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Chapter 1

1
HISTORY OF PKU

“He is barely able to sit upright when supported. His head is inclined to drop to one 
side. He is unable to talk, expels some inarticulate sounds, cries and smiles, wants 
to play and to be entertained. He is unable to eat without assistance or to chew 
solid food and must accordingly be nourished on a liquid diet. He was never clean 
in his habits. He is unable to focus his eyes and there is a pronounced horizontal 
nystagmus” (1). This is a description of one of the two siblings in which the 
Norwegian biochemist and physician Asbjørn Følling discovered a new inborn error 
of metabolism responsible for their severe mental retardation, in 1934 (2;3;4). Dr 
Asbjørn Følling identified high levels of the phenylketone phenylpyruvic acid in the 
urine of these patients and he described the disorder as imbecillitas phenylpyruvica, 
thereafter renamed as phenylketonuria (2;3). Dr Følling’s initial theory was that 
the high amount of phenylpyruvic acid was the result of an inability to metabolize 
the amino acid phenylalanine (Phe), a hypothesis that was confirmed a few years 
later (3). The following two decades researchers discovered that the activity of 
the hepatic enzyme phenylalanine hydroxylase (PAH) is deficient in patients with 
phenylketonuria (PKU) (5;6;7). 
Untreated PKU results in progressive mental deterioration with additional symptoms 
like motor deficits, epilepsy, behavioural and psychiatric disorders, a musty 
body odour and eczema. In the 1950s, Dr Horst Bickel developed a treatment: a 
phenylalanine restricted diet, and recommended that in order to prevent the known 
symptoms, treatment should be started in the newborn period (8). Early treatment 
became a possibility after the implementation of PKU newborn screening programs 
with the development of the Guthrie bacterial inhibition assay (9). Nowadays, 
with early initiation of the dietary treatment the severe cognitive disabilities and 
neurological sequelae can be prevented. 

GENETICS AND BIOCHEMISTRY

Phenylketonuria (PKU; MIM 261600) is an autosomal recessive inborn error of 
metabolism caused by a deficiency of the enzyme phenylalanine hydroxylase (PAH; 
EC 1.14.16.1). The PAH gene is located on the long arm of chromosome 12 in the 
band region q22-q24 and until now, over 500 different mutations have been identified 
(www.pahdb.mcgill.ca). With an average incidence of 1:10.000, PAH deficiency is 
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the most common inborn error of metabolism in Europeans (10). As a result of the 
defect in the hepatic enzyme PAH, the essential aromatic amino acid phenylalanine 
(Phe) is not converted to tyrosine (Tyr), accumulates in the body and causes 
hyperphenylalaninemia (HPA) (11). PAH deficiency is a heterogeneous trait with a 
broad spectrum of phenotypes, spanning from very mild hyperphenylalaninemia, to 
the classical form of PKU in which there is no or hardly any residual enzyme activity 
(12). Genotypes correspond well with biochemical phenotypes like pre-treatment 
Phe levels and Phe tolerance (13). 
Phe is derived from dietary protein and turnover of endogenous pools. Disposal  
of Phe is by hydroxylation to Tyr, incorporation into bound (polypeptide) pools, 
transamination and decarboxylation (11) (Table 1). At physiological levels, 
hydroxylation to Tyr accounts for 75%, and incorporation into protein for 25% of 
the total Phe disposal. In PKU, PAH is deficient, hydroxylation to Tyr is blocked 
(pathway 1)  and consequently plasma Phe levels will rise. At elevated plasma Phe 
levels and when pathway 1 is blocked, pathway 3 becomes functionally significant 
and conversion to phenylpyruvic acid occurs (14). Products of the transamination 
are excreted in the urine. Pathway 2 is not an important alternative pathway not even 
in case of high Phe levels (15). The hydroxylation of Phe to Tyr, catalyzed by PAH, 
is dependent on tetrahydrobiopterin (BH4), as a cofactor, plus molecular oxygen, 
and iron. 

Table 1: Phenylalanine metabolism

 

Phenylalanine 

Phenylethylamine 

Tyrosine 

Phenylpyruvate 

Phenyllactate 
+ 

o-hydroxyphenylacetate 
 

Fumarate 
+ 

Acetoacetate 
 
 
 

1 

2 

3 

CO2 + H2O 
Phenylacetylglutamine 

+ 
Phenylacetate 

1. Hydroxylation of phenylalanine to tyrosine
2. Decarboxylation of phenylalanine to Phenylethylamine
3. Transamination of phenylalanine to Phenylpyruvate/Phenylpyruvic acid
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PATHOGENESIS AND NEUROTOXICITY

The major effect of hyperphenylalaninemia (HPA) in PKU patients is on the brain 
function and development. Although the exact pathophysiologic mechanism by 
which HPA causes the neurocognitive damage is still not completely dissolved, there 
are several hypotheses supported with evidence, which address the different possible 
causes of the neurotoxicity secondary to elevated blood Phe levels. Discussed below 
are the following possible aspects: the effect on the transport of large neutral amino 
acids (LNAAs) across the blood brain barrier (BBB), the effect on brain white matter 
and myelinisation and the effect on neurotransmitters and protein synthesis.

Large Neutral Amino Acids in the brain
Phe transport into the brain is mediated by the large neutral amino acid type 1 (LAT1) 
–transporter at the BBB, which selectively binds to, and transports, the large neutral 
amino acids (phenylalanine, tryptophan, tyrosine, histidine, valine, methionine, 
threonine, leucine and isoleucine) (16). Because Phe has the lowest Km, it is most 
effectively transported by the LAT1 transporter in comparison with other LNAAs 
(16;17). In vivo studies (18;19) demonstrated competition at the BBB between Phe 
and other LNAAs (methionine, tyrosine and tryptophan). The expected result of this 
competitive transport is that in case of high blood Phe levels, brain Phe levels are 
increased and the uptake of the other LNAAs will be reduced. Elevated brain Phe levels 
have been established in PKU patients (20;21). Moreover, several studies performed in 
a PKU mouse model, showed reduced levels of LNAAs in the brain (22;16).

Protein synthesis
In animal studies it has been proven that elevated plasma and brain Phe levels 
resulted in decreased LNAAs in the brain (22;16) This deficiency of LNAAs has been 
hypothesized to cause the inhibition of protein synthesis in case of acute and chronic 
hyperphenylalaninemia (23;24). In the PKU mouse this decreased cerebral protein 
synthesis was confirmed (17). In PKU patients a negative relationship has been 
established between the plasma Phe concentration and cerebral protein synthesis 
(25;26).

White matter abnormalities
Reduced cerebral protein synthesis might explain the white matter changes in the 
brain of PKU patients (27), which have been established in several studies (28;29). 
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Different types of white matter abnormalities have been described in pathological, 
animal and magnetic resonance imaging (MRI) studies. The most frequently 
described phenomenon is myelin disturbance. In untreated patients there might be 
a lack of myelin formation, in early treated patients it is hypothesized that the white 
matter alteration might be a result of intramyelinic edema (30). 

Dopamine and serotonin
Impaired neuronal synthesis of amine neurotransmitters, including dopamine, is 
likely to play an important role in the neurotoxicity of elevated brain Phe levels. Two 
distinct hypotheses have been proposed to explain the decreased dopamine levels. The 
first theory proposes that this phenomenon is due to the low levels of its precursor 
Tyr, caused by competition of high Phe levels with the uptake of Tyr across the BBB as 
both amino acids are transported by the same neutral amino acid transporter (31). As 
dopamine synthesis in dopaminergic neurons projecting on the prefrontal cortex, is 
highly sensitive to even small decreases in Tyr (32), the low tyrosine levels in the brain 
might cause dopamine depletion and thereby cognitive impairment (33). The second 
hypothesis focuses on the findings of decreased myelinisation in the brain of treated 
PKU patients which may cause down-regulation of neurotransmitter production as 
has been considered in a PKU mouse model (34). 
Synthesis of serotonin occurs by hydroxylation of tryptophan by tryptophan 
hydroxylase. Like dopamine, tryptophan competes with Phe across the BBB (35). At 
elevated plasma Phe concentrations, brain tryptophan concentrations, and consequently 
brain serotonin levels, might be reduced. Indeed, in the cerebrospinal fluid of treated 
patients, reduced serotonin levels have been demonstrated (36). Furthermore it is 
hypothesized that high Phe levels might reduce tryptophan hydroxylase activity (37).

DIAGNOSIS 

Since the late 1960’s, following the development of the Guthrie bacterial inhibition 
assay, PAH deficiency has been implemented in newborn screening programs in 
many countries. 
Newborn screening is based on the detection of hyperphenylalaninemia in blood 
spots, as Phe is the marker for PAH deficiency. Phe levels in blood spots can be 
measured by several possible methods, but currently tandem mass spectrometry is 
the routine method of analysis (11;38).
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TREATMENT

Dietary therapy
The mainstay of the treatment is the early initiation of a strict and often unpalatable 
protein restricted diet, severely limiting the Phe intake from natural protein (11). 
Protein substitutes are  provided by commercially available special medical formulas 
containing all amino acids as well as vitamins and minerals, which are advised to be 
taken three times a day. Aim of the treatment is to maintain plasma Phe levels within 
safe limits and thereby prevent neurological damage. Regular blood Phe monitoring 
is performed to evaluate dietary adherence and to adjust therapy. Adherence to 
the diet is arduous and socially difficult (39) and maintaining Phe levels within the 
advised ranges is highly demanding. Therefore intensive dietary education, family 
involvement, promotion of self-reliance and self-efficacy are required (40).

BH4 therapy
Recently a new therapeutic option for PKU patients has been developed, sapropterin 
dichloride. Sapropterin is a synthetic formulation of the naturally occurring BH4. 
It has been shown that 20-40% of the PKU patients respond to sapropterin by a 
reduction in blood Phe concentration (41;42). The exact mechanism of action 
of sapropterin is not fully elucidated but several possible mechanisms have been 
proposed: increased BH4 levels may enhance the residual activity of the PAH 
enzyme; a chaperone effect which stabilizes PAH; improving affinity of PAH for 
BH4; and effects on BH4 and PAH synthesis (41;43;44). In responsive patients, 
Phe concentration is lowered significantly and thereby allows patients to relax the 
onerous dietary restrictions (45;46).

Guidelines
Guidelines for the treatment of patients with PKU vary widely between countries 
with respect to treatment criteria, recommended ranges of Phe levels and follow-
up for all ages. However, this inconsistency is most prominent for the treatment 
of adults with PKU (47;48). Most treatment centers recommend a ‘diet for life’ and 
there is consensus about the necessity of monitoring Phe levels throughout life, 
however there is no consensus about the required dietary stringency in adulthood 
and there is limited evidence on the upper target Phe concentrations (49).
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Future therapies
Although the dietary treatment of PKU is relatively effective, it is a diet not easy 
to comply with. The past years new treatment strategies and additional therapeutic 
options have been investigated (50).
A treatment approach under investigation is the administration of the enzyme 
phenylalanine ammonia lyase (PAL). PAL degrades Phe into the metabolites trans-
cinnamic acid and ammonia (51). A different treatment strategy which is being 
developed, is LNAA supplementation. As Phe crosses the BBB via a transporter 
shared with other LNAAs (17), LNAA supplementation has shown to reduce brain 
Phe levels by competition at this transporter and thereby decreasing the influx of Phe 
in the brain (52). Moreover a similar LNAA carrier protein exists in the intestine and 
administration of a different LNAA formulation was reported to reduce the blood 
Phe concentration significantly (53). 
Another promising future treatment strategy which is being explored in animal 
models, is somatic gene therapy (54). 

OUTCOME

Early initiation of the dietary therapy in PKU patients prevents severe neurological 
and cognitive damage. However, despite adequate treatment, subtle intellectual and 
cognitive sequelae in early and continuously treated patients have been reported 
(55-57). In spite of having an intelligent quotient within the normal range, PKU 
patients have slightly but significantly lower scores compared to control groups 
(58;59). Furthermore they show neuropsychological deficits, including higher-order 
cognitive abilities like planning, organization, working memory and inhibitory 
control, conceptualized as executive functions (60). All these deficits are associated 
with quality of the dietary control; high Phe levels during childhood and elevated 
lifetime Phe level results, are negatively related to IQ scores (55); impairments of 
executive functions have been reported to be related to concurrent and lifetime Phe 
levels (61-63).
Furthermore in some studies early treated PKU patients show more school and 
behavioural problems than do healthy controls. Patients with PKU more often 
repeat classes, need more global tutoring (64) and exhibit more task-orientated 
problems (65). In addition, in patients with PKU disturbances of emotional and 
behavioural functioning have been reported (47;66). Patients may demonstrate 
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decreased autonomy, suffer from low self esteem and might be more prone to develop 
internalizing problems as depression, anxiety and phobias (67;68). Despite these 
reported problems, findings on quality of life are contradictory: Weglage et al (69) 
reported patients with PKU to experience their social situation as being restricted, 
feeling less satisfaction with life and less carefreeness compared to the norm. A 
decreased quality of life in children with PKU was established recently (70), whereas 
in other studies adult patients with PKU reported a quality of life comparable to the 
normal population (71;72). 

OUTLINE OF THE THESIS

Although phenylketonuria (PKU) is one of the first known inborn errors of 
metabolism and has been studied now for over 60 years, there are still many issues 
which remain to be clarified. 
In this thesis several aspects of PKU, in children and in adults, are presented. It 
focuses on the psychosocial consequences and neurocognitive sequelae as well as on 
different aspects of dietary treatment.

Early detection and treatment of PKU is effective in preventing severe neurological 
impairments and developmental disabilities. However, patients can suffer from 
mild cognitive and neuropsychological deficits and sometimes experience social 
difficulties. A concise overview of these psychosocial deficits, associated with early-
treated PKU, is given in chapter 2. In the treatment of children with PKU, parents 
play an important role. As the mental health of these parents influences the health, 
development and adjustment of their children, it is important to gain insight in the 
parental mental wellbeing. Therefore in chapter 3 the health-related quality of life of 
parents of children with PKU or galactosemia is studied. 
The treatment of adult patients is still under discussion. Although there is consensus 
about a diet for life, treatment guidelines vary widely. Since dietary relaxation results 
in elevated Phe levels, it is of importance to further elucidate the consequences. 
The results of a placebo controlled trial, in which the effects of high Phe levels 
on neuropsychological functioning and mood are investigated, are presented in 
chapter 4. In addition it was attempted to contribute to the understanding of the 
effects of high Phe levels on the cognitive processes in the brain, with the help of 
magnetoencephalography (chapter 5).
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Measurement of blood Phe levels to evaluate dietary adherence and to adjust therapy, 
is the cornerstone of the management of patients with PKU. However, maintaining 
Phe levels within the advised range is onerous. We hypothesized that enhanced self-
management might encourage PKU patients and parents of children with PKU, to 
take more control of their diet or the diet of their child, in relationship to the Phe 
levels. For that reason, we performed a trial to evaluate the safety and feasibility 
of online availability of Phe levels (chapter 6). Since several methods are available 
to measure Phe levels for the purpose of monitoring, in chapter 7 the results are 
described of a comparative study of the different analysis methods.
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ABSTRACT

Phenylketonuria (PKU) is an inborn error of metabolism, and its detrimental effects 
on neurocognitive functioning have been well studied. Early detection and treatment 
of PKU prevent the severe consequences of this disorder. However, even early- and 
well-treated patients experience hidden disabilities, including subtle deficits in 
executive functioning, mild reductions in mental processing speed, social difficulties, 
and emotional problems that may remain unnoticed for years. Poor executive 
function (EF) may impact treatment adherence and may lead to psychosocial deficits 
that are not always visible. These psychosocial aspects include social difficulties 
and psychosocial problems, such as forming interpersonal relationships, achieving 
autonomy, attaining educational goals, and having healthy emotional development. 
Studies report EF deficits in children and adults with early-treated PKU, which 
contribute significantly to the hidden disabilities in this population. In adults, hidden 
disabilities affect job performance and social relationships as a result of residual 
attention deficits, poor EF (e.g., planning, organizing), and reduced processing speed. 
An indirect relationship also exists between quality of life and EF impairment. In the 
absence of overt psychiatric symptoms, low level depressive or anxious symptom 
may be present. The interaction between the neurocognitive deficits and psychiatric 
symptoms puts this population of patients at significant risk for experiencing hidden 
disability.  PKU is a disorder in which a less than optimal psychosocial outcome 
arises from the cumulative impact of relatively mild symptoms.  The key to reducing 
risks associated with PKU is metabolic control throughout life.
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INTRODUCTION

Phenylketonuria (PKU; OMIM 261600 and 261630), an inborn error of metabolism, 
leads to clearly recognized symptoms of phenylalanine (Phe) toxicity, including 
mental retardation, seizures, skin abnormalities, self-abuse, and psychiatric problems 
(1). Early detection and treatment of PKU prevent the most obvious and severe 
consequences of this disorder. Individuals with PKU do not appear sick and often do 
not feel the effects of poor metabolic control. However, even early- and well-treated 
patients experience hidden disabilities, such as subtle deficits in executive function 
(EF), mild reductions in mental processing speed, social difficulties, and emotional 
problems that may remain unnoticed for years (2;3). Women with PKU who become 
pregnant appear and feel healthy but risk bearing children with microcephaly, growth 
retardation, developmental delay, and congenital heart disease (4). Most studies in 
PKU focus on the association between blood Phe levels and neuropsychological 
functioning. However, an equally important risk in PKU may be the cumulative 
impact of its hidden disabilities. 

METABOLISM OF PHE AND MECHANISMS OF 
PATHOGENESIS IN PKU

In PKU, the metabolic block in the breakdown of Phe to tyrosine results from 
insufficient activity of the phenylalanine hydroxylase (PAH; EC 1.14.16.1) enzyme. 
Without dietary or other therapeutic intervention, plasma Phe levels become 
elevated and yield neurotoxic effects, including severe mental retardation and 
structural brain abnormalities (5). Two hypotheses have been advanced to explain 
the underlying mechanisms generating the cognitive and neurological deficits 
encountered in PKU despite treatment. One hypothesis suggests that the decrease 
in tyrosine concentrations plays a role in the development of the clinical phenotype 
(6-8). An alternate explanation suggests that it is the hypomyelination which occurs 
in selective areas of the cortex that leads to the cognitive deficits seen in PKU (9;10). 
Whatever the underlying cause, the impact on psychosocial development remains 
significant. Adjustments required to cope with the neuropsychological deficits and 
the restrictions necessary for adequate treatment of PKU impose a burden on the 
affected individual and family. Comorbid conditions, including depression and 
anxiety associated with PKU, place further barriers on maintaining appropriate 
interpersonal relationships and a satisfying quality of life (QoL). Recognition of 
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these “hidden” disabilities in PKU is the first step in developing interventions for 
improved outcomes in this disorder. 

TREATMENT 

The primary treatment of this condition is to reduce the levels of Phe in the blood, 
thus limiting Phe accumulation in the tissues and minimizing neurotoxic effects 
seen in patients with elevated blood levels of this amino acid. This is accomplished 
through lifelong dietary restriction of Phe and supplementation with a formula 
containing all required amino acids excluding Phe. Treatment begins in the neonatal 
period after confirmation of the diagnosis, with initiation of frequent monitoring of 
plasma Phe levels and making necessary diet and formula adjustments. Adherence to 
the diet and formula recommendations is particularly important during the critical 
period of brain development in early childhood years, but it also remains necessary 
through adulthood (2;11). This presents significant challenges when patients reach 
adolescence and move toward independence. In addition, the lack of immediate 
physiological feedback about Phe levels sometimes contributes to poor decision-
making with regard to treatment adherence. 

PSYCHOSOCIAL FUNCTIONING

The detrimental effects on neurocognitive functioning have been well studied (2;12-
17), but the interaction between these neurocognitive sequelae and psychosocial 
functioning have also been explored, albeit to a lesser degree. 

Children with PKU  
Despite strict adherence to the Phe-restricted diet and regular ingestion of the 
formula, neuropsychological abnormalities occur in children and adolescents with 
PKU (2;3). Early-treated PKU is associated with intellectual performance within the 
average range but lower than the general population (2;12;13). A recent meta-analysis 
involving 43 studies showed a 1.8-3.8 point reduction in intelligence quotient (IQ) 
for each 100 μmol/L increase in lifetime blood Phe level (16). And Burgard (17) 
concluded from a review of longitudinal studies of intelligence of early-treated 
patients with PKU that IQ development is stable after age 10. 
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Many studies have reported EF deficits in children and adults with early-treated 
PKU (2;18-21). EFs are a group of interrelated cognitive and behavioral skills 
responsible for goal-directed activity, including attention, short-term memory, 
planning, organization, behavioral inhibition, and social interaction (18). These EF 
deficits contribute significantly to hidden disabilities in children and adolescents 
with PKU (18-21). 
Inattention and behavioral difficulties are detrimental to self-esteem and 
emotional development. Planning, organization, and impulse control (behavioral 
inhibition) are required for achieving metabolic control in PKU. Counting grams 
of Phe, remembering Phe intake, maintaining supplies, inhibiting impulsive food 
choices, and planning menus all require robust EF. Without good EF, a vicious 
cycle ensues whereby a person fails to resist disallowed foods or forgets to drink 
the special formula, which leads to elevated Phe levels and further impairs EF. In 
other populations, EF impairments have been correlated with deficits in social 
relationships and communication skills (22;23). An indirect relationship has been 
noted between QoL and EF impairment (24). 
Slower processing speed, another hallmark in PKU (19), contributes to difficulties 
in comprehension, ability to complete tasks, and school performance. Gassió 
and coworkers (12) assessed school performance in a group of 26 early- and 
continuously-treated PKU patients, as compared to 21 age- and sex-matched 
controls. PKU patients had significantly more school problems (defined by students 
needing tutoring, repeating a class, or discontinuing their studies before completing 
secondary school). In another study teachers reported that 33% of students with 
PKU had more problems than their classmates in concentration, spelling rules, 
and mathematics (25). Stemerdink and colleagues (26) reported in a study of 30 
adolescents with PKU and 23 controls that patients were more hyperactive and their 
school performance was lower than control subjects. Zeman et al. (27) reported that 
among 67 people with PKU, 7 completed their studies in a special school. Thus, 
subtle or hidden factors such as IQ loss (12-17), EF deficit (18-21), and reduced 
processing speed (28) put the child at risk for poor academic performance.
A number of studies have addressed the health-related quality of life (HRQoL) of 
individuals with PKU. HRQoL was assessed in a cohort of 37 Swiss patients aged 
3-18 years with early-treated PKU (29). The majority of dimensions of QoL in PKU 
children did not differ significantly from reference values.
While the Phe levels in the 12 months preceding the study were not associated with 
QoL and psychologic adjustments, mean blood Phe concentrations in the first year of 
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life were found to be significantly predictive of psychological adjustment and some 
dimensions of QoL. Patients with higher Phe values during this period experienced 
more problems in cognitive and emotional functioning and were less well-adjusted 
psychologically than those with better biochemical control. Compared to parents 
with healthy children, parents in this Swiss study (29) reported their children to be 
less joyful, happy, and confident. However, psychological adjustment was shown to 
be better than in the healthy reference group, suggesting that these patients were at 
least as well-adjusted as healthy controls. 

Adolescents and adults with PKU
Education and employment
Simon and colleagues (4) in Germany found few differences in the level of education 
achieved and the distribution of highest professional qualifications between young 
adults with PKU and control groups. However, more than half of the female patients 
had not completed vocational training as compared to one-third in the general 
population. These results are confirmed by the study of Bosch et al. (30) in the 
Netherlands, who reported that a higher percentage of PKU patients had attended 
special education classes in primary school, though the highest level of education 
attained was comparable in the two groups. Also, in the study by Schmidt and 
colleagues (15) in England, the educational and career status of the 51 adult subjects 
with PKU appeared not to differ from the general population even though in this 
cohort the diet had been relaxed since age 10. 
While these studies suggest adequate achievement, neuropsychological testing in 
adults reveals reduced processing speed (2;28;31;32), which can result in slower 
processing of auditory information. These individuals may then appear inattentive 
or unintelligent. Residual attention deficits and poor EF in adulthood also affect job 
performance and social relationships.

Psychiatric disorders  
The overall rate of psychiatric disorders in individuals with PKU as compared to 
controls has not been shown to differ significantly (33). However, the pattern of 
disturbances was different, with PKU subjects demonstrating increased internalizing 
disorders such as depression, anxiety, and decreased externalizing disorders including 
hyperactivity or antisocial behavior. Depressive disorders as per ICD10 classification 
were more prevalent in female than male PKU subjects. PKU subjects demonstrate an 
approximately 50% increased risk of showing moderate or severe symptoms (33;34). 
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There was a positive correlation between occurrence of psychiatric symptoms and 
IQ and between occurrence of psychiatric symptoms and biochemical control up 
to age 12. These findings are consistent with the concept of hidden disability, as 
these individuals may not present with overt psychiatric symptoms yet they may 
experience chronic low level depressive or anxious symptoms.
In many chronic illnesses, exacerbations of symptoms or cognitive decline can lead to 
“treatment fatigue” (35). In patients with PKU, the challenges that contribute to this 
fatigue include maintaining a lifelong restrictive diet, the need for frequent monitoring 
of Phe levels, and regular hospital visits. Stress related to continued cognitive and 
emotional difficulties further challenges the individual, often resulting in poor 
adherence to treatment and exacerbation of symptoms (2). Studies suggest that by 
adulthood, fewer than 20% of individuals with PKU maintain metabolic control (29).

Course of life
Individuals with PKU whose diets and health have been closely monitored 
throughout life may be more dependent on their parents and they may have fewer 
opportunities to participate in peer and school-based activities. This may inhibit the 
achievement of developmental tasks (30). Seeking out contacts outside the family 
and reaching other developmental milestones that move the individual toward 
independence are of paramount importance to adjustment to adulthood (36;37). 
There might be obstacles to this course of life (CoL) process (4). CoL was evaluated 
in the study by Bosch and colleagues (30). The CoL questionnaire is a Dutch 
measurement instrument used to assess achievement of developmental milestones. It 
was previously developed to assess CoL in young adults 18-30 years of age, who had 
grown up with a chronic or life-threatening disease as compared to an age-matched 
group of controls (38). The study utilized three scales including: (1) development 
of autonomy; (2) psychosexual development; and (3) social development. The 
study also added measures of sociodemographic outcome such as living situation, 
education, and employment. As with the results of the HRQoL questionnaires, those 
for CoL were comparable for PKU patients and controls.

Interpersonal relationships
Weglage and coworkers (39) revealed that adolescents with PKU reported 
restrictions both in their social lives and their emotional development, and mothers 
of these patients reported upbringing that was overprotective and restrictive. 
Within the family, lower levels of cohesion were reported relative to controls (23). 
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Patients, particularly those in the adolescent years, revealed psychosocial problems 
(39;40). Simon and colleagues (4) reported a tendency for lower or delayed levels 
of autonomy among PKU patients, with a large percentage still living with their 
parents. Adults with PKU had a lower rate of forming normal adult relationships 
than normal controls, with a higher percentage of being unmarried (82% vs. 55%). 
Fewer had children (12% vs. 47%). The majority of the unmarried patients were not 
in a stable relationship and among males the proportion was 95%. 

Health-related quality of life 
Bosch and colleagues (30) evaluated the HRQoL of 32 early- and continuously-treated 
Dutch PKU patients aged 18-30 years. The results of the HRQoL questionnaires 
were comparable for PKU patients and controls. In Germany, Simon and colleagues 
(4) undertook a study to evaluate QoL and described sociodemographic outcomes 
in 67 adolescents and young adult PKU patients. Again, no significant differences 
were identified between self-assessed QoL in the patient and control groups. In 
these studies, QoL was derived from self-reports on generic HRQoL questionnaires 
administered to subjects with PKU who were all treated early and continuously. A 
cohort of patients that relaxed or discontinued the diet at an earlier age might report 
more abnormalities in a QoL study. Cultural effects may play a role in that Dutch 
guidelines, for treatment are more strict that those in Germany or the United States. 
Moreover, the generic questionnaires that were used in the studies contain scales 
evaluating matters like pain symptoms and basic motor symptoms, which are not 
PKU-related problems. 

DISCUSSION

The interaction between the neurocognitive deficits and psychiatric symptoms puts 
this population of patients at significant risk for experiencing hidden disability. PKU 
is a disorder in which a less than optimal psychosocial outcome arises from the 
cumulative impact of relatively mild symptoms. The key to reducing risks associated 
with PKU is metabolic control throughout life. The challenge of non-adherence 
remains an obstacle to better health outcomes. Interventions that have been shown 
to improve adherence in PKU and other disorders include educational, behavioral, 
and social support strategies.
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A. Educational strategies
1. Improve knowledge of the disease and its treatment. The health care provider 

should involve the patient as a partner in the process, acknowledging the 
patient’s previous illness experiences, in place of an authoritarian approach. 

2. Enhance verbal information with written materials (e.g., booklets, pamphlets, 
videos). A stepwise approach is most effective, taking into account the patient’s 
developmental and intellectual abilities.

3. Assess knowledge through patient interviews.
4. Repeat educational intervention at follow-up and annual visits. 
5. Provide information in a brief, organized, and specific manner.
6. Encourage adolescents to ask questions and express their feeling and thoughts 

about the disease and treatment.

B. Behavioral strategies
1. Listen to the needs of the patient at each visit and try to make adjustments to the 

treatment regimen to facilitate adherence.
2. Patients can record their dietary intake on calendars or pocket computers, which 

will increase motivation and responsibility.
3. Provide a reward or incentive for adherence, such as a point system or appraisal 

by the parent or health care provider.

C. Social support strategies
1. Provide continued supervision while respecting the patient’s responsibility and 

autonomy.
2. Do not speak exclusively to the parent, but rather relate directly to the teenager 

in a sincere and honest manner. This will cultivate a good relationship with 
the adolescent where they feel they are being taken seriously, cared about, and 
listened to.

3. Instead of just discussing the treatment regimen, focus on the adolescent and 
their concerns to build trust.

4. Permit phone calls, emails, or the Internet as alternate forms of contact that fall 
within the guidelines of the Health Insurance Portability and Accountability Act.

5. More frequent follow-up visits with the same practitioner facilitates continuity of 
care, which is a focal point in chronic disease management.

6. Involve the family members to understand and support the child’s journey 
towards independence.
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7. Support groups for adolescents provide an outlet for them to share problems 
and coping mechanisms. Summer camps for children and special retreats for 
adults with PKU provide opportunities for social support. Some camps integrate 
children with PKU into normal camps and provide low-protein foods and blood 
Phe monitoring.

8. A mutual written contract can be signed between the patient and the health care 
provider, each committing to everything necessary to facilitate adherence with 
the regimen.

Attention to psychosocial outcomes as well as neuropsychological performance will 
improve prospects for individuals with PKU to form relationships, have healthy 
emotional development, and achieve desired educational and professional goals. 
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ABSTRACT

Parents of children with chronic disorders have an impaired health-related quality 
of life (HRQoL) compared to parents of healthy children. Remarkably, parents of 
children with a metabolic disorder reported an even lower HRQoL than parents of 
children with other chronic disorders. Possibly the uncertainty about the course of 
the disease and the limited life expectancy in many metabolic disorders are important 
factors in the low parental HRQoL. Therefore we performed a cross-sectional 
study in parents of children with phenylketonuria (PKU, OMIM #261600) and 
galactosemia (OMIM #230400), metabolic disorders not affecting life expectancy, 
in order to investigate their HRQoL compared to parents of healthy children and to 
parents of children with other metabolic disorders. A total of 185 parents of children 
with PKU and galactosemia aged 1-19 years completed two questionnaires. Parents 
of children with PKU or galactosemia reported a HRQoL comparable to parents 
of healthy children and a significantly better HRQoL than parents of children with 
other metabolic disorders. Important predictors for parental mental HRQoL were 
the psychosocial factors emotional support and loss of friendship. As parental mental 
functioning influences the health, development and adjustment of their children, it 
is important that treating physicians pay attention to the wellbeing of the parents. 
The insight that emotional support and loss of friendship influence the HRQoL of 
the parents enables treating physicians to provide better support for these parents.
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INTRODUCTION

In recent years, it has been demonstrated that parenting a chronically ill child affects 
the quality of life of the care-givers (1;2;3). Health- related quality of life (HRQoL) 
can be viewed as the impact of illness and treatment on the domains of physical, 
psychological, social and somatic functioning and well-being (4). Hatzmann et 
al. (5) reported a significantly lower HRQoL in parents of children with chronic 
disorders compared to parents of healthy children in the Netherlands.  Within this 
group of parents of chronically ill children, parents of children with a metabolic 
disorder reported an even lower HRQoL than parents of children with other 
chronic diseases, such as end-stage renal disease or Duchenne muscular dystrophy.  
Psychosocial determinants, like loss of friendship and emotional support, proved 
to be important predictors for parental HRQoL (6). The children of the parents 
included in this previous study suffered from urea cycle defects, organic acidurias, 
lysosomal storage disorders and mitochondrial defects. In these metabolic disorders, 
there is a great variety in life expectancy and limited predictability of the course 
of the disease.  This uncertain outcome could be the reason for the lower parental 
HRQoL in comparison to other chronic disorders. Phenylketonuria (PKU, OMIM 
#261600) is an inborn error of metabolism caused by a deficiency of the enzyme 
phenylalanine hydroxylase (PAH, EC 1.14.16.1). As a result of this deficiency, the 
essential amino acid phenylalanine (Phe) cannot be converted to tyrosine and 
accumulates in the body. Untreated PKU results in severe intellectual disability 
and neurological abnormalities (7). Since the instigation of newborn screening and 
early treatment with a strict lifelong protein-restricted diet with supplementation 
of amino acids, patients have an intellectual outcome within the normal range but 
slightly below the population mean (8;9) and subtle neuropsychological deficits are 
reported (10). Classical galactosemia (OMIM #230400) is an autosomal recessive 
disorder of galactose metabolism, caused by a deficiency of the enzyme galactose-
1-phosphate-uridyltransferase (GALT, EC 2.7.7.12). Patients present after ingestion 
of galactose with severe illness in the first weeks of life. With a galactose restricted 
diet patients have a normal life expectancy. However, patients may still suffer long-
term complications such as problems of mental development, disorders of speech, 
hypergonadotrophic hypogonadism and decreased bone mineral density (11). As in 
other metabolic disorders, parents play a pivotal role in the management of childhood 
PKU and galactosemia, and in spite of a normal life expectancy, both disorders still 
pose a heavy burden for the families. In order to be able to adequately support the 
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parents of children with metabolic diseases adequately, insight into the determinants 
of their HRQoL problems is necessary. We performed a cross-sectional study in 
parents of children with PKU and galactosemia, metabolic disorders not affecting 
life expectancy, in order to investigate the HRQoL compared to parents of healthy 
children and to parents of children with other metabolic disorders. Secondarily, we 
evaluated which variables predominantly affect the HRQoL in parents of children 
with PKU and galactosemia.

METHODS

Participants
The participating medical centers invited parents of 148 patients with PKU and 
galactosemia. The Dutch Galactosemia Society and the Dutch PKU Society also sent 
out invitation letters; the exact number is not accessible because the Dutch PKU 
Society does not keep a registry so sent the letter to all members. It is inevitable that 
some of the parents received an invitation letter from the treating physician as well as 
from the Dutch PKU Society and Dutch Galactosemia Society. For privacy reasons, it 
was not possible to establish the exact number of parents in which this was the case. 
Parents of children with PKU and galactosemia were invited by letter to participate 
via the treating physician of their child in the Academic Medical Centers of 
Amsterdam, Leiden, Maastricht and Groningen and via the Dutch PKU Society and 
the Dutch Galactosemia Society.  Participants were enrolled in the study between 
December 2008 and February 2009. Parents of children with PKU or galactosemia 
aged 1-19 years, who had been diagnosed at least 1 year before and who were able to 
complete questionnaires in Dutch, were eligible for inclusion. 
Data of parents of healthy children (n=434) as well as data of parents of children with 
lysosomal storage diseases, organic acidurias or mitochondrial respiratory chain 
defects (n=108) were used as reference data. These data were gathered in the Dutch 
Care-project (5;6). Approval for this study was granted by the Ethical Committee of 
the Academic Medical Center (AMC), Amsterdam.

Procedure
Parents were invited through a letter in which they were asked to send an email 
stating their wish to participate to the investigator, after which both parents received 
a unique code. With the unique code, parents could log into a study website to 
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complete the questionnaires. After 1 month, all parents received a reminder letter 
and one week before closure of the study website, parents received a reminder email. 
All questionnaires were completed anonymously and data could not be traced back 
to the individual parent.

Measures
Health-related quality of life (HRQoL)
HRQoL was assessed with the TNO-AZL Questionnaire for Adult’s Health related 
Quality of Life (TAAQoL) (12). The questionnaire measures health status problems 
weighted by the impact of problems on well-being on 12 multi-item scales: gross 
and fine motor functioning, cognitive functioning, sleep, pain, social functioning, 
daily activities, sexuality, vitality, positive emotions, depressive emotions and 
aggressiveness. Each item consists of two parts: the first part assesses the prevalence 
of a health problem or limitation in the past month, the second part the emotional 
response to the health problem or limitation. Answers were scored on 4-point scales. 
A single score is attributed to each combination of an item assessing the prevalence 
of a problem or limitation and the corresponding emotional response. The scales 
vitality, positive emotions, depressive emotions and aggressiveness only assess the 
occurrence of the feelings in the past month. The raw scale scores were converted 
to 0-100; higher scores indicating better HRQoL. The validity and reliability of the 
TAAQoL were satisfactory (12). 
Overall physical and mental HRQoL were assessed by aggregation of all TAAQoL 
scale scores according to the algorithm described by Ware et al. (13), which lead 
to the so-called Physical Component Score (PCS) and Mental Component Score 
(MCS). The relative contribution of each TAAQoL scale to MCS and PCS was 
derived from principal components analysis, non-orthogonal rotation (Oblimin), 
based on the assumption that physical and mental HRQoL are interdependent. 
The TAAQoL instrument can be downloaded at http://www.tno.nl/content.cf
m?context=markten&content=product&laag1=189&laag2=169&item_id=1529  

Socio-demographic, medical and psychosocial variables
Participating parents were requested to provide information about socio-
demographic, medical and psychosocial variables through a selection of items 
from a questionnaire used in a previous study (5). Variables were selected by two 
physicians involved in the care for patients with metabolic disorders, based on 
clinical relevance and existing literature.
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The questionnaire consists of the following items:
Socio-demographic variables: parental gender, age (parent and child), parental chronic 
disease (yes/no), parental educational level and parental country of birth.
Medical variables: disease development (improving, progressive, relapsing, stable) in the 
previous year, use of tube-feeding (yes/no); dependency on medical equipment (yes/
no); problems with interaction (yes/no) and hours of sleep per night (child). Also, care 
dependency (ranging from 0-8) was included, defined as the number of life domains 
on which the child needs care (physical, mobility, eating and drinking, medication use, 
coping with devices, entertaining, contact with other children, education). 
Psychosocial variables: emotional support was defined as support from four groups of 
reference persons (partner, family, friends or neighbors), each scored on a 3-point scale 
with the following values: 0=no, 1=more or less, 2=good, resulting in an overall score for 
emotional support from 0 to 8; loss of friendship since illness of child (yes/no), given up 
hobby since illness of child (yes/no), job adjustment due to illness of child (yes/no), and 
contact with fellow-sufferers (frequently/often versus sometimes or never).

Statistics
The Statistical Package for Social Sciences (SPSS) Windows version 16.0 was used 
for all the analyses. Firstly, it was tested whether the four groups of parents (of 
children with PKU, galactosemia, other metabolic disorders and parents of healthy 
children) differed significantly on socio-demographic characteristics, using χ2-
tests or analyses of variance (ANOVA). The significance level was set at 0.1. Socio-
demographic characteristics, including age of the child, were included in the analyses 
in order to be able to assess most accurately the effects of medical and psychosocial 
characteristics on HRQoL.
Secondly, ANOVAs by group and gender were conducted to test group differences 
on the TAAQoL scale scores. We used a significance level of 0.001 in order to 
compensate for multiple testing, since we made 66 pair wise comparisons. For 
each TAAQoL scale, pair wise group differences were performed by ANOVA with 
contrasts: healthy versus PKU, galactosemia, and Lyso/Organ/Mitochon; Lyso/
Organ/Mitochon versus PKU and galactosemia; PKU versus galactosemia. It was 
not necessary to control for parental age because there was no effect of age on the 
TAAQoL domains, with the exception of Positive emotions. 
Thirdly, linear mixed models analysis (14) was performed to examine which socio-
demographic, medical and psychosocial variables were predictive of mental HRQoL 
(MCS). Parents (first level) were treated as nested within children (second level). PCS 
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could not be fitted in a linear mixed model because the residuals appeared not to be 
normally distributed. The linear mixed models analyses were performed seperately 
for parents of children with PKU and parents of children with galactosemia. 
Because of the large number of predictor variables in relation to the sample size, 
pre-selection of variables was necessary. Tube-feeding, dependency on medical 
equipment and given up hobby were excluded beforehand because of too small 
numbers in one of the categories. The other variables were selected for the final 
analysis if they proved to be associated with the outcome (MCS), the probability 
level was set at 0.2 in one of the following models, for PKU and/or galactosemia: 
MCS predicted by (1) socio-demographic variables, (2) medical variables or (3) 
psychosocial variables. All pre-selected variables were entered into the final models. 
The models for PKU and galactosemia were initially fitted with a random intercept. 
However, for the parents of children with PKU, there appeared not to be intercept 
variance so that the model for these parents was fitted with a fixed intercept. The 
standardized regression coefficients of the predictors were considered to be fixed 
because adding random effects did not result in improvement of the models at a 
significance level of 0.01. 
To facilitate interpretation of regression coefficients, all continuous scores were 
transformed into standard normal scores, expressing deviations from the overall 
mean of the concerning parents. We considered standardized regression coefficients 
of 0.1 as small, 0.3 as medium and 0.5 as large after Cohen (15). For binary coded 
predictor variables, regression coefficients of 0.2 can be considered small, 0.5 
medium and 0.8 large. Because of the explorative nature of the regression analyses, 
we used a significance level of 0.05 and trends (p<0.1) are also reported.

RESULTS

Participants
A total of 185 parents completed the questionnaires; 116 parents of children with 
PKU and 69 parents of children with galactosemia. Parents of at least 140 children 
with PKU or galactosemia participated. Although an exact response rate cannot be 
calculated, the number of patients included is 41% of the estimated total number 
of Dutch patients with PKU or galactosemia aged 1-19 years. Table 1 shows the 
characteristics of the parents and the children. Parental age of 58 participants was 
unknown because of a missing question in a part of the questionnaires. 
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Table 1: Socio-demographic, medical and psychosocial characteristics
PKU galactose-

mia
Lyso, org, 

mitoch
healthy

Socio-demographic
Parental age **
Mean (SD)
Range
N

40.7 (6.3)
28.4 – 57.4

86

42.5 (6.5)
29.4 – 55.1

41

41.5 (7.0)
23.8 – 60.1

108

43.7 (5.4)
20.1 – 60.5

441
Age child
Mean (SD)
Range
N

8.7 (5.0)
1 – 19

109

9.8 (5.1)
1 – 19 

65

8.2 (4.5)
1 – 18 

108
Parental gender:  % (n) **
Male
Female

43.1 (50)
56.9 (66)

39.1 (27)
60.9 (42)

21.3 (23)
78.7 (85)

16.7 (74)
83.3 (369)

Parental educational level : % (n) a

Low
Middle
High

25.0 (29)
39.7 (46)
35.3 (41)

23.2 (16)
33.3 (23)
43.5 (30)

23.4 (25)
42.1 (45)
34.6 (37)

20.8 (91)
38.2 (167)
41.0 (179)

Parental country of  birth (Netherlands): % (n)* 94.0 (109) 85.5 (59) 95.4 (103) 86.0 (381)
Parental chronic disease (yes): % (n)   7.8 (9)   5.8 (4) 12.0 (13)   7.7 (34)
Medical b  

Disease development: % (n)
Improving
Progressive
Relapsing
Stable

26.7 (31)
  1.7  (2)
14.7 (17)
56.9 (66) 

24.6 (17)
  2.9  (2)
13.0  (9)
59.4 (41)

16.7 (18)
31.5 (34)
23.1 (25)
28.7 (31)

Tube-feeding (yes): % (n)   0.9 (1)    0 25.9 (28)
Dependency medical equipment (yes): % (n)   6.0 (7)    0 25.9 (28)
Problems making contact (yes): % (n)   4.3 (5) 13.0 (9) 56.3 (58)
Hours sleep per night
Mean (SD)
Range
N

9.7 (1.5)
5 – 12

116

9.4 (1.7)
3 – 13 

69

 9.0 (2.7)
1 – 13 

101
Care dependency (0-8)
Mean (SD)
Range
N

1.1 (1.1)
0 – 5 
116

2.0 (1.8)
0 – 7 

69

5.1 (2.3)
0 – 8 
108

Psychosocial (parent) b  

Emotional support (0-8)
Mean (SD)
Range
N

5.4 (1.8)
0 – 8 
116

5.4 (1.5)
1 – 8 

69

4.9 (1.7)
1 – 8 
108

Loss of friendship (yes): % (n) 11.2 (13) 20.3 (14) 55.6 (60)
Given up hobby (yes): % (n)   3.4   (4) 10.1   (7) 45.3 (49)
Job adjustment (yes): % (n) 21.6 (25) 34.8 (24) 25.9 (28)
Contact fellow sufferers (frequently/often): % (n) 12.1 (14) 27.5 (19) 38.9 (42)
 Lyso lysosomal storage diseases, Org organic acidurias, Mitoch mitochondrial respiratory chain defects
*  Groups differed significantly at p<0.01 according tot ANOVA or c2-test by group
** Groups differed significantly at p <0.001 according tot ANOVA or c2-test by group
a Highest level completed: Low: Primary Education, Technical and Vocational Training, Lower and 
Middle General Secondary Education; Middle: Middle Vocational Education, Higher General Secondary 
Education, Pre-university Education; High: Higher Vocational Education, University 
b Differences between the groups not tested
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Parental health-related quality of life
According to ANOVAs by group and gender (and age), HRQoL of parents of 
children with PKU or galactosemia appeared not to differ from HRQoL in parents of 
healthy children, while parents of children with other metabolic disorders reported 
significantly worse (p<0.001) HRQoL than the healthy control group on 9 out of the 
12 TAAQoL scales (Table 2).

Table 2: Mean HRQoL scale scores (TAAQoL) and 95% confidence intervals of 
caregivers of children with metabolic disorders and caregivers of healthy children.

PKU 
n=115

Galactosemia
n =69

Lyso, Organ,  
Mitocha

n =108 b

Healthy
n ≈430 c

Mean (95%-CI) Mean (95%-CI) Meand (95%-CI) Mean (95%-CI)
Gross Motor 96.5 (94.7-98.3) 81.9 b (77.7-86.2) 88.0 (86.0-89.9)

Fine Motor 96.3 (92.7-99.8) 94.1 (91.3-96.9) 96.9 (96.0-97.7)

Cognitive 82.7 (78.7-86.7) 81.4 (75.1-87.8) 68.9 a (63.6-74.2) 78.9 (76.5-81.2)

Sleep 75.7 (71.3-80.1) 59.8 (72.6-67.7) 58.2 ab (52.7-63.7) 70.7 (68.3-73.0)

Pain 78.3 (74.6-82.0) 74.5 (68.7-80.2) 62.1 ab (56.8-67.4) 71.9 (69.8-74.0)

Social 84.1 (80.7-87.5) 84.2 (80.1-88.4) 70.9 abc (66.4-75.3) 83.5 (81.6-85.4)

Daily Activities 87.7 (83.7-91.7) 88.6 (83.5-93.7) 68.3 abc (63.0-73.7) 85.3 (83.2-87.3)

Sexuality 84.6 (80.1-89.1) 86.2 (80.5-92.0) 70.6 abc (65.1-76.0) 84.8 (82.5-87.0)

Vitality 63.8 (59.1-68.4) 62.0 (56.9-67.0) 47.7 abc (42.7-52.7) 63.3 (61.2-65.4)

Pos. Emotions 64.6 (60.8-68.5) 62.4 (57.9-67.0) 56.3 a (52.5-60.2) 66.4 (64.5-68.3)

Depres. Emotions 78.9 (75.6-82.2) 75.2 (70.6-79.8) 60.1 abc (56.2-64.0) 78.6 (76.8-80.4)

Agressiveness 89.3 (86.6-91.9) 90.2 (87.3-93.1) 83.0 (79.8-86.2) 86.0 (89.1-89.6)

Note: The empty boxes indicate exclusion because of Cronbach’s α < 0.60
a  Lyso lysosomal storage diseases; Org organic acidurias; Mitoch mitochondrial respiratory chain defects
b For the scale Sexuality N=104
c N between 414 (Sexuality scale) and 433 (Depressive emotions scale)
c  Letters in this column, all significant at p<0.001
a Lyso, Org, Mitoch versus healthy, according to ANOVA by group and gender; Positive Emotions: ANOVA 

by group, gender and parental age
b Lyso, Org, Mitoch versus PKU, according to ANOVA by group and gender
c Lyso, Org, Mitoch versus galactosemia, according to ANOVA by group and gender

Parents of children with PKU reported a better HRQoL than parents of children 
with other metabolic disorders (p<0.001) in 8 out of 12 domains. Parents of children 
with galactosemia reported a significantly better HRQoL than parents of children 
with other metabolic disorders (p<0.001) in 5 out of 12 domains. We did not find 
any difference between parents of children with PKU and galactosemia according to 
ANOVA at p<0.001. 
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Predictors of mental HRQoL in parents of children with PKU or galactosemia
Parameter estimates from the linear mixed model analyses of parental mental 
HRQoL are shown in Table 3. The size of most standardized regression coefficients 
was small to medium.

Table 3: Mental Component Scale scores (TAAQoL) of parents of children with PKU 
and galactosemia predicted by demographic, medical and psychosocial characteristics, 
in a multilevel linear model

PKU Galactosemia
Coefficient 
β

SE of β 95% CI Coefficient 
β

SE 
of β

95% CI

FIXED EFFECTS
Socio-demographic
Age child   0.21* 0.10 [0.02;0.41] - 0.09 0.10 [-0.29;0.10]
Parental gender (female) - 0.17 0.16 [-0.49;0.15] - 0.38b 0.20 [-0.78;0.02]
Native country 
(Netherlands)

  0.45 0.34 [-0.22;1.12] - 0.07 0.29 [-0.66;0.51]

Chronically ill - 0.20 0.32 [-0.83;0.43] - 0.17 0.43 [-1.02;0.68]
Medical
Disease development 
(stable)

  0.32a 0.17 [-0.03;0.66]   0.38c 0.20 [-0.02;0.77]

Care dependency - 0.17 0.11 [-0.40;0.05] - 0.07 0.10 [-0.26;0.12]
Psychosocial
Emotional support   0.20* 0.09 [0.02;0.38]   0.38** 0.10 [0.17;0.58]
Loss of friendship   -1.2** 0.32 [-1.8;-0.52]   0.06 0.28 [-0.49;0.62]
Contact fellow sufferers   0.11 0.27 [-0.41;0.64]   0.18 0.22 [-0.25;0.61]
Job adjustment   0.09 0.22 [-0.36;0.53] - 0.41d 0.22 [-0.86;0.04]
% Explained variance by 
fixed effects

31.7 30.6

Total number of 
observations

109 65

Variables not included in the model: tube-feeding, dependency on medical equipment, problems 
making contact, hours of sleep per night, given up hobby.
* p<0.05; ** p <0.001
a p =0.071; b p =0.062; 3c p =0.059; d p =0.072

Mental HRQoL (MCS) in parents of children with PKU was affected significantly by 
the age of their child, emotional support and loss of friendship. A higher age of the 
child (β=0.21, p<0.05) and more emotional support (β=0.20, p<0.05) was associated 
with a better MCS. Loss of friendship was negatively associated with MCS (β= -1.2, 
p<0.001). In addition, a trend was found for the effect of disease development. 
Parents who considered the disease development as stable in the previous year 
showed better MCS (β=0.32, p=0.071). 
MCS in parents of children with galactosemia was only significantly affected by 
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emotional support, which seemed positively associated with MCS (β=0.38, p<0.001). 
In addition, the results indicated that mothers experienced worse MCS than fathers 
(β= - 0.38, p=0.062), as did parents who had adjusted their job since the illness of 
their child (β= - 0.41, p=0.072). Furthermore, a stable disease in the previous year 
tended to be positively associated with MCS (β=0.38, p=0.059).

DISCUSSION

In this study, we demonstrate a normal HRQoL in parents of children with PKU 
and galactosemia. This finding is remarkable because both these disorders cause a 
substantial burden on the family (16) and the HRQoL of the children with classical 
galactosemia is severely hampered due to the long-term complications that are seen in 
this disorder (17). As we expected, these parents do have a better outcome compared 
to parents of children with other metabolic disorders who, in a previous study, 
reported a severely hampered HRQoL (6). The main difference between the patient 
groups in the present study and the study by Hatzmann et al. (6) is the difference 
in life expectancy and predictability of the course of the disease, which could well 
explain the differences in the HRQoL of the parents. Furthermore, the differences 
between the metabolic groups in terms of loss of friendship and giving up hobbies 
as a result of the disease of the child should be considered. Even though the findings 
show that parents of children with PKU and galactosemia have a normal HRQoL, 
potential difficulties these parents experience should not be underestimated.
The strength of the study is the high response rate which might suggest that the 
respondents are a reliable representation of the total of parents of children with 
PKU and galactosemia. However, we do not have demographic information of the 
non-responders, and the respondents were for the most part  mothers, although a 
higher percentage of fathers responded compared to both the group of parents of 
healthy children as well as to the group of parents of children with other metabolic 
disorders. To attain a more complete picture of parental HRQoL, a more thorough 
exploration of the HRQoL of fathers is preferable. 
In our study, psychosocial determinants like emotional support and loss of friendship 
were predictive for parental mental HRQoL, which was reported before in other 
chronic disorders including metabolic disorders (5;6). Furthermore, a higher age 
was associated with a better parental mental HRQoL in parents of children with 
PKU. There are several possible explanations for this phenomenon. Firstly, younger 
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children tend to need more care than older children, which can be a burden to parents. 
Secondly, when the child is very young, parents still need to get used to the protein-
restricted diet of their children, and thirdly, parents may be more uncertain about 
how well the child will develop and what the consequences for the future may be.
Children with chronic disorders are vulnerable to develop adjustment problems 
when compared to their healthy peers (18;19). Furthermore, parental mental 
functioning influences the health, development and adjustment of their children 
(20;21). Therefore, it is of importance that physicians involved in the care of children 
with a chronic disorder, also pay attention to the well-being of the parents. The insight 
that emotional support and loss of friendship influence the HRQoL of parents of 
children with PKU and galactosemia enables treating physicians to provide parents 
adequate support. Parents need to be advised to be on the alert for loss of friendships 
and emotional support and to maintain their social network, as this might have 
consequences for their HRQoL. Parents at risk for HRQoL impairment should be 
referred to social work and psychosocial care to take a survey of the problems and to 
empower parents to set up or maintain an adequate support system.
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ABSTRACT

The main debate in the treatment of Phenylketonuria (PKU) is whether adult 
patients need the strict phenylalanine (Phe)-restricted diet. Physicians and patients 
lack evidence-based guidelines to help them make well-informed choices. We have 
carried out the first randomised double-blind placebo-controlled trial into the 
effects of short-term elevation of Phe levels on neuropsychological functions and 
mood of adults with PKU. Nine continuously treated adults with PKU underwent 
two 4-week supplementation periods: one with Phe, mimicking normal dietary 
intake, and one with placebo in randomly allocated order via a randomisation 
coding list in a double-blind cross-over design. A set of neuropsychological tests 
(Amsterdam Neuropsychological Tasks) was administered at the end of each study 
period. In addition, patients and for each patient a friend or relative, completed 
weekly Profile of Mood States (POMS) questionnaires, evaluating the patients’ 
mood. Phe levels were measured twice weekly. Mean plasma Phe levels were 
significantly higher during Phe supplementation compared with placebo (p=0.008). 
Neuropsychological tests demonstrated an impairment in sustained attention during 
Phe supplementation (p=0.029). Both patients and their friend or relative reported 
lower scores on the POMS questionnaires during Phe supplementation (p=0.017 
and p=0.040, respectively). 
High plasma Phe levels have a direct negative effect on both sustained attention and 
on mood in adult patients with PKU. A Phe-restricted “diet for life” might be an 
advisable option for many.
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INTRODUCTION

Phenylketonuria (PKU; OMIM 261600) is an autosomal recessive inborn error of 
metabolism caused by a deficiency of the enzyme phenylalanine hydroxylase (PAH; 
EC 1.14.16.1), which catalyses the conversion of the amino acid phenylalanine 
(Phe) into tyrosine. PKU is a pan-ethnic disease with an estimated birth prevalence 
varying from 1:2,500 to 1:125,000 (1), and it has been diagnosed in approximately 
13,000 people in the U.S. and 50,000 people worldwide. The enzyme deficiency 
results in a high concentration of Phe which is neurotoxic, particularly during the 
first years of life (2). Untreated PKU results in severe intellectual disability and 
neurological sequelae (1). Since the 1960s, these complications can be prevented 
by detection through newborn screening followed by dietary treatment consisting 
of a restriction of Phe intake by a protein-restricted diet and supplementation of 
all amino acids but Phe. However, a highly controversial issue in the treatment of 
PKU is whether a strict dietary control of Phe levels is still necessary in adults. With 
the first PKU patients detected by newborn screening now in their 40s, there is a 
rapidly growing cohort of adults with early and continuously treated PKU for whom 
evidence-based treatment guidelines are lacking.  Current dietary guidelines for 
adults vary widely (3) and in some countries relaxation of the diet in adolescence 
is common practice (4). Dietary relaxation for adults might be considered safe on 
the basis of the observation that discontinuation of the diet does not cause a major 
decrease in IQ in adults (5). However, mild cognitive sequelae including executive 
function deficits have been reported (6). These deficits, associated with concurrent 
high Phe levels, have been observed in both children and adults (7-9). In other 
disorders, impairments in executive function have been correlated with deficits in 
social relationships and communication skills (10). Self reports by PKU patients 
as well as experiences of treating physicians, including ourselves, suggest that high 
Phe levels may in some cases result in irritability, impacting on adaptive social skills 
(www.pku.com, www.childrensmemorial.org/depts/genetics/pku.aspx) However, 
the effect of high Phe levels on mood in continuously treated adults with PKU has 
never been studied.
In order to improve guidelines on dietary therapy for adults with PKU, the consequences 
of elevated Phe levels mimicking a full relaxation of the diet need to be studied 
prospectively. To this end, we performed a double-blind placebo-controlled crossover 
Phe-loading study in early and continuously treated adults with PKU focusing on the 
impact of high Phe levels on executive functioning as well as on mood. 
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PATIENTS AND METHODS

Patients 
Patients were recruited via treating physicians in the Academic Medical Centre 
Amsterdam (AMC), the University Medical Centres of Groningen, Maastricht, and 
Nijmegen (The Netherlands), and the Centrum Pinocchio, Diepenbeek (Belgium).  
Patients were enrolled in the study between December 2007 and December 2008. 
Patients with PKU aged > 18 years, who were diagnosed by newborn screening and 
continuously treated and had a mean plasma Phe level < 1,100 µmol/L in the year 
prior to the start of the study, were eligible for inclusion. Exclusion criteria included 
mental or legal incapacitation, drug or alcohol misuse, a diagnosis of neurological 
disease, psychiatric illness, lack of fluency in Dutch and inability to comply with 
study procedures. Additional exclusion criteria for females were pregnancy or the 
wish to become pregnant within a year of the start of the study. Patients signed 
an institutionally approved informed consent prior to enrolment. Approval for this 
study was granted by the Ethical Committee of the AMC, Amsterdam. The trial 
was registered with The Netherlands National Trial Register (NTR # 1056) before 
recruiting of patients.

Procedure
Patients were instructed to continue their prescribed natural protein-restricted diet 
and supplementation of amino acids throughout the study. To determine intake of 
Phe, daily consumption of natural protein was evaluated in a 3-day dietary record 
by a dietician prior to the start of the study. The trial had a double-blind cross-over 
design. Patients were randomly assigned to one of the two groups, starting either 
with placebo-containing capsules or with Phe-containing capsules.  After 4 weeks, 
patients crossed over to the alternative treatment arm. 
During the period in which Phe capsules were consumed, each patient received an 
individually calculated amount of Phe, taking into account their dietary Phe intake, 
to reach the total Phe intake likely to be consumed by a healthy adult of the same 
sex and weight and thus mimicking the condition of being fully ‘off diet’. The protein 
intake of healthy Dutch adults is higher in men than in women. Average Phe intakes 
aimed at were: 4,500 mg per day (mpd) for male patients between 60 and ≤ 95 kg, 
4,000 mpd < 60 kg, 5,000 mpd > 95 kg, 3,000 mpd for female patients between 50 
and ≤ 85 kg, 2,500 mpd < 50 kg, and 3,500 mpd > 85 kg.
For placebo and Phe, capsules were identical in appearance. Patients had the choice 
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to swallow the capsules whole or to open the capsules and add the content to their 
amino acid mixture. Patients took 2-8 capsules a day (average 5 capsules), divided 
over 3 doses. To monitor the compliance with the capsules, patients recorded the 
intake of the capsules in a diary. Between the two study periods, there was a washout 
period of at least 4 weeks in which patients consumed their usual PKU diet and 
amino acid formulas.

Randomisation and masking 
An independent data manager rendered a randomisation coding list. A non-
deterministic version of the minimisation method (11) was used to balance treatment 
arms. No stratification factors were used. This list, which contained numbers linked 
to the patients by the study physician, and allocated treatment assignments, was sent 
to the pharmaceutical company which used it to prepare the capsules. All patients 
and investigators were masked to treatment assignment. 
Capsules were prepared and coded by Nutricia Liverpool (Liverpool, UK) and 
distributed to the patients by the study physician (A.H.) at the start of each study 
period. Capsules were packed in identical tubs, labelled with patient number, phase 
number, and a three-letter code and bar code indicating placebo or Phe. In order to 
prevent identification and comparison by the patients, three different three-letter 
codes were used for both Phe- and placebo-containing capsules. 

Biochemical monitoring
Phe levels in bloodspots were measured twice weekly during the two 4-week study 
periods and during the week before each study period. This was achieved using 
tandem mass spectrometry (standard neutral loss method). Results were not 
disclosed to the investigators until data were ready for analysis.

Neuropsychological measures
The primary outcome measure was the change in neuropsychological functioning 
between the placebo and the Phe supplementation periods.
The Amsterdam Neuropsychological Tasks (ANT) program (12;13) was used to 
evaluate neuropsychological function.  The ANT has successfully been used to 
determine neurocognitive deficit profiles for various clinical conditions, including 
PKU (7;14). Various ANT paradigms have been shown to be sensitive to changes in 
neuropsychological functioning following dietary interventions in children (7) and 
adults (9) with PKU. These tasks were selected to draw out a neuropsychological 
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profile associated with Phe-loading. Measures included simple reaction time, 
sustained attention, visuospatial processing, working memory capacity, inhibition 
and set shifting and visuomotor control (random pursuit, circle tracing). Detailed 
task descriptions can be found elsewhere (15;16). Based on earlier studies (16;17), 
Phe-loading was expected to unfavourably affect task performance on all tasks 
except on simple reaction time and simple visuomotor control (circle tracing). 
Neuropsychological assessment was performed four times: twice before the first 
study period in order to minimise learning effects which may occur after repeated 
administration of neuropsychological tests and on the last day of each 4-week study 
period. The results of the latter two assessments were subjected to statistical analysis.
Tasks were administered using a computer. The input device for the patients’ responses 
was a standard mouse with symmetrical buttons. Prior to task administration, 
patients practiced until the tasks were understood. 
IQ was estimated using a 4-subtests short form of the Wechsler Adult Intelligence 
Scale-Revised (WAIS-III) (18) consisting of vocabulary, picture completion, block 
design and similarities.
In all patients, neuropsychological tests and IQ test were performed by one 
investigator (A.H.).

Clinical measures
The secondary outcome measure was the change in mood state of the patients, which 
was evaluated by the standardised “Profile of Mood States” (POMSr) questionnaire 
(revised version) (19). This questionnaire is designed to provide data on five 
categories of mood states: tension, depression, anger, vigour, fatigue (mood types). 
The questionnaire was completed weekly during each 4-week study period by the 
patients and by a significant other of each patient (spouse, friend or close colleague) 
reporting on the patient’s mood.

Statistical analysis
Task performance data of the ANT, obtained at the end of the two study periods, 
were pooled across groups per condition (placebo, Phe). Repeated measures analysis 
of variance (ANOVA), with experimental condition (placebo vs. Phe-loading) as 
within–subject factor was used to test changes in neuropsychological outcome. 
Additional within-subject factors, when relevant, were entered to test the interactions 
of intervention with task manipulations (for example: increase in memory load, 
in visuospatial complexity, etc.). Separate runs were made with reaction time and 
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number of errors as a dependent variable. 
Similarly, scale scores for the five categories of mood states of the POMSr were 
computed per type of observer (patient and friend or relative) and the results 
were pooled across groups per experimental condition. Before statistical analysis, 
an average score of all patients on the five different categories of mood state was 
calculated, for both study periods. To test whether mood differed between treatment 
conditions and whether differences were mood-type dependent, scores were 
subjected to repeated measures analyses ANOVA with experimental condition and 
mood type as within-subject factor. Separate runs were made for each observer 
type. Effect sizes were estimated by means of partial eta squared (ηp

2). Large effects 
correspond with ηp

2 ≥ 0.14, moderate effects with ηp
2 ≥ 0.06 and ηp

2 < 0.14, and weak 
effects with ηp

2 < 0.06 (20).
Prior to analysis, the vigour scale scores have been recoded to the effect that higher 
scores are associated with an unfavourable outcome (less vigor), in the same way that 
higher scores denote more tension, more depression, more anger and more fatigue. 
For the analysis of the effect of the loading condition on mood and the analysis of the 
neuropsychological task result, alpha was set at 0.05. Post-hoc power analyses was 
applied to all trend and non significant results that were interpreted as meaningful 
on the basis of the estimated effect sizes.

RESULTS

Patients
On the basis of inclusion and exclusion criteria and expected willingness to participate 
at the discretion of the treating physician, 129 patients were eligible to participate in 
this study. Of them, 12 patients agreed to participate. Fear of effects of elevated Phe 
levels, the time demanded by the study and the fact that most patients already had 
participated in multiple previous studies on PKU, were the most prominent reasons 
for not participating. One patient was excluded before the start of the study because 
of a co-existing illness possibly affecting cognition. Between December 2007 and 
December 2008, patients were randomised; the study was completed in April 2009. 
Patients were randomly allocated to one of the treatment arms: either Phe-loading 
– placebo or placebo – Phe-loading. One patient withdrew before the start of the 
investigations because of pressure at work and one patient withdrew after the first 
neuropsychological test because his partner feared elevated-Phe-related negative 
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changes in his behaviour. All the remaining 9 patients completed the study. Table 1 
shows the patients’ baseline characteristics, including pre study dietary Phe intake 
and mean blood Phe value in the year prior to the study, reflecting a very variable 
individual Phe tolerance in this cohort that includes classical as well as mild PKU 
patients. Compliance with taking the capsules was 99.6% in the first and 99.1% in 
the second study period.

Table 1. Baseline characteristics
Patient Gender Age Weight IQ Total Pre- study 

Phe intake
Mean Pre- study 
blood Phe value

1 F 20 y 65 kg 105 2350 mg 560 µmol/L

2 M 28 y 73 kg 83 1175 mg 784 µmol/L

3 F 26 y 80 kg 102 1750 mg 427µmol/L

4 F 23 y 50 kg 87 1595 mg 978 µmol/L

5 M 34 y 75 kg 105 1470 mg 936 µmol/L

6 F 20 y 60 kg 117 1095 mg 346 µmol/L

7 F 22 y 67 kg 83 580 mg 635 µmol/L

8 F 19 y 78 kg 86 535 mg 388 µmol/L

9 M 20 y 94 kg 107 810 mg 786 µmol/L

IQ
WAIS IQs, estimated from the 4-subtest short form of the Wechsler Adult Intelligence 
Scale-Revised, were within normal range (M = 97.22, range 83 -117), (Table 1), 
although slightly below the population mean, which may be due to sampling error 
in this small sample size but also is consistent with previous studies (21;22).

Phe levels
Mean (standard deviation) blood Phe value was 1,259 µmol/L (± 332) in the Phe-
loading phase and 709 µmol/L (± 322) in the placebo phase, which was significantly 
different (Wilcoxon signed-ranks test p=0.008) (Fig. 1). In the week prior to the 
second study period, after a washout of at least 4 weeks, the mean Phe level was 702 
μmol/L (± 389), which is comparable to the mean Phe level in the week prior to the 
first study period of 790 μmol/L (± 332).
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Figure 1: Mean Phe levels per patient

Mood
Figure 2 shows the mean scale scores per observer (self, friend or relative) on the 
different subscales of the POMSr during Phe-loading or placebo. Self-reported mood 
states were significantly less favourable during the Phe-loading period compared to 
the placebo period (F1.8=9.03, p=0.017, ηp

2=0.53). Post-hoc testing revealed patients 
to feel more depressed (trend, p=0.097, ηp

2=0.31, power=0.38), more fatigued 
(p=0.021, ηp

2=0.51), and less vigorous (p=0.006, ηp
2=0.64). Similarities were found 

for the report by a friend or relative. Overall mood was significantly less favourable 
during Phe loading (F1.8=6.02, p=0.040, ηp

2=0.43, power=0.58) and post-hoc testing 
showed that the friend or relative reported more depression (trend, p=0.057, 
ηp

2=0.38, power=0.50) and more fatigue (trend, p=0.069, ηp
2=0.36, power=0.46) as 

well. Differences were that the friend or relative reported more anger (trend, p=0.052, 
ηp

2=0.39, power=0.52) and did not report a less vigorous mood state. One friend or 
relative lost the questionnaires completed during the placebo phase. The missing 
scale scores for this patient were substituted by the mean scale scores, obtained 
during the placebo phase, of the remaining group of the friends or relatives.
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Figure 2: Mean ± SE of POMS scale scores as function of treatment, mood type and 
observer. Patient self report (—), Significant other report (—): *** p<0.01, ** p<0.05, 
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Neuropsychological profile
Statistical analysis of the neuropsychological performance data showed that Phe-
loading resulted in a significant larger fluctuation in tempo during sustained attention 
compared to the placebo supplementation (F1.8=7.02, p=0.029, ηp

2=0.47, power=0.64). 
On all other measures of neuropsychological function, the effects of Phe-loading were 
not significant, although differences on two following tasks were accompanied by large 
effect sizes:  Phe-loading resulted in slower reaction times (ηp

2=0.20, power=0.25) in 
the inhibition and set shifting task and in slower recognition of complex patterns 
(ηp

2=0.16) in the visuospatial pattern recognition task. 

DISCUSSION

This is the first double-blind, randomised, placebo-controlled cross-over trial 
designed to investigate the effects of a fully normalised Phe intake on both executive 
function and mood in adults with PKU.  
We demonstrated that elevated Phe levels are associated with a negative effect on 
sustained attention as well as on the mood of the patients. Indeed, the high Phe 
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levels impaired sustained attention by increasing the fluctuation in speed, which 
has been previously reported (8;9). Hypothetically, the impairment of sustained 
attention might have consequences for the daily functioning of patients with PKU. 
Insufficient attention to tasks can result in ‘slips’ of action or everyday attention 
failures as automatic unintended action sequences are triggered inappropriately. 
Such slips can arise from deficits in sustained attention which have been reported 
to occur following frontal lobe and white brain matter damage from very different 
causes (e.g. in traumatic brain injury) (23).
It is therefore interesting that white matter changes have been demonstrated in 
patients with treated PKU (21;24) and that the prefrontal cortex is thought to play 
a role in the pathophysiology of the neurological complications in PKU (25;26). 
Joseph et al. (27) reported dopamine depletion in the prefrontal cortex of a PKU 
mouse model, which was thought to be caused by hypomyelinisation leading to 
down-regulation of neurotransmitter production (27). Another cause for dopamine 
depletion in patients with PKU may be the low levels of its precursor tyrosine, caused 
by competition of high Phe levels with the uptake of tyrosine across the blood-
brain barrier as both amino acids are transported by the same neutral amino acid 
transporter (28). Dopaminergic neurons that project on the prefrontal cortex are 
highly sensitive to even small decreases in tyrosine (29) and dopamine is believed 
to be involved in frontal lobe functions, such as working memory, information 
processing and attention (30). 
We observed no impairment in baseline speed, pursuit or tracking, which is consistent 
with reports in the literature (17). PKU patients have deficits in tasks requiring a high 
level of monitoring and manipulation (31;7;8). The pursuit task consists of following 
a randomly moving object and requires more concurrent planning and adaptation 
compared to the tracking task. It might be expected for PKU patients to have lower 
scores on the pursuit task, which we did not find. One explanation might be that the 
pursuit task and the baseline speed task have a much shorter duration compared to 
the sustained attention task and are not demanding enough. 
In contrast with the other studies, we observed no significant difference in 
performance on the inhibition, set shifting and memory task (7;16). However, large 
effect sizes (ηp

2 > 0.14) were seen on reaction times in the inhibition and moderate 
effect sizes on the set shifting task. A large and a moderate effects size was also 
observed in the tasks on recognition of complex patterns and visuospatial pattern 
recognition task, respectively, suggesting an influence of high Phe levels.
Importantly, we report for the first time a clear association between high blood 
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Phe levels and poor mood when compared with the placebo supplementation. 
Crucially, this effect was reported by both patients and their friend or relative, which 
would suggest that the migration to a more negative mood is sufficiently severe for 
individuals to be self aware of it. 
The possible biochemical nature of this phenomenon could be a lower level of brain 
serotonin. Like dopamine, tryptophan as a precursor of serotonin, competes with Phe 
for transport across the blood-brain barrier (32). Elevated Phe levels might reduce 
brain tryptophan and consequently serotonin. Reduction in serotonin levels might 
play a role in the pathogenesis of psychological disorders, including depression, 
in patients with PKU (33). Thus, the altered mood states due to high Phe levels as 
observed in our study may also be caused by decreased serotonin levels.
We believe that persistent negative changes in mood may ultimately impact stability in 
relationships and social interactions and should therefore be avoided. Bik-Multanowski 
et al. (34) demonstrated a hampered quality of life in 45% of a cohort of patients who 
were off diet with high Phe levels. Resumption of the diet improved the quality of life 
of most of these patients, mostly in the domains of anxiety and depressiveness. 
We recognise that a limitation of the present study is the small number of participating 
patients. This may well have prevented unfavourable effects of Phe-loading reaching 
significance on inhibition and complex visuospatial pattern processing, as these 
differences showed large effect sizes. Future studies with a larger cohort of patients 
are warranted to further explore our findings.
Finally, as only the effects of a relative short period of high Phe levels were studied, 
we do not know if the observed negative effects would remain in the long term or 
if adaptive mechanisms may result in a normalisation of mood and performance in 
patients with PKU who stop following their prescribed diets. 
In conclusion, we demonstrated that short-term high Phe levels have a significant 
direct negative effect on mood and neuropsychological performance in adult 
patients with PKU. Patients should be educated that potential advantages of going 
off diet should be balanced against a negative influence on mood, in addition to 
the consequences of attention failures. A Phe restricted “diet for life” might be an 
advisable option for many.
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ABSTRACT

Introduction
Phenylketonuria (PKU) is an inborn error of metabolism caused by a deficiency 
of the enzyme phenylalanine hydroxylase (PAH). Consequently, phenylalanine 
(Phe) accumulates and causes neurocognitive damage. Therapy with a stringent 
protein restricted diet, can prevent these severe sequelae. Nowadays there is debate 
on the necessity of the strict dietary control in adult patients. In the present study 
magnetoencephalography (MEG) was used to study the effect of elevated plasma 
Phe levels on brain activity in PKU patients. 

Methods
The pattern of the MEG power spectrum was studied in patients participating in 
a placebo-controlled crossover study in early and continuously treated adults with 
PKU, of which the results on executive functioning and mood have been published 
previously (Ten Hoedt 2010). Nine adults with PKU underwent two 4-week 
supplementation periods: one with Phe, mimicking normal dietary intake and one 
with a placebo. MEG registries were performed in an eyes closed and an eyes open, 
resting state condition, at the end of every study period. Relative spectral power was 
calculated in delta, theta, alpha, beta and gamma frequency bands.

Results
Phe-loading did not result in a difference in the power of the five frequency bands of 
the MEG, compared to placebo. Furthermore there was no difference in the relative 
power analyzed for the 10 different cortical areas between the Phe-loading study 
period and the placebo study period. 

Conclusions
High plasma Phe levels do not induce power spectrum changes. Possibly elevated 
Phe levels have an effect on functional interactions between brain regions. Therefore 
research on the functional connectivity in the MEG recordings of these patients is 
warranted. 
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INTRODUCTION

Phenylketonuria (PKU; MIM 261600) is an autosomal recessive inherited inborn 
error of amino acid metabolism caused by a deficiency of the enzyme phenylalanine 
hydroxylase (PAH; EC 1.14.16.1), which converts phenylalanine (Phe) into 
tyrosine. The deficient activity of the enzyme results in an elevated Phe level, 
which is neurotoxic. If untreated, PKU leads to progressive intellectual disability 
and neurological impairment (1). These sequelae can be prevented almost entirely 
by detection through newborn screening followed by the initiation of a dietary 
treatment, consisting of a limited Phe intake by a protein-restricted diet and 
supplementation of all amino acids but Phe. 
There is increasing controversy about the necessity of the strict dietary control in 
adulthood and there is a wide variation in dietary guidelines for adults (2). Dietary 
discontinuation in adulthood might not cause a decrease in IQ (3), but executive 
function deficits, associated with high Phe levels, have been reported (4;5). The 
prefrontal cortex plays a major role in the executive functioning and dopamine is 
crucial for the function of this part of the cortex. Since tyrosine is a precursor of the 
essential neurotransmitter dopamine, it is hypothesized that dopamine deficiency 
due to a shortage of tyrosine could be the mechanism underlying executive function 
deficits in patients with PKU (6). Dopaminergic neurons projecting on the prefrontal 
cortex are highly sensitive to even small decreases in tyrosine (7). Another hypothesis 
for dopamine depletion in the prefrontal cortex, is hypomyelinisation resulting in 
down-regulation of the neurotransmitter production (8). 
In PKU patients various studies have been performed to measure the brain activity 
and to study structural changes of the brain in order to unravel possible mechanisms 
of the neuropathology associated with PKU. Magnetic resonance imaging (MRI) 
and proton magnetic resonance spectroscopy (MRS) studies reported diffuse white 
matter abnormalities which are correlated with lifetime and concurrent Phe levels 
(9;10) and brain Phe (11).

Computerized electroencephalogram (EEG) spectral studies in children and adults 
with PKU, demonstrated that elevated Phe levels results in a reduced mean frequency 
of the EEG power spectrum (12;13). 
A potentially suitable method to measure brain activity in PKU patients is 
magnetoencephalography (MEG). MEG measures the brain’s magnetic fields originating 
from neuronal currents (14). Advantages of MEG above conventional EEG recordings 
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are that MEG is hardly affected by the skull, a reference electrode is not required and that 
measurements from a large number of sensors are more easily provided. Therefore MEG 
generates a more accurate recording of ongoing brain activity (15). 
In order to investigate the effects of elevated plasma Phe levels on resting state brain 
activity, we performed MEG registries in patients participating in the double-blind 
placebo-controlled crossover Phe-loading study in early and continuously treated 
adults with PKU, of which the results on executive functioning and mood have been 
published previously (16).  We hypothesized that elevated Phe levels might induce 
slowing of the frequency pattern of brain activity. Because executive function deficits 
of the prefrontal cortex have been reported to be associated with elevated Phe levels 
(17), a more prominent effect might be seen in the frontal areas. 

METHODS

Patients
Patients were recruited via treating metabolic physicians in the Academic Medical 
Center Amsterdam (AMC), the University Medical Centers of Maastricht, Nijmegen, 
and Groningen (The Netherlands), and the Centrum Pinocchio, Diepenbeek 
(Belgium). Eligible for inclusion were PKU patients aged > 18 years, who were 
diagnosed by newborn screening and continuously treated. Another inclusion 
criterion was that in the year prior to the start of the study the mean plasma Phe 
level had to be < 1100 µmol/L. Exclusion criteria were mental or legal incapacitation, 
drug or alcohol misuse, a diagnosis of neurological disease, psychiatric illness, lack 
of fluency in Dutch and inability to comply with study procedures. For females, 
additional exclusion criteria were pregnancy or the wish to become pregnant within 
a year of the start of the study. Patients signed an institutionally approved informed 
consent prior to enrolment. Approval for this study was granted by the Ethical 
Committee of the AMC, Amsterdam. The trial was registered with The Netherlands 
National Trial Register (NTR # 1056) before recruiting of patients.

Procedure
Throughout the study, patients had to continue their prescribed low Phe diet and amino 
acid supplementation. In order to determine the patients Phe intake, daily natural 
protein consumption was evaluated by a dietician through a 3-day dietary record prior 
to the start of the study. The study design was double-blind and cross-over: patients were 
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randomly assigned to group 1 or group 2, starting with consumption of either capsules 
containing a placebo or with capsules containing Phe. After patients completed 4 weeks, 
they crossed over to the alternative arm. 
Throughout the period in which the patients consumed the Phe-containing capsules, 
the received amount of Phe was individually calculated, taking into account the patient’s 
dietary Phe intake. The purpose was to reach the total Phe intake likely to be consumed 
by a healthy adult of the same sex and weight and thus mimicking the condition of being 
fully ‘off diet’. The protein intake of healthy Dutch adults is higher in men than in women. 
Average Phe intakes aimed at were: 4,500 mg/day for male patients between 60 and ≤ 
95 kg, 4,000 mg/day < 60 kg, 5,000 mg/day > 95 kg, 3,000 mg/day for female patients 
between 50 and ≤ 85 kg, 2,500 mg/day < 50 kg, and 3,500 mg/day > 85 kg.
The capsules were identical in appearance for placebo and Phe. Patients had the 
choice to swallow the capsules whole or to open the capsules and add the content 
to their amino acid mixture. Patients took 2-8 capsules a day (average 5 capsules), 
divided over 3 doses. Patients were asked to record the intake of the capsules in a 
diary, in order to monitor compliance with the capsules. Between the two study 
periods there was a washout period of at least 4 weeks in which patients consumed 
their usual PKU diet and amino acid formulas.

Randomization and masking 
A randomization coding list was rendered by an independent data manager. A 
non-deterministic version of the minimization method (18) was used to balance 
treatment arms. No stratification factors were used. The list, containing numbers 
linked to the patients by the study physician, and allocated treatment assignments, 
was sent to the pharmaceutical company which used it to prepare the capsules. All 
patients and investigators were masked to treatment assignment. 
The capsules were prepared and coded by Nutricia Liverpool (Liverpool, UK) and 
distributed to the patients by the study physician (A.H.) at the start of each study 
period. Capsules were packed in identical tubs, labelled with patient number, phase 
number, and a three letter code and bar code indicating placebo or Phe. In order to 
prevent identification and comparison by the patients, three different three letter 
codes were used for both Phe- and placebo-containing capsules. 

21535 Hoedt, Amber ten.indd   71 07-02-12   19:58



72

Chapter 5

Biochemical monitoring
During the two 4-week study periods and during the week before each study period, 
Phe levels in bloodspots were measured twice weekly. Phe levels were measured 
using tandem mass spectrometry (standard neutral loss method). Results were not 
disclosed to the investigators until data were ready for analysis.

IQ
IQ was estimated using a 4-subtests short form of the Wechsler Adult Intelligence 
Scale-Revised (WAIS-III) (19) consisting of vocabulary, picture completion,
block design and similarities.

Magnetoencephalography
The MEG recordings were performed at the last day of every study period. 
Patients were situated in a magnetically shielded room. MEG registration was 
performed in two no-task conditions: an eyes closed resting state condition of 5 
minutes (EC), followed by an eyes open resting state condition of 5 minutes (EO). 
Magnetic fields were recorded while subjects were placed inside a magnetically 
shielded room (Vacuumschmelze GmbH, Germany) using a 151 channel whole-
head MEG system (CTF systems Inc., Canada). A third order software gradient 
(Vrba, 1996) was used with a recording passband of 0.25 – 125 Hz. Spatiotemporal 
signal space separation (tSSS) (20) was performed on all MEG recordings in order 
to suppress interference of signals originating from distant and nearby source 
like magnetized wires behind the teeth. Four artefact free trials of 6.55 seconds in 
duration (4,096 samples) of each condition (EC and EO) were selected for further 
analysis. The selection was performed by a single investigator who was blinded 
(A.H.). Results of the selected trials were averaged for each subject. MEG recordings 
were filtered with a band pass of 0.5-48 Hz. For the 2 study periods the difference in 
relative band power was computed in the following frequency  bands: 0.5-4 Hz (delta 
band), 4-8 Hz (theta band), 8-13 Hz (alpha band), 13-30 Hz (beta band) and 30-48 
Hz (gamma band). Furthermore the difference in relative power was computed for 
the ten different cortical areas (left and right side of the following regions: frontal, 
central, occipital, temporal and parietal), between placebo and Phe-loading.

Statistical analysis
MEG data, obtained at the end of each study period, were pooled across groups per 
condition (placebo, Phe). For the relative band power, repeated measures analysis 
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of variance (ANOVA) was performed, with experimental condition (placebo versus 
Phe-loading), eyes state (EO or EC) and cortical areas used as within–subject 
factors. For the relative power of the brain regions, repeated measures analysis of 
variance (ANOVA) was performed, with experimental condition (placebo versus 
Phe-loading), eyes state (EO or EC) and frequency band (delta, theta, alpha, beta 
and gamma) were used as within–subject factors.

RESULTS

Patients
129 patients were eligible for inclusion in the study, of which 12 patients agreed to 
participate. One patient was excluded before the start of the study because of a co-
existing illness which might affect cognitive abilities. Patients were randomly allocated 
to one of the study arms: either Phe-loading – placebo or placebo – Phe-loading. One 
patient withdrew before the start of the investigations because of pressure at work and 
one patient withdrew after the first neuropsychological test because his partner feared 
elevated-Phe-related negative changes in his behaviour. All of the remaining 9 patients 
completed the study. Table 1 shows the patients’ baseline characteristics.

IQ
The mean IQ, estimated from the 4-subtest short form of the Wechsler Adult 
Intelligence Scale-Revised, were within normal range (M = 97.22, range 83 -117). 

Phe levels
Mean blood Phe value was 1,271 µmol/L (SD ± 90) in the Phe-loading phase and 
657µmol/L (SD ± 80) in the placebo phase. This was significantly different (Wilcoxon 
signed-ranks test p=0.008).

Magnetoencephalography
Statistical analysis of the relative band power showed that Phe-loading did not 
result in a difference in the power of the 5 frequency bands, compared to placebo. 
Furthermore there was no difference in the relative power analyzed for the 10 
different cortical areas between Phe-loading and placebo. 
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DISCUSSION

This is the first study investigating the effects of elevated Phe levels on the brain 
activity in early treated adults with PKU, measured with MEG. We demonstrated 
that no significant effect of elevated Phe levels can be established on the relative 
power in the frequency bands and cortical areas.  Since hyperphenylalaninemia in 
PKU patients has predominantly an effect on the brain function and development, it 
was expected that MEG disturbances could be found. 
Executive function deficits, associated with high Phe levels have been reported in 
PKU patients (17). The outcome of the neuropsychological examination in our 
previously published study did indeed reveal impairment in sustained attention 
during elevated Phe levels (16). Possibly dopamine depletion, either due to a 
deficiency of its precursor tyrosine (6) or due to hypomyelinisation (8) plays an 
important role in the development of the executive function deficits. Previously, 
it was hypothesized that neurotransmitter deficiency in PKU patients due to 
high Phe levels, might influence brain activity. Electroencephalography (EEG) 
studies have been performed to examine this effect and it was demonstrated that 
elevated Phe levels influence the frequency distribution of EEG background activity 
in early treated children and adults with PKU. Phe-loading resulted in a shift in 
the dominant peak of the background activity from the alpha band to the lower 
frequency spectrum as well as an increase in slow wave activity in the theta and delta 
band (12;13). Krause et al (21) demonstrated a slowing in mean power frequency 
during high Phe levels, with reversal of the effect on lowering the plasma Phe levels. 
This indicates an increase in the power concentration of the slow wave frequencies, 
which might be associated with decreased alertness (22). 
MEG is another and more accurate method to measure the electrical field produced 
by brain activity. Slowing of the MEG background activity was demonstrated in 
studies involving Parkinson patients (23;24). In Parkinsons disease the deficit of 
dopamine in the striatum is a prominent neuropathological feature, resulting in 
an impaired outflow from the basal ganglia to the prefrontal cortex. Dopamine 
suppletion has no reversing effect on the slowing of the background activity (23). 
Functional interactions between different brain regions, functional connectivity, 
have been studied as well in Parkinson patients. In contrast with the spectral changes, 
functional connectivity in these patients responds to dopamine suppletion (25). 
The conclusion of these studies might be that dopamine has an effect on functional 
interactions between brain regions, but does not affect power (15). This might be a 
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possible explanation why the MEG recordings in PKU patients with elevated Phe 
levels do not show any disturbance; the possibly decreased brain dopamine levels 
might only affect functional connectivity in PKU patients as well. 
We recognize that a limitation of the present study is the small number of participating 
patients. The small number of patients may have prevented unfavourable effects of 
Phe-loading reaching significance. Furthermore the registrations did contain noise 
artefacts (hence the need for tSSS), which might have influenced the data.
In conclusion, high Phe levels did not have an effect on power frequency spectrum 
of brain activity in PKU patients, measured with MEG. Since there might be an 
effect on functional interactions between brain regions, analysis of the functional 
connectivity in the MEG recordings of these patients is warranted. 
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ABSTRACT

Background
Phenylketonuria (PKU) is an autosomal recessive disorder of phenylalanine 
metabolism. The inability to convert phenylalanine (Phe) into tyrosine causes Phe to 
accumulate in the body. Adherence to a protein restricted diet, resulting in reduced 
Phe levels, is essential to prevent cognitive decline. Frequent evaluation of plasma 
Phe levels and, if necessary, adjustment of the diet are the mainstay of treatment. We 
aimed to assess whether increased self-management of PKU patients and/or their 
parents, by providing direct online access to blood Phe values without immediate 
professional guidance, is feasible and safe.
Methods
Thirty-eight patients aged ≥1 year participated in a 10-month randomized controlled 
trial. Patients were randomized into a study group (1) or a control group (2). Group 
2 continued the usual procedure: a phone call or e-mail by a dietician in case of a 
deviant Phe value. Group 1 was given a personal “My PKU” web page with a graph 
of their recent and previous Phe values, online general information about the dietary 
treatment and the Dutch PKU follow-up guidelines, and a message-box to contact 
their dietician if necessary. Phe values were provided on “My PKU” without advice. 
Outcome measures were: differences in mean Phe value, percentage of values above 
the recommended range and Phe sample frequency, between a 10-month pre-study 
period and the study period in each group, and between the groups in both periods. 
Furthermore we assessed satisfaction of patients and/or parents with the ‘My PKU’ 
procedure of online availability. 
Results
There were no significant differences in mean Phe value, percentage of values above 
recommended range or in frequency of blood spot sampling for Phe determination 
between the pre-study period and the study period in each group, nor between the 
2 groups during the periods. All patients and/or parents expressed a high level of 
satisfaction with the new way of disease management.
Conclusions
Increased self-management in PKU by providing patients and/or parents their Phe 
values without advice is feasible and safe and is highly appreciated.
Trial registration
The trial was registered with The Netherlands National Trial Register (NTR #1171) 
before recruitment of patients. 
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BACKGROUND

Phenylketonuria (PKU; MIM 261600) is an autosomal recessive inborn error of 
phenylalanine metabolism caused by a deficiency of the enzyme phenylalanine 
hydroxylase (PAH; EC 1.14.16.1). Consequently phenylalanine (Phe) cannot be 
converted to tyrosine and accumulates in the body. Untreated PKU results in severely 
retarded mental development and neurological sequelae. These complications can 
effectively be prevented with a strict and unpalatable diet, severely limiting Phe 
intake from natural protein and supplementing all other amino acids in a mixture 
with vitamins and minerals (1). Patients’ blood Phe levels are frequently measured 
and dietary Phe intake is continuously adjusted on the basis of the results to keep 
Phe levels within the advised range.
The concurrent Phe level and the mean lifetime Phe level are predictive for the 
cognitive outcome in patients diagnosed by newborn screening (2). In adults, elevated 
Phe levels are associated with executive function deficits (3). Although there is still 
controversy about the safe upper limit of Phe levels during adult life, most current 
consensus guidelines support a diet for life (4-7). Therefore, measurement of blood 
Phe levels to evaluate dietary adherence and to adjust therapy, is the cornerstone of 
the management of patients with PKU irrespective of age. However, maintaining 
Phe levels within the advised ranges is highly demanding and intensive dietary 
education, family involvement, promotion of self-reliance and self-efficacy are 
required (8). A well-known approach to improve compliance in chronic disorders is 
increased self-management, which has gained widespread use in conditions such as 
diabetes (9), anticoagulation control (10) and hypertension (11). Self-management 
appears to be safe and improves treatment-related quality of life (10;12).  Although 
little evidence exists regarding self-management in PKU, previous reports suggest 
that it might be a viable option (13) and might improve dietary compliance (14).
In recent years patients with PKU treated in the two study sites (AMC and LUMC) 
had a moderate degree of self-management. The patients and/or parents took 
blood samples at home at regular intervals and sent the blood-spots by mail to the 
laboratory. Results of Phe values were reported to the patient within a week and if 
values were above the recommended range, the dietician contacted the patient and 
discussed the value and potential causes. Alternatively, patients and/or parents could 
contact the dietician by phone or e-mail to obtain the results. 
We hypothesized that self-management could be enhanced in this cohort by 
providing each individual patient with access to their own Phe values without 
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interference of a professional. Such a procedure might encourage patients and/or 
parents to take more control of their diet or the diet of their child, in relationship to 
the Phe levels. Therefore, we performed an open-labeled randomized controlled trial 
to evaluate the safety and feasibility of online availability of individual Phe levels 
to PKU patients and/or their parents, on plasma Phe levels, frequency of blood 
sampling and satisfaction.

METHODS

Participants
Patients were recruited via treating physicians in the two participating Dutch 
metabolic centers (AMC and LUMC). Patients were enrolled in the study between 
August 2008 and October 2008. Patients with PKU, diagnosed by newborn screening 
and continuously treated with a protein restricted diet and supplementation of 
amino acids, were eligible for inclusion in this study. Both patients with classical 
PKU (untreated Phe level >1000 µmol/L, Phe tolerance <500 mg/day) as well as with 
non-PKU HPA (untreated Phe level <1000 µmol/L diet Phe tolerance >500 mg/day) 
could be included (15;16).

In order to ensure sufficient understanding in parents and patients of the monitoring 
and treatment, only patients of 1 year and up were included. Exclusion criteria were 
no access to internet at home and pregnancy or the wish to become pregnant in the 
study period.
This study was approved by the Ethical Committee of the AMC, Amsterdam. The 
trial was registered with The Netherlands National Trial Register (NTR #1171) 
before recruitment of patients. 

Procedure
After inclusion in the study, patients were randomized into a study group (group 
1) and a control group (group 2). During the 10-month study period, patients in 
group 2 maintained their usual procedure regarding information on Phe levels and 
advice on necessary dietary changes: patients and/or parents sent in a blood spot for 
measurement of Phe. Children and/or their parents received a call by the dietician 
if the value was out of the advised range. They could also obtain their Phe value 
by making a telephone call or by sending an e-mail to the dietician. Adult patients 

21535 Hoedt, Amber ten.indd   82 07-02-12   19:58



83

Increasing self-management in PKU patients

6

always received their Phe value, usually by e-mail. 
During the study period patients and/or parents in group 1 were given access to a 
secured personal web page on a special internet site, named “My PKU”. In patients 
below 18 access information was provided to the parents. In this information letter, 
parents were encouraged to access the blood results information together with their 
children. After sending in a blood spot, patients and/or parents were alerted by an 
automatically generated e-mail message if a new result was available. Phe results 
were available at a fixed day of the week, comparable to the situation in group 2. 
Patients and/or parents in group 1 were not actively approached by their dietician 
about the Phe values if they were outside the recommended range. On their personal 
webpage patients and/or parents could find a graph with the most recent Phe value, 
clearly marked as either within or outside the recommended range, as well as an 
overview of the Phe values during the past 12 months (Figure 1). Also, there was a 
direct link to the Dutch guidelines on dietary management of PKU (17), and patients 
and/or parents could find  information about possible causes of Phe values below or 
above the recommended range and on suggested actions to correct the values. In the 
suggested actions to correct values to the advised range, it was advised to increase 
or decrease phenylalanine intake, to increase caloric intake or to ensure better 
compliance in taking the amino acid supplements. Changes in prescribed amino 
acid supplements were made after consultation with the dietician only. Patients and/
or parents had the opportunity to contact their dietician by entering a message in 
a message-box on their personal web page, which was always answered within 3 
days. Importantly, patients and/or parents were assured that, same as before, they 
were always welcome to, and were expected to, call their treating physician or their 
dietician in case of a more urgent question or problem. In addition, during the study 
period Phe values were continuously monitored by the treating physicians and 
dieticians in order to be able to intervene timely in case of Phe values out of range 
without action taken by the patient and/or the parents.
After the study period, all patients and/or parents of group 1 continued the “My 
PKU” procedure of online availability. From that time “My PKU” was also offered to 
the patients and/or parents of group 2.
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Figure 1-My PKU;Phe values are in μmol/L

Randomization
This was an open-labeled trial. Patients were randomly assigned to one of the two 
groups: one group with online access to the Phe values (group 1) and one control 
group (group 2). Randomization was performed in a 1:1 ratio by a computerized 
program (TENALEA Clinical Trial Data Management System) using the (non-
deterministic) minimization method as described by Pocock and Simon (18). Patient 
factors (strata) did not influence the allocation scheme.
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Measures
The primary outcome measures were the differences in mean Phe values and the 
percentage of Phe levels above the recommended range, between the 10 month 
pre-study period and the 10 month study period, in group 1 and 2. In addition, 
the differences in these primary measures between patients in group 1 and group 2 
during the 10 month pre-study period and the 10 month study period were calculated. 
Because PKU patients are more vulnerable for high Phe levels at a younger age, we 
performed a subgroup analysis of group 1 for the age groups < 10 years old and 10 
years and up. Per patient the mean Phe value in each period and the percentage of 
these values that were above the recommended range were calculated, these values 
were used in the different statistical analysis models.
The secondary outcome measure was the difference in frequency of blood sampling 
between the 10 month pre-study period and the 10 month study period, in group 1 and 
2. Furthermore the difference in frequency of blood sampling between both groups in 
the pre-study period and the study period was calculated. In addition, in group 1 it was 
monitored whether, and within how many hours after receiving the e-mail that a new 
Phe value was available on “My PKU”, patients and/or parents logged on to “My PKU”.  
Recommended ranges for plasma Phe values and recommended frequency of blood 
sampling per age group in the Netherlands are listed in Table 1.

Table 1-Recommended ranges for plasma Phe values and frequency of blood sampling 
in the Netherlands
Age Plasma Phe (µmol/L) Blood sampling
First year 120-360 Weekly

1-4 120-360 every other week

4-12 120-360 Monthly

12-15 120-600 Monthly

>15 120-600 Monthly

Patient satisfaction
To evaluate patient satisfaction with the procedure of online availability of Phe 
values, 6 months after the study period all patients and/or parents of group 1 were 
sent an e-mail in which they were asked to respond to the two following questions: 
Are you satisfied with the way of providing Phe values via a personal webpage? 
Which method of providing your Phe values do you prefer?
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Statistical analysis
The Statistical Package for Social Sciences (SPSS) Windows version 16.0 was used 
for all analyses. To test whether there were differences between both groups for 
the parameters age, mean Phe value, sample frequency and the percentage Phe 
values above the recommended range, Mann-Whitney tests were performed. To 
test whether there were differences between both study periods, within each group, 
Wilcoxon signed-rank tests were performed. 

RESULTS

Participants
Sixty-eight patients, 24 adults and 44 children, were eligible and were invited by letter 
to participate in the study. Thirty-eight patients (11 adults) consented to participate 
and were randomized to either group 1 (22 patients) or group 2 (16 patients). One 
patient in group 1 became pregnant after randomization and was subsequently 
excluded from the study. All other patients completed the study. Group 1 consisted of 
7 males (33.3%) and 14 females (66.7%), with a mean age of 15.0 years (SD 9.5, range 
1-35 years). In group 2, 7 males (43.8%) and 9 females (56.2%) were included with a 
mean age of 10.9 years (SD 8.6, range 1-28 years). Both groups were comparable for 
age and sex. Group 1 consisted of 16 patients with classic PKU and 5 with non-PKU 
HPA. In group 2, 9 patients with classic PKU and 7 patients with non-PKU HPA were 
included. The group of patients who did not participate in the study did not differ 
significantly from the study group for the parameters age and sex.

Phe values 
The median and the range of Phe values and the percentage of Phe values above the 
recommended range in the pre-study period and the study period for both groups 
are reported in Table 2. One adult patient did not send in any bloodspot, neither 
in the pre-study period nor in the study period. For this reason the patient is not 
included in Figure 2 and was excluded from the statistical evaluation of the Phe 
values but was included in the analysis of the sample frequency.
In group 1 there was no statistically significant difference between the pre-study 
mean Phe value and the mean Phe value during the study period. Individual 
mean Phe values in both periods are depicted in Figure 2. Patients in group 2 also 
demonstrated no significant change in mean Phe levels between the pre-study 
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period and the study period. No significant difference was found between the mean 
Phe values of group 1 and 2 in the pre study period (p=0.78) or in the study period 
(p=0.82). The percentages of Phe values above the recommended range, taking 
into account the ranges for age groups, between the pre-study period and the study 
period did not differ in either of the groups.  Furthermore, the percentages of Phe 
values above the recommended range were comparable between both groups in 
the pre-study period (p=0.83) and in the study period (p=0.79). Group 1 subgroup 
analysis for the age groups < 10 years and 10 years and up, showed no significant 
differences between the pre-study period and the study period in mean Phe value 
and percentage Phe values above the recommended range (Table 2).
After receiving the e-mail that a new Phe value was available on the site, patients 
and/or their parents logged in to their webpage within 12 hours in 163 of the total of 
201 Phe values (81%). After 48 hours 172 of the 201 Phe values were checked (88%). 
Only 11 Phe values (5.5%) were not viewed by the patients and/or parents before a 
new Phe value was entered. One patient did not check 4 Phe values, 7 patients did 
not check one value each. In 9 out of these 11 cases, patients had an appointment 
with the dietician on the day the new result was available, and the dietician had 
provided them with their Phe value.

Table 2 – Median Phe values (range) and % Phe values above recommended range
Measurement Pre-study Study P-value

(pre-study vs 
study)

Group 1 Median Phe value (µmol/L) 336  (198-1330) 408 (200-1438) 0.093

Group 1 % Phe values above rec. range 44 % 49 % 0.13

Group 1
< 10 years

Median Phe value (µmol/L) 273 (198-298) 295 (200-317) 0.46

% Phe values above rec. range 15% 19% 0.35

Group 1
≥ 10 years

Median Phe value (µmol/L) 599 (231-1330) 615 (271-1438) 0.16

% Phe values above rec. range 57% 63% 0.16

Group 2 Median Phe value (µmol/L) 366 (144-1201) 381(173-1367) 0.96

Group 2 % Phe values above rec. range 48 % 52 % 0.40

Group 1 = online availability (n=20)
Group 2 = usual procedure (n=16)
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Sample frequency
Results are listed in Table 3. Neither in group 1 nor in group 2 a difference in the 
frequency of blood sampling at home was demonstrated between the pre-study 
period and the study period. Because of differences in recommended frequency 
of sending bloodspots, the age group of 4 years and older was analyzed separately, 
demonstrating no significant differences between both periods. The group aged 
1-4 years old consisted of only 4 patients and therefore statistical analysis was not 
performed on the sample frequency of this group. 
Furthermore in both the pre-study period and the study period, the mean sample 
frequency of both groups was comparable. Separate analysis of the age group 4 years 
and older showed that again group 1 and 2 were comparable in both the pre-study 
period (p=0.74) as well as in the study period (p=0.84).
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Figure 2 – Individual mean Phe values in the pre-study period and study period

Patient satisfaction
All 22 patients and/or their parents of group 1, who were given online availability of 
their Phe values, responded to our questions on patient satisfaction. All reacted highly 
positive to the question if they were satisfied with the way of providing Phe levels via 
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a personal webpage. The advantages of this system mentioned by the patients and/or 
parents were the fast and reliable availability of the results, regardless of values being 
within or above the recommended range, and the relatively direct contact with the 
dietician through the message-box. Furthermore patients and/or parents judged the 
overview of the Phe values and the corresponding graph positively. All patients and/
or parents preferred the new way of providing Phe values. 

Table 3 – Median sample frequency (range) in 10 months
Sample frequency
Pre-study

Sample frequency
Study

P-value
(pre-study vs study)

Group 1 total 8.00 (0-29) 8.00 (0-23) 0.43

Group 1 ≥ 4 years 7.50 (0-17) 8.00 (0-23) 0.14

Group 2 total 7.50 (2-14) 8.00 (1-21) 0.36

Group 2 ≥ 4 years 6.00 (2-14) 7.00 (1-21) 0.31

Group 1 = online availability (n=21)
Group 2 = usual procedure (n=16)

DISCUSSION

This is the first randomized controlled trial evaluating the effect of increased self-
management on plasma Phe levels and frequency of blood sampling in patients with 
PKU. As Phe levels, lifetime and concurrent, are the most important determinants 
for the cognitive outcome of patients with PKU the main issue in this study was to 
assess the safety and feasibility of the increased self management for the patients and/
or their parents. Our results clearly demonstrate that the increased self management 
does not negatively affect the mean Phe value, the percentage of Phe values outside 
the recommended range, or the sample frequency. These results partially confirm 
the outcome of a uncontrolled study in which a comparable way of increased self-
management was investigated. In this 6 month study, patients themselves decided 
on frequency of blood sampling and adjustments of their diet after the Phe results 
were provided to them without interpretation or advice. The results demonstrated a 
higher mean Phe value but a stable percentage of samples above the recommended 
range during self-management (13). 
In the evaluation of group 1 as a whole, there was a no statistical difference in mean 
Phe levels between the study periods. However, we did find a trend (p=0.093) that 
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Phe levels increased during online access. This may be explained by the fact that 4 
patients became 12 years old during the study. At the age of 12, according to the 
Dutch guidelines, the recommended range is raised from 360 µmol/L to 600 µmol/L 
and usually the patients will increase the Phe intake and the level rises around or just 
before the 12th birthday. This hypothesis was confirmed by the fact that in subgroup 
analysis of patients below 10, the trend of increasing Phe levels was not found. 
As very few patients below age 4 were included in the study, and because this is a 
vulnerable age for high Phe levels, future studies are warranted for this particular 
age group.
In PKU, the determinants of compliance include the frequency of taking blood 
samples, the mean Phe value and the percentage of Phe levels above the recommended 
range. The relatively high percentage of the Phe values above the recommended 
range during both study periods in both groups is comparable to results from other 
studies (13;19;20). 
While compliance did not decrease during the intervention period, we did not 
demonstrate the increase of compliance that might be expected from increased self-
management (14). Possibly it may take longer than the 10 month study period to 
incorporate the new approach into the daily practice of the patients and/or their 
parents and to develop a full understanding of the relationship of Phe values to food 
intake and illness in this setting.
In other chronic disorders the quality of life (QoL) of patients has been reported 
to improve following self-management interventions (10;21). Hypotheses for this 
improvement are enhanced self-efficacy (22-24) and increased confidence and 
control, resulting from a better education and understanding of their illness. Because 
no PKU specific QoL questionnaires exist and generic questionnaires have been 
proven not to detect abnormalities in PKU patients, QoL has not been evaluated in 
this study.
Parents and/or parents, without exception, preferred the new approach of providing 
Phe values and appreciated the direct availability of their own Phe values, the 
overview of the past values and the possibility to have a relatively direct contact with 
the dietician. Patients and/or parents interest in a more direct availability of Phe 
values was manifested by the high percentage of Phe values, checked within 12 hours 
after reporting on their “My PKU” web page. The new approach enables patients 
and/or their parents to make their own decisions about when to take blood samples 
and how to adjust the diet. Thereby it provides patients and/or parents more control 
on their own disease and less interference with their personal lifestyle. Remarkably, 
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using the message-box especially adolescents provided more information on their 
dietary habits and asked more questions than during the outpatient visits. Possibly, 
this means of communication which this age group is highly accustomed to, is more 
comfortable for them than a personal discussion. Furthermore, the message-box is 
increasingly used by treating physicians to record issues and plans discussed during 
the outpatient visits, so that the patient and/or parents have the possibility to check 
it at home anytime. 

CONCLUSION

This randomized controlled trial is the first to demonstrate that increased self-
management in PKU patients and/or their parents by providing Phe values online is 
a feasible, safe method and is highly appreciated. 
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ABSTRACT

Introduction
Phenylketonuria (PKU) is an autosomal recessive inborn error of phenylalanine 
(Phe) metabolism. Adherence to the protein restricted diet, aiming to maintain 
blood Phe levels within the advised range, is the strongest determinant for 
cognitive outcome. Frequent blood Phe monitoring, usually by analysis of 
capillary blood spots, is necessary to ensure that patients remain under good 
metabolic control. The aim of this study was to investigate the difference in Phe 
levels between plasma, analyzed by amino acid analyzer (AAA), and blood spots 
analyzed by tandem mass spectrometry (MS). 
Methods
Fifteen adult patients participated, of whom five were studied twice. Three different 
methods were compared: 1) A heparinized whole blood sample was collected via 
venipuncture for determination of Phe in plasma; 2) before processing of this sample, 
a blood spot was prepared from the venous blood sample by pipetting on a filter card; 
3) immediately after the venipuncture, a finger prick was done and a capillary blood 
spot was prepared. Plasma samples were analyzed by AAA, blood spots by tandem 
MS. Outcome measures were: difference in mean Phe concentration measured in 
plasma and blood spots from either venous blood or capillary blood.
Results
The mean Phe concentration in blood spots obtained from capillary blood and 
from venous blood were 40 µmol/L (p = 0.032) and 97 µmol/L (p = 0,001) lower 
respectively than the mean Phe concentration measured in plasma. 
Conclusion
The observed significant differences in Phe levels due to different sampling 
techniques, warrant caution and the use of one and the same method during follow-
up of individual PKU patients is advised.
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INTRODUCTION

Phenylketonuria (PKU; MIM 261600) is an inborn error of phenylalanine 
metabolism in which, as a result of a deficiency of the enzyme phenylalanine 
hydroxylase (PAH; EC 1.14.16.1), phenylalanine (Phe) cannot be hydroxylated 
to tyrosine. If untreated, PKU leads to profound intellectual disability and 
neurological abnormalities. These sequelae can largely be prevented by early 
initiation of a protein restricted diet with supplementation of all amino acids 
except Phe. Management of Phe levels, aiming to maintain levels within the 
advised range by strict adherence to the diet, is the strongest determinant 
for the cognitive outcome of the patients (1-3).Therefore, regular monitoring 
of blood Phe levels is necessary to ensure that patients remain under good 
metabolic control. Several methods are available for the measurement of Phe 
levels. In many metabolic centers, including ours, patients collect capillary 
blood samples by finger prick at home at regular intervals, and send the dried 
blood spots by mail to the laboratory for determination of Phe concentration 
by tandem mass spectrometry (tandem MS). However, when patients visit their 
metabolic physician in the outpatient clinic, Phe levels are often determined in 
blood obtained by venipuncture. Plasma from the heparinized blood sample is 
analyzed either by the amino acid analyzer (AAA), when a whole amino acid 
profile is required, or by tandem MS, when only a Phe level is required. Few 
studies have examined the variability between these different methods for the 
quantitative analysis of blood Phe concentrations. Previously it was shown that 
Phe levels in venous blood spotted on filter paper and measured by tandem MS, 
were consistently almost 20% lower than Phe levels in plasma measured by the 
AAA (4). Differences between the various methods of Phe determination can 
be of clinical importance, especially in young children and pregnant women, in 
whom Phe levels should be maintained within a tight range. Differences in Phe 
levels due to different sampling and assay techniques may complicate the strict 
control of PKU patients and the assessment of effects of dietary adjustments. 
The aim of the present study was to evaluate the difference in Phe levels between 
plasma, analyzed by AAA, and blood spots obtained from a finger prick 
(capillary blood) and from venous blood, analyzed by tandem MS. 
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PATIENTS AND METHODS

Patients
All patients aged 18 years and older, who are treated for PKU in the Academic 
Medical Center of Amsterdam (AMC), were informed of the study by mail and 
during the routine outpatient clinic visits. Patients signed an institutionally approved 
informed consent prior to enrolment. Approval for this study was granted by the 
Ethical Committee of the AMC, Amsterdam.  

Sample preparation and analysis
At the time of an outpatient visit, a whole blood sample was collected via a 
venipuncture in a heparinized tube and within 5 minutes after collection, a blood 
spot was made via a finger prick on a filter paper. Subsequently, a blood spot was 
prepared from the venous blood sample by pipetting 40 µl of whole blood on a filter 
card prior to centrifugation for separation of the plasma. 

Analysis of plasma amino acids
Plasma was prepared from heparinized blood by centrifugation at 1000 x g and stored 
at -20°C until analysis. Plasma amino acids were analyzed using the JEOL AminoTac 
amino acid analyzer JLC-500/V according to the manufacturer’s instructions.

Table 1 Mean, standard deviation, median, range of different methods of Phe 
determination

Mean Standard deviation Median Range
Phe plasma (µmol/L)a 654 417 659 27-1392
Phe BSP cap (µmol/L)b 614 378 630 21-1223
Phe BSP ven (µmol/L)c 557 330 561 19-1029
Tyr plasma (µmol/L)a 74 45 70 16-183
Tyr BSP cap (µmol/L)b 67 42 65 21-177
Tyr BSP ven (µmol/L)c 64 40 56 17-160

a   Phe/Tyr plasma = Phe/Tyr measured in plasma 
b   Phe/Tyr BSP cap = Phe/Tyr measured from capillary dried blood spots
c   Phe/Tyr BSP ven = Phe/Tyr measured from dried blood spots from whole blood

Tandem MS analysis of Phe in blood spots
Blood spots were stored at 4°C. The method used to analyze Phe was essentially as 
described previously (5). Briefly, a blood spot punch was extracted using a methanolic 
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solution containing known concentrations of stable isotope-labeled internal standards 
(d5-Phe and d4-Tyr). The extract was taken to dryness using N2 and the residue was 
butylated for 15 min at 60°C. Subsequently, the butylation reagent was removed under 
N2-flow and the residue resuspended in 100 µl of 7:3 acetonitril:water. An aliquot of 10 
μl of this solution was used for loop injection tandem mass spectrometry on a Waters 
Quattro – Premier XE tandem mass spectrometer.

Table 2  Difference between plasma and blood spot analysis of Phe/Tyr levels
Difference 95% CI

Phe: plasma vs BSP capa 39.7 5.4 – 74.0
Phe: plasma vs BSP venb 96.6 42.1 – 151.1
Phe: BSP cap vs BSP venc 57 21.2 – 92.5
Tyr: plasma vs BSP capa 6.9 2.0 – 11.9
Tyr: plasma vs BSP venb 9.5 1.4 – 17.6
Tyr: BSP cap vs BSP venc 2.6 - 4.0 – 9.2

a   Phe/Tyr plasma versus Phe/Tyr measured from capillary dried blood spots
b   Phe/Tyr plasma versus Phe/Tyr measured from dried blood spots from venous blood
c     Phe/Tyr measured from capillary dried blood spots versus Phe/Tyr measured from dried 

blood spots from venous blood

Statistical analysis
The Statistical Package for Social Sciences (SPSS) Windows version 16.0 was used for 
the analyses. Since the data were not normally distributed the comparisons between 
the different parameters were tested non-parametrically by Wilcoxon signed-rank-
tests.
Alpha was set at 0.05. For the creation of the Bland-Altman plots, to compare the 
different methods of Phe determination, the statistical software Analyse-it for Excel 
was used.

RESULTS

A total of 20 venous blood samples, 20 blood spots prepared from the venous 
blood sample and 20 capillary blood spots were collected. 15 patients consented to 
participate in the study, 6 males and 9 females with a mean age of 28 years (range 21-
34 years). Five patients (1 male and 4 females) were studied twice, on two separate 
outpatient clinic visits. Results of the Phe analysis in these samples are summarized 
in Table 1. Table 2 shows the differences between the different methods of Phe 
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determination. Figure 1a and 1b show Bland-Altman plots comparing plasma Phe 
values with capillary blood spots and blood spots from venous blood respectively. 
The comparison of the plasma Phe values with the Phe values from capillary blood 
spots, showed a mean difference (bias) of 39.7 µmol/L with limits of agreement 
(mean difference ± 2 SD) from 183.4 to -103.9 µmol/L. The Bland-Altman plot of 
the plasma Phe values with the Phe values from venous blood spots, showed a mean 
difference of 96.6 µmol/L with limits of agreement from 324.9 to -131.8 µmol/L .
The mean Phe level measured in the capillary blood spots was approximately 40 
µmol/L (6%) lower than the mean Phe level measured in the plasma samples (z = 
-2.15, p = 0.032,  r = -.34). In addition, Phe levels measured in blood spots spotted 
from the venous blood, were approximately 97 µmol/L (15%) lower than plasma Phe 
level (z = -3.34, p = 0.001,  r = -.53) and also 57 µmol/L (9 %) lower than the Phe level 
measured in the capillary bloodspots (z = -2.80, p = 0.005, r = -.44).
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Figure 1a Phe level: plasma versus capillary blood spot
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Figure 1b Phe level: plasma versus blood spot from venous blood 

DISCUSSION

In this study we evaluated differences between plasma Phe measurements measured 
by AAA and capillary and venous blood spots by tandem MS. We established a 
significant difference between mean plasma Phe level and the mean Phe level, 
measured in blood spots from capillary blood as well as in blood spots from venous 
blood. As both analyses are carefully monitored in quality control programs and 
yield (within the small methodical variation for both techniques) the same Phe 
concentrations, the observed differences are likely due to the type of blood sample, 
rather than to the type of analysis (tandem MS versus AAA). 
Our findings correspond with previously published studies which showed that 
Phe levels in blood spots from venous blood were lower than plasma Phe values, 
measured by AAA (4,6). Our observation that the mean Phe levels in capillary blood 
spots are also significantly lower than the mean plasma Phe is probably even more 
important, as the procedure of taking capillary blood samples by finger prick at 
home is used in many centers as the method of choice for follow-up of PKU patients. 
This result is in agreement with a previous study, in which a mean difference of 73 
µmol/L was found between plasma Phe values measured with AAA and capillary 
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blood spots with limits of agreement from 216 to -363 µmol/L (7). Although there 
is a general underestimation of Phe concentrations from capillary blood spots, the 
Bland Altman plots demonstrate that the differences between the blood spot and 
plasma samples are variable and therefore it is not possible to apply a standard 
correction factor that can be used in clinical practice.
Home capillary blood sampling is currently the most convenient, relatively easy, and 
least time consuming method for the regular follow-up of PKU patients, and thus 
used as a basis for frequent adjustment of dietary therapy. In many centers, including 
ours, however, Phe levels measured at the regular visits to the outpatient clinic are 
performed in plasma (8). 
The observed mean difference in Phe levels of 40 µmol/L between finger prick 
capillary blood and plasma can be clinically relevant, especially during periods 
when very strict control is paramount, such as during the first years of life and, in 
females, during pregnancy. Not taking these differences into account may result in 
unnecessary and confusing changes in daily protein intake. We conclude that it is 
strongly advised to adjust the dietary therapy only to Phe levels determined with 
one method; either from plasma samples, analyzed with the AAA, or from capillary 
blood spots, analyzed by tandem MS. 
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

This thesis addresses the psychosocial consequences and neurocognitive sequelae, as 
well as various aspects of the management of patients with the inherited metabolic 
disorder phenylketonuria (PKU). 

Treatment: diet for life?
There is universal consensus that all newborns with PKU need to start a 
phenylalanine (Phe) restricted diet as soon as possible, in order to prevent severe 
cognitive impairment caused by high blood Phe levels. However, there is much 
debate on the need for a strict dietary control during adulthood and on the safe 
upper limit of Phe levels (1;2). With a growing cohort of early and continuously 
treated adult patients with PKU, development of management guidelines for this 
group of patients is of great importance (3). Besides recommendations about Phe 
levels, such guidelines should address other aspects of the management as well, such 
as nutrition, psychosocial support and follow-up (4).
The dietary treatment in PKU is highly demanding, and maintaining plasma Phe 
levels within the advised range is generally difficult and challenging. Because the 
dietary treatment imposes a heavy burden and necessitates continuous education, 
family support and self-discipline are needed (5). In this light it is not surprising that 
non-compliance with the strict dietary regimen is common (2;6) and the difficulty 
to maintain dietary control is reflected in a high incidence of Phe levels above target 
ranges (6;7). 
As the discussion on the necessity of maintaining a strict metabolic control 
throughout life is complex and often based on expert opinion, it is highly important 
to try to provide evidence based advise. During childhood, high Phe levels are 
associated with a reduction of the intelligence quotient (IQ) (8). In children as well 
as in adults, executive function deficits have been reported to be related to both 
concurrent as well as lifetime Phe levels (9). Executive functions are higher cognitive 
functions such as organization, planning, attention, working memory en inhibitory 
control (10). An impairment of these functions may affect daily life significantly. 
An important result of the research reported in this thesis (chapter 4), is that elevated 
Phe levels are negatively associated with mood. Persistent negative changes in mood 
may ultimately impact stability in relationships and social interactions. Although 
the burden of a life long dietary regimen in PKU patients is substantial, in view of 
the existing evidence of the significant consequences of high Phe levels, we consider 
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it important to advise patients to maintain the diet throughout life. Further studies 
are necessary to investigate the effects of elevated Phe levels on behavior and quality 
of life. 

Outcome and follow-up
Despite the early initiation of the dietary treatment, IQ levels of patients with PKU 
are frequently lower than those of family members and peers, although within the 
normal range (11). Moreover, patients experience hidden disabilities including 
subtle deficits in executive functioning, social difficulties and emotional problems, 
impairments which may remain unnoticed for years because of their delicateness 
(12; chapter 2). Executive functions play an important role in activities involved 
in the achievement of goals (10) and as these skills are embedded in many social 
and productive activities, it is highly plausible that there might be an effect on the 
daily life of PKU patients in case of an impairment of these abilities. These hidden 
disabilities may even contribute to the suboptimal intellectual outcome (13) and 
lower school achievement (14), reported in treated PKU patients. However, the exact 
correlation of the executive function deficits in PKU patients with clinical outcome 
is not known (9). More longitudinal research is needed to determine the clinical 
consequences of the neurocognitive deficits and the exact impact on quality of life.
 Taken together the psychosocial difficulties, the burden of having a chronic disease 
and the necessity of compliance with a strict diet, it seems highly plausible that the 
health related quality of life (HRQoL) of PKU patients may be impaired. However, 
previous studies did not show a decreased HRQoL in children and adults with PKU 
(15;16), although a tendency of lower or delayed levels of autonomy and a lower 
rate of forming normal adult relationships compared to healthy adults, was reported 
(17). It might be that generic questionnaires used in these studies do not detect the 
obstacles and difficulties that affect the daily lives of patients with PKU. Therefore, 
the development of a questionnaire focussing on PKU-specific problems may result 
in more reliable assessment of HRQoL in PKU patients. 
Emotional problems and disturbances of behavioural functioning have been 
reported in patients with PKU (chapter 1;18). PKU patients may demonstrate 
decreased autonomy and may suffer from low self esteem and might be more at risk 
to develop internalizing problems such as depression, anxiety and phobias (19;20). 
The underlying mechanisms that cause these psychosocial impairments are not 
clear. A direct relation to the increased Phe levels in PKU is possible, as elevated 
Phe levels may result in a disturbance of serotonin metabolism (21). However the 
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burden of living with a chronic condition may contribute as well to the psychosocial 
difficulties. Psychosocial support can aid patients with PKU and their parents to 
handle the difficulties of adherence to a strict and unpalatable diet and to cope with 
the legacy of living chronic medical condition (1).
Furthermore longitudinal follow-up research is necessary to study neurological 
problems. In PKU patients minor neurological signs like intention tremor and brisk 
tendon reflexes are common (22). With aging PKU patients might develop other 
neurological impairments (23).

Neuropathology and assessment of brain function
The exact pathophysiological mechanisms by which Phe causes neurocognitive 
damage are still not elucidated. However, there are several hypotheses addressing 
possible causes of the neurotoxicity. It is highly likely that the neurocognitive damage 
in PKU is caused by different processes, all occurring together. 
The most important neurotoxic pathophysiological mechanisms are thought to be 
the direct effects of high Phe levels in combination with reduced levels of brain 
large neutral amino acids (LNAAs) (24). Reduced LNAA concentrations are a 
consequence of the competition at the blood brain barrier (BBB) of Phe with other 
LNAAs including tyrosine (Tyr) and tryptophan (Trp), as these amino acids all use 
the same transporter (the LNAA transporter) for transport across the BBB. The low 
levels of Tyr and Trp might contribute to the depletion of the neurotransmitters 
dopamine and serotonin. The dopamine depletion in patients with PKU, either due 
to a deficiency of its precursor Tyr (25) or secondary to hypomyelinisation (26), 
might play a prominent role in the development of the neurocognitive impairments. 
Since the prefrontal cortex is highly susceptible for changes in Tyr levels, the deficits 
established in PKU patients are frequently specific to the cognitive functioning of 
the prefrontal cortex (25;27). In addition, the decreased levels of other LNAAs may 
be a cause of the inhibition of cerebral protein synthesis (28). 
The mood disturbances in patients with PKU might be caused by a deficiency of 
brain serotonin levels (21). Possibly Phe interferes with the synthesis of serotonin 
by different mechanisms. The first mechanism is that as a result of the competition 
at the BBB, the availability of Trp is reduced and thereby the production of 
serotonin, which is synthesized from Trp via two subsequent enzymatic reactions, 
is limited. The other option is that elevated Phe levels might affect the synthesis of 
5-hydroxytryptophan, the second rate-limiting factor in serotonin production (29). 
Finally, it may well be that both mechanisms occur together.
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In order to study the pathophysiologic processes involved in the impaired cognitive 
functioning in PKU patients, several neuroimaging techniques and assessments of 
brain activity have been used. Brain white matter abnormalities, possibly caused 
by decreased myelinisation, have been described in MRI studies of PKU patients, 
and were found to be related to metabolic control. However, the functional 
implications of these white matter lesions are unclear (30). In future research it will 
be very interesting to perform longitudinal studies, examining the onset and course 
of the white matter alternations as well as the relationship with neurocognitive 
impairments. 
Transport of Phe across the BBB probably plays a crucial role in the neuropathogenesis 
of the cognitive impairments in patients with PKU. Therefore measurements of 
brain Phe concentrations and understanding of the main principles of the LNAA 
transport into the brain, are essential. Magnetic resonance spectrometry (MRS) 
studies have shown that the blood Phe/brain Phe ratios vary between 0.21 and 0.74 
in adult patients with PKU (31). However, in other studies no clear correlation 
between the plasma Phe levels and the brain Phe levels could be established (32;33). 
Various reports suggest that interindividual variations exist in Phe transport across 
the BBB (34;35). This might explain the individual differences in vulnerability to 
elevated blood Phe levels, which is reflected by the 1% of the PKU patients in whom 
no cognitive damage occurs despite their deficient PAH enzyme (22). An important 
future research question is whether cognitive deficits are related to brain Phe levels 
and if brain Phe levels have a predictive value for future neuropsychological and 
behavioural problems. Future studies should integrate the MRS findings with clinical 
parameters including neuropsychological tests and mood questionnaires. 
In this thesis, magnetoencephalography (MEG) measurements were performed to 
investigate the relationship between blood Phe levels and brain activity (chapter 
5). Elevated Phe levels appeared not to affect the power frequency spectrum of 
brain activity. In another disorder in which brain dopamine levels are disturbed, 
Parkinsons disease, it was suggested that dopamine has an effect on functional 
interactions between brain regions, but does not affect power (36). Possibly, the 
brain dopamine depletion in PKU patients might only affect functional connectivity. 
Analysis of the functional connectivity in the MEG recordings of these patients is 
warranted. 

Future management strategies
An important goal in the management of patients with PKU will be to monitor and 
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follow-up the cognitive and emotional functioning in relation to different treatment 
strategies, in order to optimize the treatment. To this end large-scale multi-centre 
studies are needed to measure executive function deficits in early treated PKU 
patients, using a set of neuropsychological tests that can be performed in the clinical 
setting and can be repeated for the purpose of follow-up. In this way it should be 
possible to unravel which cognitive functions are affected most and should therefore 
be monitored throughout life.
Since PKU is a disorder which requires treatment for life, the responsibility for 
adherence to the dietary treatment gradually shifts from the parents to the patients. 
Therefore the management of patients needs to include teaching of self-management. 
Our study in which patients were provided with their own Phe levels via a personal 
web page, showed that this was a safe and highly appreciated approach (chapter 4). 
This approach, which we labelled “My PKU”, enables patients and/or their parents 
to make their own decisions about the frequency and timing of blood sampling and 
adjustments of their diet. Thereby “My PKU” provides patients more control on their 
own disease and less interference with their personal lifestyle. This might improve 
the quality of life like as was demonstrated in other chronic disorders (37;38), by 
enhancement of self-efficacy (39), confidence and control. 
Novel alternative pharmacological approaches to the treatment of PKU may improve 
the long-term outcome of the disease and the HRQoL. Some of these options are 
currently being introduced while others are still under development. 
Sapropterin is a synthetic formulation of the naturally occurring tetrahydrobiopterin 
(BH4), which is already used in the management of patients with PKU. This drug 
significantly lowers the blood Phe concentration in patients responsive to this 
treatment, particularly in patients with milder forms of PKU, by serving as a cofactor 
for PAH and consequently enhancing the residual enzyme activity (40). The exact 
pharmacologic mechanism is not fully elucidated, but there are several theories: 
1) stimulation of the PAH activity; 2) improving the affinity of PAH for BH4; 3) a 
chaperone effect of Sapropterin thereby stabilizing PAH; and 4) effects on BH4 and 
PAH synthesis (41;42). 
Another treatment strategy might be LNAA supplementation. LNAAs have been 
shown to reduce brain Phe levels by competitive inhibition of the transport across 
the BBB (43). In the intestinal mucosa, a similar LNAA carrier protein exists as at the 
BBB and administration of a different LNAA formulation was reported to reduce the 
blood Phe concentration (44;45). A study evaluating the relationship between LNAA 
supplementation and cognitive outcome, showed that LNAA supplementation 
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resulted in better performance on executive functions particularly in verbal fluency 
and cognitive flexibility (32). More research is necessary to investigate the possible 
role of LNAA supplementation and its optimal dosage (46).
A possible alternative treatment for PKU, which is still under investigation, is 
enzyme substitution therapy with phenylalanine ammonia lyase (PAL; E.C.4.3.1.5.). 
PAL degrades Phe into the metabolites trans-cinnamic acid and ammonia (47), 
which can be excreted in the urine. In the PKU mouse model, weekly subcutaneous 
enzyme injections effectively lowered the blood Phe levels (48). Clinical trials on 
the safety, tolerability and efficacy of subcutaneously and orally administered of 
PEGylated recombinant PAL (PEG-PAL) in PKU are currently performed (49). 
Finally, gene therapy is a promising therapeutic option which has until now been 
studied in animal models. In a PKU mouse model, liver directed gene therapy has 
yielded a correction of hyperphenylalaninemia for several weeks (50). However 
a permanent correction of PAH deficiency is not attained through this method, 
because the genome of the vector is not integrated in the DNA of the hepatocyte and 
reinjection leads to an antibody-mediated immune response (49). An alternative 
target organ for gene therapy might be skeletal muscle, in which however besides 
the PAH enzyme, the expression of enzymes involved in the synthesis and recycling 
of BH4 are required as well (51). 

In conclusion, despite over 50 years of experience with treatment of PKU with a Phe 
restricted diet, many questions are still unanswered. However, several promising 
treatment and follow-up strategies are now studied and these approaches might 
enhance the management of patients with PKU in the future, thus facilitating the 
daily life of patients with PKU. 
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SUMMARY 

Phenylketonuria (PKU; MIM 261600) is an autosomal recessive inborn error of 
metabolism caused by a deficiency of the hepatic enzyme phenylalanine hydroxylase 
(PAH; EC 1.14.16.1). As a result, the conversion of the essential amino acid 
phenylalanine (Phe) into the amino acid tyrosine (Tyr) is deficient. Phe, which 
is neurotoxic at high concentrations, subsequently accumulates in the body. The 
exact pathophysiologic mechanism of the neurocognitive damage is still not fully 
resolved. The severe intellectual impairments which ensue if PKU is left untreated, 
can be prevented by detection through newborn screening followed by initiation of 
a protein restricted diet, severely limiting the Phe intake from natural protein, in 
combination with supplementation of all other amino acids. Adherence to the diet is 
arduous and socially difficult and maintaining Phe levels within the advised ranges is 
therefore highly demanding. Although there is a general consensus amongst treating 
physicians and dieticians that a Phe restricted diet should best be maintained 
throughout life, there is discussion on the stringency of this diet during adulthood 
and consensus guidelines on the dietary treatment of adults with PKU are lacking.
In addition, studies have shown that, despite early initiation of treatment, patients 
with PKU may suffer from subtle intellectual, cognitive and psychological sequelae 
during adulthood. It is not clear if this is caused by irreversible damage which 
occurred during childhood or if this is due to easing of dietary control during 
adulthood.

In chapter 2, a concise review of the literature is provided, addressing the 
psychosocial aspects in patients with early-treated PKU. The neurocognitive deficits, 
social difficulties and emotional problems in early treated children and adults are 
described. The cumulative impact of these hidden disabilities puts this group of 
early-treated patients with PKU at risk for psychosocial problems later on, such as  
difficulties with forming relationships, achieving autonomy and acquiring a healthy 
emotional development. 

Chapter 3 presents the results of a cross-sectional study on the health-related quality 
of life (HRQoL) of parents of children with PKU or galactosemia. A total of 116 
parents of children with PKU and 69 parents of children with galactosemia aged 1 
to 19 years completed a HRQoL questionnaire and provided information on socio-
demographic, medical and psychosocial variables. Parents of children with PKU or 
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galactosemia reported a HRQoL comparable to parents of healthy children and a 
better HRQoL than parents of children with other metabolic disorders as reported in 
previous studies. There were no differences in HRQoL between parents of children 
with PKU and parents of children with galactosemia. Important predictors for 
parental mental HRQoL were the psychosocial factors emotional support and loss 
of friendship. Since parental mental functioning influences the development and 
adjustment of their children, it is important that treating physicians pay attention 
to the wellbeing of the parents. The insight that emotional support and loss of 
friendship influence the HRQoL of parents, enables treating physicians to provide 
adequate support for these parents.

In chapter 4, the results of a placebo-controlled crossover trial on the effects of high 
Phe levels on neuropsychological functioning and mood, are presented. Nine adults 
with PKU, all detected by newborn screening and continuously treated ever since, 
underwent two 4-week supplementation periods: one with Phe, mimicking a normal 
dietary Phe intake, and one with placebo. Neuropsychological tests were done at 
the end of each study period. Furthermore, patients, and for each patient a close 
friend or relative, completed weekly questionnaires evaluating the patients’ mood. 
Neuropsychological tests demonstrated impairment in sustained attention at the 
time of the high Phe values, during Phe supplementation. Both patients and their 
friend or relative reported lower scores on the mood questionnaires, during Phe 
supplementation, demonstrating a negative influence of high Phe levels on mood. 
We conclude that high plasma Phe levels have a direct and negative effect on both 
sustained attention and on mood in adult patients with PKU. A Phe restricted “diet 
for life” may therefore be an advisable option for many, if not all, patients. 

Chapter 5 focuses on the effects of elevated Phe levels on brain activity. 
Magnetoencephalograms (MEG) were performed in the nine patients participating 
in the previous placebo-controlled crossover Phe-loading study in early and 
continuously treated adults with PKU, at the end of each study period (chapter 4). 
Phe-loading did not result in a difference in the power of the 5 frequency bands, 
compared to placebo. In addition there was no difference in the relative power 
analyzed for the 10 different cortical areas between the Phe-loading study period 
and the placebo study period. We hypothesize that MEG recordings in PKU patients 
did not show any alterations on high Phe levels because increased Phe levels might 
only affect functional interactions between brain regions and do not affect power. 
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Therefore additional studies, analyzing the functional connectivity in the MEG 
recordings of these patients, are warranted.
The aim of the study presented in chapter 6, was to evaluate whether increased 
self-management of PKU patients and/or their parents, by providing direct online 
access to blood Phe values without immediate professional guidance, is feasible and 
safe. Thirty-eight patients aged ≥1 year participated in a 10 months trial and were 
randomized into a study group or a control group. The control group continued the 
usual procedure: Phe values were provided to them by the dietician. Patients/parents 
in the study group were provided with a personal “My PKU” web page on which 
their recent and previous Phe values, extra information on PKU and a message-box 
through which questions could be send to the dietician, were presented. During the 
study period, there were no significant differences between the two groups in mean 
Phe values, percentage of values above the recommended range or in frequency of 
blood spot sampling for Phe determination. All patients and/or parents expressed a 
high level of satisfaction with the new way of disease management. We conclude that 
increased self-management in PKU, by providing patients and/or parents their Phe 
values without immediate professional guidance, is feasible and safe and is highly 
appreciated.

In chapter 7, a comparative study on the different methods of analysis available to 
measure Phe levels, is reported.Three different methods of Phe determination were 
compared: 1) in plasma by amino acid analyzer; 2) in blood spots directly prepared 
from the venous blood sample by tandem mass spectrometry, and 3) in capillary 
blood spots prepared at the time of the venous blood sampling and measured by 
tandem mass spectrometry. Fifteen adult patients with PKU participated, of whom 
five were studied twice. The mean Phe concentration in blood spots obtained 
from capillary blood and from venous blood were 40 µmol/L and 97 µmol/L lower 
respectively, than the mean Phe concentration measured in plasma. The observed 
significant differences in Phe levels due to different sampling techniques, warrant 
caution, and the use of one and the same method during follow-up of individual 
PKU patients is advised. 
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Phenylketonurie (PKU) is een erfelijke stofwisselingsziekte veroorzaakt door een 
tekort aan het enzym phenylalanine hydroxylase (PAH). Aminozuren zijn onderdelen 
van eiwitten en bij patiënten met PKU kan het aminozuur phenylalanine (Phe) niet of 
onvoldoende worden afgebroken tot een ander aminozuur, namelijk tyrosine. Als gevolg 
van deze afbraakstoornis ontstaat er in het lichaam een verhoogde waarde van Phe, wat 
schadelijk is voor de hersenen. Onbehandeld leidt PKU tot een ernstige verstandelijke 
beperking en neurologische verschijnselen. Sinds 1974 worden in Nederland alle 
pasgeborenen middels de hielprik gescreend op PKU. Door direct na de opsporing te 
starten met de behandeling, kunnen deze ernstige gevolgen worden voorkomen.
De behandeling bestaat uit een streng eiwitbeperkt dieet, aangezien Phe aanwezig 
is in alle natuurlijke eiwitten. Patiënten kunnen geen vlees, vis, kaas, melk, noten 
of soja eten en slechts een beperkte hoeveelheid van eiwitrijke groenten en fruit. 
Daarnaast worden, om tekorten in het dieet bij de patiënten te voorkomen, alle 
andere aminozuren drie maal daags in een speciaal mengsel aan het dieet toegevoegd. 
Therapietrouw is moeilijk en belastend. Er bestaat in veel landen consensus over het 
feit dat het dieet levenslang gehandhaafd moet worden, maar niet over de striktheid 
daarvan gedurende de volwassenheid en richtlijnen daartoe ontbreken. Ondanks de 
vroege opsporing en behandeling van PKU, hebben veel patiënten milde intellectuele, 
cognitieve en psychologische problemen, welke invloed kunnen hebben op het 
dagelijks functioneren. Dit proefschrift richt zich op de psychosociale en cognitieve 
gevolgen van de ziekte PKU en op verschillende aspecten van de behandeling.

In hoofdstuk 2 wordt een overzicht gegeven van de psychosociale aspecten van 
patiënten met PKU, die vlak na de opsporing middels de hielprikscreening, zijn 
gestart met de behandeling. De cognitieve beperkingen en de sociale en emotionele 
problemen, bij kinderen en volwassenen, worden beschreven. De opstapeling van 
deze vaak verborgen beperkingen, maakt patiënten met PKU kwetsbaar voor het 
ervaren van problemen in het dagelijks leven, zoals het aangaan van relaties en het 
bereiken van autonomie en een gezonde emotionele ontwikkeling.

Hoofdstuk 3 geeft de resultaten weer van een studie naar de kwaliteit van leven 
van ouders van kinderen met PKU en ouders van kinderen met galactosemie, een 
andere stofwisselingsziekte waarbij patiënten eveneens een dieet moeten houden als 
onderdeel van de behandeling. 185 ouders van kinderen met PKU of galactosemie in 
de leeftijd van 1-19 jaar vulden een ‘kwaliteit van leven-vragenlijst’ in over zichzelf 
en gaven informatie over socio-demografische, medische en psychosociale factoren. 
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Ouders van kinderen met PKU of galactosemie rapporteerden een kwaliteit van 
leven vergelijkbaar aan die van ouders van kinderen zonder ziekte en een betere 
kwaliteit van leven dan ouders van kinderen met andere stofwisselingsziekten, die 
in een eerdere studie onderzocht waren. Belangrijke voorspellende factoren voor 
mentaal functioneren, waren emotionele steun en verlies van vriendschappen. 
Aangezien het mentaal functioneren van ouders de ontwikkeling en aanpassing 
van hun kinderen beïnvloedt, is het van belang dat behandelend artsen aandacht 
besteden aan het welbevinden van ouders. 

In hoofdstuk 4 wordt een studie gepresenteerd naar de effecten van hoge Phe-
spiegels in het bloed, op het neuropsychologisch functioneren en de stemming van 
patiënten. Negen volwassen patiënten die met de hielprik werden opgespoord en 
continue behandeld werden, deden mee aan de studie. Het onderzoek bestond uit twee 
perioden van vier weken, waarbij zij de ene periode een placebo (onwerkzame stof) 
en de andere periode extra Phe in een capsule kregen. Neuropsychologische testen 
werden afgenomen aan het einde van elke studieperiode. Daarnaast vulden patiënten 
en een partner, vriend of familielid, wekelijks een vragenlijst in met betrekking tot de 
stemming van de patiënt. Neuropsychologische tests lieten een verminderde langdurige 
aandacht zien bij hogere Phe-waarden, in de periode dat patiënten extra Phe kregen. 
Zowel patiënten als hun partner, vriend of familielid rapporteerden lagere scores op de 
stemmingsvragenlijsten gedurende periode dat er extra Phe gegeven werd. 
Hoge Phe-spiegels in het bloed hebben een direct negatief effect op zowel de 
volgehouden aandacht als op de stemming. Het heeft de voorkeur om een levenslang 
Phe-beperkt dieet te adviseren als optie voor volwassen patiënten met PKU. 

Het doel van de studie beschreven in Hoofdstuk 5 was, om te onderzoeken of er 
een effect was van verhoogde Phe-spiegels in het bloed, op de hersenactiviteit. De 
hersenactiviteit werd onderzocht bij de negen volwassen patiënten met PKU, die 
deelnamen aan een eerdere studie (hoofdstuk 4) naar de effecten van verhoogde Phe-
waarden. Het onderzoek bestond uit  twee perioden van vier weken, waarbij zij de ene 
periode een placebo (onwerkzame stof) en de andere periode extra Phe in een capsule 
kregen. Er werd aan het eind van elke studieperiode, een magneto-encephalogram 
(MEG) verricht. MEG is een meetmethode, waarbij aan de buitenzijde van het hoofd 
de magnetische velden, afkomstig van de hersencellen, kunnen worden gemeten. 
Hieruit kan de activiteit van de verschillende hersengebieden worden afgeleid. Hoge 
Phe-spiegels in het bloed, tijdens de periode dat de patiënten extra Phe kregen, 
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leidde niet tot een verandering van de hersenactiviteit, vergeleken met placebo. 
Een mogelijke verklaring voor het feit dat er geen afwijkingen werden gezien op 
de MEG-registraties is, dat een hoge Phe-waarde in het bloed wellicht alleen de 
interacties tussen de hersengebieden beïnvloedt en niet de mate van hersenactiviteit. 
Om dit aan te kunnen tonen is verder onderzoek noodzakelijk naar de zogenaamde 
‘functionele connectiviteit’ in de MEG-registraties van deze patiënten.

In Hoofdstuk 6 wordt een studie beschreven naar de veiligheid en toepasbaarheid 
van de mogelijkheid om patiënten met PKU en/of hun ouders, een grotere mate 
van zelfmanagement te geven door middel van online toegang tot hun eigen Phe-
waarden zonder directe sturing van behandelaars. Er deden 38 patiënten vanaf 1 jaar 
en/of hun ouders mee, in een tien maanden durende studie. De patiënten werden 
verdeeld werden in twee groepen: de controlegroep volgde de huidige procedure, 
namelijk dat ze van de diëtist de Phe-waarden kregen die buiten de afgesproken 
grenzen waren. De patiënten in de studiegroep kregen hun persoonlijke “Mijn 
PKU”-webpagina met hun laatste en eerder gemeten Phe-waarden. Er waren geen 
significante verschillen tussen de controlegroep en de studiegroep wat betreft de 
gemiddelde Phe-waarde, het percentage te hoge Phe-waarden en de frequentie 
van bloedprikken voor Phe-bepaling. Alle patiënten en/of hun ouders waren zeer 
tevreden met de nieuwe manier waarop hun Phe-waarden verstrekt werden. 
De conclusie van deze studie is dat het veilig en toepasbaar is om patiënten en/of hun 
ouders meer zelfmanagement te geven, door hun Phe waarden online te verstrekken. 
Deze mogelijkheid werd door de patiënten en/of hun ouders zeer gewaardeerd. 

Hoodstuk 7 beschrijft een vergelijkende studie naar verschillende methoden om 
Phe- waarden in het bloed te meten. Bij de deelnemende 15 volwassenen met PKU, 
werd een bloedmonster afgenomen en bij 5 patiënten twee keer. Drie verschillende 
methoden werden vergeleken: 1) een monster afgenomen uit een ader (vene); 2) 
voorafgaand aan de bewerking van dit monster werd er een bloedspot gemaakt van het 
veneuze bloed door dit te druppelen op een filtreerpapier; 3) direct na de bloedafname 
uit een ader, werd er een vingerprik gedaan en daaruit een bloedspot gemaakt. In de 
veneuze monsters werd de Phe-waarde gemeten door de ‘amino acid analyzer’ en in de 
bloedspots door middel van ‘tandem mass spectrometry’. De gemiddelde Phe-waarde 
in bloedspots, zowel van de vingerprik als in de bloedspots van veneus bloed, waren 
significant lager dan de gemiddelde Phe-waarde gemeten in het veneuze bloed.  
Behandelaars van patiënten met PKU moeten rekening houden met de invloed 
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van de toegepaste methoden op de gemeten Phe-waarden. Het gebruik van een en 
dezelfde methode voor follow-up van individuele PKU patiënten wordt geadviseerd. 
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