a result of a combination of several 

causative factors. One of these factors is the PKU specific carbohydrate and fat rich diet 

from birth. It is well described in non-PKU patients, that altered nutritional habits during 

early ages contribute to higher risk of metabolic alterations later (160). Previous studies 

found that daily calory intake for classical PKU patients is significantly higher than that 

of patients with mild PKU and of patients with HPA (approximately 100 and 200 

kilocalories respectively) (130). Appetite stimulative effects of amino acid supplements 

is another potential contributing factor. These medical products absorb rapidly and lead 

to ghrelin-induced appetite stimulation (125, 161, 162). As a consequence, the intake of 

medical and Phe-poor foods high in fats and sugars increases (163). Partially 

contradicting to this statement, male patients with stricter dietary and better supplement 

adherence did not suffer from higher prevalence of obesity. 
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Studies, which examine physical activity among PKU patients are gravely sought for as 

sedentary lifestyle significantly increases risk for obesity. A decrease in physical activity 

is proven in healthy children from age 5, but it is still not known whether this statement 

is true for PKU patients (164). Results regarding adult patients are scarce and 

contradictory. A recent investigation concluded that adolescents with PKU are inactive 

physically and that activity levels further decline during transition to adulthood. However, 

this finding did not go hand in hand with a correlation between fat mass and physical 

activity in this age group (165). On the other hand, Jani et al found, that intense physical 

activity did correlate with lower fat content in both adult and pediatric PKU population 

(166). 

4.2.2. Nutritional parameters 

Patients who have optimal Phe-free diet adherence but do not consume the calculated 

amount of AAS are at risk to protein insufficiency (167, 168). Serum albumin, prealbumin 

and total protein concentrations are widely used markers for assessing protein 

malnutrition (168). We report normal levels of prealbumin, albumin and protein by all 

participants but a relative decrease in prealbumin and weaker therapy adherence was 

found by female patients compared to male counterparts.  

Not only obesity was more prevalent in female patients, we also found significantly 

higher total blood cholesterol compared to male patients whereas LDL also showed a 

tendency to be higher. LDL was used as an important surrogate marker for cardiovascular 

risk earlier but recently more precise lipoprotein ratios were introduced. LDL/HDL 

cholesterol ratio is proven to be effective in showing the risk caused by the unfavourably 

modulated balance in atherogenic and protective lipoproteins (169). We cannot conclude 

that female PKU patients have a greater risk for cardiovascular diseases as consequence 

of altered lipoproteins as LDL/HDL ratio was not significantly different between males 

and females.  

4.2.3. Correlation analysis between body composition and therapy 

adherence 

No significant correlation was found between long-term (10 years) therapy adherence and 

MF-BIA parameters in this adult PKU patient group. Although there are conflicting 

previous results, we assume based on our results that medium to long term dietary 
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compliance and AAS consumption does not lead to altered body composition in adult 

patients. Doulgeraki et al. investigated adolescents with PKU and reported correlation 

between unfavourable body composition changes and suboptimal diet adherence (170).  

Similarly, Evans et al reported that higher natural protein consumption in children with 

PKU is associated with healthier body composition (125). In contrast to these findings 

and in line with our results, authors of a recent publication (which also used MF-BIA) 

concluded that neither natural protein intake nor metabolic control influence body 

composition in adolescent patients (165). A recently published meta-analysis 

investigating the relationship of dietary adherence and obesity in PKU patients reached 

the conclusion, that dietary Phenylalanine restriction itself is not a risk factor for obesity 

(171).  

We report better therapy compliance (both better dietary adherence and AAS intake) in 

adult male patients compared with females. This is unusual as women of childbearing age 

are supposed to follow diet stricter to avoid potential MPKUS (172).  

4.2.4. Limitations 

Despite the fact that several published articles use BIA methodology in PKU patients, 

validation in this population is insufficient. Although a specific multifrequency-BIA 

machine was proven to be precise in patients with PKU (173), in this study we used the 

same methodology but a machine of a different manufacturer. Mean age of female PKU 

patients was higher – although not statistically significantly - than that of males. It can 

not be ruled out, that this contributed to differences found in the two sexes when assessing 

dietary compliance and body composition. Future studies are needed to further prove or 

refute these findings.  

 

4.3. Bone mineral density in early-treated, adult PKU patients 

using DXA  

 

The long-term significance of decreased BMD found in some patients is not entirely 

discovered yet. We performed the first study in Hungary to assess bone mineral density 

in adult ETPKU patients and to investigate potential correlation with dietary adherence.  
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4.3.1. Interpretation of Bone Mineral Density results  

DXA is the golden standard to assess BMD. Two derived values are used to define the 

deviation from the population mean of an individuals bone density. As T-scores can be 

misleading before substantial bone loss has already occurred, Z-scores are used in 

children and young adults: Z-score reflects an ethnicity adjusted value normalized to 

age and sex matched controls. According to the ISCD guideline a Z-score below -2 

represents BMD „below the expected range for age” but osteoporosis should not be 

diagnosed unless it is associated with significant fracture anamnesis (174). The 

prevalence of BMD „below the expected range for age” is estimated to be around 10% 

in young adult patients with PKU (93). We found slightly more patients with a Z-score 

under -2 (13%). We also report, that 42% of young, adult ETPKU patients had Z-scores 

below -1 SD whereas international literature suggests a prevalence of 33-60% (93, 175, 

176). Frank osteoporosis was not diagnosed as no patient had significant fracture 

history. Our results suggest that the distribution of bone mineral density in Hungarian 

patients is similar to that reported worldwide. Although BMD was within the normal 

range in the majority of these patients, reduced bone density in a minority of patients 

may increase their risk of developing osteoporosis later in life. Osteoporosis may evolve 

silently but it leads to significant morbidity as pathological fractures occur (177, 178). 

Hence there is no specific osteoporosis prevention and treatment strategy for PKU, 

general prevention can be applied to these patients as well (179). Continuous monitoring 

and longitudinal studies with repeated assessments are much needed to achieve proper 

patient care and to prepare for further bone loss.  

4.3.2. The relationship between metabolic parameters and BMD  

The change of BMD did not show significant correlation with Phe, Tyr or the Phe/Tyr 

ratio. It seems, that suboptimal metabolic control in adulthood does not lead to 

significant decrease in bone density in the medium term. This is further supported by 

the fact that we found no difference in bone mineral density change between the therapy 

adherent group and the group on a relaxed diet. Recent studies in children and in young 

adults with PKU have not been able to confirm the previous belief that high blood Phe 

levels are strongly associated with reduced bone density (176, 180). Our results fit into 

this trend. Although the average blood Phe concentration in our study population of 

young adult PKU patients treated from birth was only slightly above the upper target 
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treshold (614 μmol/L), we found that more than half of these patients (53%) only 

partially adhere to therapy, having supraoptimal Phe values regularly. Short-term 

adverse effects of diet inadherence on bone density is not supported by this study, but 

its adverse neurocognitive effects are already known (181). 

4.3.3. Limitations and strengths  

The study has several limitations that need to be taken into account when evaluating the 

results. The metabolism and forming of bone tissue is regulated by a complex system. 

Several factors which may have an important role were not investigated in this study. A 

more accurate picture could have been obtained by measuring markers of bone 

metabolism, lifetime blood Phe levels, or by analysing microstructural alterations of 

bone biopsies. Furthermore, we determined diet adherence by blood Phe levels, 

although keeping and analysing a food diary would have given a more accurate picture. 

It is also known that physical activity influences bone metabolism and bone density, 

which this study did not investigate. 

On the other hand, we were able to recruit a large patient group compared to the rarity 

of PKU and to previous investigations in this field. We were the first to study adult, 

early-treated PKU patients in Hungary for bone mineral density.  
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5. Conclusion  
 

5.1. Assessment of Health Related Quality of Life outcomes in 

early-treated adult PKU patients using the PKU-QoL adult 

questionnaire  
 

1. Suboptimal metabolic control is negatively associated with HRQoL. Similarly, therapy 

adherent patients with classical PKU reached better scores in most domains compared to 

partially-adherent peers.  

2. Most patients rated their general health status as at least good compared to healthy 

peers and they rarely reported severe complications of living with PKU. We conclude, 

that disease management and PKU related emotional burden causes the most difficulties 

in this patient group. We recommend using the newly developed disease specific PKU-

QoL in adults as we see it as an useful tool to estimate patient well-being and to improve 

long-term care.  

 

5.2. Body composition assessment of early-treated, adult 

Phenylketonuria patients using MF-BIA  
 

1. Although lifelong natural protein restricted diet with amino acid supplements is 

supposed to alter body composition, we found no significant correlation between body 

composition parameters and therapy adherence in a 10-year interval among early-treated, 

adult PKU patients.  

2.  We conclude, that overweight and obesity is highly prevalent in young adult PKU 

patients, especially in women. It is important to aim for better weight management in 

PKU care to achieve healthier body composition and therefore minimise the risk for 

secondary consequences (e.g. metabolic syndrome, cardiovascular diseases). 
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5.3. Bone mineral density in early-treated, adult PKU patients 

using DXA  

 
1. We were the first to assess Bone Mineral Density among early-treated, adult PKU 

patients in Hungary. We report a similar prevalence of BMD below the expected range 

of age compared with previous reports in the international literature. We stress the 

importance of regular monitoring for patients with already decreased BMD as a further 

decrease is expected with advancing age. 

2. We found no significant association between BMD and metabolic control during this 

investigated few year interval. This finding suggests that suboptimal diet adherence may 

not contribute substantially to further decrease in BMD in adults. We stress the 

importance of conducting further studies to reveal the exact pathomechanism of bone loss 

in PKU.  
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6. Summary  

Although the prognosis of PKU has greatly improved in the last decades, the 

pathomechanism is still insufficiently understood and life-long adherence to therapy 

involves many sacrifices. Severe symptoms are seldom reported in this patient group but 

both the disease and its treatment may contribute to long-term complications. The main 

aims of my doctoral research were to assess and contribute to the timely prediction of 

these long-term complications and to investigate the relationship between these 

abnormalities and treatment adherence.  

We assessed HRQoL in Hungarian adult patients using the newly developed PKU-QoL 

questionnaire and investigated the relationship between therapy adherence and 

subjectively perceived QoL outcomes. We conclude, that suboptimal metabolic control 

is negatively associated with patients HRQoL. Furthermore, we found that classical PKU 

patients with good therapy adherence reached better scores in most domains compared to 

peers with partial adherence. We stress the importance of maintaining good therapy 

adherence in adulthood and of regular monitoring HRQoL to improve outcome. 

Life-long natural protein restricted diet with amino acid supplements may lead to altered 

body composition. We used MF-BIA for detailed assessment of body composition and 

found no distinct correlation between body composition parameters and adherence to diet 

in a 10-year interval. We conclude, that obesity is an important comorbidity in young 

adult PKU patients, especially in women. Weight management should be an additional 

goal of PKU care to achieve lower rates of obesity and therefore to minimise the risk for 

metabolic syndrome. 

We were the first to study bone mineral density and to compare BMD change with 

adherence to therapy in adult PKU patients in our country. Similarly, to what is seen in 

international literature, we found BMD below the expected range of age in a proportion 

of patients. Low bone mineral density observed in young adults is relevant because of 

potentially increased risk of osteoporosis later in life. Our results suggest that keeping a 

relaxed diet does not contribute significantly to decrease in bone mineral density in 

adulthood. We presume, that peak BMD is already decreased in affected patients, but 

further studies are much needed to prove or reject this hypothesis. 



57 

 

7. References 
 

1. Garg U, Smith LD. Biomarkers in Inborn Errors of Metabolism. Elsevier, 

Cambridge, 2017: 1. 

2. Archibald Edward Garrod S. Inborn errors of metabolism. H. Frowde and Hodder 

& Stoughton, 1909., London 1909. 

3. Saudubray J-M, Cazorla AG, Fanny Mochel FS, Guy Touati FM, Rabier D, Schiff 

M, Mochel F, Dionisi-Vici C. Section I Diagnosis and Treatment: General 

Principles. In: Saudubray J-M, Baumgartner MR, Walter J (szerk.), Inborn 

Metabolic Diseases, doi:10.1007/978-3-662-49771-5. Springer, Heidelberg, 

2016: 3-120. 

4. Campeau PM, Scriver CR, Mitchell JJ. (2008) A 25-year longitudinal analysis of 

treatment efficacy in inborn errors of metabolism. Mol Genet Metab, 95: 11-16. 

5. Harding CO. (2019) Prospects for Cell-Directed Curative Therapy of 

Phenylketonuria (PKU). Mol Front J, 3: 110-121. 

6. van Wegberg AMJ, MacDonald A, Ahring K, Bélanger-Quintana A, Blau N, 

Bosch AM, Burlina A, Campistol J, Feillet F, Giżewska M, Huijbregts SC, 

Kearney S, Leuzzi V, Maillot F, Muntau AC, van Rijn M, Trefz F, Walter JH, van 

Spronsen FJ. (2017) The complete European guidelines on phenylketonuria: 

diagnosis and treatment. Orphanet J Rare Dis, 12: 162. 

7. Blau N, van Spronsen FJ, Levy HL. (2010) Phenylketonuria. Lancet, 376: 1417-

1427. 

8. Christ SE. (2003) Asbjørn Følling and the discovery of phenylketonuria. J Hist 

Neurosci, 12: 44-54. 

9. Bickel H, Gerrard J, Hickmans EM. (1953) Influence of phenylalanine intake on 

phenylketonuria. Lancet, 265: 812-813. 

10. Guthrie R, Susi A. (1963) A SIMPLE PHENYLALANINE METHOD FOR 

DETECTING PHENYLKETONURIA IN LARGE POPULATIONS OF 

NEWBORN INFANTS. Pediatrics, 32: 338-343. 

11. Blau N, Thöny B, Cotton RGH, Hyland K. Disorders of Tetrahydrobiopterin and 

Related Biogenic Amines. In: Valle DL, Antonarakis S, Ballabio A, Beaudet AL, 



58 

 

Mitchell GA (szerk.), The Online Metabolic and Molecular Bases of Inherited 

Disease. McGraw-Hill Education, New York, NY, 2019. 

12. Dhondt JL. (1991) Strategy for the screening of tetrahydrobiopterin deficiency 

among hyperphenylalaninaemic patients: 15-years experience. J Inherit Metab 

Dis, 14: 117-127. 

13. Niederwieser A, Ponzone A, Curtius HC. (1985) Differential diagnosis of 

tetrahydrobiopterin deficiency. J Inherit Metab Dis, 8 Suppl 1: 34-38. 

14. Burgard P, Lachmann RH, Walter J. Hyperphenylalaninaemia. In: Saudubray J-

M, Baumgartner MR, Walter J (szerk.), Inborn Metabolic Diseases, 

doi:10.1007/978-3-662-49771-5. Springer, Heidelberg, 2016: 253-266. 

15. Ilgaz F, Pinto A, Gökmen-Özel H, Rocha JC, van Dam E, Ahring K, Bélanger-

Quintana A, Dokoupil K, Karabulut E, MacDonald A. (2019) Long-Term Growth 

in Phenylketonuria: A Systematic Review and Meta-Analysis. Nutrients, 11. 

16. Ayling JE, Helfand GD, Pirson WD. (1975) Phenylalanine hydroxylase from 

human kidney. Enzyme, 20: 6-19. 

17. Bauman ML, Kemper TL. (1982) Morphologic and histoanatomic observations 

of the brain in untreated human phenylketonuria. Acta Neuropathol, 58: 55-63. 

18. Thompson AJ, Smith I, Brenton D, Youl BD, Rylance G, Davidson DC, Kendall 

B, Lees AJ. (1990) Neurological deterioration in young adults with 

phenylketonuria. Lancet, 336: 602-605. 

19. Rubin S, Piffer AL, Rougier MB, Delyfer MN, Korobelnik JF, Redonnet-Vernhet 

I, Marchal C, Goizet C, Mesli S, Gonzalez C, Gin H, Rigalleau V. (2013) Sight-

threatening phenylketonuric encephalopathy in a young adult, reversed by diet. 

JIMD Rep, 10: 83-85. 

20. Jaulent P, Charriere S, Feillet F, Douillard C, Fouilhoux A, Thobois S. (2020) 

Neurological manifestations in adults with phenylketonuria: new cases and review 

of the literature. J Neurol, 267: 531-542. 

21. Enns GM, Koch R, Brumm V, Blakely E, Suter R, Jurecki E. (2010) Suboptimal 

outcomes in patients with PKU treated early with diet alone: revisiting the 

evidence. Mol Genet Metab, 101: 99-109. 



59 

 

22. Walter JH, White FJ, Hall SK, MacDonald A, Rylance G, Boneh A, Francis DE, 

Shortland GJ, Schmidt M, Vail A. (2002) How practical are recommendations for 

dietary control in phenylketonuria? Lancet, 360: 55-57. 

23. Kaufman S. (1971) The phenylalanine hydroxylating system from mammalian 

liver. Adv Enzymol Relat Areas Mol Biol, 35: 245-319. 

24. van Spronsen FJ, Blau N, Harding C, Burlina A, Longo N, Bosch AM. (2021) 

Phenylketonuria. Nat Rev Dis Primers, 7: 36. 

25. Batshaw ML, Valle D, Bessman SP. (1981) Unsuccessful treatment of 

phenylketonuria with tyrosine. J Pediatr, 99: 159-160. 

26. Jervis GA. (1952) Studies on phenylpyruvic oligophrenia; phenylpyruvic acid 

content on blood. Proc Soc Exp Biol Med, 81: 715-720. 

27. Azen CG, Koch R, Friedman EG, Berlow S, Coldwell J, Krause W, Matalon R, 

McCabe E, O'Flynn M, Peterson R, et al. (1991) Intellectual development in 12-

year-old children treated for phenylketonuria. Am J Dis Child, 145: 35-39. 

28. van Vliet D, van Wegberg AMJ, Ahring K, Bik-Multanowski M, Blau N, Bulut 

FD, Casas K, Didycz B, Djordjevic M, Federico A, Feillet F, Gizewska M, 

Gramer G, Hertecant JL, Hollak CEM, Jørgensen JV, Karall D, Landau Y, Leuzzi 

V, Mathisen P, Moseley K, Mungan N, Nardecchia F, Õunap K, Powell KK, 

Ramachandran R, Rutsch F, Setoodeh A, Stojiljkovic M, Trefz FK, Usurelu N, 

Wilson C, van Karnebeek CD, Hanley WB, van Spronsen FJ. (2018) Can 

untreated PKU patients escape from intellectual disability? A systematic review. 

Orphanet J Rare Dis, 13: 149. 

29. Surtees R, Blau N. (2000) The neurochemistry of phenylketonuria. Eur J Pediatr, 

159 Suppl 2: S109-113. 

30. Cleary MA, Walter JH, Wraith JE, Jenkins JP, Alani SM, Tyler K, Whittle D. 

(1994) Magnetic resonance imaging of the brain in phenylketonuria. Lancet, 344: 

87-90. 

31. Schlegel G, Scholz R, Ullrich K, Santer R, Rune GM. (2016) Phenylketonuria: 

Direct and indirect effects of phenylalanine. Exp Neurol, 281: 28-36. 

32. Dyer CA, Kendler A, Philibotte T, Gardiner P, Cruz J, Levy HL. (1996) Evidence 

for central nervous system glial cell plasticity in phenylketonuria. J Neuropathol 

Exp Neurol, 55: 795-814. 



60 

 

33. Qin M, Smith CB. (2007) Regionally selective decreases in cerebral glucose 

metabolism in a mouse model of phenylketonuria. J Inherit Metab Dis, 30: 318-

325. 

34. Wasserstein MP, Snyderman SE, Sansaricq C, Buchsbaum MS. (2006) Cerebral 

glucose metabolism in adults with early treated classic phenylketonuria. Mol 

Genet Metab, 87: 272-277. 

35. Miller AL, Hawkins RA, Veech RL. (1973) Phenylketonuria: phenylalanine 

inhibits brain pyruvate kinase in vivo. Science, 179: 904-906. 

36. Kanai Y, Segawa H, Miyamoto K, Uchino H, Takeda E, Endou H. (1998) 

Expression cloning and characterization of a transporter for large neutral amino 

acids activated by the heavy chain of 4F2 antigen (CD98). J Biol Chem, 273: 

23629-23632. 

37. de Groot MJ, Hoeksma M, Blau N, Reijngoud DJ, van Spronsen FJ. (2010) 

Pathogenesis of cognitive dysfunction in phenylketonuria: review of hypotheses. 

Mol Genet Metab, 99 Suppl 1: S86-89. 

38. Hawkins RA, O'Kane RL, Simpson IA, Viña JR. (2006) Structure of the blood-

brain barrier and its role in the transport of amino acids. J Nutr, 136: 218s-226s. 

39. McKean CM. (1972) The effects of high phenylalanine concentrations on 

serotonin and catecholamine metabolism in the human brain. Brain Res, 47: 469-

476. 

40. van Vliet D, Bruinenberg VM, Mazzola PN, van Faassen MH, de Blaauw P, Kema 

IP, Heiner-Fokkema MR, van Anholt RD, van der Zee EA, van Spronsen FJ. 

(2015) Large Neutral Amino Acid Supplementation Exerts Its Effect through 

Three Synergistic Mechanisms: Proof of Principle in Phenylketonuria Mice. PLoS 

One, 10: e0143833. 

41. Winn SR, Scherer T, Thöny B, Harding CO. (2016) High dose sapropterin 

dihydrochloride therapy improves monoamine neurotransmitter turnover in 

murine phenylketonuria (PKU). Mol Genet Metab, 117: 5-11. 

42. Dobrowolski SF, Lyons-Weiler J, Spridik K, Biery A, Breck J, Vockley J, 

Yatsenko S, Sultana T. (2015) Altered DNA methylation in PAH deficient 

phenylketonuria. Mol Genet Metab, 115: 72-77. 



61 

 

43. Adler-Abramovich L, Vaks L, Carny O, Trudler D, Magno A, Caflisch A, Frenkel 

D, Gazit E. (2012) Phenylalanine assembly into toxic fibrils suggests amyloid 

etiology in phenylketonuria. Nat Chem Biol, 8: 701-706. 

44. Blau N, Hennermann JB, Langenbeck U, Lichter-Konecki U. (2011) Diagnosis, 

classification, and genetics of phenylketonuria and tetrahydrobiopterin (BH4) 

deficiencies. Molecular Genetics and Metabolism, 104: S2-S9. 

45. Güttler F. (1980) Hyperphenylalaninemia: diagnosis and classification of the 

various types of phenylalanine hydroxylase deficiency in childhood. Acta Paediatr 

Scand Suppl, 280: 1-80. 

46. Guldberg P, Rey F, Zschocke J, Romano V, François B, Michiels L, Ullrich K, 

Hoffmann GF, Burgard P, Schmidt H, Meli C, Riva E, Dianzani I, Ponzone A, 

Rey J, Güttler F. (1998) A European multicenter study of phenylalanine 

hydroxylase deficiency: classification of 105 mutations and a general system for 

genotype-based prediction of metabolic phenotype. Am J Hum Genet, 63: 71-79. 

47. van Spronsen FJ, van Rijn M, Dorgelo B, Hoeksma M, Bosch AM, Mulder MF, 

de Klerk JB, de Koning T, Rubio-Gozalbo ME, de Vries M, Verkerk PH. (2009) 

Phenylalanine tolerance can already reliably be assessed at the age of 2 years in 

patients with PKU. J Inherit Metab Dis, 32: 27-31. 

48. Vockley J, Andersson HC, Antshel KM, Braverman NE, Burton BK, Frazier DM, 

Mitchell J, Smith WE, Thompson BH, Berry SA. (2014) Phenylalanine 

hydroxylase deficiency: diagnosis and management guideline. Genet Med, 16: 

188-200. 

49. Scriver CR. (2007) The PAH gene, phenylketonuria, and a paradigm shift. Hum 

Mutat, 28: 831-845. 

50. Hillert A, Anikster Y, Belanger-Quintana A, Burlina A, Burton BK, Carducci C, 

Chiesa AE, Christodoulou J, Đorđević M, Desviat LR, Eliyahu A, Evers RAF, 

Fajkusova L, Feillet F, Bonfim-Freitas PE, Giżewska M, Gundorova P, Karall D, 

Kneller K, Kutsev SI, Leuzzi V, Levy HL, Lichter-Konecki U, Muntau AC, 

Namour F, Oltarzewski M, Paras A, Perez B, Polak E, Polyakov AV, Porta F, 

Rohrbach M, Scholl-Bürgi S, Spécola N, Stojiljković M, Shen N, Santana-da 

Silva LC, Skouma A, van Spronsen F, Stoppioni V, Thöny B, Trefz FK, Vockley 

J, Yu Y, Zschocke J, Hoffmann GF, Garbade SF, Blau N. (2020) The Genetic 



62 

 

Landscape and Epidemiology of Phenylketonuria. Am J Hum Genet, 107: 234-

250. 

51. Ozalp I, Coskun T, Tokol S, Demircin G, Mönch E. (1990) Inherited metabolic 

disorders in Turkey. J Inherit Metab Dis, 13: 732-738. 

52. Gundorova P, Zinchenko RA, Kuznetsova IA, Bliznetz EA, Stepanova AA, 

Polyakov AV. (2018) Molecular-genetic causes for the high frequency of 

phenylketonuria in the population from the North Caucasus. PLoS One, 13: 

e0201489. 

53. Schuler Á. SC, Kiss E., Milánkovics I., Tőrös A., Végh Zs., Ujvári A., Csókay B., 

Kámory E., Fodor F., Németh K., Fekete Gy. (2007) Veleszületett anyagcsere-

betegségek nyugat-magyarországi újszülöttkori szűrése és gondozása 1988-2006 

között a Budai Gyermekkórházban. Gyermekgyógyászat, 2007. 58(2): p103-107. 

54. Anikster Y, Haack TB, Vilboux T, Pode-Shakked B, Thöny B, Shen N, Guarani 

V, Meissner T, Mayatepek E, Trefz FK, Marek-Yagel D, Martinez A, Huttlin EL, 

Paulo JA, Berutti R, Benoist JF, Imbard A, Dorboz I, Heimer G, Landau Y, Ziv-

Strasser L, Malicdan MCV, Gemperle-Britschgi C, Cremer K, Engels H, Meili D, 

Keller I, Bruggmann R, Strom TM, Meitinger T, Mullikin JC, Schwartz G, Ben-

Zeev B, Gahl WA, Harper JW, Blau N, Hoffmann GF, Prokisch H, Opladen T, 

Schiff M. (2017) Biallelic Mutations in DNAJC12 Cause 

Hyperphenylalaninemia, Dystonia, and Intellectual Disability. Am J Hum Genet, 

100: 257-266. 

55. Waters PJ, Parniak MA, Nowacki P, Scriver CR. (1998) In vitro expression 

analysis of mutations in phenylalanine hydroxylase: linking genotype to 

phenotype and structure to function. Hum Mutat, 11: 4-17. 

56. Eisensmith RC, Okano Y, Dasovich M, Wang T, Güttler F, Lou H, Guldberg P, 

Lichter-Konecki U, Konecki DS, Svensson E, et al. (1992) Multiple origins for 

phenylketonuria in Europe. Am J Hum Genet, 51: 1355-1365. 

57. Himmelreich N, Shen N, Okun JG, Thiel C, Hoffmann GF, Blau N. (2018) 

Relationship between genotype, phenylalanine hydroxylase expression and in 

vitro activity and metabolic phenotype in phenylketonuria. Mol Genet Metab, 

125: 86-95. 



63 

 

58. Shen N, Heintz C, Thiel C, Okun JG, Hoffmann GF, Blau N. (2016) Co-

expression of phenylalanine hydroxylase variants and effects of interallelic 

complementation on in vitro enzyme activity and genotype-phenotype correlation. 

Mol Genet Metab, 117: 328-335. 

59. Wettstein S, Underhaug J, Perez B, Marsden BD, Yue WW, Martinez A, Blau N. 

(2015) Linking genotypes database with locus-specific database and genotype-

phenotype correlation in phenylketonuria. Eur J Hum Genet, 23: 302-309. 

60. Chace DH, Sherwin JE, Hillman SL, Lorey F, Cunningham GC. (1998) Use of 

phenylalanine-to-tyrosine ratio determined by tandem mass spectrometry to 

improve newborn screening for phenylketonuria of early discharge specimens 

collected in the first 24 hours. Clin Chem, 44: 2405-2409. 

61. Evers RAF, van Wegberg AMJ, Anjema K, Lubout CMA, van Dam E, van Vliet 

D, Blau N, van Spronsen FJ. (2020) The first European guidelines on 

phenylketonuria: Usefulness and implications for BH(4) responsiveness testing. J 

Inherit Metab Dis, 43: 244-250. 

62. Anjema K, Hofstede FC, Bosch AM, Rubio-Gozalbo ME, de Vries MC, Boelen 

CC, van Rijn M, van Spronsen FJ. (2016) The neonatal tetrahydrobiopterin 

loading test in phenylketonuria: what is the predictive value? Orphanet J Rare Dis, 

11: 10. 

63. Smith I, Beasley MG, Ades AE. (1990) Intelligence and quality of dietary 

treatment in phenylketonuria. Arch Dis Child, 65: 472-478. 

64. Waisbren SE, Noel K, Fahrbach K, Cella C, Frame D, Dorenbaum A, Levy H. 

(2007) Phenylalanine blood levels and clinical outcomes in phenylketonuria: a 

systematic literature review and meta-analysis. Mol Genet Metab, 92: 63-70. 

65. van Spronsen FJ. (2011) Mild hyperphenylalaninemia: to treat or not to treat. J 

Inherit Metab Dis, 34: 651-656. 

66. MacDonald A, van Wegberg AMJ, Ahring K, Beblo S, Bélanger-Quintana A, 

Burlina A, Campistol J, Coşkun T, Feillet F, Giżewska M, Huijbregts SC, Leuzzi 

V, Maillot F, Muntau AC, Rocha JC, Romani C, Trefz F, van Spronsen FJ. (2020) 

PKU dietary handbook to accompany PKU guidelines. Orphanet J Rare Dis, 15: 

171. 



64 

 

67. MacDonald A WF. Clinical paediatric dietetics. In: Shaw V e (szerk.). Wiley 

Blackwell, Chichester, 2015: p. 391–456. 

68. Rohde C, von Teeffelen-Heithoff A, Thiele AG, Arelin M, Mütze U, Kiener C, 

Gerloff J, Baerwald C, Schultz S, Heller C, Müller AS, Kiess W, Beblo S. (2014) 

PKU patients on a relaxed diet may be at risk for micronutrient deficiencies. Eur 

J Clin Nutr, 68: 119-124. 

69. Hanley WB, Linsao L, Davidson W, Moes CA. (1970) Malnutrition with early 

treatment of phenylketonuria. Pediatr Res, 4: 318-327. 

70. Pode-Shakked B, Shemer-Meiri L, Harmelin A, Stettner N, Brenner O, Abraham 

S, Schwartz G, Anikster Y. (2013) Man made disease: clinical manifestations of 

low phenylalanine levels in an inadequately treated phenylketonuria patient and 

mouse study. Mol Genet Metab, 110 Suppl: S66-70. 

71. Daly A, Evans S, Pinto A, Ashmore C, MacDonald A. (2021) Protein Substitutes 

in PKU; Their Historical Evolution. Nutrients, 13. 

72. Bilginsoy C, Waitzman N, Leonard CO, Ernst SL. (2005) Living with 

phenylketonuria: perspectives of patients and their families. J Inherit Metab Dis, 

28: 639-649. 

73. Daly A, Evans S, Pinto A, Jackson R, Ashmore C, Rocha JC, MacDonald A. 

(2020) Preliminary Investigation to Review If a Glycomacropeptide Compared to 

L-Amino Acid Protein Substitute Alters the Pre- and Postprandial Amino Acid 

Profile in Children with Phenylketonuria. Nutrients, 12. 

74. Lichter-Konecki U, Vockley J. (2019) Phenylketonuria: Current Treatments and 

Future Developments. Drugs, 79: 495-500. 

75. Longo N, Dimmock D, Levy H, Viau K, Bausell H, Bilder DA, Burton B, Gross 

C, Northrup H, Rohr F, Sacharow S, Sanchez-Valle A, Stuy M, Thomas J, 

Vockley J, Zori R, Harding CO. (2019) Evidence- and consensus-based 

recommendations for the use of pegvaliase in adults with phenylketonuria. Genet 

Med, 21: 1851-1867. 

76. McCabe ER, McCabe L. (1986) Issues in the dietary management of 

phenylketonuria: breast-feeding and trace-metal nutriture. Ann N Y Acad Sci, 

477: 215-222. 



65 

 

77. Fonnesbeck CJ, McPheeters ML, Krishnaswami S, Lindegren ML, Reimschisel 

T. (2013) Estimating the probability of IQ impairment from blood phenylalanine 

for phenylketonuria patients: a hierarchical meta-analysis. J Inherit Metab Dis, 

36: 757-766. 

78. Burgard P, Schmidt E, Rupp A, Schneider W, Bremer HJ. (1996) Intellectual 

development of the patients of the German Collaborative Study of children treated 

for phenylketonuria. Eur J Pediatr, 155 Suppl 1: S33-38. 

79. Ahring K, Bélanger-Quintana A, Dokoupil K, Gokmen-Ozel H, Lammardo AM, 

MacDonald A, Motzfeldt K, Nowacka M, Robert M, van Rijn M. (2011) Blood 

phenylalanine control in phenylketonuria: a survey of 10 European centres. Eur J 

Clin Nutr, 65: 275-278. 

80. Leuzzi V, Chiarotti F, Nardecchia F, van Vliet D, van Spronsen FJ. (2020) 

Predictability and inconsistencies of cognitive outcome in patients with 

phenylketonuria and personalised therapy: the challenge for the future guidelines. 

J Med Genet, 57: 145-150. 

81. van Spronsen FJ, Huijbregts SC, Bosch AM, Leuzzi V. (2011) Cognitive, 

neurophysiological, neurological and psychosocial outcomes in early-treated 

PKU-patients: a start toward standardized outcome measurement across 

development. Mol Genet Metab, 104 Suppl: S45-51. 

82. Drogari E, Smith I, Beasley M, Lloyd JK. (1987) Timing of strict diet in relation 

to fetal damage in maternal phenylketonuria. An international collaborative study 

by the MRC/DHSS Phenylketonuria Register. Lancet, 2: 927-930. 

83. Maillot F, Lilburn M, Baudin J, Morley DW, Lee PJ. (2008) Factors influencing 

outcomes in the offspring of mothers with phenylketonuria during pregnancy: the 

importance of variation in maternal blood phenylalanine. Am J Clin Nutr, 88: 700-

705. 

84. Lenke RR, Levy HL. (1980) Maternal phenylketonuria and 

hyperphenylalaninemia. An international survey of the outcome of untreated and 

treated pregnancies. N Engl J Med, 303: 1202-1208. 

85. Trefz FK, van Spronsen FJ, MacDonald A, Feillet F, Muntau AC, Belanger-

Quintana A, Burlina A, Demirkol M, Giovannini M, Gasteyger C. (2015) 



66 

 

Management of adult patients with phenylketonuria: survey results from 24 

countries. Eur J Pediatr, 174: 119-127. 

86. Pérez-Dueñas B, Valls-Solé J, Fernández-Alvarez E, Conill J, Vilaseca MA, 

Artuch R, Campistol J. (2005) Characterization of tremor in phenylketonuric 

patients. J Neurol, 252: 1328-1334. 

87. Bartus A, Palasti F, Juhasz E, Kiss E, Simonova E, Sumanszki C, Reismann P. 

(2018) The influence of blood phenylalanine levels on neurocognitive function in 

adult PKU patients. Metab Brain Dis, 33: 1609-1615. 

88. Serfozo C, Barta AG, Horvath E, Sumanszki C, Csakany B, Resch M, Nagy ZZ, 

Reismann P. (2020) Altered visual functions, macular ganglion cell and papillary 

retinal nerve fiber layer thickness in early-treated adult PKU patients. Mol Genet 

Metab Rep, 25: 100649. 

89. Serfozo C, Barta AG, Horvath E, Sumanszki C, Csakany B, Resch M, Nagy ZZ, 

Reismann P. (2021) Reduced macular thickness and macular vessel density in 

early-treated adult patients with PKU. Mol Genet Metab Rep, 27: 100767. 

90. Bilder DA, Noel JK, Baker ER, Irish W, Chen Y, Merilainen MJ, Prasad S, 

Winslow BJ. (2016) Systematic Review and Meta-Analysis of Neuropsychiatric 

Symptoms and Executive Functioning in Adults With Phenylketonuria. Dev 

Neuropsychol, 41: 245-260. 

91. Jahja R, van Spronsen FJ, de Sonneville LMJ, van der Meere JJ, Bosch AM, 

Hollak CEM, Rubio-Gozalbo ME, Brouwers M, Hofstede FC, de Vries MC, 

Janssen MCH, van der Ploeg AT, Langendonk JG, Huijbregts SCJ. (2017) Long-

Term Follow-Up of Cognition and Mental Health in Adult Phenylketonuria: A 

PKU-COBESO Study. Behav Genet, 47: 486-497. 

92. Arnold GL, Vladutiu CJ, Orlowski CC, Blakely EM, DeLuca J. (2004) Prevalence 

of stimulant use for attentional dysfunction in children with phenylketonuria. J 

Inherit Metab Dis, 27: 137-143. 

93. Demirdas S, Coakley KE, Bisschop PH, Hollak CE, Bosch AM, Singh RH. (2015) 

Bone health in phenylketonuria: a systematic review and meta-analysis. Orphanet 

J Rare Dis, 10: 17. 



67 

 

94. Porta F, Mussa A, Zanin A, Greggio NA, Burlina A, Spada M. (2011) Impact of 

metabolic control on bone quality in phenylketonuria and mild 

hyperphenylalaninemia. J Pediatr Gastroenterol Nutr, 52: 345-350. 

95. Hansen KE, Ney D. (2014) A systematic review of bone mineral density and 

fractures in phenylketonuria. J Inherit Metab Dis, 37: 875-880. 

96. de Castro MJ, de Lamas C, Sánchez-Pintos P, González-Lamuño D, Couce ML. 

(2020) Bone Status in Patients with Phenylketonuria: A Systematic Review. 

Nutrients, 12. 

97. Pérez-Dueñas B, Cambra FJ, Vilaseca MA, Lambruschini N, Campistol J, 

Camacho JA. (2002) New approach to osteopenia in phenylketonuric patients. 

Acta Paediatr, 91: 899-904. 

98. Hillman L, Schlotzhauer C, Lee D, Grasela J, Witter S, Allen S, Hillman R. (1996) 

Decreased bone mineralization in children with phenylketonuria under treatment. 

Eur J Pediatr, 155 Suppl 1: S148-152. 

99. Ambroszkiewicz J, Gajewska J, Laskowska-Klita T. (2004) A study of bone 

turnover markers in prepubertal children with phenylketonuria. Eur J Pediatr, 163: 

177-178. 

100. Nagasaka H, Tsukahara H, Takatani T, Sanayama Y, Takayanagi M, Ohura T, 

Sakamoto O, Ito T, Wada M, Yoshino M, Ohtake A, Yorifuji T, Hirayama S, 

Miida T, Fujimoto H, Mochizuki H, Hattori T, Okano Y. (2011) Cross-sectional 

study of bone metabolism with nutrition in adult classical phenylketonuric 

patients diagnosed by neonatal screening. J Bone Miner Metab, 29: 737-743. 

101. Greeves LG, Carson DJ, Magee A, Patterson CC. (1997) Fractures and 

phenylketonuria. Acta Paediatr, 86: 242-244. 

102. Porta F, Roato I, Mussa A, Repici M, Gorassini E, Spada M, Ferracini R. (2008) 

Increased spontaneous osteoclastogenesis from peripheral blood mononuclear 

cells in phenylketonuria. J Inherit Metab Dis, 31 Suppl 2: S339-342. 

103. Zeman J, Bayer M, Stepán J. (1999) Bone mineral density in patients with 

phenylketonuria. Acta Paediatr, 88: 1348-1351. 

104. Strope MA, Nigh P, Carter MI, Lin N, Jiang J, Hinton PS. (2015) Physical 

Activity-Associated Bone Loading During Adolescence and Young Adulthood Is 



68 

 

Positively Associated With Adult Bone Mineral Density in Men. Am J Mens 

Health, 9: 442-450. 

105. Tveit M, Rosengren BE, Nilsson J, Karlsson MK. (2015) Exercise in youth: High 

bone mass, large bone size, and low fracture risk in old age. Scand J Med Sci 

Sports, 25: 453-461. 

106. Macleod EL, Ney DM. (2010) Nutritional Management of Phenylketonuria. Ann 

Nestle Eng, 68: 58-69. 

107. van Spronsen FJ, Burgard P. (2008) The truth of treating patients with 

phenylketonuria after childhood: the need for a new guideline. J Inherit Metab 

Dis, 31: 673-679. 

108. van Spronsen FJ, Bélanger-Quintana A. (2011) Outcomes of phenylketonuria 

with relevance to follow-up. JIMD Rep, 1: 49-55. 

109. European Medicines Agency: Reflection paper on the regulatory guidance for the 

use of healthrelated quality of life (HRQL) measures in the evaluation of 

medicinal products. EMEA/CHMP/EWP/139391/2004.  

http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2

009/09/WC500003637.pdf (Acces date: 2019 10.19.). 2005. 

110. Bosch AM, Tybout W, van Spronsen FJ, de Valk HW, Wijburg FA, Grootenhuis 

MA. (2007) The course of life and quality of life of early and continuously treated 

Dutch patients with phenylketonuria. J Inherit Metab Dis, 30: 29-34. 

111. Channon S, Goodman G, Zlotowitz S, Mockler C, Lee PJ. (2007) Effects of 

dietary management of phenylketonuria on long-term cognitive outcome. Arch 

Dis Child, 92: 213-218. 

112. Cazzorla C, Cegolon L, Burlina AP, Celato A, Massa P, Giordano L, Polo G, 

Daniele A, Salvatore F, Burlina AB. (2014) Quality of Life (QoL) assessment in 

a cohort of patients with phenylketonuria. BMC Public Health, 14: 1243. 

113. Channon S, Mockler C, Lee P. (2005) Executive functioning and speed of 

processing in phenylketonuria. Neuropsychology, 19: 679-686. 

114. Mütze U, Roth A, Weigel JF, Beblo S, Baerwald CG, Bührdel P, Kiess W. (2011) 

Transition of young adults with phenylketonuria from pediatric to adult care. J 

Inherit Metab Dis, 34: 701-709. 

http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003637.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003637.pdf


69 

 

115. Simon E, Schwarz M, Roos J, Dragano N, Geraedts M, Siegrist J, Kamp G, 

Wendel U. (2008) Evaluation of quality of life and description of the 

sociodemographic state in adolescent and young adult patients with 

phenylketonuria (PKU). Health Qual Life Outcomes, 6: 25. 

116. Demirdas S, Maurice-Stam H, Boelen CC, Hofstede FC, Janssen MC, 

Langendonk JG, Mulder MF, Rubio-Gozalbo ME, van Spronsen FJ, de Vries M, 

Grootenhuis MA, Bosch AM. (2013) Evaluation of quality of life in PKU before 

and after introducing tetrahydrobiopterin (BH4); a prospective multi-center cohort 

study. Mol Genet Metab, 110 Suppl: S49-56. 

117. Bik-Multanowski M, Didycz B, Mozrzymas R, Nowacka M, Kaluzny L, Cichy 

W, Schneiberg B, Amilkiewicz J, Bilar A, Gizewska M, Lange A, Starostecka E, 

Chrobot A, Wojcicka-Bartlomiejczyk BI, Milanowski A. (2008) Quality of life in 

noncompliant adults with phenylketonuria after resumption of the diet. J Inherit 

Metab Dis, 31 Suppl 2: S415-418. 

118. Aitkenhead L, Krishna G, Ellerton C, Moinuddin M, Matcham J, Shiel L, Hossain 

S, Kiffin M, Foley J, Skeath R, Cleary M, Lachmann R, Murphy E. (2021) Long-

term cognitive and psychosocial outcomes in adults with phenylketonuria. J 

Inherit Metab Dis, 44: 1353-1368. 

119. Patrick DL, Deyo RA. (1989) Generic and disease-specific measures in assessing 

health status and quality of life. Med Care, 27: S217-232. 

120. Regnault A, Burlina A, Cunningham A, Bettiol E, Moreau-Stucker F, 

Benmedjahed K, Bosch AM. (2015) Development and psychometric validation of 

measures to assess the impact of phenylketonuria and its dietary treatment on 

patients' and parents' quality of life: the phenylketonuria - quality of life (PKU-

QOL) questionnaires. Orphanet J Rare Dis, 10: 59. 

121. Morawska A, Mitchell AE, Etel E, Kirby G, McGill J, Coman D, Inwood A. 

(2020) Psychosocial functioning in children with phenylketonuria: Relationships 

between quality of life and parenting indicators. Child Care Health Dev, 46: 56-

65. 

122. Becsei D, Hiripi R, Kiss E, Szatmári I, Arató A, Reusz G, Szabó AJ, Bókay J, 

Zsidegh P. (2021) Quality of life in children living with PKU - a single-center, 



70 

 

cross-sectional, observational study from Hungary. Mol Genet Metab Rep, 29: 

100823. 

123. McBurnie MA, Kronmal RA, Schuett VE, Koch R, Azeng CG. (1991) Physical 

growth of children treated for phenylketonuria. Ann Hum Biol, 18: 357-368. 

124. Rocha JC, MacDonald A, Trefz F. (2013) Is overweight an issue in 

phenylketonuria? Mol Genet Metab, 110 Suppl: S18-24. 

125. Evans M, Truby H, Boneh A. (2017) The relationship between dietary intake, 

growth and body composition in Phenylketonuria. Mol Genet Metab, 122: 36-42. 

126. Zerjav Tansek M, Bertoncel A, Sebez B, Zibert J, Groselj U, Battelino T, Avbelj 

Stefanija M. (2020) Anthropometry and bone mineral density in treated and 

untreated hyperphenylalaninemia. Endocr Connect, 9: 649-657. 

127. Robertson LV, McStravick N, Ripley S, Weetch E, Donald S, Adam S, Micciche 

A, Boocock S, MacDonald A. (2013) Body mass index in adult patients with diet-

treated phenylketonuria. J Hum Nutr Diet, 26 Suppl 1: 1-6. 

128. Mazzola PN, Nalin T, Castro K, van Rijn M, Derks TGJ, Perry IDS, Mainieri AS, 

Schwartz IVD. (2016) Analysis of body composition and nutritional status in 

Brazilian phenylketonuria patients. Molecular genetics and metabolism reports, 

6: 16-20. 

129. Das AM, Goedecke K, Meyer U, Kanzelmeyer N, Koch S, Illsinger S, Lücke T, 

Hartmann H, Lange K, Lanfermann H, Hoy L, Ding XQ. (2014) Dietary habits 

and metabolic control in adolescents and young adults with phenylketonuria: self-

imposed protein restriction may be harmful. JIMD Rep, 13: 149-158. 

130. Rocha JC, van Spronsen FJ, Almeida MF, Soares G, Quelhas D, Ramos E, 

Guimarães JT, Borges N. (2012) Dietary treatment in phenylketonuria does not 

lead to increased risk of obesity or metabolic syndrome. Mol Genet Metab, 107: 

659-663. 

131. Sailer M, Elizondo G, Martin J, Harding CO, Gillingham MB. (2020) Nutrient 

intake, body composition, and blood phenylalanine control in children with 

phenylketonuria compared to healthy controls. Mol Genet Metab Rep, 23: 

100599. 



71 

 

132. Burrage LC, McConnell J, Haesler R, O'Riordan MA, Sutton VR, Kerr DS, 

McCandless SE. (2012) High prevalence of overweight and obesity in females 

with phenylketonuria. Mol Genet Metab, 107: 43-48. 

133. Albersen M, Bonthuis M, de Roos NM, van den Hurk DA, Carbasius Weber E, 

Hendriks MM, de Sain-van der Velden MG, de Koning TJ, Visser G. (2010) 

Whole body composition analysis by the BodPod air-displacement 

plethysmography method in children with phenylketonuria shows a higher body 

fat percentage. J Inherit Metab Dis, 33 Suppl 3: S283-288. 

134. Stroup BM, Hansen KE, Krueger D, Binkley N, Ney DM. (2018) Sex differences 

in body composition and bone mineral density in phenylketonuria: A cross-

sectional study. Molecular genetics and metabolism reports, 15: 30-35. 

135. Gokmen Ozel H, Ahring K, Bélanger-Quintana A, Dokoupil K, Lammardo AM, 

Robert M, Rocha JC, Almeida MF, van Rijn M, MacDonald A. (2014) 

Overweight and obesity in PKU: The results from 8 centres in Europe and Turkey. 

Mol Genet Metab Rep, 1: 483-486. 

136. Belanger-Quintana A, Martínez-Pardo M. (2011) Physical development in 

patients with phenylketonuria on dietary treatment: a retrospective study. Mol 

Genet Metab, 104: 480-484. 

137. Kanufre VC, Soares RD, Alves MR, Aguiar MJ, Starling AL, Norton RC. (2015) 

Metabolic syndrome in children and adolescents with phenylketonuria. J Pediatr 

(Rio J), 91: 98-103. 

138. Azabdaftari A, van der Giet M, Schuchardt M, Hennermann JB, Plöckinger U, 

Querfeld U. (2019) The cardiovascular phenotype of adult patients with 

phenylketonuria. Orphanet J Rare Dis, 14: 213. 

139. Sumánszki C, Barta AG, Reismann P. (2017) [Adult phenylketonuria]. Orv Hetil, 

158: 1857-1863. 

140. Sumanszki C, Kiss E, Simon E, Galgoczi E, Soos A, Patocs A, Kovacs B, Nagy 

EV, Reismann P. (2019) The Association of Therapy Adherence and Thyroid 

Function in Adult Patients with Phenylketonuria. Ann Nutr Metab, 75: 16-23. 

141. Mütze U, Thiele AG, Baerwald C, Ceglarek U, Kiess W, Beblo S. (2016) Ten 

years of specialized adult care for phenylketonuria - a single-centre experience. 

Orphanet J Rare Dis, 11: 27. 



72 

 

142. Gassió R, Campistol J, Vilaseca MA, Lambruschini N, Cambra FJ, Fusté E. 

(2003) Do adult patients with phenylketonuria improve their quality of life after 

introduction/resumption of a phenylalanine-restricted diet? Acta Paediatr, 92: 

1474-1478. 

143. Bosch AM, Burlina A, Cunningham A, Bettiol E, Moreau-Stucker F, Koledova 

E, Benmedjahed K, Regnault A. (2015) Assessment of the impact of 

phenylketonuria and its treatment on quality of life of patients and parents from 

seven European countries. Orphanet J Rare Dis, 10: 80. 

144. Kyle UG, Bosaeus I, De Lorenzo AD, Deurenberg P, Elia M, Gómez JM, 

Heitmann BL, Kent-Smith L, Melchior JC, Pirlich M, Scharfetter H, Schols AM, 

Pichard C. (2004) Bioelectrical impedance analysis--part I: review of principles 

and methods. Clin Nutr, 23: 1226-1243. 

145. Mulasi U, Kuchnia AJ, Cole AJ, Earthman CP. (2015) Bioimpedance at the 

bedside: current applications, limitations, and opportunities. Nutr Clin Pract, 30: 

180-193. 

146. Ling CH, de Craen AJ, Slagboom PE, Gunn DA, Stokkel MP, Westendorp RG, 

Maier AB. (2011) Accuracy of direct segmental multi-frequency bioimpedance 

analysis in the assessment of total body and segmental body composition in 

middle-aged adult population. Clin Nutr, 30: 610-615. 

147. Barta AG, Sumánszki C, Turgonyi Z, Kiss E, Simon E, Serfőző C, Reismann P. 

(2020) Health Related Quality of Life assessment among early-treated Hungarian 

adult PKU patients using the PKU-QOL adult questionnaire. Molecular genetics 

and metabolism reports, 23: 100589-100589. 

148. Barta AG, Becsei D, Kiss E, Sumánszki C, Simonová E, Reismann P. (2022) The 

Impact of Phenylketonuria on Body Composition in Adults. Ann Nutr Metab, 78: 

98-105. 

149. Barta AG, Sumánszki C, Reismann P. (2017) [Bone metabolism in adults with 

phenylketonuria - Hungarian data]. Orv Hetil, 158: 1868-1872. 

150. Alptekin IM, Koc N, Gunduz M, Cakiroglu FP. (2018) The impact of 

phenylketonuria on PKU patients' quality of life: Using of the phenylketonuria-

quality of life (PKU-QOL) questionnaires. Clin Nutr ESPEN, 27: 79-85. 



73 

 

151. Pietz J, Dunckelmann R, Rupp A, Rating D, Meinck HM, Schmidt H, Bremer HJ. 

(1998) Neurological outcome in adult patients with early-treated phenylketonuria. 

Eur J Pediatr, 157: 824-830. 

152. Manti F, Nardecchia F, Chiarotti F, Carducci C, Carducci C, Leuzzi V. (2016) 

Psychiatric disorders in adolescent and young adult patients with phenylketonuria. 

Mol Genet Metab, 117: 12-18. 

153. MacLeod EL, Gleason ST, van Calcar SC, Ney DM. (2009) Reassessment of 

phenylalanine tolerance in adults with phenylketonuria is needed as body mass 

changes. Mol Genet Metab, 98: 331-337. 

154. Burton BK, Skalicky A, Baerwald C, Bilder DA, Harding CO, Ilan AB, Jurecki 

E, Longo N, Madden DT, Sivri HS, Wilcox G, Thomas J, Delaney K. (2021) A 

non-interventional observational study to identify and validate clinical outcome 

assessments for adults with phenylketonuria for use in clinical trials. Mol Genet 

Metab Rep, 29: 100810. 

155. Ruta DA, Garratt AM, Leng M, Russell IT, MacDonald LM. (1994) A new 

approach to the measurement of quality of life. The Patient-Generated Index. Med 

Care, 32: 1109-1126. 

156. Spiroch CR, Walsh D, Mazanec P, Nelson KA. (2000) Ask the patient: a semi-

structured interview study of quality of life in advanced cancer. Am J Hosp Palliat 

Care, 17: 235-240. 

157. Borghi L, Moreschi C, Toscano A, Comber P, Vegni E. (2020) The PKU & ME 

study: A qualitative exploration, through co-creative sessions, of attitudes and 

experience of the disease among adults with phenylketonuria in Italy. Mol Genet 

Metab Rep, 23: 100585. 

158. Shen W, Punyanitya M, Chen J, Gallagher D, Albu J, Pi-Sunyer X, Lewis CE, 

Grunfeld C, Heshka S, Heymsfield SB. (2006) Waist circumference correlates 

with metabolic syndrome indicators better than percentage fat. Obesity (Silver 

Spring), 14: 727-736. 

159. Wells JC, Fewtrell MS. (2008) Is body composition important for paediatricians? 

Arch Dis Child, 93: 168-172. 

160. Patel MS, Srinivasan M, Laychock SG. (2009) Metabolic programming: Role of 

nutrition in the immediate postnatal life. J Inherit Metab Dis, 32: 218-228. 



74 

 

161. Deglaire A, Fromentin C, Fouillet H, Airinei G, Gaudichon C, Boutry C, 

Benamouzig R, Moughan PJ, Tomé D, Bos C. (2009) Hydrolyzed dietary casein 

as compared with the intact protein reduces postprandial peripheral, but not 

whole-body, uptake of nitrogen in humans. Am J Clin Nutr, 90: 1011-1022. 

162. MacLeod EL, Clayton MK, van Calcar SC, Ney DM. (2010) Breakfast with 

glycomacropeptide compared with amino acids suppresses plasma ghrelin levels 

in individuals with phenylketonuria. Mol Genet Metab, 100: 303-308. 

163. van Calcar SC, Ney DM. (2012) Food products made with glycomacropeptide, a 

low-phenylalanine whey protein, provide a new alternative to amino Acid-based 

medical foods for nutrition management of phenylketonuria. J Acad Nutr Diet, 

112: 1201-1210. 

164. Cooper AR, Goodman A, Page AS, Sherar LB, Esliger DW, van Sluijs EMF, 

Andersen LB, Anderssen S, Cardon G, Davey R, Froberg K, Hallal P, Janz KF, 

Kordas K, Kreimler S, Pate RR, Puder JJ, Reilly JJ, Salmon J, Sardinha LB, 

Timperio A, Ekelund U. (2015) Objectively measured physical activity and 

sedentary time in youth: the International children's accelerometry database 

(ICAD). The international journal of behavioral nutrition and physical activity, 

12: 113-113. 

165. Camatta GC, Kanufre VC, Alves MRA, Soares RDL, Norton RC, de Aguiar MJB, 

Starling ALP. (2020) Body fat percentage in adolescents with phenylketonuria 

and associated factors. Mol Genet Metab Rep, 23: 100595. 

166. Jani R, Coakley K, Douglas T, Singh R. (2017) Protein intake and physical 

activity are associated with body composition in individuals with phenylalanine 

hydroxylase deficiency. Mol Genet Metab, 121: 104-110. 

167. Rocha JC, Almeida MF, Carmona C, Cardoso ML, Borges N, Soares I, Salcedo 

G, Lima MR, Azevedo I, van Spronsen FJ. (2010) The use of prealbumin 

concentration as a biomarker of nutritional status in treated phenylketonuric 

patients. Ann Nutr Metab, 56: 207-211. 

168. Arnold GL, Vladutiu CJ, Kirby RS, Blakely EM, Deluca JM. (2002) Protein 

insufficiency and linear growth restriction in phenylketonuria. J Pediatr, 141: 243-

246. 



75 

 

169. Millán J, Pintó X, Muñoz A, Zúñiga M, Rubiés-Prat J, Pallardo LF, Masana L, 

Mangas A, Hernández-Mijares A, González-Santos P, Ascaso JF, Pedro-Botet J. 

(2009) Lipoprotein ratios: Physiological significance and clinical usefulness in 

cardiovascular prevention. Vasc Health Risk Manag, 5: 757-765. 

170. Doulgeraki A, Skarpalezou A, Theodosiadou A, Monopolis I, Schulpis K. (2014) 

Body composition profile of young patients with phenylketonuria and mild 

hyperphenylalaninemia. Int J Endocrinol Metab, 12: e16061. 

171. Rodrigues C, Pinto A, Faria A, Teixeira D, van Wegberg AMJ, Ahring K, Feillet 

F, Calhau C, MacDonald A, Moreira-Rosário A, Rocha JC. (2021) Is the 

Phenylalanine-Restricted Diet a Risk Factor for Overweight or Obesity in Patients 

with Phenylketonuria (PKU)? A Systematic Review and Meta-Analysis. 

Nutrients, 13: 3443. 

172. Macdonald A, Nanuwa K, Parkes L, Nathan M, Chauhan D. (2011) Retrospective, 

observational data collection of the treatment of phenylketonuria in the UK, and 

associated clinical and health outcomes. Curr Med Res Opin, 27: 1211-1222. 

173. Evans M, Nguo K, Boneh A, Truby H. (2018) The Validity of Bioelectrical 

Impedance Analysis to Measure Body Composition in Phenylketonuria. JIMD 

Rep, 42: 37-45. 

174. Christopher Shuhart JS, Swan Sim Yeap. 2019 ISCD Official positions – adult. 

https://iscd.org/learn/official-positions/. Access date: 2019  2022.02.20., 2019. 

175. Modan-Moses D, Vered I, Schwartz G, Anikster Y, Abraham S, Segev R, Efrati 

O. (2007) Peak bone mass in patients with phenylketonuria. J Inherit Metab Dis, 

30: 202-208. 

176. Lage S, Bueno M, Andrade F, Prieto JA, Delgado C, Legarda M, Sanjurjo P, 

Aldámiz-Echevarría LJ. (2010) Fatty acid profile in patients with phenylketonuria 

and its relationship with bone mineral density. J Inherit Metab Dis, 33 Suppl 3: 

S363-371. 

177. Harvey NC, McCloskey EV, Mitchell PJ, Dawson-Hughes B, Pierroz DD, 

Reginster JY, Rizzoli R, Cooper C, Kanis JA. (2017) Mind the (treatment) gap: a 

global perspective on current and future strategies for prevention of fragility 

fractures. Osteoporos Int, 28: 1507-1529. 

https://iscd.org/learn/official-positions/


76 

 

178. Borgström F, Karlsson L, Ortsäter G, Norton N, Halbout P, Cooper C, Lorentzon 

M, McCloskey EV, Harvey NC, Javaid MK, Kanis JA. (2020) Fragility fractures 

in Europe: burden, management and opportunities. Arch Osteoporos, 15: 59. 

179. Cosman F, de Beur SJ, LeBoff MS, Lewiecki EM, Tanner B, Randall S, Lindsay 

R, National Osteoporosis F. (2014) Clinician's Guide to Prevention and Treatment 

of Osteoporosis. Osteoporosis international : a journal established as result of 

cooperation between the European Foundation for Osteoporosis and the National 

Osteoporosis Foundation of the USA, 25: 2359-2381. 

180. de Groot MJ, Hoeksma M, van Rijn M, Slart RH, van Spronsen FJ. (2012) 

Relationships between lumbar bone mineral density and biochemical parameters 

in phenylketonuria patients. Mol Genet Metab, 105: 566-570. 

181. van Spronsen FJ, van Wegberg AM, Ahring K, Bélanger-Quintana A, Blau N, 

Bosch AM, Burlina A, Campistol J, Feillet F, Giżewska M, Huijbregts SC, 

Kearney S, Leuzzi V, Maillot F, Muntau AC, Trefz FK, van Rijn M, Walter JH, 

MacDonald A. (2017) Key European guidelines for the diagnosis and 

management of patients with phenylketonuria. Lancet Diabetes Endocrinol, 5: 

743-756. 

 

  



77 

 

8. Publications under my authorship 

8.1. Publications directly related to the thesis 

 

1. Barta AG, Sumanszki Cs, Turgonyi Zs, Kiss E, Simon E, Serfozo Cs, Reismann P, 

(2020). Health Related Quality of Life assessment among early-treated Hungarian 

adult PKU patients using the PKU-QOL adult questionnaire. Molecular Genetics and 

Metabolism Reports 23: 100589.  

Impact factor 2020: 2.797 

 

2. Barta AG, Sumanszki Cs, Reismann P, (2017). Csontanyagcsere felnőtt 

phenylketonuriás pácienseknél – hazai adatok [Bone metabolism in adults with 

phenylketonuria - Hungarian data]. Orvosi Hetilap 158: 1868-1872. 

Impact factor 2017: 0.322  

 

3. Barta A, G, Becsei D, Kiss E, Sumánszki C, Simonová E, Reismann P: The Impact 

of Phenylketonuria on Body Composition in Adults. Ann Nutr Metab 2021. doi: 

10.1159/000520047 

Impact factor 2021: 5.923 

 

8.2. Publications not directly related to the thesis 
 

4. Sumánszki Cs, Barta AG, Reismann P, (2017). Phenylketonuria felnőttkorban 

[Adult phenylketonuria]. Orvosi Hetilap 158 : 1857-1863.  

Impact factor 2017: 0.322  

 

5. Serfozo Cs, Barta AG, Horvath E, Sumanszki Cs, Csakany B, Resch M, Nagy ZZ, 

Reismann P (2020). Altered visual functions, macular ganglion cell and papillary 

retinal nerve fiber layer thickness in early-treated adult PKU patients. Molecular 

Genetics and Metabolism Reports 25: 100649.  

Impact factor 2020: 2.797 

 

6. Serfozo Cs, Barta AG, Horvath E, Sumanszki Cs, Csakany B, Resch M, Nagy ZZ, 

Reismann P. Reduced macular thickness and macular vessel density in early-treated 

adult patients with PKU. Mol Genet Metab Rep. 2021 May 5;27:100767. doi: 

10.1016/j.ymgmr.2021.100767. PMID: 34026550; PMCID: PMC8121983. 

Impact factor 2020: 2.797 

  



78 

 

9. Acknowledgements 

 

This work could not have been completed without the contribution of many people, to  

whom I am deeply greatful.  

I will be eternally grateful to my parents, Ida Bányai and József Barta, for their self-

sacrificing love and never-ending faith in me. Their constant support and trust kept me 

motivated in difficult times. I would like to thank my grandparents, especially Mátyás 

Bea♱ and Mátyásné Bea, for setting an example with their goodwill towards all people 

and their unswerving honesty. I thank my brother, Bence Barta, for his caring support and 

valuable advices in difficult decisions. I want to express my gratitude to my loving wife, 

Anna Andrea Barta-Gyetvai, for always supporting me on this journey. Her kindness, 

genuine devotion and her laughing eyes are my driving force.  

I am also very grateful to my mentor, Peter Reismann, for his patience and competent 

guidance through all scientific challenges since he  accepted me as a TDK student 6 years 

ago. I thank him for showing me an example to follow both as a competent researcher 

and a caring doctor.  

I want to express my gratitude towards Professors Péter Igaz and István Takács for 

providing a supportive and motivating environment for my studies at the IInd Department 

of Internal Medicine and later at the Department of Internal Medicine and Oncology of 

Semmelweis University.  

I am grateful to all co-authors, especially Csilla Serfőző, Dóra Becsei and Csaba 

Sumánszki who have greatly supported my research with their expertise and with 

inspiring discussions. I would like to also thank the dietitians Erika Kiss and Erika Simon 

of the 1st department of Pediatrics of Semmelweis Unviersity for their professional 

assistance in carrying out and evaluating results of body composition analyses.  


