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General Introduction

1
GeneRAl InTRoduCTIon

Phenylketonuria (PKU; OMIM 212600) is an inherited metabolic disorder. The 
deficient phenylalanine hydroxylase enzyme (PAH) prevents the conversion of 
phenylalanine (Phe) into tyrosine (Tyr). This causes an increase of blood and 
cerebral Phe and may lead to a cerebral shortage of other large neutral amino acids 
(LNAAs) such as Tyr and tryptophan. Tyr and tryptophan are metabolic precursors 
of the neurotransmitters dopamine and serotonin. Both dopamine and serotonin are 
related to several aspects of cognition and mental health. Untreated PKU has been 
associated with mental retardation, neurological problems (e.g. epilepsy), motor 
deficits and behavioural problems (Blau, van Spronsen, & Levy, 2010; DeRoche 
& Welsh, 2008; Smith & Knowles, 2000). As cognitive and behavioural problems 
are frequently observed in treated patients with PKU, monoamine shortages are 
generally considered to play an important role in the pathophysiology of PKU (Blau 
et al., 2010).

PKU is a rare genetic disorder affecting around 1 in every 10.000 newborn 
babies in Europe (Loeber, 2007), whereas this is approximately 1:15.000 in the USA 
(National Institutes of Health Consensus Development Panel, 2001). However, 
the prevalence varies largely between countries and regions due to differences in 
consanguinity (Blau et al., 2010). Neonatal screening is used for detecting PKU. In 
the Netherlands, neonatal screening for PKU was introduced in 1969 as a pilot in 
the Northern part of the Netherlands and nationwide in 1974 (Verkerk, 1995). Since 
then 10-15 newborns with PKU are diagnosed each year. Most patients are therefore 
treated early after birth, nowadays mostly within the first 10 days of life. Since 2002, 
Dutch PKU patients are treated according to national guidelines (van Spronsen, 
2010). However, the key statements of the first European guidelines were recently 
developed and published (van Spronsen et al., 2017).

The severity of PAH deficiency in patients was generally based on the first 
measurement of blood Phe (i.e. pre-treatment Phe, at time of diagnosis). Healthy 
individuals have Phe concentrations between 50-110 µmol/L. PAH deficient 
patients were usually classified as follows (Blau et al., 2010; Blau, Hennermann, 
Langenbeck, & Lichter-Konecki, 2011): ‘classic PKU’ when untreated/pre-treatment 
Phe concentrations were above 1200 µmol/L; ‘mild PKU’ when untreated Phe 
concentrations were between 600-1200 µmol/L (a moderate classification was 
sometimes used with untreated Phe concentrations between 900-1200 µmol/L); 
‘non-PKU/mild hyperphenylalaninaemia’ (HPA) with untreated Phe concentrations 
between 120-600 µmol/L. However, blood samples for neonatal screening may be 
collected before newborns achieve their peak Phe concentration. Additionally, there 
is discussion whether patients with untreated Phe concentrations between 120 and 
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360 µmol/L or those with untreated Phe concentrations of 120-600 µmol/L should be 
called mild HPA, suggesting that treatment in those patients is unnecessary. Therefore, 
the use of the traditional classification is deemed unsatisfactory and consequently, 
the European guidelines followed the proposal of Blau et al. (2011) towards a new 
classification system based on whether patients with PAH deficiency do not require 
treatment (when untreated Phe is below 360 µmol/L), or do require treatment (when 
untreated Phe is above 360 µmol/L), and on whether patients can be (partly) treated 
with the chaperone tetrahydrobiopterin (BH4) (see Box 1) or can only be treated with 
diet as they do not respond to BH4 (Keil et al., 2013). Note that the BH4 deficiencies 
are distinct from the PAH deficiency and that they will not be examined in this thesis 
(but see Box 1 for definitions regarding these deficiencies). In this thesis, I refer to 
PAH deficiency when using the term PKU. It should be taken into account that some 
patients with high Phe levels, who do not have a genetically proven PAH deficiency 
or metabolically/enzymatically or genetically proven defect in BH4 metabolism, 
might have mutations in the DNACJ12 gene (Anikster et al., 2017). Regarding PKU, 
it is beyond any discussion that when started early following neonatal screening, 
treatment with dietary Phe restriction prevents mental retardation (Blau et al., 2010). 
Therefore early initiation of treatment is vital.

Box 1. Definitions regarding PAH deficiency and BH4 deficiencies 
based on Van spronsen et al. (2017)
Tetrahydrobiopterin (BH4) is a cofactor of phenylalanine hydroxylase enzyme (PAH) 
,which converts Phe into Tyr, and also acts as a pharmaceutical chaperone that leads 
to a decrease of Phe concentrations and an increase of Phe tolerance, i.e. the amount of 
daily Phe intake patients can tolerate without an increase of blood Phe beyond the upper 
target Phe concentration.

The PAH deficiency is characterized by mutations in the gene encoding PAH. 
Some patients (20-50%) with PAH deficiency, especially those who have a high residual 
PAH activity, respond to BH4 and are called BH4 responsive. In these cases BH4 serves 
as a chaperone protein. However, there are also patients who have BH4 deficiencies. 
They have a defect in BH4 synthesis or turnover and are treated mostly with BH4 and 
neurotransmitter precursors.
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Pathophysiology of PKu

Neurotransmitter shortages
Because the same amino acid carrier (L-amino acid transporter 1, LAT1) is used 
for transportation of Phe and other large neutral amino acids (LNAAs) across the 
blood-brain barrier, high blood Phe concentrations may result in high cerebral Phe 
concentrations and low levels of other LNAAs, even more so because the LAT1-
system has a higher affinity for Phe than for the other LNAAs (Blau et al., 2010; 
de Groot et al., 2013; Pietz et al., 1999). Two of these other LNAAs, Tyr (of which 
there is already less available in blood due to the PAH deficiency) and tryptophan 
are the metabolic precursors of the cerebral neurotransmitters dopamine and 
norepinephrine, and serotonin respectively. Subsequently, decreased cerebral Tyr 
and tryptophan concentrations may lead to shortages of these neurotransmitters, 
while high cerebral Phe may also decrease the conversion of tyrosine and tryptophan 
in the neurotransmitters (van Vliet et al., 2016).

Dopamine is an important neurotransmitter for cognitive functions mediated 
by the prefrontal cortex (PFC). The dopamine innervation and receptor expression in 
brain are present early in development, continue to mature in adolescence and become 
more stable in adulthood (Money & Stanwood, 2013). The PFC is sensitive to minor 
changes/shortages of dopamine, because the dopaminergic neurons in the PFC have 
a faster firing rate and faster dopamine turnover than neurons in other brain areas. 
Minor loss of dopamine is therefore related to deficits in cognitive abilities (Christ, 
Huijbregts, de Sonneville, & White, 2010; Diamond, 1996). Serotonin is an important 
growth factor during embryogenesis and during life it is also important for cognitive 
processes, such as learning and memory, and mood (Sodhi & Sanders-Bush, 2004). A 
decrease of serotonin has also been associated with cognitive difficulties (especially 
those mediated by the orbitofrontal cortex), and with mood disorders and difficulties 
in social behaviour (Gellynck et al., 2013; Kiser, Steemers, Branchi, & Homberg, 2012; 
Kolb & Whishaw, 2003; Lesch & Waider, 2012).

White matter abnormalities
High Phe has a negative effect on the synthesis of myelin, e.g. due to inhibiting the 
myelin basic protein, and consequently on the function of white matter (Dyer, 1999; 
Fields, 2008). White matter is very important for brain functions, as it is involved in 
information processing, learning and communication between brain regions (Fields, 
2008). Developmentally, the myelination process of white matter starts just after birth 
and continues at least into young adulthood. Brain areas that are myelinated earlier 
control the simple motor control or sensory functions, while the late-myelinating 
regions (the PFC being the latest) regulate the higher cognitive functions, leading 
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to refinement of behavioural and cognitive functions (Kolb & Whishaw, 2003; 
Nagy, Westerberg, & Klingberg, 2004). Furthermore, this myelination/white matter 
forms connections between neurons in different brain areas to ensure pathways for 
communication (Kolb & Whishaw, 2003). There are magnetic resonance imaging 
(MRI) studies describing white matter abnormalities in PKU (Cleary et al., 1994; 
Pearsen, Gean-Marton, Levy, & Davis, 1990; Pietz et al., 1996), which were found to be 
related to cognitive impairments in a subset of studies looking into such relationships 
(Anderson et al., 2007; Anderson & Leuzzi, 2010). White matter integrity has also been 
associated with Phe levels and executive functions separately, and some evidence 
even exists indicating that white matter integrity mediates associations between Phe 
levels and executive functions (Antenor-Dorsey et al., 2013; Hood, Rutlin, Shimony, 
Grange, & White, 2016; Mastrangelo et al., 2015). Furthermore, timing, adherence 
and consistency of treatment (keeping Phe under control and stable) affects white 
matter abnormalities, as measured with diffusion tensor imaging (DTI) (Hood et 
al., 2015; Peng, Peck, White, & Christ, 2014), indicating that proper maintenance of 
treatment is most important.

It is likely that due to these white matter abnormalities, atypical and reduced 
neural activity was observed in brain areas of patients with PKU, measured with 
functional magnetic resonance imaging (fMRI), which was related to poorer 
working memory, while functional connectivity was also decreased (Christ, Moffitt, 
& Peck, 2010; Christ, Moffitt, Peck, White, & Hilgard, 2012). The degree to which 
the abovementioned abnormalities in brain structure and function affect cognitive, 
behavioural and social outcomes in PKU is not yet fully known.

Treatment and metabolic control
The primary focus of treatment is blood Phe reduction. The basic treatment consists of 
a Phe-restricted diet. This implies a diet that restricts natural protein and necessitates 
supplementation of amino acids through a protein substitute with all amino acids 
except Phe. Other treatment possibilities to decrease the blood Phe concentration 
include tetrahydrobiopterin (BH4), while pegvaliase (PEG-PAL) and gene therapy 
are still experimental and in various stages of development. Large neutral amino 
acid (LNAA) supplementation and glycomacropeptide (GMP) supplementation 
have a different position. Although an effect on blood Phe cannot be excluded, the 
idea behind LNAA supplementation is that the administered LNAAs compete with 
Phe at the level of the blood-brain barrier to block the entrance of Phe that uses the 
same transporter, resulting in a greater influx of the other LNAAs while the influx 
of Phe decreases. This way the high brain Phe concentrations can be reduced, while 
brain concentrations of other LNAAs can be increased or even normalized (Pietz et 
al., 1999; van Spronsen, de Groot, Hoeksma, Reijngoud, & van Rijn, 2010). LNAA 
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and GMP, however, are also believed to decrease the blood Phe level (Concolino et 
al., 2017; Matalon et al., 2007). LNAA may decrease Phe because a transporter more 
or less similar to the one active at the blood-brain barrier may also exist at the gut 
to blood barrier to some extent. GMP contains a large amount of specific LNAA 
and may therefore have the same effect. However, it is also believed to decrease 
the blood Phe concentration due to the fact that adherence to GMP would be better 
compared to existing protein substitutes, even when GMP contains some Phe after 
the manufacturing process of isolating GMP from other proteins (van Calcar & 
Ney, 2012). This means that it needs to be accounted for in a patient’s daily Phe 
prescription. Enzyme replacement therapy with pegylated molecules of the enzyme 
phenylalanine ammonia lyase (PEG-PAL) for PAH helps catalysing the conversion of 
Phe so that the diet can be less strict (Longo et al., 2014). Phe levels have been shown 
to reduce (sometimes dramatically), but clear effects on cognitive, behavioural and 
social outcomes have not yet been observed.

At present there are two widely used forms of treatment for PKU: Phe-restricted 
diet and/or pharmacological treatment with BH4 (see also Box 1) (Blau et al., 2010). 
These are also the only two forms of treatment used by patients participating in the 
study presented in this thesis. Apart from the fact that BH4 is known as a co-substrate 
or cofactor necessary for the PAH enzyme to convert Phe into Tyr (as used in defects 
in BH4 metabolism, which are explained briefly in Box 1 but which will not be 
further discussed in this thesis), BH4 is also a chaperone that helps PAH to fold better 
(misfolding of the PAH protein leads to inactive or insufficient protein function) 
(Werner, Blau, & Thony, 2011). Only patients with at least some PAH residual activity 
(in approximately 20-50% of patients) can be aided by provision of pharmacological 
dosages of BH4 as chaperone. This way BH4 supplementation increases Phe tolerance, 
i.e. the amount of daily Phe intake patients can tolerate without an increase of blood 
Phe beyond the upper target Phe concentration (Blau et al., 2011). Generally, those 
who are BH4 responsive, already have milder forms of PKU, caused by different 
types of mutations in the PAH gene (Keil et al., 2013). By means of genotyping of the 
PAH gene or a BH4-loading test, it can be determined whether patients with PKU are 
BH4 responsive (Anjema et al., 2013). In BH4 responsive PAH deficient patients, it has 
been shown that administration of BH4 was associated with improvements in quality 
of life, as adherence to the very strict diet becomes less important and therefore the 
impact of dietary restriction is lower (Bosch et al., 2015; Keil et al., 2013). It should 
be noted, however, that only some of the BH4 responsive patients can drop the diet 
entirely.

Monitoring of metabolic control consists mainly of regular measurements 
of blood Phe concentrations. Children with PKU are monitored more often than 
adolescents and adults. In the first year of life children are monitored weekly, while 
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adults are monitored at least once a month, i.e. by sending dried bloodspot cards to 
the clinic. Adults with PKU visit their treatment centre once or twice a year, while 
children visit their centre usually every two-three months, depending on the clinic’s 
or country’s guidelines (Blau et al., 2010; Trefz et al., 2015; van Spronsen, Ahring, 
& Gizewska, 2009). The exact number of patients, especially adults, who are lost to 
follow up for instance due to inadequate transition to the adult clinic is unclear (van 
Spronsen et al., 2009; Vockley et al., 2014), although a survey among European and 
Asian healthcare professionals calculated that 15-19% of adult patients were lost to 
follow-up (Trefz et al., 2015) while another survey estimated a 48-77% loss of adults 
with PKU in the USA (Berry et al., 2013).

Treatment guidelines
The USA treatment guidelines were constructed by a non-Federal panel of experts 
during National Institutes of Health Consensus Development conferences (Camp 
et al., 2014; National Institutes of Health Consensus Development Panel, 2001). 
In Europe, the patients in the European Society for Phenylketonuria and Allied 
Disorders (ESPKU) wrote their first consensus paper in which they urged for the 
first European guidelines (Hagedorn, van Berkel, Hammerschmidt, Lhotakova, & 
Saludes, 2013). The first European treatment guidelines addressed five themes: 1) 
nutritional treatment and biochemical / nutritional follow-up, 2) adult and maternal 
PKU, 3) late diagnosed and untreated PKU, 4) diagnosis of PKU including treatment 
initiation and drugs, and 5) neurocognitive outcomes including psychosocial and 
neuroimaging outcomes and the role of treatment adherence (van Spronsen et al., 
2017).

Treatment targets for Phe in children are relatively clear and similar across 
countries. A Phe concentration of 360 µmol/L is the most frequently used upper 
target level in childhood, i.e. for the first 12 years of life (van Spronsen et al., 2009). 
While in Germany an upper target level of 240 µmol/L is recommended in childhood 
(Burgard et al., 1999), the upper target Phe level in some European centres and 
countries is/was 500 µmol/L in children (van Spronsen et al., 2009). In adolescence 
and adulthood treatment targets between 600 and 1200 µmol/L have been advised 
(Blau et al., 2010). In the USA and Europe treatment for life is recommended. 
Whereas in the USA the most recent advice is to keep Phe below 360 µmol/L for all 
ages (Camp et al., 2014; Vockley et al., 2014), European guidelines advise to keep 
Phe below 360 µmol/L in the first 12 years and below 600 µmol/L thereafter (van 
Spronsen et al., 2017).

Although there appears to be relatively good consensus about upper therapeutic 
targets for Phe in PKU, it is important to note that both the USA and European 
recommendations were achieved without strong support from the literature, 
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especially if ages after childhood are concerned. Many studies had methodological 
shortcomings or examined specific and small subsets of patients. Furthermore, on 
many occasions, important information (e.g. about historical Phe levels) was missing. 
Moreover, inconsistent or mixed results were obtained, which may have been due to 
differences in study design or choice of instruments for neuropsychological testing. 
Thus, the main objective of this thesis was to look further into treatment targets for 
different ages, thereby using a comprehensive design covering outcome measures 
that have been used previously as well as new, potentially important outcome 
measures.

executive functions, behaviour and social (cognitive) skills in PKu
Executive functioning, mental health and social (cognitive) functioning are the main 
outcome measures in this thesis. The most consistently impaired aspect of cognition 
in PKU studies is executive functioning (EF, i.e. a collection of regulatory functions 
underlying social-adaptive behaviour, to be further explained in the following 
paragraph). Mental health issues, particularly internalizing behaviour problems 
(e.g. anxiety and depression) are also reported in studies with PKU patients. Finally, 
as not only EF but also social cognitive abilities underlie social-adaptive behaviour 
(including psychopathology or mental health but also general social functioning), 
social cognition and skills were newly included as outcome measures of interest for 
this thesis (i.e. these have not been investigated before in PKU).

Executive functioning (EF)
EF consists of a number of higher-order cognitive abilities that are needed for goal-
oriented and efficient behaviour. They regulate thoughts and behaviour in response 
to changing internal (i.e. cognitive) and external (environmental) demands. Examples 
of EF are inhibitory control, cognitive flexibility, planning and organizing. EFs start to 
develop in early childhood, i.e. basic working memory and inhibitory control skills, 
while the more complex functions, e.g. cognitive flexibility, strategic thinking and 
planning, develop in adolescence and continue to develop into young adulthood. 
The simple EFs are the building blocks of the more complex functions, they continue 
developing during childhood and become more sophisticated in adolescence and 
young adulthood. Working memory, inhibitory control and cognitive flexibility 
are often considered the core executive functions (Christ et al., 2010; Pennington & 
Ozonoff, 1996; Zelazo et al., 2003). Even when patients (particularly children) with 
PKU are treated well and tend to meet therapeutic targets, studies have shown that 
they exhibit difficulties with executive functioning compared to healthy controls 
(Albrecht, Garbade, & Burgard, 2009; DeRoche & Welsh, 2008; Huijbregts, de 
Sonneville, van Spronsen, Licht, & Sergeant, 2002; Moyle, Fox, Arthur, Bynevelt, & 



Chapter 1

18

Burnett, 2007). Associations between task performance (of tasks measuring inhibitory 
control, working memory and cognitive flexibility) and Phe concentrations have 
often been shown, but there is still a lack of clarity to which degree such associations 
are still evident beyond childhood (when Phe levels have been below the upper 
target levels throughout childhood) (Channon, Mockler, & Lee, 2005; Christ et al., 
2010; DeRoche & Welsh, 2008; Huijbregts et al., 2002).

Mental health
Studies examining mental health in PKU have reported a higher incidence of 
internalizing behaviour problems compared to healthy individuals, without 
explicitly addressing whether these were clinically significant. Examples of 
internalizing behaviour problems are depression, anxiety, withdrawal and somatic 
problems. Studies have reported increased depression, anxiety, phobic reactions and 
poor self-image in PKU, especially in patients with high concurrent or lifetime Phe 
concentrations (Anjema et al., 2011; Arnold et al., 1998; Cappelletti et al., 2013; Smith 
& Knowles, 2000; Weglage et al., 2000). Externalizing behaviour problems are directed 
towards an individual’s environment, like attention deficit/hyperactivity disorder 
(ADHD), aggression or conduct problems, causing impairment or interference in 
daily life functioning (Achenbach, Ivanova, Rescorla, Turner, & Althoff, 2016). 
Perhaps with the exception of ADHD, the inattentive subtype, externalizing 
problems have generally not been observed in PKU (Cappelletti et al., 2013; Smith 
& Knowles, 2000; Weglage et al., 2000). Neurotransmitter shortages in PKU might 
be related to mental health since dopamine shortage has been related to attention 
and EF problems (Christ et al., 2010), and serotonin shortage has been related to 
depression and mood problems (Brummelte, Mc Glanaghy, Bonnin, & Oberlander, 
2016; Gellynck et al., 2013).

Social cognition and skills
Social cognition consists of mental processes necessary to perceive, decode, interpret 
and respond accordingly to social stimuli. Social cognitive skills underlie social 
interaction and social skills. Basic social cognitive skills are recognizing faces and 
emotions and one of the most important skills is the Theory of Mind (ToM). The 
ToM is the ability to understand what someone is thinking, feeling, knowing and 
what someone’s intentions are considering circumstances and situations (Hughes & 
Leekam, 2004). Social skills are the abilities enabling interaction and communication 
with others in daily life, such as verbal and non-verbal communication (Gresham 
& Elliott, 1987). Social skills are connected tightly with executive control (Perner & 
Lang, 1999). Also, EF and social (cognitive) skills share some underlying neurobiology 
and neuro-anatomy (Arnsten & Rubia, 2012; Murphy, Smith, Cowen, Robbins, & 
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Sahakian, 2002). Certain mental health problems, such as depression and mood 
swings, are characterized by social deficits. Also, decreased serotonin levels have 
been associated with difficulties in social behaviour and social interaction (Kiser 
et al., 2012). As social cognition seemed such a central construct related to many 
observed problems in PKU, it was introduced in this thesis (and PKU research in 
general) as a potentially important outcome measure.

Main research questions
This General Introduction showed the importance of treatment and proper treatment 
guidelines for patients with PKU, to prevent pathophysiology and to ensure 
adequate EF, mental health and social functioning. Based on the abovementioned 
description of deficits in PKU, the existing literature and treatment guidelines for 
PKU, the following main research questions are the focus of this thesis:
1. What should be the optimal treatment target for children with PKU (i.e. 0-12 years old) 

based on cognitive and behavioural outcomes? Is 240 µmol/L for children better than the 
currently most widely recommended upper target limit of 360 µmol/L?

2. What is the cognitive, behavioural and social profile of patients with PKU in different age 
periods?

3. Does the cognitive, behavioural and social profile of patients with PKU during adulthood 
relate to blood Phe levels of childhood and beyond?

outline of the thesis
In order to answer outstanding questions on therapeutic targets (at different ages) 
and to obtain a more complete picture of the behavioural phenotype associated 
with PKU, the Phenylketonuria-COBESO study (PKU-COBESO) was created and 
conducted in six Dutch university medical centres. It is a longitudinal (follow-
up) and cross-sectional study focusing on COgnitive, BEhavioural and SOcial 
functioning (COBESO) of early and continuously treated PKU patients in relation to 
their (history of) metabolic control.

Chapter 2 will provide detailed information about the PKU-COBESO study. 
Preliminary results (obtained when data collection was still under way) concerning 
EF and mental health will also be reported in this chapter.

The main topic of Chapter 3 is treatment targets and guidelines in childhood. 
Upper target Phe levels of 360 and 240 µmol/L in childhood will be compared, as 
these are the most frequently used recommendations. Executive functioning will be 
the primary outcome measure.

In Chapter 4 the cognitive profile and mental health of adult PKU patients will 
be examined. The treatment target of 360 µmol/L will be used to create groups and 
to differentiate between patients with good and poor metabolic control. Part of this 
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chapter will address the clinical relevance of the results and the influence of BH4 
treatment on the outcome measures.

Longitudinal data will be presented in Chapter 5 where the relationship 
between lifetime metabolic control and executive functioning and executive motor 
control assessed at two points in life (childhood and adulthood) will be investigated. 
Mental health in adulthood will be examined as well.

Results on social cognitive functioning and social skills of PKU patients will 
be presented in Chapter 6. A distinction will be made between children, adolescents 
and adults with PKU, and they will be compared to healthy matched individuals. 
Associations with metabolic control will also be investigated.

Chapter 7 will give insight into the question whether the Behavior Rating 
Inventory of Executive Functions – Adult version (BRIEF-A) is a useful instrument in 
day to day care of adult PKU patients, as there is a need for easy assessment of EF in 
daily life. Results from the BRIEF-A will be compared to results from the Amsterdam 
Neuropsychological Tasks (ANT), a computerized test battery used in a lab setting.

The General Discussion will address the three main research questions posed 
in the General Introduction, while future directions will also be provided in Chapter 
8. Finally, Chapter 9 will provide a summary of this thesis.
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ABsTRACT

This article presents a new Dutch multicentre study (“PKU-COBESO”) into cognitive 
and behavioural sequelae of early and continuously treated Phenylketonuria (PKU) 
patients. Part of the study sample will consist of young adult PKU patients who 
have participated in a large neuropsychological study approximately 10 years ago, 
when they were 7-to-15-year-olds (Huijbregts, de Sonneville, van Spronsen, Licht, 
& Sergeant, 2002). Their neurocognitive development will be mapped in association 
with their earlier and continued metabolic history, taking into account possible 
changes in, for instance, medication.

A second part of the sample will consist of PKU patients between the ages of 
7 and approximately 40 years (i.e., born in or after 1974, when neonatal screening 
was introduced in The Netherlands), who have not participated in the earlier 
neuropsychological study. Again, their cognitive functioning will be related to their 
metabolic history. With respect to aspects of cognition, there will be an emphasis 
on executive functioning. The concept of executive functioning will however be 
extended with further emphasis on the impact of cognitive deficits on the daily lives 
of PKU patients, aspects of social cognition, social functioning, and behaviour/
mental health (i.e. COgnition, BEhaviour, SOcial functioning: COBESO).

In addition to a description of the PKU-COBESO study, some preliminary 
results with respect to mental health and social functioning will be presented in this 
article. Thirty adult PKU patients (mean age 27.8, SD 6.4) and 23 PKU patients under 
the age of 18 years (mean age 11.0, SD 3.3) were compared to 14 (mean age 26.9 years, 
SD 5.9) and 7 matched controls (mean age 10.5, SD 2.6) respectively, with respect 
to their scores on the Adult Self-Report or Child Behavior Checklist (measuring 
mental health problems) and the Social Skills Checklist or Social Skills Rating System 
(measuring social skills).

Whereas there were very few significant group differences (except for mental 
health problems in the internalizing spectrum for adult PKU patients), possibly due 
to the small control groups, several significant associations between mental health 
problems and phenylalanine (Phe) levels were observed for the PKU patients. 
Childhood Phe levels and internalizing problems for adult PKU patients were 
related; concurrent Phe was associated with both internalizing and externalizing 
behavioural problems for those under the age of 18. These preliminary results 
underline the importance of early dietary adherence.



29

Mental health and social functioning in early treated PKU

2

1. InTRoduCTIon

Phenylketonuria (PKU; OMIM 212600) is an inherited metabolic disorder. Due to 
a deficient phenylalanine hydroxylase enzyme (PAH), phenylalanine (Phe) cannot 
be converted into tyrosine (Tyr) (Blau, van Spronsen, & Levy, 2010). The result is 
an accumulation of Phe and a shortage of amino acids such as Tyr and tryptophan, 
with as potential consequences low concentrations of neurotransmitters such 
as dopamine and serotonin. Dopamine is an important neurotransmitter for the 
prefrontal cortex mediated executive functions (Kolb & Whishaw, 2003). Executive 
functions are the regulatory cognitive abilities underlying behavior, e.g. inhibitory 
control, flexibility, and planning (Pennington & Ozonoff, 1996). Loss of dopamine is 
related to executive dysfunction (Christ, Huijbregts, de Sonneville, & White, 2010). 
A decrease of serotonin activity has also been associated with cognitive problems 
(especially those mediated by the orbitofrontal cortex) and with mood disorders as 
well (Kolb & Whishaw, 2003).

Untreated PKU leads to severe mental retardation and neurological disabilities. 
Keeping Phe below the advised upper target limit of 240 or 360 µmol/l (in most 
countries) may prevent neurotransmitter shortages and, as such, prevent cognitive 
and mental health problems in PKU patients (Blau et al., 2010). However, early and 
continuously treated PKU patients, especially those with high Phe levels, still have 
problems with executive functioning (Christ et al., 2010; DeRoche & Welsh, 2008; 
Huijbregts et al., 2002) and appear to have internalizing behavioral problems as well 
(Anjema et al., 2011; Arnold et al., 1998; DeRoche & Welsh, 2008; Huijbregts et al., 
2002; Smith & Knowles, 2000).

Many studies investigated cognitive functioning either in children or adults 
with PKU (for an overview see Christ et al., 2010), whereas mental health has mainly 
been assessed in adult PKU patients (Anjema et al., 2011; Smith & Knowles, 2000). 
Because of a lack of longitudinal studies, it has been difficult to map the development 
of cognitive and/or mental health problems in association with development of 
metabolic control (e.g. Phe levels). Most studies focusing on older PKU patients have 
studied IQ and/or basic executive abilities (e.g. inhibition and cognitive flexibility). 
Although results have not always been consistent, adults with PKU who have been 
treated early and at least into early adolescence appear to display some executive 
function impairments as well (Channon, Mockler, & Lee, 2005; ten Hoedt et al., 2011; 
White, Nortz, Mandernach, Huntington, & Steiner, 2001). Whereas these results may 
be very informative, there is a lack of studies investigating more complex executive 
functions or multiple executive (and non-executive) functions simultaneously. Also, 
there are no PKU studies focusing on social cognitive abilities. It appears important 
to focus on more complex executive and social cognitive abilities in adolescent and 
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adult PKU patients, who often have relaxed diets or have stopped the diet altogether, 
considering the fact that social demands become more complex when people get 
older, and the fact that especially for these more complex functions prolonged 
developmental trajectories have been demonstrated that extend into (early) 
adulthood (Peters et al., 2013). Thus, there is a need for longitudinal studies as well 
as a broadening of the scope regarding cognitive abilities in PKU research.

With respect to behavioural problems and social skills in adolescent and 
adult PKU, even fewer studies have been published compared to those addressing 
cognitive abilities. There are some findings indicating that PKU patients exhibit 
internalizing behavioural problems such as depression, anxiety, phobic reactions, 
poor self-image, and mood swings (Anjema et al., 2011; Arnold et al., 1998; Smith 
& Knowles, 2000; Weglage et al., 2000). However, results are inconsistent and 
externalizing problems have not been investigated much, possibly because early 
results appeared to indicate that PKU patients are less aggressive and disruptive 
than healthy populations (Smith & Knowles, 2000). Social functioning in PKU has 
never been examined earlier. As social functioning and mental health are strongly 
related to executive and social cognitive abilities (Catroppa & Anderson, 2008), it 
seems reasonable to expect that deficits in these domains influence mental health 
and social functioning in PKU patients. The translation of cognitive deficits to daily 
life functioning (as expressed in social functioning, behaviour, or quality of life) is 
therefore another important outstanding issue in PKU research.

The main objective of this article is to provide information on a new Dutch 
multicentre study, the PKU-COBESO study, which aims to address all of the 
outstanding issues described above, i.e. examining more complex executive or 
COgnitive functions, BEhavioural problems, and SOcial functioning (COBESO) in 
early and continuously treated PKU patients in relation to their metabolic control. 
Some preliminary results concerning behavioural problems and social functioning 
in early and continuously treated PKU patients will also be presented.

2. THe PKU-COBeSO STUDy

2.1. Participants
The PKU-COBESO study is a new Dutch multicentre study addressing cognitive, 
behavioural and social sequelae of early and continuously treated Phenylketonuria 
patients in relation to (history of) metabolic control. The study sample consists of 
young adult PKU patients who have participated in a large neuropsychological 
study 10-15 years ago, when they were 7-to-15-year-olds (De Sonneville et al., 2010; 
Huijbregts et al., 2002; Huijbregts et al., 2003) and “new” patients, who have not 
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participated in this earlier neuropsychological study, aged 7 to (approximately) 40 
years, i.e. they should have been born in or after 1974, when neonatal screening was 
introduced in The Netherlands.

PKU patients from six out of seven university medical centres in The 
Netherlands participate in this study. The aim is to include 120 PKU patients and 
120 age- and gender-matched controls. Patients should have been treated early 
through neonatal screening and continuously at clinical centres. All patients are on 
treatment: either on diet, on BH4, or both. Controls are recruited, in part, from the 
patients’ families and friends in order to have maximum proxy control of familial 
and environmental factors that might also influence cognition and behaviour. Non-
family control participants will also be included, since part of the shared genetic 
make-up between PKU patients and their family members might involve the PAH 
gene. Family members could also have suboptimal PAH gene functioning resulting 
in somewhat heightened Phe levels (but not heightened to such an extent that an 
HPA diagnosis would be made), and in turn, this might lead to suboptimal cognitive 
and social functioning. Exclusion criteria are presence or history of mood disorders 
or other forms of psychopathology, and medical conditions associated with cognitive 
and/or motor problems.

2.2. Instruments
The PKU-COBESO study involves a neuropsychological assessment, questionnaires 
(see Table 1 for an overview of all instruments), and an examination of PKU patients’ 
metabolic control. The neuropsychological assessment starts with the subtests Block 
Design and Vocabulary of the Wechsler Intelligence Scale for Children Third Edition 
(Wechsler, 1991) or Wechsler Adult Intelligence Scale Third Edition (Wechsler, 1997), 
depending on age of the participant, to calculate an IQ estimate.

The Amsterdam Neuropsychological Tasks (ANT) (De Sonneville, 1999) 
and a number of paper-and-pencil tasks are then utilized to measure 1) executive 
functions, 2) social cognitive skills, and 3) motor control (see Table 1). The ANT (De 
Sonneville, 1999), a computerized test battery, is used to assess executive functions, 
such as inhibitory control, cognitive flexibility, and working memory, and to assess 
a number of different social cognitive skills, i.e. face recognition and identification 
of facial emotions. Also, general reaction time and motor control are evaluated with 
this instrument. Regarding social cognitive skills, there are different age-dependent 
tasks. For children the Dutch Social Cognitive Skills Test is used (Van Manen, Prins, & 
Emmelkamp, 2007). Adolescents and adults complete a Faux-Pas test (Baron-Cohen, 
O’Riordan, Stone, Jones, & Plaisted, 1999) and the Reading the Mind in the Eyes test 
(Baron-Cohen, Wheelwright, Hill, Raste, & Plumb, 2001). The neuropsychological 
assessment can generally be completed in 2.5-3 hours including breaks.
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In addition to neuropsychological tasks, several questionnaires must be filled 
out by patients and/or their parents. These questionnaires are used to collect 1) 
general demographic information, 2) executive functioning in daily life settings 
(Gioia, Isquith, Guy, & Kenworthy, 2000; Roth, Isquith, & Gioia, 2005), 3) social 
functioning (Baron-Cohen & Wheelwright, 2004; Gresham & Elliot, 1990; Kort, 
Schittekatte, & Compaan, 2008; Novotni, 2000; Zimet, Dahlem, Zimet, & Farley, 
1988), 4) behavioural/mental health problems (Achenbach & Rescorla, 2003; Carver 
& White, 1994; Luman, van Meel, Oosterlaan, & Geurts, 2012), and 5) quality of life 
(Verrips, Vogels, den Ouden, Paneth, & Verloove-Vanhorick, 2000) (for details see 
Table 1). The questionnaires are age-dependent, e.g. the Child Behavior Checklist 
(CBCL) is given to participants younger than 18 years whereas the Adult Self-Report 
(ASR) is given to those from 18 years onwards (Achenbach & Rescorla, 2003). 
Furthermore, the instruments used are the standardized translated versions in Dutch.

Metabolic control of PKU patients is represented by historical blood Phe and 
Tyr levels, from birth until the day of testing, to calculate Phe trajectories, lifetime 
Phe and Tyr, Phe fluctuation, and Phe:Tyr ratios. On the day of testing prior to the 
neuropsychological assessment, blood samples are taken preprandially from the PKU 
patients to determine concurrent Phe and Tyr levels, other large neutral amino acids 
(LNAA), serotonin, and metanephrines, noradrenalin and adrenalin metabolites. 
It is expected that these biochemical measurements are associated with cognition 
and behaviour. A national approval for this study was given by the Medical Ethics 
committee of the University Medical Centre Groningen. The study is registered in 
the CCMO Register (NL38932.042.11). All participants and/or their parents signed 
an informed consent.

3. PreliminAry reSUlTS

At present, data collection is being carried out for the PKU-COBESO study. 
Currently, the sample consists of 53 PKU patients and 21 control participants. For 
the majority of PKU patients, concurrent Phe and Tyr levels are available, and for a 
small subset (n = 9) of adult patients (i.e. those who had participated in the earlier 
neuropsychological study) childhood Phe levels (i.e. Phe levels up to the age of 12) 
are available. For the preliminary analyses presented here, we focused on possible 
mental health and social problems of PKU patients and possible associations with 
childhood and concurrent Phe levels. Patients and controls were divided into an 
adult group (30 PKU patients and 14 control participants), and a group under the age 
of 18 (23 PKU patients and 7 control participants) (see Table 2). Independent samples 
t-tests were used to compare PKU patients and controls with respect to mental 
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Table 1. overview of instruments
neuropsychological tasks  
  WISC-III or WAIS-III, Block design and Vocabulary IQ estimate
  ANT: Baseline speed Overall baseline speed
  ANT: Feature identification EF: Manipulation and monitoring of 

working memory
  ANT: Flanker interference task EF: Focused attention, inhibition of 

irrelevant distractors
  ANT: Focused attention 4 letters EF: Focused attention, inhibition of 

irrelevant distractors
  ANT: Memory search 2 dimensions EF: Divided attention, working memory
  ANT: Shifting attentional set visual EF: Inhibition of prepotent responding 

and cognitive flexibility
  ANT: Sustained attention dots EF: Sustained attention, inhibition of 

prepotent responding
  ANT: Visuospatial sequencing EF: Working memory for visuospatial 

patterns
  ANT: Face recognition Social cognition: recognition of faces
  ANT: Identification of facial emotions Social cognition: identifying emotions
  P&P: Social cognitive skills test Social cognition: social cognitive skills 

(Theory of Mind)
  P&P: Faux Pas test Social cognition: recognizing violations 

of social rules
  P&P: Reading the mind in the Eyes test Social cognition: identifying emotions 

from eyes only
  ANT: Tracking Motor control
  ANT: Pursuit Motor control
   
Questionnaires  
  Demographics questionnaire Background information: school, work, 

friends
  Behavioral Rating Inventory of Executive Function (-A) Executive functioning in daily life 

settings
  Pragmatic language questionnaire Pragmatic language, communication 

skills
  Empathy quotient Social cognitive skills
   Social Skills Rating System or Novotni Social Skills 

Checklist
Social skills

  Multidimensional Scale for Perceived Social Support Social support
   Child Behavior Checklist, Teacher Report Form, Youth Self-

Report, or Adult-Self-Report
Behavioural problems

   Sensitivity to Punishment and Sensitivity to Reward 
Questionnaire (-C)

Behavioural Inhibition System and 
Behavioural Approach System

   Behavioral Inhibition System / Behavioral Approach 
System

Behavioural Inhibition System and 
Behavioural Approach System

   Questionnaire for Children’s or Adult Health-Related 
Quality of life

Quality of life

ANT = Amsterdam Neuropsychological Tasks [20]; P&P = Paper-and-pencil task; EF = executive 
function
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health problems as measured by the ASR for the adults and the CBCL (Achenbach 
& Rescorla, 2003) for the children/adolescents, and social skills as measured by the 
Novotni Social Skills Checklist (SSC) (Novotni, 2000) for the adults and the Social 
Skills Rating System (SSRS) (Gresham & Elliot, 1990) for the children/adolescents. 
Associations between concurrent Phe, and, when applicable, childhood Phe levels, 
and the dimensions of the questionnaires were examined using Pearson correlations.

Preliminary results showed that, compared to controls (see Table 3), adult PKU 
patients tended to differ on the ASR dimension ‘Internalizing problems’ (t(38) = 
-1.92, p = .062). On the DSM dimensions of the ASR patients reported more ‘Avoidant 
personality problems’ (t(37) = -2.47, p = .018). On the SSC, adult PKU patients scored 
worse on the dimensions ‘Relationships’ (t(38) = -2.04, p = .048) and ‘Self-care’ (t(38) 
= -2.33, p = .025). PKU children and adolescents did not significantly differ from 
controls on behaviour and social skills.

Table 3. Results of independent t-tests and mean scores for adult participants

  Mean PKu Mean Controls

t p (n = 30) (n = 14)

Adult Self-Report     

  Internalizing problems -1.92 .062 9.3 ± 7.6 5.9 ± 3.8

  Avoidant personality problems -2.47 .018 2.9 ± 2.5 1.4 ± 1.3

Social Skills Checklist - Self-Report     

  Relationships -2.04 .048 2.7 ± 3.0 1.3 ± 1.2

  Selfcare -2.33 .025 2.4 ± 2.9 0.9 ± 1.1

Table 2. descriptive statistics for PKu and controls under and above 18 years of age

 
 

PKu 
<18 years

 
 

PKu 
≥ 18 years

 
 

Controls 
<18 years

 
 

Controls 
≥ 18 years

(n = 23) (n = 30) (n = 7) (n = 14)

Gender (male:female) 09:14  12:18  03:04  04:10

Mean age ± SD (range) 11.0 ± 3.3  
(7.0-17.5)

 27.8 ± 6.4 
(18.8-40.0)

 10.5 ± 2.6 
(7.3-14.8)

 26.9 ± 5.9 
(19.0-36.0)

Mean Concurrent Phe ± SD (range) 454 ± 283  
(158-1280)

 693 ± 422 
(106-1760)

    

Mean Concurrent Tyr ± SD (range) 56 ± 23  
(25-107)

 52 ± 29  
(15-168)

    

Mean Childhood Phe ± SD   285 ± 86 
(192-452)1

    

1 Childhood Phe was available for 9 out of 30 patients
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In the adult PKU patients concurrent Phe levels were not significantly related to 
behavioural problems and social skills. Childhood Phe levels just failed to be 
significantly related to ‘Physical complaints’ (r = .646, p = .060), but were significantly 
related to ‘Thinking problems’ (r = .699, p = .036) and ‘Somatic problems’ (r = .708, p = 
.033). This indicates that adult PKU patients with high blood Phe levels in childhood 
experienced more physical complaints, thinking problems, and somatic problems in 
adulthood. Regarding the PKU patients younger than 18 years, concurrent Phe levels 
were positively and significantly related to mental health problems with correlations 
ranging from r = .515 to r = .814 (see Table 4). This indicates that PKU patients under 
18 years with high concurrent Phe levels exhibit more behavioural/mental health 
problems.

Table 4. Pearson Correlations CBCl - Concurrent Phe (n = 17)

Child Behaviour Checklist r p

Withdrawn/depressed .808 .000

Anxious/depressed .627 .009

Physical complaints .711 .002

Social problems .663 .005

Thinking problems .814 .000

Attention problems .515 .041

Aggressive problems .673 .004

Delinquent behaviour .790 .000

Internalizing problems .753 .001

Externalizing problems .730 .001

Total problems .813 .000

Affective problems .773 .000

Anxiety problems .585 .017

Somatic problems .676 .004

Attentional Deficit Hyperactivity problems .627 .009

Oppositional problems .627 .009

Conduct problems .623 .010
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4. dIsCussIon

The Dutch multicentre PKU-COBESO study has ambitious objectives. We would like 
to answer several questions that have remained unanswered for many years. One 
of the most important questions we would like to answer is whether a more lenient 
Phe restricted diet from adolescence onwards is harmful in light of cognitive and 
behavioural outcomes, and whether this will reduce the chances for PKU patients 
to thrive in their adult lives. The possibility remains that good dietary adherence 
during childhood and early adolescence will protect PKU patients sufficiently so 
that they can indeed live satisfactory adult lives. In order to be able to investigate this 
thoroughly, a longitudinal study design is required. For example, groups of patients 
with good dietary or metabolic control until adolescence must be compared to those 
with continued good metabolic control. Similarly, certain developmental patterns of 
Phe levels may turn out to be safe in the long term, rather than specific upper target 
Phe levels at different ages.

A second important question the PKU-COBESO study tries to answer concerns 
the extent to which Phe-related cognitive problems express themselves in the daily 
lives of PKU patients. First, a more complete profile of cognitive functioning in treated 
PKU must be established: are the well-established executive function deficits central 
to other potential problems in PKU, such as poorer quality of life or internalizing 
behavioural problems? Or do other aspects of cognition, which have been related 
to such problems and to the biochemical abnormalities observed or hypothesized in 
PKU, play a unique role as well? In this context, it is of particular interest to examine 
social cognitive abilities such as the Theory of Mind, emotion recognition, and 
reward and punishment sensitivity in PKU.

In this article, we also presented some preliminary results that may be of 
interest to the abovementioned core questions. Adult PKU patients presented with 
more internalizing behavioural problems than adult controls, and they also scored 
higher on avoidant personality problems. Furthermore, PKU adults reported more 
problems with relationships and self-care. Children and adolescents with PKU did 
not differ from controls of the same age regarding mental health and social skills. 
Also, childhood Phe levels were associated with physical complaints, thinking 
problems, and somatic problems (all part of the spectrum of internalizing behavioural 
problems) among the adult PKU patients. In children and adolescents with PKU 
concurrent Phe levels were significantly related to all behavioural problems.

Previous studies on behaviour in PKU have shown that patients exhibit 
internalizing problems such as depression and mood swings (Anjema et al., 2011; 
Cappelletti et al., 2013; Smith & Knowles, 2000). Although depressive problems 
were not significantly different from those reported by the control group, adult 
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PKU patients in our study differed from controls regarding internalizing problems, 
despite strict treatment and monitoring from infancy onwards. Weglage et al. 
(2000) also found internalizing problems in 42 adolescent PKU patients, including 
depression, anxiety, and physical complaints by means of the CBCL. Cappelletti et 
al. (2013) also demonstrated with the CBCL more internalizing problems in their 
group of 35 children and adolescents with PKU, i.e. on depressive mood, social 
withdrawal, and on the anxious/depressed scale. Avoidant personality problems are 
an interesting finding that has not been reported previously. People with avoidant 
personality problems show a pervasive pattern of social inhibition, feel inadequate, 
are extremely sensitive to negative evaluation, and avoid social interaction (American 
Psychiatric Association, 2000). There is an indication that our PKU patients exhibit 
these difficulties.

Whereas these results should still be considered preliminary (particularly 
when taking into account the small number of healthy controls and the lack of 
statistical control for multiple comparisons), they are in line with expectations and 
emphasize the importance of studying mental health and social functioning in early 
treated PKU. Future challenges include studying the associations between cognitive 
functioning and such outcomes in PKU, and thorough investigation of associations 
between cognitive, behavioural/mental health, and social outcomes on the one 
hand, and a wider range of biochemical parameters on the other.
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ABsTRACT

objectives: To compare the neurocognitive outcomes of patients with 
phenylketonuria (PKU) to determine whether decreasing phenylalanine (Phe) 
levels to <240 is preferable to the use of 360 µmol/L as an upper target Phe level. An 
additional aim was to establish the influence of biochemical indices other than Phe 
on neurocognitive outcomes.

study design: Patients with PKU (n = 64; mean age 10.9 ± 2.3 years) and healthy 
controls (n = 73; mean age 10.9 ± 2.2 years) performed computerized tasks measuring 
neurocognitive functions (inhibitory control, cognitive flexibility, and motor 
control). Lifetime and concurrent blood Phe levels, Phe-to-tyrosine ratio (Phe:Tyr), 
and Phe variations were examined in relation to neurocognitive outcomes using 
nonparametric tests and regression analyses.

Results: Patients with PKU with Phe levels ≤240 µmol/L and healthy controls 
performed equally well. Patients with Phe levels between 240 and 360 µmol/L, and 
≥360 µmol/L performed more poorly than did controls across tasks. Patients with 
Phe levels ≤240 µmol/L performed significantly better than patients with levels 
between 240 and 360 µmol/L on tasks measuring inhibitory control and cognitive 
flexibility. Absolute Phe levels and Phe variation were the best predictors of motor 
control, whereas Phe:Tyr ratios were the best predictors of inhibitory control.

Conclusions: The results of this study suggest that upper Phe targets should be 
lowered to optimize neurocognitive outcomes. Moreover, Phe variation and Phe:Tyr 
appear to be of additional value in treatment monitoring.
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InTRoduCTIon

The intellectual disability, neurological problems (e.g. epilepsy), motor deficits, 
and behavioural problems of phenylketonuria (PKU; OMIM 212600) can be largely 
prevented by early introduction of dietary phenylalanine (Phe) restriction after 
neonatal screening (Blau, van Spronsen, & Levy, 2010; DeRoche & Welsh, 2008; Smith 
& Knowles, 2000). However, average IQ in patients with treated PKU is still 8-10 
points lower than normal, and patients perform less accurately and more slowly 
than do controls on several neuropsychological tasks (Albrecht, Garbade, & Burgard, 
2009; Huijbregts, de Sonneville, van Spronsen, Licht, & Sergeant, 2002; Moyle, Fox, 
Arthur, Bynevelt, & Burnett, 2007; Waisbren et al., 2007). They particularly show 
impaired executive functioning and motor control, over and above any intellectual 
disability (Azadi, Seddigh, Tehrani-Doost, Alaghband-Rad, & Ashrafi, 2009; Christ, 
Huijbregts, de Sonneville, & White, 2010; Huijbregts et al., 2002; Huijbregts et al., 
2003; Leuzzi et al., 2004; Moyle et al., 2007; Waisbren et al., 2007; Welsh, Pennington, 
Ozonoff, Rouse, & McCabe, 1990). High brain Phe levels most likely affect cerebral 
myelination, and decrease levels of several neurotransmitters such as dopamine and 
serotonin; both of these have been associated with executive and motor function 
deficits (Choi & Pardridge, 1986; Gordon et al., 2011; Oldendorf, 1973; Robbins & 
Arnsten, 2009).

Cognitive impairments in treated PKU patients have been associated with 
concurrent blood Phe levels and, even more strongly and consistently, with lifetime 
blood Phe levels (Blau et al., 2010; Christ et al., 2010; Huijbregts et al., 2002). 
Notwithstanding the positive effects of decreasing blood Phe levels, the upper target 
Phe level varies not only between countries, but also from centre to centre (Blau et 
al., 2010). For the first decade of life, recommendations for upper target Phe levels 
usually vary between 240 and 360 µmol/L (Huijbregts et al., 2002; National Institutes 
of Health Consensus Development Panel, 2001). These guidelines, however, are not 
based on studies comparing outcomes at Phe levels <240 µmol/L, between 240 and 
360 µmol/L, and >360 µmol/L.

At present, treatment guidelines for PKU primarily advise on absolute upper 
target Phe levels, thereby leaving other suggested biochemical measures, such as 
fluctuations of  Phe values (Anastasoaie, Kurzius, Forbes, & Waisbren, 2008; Burgard 
et al., 1996) and the Phe-to-tyrosine (Tyr) ratio (Phe:Tyr) (Luciana, Sullivan, & Nelson, 
2001; Sharman, Sullivan, Young, & McGill, 2010) without advised treatment target. 
Phe variation has been related to outcome measures (predominantly IQ) in patients 
with PKU and their children (Burgard et al., 1996; Maillot, Lilburn, Baudin, Morley, 
& Lee, 2008). The interest in Phe variation is growing as it appears that new therapies 
may increase stability in blood Phe levels (Burton, Bausell, Katz, Laduca, & Sullivan, 
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2010; Levy et al., 2007; Wang et al., 2005). Phe:Tyr might be of interest considering 
the fact that Tyr levels are more closely related to dopamine levels than are Phe levels 
(Diamond, Prevor, Callender, & Druin, 1997). Studies investigating Phe variation in 
relation to cognitive outcomes show mixed results or did not take into account the 
generally strong associations between absolute Phe levels and Phe variation. Recent 
studies on Phe:Tyr showed that high lifetime ratios rather than absolute Phe levels 
were significantly related to impairment in executive functioning (Luciana et al., 
2001; Sharman et al., 2010). It should be noted, however, that Phe:Tyr also strongly 
relates to absolute Phe levels.

This study aimed to address the following questions: (1) Should blood Phe of 
240 µmol/L be the upper target of treatment compared to 360 µmol/L? (2) What 
is the relative importance of lifetime Phe, concurrent Phe, variation in lifetime Phe 
levels, and lifetime and concurrent Phe:Tyr in predicting cognitive outcome in early 
and continuously treated children and adolescents with PKU?

meTHODS

Participants
Sixty-seven patients with PKU participated in neuropsychological examinations at 
the clinical centres where they received regular care. All had been treated, within 1 
month after birth, and in accordance with Dutch guidelines (van Spronsen, 2010). 
Reliable or sufficient data on Phe and Tyr levels were unavailable for three patients; 
therefore, a total of 64 patients with PKU were included in the statistical analyses. 
Twenty-seven patients had pretreatment Phe levels >1200 µmol/L (classical PKU), 
18 patients had pretreatment Phe levels of 600-1200 µmol/L (mild PKU), and 18 
patients had Phe levels <600 µmol/L, of whom 6 patients started with 360-600 
µmol/L (hyperphenylalaninemia) and 12 patients with pretreatment Phe level <360 
µmol/L (mild hyperphenylalaninemia) (van Spronsen, 2011). The mean age of the 
patients with PKU (30 boys, 34 girls) was 10.9 ± 2.3 years (range 6.0-15.2 years), 
similar to the mean age of the controls (n = 73, mean age 10.9 ± 2.2 years, range 
6.6-15.5 years). Controls (44 boys, 29 girls) were recruited from the patients’ families 
and friends, or through newspaper advertisements.

A morning blood sample after overnight fasting was taken before the start of 
the assessment to determine concurrent Phe (mean 439.1 ± 248.7 µmol/L) and Tyr 
levels (mean 82.6 ± 54.2 µmol/L). From all Phe levels during each half-year of life, 
the median was taken, to take into account possible changes in frequencies of Phe 
measurements. The mean of all available half-year median Phe levels from birth until 
the day of testing constituted the lifetime Phe level (mean 336.8 ± 116.6 µmol/L). Phe 
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variation was calculated by averaging the SDs of the half-year median Phe levels 
(mean 174.5 ± 66.9 µmol/L). Lifetime Phe:Tyr were also determined from the half-
year median Phe and Tyr levels (mean 8.4 ± 6.9). The mean concurrent Phe:Tyr was 
7.6 ± 6.1. To examine optimal upper target levels, a distinction was made between 
patients with lifetime Phe <240 µmol/L, between 240 and 360 µmol/L, and >360 
µmol/L. Table 1 provides descriptive information on biochemical measures for the 
three PKU groups and descriptive statistics for the neuropsychological tasks for all 
groups. Written informed consent was obtained from patients’ parents or caretakers 
before the start of the study. The study was approved by the ethical committees of 
the clinical centres and the Dutch National Phenylketonuria Steering Committee.

The participants performed computerized neuropsychological tasks 
(Amsterdam Neuropsychological Tasks; De Sonneville, 1999) measuring the 
executive functions inhibitory control (“Sustained Attention-Dots” [SAD], “Flanker” 
[FL], and “Shifting Attentional Set-Visual” [SSV]), cognitive flexibility (measured 
with the SSV task), and motor control (“Pursuit”[PU]). Because not all participants 
completed all tasks, there were some small variations in sample size for the different 
analyses.

In the SAD task, 3 (n = 200), 4 (n = 200), or 5 (n= 200) dots appear on a computer 
screen. Participants respond by pressing the left- or right-hand mouse button. A 
response bias is induced by requiring 1 of 2 possible responses twice as frequently 
(e.g. press left when 3 or 5 dots appear, and right when 4 dots appear). Thus, this 
response becomes the “automatic” response, and inhibitory control is required when 
the “nonautomatic” response is required (Table 1).

In the FL task, the response that has to be given depends on the colour of the 
central stimulus. This central stimulus is surrounded by FL stimuli, which can be 
facilitating (part 1 of the task), neutral (parts 1 and 2 of the task), or interfering (part 
2 of the task). Contrasts between performance in parts 1 and 2 of the task represent 
quality of inhibitory control.

The SSV task consists of 3 parts. In part 1, participants have to respond in 
accordance with the direction of movement of a green-coloured square across a bar 
presented on the computer screen. In part 2, responses should be given opposite 
to the direction of movement of a red-coloured square, and in part 3, the response 
depends on the colour the square after each movement. The contrast between 
performances in part 1 and part 2 represents inhibitory control, whereas the contrast 
between performances in part 1 and part 3 represents cognitive flexibility.

Motor control was measured by the PU task, in which participants try to keep 
the mouse cursor on an asterisk that is randomly moving across the screen. Accuracy 
of movement (mean deviation in millimetres from a moving stimulus) and stability 
of movement (SD of one’s movement trajectory) were registered.
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Table 1. descriptive statistics for three PKu groups (based on lifetime Phe) and control group

 PKU ≤240 
µmol/L

 
 

PKU 240-
360 µmol/L

 
 

PKU ≥360 
µmol/L

 
 

Controls

(n = 10) (n = 33) (n = 21) (n = 73)

Age 10.4 ± 2.1  11.2 ± 2.2  10.6 ± 2.5  10.9 ± 2.2

Pretreatment Phe concentration 705 ± 608  1415 ± 1624  1593 ± 888   

Concurrent Phe 345 ± 226  390 ± 241  590 ± 248   

Concurrent Phe:Tyr ratio 4.2 ± 3.1  6.1 ± 4.5  13.8 ± 12.5   

Lifetime Phe 218 ± 21  296 ± 31  458 ± 126   

Lifetime Phe:Tyr ratio 4.1 ± 2.8  7.4 ± 6.9  12.0 ± 6.8   

Phe variation 123 ± 53  159 ± 56  224 ± 59   

Mean errors in %        

  SSV part 1 3.5 ± 6.4  2.8 ± 4.0  4.4 ± 5.4  2.1 ± 2.9

  SSV part 2 9.5 ± 9.5  11.3 ± 8.9  14.6 ± 11.4  7.2 ± 7.1

  SSV part 3 10.4 ± 9.4  16.4 ± 11.9  19.6 ± 15.0  10.3 ± 8.7

  SAD1 7.8 ± 5.8  6.1 ± 5.7  8.7 ± 8.4  4.4 ± 4.9

  FL part 1 5.5 ± 3.1  5.3 ± 9.1  7.0 ± 7.9  3.9 ± 3.7

  FL part 2 3.8 ± 3.1  7.0 ± 6.1  7.1 ± 7.7  4.2 ± 3.7

  PU Motor control accuracy2 5.1 ± 1.6  5.4 ± 2.2  6.7 ± 4.4  4.5 ± 1.3

  PU Motor control stability3 3.6 ± 1.4  3.9 ± 1.8  5.3 ± 4.3  3.1 ± 0.9

SSV = Shifting Attentional Set Visual; SAD = Sustained Attention Dots; FL = Flanker; PU = Pursuit
1 Bias-score (mean error percentage 4 dots minus mean error percentage 3 or 5 dots)
2 Mean deviation in millimetres from a moving stimulus
3 Standard deviation of one’s movement trajectory
Values are in mean ± SD

In general, higher scores reflect poorer outcomes, indicating greater differences 
in error rate or reaction time between experimental and control conditions, or greater 
movement deviations. Further detailed information on the tasks can be found 
elsewhere (Huijbregts et al., 2002; Huijbregts et al., 2003; van Deurzen et al., 2012).

statistical analyses
For the first set of analyses on which upper target level is most beneficial for 
neurocognitive functioning, nonparametric Kruskal-Wallis and Mann-Whitney tests 
were used, comparing performances of controls and patients with PKU with lifetime 
Phe ≤240 µmol/L, 240-360 µmol/L, and ≥360 µmol/L. Pearson correlations and 
stepwise regression analyses, starting in step 1 with all indices of dietary control that 
were significantly correlated with the outcome measures of interest, were conducted 
to determine which indices of dietary control were significant predictors of cognitive 
outcome. Analyses were conducted with the statistical program IBM SPSS Statistics 
19 (Chicago, Illinois).
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ResulTs

Groups significantly differed from each other with respect to inhibitory control (FL: 
H(3) = 9.70, P < .05), cognitive flexibility (SSV: H(3) = 11.16, P < .05), and motor 
control (PU accuracy: H(3) = 8.00, P < .05; PU stability: H(3) = 10.40, P < .05) (Table 
1). Mann-Whitney analyses for pairwise comparisons showed that controls and 
patients with Phe ≥360 µmol/L differed in two out of three inhibition-tasks, cognitive 
flexibility, and motor control (Table 2), with controls performing better. Also, controls 
performed significantly more accurately than patients with PKU with Phe of 240-360 
µmol/L on one inhibition task, cognitive flexibility, and motor control. There were 
no differences in performance between controls and patients with Phe ≤240 µmol/L. 
Finally, patients with Phe ≤240 µmol/L performed better than those with Phe 
between 240 and 360 µmol/L on one inhibition-task and on the cognitive flexibility 
task. Differences in processing speed between the PKU groups and controls were not 
significant.

Lifetime and concurrent Phe, Phe variation, lifetime and concurrent Phe:Tyr 
were significantly related to accuracy and speed of performance on a number of 
cognitive tasks and to each other (Table 3). Speed of performance during one task 
measuring inhibitory control (SAD) was significantly predicted by concurrent 
Phe:Tyr (β = 0.41, P < .01). On the other tasks, performance speed was not significantly 
predicted by any index of dietary control. Results of regression analyses on accuracy 
in these tasks and for accuracy and stability during the motor control task are 
shown in Table 4. Both concurrent and lifetime Phe:Tyr were significant predictors 
of accuracy of inhibitory control as measured by SAD, with higher ratios associated 
with poorer inhibitory control. Stability of movement in the motor control task was 
predicted only by lifetime Phe levels, whereas Phe variation predicted accuracy 
of task performance, i.e. less accuracy of movement with more fluctuations in Phe 
levels.

Several potential treatment targets for both Phe variation, for which no 
targets were proposed in earlier studies, and Phe:Tyr, for which a ratio of six has 
been proposed (Burgard et al., 1996; Luciana et al., 2001; Sharman et al., 2010) were 
examined in more detail. However, no differences appeared between the PKU 
groups that were created.
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Table 3. Pearson correlations between Indices of dietary control and accuracy/speed cognitive tasks

  
Lifetime 

Phe
Phe 

variation
Concurrent 

Phe
Concurrent 

Phe:Tyr
Lifetime 
Phe:Tyr Age

Indices of dietary control       

  Lifetime Phe 1.00      

  Phe variation 0.578*** 1.00     

  Concurrent Phe 0.453*** 0.261* 1.00    

  Concurrent Phe:Tyr 0.468*** 0.155 0.634*** 1.00   

  Lifetime Phe:Tyr 0.584*** 0.348** 0.402** 0.203+ 1.00  

  Age -0.040 -0.231* 0.150 0.148 -0.052 1.00

Accuracy on tasks       

  Inhibition of prepotent responding (SSV) 0.130 -0.100 -0.007 -0.052 0.052 -0.112

  Inhibition of prepotent responding (SAD) 0.328** -0.027 0.270* 0.411*** 0.315** -0.007

  Inhibition of prepotent responding (FL) 0.069 0.068 0.115 0.065 -0.040 0.040

  Cognitive flexibility (SSV) 0.139 0.122 0.209+ 0.128 0.151 -0.165*

  Accuracy of movement (PU) 0.201+ 0.335** -0.078 -0.050 0.167+ -0.559***

  Stability of movement (PU) 0.227* 0.331** 0.001 0.009 0.193+ -0.461***

Speed on tasks       

  Inhibition of prepotent responding (SSV) -0.070 0.038 -0.042 -0.073 -0.070 -0.045

  Inhibition of prepotent responding (SAD) -0.072 0.314** -0.232* -0.257* -0.019 -0.433***

  Inhibition of prepotent responding (FL) 0.359** 0.267* 0.234* 0.086 0.437*** -0.256**

  Cognitive flexibility (SSV) -0.019 0.133 0.038 0.080 0.068 -0.164*

SSV = Shifting Attentional Set Visual; SAD = Sustained Attention Dots; FL = Flanker; FI = Feature 
Identification; PU = Pursuit
*P<0.05 **P<0.01 ***P<0.001 +P<0.10 (all 1-tailed)

dIsCussIon

This study has two major findings. First, 6- to 15-year-old patients with PKU with 
mean Phe levels <240 µmol/L since birth outperformed those with higher mean Phe 
levels and outperformed those with mean lifetime Phe levels between 240 and 360 
µmol/L, on cognitive tasks measuring inhibition, cognitive flexibility, and motor 
control. Second, Phe variation and Phe:Tyr may have additional predictive value 
regarding motor control and executive function, respectively, over and above mean 
Phe levels, although no upper targets could be established from the present data. 
Larger samples are needed to examine this in greater detail. Other ratio measures, of 
Phe and large neutral amino acids other than Tyr competing for carrier capacity at the 
blood-brain barrier should also be further investigated, as these might also influence 



Chapter 3

52

cognition more directly than Phe. One example is the Phe:Tryptophan ratio, which 
might more directly reflect serotonin levels in the brain (Robbins & Arnsten, 2009).

Table 4. Results multiple stepwise regression analyses for Accuracy

Variable B SE B β F df t df R²

Inhibition of prepotent responding SAD         

 Step 1         

  Lifetime Phe 0.003 0.009 0.056   0.350   

  Concurrent Phe -0.002 0.004 -0.096   -0.594   

  Concurrent Phe:Tyr 0.301 0.122 0.397   2.462**   

  Lifetime Phe:Tyr .229 0.144 0.241 4.214** 4/56 1.591 61 0.231

 Step 2         

  Concurrent Phe -0.002 0.004 -0.095   -0.590   

  Concurrent Phe:Tyr 0.316 0.114 0.417   2.772**   

  Lifetime Phe:Tyr 0.255 0.121 0.269 5.665** 3/57 2.117* 61 0.230

 Step 3         

  Concurrent Phe:Tyr 0.275 0.089 0.362   3.071**   

  Lifetime Phe:Tyr 0.230 0.112 0.242 8.417** 2/58 2.052* 61 0.225

Cognitive Flexibility SSV         

 Step 1         

  Age -0.734 0.383 -0.165 3.673+ 1/131 -1.916+ 133 0.027

Motor control, PU accuracy of movement         

 Step 1         

  Phe variation 0.009 0.005 0.202   2.032*   

  Age -0.780 0.134 -0.580 23.059*** 2/61 -5.836*** 64 0.431

Motor control, PU stability of movement         

 Step 1         

  Lifetime Phe 0.003 0.003 0.125   0.980   

  Phe variation 0.006 0.006 0.140   1.070   

  Age -0.654 0.137 -0.513 11.089*** 3/60 -4.783*** 64 0.357

 Step 2         

  Lifetime Phe 0.009 0.005 0.216   2.026*   

  Age -0.638 0.136 -0.500 16.163*** 2/61 -4.702*** 64 0.346

SAD = Sustained Attention Dots; SSV = Shifting Attentional Set Visual; PU = Pursuit
*P<0.05 ** P<0.01 ***P<0.001 +P<0.10 (all 2-tailed)
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Our study has a number of limitations. With respect to upper target Phe levels, 
it may be considered a limitation that no statistically significant differences were 
observed regarding neurocognitive outcomes between the lowest and highest Phe 
groups, although this is very likely to be due to a lack of statistical power as both 
groups were relatively small. The absolute differences in task performance, however, 
were evidently larger than those between the low and intermediate Phe groups, 
while differences between these groups were significant. Furthermore, our sample 
consisted largely of patients with milder forms of PKU. This could have led to an 
underestimation of cognitive and motor control difficulties between the PKU groups 
and control group. Another issue that may have led to an underestimation of group 
differences is that we included family members of patients with PKU as healthy 
controls. On the one hand, it seems preferable to use family members as controls and, 
to a lesser extent, friends, because many biological and environmental factors that 
can influence cognition are proxy-controlled in such a way. On the other hand, part 
of the shared genetic makeup may involve the Phe hydroxylase (PAH) enzyme. As 
a result, one might expect sub-optimal cognitive performance in family members of 
patients with PKU. In our study, their performance (n = 17) was indeed below that 
of nonrelated controls.

Further validation of current findings should be obtained in longitudinal 
studies including not only multiple assessments of Phe levels and other biochemical 
markers, but also of cognitive and other health outcomes. Examining associations 
between trajectories of metabolic control and trajectories of cognitive development 
will be one of the greatest challenges in future PKU studies. In addition to replication 
of the study results presented here, a further aim of future studies should be to 
establish whether the gains in the area of cognition outweigh the potential extra 
burden of a stricter treatment.
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ABsTRACT

objective. Despite early dietary treatment phenylketonuria patients have lower IQ 
and poorer executive functions compared to healthy controls. Cognitive problems in 
phenylketonuria have often been associated with phenylalanine levels. The present 
study examined the cognitive profile and mental health in adult phenylketonuria, in 
relation to phenylalanine levels and tetrahydrobiopterin treatment.

Method. Fifty-seven early treated adult patients with phenylketonuria and 57 healthy 
matched controls (18-40 years) performed IQ-subtests and executive function-tests 
from the Amsterdam Neuropsychological Tasks. They also completed the Adult Self-
Report on mental health problems. Analyses of variance were performed to examine 
group differences.

Results. Patients with phenylketonuria had normal IQ’s although lower than controls. 
They performed poorer on working memory, inhibitory control, and sustained 
attention-tasks. Patients reported Depressive and Avoidant Personality problems 
more frequently. Specifically, patients with childhood and lifetime phenylalanine≥360 
µmol/L had poorer cognitive and mental health outcomes than controls. In a 
subset of patients, comparisons between patients on and off tetrahydrobiopterin 
showed that non-tetrahydrobiopterin users (matched for childhood, pre-treatment 
phenylalanine) were slower (on number of tasks) and reported more mental health 
problems.

Conclusions. Adult patients had lower IQ and poorer executive functions than 
controls, resembling problems observed in younger patients with phenylketonuria, 
as well as more internalizing problems. Group differences and phenylalanine-
outcome associations were smaller than those observed in younger populations. A 
subset of non-tetrahydrobiopterin users, matched for childhood phenylalanine level, 
had poorer outcome on some tests than tetrahydrobiopterin users, which might 
indicate an impact of tetrahydrobiopterin treatment beyond lowering phenylalanine. 
However, clinical relevance needs further investigation.
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InTRoduCTIon

Phenylketonuria (PKU; OMIM 261600) is an inborn error of phenylalanine (Phe) 
metabolism, characterized by an impaired conversion of Phe into tyrosine (Tyr). Left 
untreated, PKU leads to severe neurocognitive dysfunction, seizures, and behavioural 
problems. When diagnosed by neonatal screening and treated early and continuously, 
at least throughout childhood, patients develop and function (cognitively) within 
the lower normal range (Jahja, Huijbregts, de Sonneville, van der Meere, & van 
Spronsen, 2014; Smith & Knowles, 2000). On average, the intelligence quotient (IQ) 
of treated patients with PKU is approximately 8-10 points lower than that of their 
healthy counterparts (Waisbren et al., 2007). The cognitive profile of treated PKU 
is characterized by weaknesses in motor control and executive functioning, which 
are more pronounced in combination with sustained attention (Albrecht, Garbade, 
& Burgard, 2009; Christ, Huijbregts, de Sonneville, & White, 2010; Huijbregts et al., 
2003; Leuzzi et al., 2004). Extensive neuropsychological testing has particularly taken 
place among children and young adolescents with PKU.

In addition to cognitive difficulties, internalizing behaviour problems have 
frequently been reported. Findings indicated that patients with PKU experience 
problems such as depression, mood swings, anxiety, phobic reactions, and poor self-
image (Anjema et al., 2011; Arnold et al., 1998; Jahja et al., 2013; Smith & Knowles, 
2000; Weglage et al., 2000). A recent study has also found poorer social (cognitive) 
skills and functioning in adult patients with PKU compared to controls. Poorer social 
functioning was related to higher lifetime Phe (Jahja et al., 2016).

Treatment of PKU is based on blood Phe reduction by a Phe-restricted diet, 
Large Neutral Amino Acid (LNAA) supplementation, and/or pharmacological 
treatment with tetrahydrobiopterin (BH4) (Blau, van Spronsen, & Levy, 2010). BH4 
is a co-factor necessary for the phenylalanine hydroxylase (PAH) enzyme to convert 
Phe into Tyr. When there is an absence or loss of PAH activity, Phe concentrations 
increase to toxic levels for the brain. In approximately 20 to 50% of patients 
with PKU, BH4 supplementation increases Phe tolerance, probably by enzyme 
stabilization. Generally those who are BH4 responsive already have milder forms 
of PKU, caused by different types of gene mutations (Keil et al., 2013). By means of 
genotyping but also with a BH4-loading test, it can be determined whether patients 
with PKU are BH4 responsive (Anjema et al., 2013). The defined requirement for 
BH4 responsiveness is a reduction of Phe of at least 30% during 48 hours of BH4 use. 
Patients with a reduction in Phe below 20% are considered non-responders, while 
a reduction of more than 85% indicates BH4 deficiency (Anjema et al., 2013; Blau 
et al., 2010). In BH4 responsive patients, it has been shown that administration of 
BH4 results in an increase of PAH activity and a subsequent decrease of Phe levels. 



Chapter 4

60

Further benefits include an increase in Phe tolerance, which has been associated with 
improved quality of life, as adherence to the very strict diet becomes less important 
(Keil et al., 2013). There are some indications that BH4 is also beneficial for cognitive 
functioning (Burton et al., 2015; Christ, Moffitt, Peck, & White, 2013). With respect 
to the mechanisms that might underlie improvement of cognition, preliminary data 
showed that BH4 decreased prolactin concentrations. As dopamine inhibits prolactin 
production, this result was hypothesized to indicate increased dopamine availability 
in the brain (van Vliet et al., 2015), which, in turn, might improve cognitive 
functioning. There is also evidence that BH4 improves white matter integrity, but 
results regarding improvement of executive abilities are inconsistent. Whereas some 
researchers did not find such improvements (White et al., 2013), others did (Christ et 
al., 2013). Results from Christ et al. (2013) suggested that BH4 treatment leads to better 
working memory and changes in brain activation. Based on the available evidence, 
however, it is too early to conclude that BH4 improves cognition and mental health, 
and particularly, it is still unclear through which mechanisms it might do so.

It has convincingly been shown that the quality of cognitive function is 
negatively related to plasma Phe concentrations, again especially among children 
and young adolescents with PKU (Christ et al., 2010). There is also evidence 
indicating that Phe levels during childhood are more strongly related to cognitive 
functioning later in life than Phe levels at the day of neuropsychological testing, i.e. 
concurrent Phe levels (Huijbregts et al., 2002). One of the major, still outstanding 
questions in PKU concerns the upper target blood Phe concentrations to achieve 
the best outcome. The target Phe concentrations may be different for different ages, 
although it has also been claimed that target Phe concentrations should be the same 
for the whole lifespan (Camp et al., 2014). In most countries the recommended target 
range for plasma Phe levels, which are considered a surrogate marker of brain Phe 
levels, is 120 to 360 µmol/L during childhood (i.e. ≤12 years), with more lenient 
upper target levels thereafter, ranging from 600 to 1200 µmol/L (MRC, 1993).

This study aimed to investigate the cognitive profile and mental health of early 
diagnosed and treated adults with PKU compared to healthy controls. The focus 
of investigations into cognitive functioning was on cognitive domains shown to 
be deficient in early and continuously treated children and adolescents with PKU, 
i.e. IQ and executive functioning. Based on previous studies more internalizing 
mental health problems were expected. Cognitive and mental health outcomes 
were associated with Phe concentrations (concurrent, lifetime, and specifically 
in childhood). We also investigated whether, beyond lowering Phe levels, BH4 
influenced cognitive functioning and mental health.
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meTHODS

Participants
The PKU group consisted of 57 patients (24 males, 33 females, mean age 27.7 years 
± 6.0, range 18.7-40.0 years), all were diagnosed by neonatal screening and treated 
(through dietary protein restriction and amino acid supplements) immediately 
upon diagnosis. Neonatal screening started in the Netherlands in 1974. All patients 
paid regular follow-up visits to a Dutch university medical centre and were treated 
according to National Institutes of Health guidelines (National Institutes of Health 
Consensus Development Panel, 2001). BH4 and non-BH4 users were both included 
in this study. Twelve BH4 responsive patients used BH4 doses up to 20 mg/kg with a 
max of 1400 mg/day. A healthy control group was recruited via patients or through 
the researchers and included 57 participants (19 males, 38 females, mean age 25.7 
years ± 5.6, range 18.1-40.8 years). Four controls were family related, i.e. siblings 
or cousins, six controls were from the direct surrounding of the patient (friend, 
classmate, or partner). The PKU and control group did not differ significantly in age 
(t(112) = -1.9, p = .062), gender distribution (χ2 = 0.9, p = .338), education (χ2 = 4.3, p = 
.229), and yearly income (χ2 = 9.8, p = .080).

On the day of testing, blood samples were taken from the patients preprandially 
in order to obtain concurrent Phe levels. Historical Phe levels were provided by the 
patients’ physicians. Lifetime Phe was computed as the mean of all half-year median 
Phe levels, from birth until the day of testing. In PKU literature, it is custom to use the 
mean of half-year median Phe levels to represent lifetime Phe. During certain periods 
of life (e.g. childhood) many more samples (i.e. blood Phe determinations) are taken 
than in other periods of life (e.g. adolescence), which could bias the mean. Therefore 
the mean of half-year medians is used. Also in the same manner, Phe levels between 
0 and 12 years (i.e. childhood Phe) were calculated to improve understanding of the 
effect of Phe during this developmental stage.

The Medical Ethics Committee of the University Medical Centre Groningen 
provided national approval for the study, which is registered in the Dutch CCMO 
Register (NL38932.042.11). All participants and/or their parents signed an informed 
consent.

Instruments
This study is part of a larger Dutch multicentre study (PKU-COBESO: Jahja et 
al., 2013) focusing on cognitive, social, and behavioural sequelae of early and 
continuously treated patients with PKU in relation to (history of) metabolic control. A 
standardized testing protocol was used (Jahja et al., 2013), which took approximately 
2.5 hours to complete.
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The Block Design and Vocabulary subtests of the Wechsler Adult Intelligence 
Scale 3rd Edition (Wechsler, 1997) were used to estimate IQ. Executive functions 
(EF) were assessed using tasks from the Amsterdam Neuropsychological Tasks 
(ANT: De Sonneville, 2014). The ANT is a standardized test battery, of which the 
reliability and validity has been described extensively elsewhere (Huijbregts et al., 
2002; Rowbotham, Pit-ten Cate, Sonuga-Barke, & Huijbregts, 2009). The selected 
tasks address two core executive functions, working memory (WM) and inhibitory 
control, with one selected task (mainly measuring inhibitory control) also measuring 
sustained attention. In one task the overall number of correct responses was used, 
whereas number of errors and reaction time (RT in ms) were measured in other 
tasks. All tasks started with practice trials in order to determine whether verbal task 
instructions were understood. Participants were instructed to respond as quickly 
and as accurately as possible.

Three tasks were included to measure working memory: the Visuo-Spatial 
Sequencing task (VSS), Memory Search 2 Dimensions task (MS2D), and Feature 
Integration task (FI). These working memory tasks have multiple levels of complexity 
in different task parts. In the VSS, a fixed constellation of nine open circles is presented 
on the screen. In each trial (n = 24) between three and seven circles are highlighted 
briefly. Participants must remember which circles were highlighted as well as the 
order in which they were highlighted, and they respond in each trial by clicking the 
remembered locations in the presented order. Quality of WM is represented by the 
number of correct responses, with a further contrast between number of correctly 
identified targets (i.e. visuospatial WM) and number correct targets in the correct 
order (i.e. visuospatial and visuotemporal WM), reflecting higher-order WM skills.

The MS2D task consists of two task parts. In the first part (48 trials, with 24 
containing the target stimulus) participants have to identify one memorized target 
stimulus with two specific features (shape and colour) out of four displayed on the 
screen (e.g., a blue triangle), whereas in the second part (48 trials, with 24 containing 
a target stimulus), three different target stimuli had to be remembered (e.g., a blue 
square, a red circle, and a yellow triangle), of which one had to be present in the 
display for a yes-response (see also Rowbotham et al., 2009). A ‘yes’ response is 
given by pressing the mouse button under the index finger of the dominant hand), 
otherwise the ‘no’ button (under the index finger of the non-dominant hand) is 
pressed. The second task part thus has the higher WM demands. Number of errors 
and RT of correct responses were recorded.

In the FI task a fixed target pattern, a 3x3 matrix with three red-coloured and 
six white-coloured squares, has to be identified out of four such matrices/stimulus 
patterns displayed on the screen (80 trials, with 40 containing the target stimulus). 
The distracter stimuli (three when the target pattern was present, four when the target 
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pattern was absent) either strongly resemble the target stimulus (i.e. the “similar” 
condition) or were clearly different (the  “dissimilar” condition) (Rowbotham et al., 
2009). The similar condition requires top-down controlled search posing higher WM 
demands than the dissimilar condition. A ‘yes’ response, again consisting of a press 
of the mouse button under the index finger of the dominant hand, is required when 
the target pattern is present, a ‘no’ response when the target is absent. Again, number 
of errors and RT of correct responses were recorded and used in statistical analyses.

The Sustained Attention-Dots task (SAD) measures inhibitory control and 
sustained attention, and took about 10-12 minutes to complete (Huijbregts et al., 
2002; Leuzzi et al., 2004). It includes 600 trials, where dots are presented in random 
configurations on the computer screen: 200 trials with three dots, 200 with four dots 
and 200 with five dots. When four dots appear on the screen, participants press the 
‘yes’ button under the index finger of the dominant hand. When three or five dots 
are presented, the ‘no’ button under the index finger of the non-dominant hand must 
be pressed. When four dots appear, inhibitory control of the prepotent response is 
required, particularly when the task progresses, as the other response is required 
twice as often and progressively becomes the automatic or prepotent response. 
Auditory feedback (a beep) is given when an error is made. Inhibitory control was 
measured by the overall number of errors and Mean Series Time (MST, i.e. the mean 
RT of 50 series of 12 trials, each with three 3-, 4-, and 5-dot trials). A comparison was 
made regarding error rate and response speed (MST) during the first and last 120 
trials in order to examine performance over the course of the task, hence measuring 
sustained attention.

All tasks are self-paced. The post-response interval, i.e. the period between the 
response and next stimulus onset, is 250 ms in the SAD task and 1200 ms in the FI 
and  MS2D tasks. The valid response window, i.e. reaction times that are considered 
valid, was set at 200-6000 ms post-stimulus onset.

Mental health problems were measured by means of the Adult Self-Report 
(ASR) of the Achenbach System of Empirically Based Assessment (Achenbach 
& Rescorla, 2003). The ASR is a norm-referenced questionnaire consisting of 102 
items (with 3-point rating scales) suitable for adults. The ASR provides six DSM-IV-
oriented scales: Depressive problems, Anxiety problems, Somatic problems, Avoidant 
Personality problems, Attention Deficit/Hyperactivity problems, and Antisocial 
Personality problems. Higher scores represent more mental health problems.

data analyses
IBM SPSS Statistics 22nd version was used to conduct analyses. For comparisons 
between patients with PKU and healthy controls analyses of variance were used. 
Univariate analyses were used to compare IQ estimates, overall response speed in the 
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VSS working memory and SAD inhibition tasks, and error rate in the SAD inhibition 
task. Multivariate analyses were used to compare levels of mental health problems. 
Repeated measures analyses of variance were used to compare performance between 
patients with PKU and healthy controls across conditions in the VSS, MS2D, and FI 
working memory tasks and the SAD sustained attention. In the VSS, the within-
subjects factor was represented by “number correctly identified targets” versus 
“number correctly identified targets in the correct order”; in the MS2D this was 
represented by WM load, i.e. remembering one stimulus with two distinctive features 
in task part 1 versus remembering three stimuli with two distinctive features each 
in task part 2; in the FI the within-subjects factor was represented by WM demand, 
i.e. stimuli with dissimilar distracters versus stimuli with similar distracters; and in 
the SAD sustained attention the within-subjects factor was represented by inhibitory 
control at the beginning versus inhibitory control at the end of the task. Analyses 
were conducted with the whole PKU group and repeated without BH4 users.

Associations between Phe levels (concurrent, lifetime, and between 0 and 
12 years of age) and the cognitive and mental health outcome variables were first 
examined using Pearson one-tailed correlations. Furthermore, groups were formed, 
among the patients with PKU, according to the most commonly recommended upper 
target limits of 360 µmol/L for lifetime, concurrent, and childhood Phe and were 
compared to each other and controls using analyses of variance. In order to provide 
more insight into the effects of BH4, BH4 users and non-users, matched on (generally 
low) Phe levels during childhood and on age, were compared on cognitive profile 
and mental health. These two groups were compared to each other using the same 
analyses of variance as described above.

ResulTs

descriptive data
Concurrent, lifetime, and childhood Phe concentrations for the complete PKU group, 
for the BH4 and non-BH4 group are displayed in Table 1. Concurrent and lifetime Phe 
were significantly correlated (r = 0.57, p < .001).

Twelve out of 57 patients (21%) were BH4 responsive. The BH4 group (mean age 
23.9 years ± 4.8) was significantly younger than the non-BH4 group (mean age 28.8 
years ± 5.9): t(55) = 2.6, p = .011. Concurrent Phe (t(31) = 2.6, p = .013) and lifetime 
Phe (t(34) = 4.2, p < .001) were lower for the BH4 group (resp. 489 µmol/L ± 206 for 
concurrent Phe and 348 µmol/L ± 92 for lifetime Phe) than for the non-BH4 group 
(resp. 699 µmol/L ± 359 and 505 µmol/L ± 174). Phe concentrations in childhood 
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(0-12 years) did not significantly differ (BH4: 302 µmol/L ± 134; nonBH4: 372 µmol/L 
± 151).

Table 2 shows mean scores and standard deviations (SD) on the tasks and 
questionnaire for the PKU and control group. An overview of all statistical analyses 
is given in Table 3.

Table 1. descriptive statistics for PKu and control group

 
 

PKu  PKU nonBH4  PKU BH4  Controls

(n = 57)  (n = 45)  (n = 12)  (n = 57)

Gender (male:female) 24:33  20:25  4:8  19:38

Mean age ± SD (range) 27.7 ± 6.0 
(18.7 - 40.0)

 28.8 ± 5.9  
(19.7 - 40.0)

 23.9 ± 4.8 
(18.7 - 32.7)

 25.7 ± 5.6 
(18.1 - 40.8)

Mean Concurrent Phe ± SD (range) 655 ± 342 
(66 - 1550)

 699 ± 359  
(66 - 1550)

 489 ± 206 
(220 - 1030)

  

Mean Lifetime Phe ± SD (range)* 472 ± 172 
(223 - 1001)

 505 ± 174  
(253 - 1001)

 348 ± 92 
(223 - 527)

  

Mean Childhood Phe 0-12y ± SD (range)* 357 ± 150 
(181 - 903)

 372 ± 151  
(181 - 903)

 302 ± 134 
(181 - 689)

  

* n= 56

PKu versus healthy controls: IQ, ef, and mental health
IQ. Although still within the normal range, patients with PKU had a significantly 

lower IQ (mean IQ: 100 ± 12) than the control group (mean IQ: 108 ± 11): t(107) = 3.3, 
p = .001. The observed differences were unaffected by exclusion of BH4 users: t(96) 
= 3.0, p = .004.

Working Memory. For all WM tasks, there was a strong effect of condition, i.e. 
participants performed worse in task parts with higher WM load. Both patients with 
PKU and healthy controls made more errors and were slower, with ηp²  ranging from 
0.55 to 0.91 (see Table 3) and with strong observed power around 1.00 in the more 
demanding conditions of the tasks.

In the Visuo-Spatial Sequencing task (VSS), patients with PKU were less accurate 
and slower than controls (Table 3). A significant group by condition interaction 
indicated that the difference in accuracy between patients and controls was larger 
when both location and order of target stimuli were taken into account (see Figure 1).
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Table 2. descriptive statistics measurements for PKu and control group

PKu  PKU nonBH4  PKU BH4  Controls

(n = 57)  (n = 45)  (n = 12)  (n = 57)

IQ estimate* 100 ± 12  100 ± 12  99 ± 12  108 ± 11

Working Memory        

  VSS         

  Mean N correctly identified targets 103.8 ± 1.7  103.8 ± 1.6  103.9 ± 2.1  104.4 ± 0.7

  Mean N correct in correct order 98.6 ± 5.6  98.2 ± 5.7  100.1 ± 4.8  100.7 ± 3.5

  Mean RT in ms 1057 ± 207  1090 ± 213  934 ± 125  889 ± 141

  MS2D         

  N errors Low memory load 1.7 ± 2.4  1.6 ± 2.1  2.3 ± 3.4  1.7 ± 2.2

  N errors High memory load 10.3 ± 6.6  9.9 ± 6.5  11.9 ± 7.0  9.2 ± 8.0

  Mean RT Low memory load in ms 605 ± 146  622 ± 144  542 ± 142  549 ± 80

  Mean RT High memory load in ms 2144 ± 570  2260 ± 551  1708 ± 421  1875 ± 418

  FI         

  N errors (dissimilar) 1.4 ± 2.2  1.5 ± 2.3  1.0 ± 1.7  1.3 ± 1.7

  N errors (similar) 4.5 ± 2.6  4.5 ± 2.6  4.6 ± 2.9  3.9 ± 2.6

  Mean RT dissimilar in ms 893 ± 200  919 ± 187  796 ± 225  834 ± 135

  Mean RT similar in ms 1705 ± 457  1780 ± 455  1421 ± 355  1539 ± 318

Inhibitory Control        

  SAD         

  N errors 24.6 ± 14.7  24.3 ± 15.0  25.8 ± 13.8  17.3 ± 10.3

  Mean Series Time in s 9.3 ± 1.8  9.6 ± 1.9  8.0 ± 1.1  8.7 ± 1.5

Sustained Attention        

 SAD - over the course of the task        

  Errors first 120 trials 4.0 ± 3.0  4.0 ± 2.9  4.0 ± 3.3  2.4 ± 1.7

  Errors last 120 trials 5.2 ± 3.1  5.2 ± 3.2  5.3 ± 2.7  4.1 ± 2.8

  Mean Series Time first 120 trials in s 9.1 ± 1.5  9.4 ± 1.5  7.7 ± 1.0  8.7 ± 1.5

  Mean Series Time last 120 trials in s 9.4 ± 2.2  9.7 ± 2.2  8.3 ± 1.4  8.6 ± 1.6

Mental Health        

 ASR DSM-IV scales        

  Depressive problems 5.1 ± 4.4  5.5 ± 4.5  3.6 ± 3.5  3.4 ± 3.8

  Anxiety problems 3.5 ± 2.7  3.6 ± 2.6  3.2 ± 3.1  3.2 ± 2.8

  Somatic problems 1.9 ± 1.9  1.9 ± 1.8  1.8 ± 2.3  1.4 ± 2.0

  Avoidant Personality problems 3.0 ± 2.7  3.1 ± 2.7  2.5 ± 2.5  1.8 ± 2.0

  Attention Deficit/Hyperactivity problems 4.6 ± 3.5  4.6 ± 3.7  4.6 ± 2.6  4.6 ± 3.4

  Antisocial Personality problems 2.4 ± 2.4  2.5 ± 2.5  1.8 ± 1.9  2.4 ± 2.5

* 2 IQ scores missing in nonBH4 group, 1 in BH4 group, 2 in control group
VSS: Visuo-Spatial Sequencing; MS2D: Memory Search 2 Dimensions; FI: Feature Integration; SAD: 
Sustained Attention-Dots; ASR: Adult Self-Report
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Figure 1. Repeated Measures with Working Memory task VSS: Mean number of correct 
responses ± SE for correct targets and correct targets in correct order, with significant 
effects: condition, group and condition by group interaction 

figure 1. Repeated Measures with Working Memory task Vss: Mean number of correct respons-
es ± Se for correct targets and correct targets in correct order, with significant effects: condition, 
group and condition by group interaction

In the Memory Search 2 Dimensions task (MS2D), no differences between patients 
with PKU and controls were observed regarding accuracy of task performance. 
Patients with PKU were, however, significantly slower than controls. Moreover, there 
was a group by condition interaction: results showed a greater decline in response 
speed for patients than for controls when WM load increased (see Figure 2). 
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Figure 2. Repeated Measures with Working Memory task MS2D: Mean reaction time ± 
SE for low and high WM load condition, with significant effects: condition, group and 
condition by group interaction 

figure 2. Repeated Measures with Working Memory task Ms2d: Mean reaction time ± se for low 
and high Wm load condition, with significant effects: condition, group and condition by group 
interaction

For the Feature Integration task (FI), again with similar accuracy, patients with PKU 
performed slower than controls and the differences between the control and PKU 
group became larger with increasing difficulty in working memory condition, i.e. 
with similar distracter stimuli (see Figure 3).
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Figure 3. Repeated Measures with Working Memory task FI: Mean reaction time ± SE 
for low and high WM load condition, with significant effects: condition, group and 
condition by group interaction 

figure 3. Repeated Measures with Working Memory task fI: Mean reaction time ± se for low 
and high Wm load condition, with significant effects: condition, group and condition by group 
interaction

Inhibitory Control. ANOVAs showed that across the entire Sustained 
Attention-Dots task (SAD), patients with PKU were less accurate and performed 
slower than controls (see Table 3).

sustained Attention. Repeated measures analyses of variance across the SAD 
revealed a significant increase of errors made at the end of the task compared to the 
start for all participants (see Table 2 and Table 3). There was no significant group by 
time effect for accuracy, indicating that the difference between patients with PKU 
and controls in accuracy of task performance did not increase with time. For speed 
of task performance, however, such an effect was observed. This interaction was 
caused by slowing of task execution in the PKU group (from MST = 9.1 sec ± 1.5 to 
a MST of 9.4 sec ± 2.2), whereas response speed of controls remained stable towards 
the end of the task (from a Mean Series Time of 8.7 sec ± 1.5 to a MST of 8.6 ± 1.6) (see 
Figure 4, right panel).

Excluding the data from the BH4 users did not change the abovementioned 
results with the ANT tasks.

mental Health. The MANOVA showed that patients with PKU reported 
significantly more Depressive problems and Avoidant Personality problems than 
controls (see Table 3). When excluding the BH4 group, results remained similar and 
effect sizes became somewhat larger (Depressive problems: ηp² = .065; Avoidant 
problems: ηp² = .067).
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Table 3. overview Repeated Measures/MAnoVAs for PKu group (n=57) and controls (n=57)
PKu versus controls

F df η²p
Working Memory: VSS     
  N of correct responses Condition1 146.2 1,112*** 0.566
  Group 7.2 1,112** 0.060
  Condition*Group 4.4 1,112* 0.038
  Reaction time Group 25.6 1,112*** 0.186
      
Working Memory: MS2D     
  N of errors Condition2 157.6 1,112*** 0.585
  Group 0.5 1,112 0.005
  Condition*Group 0.8 1,112 0.007
  Reaction time Condition2 1181.1 1,112*** 0.913
  Group 9.2 1,112** 0.076
  Condition*Group 6.5 1,112* 0.055
      
Working Memory: FI     
  N of errors Condition3 136.2 1,112*** 0.549
  Group 1.1 1,112 0.009
  Condition*Group 1.3 1,112 0.012
  Reaction time Condition3 930.1 1,112*** 0.893
  Group 4.8 1,112* 0.041
  Condition*Group 4.6 1,112* 0.039
      
Inhibitory Control: overall SAD (ANOVA)    
  Total errors  9.5 1,112** 0.078
  Mean Series Time (MST)  3.9 1,112* 0.034
Sustained Attention: over time SAD (Repeated Measures)4    
  N of errors Time 41.5 1,112*** 0.270
  Group 9.5 1,112** 0.078
  Time*Group 1.0 1,112 0.009
  Mean Series Time (MST) Time 1.2 1,112 0.010
  Group 4.4 1,112* 0.038
  Time*Group 5.0 1,112* 0.043

Mental Health: ASR (MANOVA)
   

  Depressive problems  5.2 1,110* 0.045
  Anxiety problems  0.4 1,110 0.004
  Somatic problems  1.5 1,110 0.013
  Avoidant Personality problems 6.4 1,110* 0.055
  Attention Deficit/Hyperactivity problems 0.0 1,110 0.000
  Antisocial Personality problems 0.0 1,110 0.000

*p<0.05 **p<0.01 ***p<0.001 +p<0.10
1 VSS Condition: N correctly identified targets versus N correctly identified targets in correct order
2 MS2D Condition: low (1 target) versus high (3 targets) working memory load
3 FI Condition: dissimilar versus similar target distracters
4 SAD Condition: first 120 trials versus last 120 trials
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Figure 4. Repeated Measures with Sustained Attention task SAD: Mean number of 
errors ± SE (left) and mean series time ± SE (right) for beginning and end of the task, 
with significant effects for number of errors (time and group effect) and mean series 
time (group and time by group effect) 

figure 4. Repeated Measures with sustained Attention task sAd: Mean number of errors ± se 
(left) and mean series time ± Se (right) for beginning and end of the task, with significant effects 
for number of errors (time and group effect) and mean series time (group and time by group effect)

IQ as covariate. Including IQ in the analyses of variance affected one effect 
observed for accuracy to such an extent that it became non-significant (i.e. the FI 
group by condition effect) and also two effects observed for speed of responding (i.e. 
the MS2D group by condition effect, which became a trend [F(1,106) = 3.3, p = .071, 
ηp² = .030] and the SAD group by time effect, which also became a trend [F(1,106) = 
3.0, p = .085, ηp² = .028]). After inclusion of IQ as a covariate, analyses of variance still 
showed significant group differences regarding speed of responding in the working 
memory tasks VSS (F(1,106) = 15.1, p < .001, ηp² = .124) and MS2D (F(1,106) = 4.9, p = 
.029, ηp² = .044), accuracy of inhibitory control (as measured by SAD: F(1,106) = 5.9, 
p = .017, ηp² = .053), and accuracy in sustained attention (also measured with SAD: 
F(1,106) = 5.4, p = .021, ηp² = .049). Group differences in Depressive [F(1,105) = 4.0, p 
= .048, ηp² = .037] and Avoidant Personality [F(1,105) = 4.9, p = .029, ηp² = .045] also 
remained significant after taking into account any possible IQ effects.

Correlations with concurrent Phe, lifetime Phe, and childhood Phe
IQ. For the whole PKU group, concurrent Phe was marginally (and negatively) 

related to the IQ estimate (r = -0.19, p = .081). When examining the non-BH4 group 
only, lifetime Phe was marginally (and negatively) correlated with IQ (r = -0.26, p = 
.051) and Phe between 0-12 years was significantly (and negatively) correlated with 
IQ (r = -0.30, p = .029).

Working Memory. Concurrent Phe was positively related to RT of task MS2D 
high WM load condition (r = 0.33, p = .006), and to RT of FI (low WM load condition: 
r = 0.26, p = .024; high WM load: r = 0.26, p = .026), indicating slower performance 
with higher Phe levels. For task FI, the number of errors made under high WM load 
was also positively correlated with lifetime Phe (r = 0.24, p = .039) and a trend was 
seen for childhood Phe (r = 0.22, p = .051). When excluding the BH4 group, concurrent 
Phe was significantly related to RT of the MS2D high WM load condition (r = 0.27, p 
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=.039). Lifetime Phe was still related to FI number of errors in the more demanding 
WM condition (r = 0.32, p =.016).

Inhibitory Control and sustained Attention. In the SAD task, concurrent Phe 
was significantly related to MST (r = 0.36, p = .003) and to MST at the end of the task 
(r = 0.41, p = .001): higher Phe levels were associated with slower task performance. 
These correlations remained significant when leaving out the BH4 group, although 
they became somewhat weaker.

mental Health. No significant correlations were observed between Phe 
measures and mental health outcomes, regardless of the in- or exclusion of BH4 users.

Group comparisons based on concurrent Phe, lifetime Phe, and 
childhood Phe
We also compared groups on IQ, EF, and mental health, after patients with PKU 
were split into low and high Phe groups according to the upper target level most 
frequently used in the literature and in treatment guidelines, i.e. 360 µmol/L.

IQ. With respect to IQ, patients with lifetime Phe ≥360 µmol/L (n=34) differed 
from controls [F(1,87) = 14.8, p < .001, ηp² = .145] and from patients with Phe <360 
µmol/L (n=19) [F(1,51) = 4.2, p = .046, ηp² = .076]. When concurrent Phe was used to 
create groups, again only patients with PKU with Phe ≥360 µmol/L (n=42) differed 
from controls [F(1,95) = 11.6, p = .001, ηp² = .108]. When childhood Phe was taken to 
create groups, controls differed from both PKU groups, and patients with Phe levels 
< and ≥360 µmol/L did not differ from each other.

Working memory. In the VSS task, only patients with lifetime Phe ≥360 µmol/L 
performed worse than controls (correctly identified targets: F(1,91) = 7.7, p = .007, ηp² 
= .078; correctly identified in correct order: F(1,91) = 7.4, p = .008, ηp² = .075). Also, 
when childhood Phe was used to create groups, only patients with Phe ≥360 µmol/L 
(n=21) were less accurate than controls when there was a high WM load [F(1,76) 
= 5.4, p = .023, ηp² = .066]. In the MS2D task, high WM load condition, again only 
patients with Phe ≥360 µmol/L differed from controls (lifetime: F(1,91) = 10.2, p = 
.002, ηp² = .101; concurrent: F(1,100) = 8.9, p = .004, ηp² = .082), this time with respect 
to RT. In the FI task, when higher-order WM was required (i.e. the similar condition),  
patients with childhood Phe ≥360 µmol/L made more errors than controls [F(1,76) = 
5.7, p = .020, ηp² = .069] but also compared to those with Phe <360 µmol/L [F(1,54) = 
4.1, p = .049, ηp² = .070].

Inhibitory Control and sustained Attention. In the SAD task, only patients 
with lifetime Phe ≥360 µmol/L differed from controls in overall accuracy [F(1,91) = 
9.3, p = .003, ηp² = .093], and only patients with concurrent Phe ≥360 µmol/L were 
slower than controls at the end of the task [F(1,100) = 7.1, p = .009, ηp² = .067].
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mental Health. Only patients with lifetime Phe ≥360 µmol/L had more 
Depressive [F(1,90) = 8.3, p = .005, ηp² = .084] and Avoidant personality problems 
than controls [F(1,90) = 6.2, p = .015, ηp² = .064]. Also, only patients with PKU with 
childhood Phe ≥360 µmol/L had more Depressive problems than controls [F(1,75) = 
8.4, p = .005, ηp² = .101]. They also reported more Somatic problems than both controls 
[F(1,75) = 5.0, p = .029, ηp² = .062] and patients with childhood Phe <360 µmol/L 
[F(1,52) = 5.9, p = .019, ηp² = .102].

As these results may have been influenced by the inclusion of BH4 users, the 
analyses were repeated excluding the BH4 users, but this did not result in different 
outcomes, except for one result that gave a somewhat stronger indication that Phe 
levels below 360 µmol/L during the first 12 years of life may result in better adult 
outcomes than Phe levels above that level. Patients with Phe ≥360 µmol/L (n = 19) 
differed from both controls (n = 57) [F(1,74) = 5.5, p = .021, ηp² = .070] and patients 
with Phe <360 µmol/L (n = 25) [F(1,42) = 4.8, p = .035, ηp² = .102] regarding accuracy 
when a high WM load was in place, as measured by the FI task.

Comparison low Phe-nonBH4 versus low Phe-BH4

Next comparisons were made between BH4 users (n=10) and non-users (n=25). Only 
patients with Phe concentrations in childhood <360 µmol/L were included, as BH4 
responsive patients generally already have lower Phe levels than non-responsive 
patients. Two BH4 responsive patients had Phe ≥360 µmol/L and were therefore 
excluded from these analyses. There was no significant difference in gender (χ2 = 
0.7, p = .392), childhood and concurrent Phe between the BH4 and non-BH4 group: 
respectively t(33) = 1.5, p = .14 and t(33) = 1.2, p = .24. Childhood and concurrent 
Phe was resp. 255 µmol/L ± 43 and 497 µmol/L ± 225 for the BH4 group, and for the 
non-BH4 group this was resp. 280 µmol/L ± 44 and 643 µmol/L ± 359. However, both 
groups differed in lifetime Phe (t(33) = 2.6, p = .013) and in age (t(33) = 2.1, p = .045). 
The BH4 group had a lifetime Phe of 316 µmol/L ± 61, while the non-users had a 
lifetime Phe of 405 µmol/L ± 99. And the BH4 group was younger than the non-BH4 
group (mean age 24.0 years ± 5.3 versus mean age 28.6 years ± 6.0).

The BH4 group had an IQ of 98 ± 13, while this was 103 ± 10 for the non-BH4 
users. Results showed that IQ was not significantly different between both groups: 
t(32) = 1.2, p = .24. The group of non-users was slower on the WM tasks than the 
BH4 group: VSS [F(1,33) = 6.2, p = .018, ηp² = .158], MS2D [F(1,33) = 7.7, p = .009, ηp² 
= .188], with the non-BH4 group performing more slowly in the high WM condition 
[F(1,33) = 7.6, p = .009, ηp² = .187], and FI [F(1,33) = 3.3, p = .078, ηp² = .091], again with 
the non-users being slower in the high WM condition [F(1,33) = 4.6, p = .039, ηp² = 
.122]. A similar result was observed for response speed on the SAD inhibitory control 
task [MST overall: F(1,33) = 5.4, p = .027, ηp² = .140], and MST across the SAD task, 
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i.e. sustained attention [F(1,33) = 5.9, p = .021, ηp² = .151]. When only patients were 
compared whose lifetime Phe (as well as childhood) levels were <360 µmol/L, the 
group of non-users (n = 10) reported more Depressive problems [F(1,17) = 4.4, p = 
.050, ηp² = .207] and Anxiety problems [F(1,17) = 8.2, p = .011 ηp² = .325] than the BH4 
group (n = 9).

Finally, because both groups differed in age, the BH4 group was matched to 10 
non-BH4 users, after which both groups had similar age, concurrent, childhood, and 
lifetime Phe. There were trends for information processing speed with regards to 
the VSS [F(1,18) = 3.5, p = .076, ηp² = .165], where non-BH4 users were slower, MS2D 
[F(1,18) = 3.9, p = .062, ηp² = .180], where the non-BH4 group was again slower in the 
high WM condition [F(1,18) = 5.2, p = .034, ηp² = .226], as they were in the high WM 
condition of the FI [F(1,18) = 3.4, p = .080, ηp² = .160]. Somatic problems were also 
reported more by the non-BH4 group [F(1,18) = 5.4, p = .031, ηp² = .232].

dIsCussIon

This study showed that, compared to healthy controls, adult patients with PKU had 
a slightly lower IQ, albeit in the normal range, poorer working memory, and poorer 
inhibitory control, which became more evident when combined with sustained 
attention. Patients also had more internalizing mental health problems, specifically 
depressive and avoidant personality problems. The cognitive profile observed in 
adult patients with PKU thus resembled the cognitive profile observed in children 
and young adolescents with PKU (Albrecht et al., 2009; Christ et al., 2010; Huijbregts 
et al., 2003; Leuzzi et al., 2004; Waisbren et al., 2007). Patients were mainly slower in 
responding when working memory demands were high or when inhibitory control 
was required together with sustained attention, while also often making more errors. 
Several results, concerning both accuracy and speed of task performance, were 
irrespective of IQ. This may be considered as further support for specific impairments 
in (adult) PKU. Compared to studies with younger participants (e.g. Anderson et al., 
2007; Huijbregts, de Sonneville, Licht, Sergeant, & van Spronsen, 2002; Huijbregts 
et al., 2002), effect sizes for group differences observed in the present study were 
smaller. This seems to contrast, to some extent, with the results from a meta-analyses 
by Moyle and colleagues, who reported Hedges’ g scores between 0.40-0.60 for 
group differences on several cognitive tests (including IQ and executive functioning) 
in groups of adolescents and adults (Moyle, Fox, Arthur, Bynevelt, & Burnett, 2007). 
However, it is not clear whether these strong effect sizes could be attributed to the 
adolescent group, as a distinction between adolescents and adults was not made.
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In accordance with the meta-analysis by Albrecht et al. (2009), the strength of 
associations between Phe concentrations and cognitive outcomes seems to decrease 
with age. Albrecht et al. (2009) found strong correlations in studies with children 
and adolescents with PKU, but no such associations for adult patients, whereas we 
only found few significant correlations, regardless of whether concurrent, lifetime, 
or childhood Phe levels were studied. In our study, Phe concentrations in childhood 
were negatively related to IQ, whereas concurrent and lifetime Phe levels were 
negatively related to (several aspects of) working memory task performance, and 
concurrent Phe level was negatively associated with (several aspects of) inhibitory 
control and sustained attention.

Previous studies have demonstrated that patients with lifetime Phe below 360 
µmol/L have better executive functioning (Huijbregts et al., 2002; Leuzzi et al., 2004). 
Although the results from correlational analyses were not very convincing, several 
indications were found, in accordance with previous studies (Huijbregts et al., 2002; 
Leuzzi et al., 2004), for the importance of keeping Phe levels below the upper target 
level of 360 µmol/L, which is recommended in most treatment guidelines. Overall 
group differences (on both cognitive and mental health outcomes) between patients 
with PKU and controls mainly resulted from differences between controls and 
patients with PKU who had Phe levels higher than 360 µmol/L. Patients with lifetime 
Phe levels ≥360 µmol/L most consistently differed from controls, but similar results 
were observed when groups were created based on childhood and concurrent Phe 
levels. It should be noted that patients with Phe <360 µmol/L generally did not differ 
from those with Phe levels ≥360 µmol/L. The exceptions were IQ, where patients 
with lifetime Phe ≥360 µmol/L had lower IQ scores than both controls and patients 
with Phe <360 µmol/L; one working memory task, where patients with childhood 
Phe ≥360 µmol/L had poorer scores than both controls and patients with childhood 
Phe <360 µmol/L; and internalizing mental health problems, where patients with 
childhood Phe ≥360 µmol/L reported more somatic problems than both controls and 
patients with childhood Phe <360 µmol/L.

Mental health issues, especially internalizing problems were again observed in 
our study, comparable to what has been reported in other studies (Anjema et al., 2011; 
Arnold et al., 1998; Jahja et al., 2013; Smith & Knowles, 2000; Weglage et al., 2000). 
Our patients showed more depressive and avoidant personality problems, which 
indicates avoidance of social interactions and feelings of inadequacy and inferiority. 
Mental health is strongly related to social cognition and socials skills, which have 
also been found to be suboptimal in adults with PKU (Jahja et al., 2016).

Finally, patients not using BH4, who were matched to BH4 users with respect 
to childhood (or pre-treatment) Phe concentrations, were slower than BH4 users 
on working memory, inhibitory control, sustained attention, and reported more 
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internalizing problems. The fact that these differences were observed between patients 
matched on pre-treatment Phe concentrations, makes it tempting to believe that BH4 
treatment has a positive impact on cognitive and behavioural outcomes, through 
another mechanism than lowering Phe levels. The few studies focusing on BH4 and 
cognitive outcome suggested that BH4 improves cerebral dopamine concentrations 
(which are strongly associated with cognitive functions) and white matter integrity, 
and enhances brain activation (Christ et al., 2013; van Vliet et al., 2015; White et al., 
2013). For example, Christ et al. (2013) reported associations between BH4 treatment, 
neural activation patterns and working memory performance. However, these effects 
appeared to be related to a drop in Phe levels following BH4 treatment (although no 
significant correlations between neural activation and Phe were found). There are 
also studies indicating that BH4 increases the stability of Phe (Burton, Bausell, Katz, 
Laduca, & Sullivan, 2010), which in itself seems to be related to cognitive outcomes 
(Anastasoaie, Kurzius, Forbes, & Waisbren, 2008). To date, the mechanisms through 
which BH4 treatment might improve cognition and mental health remain unclear, 
and mechanisms not directly associated with the pharmaceutical properties of 
BH4 should also be considered, particularly because BH4 responsiveness is already 
associated with milder disease. For example, psychological (or placebo) effects of 
BH4 may also be present. For example, BH4 users follow a more normal diet and/or 
feel better, have less internalizing thoughts and fewer social adjustment problems, 
than those patients on a strict diet. This might result in cross-over effects with respect 
to cognitive functioning.

Clinical relevance and limitations
It should also be noted that the observed statistically significant differences between 
the BH4 users and non-users regarding cognition and mental health may not be 
clinically relevant. When taking Cohen’s recommendations for interpreting effect 
sizes (with a partial η² of 0.01 deemed small, a partial η² of 0.06 deemed medium, and 
a partial η² of 0.14 deemed large) and power (which should be .80 or higher) (Cohen, 
1988), results for only one working memory task (MS2D) could be considered 
clinically relevant, with partial η² of 0.19, and power close to .80 (.76). For the mental 
health differences between BH4 users and non-users, only the result regarding anxiety 
could be considered clinically relevant (partial η² = .33, power = .78). Obviously, 
effect sizes and power are also largely determined by group sizes, and, whereas 
the PKU-COBESO study already has a relatively large number of participants, PKU 
remains a relatively rare disease which makes it difficult to achieve satisfactory 
power levels. Together with the results from other studies into BH4 use and cognitive 
and mental health outcomes, our results warrant further research into both effects 
and potential working mechanisms of BH4. Further to this theme, it seemed like 
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a number of our main effects indicate not only statistical significance but clinical 
relevance as well. Effect sizes were medium to large and power was satisfactory 
(around .80 or higher) for a number of overall group differences between controls 
and patients with PKU (accuracy and speed of working memory, as measured by 
different tasks, inhibitory control, and avoidant personality traits). However, clinical 
relevance became particularly evident when patients with PKU with Phe levels ≥360 
µmol/L were compared to healthy controls, with medium to large effect sizes and 
power generally well above .80 (range .77 to .97) for IQ, two out of three working 
memory tasks (speed and accuracy), inhibitory control (speed and accuracy), and 
depressive behaviour. These clinically and statistically significant group differences 
were mainly observed when groups were created based on lifetime Phe levels, with 
some effects also present when childhood or concurrent Phe levels were used for 
group formation.

Following the above, it is clear that the first limitation of this study concerns 
the small sample sizes for subgroup comparisons. A second issue is the continued 
discussion of whether or not to include IQ as a covariate in analyses of variance 
comparing patients with PKU and controls on specific cognitive abilities. As IQ scores 
are made up of a number of different cognitive abilities, including the executive 
functions measured in the present study, including IQ as a covariate may obscure 
specific impairments. Although several group differences remained significant after 
inclusion of IQ as a covariate, it is possible that if we would have administered 
the full range of IQ tests, larger decreases of group differences would have been 
observed. The issue however remains as to whether this would be a good approach, 
as it may be better to identify and target specific weaknesses within a cognitive 
profile. A third issue or limitation of the present study is that we cannot rule out 
the possibility that particularly patients who had maintained treatment and regular 
monitoring participated in this study, which may have led to an underestimation of 
effects. Future studies should try to include the full spectrum of (adult) patients with 
PKU. Finally, and this in part repeats what has already been discussed, the small 
number of participants for specific subgroup analyses, in combination with a lack of 
normative data for the neuropsychological tasks makes it difficult to determine the 
clinical relevance of the observed effects. Also, there may be other factors involved in 
influencing cognitive and mental health outcome in adulthood such as experiencing 
social support and quality of life. However, in general, there are indications that the 
adult patients with PKU still function suboptimally compared to the healthy control 
group regarding executive functioning and mental health, which is important to 
consider in future research into optimal treatment and monitoring of PKU from birth 
onwards.
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ABsTRACT

Cognitive and mental health problems in individuals with the inherited metabolic 
disorder Phenylketonuria (PKU) have often been associated with (history of) 
metabolic control. For the present study executive functioning (EF) was assessed in 21 
PKU patients during childhood (T1, mean age 10.4, SD=2.0) and again in adulthood 
(T2, mean age 25.8, SD=2.3). At T2 additional assessments of EF in daily life and 
mental health were performed. Childhood (i.e. between 0 and 12 years) plasma 
phenylalanine was significantly related to cognitive flexibility, executive motor 
control, EF in daily life and mental health in adulthood (T2). Patients with a greater 
increase in phenylalanine levels after the age of 12 performed more poorly on EF-tasks 
at T2. Group-based analyses showed that patients with phenylalanine<360 µmol/L 
in childhood and phenylalanine≥360 µmol/L from age 13 (n=11) had better cognitive 
flexibility and executive motor control than those who had phenylalanine≥360 
µmol/L throughout life (n=7), supporting the notion that phenylalanine should be 
below the recommended upper treatment target of 360 µmol/L during childhood for 
better outcome in adulthood. Despite some results indicating additional influence 
of phenylalanine levels between 13 and 17 years of age, evidence for a continued 
influence of phenylalanine levels after childhood on adult outcomes was largely 
lacking. This may be explained by the fact that the patients in the present study 
had relatively low phenylalanine levels during childhood (mean: 330 µmol/L, range: 
219-581 µmol/L) and thereafter (mean Index of Dietary Control at T2: 464 µmol/L, 
range: 276 -743 µmol/L), which may have buffered against transitory periods of poor 
metabolic control during adolescence and early adulthood.
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InTRoduCTIon

Notwithstanding the prevention of intellectual disability by decreasing blood 
phenylalanine (Phe) concentrations, the neurocognitive and psychosocial outcomes 
of patients with Phenylketonuria (PKU; OMIM 212600) are (on average) still below 
the level of their healthy counterparts. PKU is a rare inborn error of metabolism (mean 
prevalence 1:10.000) that is characterized by deficient hepatic enzyme phenylalanine 
hydroxylase (PAH) activity. PAH normally helps to convert Phe into tyrosine (Tyr), 
which is the precursor to L-dopa and consequently dopamine (Blau, van Spronsen, & 
Levy, 2010; van Spronsen et al., 2017). Untreated PKU patients show high blood Phe 
levels and low to normal Tyr levels. High blood Phe levels facilitate the blood-brain 
barrier exchange of Phe at the expense of other large neutral amino acids (LNAA) 
into the brain including Tyr and tryptophan. Therefore, high blood Phe results 
in high brain levels of Phe that may affect white matter (Dyer, 1999) and reduced 
brain availability of the precursors Tyr and tryptophan for the neurotransmitter 
synthesis of dopamine and serotonin, respectively. Clinically, untreated PKU 
is characterized by severe intellectual disability, neurological problems, motor 
deficits, and behavioural problems (Blau et al., 2010; DeRoche & Welsh, 2008; Jahja 
et al., 2016; Smith & Knowles, 2000). Treatment, through a Phe-restricted diet plus 
amino acid supplements, tetrahydrobiopterin (BH4) supplementation (BH4 being 
a pharmacological chaperone protein of PAH) or both, reduces blood Phe levels, 
which results in lower Phe levels and probably higher levels of neurotransmitter 
precursors such as Tyr and tryptophan (Blau et al., 2010; van Vliet et al., 2015; van 
Vliet et al., 2016). When started early after birth, treatment with dietary Phe restriction 
prevents intellectual disability, but, compared to healthy controls, PKU patients 
generally still have lower IQs and perform more poorly in several cognitive domains 
(Albrecht, Garbade, & Burgard, 2009; Huijbregts, de Sonneville, Licht, Sergeant, & 
van Spronsen, 2002; Huijbregts, de Sonneville, van Spronsen, Licht, & Sergeant, 2002; 
Jahja, Huijbregts, de Sonneville, van der Meere, & van Spronsen, 2014; Moyle, Fox, 
Arthur, Bynevelt, & Burnett, 2007; Smith & Knowles, 2000; Waisbren et al., 2007). The 
most frequently observed cognitive deficits in treated PKU are in executive functions 
(EFs), i.e. ‘higher-order cognitive abilities that control and coordinate behaviour 
and constitute the driving force of goal-directed behaviour’ (Christ, Huijbregts, de 
Sonneville, & White, 2010; Huijbregts et al., 2002; Huijbregts et al., 2003; Moyle et al., 
2007). Both cognitive impairment in treated PKU (Antenor-Dorsey et al., 2013; Blau 
et al., 2010; Huijbregts et al., 2002) and internalizing mental health problems, such 
as anxiety, depression and mood swings (Anjema et al., 2011; Arnold et al., 1998; 
Cappelletti et al., 2013; Jahja et al., 2013; Smith & Knowles, 2000; Weglage et al., 2000) 
have repeatedly been associated with concurrent and historical blood Phe levels. 
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However, questions remain regarding long-term consequences of elevated Phe in 
various periods of life on cognitive development.

The key statements of the first European guidelines on PKU clearly show 
the lack of valuable data on the relation between outcome and metabolic control 
from adolescence onwards (van Spronsen et al., 2017). While there are some studies 
relating adult outcomes to history of metabolic control, and other studies indicating 
the existence of certain sensitive periods for elevated Phe with respect to cognitive 
development (Huijbregts et al., 2002), none of these provide complete and conclusive 
evidence. Studies with repeated measurements are very scarce. One longitudinal 
study reported on neurocognitive functioning of 57 adult patients (aged 19-41 years) 
who were re-examined after a five-year interval (Weglage et al., 2013). Patients had a 
lower IQ than controls, but psychomotor function and sustained attention were not 
different between PKU patients and controls at either time point. The authors further 
distinguished between participants younger and older than 32 years old: older 
patients had slower information processing than controls at both time points. Group 
differences did not change during the five-year interval. High blood Phe levels in 
childhood and adolescence were related to poorer IQ, information processing and 
attention in adulthood. A limitation of this study of Weglage et al. (2013) was that 
both assessments took place during adulthood, so cognitive development could 
not be mapped from childhood onwards. A second longitudinal study assessed 14 
PKU patients in childhood and early adulthood (8-14 years at time point 1 and 22-28 
years at time point 2) and showed that differences in neuropsychological outcome 
between patients and controls became smaller (but did not disappear) throughout 
adolescence and adulthood (Nardecchia et al., 2015). Regarding lifetime Phe, 
specifically those with Phe between 501-600 µmol/L (n=3) performed worse than 
those with lifetime Phe below 500 µmol/L (n=4). These authors also differentiated 
between patients with Phe below or above 600 µmol/L during the interval between 
the two time points: those with Phe above 600 µmol/L (n=7) during the interval had 
poorer cognitive outcome as adults compared to controls (n=14). This study provided 
evidence for an influence of adolescent (or, “second decade of life”) metabolic control 
on adult cognitive outcomes. A limitation of this study was that the authors could 
not control optimally for childhood Phe levels in their statistical analyses, as Phe 
levels were only included for the first four years of life, whereas critical stages of 
EF-development occur later in childhood as well (Huijbregts et al., 2002). So there 
is no strong evidence yet that adolescent or adult Phe levels truly influence adult 
outcome: it is still possible that childhood Phe levels, which are often related to Phe 
levels later in life, most strongly determine adult outcome.

The present study aimed to examine mental health, and development of 
executive functioning and executive motor control of PKU patients from childhood 
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into adulthood in relation to historic metabolic control, distinguishing between 
different developmental stages and using different methodological approaches, 
compared to previous studies.

meTHODS

Participants
This study is part of the Dutch longitudinal multicentre PKU-COBESO study. 
Between February 1997 and October 1998, executive functioning and executive 
motor control were assessed in 67 children with PKU, aged 7-14 years (Huijbregts 
et al., 2002). Patients that could be reached and who were willing to participate a 
second time were followed up between February 2012 and May 2015, at which point 
all of them were adults. At time point 1 (T1) and time point 2 (T2) identical tasks were 
performed, with additional tasks and questionnaires at T2 (Jahja et al., 2013). Patients 
were recruited through six Dutch university medical centres and on both occasions 
assessed in their treatment centre by the research staff. All patients were diagnosed 
by neonatal screening (introduced in the Netherlands in September 1974) and treated 
early after birth. At both time points, T1 and T2, blood samples were taken on the 
day of neuropsychological testing in order to obtain concurrent Phe levels (conPhe). 
Historical Phe levels were collected from physicians’ databases. Indices of Dietary 
Control (IDC) were calculated as the mean of all half-year median Phe levels until 
the day of testing. Thus, IDC1 was computed from birth until the day of testing at T1, 
and IDC2 (or lifetime Phe) represented Phe levels from birth until the day of testing 
at T2. To create a difference score between both time points, i.e. to determine the 
increase in Phe between the two assessments, IDC1 was subtracted from IDC2 (i.e. 
IDC difference score). Mean of half-year median Phe levels between 0 and 12 years, 
between 13 and 17 years, and ≥18 years were also calculated.

Furthermore, based on the question whether different upper target Phe levels 
should be maintained during childhood (0-12 years) and thereafter, and the most 
frequently recommended upper target Phe level of 360 μmol/L, patients were 
divided into groups: Phe<360 μmol/L in childhood and Phe<360 μmol/L from age 
13 (‘low-low’ group); low Phe in childhood and high Phe≥360 μmol/L from age 13 
(‘low-high’ group); and high Phe≥360 μmol/L in childhood and high Phe from age 
13 (‘high-high’ group).

Measures
The overall multicentre study (PKU-COBESO, Jahja et al., 2013) addressed cognitive, 
behavioural and social sequelae of early and continuously treated PKU patients 
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in relation to (history of) metabolic control. A standardized testing protocol was 
used for each participant and took approximately 2.5 hours to complete including 
breaks (Jahja et al., 2013). The following three computerized tasks of the Amsterdam 
Neuropsychological Tasks (ANT; De Sonneville, 2014) were used to assess executive 
functioning and executive motor control on two different occasions, i.e. at T1 and T2.

In the Flanker (FL) interference task, which measures inhibitory control (more 
specifically: interference suppression), stimuli consist of squares divided up into 
nine smaller squares. Participants must respond to the colour of the central smaller 
square, while ignoring the surrounding eight smaller squares (i.e., the flanker 
stimuli). When the central stimulus is blue, participants (who operate the mouse 
with the index fingers of both hands simultaneously) have to press the left mouse 
button; when the central stimulus is yellow, they have to press the right mouse 
button. In part 1 the flanker stimuli had a neutral colour (20 trials) or the same colour 
(20 trials, i.e. the compatible condition) as the central stimulus, while in part 2 the 
flankers had the same (40 trials, compatible condition) or the interfering (40 trials, 
incompatible condition) colour, i.e. the colour meant to elicit a response with the 
other hand if it would have been the central stimulus colour (Huijbregts et al., 2002). 
The differences in percentage errors and reaction time (RT) between compatible and 
incompatible flanker stimuli in part 2 of the task were used to measure inhibitory 
control (interference suppression).

The Shifting Attentional Set-Visual (SSV) task measures inhibitory control 
(more specifically inhibition of prepotent responding) and cognitive flexibility. 
On the screen a horizontal bar consisting of 10 squares is presented and, in task 
part 1 (40 trials, compatible condition), participants follow a green block which 
randomly moves across the bar (to left or to right): movements to the left require 
left mouse button presses and movements to the right require right mouse button 
presses (the mouse was operated with the index finger of each hand). In part 2 (40 
trials, incompatible condition), the randomly moving block is red and a response is 
required opposite to the direction of the movement, i.e. movements to the left require 
right mouse button presses and vice versa. In part 3 (80 trials), the colour of the 
block changed randomly after each movement (green or red) and participants switch 
between the rules of task parts 1 and 2 (i.e. compatible and incompatible responding) 
depending on the colour of the block after each random movement (Huijbregts et al., 
2002). This task requires inhibition of prepotent responding, when in task part 2 a 
switch has to be made from the automatic (compatible) response mode in task part 1 
to the incompatible response mode, and it requires cognitive flexibility, when in task 
part 3, one has to switch between the two active response modes based on the cue 
provided by the stimulus. The differences in error percentages and RT between part 
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1 and 2 represented inhibition of prepotent responding and the differences between 
part 1 and 3 represented cognitive flexibility.

Executive motor control was measured with the Pursuit (PU) task. Participants 
had to follow an asterisk, which randomly moved across the screen, by placing the 
mouse cursor as closely as possible on top of the asterisk for two minutes, first with 
their non-dominant hand, then with their dominant hand (Huijbregts et al., 2003). 
Mean deviation from the moving target (i.e. accuracy of movement), and standard 
deviation of the trajectory that was followed (stability of movement) were used 
in analyses. A greater deviation or standard deviation indicated poorer executive 
motor control.

At T2, general/demographic information was collected and two questionnaires 
were administered. First, the Behavior Rating Inventory of Executive Function-Adult 
version (BRIEF-A) was used to measure executive functioning in daily life of adults 
(Roth, Isquith, & Gioia, 2005). The questionnaire consists of 75 questions, assessing 
nine subdomains of executive functioning: Inhibit, Shift (Cognitive Flexibility), 
Emotional Control, Self-Regulation, Initiate, Working Memory, Plan/Organize, 
Organization of Materials, and Monitor. The subdomains Inhibit, Shift, Emotional 
Control and Self-Regulation together represent the Behavioral Regulation Index 
(BRI). Furthermore, the combined scores of the other five subdomains represent 
the Metacognition Index (MI). The Global Executive Composite (GEC) is the total 
score of all subdomains and represents the overall executive functioning in daily 
life. Continuous T-scores of the BRI, MI and GEC were used in statistical analyses. 
For descriptive purposes the following distinctions were used: participants have 
normal executive functions when T-scores are below 50. A T-score between 50 and 
65 is considered increased or borderline, and a T-score above 65 indicates clinical 
significance (clinical range).

Second, the Adult Self-Report (ASR) of the Achenbach System of Empirically 
Based Assessment (Achenbach & Rescorla, 2003) measured mental health problems. 
It is a norm-referenced questionnaire consisting of 102 items (with 3-point rating 
scales) suitable for adults. Six DSM-IV-oriented scales are provided: Depressive 
problems, Anxiety problems, Somatic problems, Avoidant Personality problems, 
Attention Deficit/Hyperactivity problems, and Antisocial Personality problems. 
Next to these subscales, the overall internalizing, externalizing and total problem 
score were also used. For the three overall scales, a score below 60 is considered 
normal, scores between 60-64 are in the borderline range, and scores above 64 are in 
the clinical range. Thus, higher scores represent more mental health problems.
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statistical analyses
IBM SPSS Statistics 22nd version was used for statistical analyses. Associations 
between executive functioning and executive motor control at T1 and T2, and 
mental health at T2 on the one hand and several indicators of metabolic control on 
the other (conPhe at T2, IDC1, IDC2, IDC difference score, Phe 0-12 years, 13-17 
years and ≥18 years) were investigated using one-tailed Pearson correlations and 
partial correlations to control for Phe0-12y. Repeated measures analyses of variance 
were used to compare the ‘low-high’ groups at T1 and T2 on performance of the 
ANT-tasks measuring executive functioning and executive motor control. Z-scores 
of the executive function measures at T1 and T2, calculated using age-appropriate 
performance scores from healthy controls in the PKU-COBESO study as norm 
reference, were used as dependent variables, where a low or negative Z-score 
indicated a better performance. Independent samples T-tests were conducted for 
comparisons of the ‘low-high’ groups on BRIEF and ASR scores at T2.

ResulTs

Metabolic outcome
Twenty-one patients (31% of the original cohort; 6 male, 15 female) completed 
neuropsychological assessment at two time points. The remaining 69% of the original 
cohort was lost to follow up (patients were not under treatment anymore and/or 
were out of sight from physicians, n=40) or were not willing to participate (n=6), 
usually due to time constraints. IDC at T1 did not significantly differ between the 21 
versus 46 patients (t(62)=1.1, p=0.29), but conPhe at T1 was higher for the 69% that 
was lost (t(49)=2.0, p=0.027).

For those 21 patients who participated at T2, mean age at T1 was 10.4 years 
(SD = 2.0) and 25.8 years (SD = 2.3) at T2 (see Table I for descriptive statistics). 
Concerning the biochemical phenotype, four patients were classified as having 
hyperphenylalaninemia (HPA), eight as mild PKU and nine had classical PKU based 
on their diagnostic/pre-treatment Phe concentration. Mean conPhe at T1 was 346 
μmol/L (SD = 204) while at T2 this was 719 μmol/L (SD = 351). Mean IDC at T1 was 
312 μmol/L (SD = 96) and IDC at T2 was 464 μmol/L (SD = 138). Phe levels between 
0-12 years, between 13-17 and ≥18 years are reported in Table I. Correlations between 
Phe variables are displayed in Table II. Phe concentrations significantly increased 
with age, as shown with repeated measures including Phe 0-12 years, 13-17 years 
and ≥18 years (Wilks’Λ=0.35, F(2,19)=17.30, p<0.001, η²p=0.65). Within T1 and within 
T2, age did not significantly correlate with Phe. At T1, BH4 was not yet prescribed in 



89

  Long-term follow-up of cognition and mental health in adult PKU

5

the Netherlands; at T2, five patients used BH4 doses up to 20 mg/kg with a max of 
1400 mg/day.

Regarding the ‘low-high’ groups, three patients were allocated to the ‘low-
low’ group (mean Phe<360 μmol/L when 0-12 years and from age 13 onwards), 
11 patients were in the ‘low-high’ group (Phe<360 μmol/L until age 12 and ≥360 
μmol/L from age 13) and seven patients were in the ‘high-high’ group (Phe≥360 
μmol/L in childhood and onwards). No patient had high values as a child and low 
values as an adult. Descriptive statistics and metabolic measurements for these 
groups are displayed in Table I. Because the first group was too small, only the ‘low-
high’ and ‘high-high’ groups were included in group-based statistical analyses. The 
socio-economic status, i.e. education and yearly income, of these two groups were 
similar, respectively χ2 =3.1, p=0.37 and χ2 =1.7, p=0.89.

Participant characteristics: relationships, education, occupation, 
income
Sixteen out of 21 patients (76%) had a (long-term, romantic) relationship, 13 had 
two or more (long-term, romantic) relationships in the past. All patients completed 
high school. Eight patients (38%) followed or completed higher vocational education 
and six patients (29%) completed higher education (bachelor’s or master’s degree), 
which is comparable to the healthy Dutch population, according to the Dutch Central 
Bureau for Statistics (CBS, 2016a). All patients had an occupation at T2, working 
12-40 hours per week. Seven patients (33%) had a higher than average income and 
twelve out of 21 (57%) were house owners of private property, similar to the Dutch 
population (CBS, 2016b).

Associations between metabolic control, executive functioning and 
mental health
Regarding inhibitory control/interference suppression (FL-task), partial correlations 
(controlling for Phe0-12y) showed that Phe13-17y, the IDC difference score and 
IDC2 were significantly associated with percentage errors at T2 (see Table IIIa for 
associations between Phe and ANT-tasks). The positive correlation between the IDC 
difference score and error percentage indicated that with a larger increase in Phe 
between childhood and adulthood, poorer performance was observed at T2.

Inhibition of prepotent responding (SSV-task) was not associated with any of 
the Phe indices. When measuring cognitive flexibility, percentage errors at T2 was 
significantly correlated with Phe13-17y while the correlation with the IDC difference 
score just failed to reach significance after controlling for Phe0-12y. RT at T2 was 
associated with IDC1 and with Phe0-12y.
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Table IIIa Partial correlations (Pearson, 1-tailed) between Phe and AnT

   r p

Flanker - Inhibitory control/interference suppression   

  % errors T2 Phe 13-17y 0.578 0.004

  IDC difference 0.533 0.008

  IDC T2 0.436 0.027

Shifting Attentional Set-Visual - Cognitive flexibility   

  % errors T2 IDC difference 0.393 0.053

  Phe 13-17y 0.426 0.039

  IDC T2 0.354 0.075

  RT T2 IDC T1 0.446 0.028

  Phe 0-12y 0.429 0.033

Pursuit - Executive motor control   

  Mean deviation T2 IDC T1 0.490 0.012

  Phe 0-12y 0.404 0.035

  Standard deviation T2 IDC T1 0.550 0.005

  Phe 0-12y 0.515 0.008

     

Note: only significant correlations and (non-significant) trends shown. 
IDC = Index of Dietary Control; T1 = time point 1 in childhood; T2 = time point 2 in adulthood

Regarding executive motor control (PU-task), IDC1 and Phe0-12y were 
significantly related to accuracy and stability of executive motor control at T2. These 
correlations indicated that high Phe in childhood were related to poorer executive 
motor control in adulthood.

The Behavioral Regulation Index of the BRIEF-A (only measured at T2) was 
significantly associated with IDC1, Phe0-12y and IDC2 (see Table IIIb for correlations 
between Phe and questionnaires). When controlling for Phe0-12y, the correlation 
with IDC2 became non-significant. The Global Executive Composite was also related 
to Phe0-12y. These results demonstrate that childhood Phe is important for executive 
functioning in daily adult life.

With respect to mental health at T2, Depressive problems were related to Phe0-
12y and to IDC2. Somatic problems had a significant relation with IDC1, Phe0-12y 
and IDC2. IDC1 and Phe0-12y were associated with Attention Deficit/Hyperactivity 
problems. Antisocial Personality problems were related to IDC1, Phe0-12y, Phe≥18y 
and IDC2. Overall internalizing problems were associated with IDC1 and Phe0-12y. 
The externalizing problem scale was related to IDC1, Phe0-12y and IDC2. However, 
when controlling for Phe0-12y, the correlations with Phe indices after childhood 
became non-significant. Finally, the overall total problem scale was again associated 
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with IDC1 and Phe0-12y. The IDC difference score was not significantly related to 
the ASR scores.

Comparison ‘low-high’ and ‘high-high’ groups
For inhibitory control/interference suppression (FL-task), repeated measures 
analyses of variance did not show significant effects for time or group. Also there was 
no interaction effect. On the SSV-task, there were no significant effects for inhibition 
of prepotent responding. Concerning cognitive flexibility, the ‘low-high’ group was 
significantly faster than the ‘high-high’ group at both time points (F(1,15)=8.0, p=0.013, 
n2

p=0.349) (see Figure 1). Although descriptive statistics showed better Z-scores on 
cognitive flexibility for all patients at T2 compared to the age-appropriate norm, time 
and interaction effects were not significant. For executive motor control (PU-task) 
there was a significant effect for time. All participants improved over time compared 
to the age-appropriate norm: they had a more accurate (F(1,16)=5.5, p=0.033, 
n2

p=0.255) and stable (F(1,16)=4.5, p=0.050, n2
p=0.219) executive motor control at T2. 

Also the group effect was significant for stability of movement: the ‘low-high’ group 
had a more stable executive motor control than the ‘high-high’ group (F(1,16)=5.6, 
p=0.031, n2

p=0.259) (see Figure 2).
Regarding the BRIEF scales on executive functioning in daily life, there were 

no statistically significant differences between the ‘low-high’ (n=11) and ‘high-high’ 
(n=7) groups. Finally, with respect to mental health as measured by the ASR scales, the 
‘high-high’ group reported significantly more Somatic problems than the ‘low-high’ 
group (t(14)=-3.8, p=0.002). When examining the descriptive statistics, two patients 
from the ‘low-high’ group (18%), scored in the borderline range of the internalizing 
scale and had a lifetime Phe of 420 and 514 µmol/L respectively. Two patients (29%) 
from the ‘high-high’ group were in the clinical range with lifetime Phe of 446 and 
678 µmol/L. The latter patient with the highest Phe also scored in the clinical range 
of the externalizing and overall total problem scale. This patient also scored in the 
clinical range of the BRIEF. The patients in the normal range had similar lifetime and 
childhood Phe as those in the borderline and clinical range.
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Table IIIb Partial correlations (Pearson, 1-tailed) between Phe and behaviour ratings

IDC T1  IDC T2  Phe 0-12y  Phe 13-17y  Phe ≥18y

r p  r p  r p  r p  r p

BRIEF-A               

  Behavioural Regulation 
Index

0.454 0.025  0.415 0.039  0.501 0.014  0.173 0.239  0.288 0.116

  Global Executive 
Composite

0.329 0.084  0.361 0.064  0.397 0.046  0.233 0.168  0.264 0.138

ASR               

  Depressive problems 0.346 0.073  0.402 0.044  0.456 0.025  0.322 0.090  0.266 0.135

  Anxiety problems 0.255 0.146  0.213 0.191  0.289 0.115  0.151 0.268  0.076 0.378

  Somatic problems 0.609 0.003  0.451 0.026  0.721 0.000  0.247 0.153  0.226 0.177

  Avoidant Personality 
problems

0.383 0.053  -0.038 0.439  0.349 0.072  -0.230 0.172  -0.134 0.292

  Attention Deficit/
Hyperactivity problems

0.567 0.006  0.351 0.070  0.572 0.005  0.169 0.244  0.211 0.193

  Antisocial Personality 
problems

0.545 0.008  0.488 0.017  0.496 0.015  0.182 0.277  0.398 0.046

                

  Internalizing problems 0.512 0.012  0.130 0.298  0.568 0.006  0.007 0.488  -0.096 0.347

  Externalizing problems 0.586 0.004  0.538 0.009  0.619 0.002  0.348 0.072  0.368 0.060

  Total score 0.524 0.011  0.342 0.074  0.593 0.004  0.174 0.238  0.162 0.254

IDC = Index of Dietary Control; T1 = time point 1 in childhood; T2 = time point 2 in adulthood; 
BRIEF-A = Behavior Rating Inventory of Executive Function-Adult version; ASR = Adult Self-Report
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Fig. 1  Reaction time of Cognitive flexibility. Group effect was significant: at both time points the low-high 
group performed faster than the high-high group. 

Fig. 1 reaction time of Cognitive flexibility. Group effect was significant: at both time points the 
low-high group performed faster than the high-high group.
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Fig. 2  Executive motor control: Accuracy and stability of movement. Time effect was significant for accuracy 
and stability: all participants improved over time. Group effect was significant for stability only: the low-high 
group had a more stable executive motor control than the high-high group. 

Fig. 2 executive motor control: Accuracy and stability of movement. Time effect was significant 
for accuracy and stability: all participants improved over time. Group effect was significant for 
stability only: the low-high group had a more stable executive motor control than the high-high 
group.

dIsCussIon

The present study provided evidence for long-term effects of elevated childhood 
Phe on cognitive functioning and mental health during adulthood, although 
specifically for a number of cognitive indices more recent Phe levels  (particularly 
Phe level between 13 and 17 years of age) were also associated with outcome, even 
after controlling for childhood Phe. Results confirmed that Phe levels increase with 
age. Phe levels increased in adolescence and were the highest in adulthood. This is 
consistent with results of previous studies (e.g. Walter et al., 2002; Walter & White, 
2004) and may be due to the fact that recommended treatment targets are higher 
in adolescence and adulthood compared to childhood (Blau et al., 2010; Weglage 
et al., 2013). A larger increase from childhood to adult Phe levels was associated 
with poorer EF (inhibitory control/interference suppression and cognitive flexibility 
measured with the ANT) during adulthood.

Examining the changes in outcome between childhood and adulthood showed 
that executive motor function improved over time for PKU patients relative to the 
norm reference of healthy controls, whereas this was not observed for inhibitory 
control and cognitive flexibility. These last results are in line with findings from 
the study of Weglage et al. (2013), who concluded that in 5 years’ time cognitive 
performance of adult patients remained stable, despite an increase in Phe levels. 
The present study showed that such stability of relative deficits apparently extends 
over a period of 10-15 years. In line with findings from Nardecchia et al. (2015) we 
showed a significant improvement relative to healthy controls in executive motor 
control between childhood/adolescence and adulthood. Nardecchia et al. (2015) 
reported relative improvements for other cognitive domains as well, incorporating 
a period between test occasions that was almost as long as ours, but in a sample that 
was smaller than ours. Differences may be related to measurement tools and sample 
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characteristics. Our sample, for instance, consisted predominantly of patients at the 
higher end of the socio-economic status spectrum. Moreover, the 21 patients with T2 
assessments did not differ significantly from healthy controls at T1 on the FI- and 
SSV-tasks, which is in contrast with findings reported for the entire PKU sample at 
T1 (Huijbregts et al., 2002; Huijbregts et al., 2002).

An explanation for the stability or improvement of cognition among PKU 
patients in both studies might lie in good (or good enough) treatment compliance 
and subsequent low Phe levels after childhood. The fact that the mean Index of 
Dietary Control at T2 (or lifetime Phe level) was 464 µmol/L, with a range of 276 
-743 µmol/L seems to support this notion. Despite the fact that Phe levels increased 
after childhood, these may still have been sufficiently low to allow patients to 
‘close’ the gap with their healthy counterparts or at least not worsen compared to 
them. Considering this indicator of metabolic control, further patient characteristics 
(e.g. on education, employment, and romantic relationships) and the fact that this 
selection of patients did not differ from controls at T1, it cannot be ruled out either 
that our findings (and those of Nardecchia et al. (2015) and Weglage et al. (2013)), are 
positively biased and that this bias extends to domains beyond metabolic control.

Relatively good cognitive and psychosocial development of individuals with 
PKU over longer periods of time may depend upon their childhood Phe levels. 
Unfortunately, this could not be comprehensively studied by Nardecchia et al. (2015) 
who only used Phe from the first four years of life as covariate for the negative 
association between lifetime Phe and executive functioning whilst critical periods 
for EF-development are known to occur beyond the age of four (Huijbregts et al., 
2002). This is particularly unfortunate as we found evidence for the importance 
of childhood Phe levels (i.e. between 0 and 12 years) with two different statistical 
approaches. First, we investigated whether Phe levels from different developmental 
stages were differentially associated with our neurocognitive and mental health 
outcome measures. Results showed that generally childhood Phe (as measured by 
IDC at T1 or Phe between 0-12 years) was solely or more strongly associated with the 
outcome measures at T2 (i.e. in adulthood). With two exceptions regarding higher-
order executive functioning (which is known to continue development in the second 
decade of life), associations with post-childhood Phe levels were non-significant after 
controlling for childhood Phe. Second, we created groups of PKU patients based 
on Phe levels during childhood and thereafter, and compared outcomes during 
adulthood. As a cut-off for group assignment we took a Phe level of 360 μmol/L, 
which is the recommended upper target Phe level worldwide for children up to the 
age of 12 (van Spronsen et al., 2017; Vockley et al., 2014), and, in the USA, also for 
the period thereafter (Vockley et al., 2014). As there were no patients going from 
high levels during childhood to low levels during adolescence and beyond, and only 
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three patients in the ‘low-low’ group, we compared two groups: the ‘low-high’ group 
(Phe<360 μmol/L until age 12 and ≥360 μmol/L from age 13) and the ‘high-high’ 
group (Phe≥360 μmol/L throughout life). The ‘low-high’ group performed better on 
a number of tasks than the ‘high-high’ group (specifically with respect to cognitive 
flexibility and executive motor control) and also had better mental health outcomes 
as adults. These findings suggest that those patients who had low Phe in childhood 
had better outcome in adulthood than those who already had high Phe in their first 
12 years of life.

In our study, adult mental health problems were also exclusively (or most 
strongly) related to elevated Phe in childhood. Phe between 0-12 years was related 
to Depressive, Somatic, Attention Deficit/Hyperactivity, Antisocial Personality 
problems, and the overall internalizing, externalizing and total problem scale. 
Associations between mental health problems and later Phe indices were no longer 
significant after controlling for childhood Phe. Brumm, Bilder, & Waisbren (2010) 
demonstrated a relationship between severity of behavioural symptoms and timing 
and degree of exposure to Phe. They concluded that children with high Phe in earlier 
years were more likely to be affected and had more severe mental health problems. 
Our results are consistent with their finding.

As noted, the most important limitation of our study is that it seems that 
our sample was positively biased and therefore not entirely representative of the 
“average” adult PKU patient. With the unavailability of a large proportion of 
patients who had participated as a child, we also had a small sample size, which 
would make certain comparisons unreliable (e.g. between BH4 users and non-users, 
or a group-based analysis including the “low-low” group). Whereas considering the 
rarity of PKU the sample size is still acceptable and comparable to other studies 
using a follow-up design in PKU, future studies should seek for ways or strategies 
to enhance more comprehensive inclusion of patients. A different type of limitation 
lies in the choice of Phe levels to represent metabolic control in different stages of 
development. As noted, we used 0-12y years, 13-17 years, ≥18 years, to differentiate 
between different developmental stages. However, the exact age ranges representing 
different developmental (and possibly critical) stages for cognitive and psychosocial 
development are unknown. Whereas we made informed choices and examined Phe 
levels during different time windows as well (for example: the average Phe level 
between IDC at T1 and IDC at T2, which had a correlation of approximately r = 0.9 
with Phe13-17y and similar correlations as Phe13-17y with outcome measures), more 
general knowledge on developmental milestones (or critical developmental stages) 
for EF and psychosocial functioning would be very helpful in this respect.

In summary, our study showed that executive functioning in PKU patients 
is mostly stable over time from childhood into young adulthood, with some 
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improvements relative to controls observed as well. Furthermore, long-term effects 
of elevated childhood Phe on cognitive and mental health outcome later in life 
were observed, supporting the notion that childhood Phe should be below the 
recommended treatment target of 360 µmol/L for better outcome in adulthood. 
Although the influence of childhood Phe levels was generally the strongest, the 
extent of the increase in Phe levels after childhood and Phe levels between 13 and 
17 years of age were also related to some aspects of adult EF. With regard to this, 
we cannot entirely rule out the influence of later Phe levels as participants were 
almost exclusively characterized by good metabolic control from birth onwards and 
had grown up in social and socio-economic environments that may be considered 
protective or beneficial for cognitive and psychosocial development.
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ABsTRACT

objective. Early treatment of phenylketonuria (ET-PKU) prevents mental retardation, 
but many patients still show cognitive and mood problems. In this study, it was 
investigated whether ET-PKU patients have specific phenylalanine (Phe-)related 
problems with respect to social-cognitive functioning and social skills.

Methods. Ninety-five PKU patients (mean age 21.6 ± 10.2 years) and 95 healthy 
controls (mean age 19.6 ± 8.7 years) were compared on performance of computerized 
and paper-and-pencil tasks measuring social-cognitive abilities and on parent- and 
self-reported social skills, using multivariate analyses of variance, and controlling 
for general cognitive ability (IQ estimate). Further comparisons were made 
between patients using tetrahydrobiopterin (BH4, n = 30) and patients not using 
BH4. Associations with Phe levels on the day of testing, during childhood, during 
adolescence and throughout life were examined.

Results. PKU patients showed poorer social-cognitive functioning and reportedly 
had poorer social skills than controls (regardless of general cognitive abilities). 
Quality of social-cognitive functioning was negatively related to recent Phe levels 
and Phe levels between 8 and 12 years for adolescents with PKU. Quality of social 
skills was negatively related to lifetime phenylalanine levels in adult patients, and 
specifically to Phe levels between 0 and 7, and between 8 and 12 years. There were no 
differences with respect to social outcome measures between the BH4 and non-BH4 
groups.

Conclusion. PKU patients have Phe-related difficulties with social-cognitive 
functioning and social skills. Problems seem to be more evident among adolescents 
and adults with PKU. High Phe levels during childhood and early adolescence seem 
to be of greater influence than current and recent Phe levels for these patients.
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InTRoduCTIon

In phenylketonuria (PKU; OMIM 212600), the brain dysfunction is, at least in 
part, considered to be the result of dopamine and serotonin deficiency (Blau, van 
Spronsen, & Levy, 2010). Dopamine depletion has repeatedly been related to deficits 
in executive function (EF), which is the most frequently reported cognitive deficit in 
ET-PKU (Christ, Huijbregts, de Sonneville, & White, 2010), but also with impairments 
in social cognition (Skuse & Gallagher, 2009). Decrease of serotonin activity has also 
been associated with (orbitofrontal cortex-mediated) EF problems (Gellynck et al., 
2013), deficits in social cognition and social behaviour, and with mood disorders 
(Kiser, Steemers, Branchi, & Homberg, 2012; Lesch & Waider, 2012). Whereas a Phe-
restricted diet with amino acid supplements is still the most widely-used treatment 
strategy for PKU, a subgroup of patients benefits (at least with respect to keeping 
Phe levels in the lower ranges) from the use of tetrahydrobiopterin (BH4), which 
is a co-factor of the deficient enzyme phenylalanine hydroxylase (PAH). In many 
patients Phe levels clearly rise after childhood, which, in turn, may affect dopamine 
and serotonin levels (MacDonald et al, 2010; Trefz et al, 2011). Higher Phe levels are 
permitted in many national guidelines, and it is not yet fully clear what the upper 
target Phe levels should be in adolescence and adulthood in relation to cognitive 
ability, social and behavioural functioning, necessitating more research in these age 
groups.

Social cognition involves all mental processes that underlie social interactions 
and comprises the ability to perceive, to interpret and to respond appropriately to 
social cues. Basic social-cognitive skills include face recognition, emotion recognition 
and Theory of Mind (ToM), i.e. the ability to attribute and understand thoughts, 
feelings and intentions to/of other people (Hughes & Leekam, 2004). Although 
social cognition and social functioning have not yet been studied extensively in PKU, 
it seems likely that the consistently reported EF problems (Christ et al., 2010) extend 
to these domains, because of shared underlying neurobiology and neuro-anatomy 
(Arnsten & Rubia, 2012; Heinz, Beck, Meyer-Lindenberg, Sterzer, & Heinz, 2011; 
Murphy, Smith, Cowen, Robbins, & Sahakian, 2002). Also, several mental health 
problems, characterized by social (-cognitive) impairments, such as mood swings 
and depression, have been observed in PKU (Anjema et al., 2011; Jahja et al., 2013; 
ten Hoedt et al., 2011). In PKU a lack of autonomy and a low rate of forming normal 
adult relationships have been observed, although among early- and well-treated 
patients, such problems seem quite rare (Bosch et al., 2007; Simon et al., 2008).

The goal of the present study was to investigate social cognition and social 
skills of PKU patients in relation to metabolic control, i.e. historical and concurrent 
Phe. As adherence is increasingly difficult with age, and because social demands 
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increase from adolescence onwards, we hypothesized that problems would become 
more serious with increasing age, being the most severe in adults with PKU.

It was further expected that, in concordance with well-documented Phe-EF/
IQ associations (Huijbregts et al., 2002; Waisbren et al., 2007), problems with social 
cognition and social skills would be related to both historical and concurrent Phe, 
with somewhat stronger associations for historical Phe levels.

meTHOD

Participants
The PKU group consisted of 95 patients (41 males, 54 females, mean age 21.6 ± 10.2 
years, range 7.0-42.8 years). All patients were born in or after 1974, when neonatal 
screening was introduced in The Netherlands, and were treated since diagnosis early 
after birth. All patients paid regular follow-up visits to one of six Dutch university 
medical centres (and were treated according to National Instituted of Health (NIH) 
guidelines, published in 2000). The healthy matched control group included 95 
subjects (30 males, 65 females, mean age 19.6 ± 8.7 years, range 7.2-40.8 years). Seven 
controls were siblings or cousins of the patients. The PKU and control groups did 
not differ significantly in age and gender distribution (Table 1). No differences were 
observed regarding SES-related measures (e.g. mean family income or achieved 
education levels) either. Although in the normal range, the PKU group had a lower 
IQ (101 ± 12) than controls (108 ± 13): t(186) = 3.8, p < 0.001.

Blood samples were taken from the patients preprandially at home on the day 
of neuropsychological testing, which took place at the patients’ clinics. Historical 
Phe levels were collected from hospital databases. Lifetime Phe was calculated as 
the mean of half-year median Phe levels, from birth until the day of testing. Also, 
Phe levels between 0-7, 8-12, 13-17 and ≥18 years were calculated when applicable, 
to gain more insight into Phe levels during particular developmental stages. PKU 
patients had a mean concurrent Phe level of 556 ± 328 μmol/L. Mean lifetime Phe 
was 399 ± 154 μmol/L (n = 92; lifetime Phe of three patients was for the larger part 
incomplete and could therefore not be calculated) (Table 1). Concurrent and lifetime 
Phe were correlated with each other (r = 0.67, p < 0.001). Age was significantly related 
to concurrent (r = 0.37, p < 0.001) and lifetime Phe (r = 0.55, p < 0.001), indicating 
higher Phe levels for older patients. Historical Phe levels between 0 and 7 years were 
higher for adults with PKU than for children and adolescents with PKU (F(2,88) = 
3.2, p = 0.046).
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Thirty patients used tetrahydrobiopterin (BH4) doses up to 20 mg/kg with a 

maximum of 1400 mg/day. The BH4 group was younger (mean age 15.8 ± 8.5 years) 
than the non-BH4 group (mean age 24.4 ± 9.9 years): t(65) = 4.4, p < 0.001. Lifetime 
(t(90) = 6.3, p < 0.001) and concurrent Phe (t(90) = 5.0, p < 0.001) were lower for the 
BH4 group.

Instruments
Children performed three tasks to measure social-cognitive abilities; adolescents 
and adults performed four tasks. In order to assess social skills, for children and 
adolescents the Social Skills Rating System (SSRS; Gresham & Elliot, 1990) was 
filled out by parents, whereas adults filled out the Social Skills Checklist-Self Report 
(SSC-SR; Novotni, 2000). Subtests Vocabulary and Block Design from the Wechsler 
Intelligence Scale for Children (WISC-III; Wechsler, 1991) or the Wechsler Adult 
Intelligence Scale (WAIS-III; Wechsler, 1997) were used to estimate verbal and 
performance IQ.

Two tasks were performed by all participants: the computerized Face 
Recognition and (FR) and Identification of Facial Emotions (IFE) tasks from the 
Amsterdam Neuropsychological Tasks (ANT; De Sonneville, 2014). FR examines 

Table 1 descriptive statistics for PKu and control group, per age group

 
 

PKU  
< 12 years  

 

Controls  
< 12 years  

 

PKU  
12-17 years  

 

Controls  
12-17 years  

 

PKU  
≥ 18 years  

 

Controls  
≥ 18 years

(n = 26) (n = 27) (n = 13) (n = 15) (n = 56) (n = 53)

Gender  
(male:female)

11:15  12:15  5:8  4:11  25:31  14:39

Age 9.3 ± 1.6  
(7.0 - 12.0)

 9.3 ± 1.4  
(7.2 - 11.6)

 15.3 ± 1.7  
(12.8 - 17.5)

 15.1 ± 1.6  
(12.8 - 17.9)

 28.9 ± 6.5  
(18.7 - 42.8)

 26.0 ± 5.8  
(18.1 - 40.8)

Concurrent Phe 350 ± 202  
(153 - 944)

   531 ± 311  
(130 - 1250)

   657 ± 336  
(66 - 1550)

  

Lifetime Phe 297 ± 74  
(199 - 490)

   326 ± 125  
(212 - 707)

   467 ± 156  
(230 - 882)1

  

            

Lifetime Phe  
0-7 years

279 ± 72  
(158 - 445)

   257 ± 96  
(185 - 522)

   340 ± 158  
(175 - 1048)4

  

Lifetime Phe  
8-12 years

336 ± 93  
(207 - 612)2

   309 ± 134  
(194 - 717)

   371 ± 178  
(165 - 1130)5

  

Lifetime Phe  
13-17 years

    509 ± 188  
(303 - 914)3

   505 ± 240  
(222 - 1079)5

  

Lifetime Phe  
>18 years

        617 ± 251  
(226 - 1173)5

  

1 n = 53. Three incomplete lifetime Phe; 2 n = 21; 3 n = 11; 4 n= 52; 5 n = 53
Values are in mean ± SD (range)
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how fast and how well participants are able to recognize neutral faces and consists 
of three parts (40 trials each): faces were presented from the front, ‘en profile’, and 
upside down. Each trial is preceded by a target face, after which participants have 
to decide whether the subsequent signal, containing four faces, includes the target 
face. In the IFE, participants identify facial emotions as quickly and accurately as 
possible. The task has four parts (40 trials each), where consecutively happy, sad, 
angry and frightened faces have to be identified. The mean of age-corrected z-scores 
for accuracy and RT on the FR and IFE was calculated, and converted so that a higher 
score indicated a better performance, leading to one overall z-score representing 
social cognition as measured by computerized tasks.

One task was performed only by children up to the age of 12. This paper-and-
pencil (P&P) task, the Social Cognitive Skills Test (Van Manen, Prins, & Emmelkamp, 
2007), examines ToM skills. The task consists of seven stories with associated 
pictures. After each story, questions were asked representing eight aspects of ToM, 
leading to a total score with four levels. The standardized total score was used as 
dependent variable. A high score indicates better ToM. Two tasks were performed 
only by adolescents and adults. These P&P tasks, the Faux-Pas Recognition Test 
(FPT; Baron-Cohen, O’Riordan, Stone, Jones, & Plaisted, 1999) and the Reading the 
Mind in the Eyes (RME) task (Baron-Cohen, Wheelwright, Hill, Raste, & Plumb, 
2001) measure ToM. FPT measures how one interprets social situations that are 
potentially awkward (‘faux pas’). It consists of five stories containing a faux pas and 
four control stories, followed by questions about the social occurrence in the story. 
A higher score indicates a better ability to interpret social situations. This score was 
again standardized for statistical analyses. RME measures how well mental states of 
others are understood based solely on information from the eyes. The test consists of 
36 photographs of eye regions of individuals, of which participants have to identify 
the best fitting emotion from four possible answers. A higher (standardized) score 
indicates a better ability to recognize emotions. Mean z-score for accuracy of the 
three P&P tasks was used in statistical analyses.

Regarding the questionnaires, the SSRS consists of 38 items, measuring social 
skills on four different dimensions (cooperation, assertiveness, responsibility and 
self-control), thereby using 3-point rating scales. Higher scores represent better 
social skills. The SSC consists of 81 items, measuring social skills on eight different 
dimensions (basic manners, nonverbal and verbal communication, communication 
roadblocks, organizational skills, self-control, knowledge, relationships, and 
self-care), using 3-point rating scales. Higher scores indicate better social skills. 
Standardized mean score for the SSRS and SSC-SR was used to represent the level of 
social skilfulness.
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data analyses
As noted, standardized scores, calculated separately for the computerized tasks, 
P&P tasks and questionnaires were used in statistical analyses (performed with IBM 
SPSS Statistics 22nd version). For all measurements, higher z-scores indicated better 
performance on the social cognition tasks or better social skills.

General Linear Model (GLM) multivariate analyses of variance were conducted 
for all participants, then separately for participants <12 years, 12-17 years and ≥18 
years. Within the separate age group analyses further statistical control for age was 
exerted (by including it as a covariate) when applicable, as within each age group 
developmental influences may still be present. Social cognition-computerized, social 
cognition-P&P and social skills (all z-scores) were used as dependent variables. 
Analyses were repeated with IQ as a covariate. Comparisons between BH4 treated 
and non-BH4 treated patients were also made using t-tests. Associations between 
social outcomes and lifetime/concurrent Phe were investigated using Pearson’s 
correlations.

ResulTs

Table 2 shows scores on tasks and questionnaires. Performance on the computerized 
tasks was related to performance on the P&P (r = 0.48, p < 0.001). There were no 
significant associations between task performance and scores on the questionnaires, 
indicating they measure different constructs, i.e. social cognition versus social skills. 
Higher IQ was significantly correlated with performance on the computerized tasks 
(r = 0.35, p < 0.001) and P&P (r = 0.51, p < 0.001).

MAnoVAs PKu versus controls
All ages – The multivariate effect showed that there was a significant 

difference between patients and controls: F(3,185) = 9.70, p < 0.001, η²p = 0.14. On all 
measurements, controls outperformed or scored better than PKU patients (Figure 1, 
Table 3). When age was included as a second independent variable (<12 versus 12-17 
versus ≥18 years), the group effect remained significant: F(3,181) = 7.58, p < 0.001, 
η²p = 0.11. No significant interaction effects between age and group were found, 
indicating that the multivariate group differences were the result of differences 
between patients and controls in all age groups. After including IQ as a covariate, 
significant group differences remained for social cognition as measured by P&P tests 
and social skills. A comparison between BH4 and non-BH4 users, controlling for age, 
did not show significant differences. As the lack of group by age interactions may 
have been due to decreasing statistical power by adding a variable with three levels 
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(<12 versus 12-17 versus ≥18 years) or to the fact that cut-offs for developmental 
stages simply do not lie exactly at 12 and 18 years, we were interested in the results 
for separate age groups. Repeating the analyses for the separate age groups resulted 
in the following:

Children, age <12 years – There were no differences regarding the multivariate 
effect or any of the univariate effects (Table 3), indicating that PKU patients and 
controls under the age of 12 scored equally well on the social cognition tasks and on 
the questionnaire assessing social skills. When including age or IQ as a covariate, 
results remained similar.

 1 

 

 

 

ANT = Amsterdam Neuropsychological Tasks; P&P = paper-and-pencil tasks; Q = questionnaires 
*p<0.05 **p<0.01 ***p<0.001 +p<0.10 
 

Fig. 1  Outcome per age group on social measures for PKU and control group (higher z-scores indicate better outcomes) 
 
 

fig. 1 outcome per age group on social measures for PKu and control group (higher z-scores 
indicate better outcomes)
ANT = Amsterdam Neuropsychological Tasks; P&P = paper-and-pencil tasks; Q = questionnaires
*p<0.05 **p<0.01 ***p<0.001 +p<0.10



Chapter 6

112

Adolescents, age 12-17 years – The multivariate effect for adolescents was 
F(3,24) = 6.33, p = 0.003, η²p = 0.44. There was a significant difference between the 
adolescent PKU and control groups on P&P and a trend for social skills (Table 3), 
which was irrespective of age and IQ.

Adults, age ≥18 years – The multivariate effect was F(3,105) = 6.82, p < 0.001, η²p 
= 0.16. PKU adults performed worse than controls on all social measures (Table 3). 
However, when including age as covariate, only the differences regarding P&P and 
social skills remained significant. When IQ was taken into account, there was only 
a significant group difference for social skills and a trend for P&P. Nonetheless, the 
multivariate group effect remained significant after including age and IQ.

Associations between metabolic control and social outcomes
All ages – Higher lifetime Phe was significantly related to poorer social skills (r 

= -0.19, p = 0.036). Concurrent Phe was not significantly related to any of the outcome 
measures. Controlling for age or IQ did not alter these associations. Within the BH4 
group, the relationship between lifetime Phe and social skills was not significant. 
Examining lifetime Phe in more detail per age group (<12, 13-17, ≥18 years) gave the 
following results:

Children, age <12 years – No significant associations between social 
measurements and lifetime and concurrent Phe were observed.

Adolescents, age 12-17 years – Significant associations between P&P and Phe 
between 8 and 12 years (r = -0.52, p = 0.033), and between 13-17 years (r = -0.51, p = 
0.055) were present. There were no significant associations with concurrent Phe.

Adults, age ≥18 years – Lifetime Phe and social skills were significantly 
related (r = -0.26, p = 0.031). Specifically, social skilfulness was correlated with Phe 
between 0 and 7 years (r = -0.28, p = 0.022), between 8 and 12 years (r = -0.24, p 
= 0.041) and (almost significantly) between 13 and 17 years (r = -0.21, p = 0.064). 
Partial correlations with age as a covariate showed similar results. No significant 
associations with concurrent Phe were observed.
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Table 3 statistical overview MAnoVAs for PKu versus controls

  F df η²p

All ages     

 ANT 6.07* 1,187 0.031

 P&P 14.95*** 1,187 0.074

 Q 12.92*** 1,187 0.065

Age < 12 years     

 ANT 0.38 1,50 0.008

 P&P 1.40 1,50 0.027

 Q 0.29 1,50 0.006

Age 12-17 years     

 ANT 2.39 1,26 0.084

 P&P 7.19* 1,26 0.217

 Q 3.42+ 1,26 0.116

Age ≥ 18 years     

 ANT 4.42* 1,107 0.040

 P&P 9.12** 1,107 0.079

 Q 13.22*** 1,107 0.110

     

ANT = Amsterdam Neuropsychological Tasks; P&P = paper-and-pencil tasks; Q = questionnaires 
*p<0.05 **p<0.01 ***p<0.001 +p<0.10

dIsCussIon

Adolescents and adults with PKU show impaired social-cognitive functioning. Adult 
patients also report difficulties with social skills compared to controls. Higher lifetime 
rather than concurrent Phe levels were related to poorer social outcomes. Strength of 
effects varied, with larger effect sizes for group differences between adolescent and 
adult patients and their healthy counterparts. The strength of correlations between 
Phe levels during different age periods and social and social-cognitive outcomes 
also varied with moderate-to-large associations for Phe between 0 and 12 years and 
social-cognitive functioning of adolescent patients and social skills of adult patients. 
Despite the fact that it remains difficult to judge the importance of these statistically 
meaningful results, evidence is provided that there are Phe-related problems with 
social-cognitive abilities and social skills in PKU, which, considering their importance 
for several other functional domains and everyday life, should therefore feature in 
treatment and monitoring.
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Phe between 0 and 7 years was higher for the adult patients than for the 
PKU children and adolescents, possibly indicating changes in treatment regimen 
throughout the years. As our results showed that low Phe during childhood and 
early adolescence is important for social functioning later in life, this might indicate 
good news for the current generation of children (and adolescents) with PKU. PKU 
children in the present study generally had Phe levels below the recommended 
upper target levels (360 µmol/L) and there were no differences with healthy controls 
and no associations between Phe levels and social outcomes for this age group. Mean 
lifetime Phe levels were below the upper target limit for adolescents (600 µmol/L) as 
well, but they had poorer social-cognitive abilities than their healthy counterparts. 
These findings could be interpreted as evidence for recommending even lower 
upper target levels throughout childhood or at least adolescence. However, social 
(-cognitive) functioning of PKU patients may be determined by many other factors 
in addition to Phe levels. Considering the additional burden (which might even 
work counterproductively when social functioning is concerned) of an even stricter 
treatment regimen, it would be premature to interpret these results as evidence 
supporting the lowering of upper target Phe levels.

Patients using BH4 had lower lifetime and concurrent Phe, probably partly 
because BH4 responsive patients generally present with milder forms of PKU, and 
partly because of the treatment itself. There were no differences in social outcomes 
between the BH4 and non-BH4 groups. Also, no associations between Phe and social 
measures in the BH4 group were found. Thus, inclusion of patients using BH4 may 
have resulted in fewer-than-expected associations between Phe and social outcomes. 
It is also possible that lowering Phe levels through BH4  simply does not result in 
better social-cognitive abilities and social skills, or only does so in the longer term.

The present study also showed that deficits in social skills were not fully 
explained by impaired general cognitive ability. The possibility still exists that EF is 
a larger contributor to social skills than IQ. As EF problems are the most prominent 
cognitive deficits observed in PKU, future studies should examine associations 
between EF and social outcomes in more detail. Furthermore, factors such as family 
functioning, upbringing by parents (e.g. being overprotected), dietary compliance 
and contents, level of stress experienced either through coping with PKU or through 
other sources (e.g. parental divorce) should be taken into account when investigating 
social functioning in PKU (MacDonald, Gokmen-Ozel, van Rijn, & Burgard, 2010; 
Olsson, Montgomery, & Alm, 2007).

The fact that, for this study, we did not take into account many other factors, 
apart from Phe levels, that might be related to social outcomes may be considered a 
limitation. Another issue that needs to be taken into account is that all patients were 
recruited through treatment centres, which implies that, at least, they were followed 
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up (regardless of how well they adhered to their treatment regimens). Patients 
lost to follow-up may very well show higher Phe levels (as there is no external 
monitoring in place at all) and subsequent poorer social (-cognitive) functioning. 
Thus, in reality, when all patients are considered, group differences and associations 
between social (-cognitive) functioning and Phe could be more pronounced. It may 
also be considered a limitation that we used parent- and self-reports to measure 
social skills. Although it is very difficult to assess social functioning in laboratory 
settings (which generally do not mimic daily life situations very well), it is possible 
that reports partly depended on social metacognition. However, in this respect it is 
noteworthy that group differences regarding social skills remained significant after 
statistical control for general cognitive ability. A further issue that warrants attention 
in future studies is that differential prediction from Phe levels during different age 
periods is complicated by the fact that they are generally related, which could lead 
to multicollinearity. Therefore, in future studies it would be preferable if different 
statistical approaches could be taken, that distinguish developmental patterns or 
trajectories of Phe levels.

The present study demonstrates deficits in core social (-cognitive) abilities. The 
influence of Phe during childhood and early adolescence seems to be important for 
social-cognitive functioning and social skills later in life. Overall, this study showed 
the importance of assessment of social (-cognitive) functioning in PKU patients.
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ABsTRACT

objectives. Despite early and continuous treatment many patients with 
phenylketonuria (PKU) still experience neurocognitive problems. Most problems 
have been observed in the domain of executive functioning (EF). For regular 
monitoring of EF, the use of the Behavior Rating Inventory of Executive Function 
(BRIEF) has been proposed. The aim of this study was to investigate whether the 
BRIEF is indeed a useful screening instrument in monitoring of adults with PKU.

study design. Adult PKU patients (n = 55; mean age 28.3 ± 6.2 years) filled out the 
BRIEF-A (higher scores = poorer EF) and performed computerized tasks measuring 
executive functions (inhibition, cognitive flexibility, and working memory). The 
outcome of the BRIEF-A questionnaire was compared with neurocognitive outcome 
as measured by three tasks from the Amsterdam Neuropsychological Tasks (ANT).

Results. Forty-two percent of the PKU patients scored in the borderline/clinical range 
of the BRIEF-A. Six of the 55 patients (11%) scored >1 SD above the normative mean, 
mostly on the Metacognition Index. With respect to ANT measurements, patients 
mainly showed deficits in inhibitory control (34-36%) and cognitive flexibility 
(31-40%) as compared to the general Dutch population. No significant correlations 
between the two methods were found, which was confirmed with the Bland-Altman 
approach where no agreement between the two methods was observed. Only with 
respect to inhibitory control, patients scored significantly worse on both BRIEF-A 
and ANT classifications. No other associations between classification according to 
the BRIEF-A and classifications according to the ANT tasks were found.

Conclusions. Patients reporting EF problems in daily life are not necessarily those 
that present with core EF deficits. The results of this study suggest that regular self-
administration of the BRIEF-A is not a sufficient way to monitor EF in adult PKU 
patients.
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1. InTRoduCTIon

Phenylketonuria (PKU; OMIM 261600) is an inborn error of phenylalanine 
metabolism (Blau, van Spronsen, & Levy, 2010; van Spronsen, 2010), affecting 
about 1 in 18.000 newborns in The Netherlands (Verkerk, 1995). PKU is caused by a 
mutation within the gene encoding the hepatic enzyme phenylalanine hydroxylase 
(PAH), normally converting phenylalanine (Phe) into tyrosine (Tyr). Biochemically, 
the defect is characterized by increased blood and tissue concentrations of Phe and 
normal to decreased Tyr concentrations.

Untreated PKU is characterized by neurological and behavioural problems, 
such as severe mental retardation, epilepsy, developmental delays, and anxiety 
disorders (de Groot, Hoeksma, Blau, Reijngoud, & van Spronsen, 2010; Smith & 
Knowles, 2000). Outcome is clearly related to blood Phe concentrations (Koch et 
al., 2002; Waisbren et al., 2007). Since the introduction of the neonatal screening for 
PKU in 1974 in The Netherlands, early diagnosis and treatment are feasible and have 
reduced most of the neurological problems (Blau et al., 2010).

Current treatment mainly consists of a Phe-restricted diet reducing the intake 
of natural protein with, in addition, a synthetic amino acid mixture devoid of Phe 
and enriched with Tyr. Some patients benefit from large doses of the natural cofactor 
of PAH by treatment with tetrahydrobiopterin (BH4) (Blau et al., 2010). Even with 
early and continuous treatment and Phe levels within the target range, PKU patients 
still score 4-8 IQ points lower and present with neurocognitive, social, and emotional 
problems compared to the general population (Anastasoaie, Kurzius, Forbes, & 
Waisbren, 2008; Christ, Huijbregts, de Sonneville, & White, 2010; DeRoche & Welsh, 
2008). Most problems in PKU patients have been observed in the domain of executive 
functions (EF) (van Spronsen, Huijbregts, Bosch, & Leuzzi, 2011).

EF encompasses complex brain processes responsible for the management 
of neurocognitive functions, which control goal-oriented behaviour and problem 
solving abilities. Problems with EF can express themselves in decreased concentration, 
learning problems, impulsivity, and inappropriate behaviour due to alterations in 
the prefrontal cortex and associated brain regions (Anderson et al., 2007; Antenor-
Dorsey et al., 2013; van Spronsen et al., 2011). An article of Waisbren and White in 
this journal [MGM] suggested the Behavior Rating Inventory of Executive Function 
(BRIEF) as a reliable screening method to identify and monitor aspects of daily 
executive dysfunctioning in patients with PKU (Waisbren & White, 2010). The 
BRIEF is an easy and frequently used standardized questionnaire to assess executive 
functioning and can also be administered by non-psychologists. However, there is 
little agreement about the domains of impairment in studies with early-treated PKU 
patients using the BRIEF (Anderson, Anderson, Northam, Jacobs, & Mikiewicz, 2002; 
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Antshel & Waisbren, 2003; Sharman, Sullivan, Young, & McGill, 2009), while there is 
also only one known study that has compared the BRIEF with neuropsychological 
measurements of EF in PKU (Anderson et al., 2002). In that study four different EF 
measures (i.e. Contingency Naming Test, Rey Complex Figure, Tower of London, 
and Controlled Oral Word Association Test) were compared with scales of the 
BRIEF. Only very modest correlations between the BRIEF and scores on these paper-
and-pencil tasks were shown, indicating that different constructs within EF were 
measured.

Therefore, in the current study we compared the BRIEF-A questionnaire with 
neurocognitive outcome as measured by the Amsterdam Neuropsychological Tasks 
(ANT; De Sonneville, 2014), a computerized test battery that has been used in a series 
of studies examining neurocognitive functioning in early and continuously treated 
PKU patients of different ages (De Sonneville, L. M. J., 1999; De Sonneville, Schmidt, 
Michel, & Batzler, 1990; Huijbregts, de Sonneville, Licht, Sergeant, & van Spronsen, 
2002; Huijbregts, de Sonneville, Licht, van Spronsen, & Sergeant, 2002; Huijbregts et 
al., 2002; Huijbregts, de Sonneville, van Spronsen, Licht, & Sergeant, 2002; Huijbregts 
et al., 2003; Jahja et al., 2013; Jahja, Huijbregts, de Sonneville, van der Meere, & van 
Spronsen, 2014; ten Hoedt et al., 2011). The ANT has consistently shown Phe-related 
EF problems in PKU. However, performing the ANT is time consuming and the 
test battery can only be administered by trained professionals. This, in turn, may 
be particularly problematic for adults with PKU, who generally visit the clinic less 
frequently than children. Therefore, a questionnaire such as the BRIEF, which is 
relatively easy and quick to fill out, and which is able to signal EF problems, could 
indicate whether more intensive and specific neuropsychological testing is required. 
The central, underlying question of this study is whether the BRIEF-A is a useful 
screening or monitoring instrument in day to day care of adults with PKU.

2. mATeriAl AnD meTHODS

2.1 Participants
Fifty-five Dutch adult PKU patients (25 male, 30 female) participated in this 
study. All patients were born after introduction of the neonatal screening in The 
Netherlands in 1974 and were screened for PKU within one week after birth. Patients 
were treated early (< 1 month after birth) and continuously, at least up to 12 years of 
age. In The Netherlands, target Phe concentrations between 120 and 360 µmol/L are 
recommended for the first 12 years of life, however during adolescence and adulthood 
most patients exceeded the recommended upper target Phe concentrations. The 
average age of the patients was 28.3 years (SD 6.2 years, range 18.7 to 40.0 years). 
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Concurrent Phe (658 ± 347, range 66-1550 µmol/L) and Tyr (50 ± 18, range 24-94 
µmol/L) concentrations on the day of testing were available for 53 out of 55 patients.

All patients met the National Institutes for Health (NIH) diagnostic criteria 
for hyperphenylalaninemia (HPA) or PKU. Treatment consisted of a Phe-restricted 
diet and/or BH4 administration. Patients with IQ below 80, medical conditions other 
than PKU with known effects on neurocognitive and social functioning or usage 
of medication that could influence neurocognitive functioning were excluded from 
participation in this study.

Patients from six university medical centres in The Netherlands were included: 
University Medical Centre Groningen, Academic Medical Centre Amsterdam, 
Maastricht University Medical Centre, Radboud University Medical Centre 
Nijmegen, Erasmus University Medical Centre Rotterdam and University Medical 
Centre Utrecht. This study is part of the PKU-COBESO study, which examines 
COgnitive functions, BEhavioural problems and SOcial functioning in early and 
continuously treated PKU patients in relation to metabolic control (Jahja et al., 2013). 
National approval has been given by the medical ethics committee of the University 
Medical Centre Groningen in The Netherlands and the study has been registered in 
the CCMO Register (NL38932.042.11). Participants gave written informed consent 
to participate in the study after procedures had been fully explained. All procedures 
were performed according to standardized protocols.

2.2 Measurements
The Behavior Rating Inventory of Executive Function - Adult version (BRIEF-A) was 
used to measure executive functioning in daily life of the adult PKU patients (Roth, 
Isquith, & Gioia, 2005). The questionnaire consists of 75 questions, assessing nine 
subdomains of executive functioning: Inhibit, Shift (Cognitive Flexibility), Emotional 
Control, Self-Regulation, Initiate, Working Memory, Plan/Organize, Organization 
of Materials, and Monitor. The four subdomains Inhibit, Shift, Emotional Control 
and Self-Regulation together determine the Behavioural Regulation Index (BRI). 
Furthermore, the combined scores of the other five mentioned executive functions 
represent the Metacognition Index (MI). The Global Executive Composite (GEC) is 
the total score of all nine subdomains and represents the overall executive functioning 
in daily life.

Individuals with a T-score ≤ 50 are considered to have normal executive 
functions based on a healthy Dutch and Flemish population between 18 and 65 years 
old. A T-score between 50 and 65 is regarded as increased or borderline, and a T-score 
above 65 indicates clinical significance (clinical range). In this study 23 out of the 55 
patients (42%) had a score in the borderline/clinical range (T-score > 50). However, 
in order to be able to optimally compare the BRIEF-A and the ANT, a score of 1 SD 
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above the normative mean was used for both tests in our main analyses. Thus, for 
these analyses a T-score ≥ 60 was used to make a distinction between patients with 
normal EF and patients with problems in executive functioning.

For the present study, three tasks from the computerized test battery ANT were 
included to measure the executive functioning of the participants in a ‘laboratory’ 
setting. The following tasks were included in this study: Shifting Attentional Set 
Visual (SSV), Sustained Attention Dots (SAD),  and Feature Identification (FI). These 
tasks assessed the three core EF: inhibition (SSV, SAD), cognitive flexibility (SSV), 
and working memory (FI) (van Spronsen et al., 2011).

The Shifting Attentional Set Visual (SSV) measured inhibition of prepotent 
responses and cognitive flexibility. On the screen appeared a horizontal bar in which 
a coloured square moved from left to right or vice versa. In the first part a compatible 
response should be made, in the second part an incompatible response should be 
given, and in part three both conditions were randomly combined.

In the Sustained Attention Dots (SAD) task, 600 patterns of 3, 4 or 5 dots (each 
200 times) were presented on the computer screen in a random sequence. Participants 
had to recognize the 4-dot pattern while the 3- and 5-dot patterns had to be rejected. 
Incorrect responses were followed by a beep signal as feedback.

In the Feature Identification (FI), participants had to recognize a target pattern 
consisting of 3 x 3 white and red squares in a display consisting of four stimulus 
patterns. The visuo-spatial working memory was examined by varying the degree to 
which the separate features constituting the target and distracter patterns had to be 
conjoined to reach a decision.

A more detailed description of the tasks can be found in Jahja et al. (2013) and 
Huijbregts et al. (2002).

The mean reaction time and number of errors were determined for each ANT 
task separately, and were expressed as Z-scores based on the mean of the healthy 
population. To better interpret the study findings regarding associations between 
the BRIEF-A and the ANT, the ANT Z-scores were converted into T-scores. Also 
two groups were composed for the ANT assessment, where again (as in BRIEF) a 
T-score ≥ 60 (1 SD above mean) was considered as an increased (i.e. poorer) score on 
executive functioning (De Sonneville, 2014).

2.3 statistical analysis
Four different approaches were adopted to establish the degree of agreement 
between the BRIEF-A and the ANT tasks. Patients were divided into two groups 
based on a T-score ≥ 60 for both the BRIEF-A and for each ANT task. The Z-scores of 
the ANT tasks were converted into T-scores by using an arithmetic transformation T 
= 10(Z) + 50, where a T-score of 60 is 1 SD above the mean.
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The SSV consists of three parts, for each part the mean reaction time and number 
of errors were recorded. Inhibition was represented by the difference in mean reaction 
time and number of errors between task parts 2 and 1, and cognitive flexibility by 
the difference in reaction time and error rate between parts 3 and 1 (Jahja et al., 
2014). For the SAD and FI the mean reaction time and total number of errors were 
used as measures for speed and accuracy of task performance (inhibitory control and 
working memory, respectively). Next, the following analyses were performed:

1) Correlations between the BRIEF-A and neurocognitive outcomes of the ANT 
were studied with Spearman’s Rank Order correlation analysis.

2) Comparisons of ANT outcome between patients within the BRIEF-A normal 
range and patients with increased scores on the questionnaire were, in case of 
normal distribution, made using Independent Samples T-test. In case of non-normal 
distributions the Mann-Whitney U-test was performed.

3) In order to investigate overlap between classification according to the BRIEF-A 
and classification according to the ANT tasks, Chi-square tests were performed. If the 
assumptions of the Chi-square test concerning the minimum expected cell frequency 
were violated, the Fisher’s Exact Test was used.

4) Finally, the Bland-Altman approach was chosen to assess the level of 
agreement between the two methods by using T-scores. The mean differences 
between the two methods of measurement and 95% limits of agreement (1.96 SD) 
were calculated. The one-sample T-test was used to test the null-hypothesis and see 
whether the difference between the variables was equal to 0. In case of a significant 
result, there was no agreement between the methods (null hypothesis rejected). How 
well the two methods of measurement agree depends on the range between the two 
limits: the smaller the range the better the agreement (Bland & Altman, 1986). To 
control for proportional bias linear regression was performed.

A threshold of α < 0.05 was considered to be statistically significant. Data are 
expressed as mean ± SD and range, unless stated otherwise. Statistics were performed 
with IBM SPSS Statistics 20.

3. ResulTs

Twenty-three of the 55 patients (42%) scored in the borderline/clinical range of the 
BRIEF-A with a T-score > 50, of whom three reached the clinical range. Twenty-
two (40%) patients reached the borderline/clinical range on the BRI and 29 (53%) 
patients on the MI. As measured by the ANT, patients showed mainly problems on 
the domains inhibitory control (SAD) and cognitive flexibility (SSV) compared to the 
healthy population (see Table 1). For subsequent statistical analyses, groups based 
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on BRIEF-A GEC scores were formed using a cut-off T-score of ≥ 60 (>1 SD above 
normative mean) in order to obtain comparable distributions for BRIEF-A and ANT-
scores. Six of the 55 (11%) patients had an increased score on the GEC of the BRIEF-A, 
10 on the MI and 6 on the BRI. No significant differences for age, gender, and IQ were 
found between the two groups.

Historical and concurrent Phe concentrations did not significantly differ 
between the two groups either. Demographical and clinical characteristics of the 
PKU patients for each group are shown in Table 2.

Table 1. Amsterdam neuropsychological Tasks (AnT) classifications

ANT tasks Number of patients T ≥ 60 on ANT

FI  

 Mean reaction time 6/55 (10.9%)

 Number of errors 11/55 (20.0%)

SAD  

 Mean reaction time 19/55 (34.5%)

 Number of errors 20/55 (36.4%)

SSV Inhibition  

 Mean reaction time 15/55 (27.3%)

 Number of errors 6/55 (10.9%)

SSV Cognitive Flexibility  

 Mean reaction time 22/55 (40.0%)

 Number of errors 17/55 (30.9%)

ANT: Amsterdam Neuropsychological Tasks; FI: Feature Identification; SAD: Sustained Attention 
Dots; SSV: Shifting Attentional Set Visual

When data analyses were performed within the continuous scores on ANT and 
BRIEF-A, no significant correlations between GEC, MI, and BRI scores, and 
performance of the three ANT tasks were found.

Comparing ANT performance between the two BRIEF-A groups, showed that 
the group with higher (i.e. poorer) BRIEF-A scores had a significantly slower mean 
reaction time on the SAD (p = 0.040). No significant differences were observed on 
the other ANT tasks. The outcomes of the three ANT tasks for BRIEF-A groups are 
presented in Table 3. Note that ANT scores (median + range) are also presented for 
when a cut-off of T > 50 was used to form groups based on BRIEF: no significant 
group differences were observed when this cut-off was used either.

In order to find out whether patients in the “problem group” of the BRIEF-A 
(GEC, MI, and BRI) were also the patients who showed EF deficits on the ANT, the 
Chi-square test and Fisher’s Exact Test were performed. Patients in the problem 
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group based on GEC score also had significantly increased T-scores (≥ 60) on the 
mean reaction time of the SAD (p = 0.015). No significant overlap in classifications 
was found with ANT working memory, ANT inhibitory control as measured by SSV, 
and ANT cognitive flexibility. No significant results were found either when looking 
at the clinical/borderline range of the BRIEF-A with T > 50.

Table 2. overview of demographical and clinical characteristics of the PKu patients, groups 
based on T-scores of on Global executive Composite (GeC) of BRIef-A

 T<60 T≥60 p2

Number of subjects n = 49 n = 6  

Mean Age in years 28.4 ± 6.2
(18.7-40.0)

28.2 ± 6.7
(20.6-39.1)

0.944

Gender M/F 23/26 2/4 0.427

IQ1 101.3 ± 11.0
(80-125)

98.3 ± 15.5
(80-118)

0.554

Phe at diagnosis (μmol/L) 1549 ± 1003
(120-3900)

1502 ± 1088
(520-2462)

0.935

Phe at testing day (μmol/L) (blood spot) 662 ± 355
(66-1550)

628 ± 313
(262-1010)

0.822

Tyr at testing day (μmol/L) (blood spot) 51 ± 18
(25-94)

50 ± 14
(24-65)

0.897

Phe lifetime (μmol/L) 445 ± 149
(221-882)

479 ± 186
(321-684)

0.788

1Wechsler Adult Intelligence Scale (WAIS III)
2Independent Samples T-test or Mann-Whitney U-test were used depending on the distribution

The Bland-Altman approach was used to assess the level of agreement between the 
two measurements. The mean differences between the BRIEF-A and ANT did not 
significantly differ from 0 for four of the eight variables (number of errors for FI, 
SAD, SSV inhibition and cognitive flexibility), which indicates that that the null-
hypothesis could not be rejected and that there is possibly some agreement between 
BRIEF and these three ANT tasks. However, no evident agreement between the two 
methods could be observed with the Bland-Altman, because the ranges of the 95% 
limits of agreement were broad. In addition, all three tasks showed proportional 
bias, which also indicates that no agreement between the BRIEF-A and different 
ANT tasks was observed.
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Table 3. AnT outcome in groups based on Global executive Composite of BRIef-A outcome

 Normal range 
T≤50 BRIEF-A

n = 32

Borderline/
Clinical range 
T>50 BRIEF-A

n = 22

Normal range
T<60 BRIEF-A

n = 49

Increased scores 
T≥60 BRIEF-A

n = 6

BRIEF-A GEC 91.5 (31.0) 114.0 (63.0) 100.0 (50.0) 139.0 (40.0)

BRIEF-A MI 38.5 (23.0) 49.0 (35.0) 58.0 (32.0) 82.0 (23.0)

BRIEF-A BRI 51.0 (24.0) 68.0 (37.0) 41.0 (26.0) 57.5 (20.0)

FI     

 Mean reaction time (ms) 1193 (1134) 1212 (1113) 1186 (1134) 1497 (1010)

 Number of errors 5.0 (19.0) 6.0 (22.0) 5.0 (22.0) 6.5 (8.0)

SAD     

 Mean reaction time (ms) 709 (625) 794 (486) 717 (625) 828 (168)

 Number of errors 25.5 (65.0) 21.0 (46.0) 22.0 (68.0) 20.0 (40.0)

SSV Inhibition     

 Mean reaction time (ms) 260 (956) 240 (1207) 259 (956) 142 (1207)

 Number of errors 0.5 (22.0) 1.0 (24.0) 1.0 (24.0) 0.5 (9.0)

SSV Cognitive Flexibility     

 Mean reaction time (ms) 537 (1225) 552 (819) 538 (1225) 685 (598)

 Number of errors 3.5 (39.0) 2.0 (23.0) 3.0 (39.0) 4.0 (10.0)

ANT: Amsterdam Neuropsychological Tasks; BRIEF-A: Behavior Rating Inventory of Executive 
Function Adults; FI: Feature Identification; SAD: Sustained Attention Dots; SSV: Shifting Attentional 
Set Visual. Data expressed as median (range)

4. dIsCussIon

As problems with EF such as decreased attention and learning problems are still 
present in treated PKU patients, we investigated whether the BRIEF-A is a useful 
screening instrument in monitoring PKU patients with respect to EF deficits. The 
outcome of the BRIEF-A questionnaire was compared with neurocognitive outcome 
as measured by the computerized test battery ANT. Three main findings can be 
determined. Firstly, on the BRIEF-A 42% of the patients scored in the borderline/
clinical range (T-score > 50), however only 11% of the PKU patients showed scores 
≥ 1 SD. Most of the deficits were observed in the Metacognition Index. In the ANT, 
in the same population, PKU patients showed mainly problems in inhibitory control 
(34-36%) and cognitive flexibility (31-40%)  compared to the average healthy Dutch 
population.

When comparing ANT and BRIEF outcomes, no significant correlations were 
found. This was confirmed with the Bland-Altman approach. Moreover, patients in 
the “problem group” of the BRIEF-A only had a significantly increased score on the 
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ANT task SAD (which measures inhibitory control). This was also the only ANT task 
for which group classification ((T < 60 vs. T ≥ 60) showed significant overlap with 
classification according to BRIEF scores (T < 60 vs T > 60). No significant overlap was 
found with the other ANT tasks. We will first address some methodological issues 
before discussing the results in more detail.

First, only adult patients between 18 and 40 years old were included in this 
study, therefore only the BRIEF-A was taken into account. In general, the prefrontal 
cortex and associated brain regions responsible for the executive functions reach 
adult levels around the age of 20 years (Tau & Peterson, 2010). It would therefore 
be interesting to also include children and adolescents, as the associations between 
questionnaire scores and neuropsychological tasks measuring EF may be different at 
different maturational stages. Second, in this study we used only self-report from the 
BRIEF-A, however individuals with PKU, and particularly those with EF problems, 
may have difficulty monitoring their own performance. It would be interesting to 
also include informant reports of the BRIEF-A. A strength of the current study is 
that we used both categorical and continuous approaches for our statistical analyses. 
A disadvantage of the sole use of the categorical approach would have been that it 
reduces variance in the data, thereby limiting the possibility of finding significant 
associations between BRIEF and ANT scores. Therefore, continuous and semi-
continuous approaches were also used. An advantage of the categorical approach 
compared to a continuous approach is that conclusions can be drawn with respect to 
actual borderline or clinical range EF problems in PKU.

As noted, a relatively high number of PKU patients scored in the borderline/
clinical range, however a small group scored more than 1 SD above the mean of the 
BRIEF-A, where most deficits were observed in the Metacognition Index (initiate, 
working memory, plan/organize, organization of materials, and monitor). Studies 
to date show little consistency with respect to the domains of impairment, as 
revealed by the BRIEF, in early treated PKU patients. Sharman et al. (2009) found 
similar results: the study identified problems in the subdomains of working memory, 
planning and organizing, monitoring, and initiation. A study of Antshel & Waisbren 
(2003) reported significantly lower scores on the Metacognition Index in children 
with PKU compared to healthy controls, while (Anderson et al., 2002) only found 
impairments in subdomains of shifting and monitoring.

Despite the lack of consistency among (specific) results of the different studies, 
the BRIEF-A appears to pick up some form of executive dysfunction on each occasion. 
One could argue that more specific assessment would be required subsequently. 
Although, in order to find more evidence for this way to proceed (i.e. in order 
to draw such a conclusion), larger studies with more patients would be required 
showing a significant level of agreement between questionnaire and test outcomes. 



Chapter 7

130

The next question would be which instruments are appropriate to be used to this 
end. ANT tasks seem to be a good choice in this respect, as they are able to pick 
up very specific, core EF deficits, as they have consistently done in groups of PKU 
patients in the past (De Sonneville, 1999; De Sonneville et al., 1990; Huijbregts et al., 
2002; Huijbregts et al., 2002; Huijbregts et al., 2002; Huijbregts et al., 2002; Huijbregts 
et al., 2003; Jahja et al., 2013; Jahja et al., 2014; ten Hoedt et al., 2011). In the present 
study, the ANT showed that a significant proportion of adult patients presented with 
core EF deficits. However, the lack of significant associations between BRIEF-A and 
ANT categorizations indicated that patients reporting EF problems in daily life are 
not necessarily the ones that present with core EF deficits. Earlier studies examining 
the overlap between questionnaire measures of EF in daily life and core EF tasks in 
PKU (not using the specific combination BRIEF-ANT) also found no or only very 
modest correlations (Anderson et al., 2002; Channon, Mockler, & Lee, 2005). Thus, 
it seems doubtful whether the BRIEF-A (and possibly other questionnaires) can be 
used as the sole screening instrument to pick up core EF deficits in PKU. At the very 
least there should be different informants, as patients with core EF deficits might be 
unable to accurately fill out such questionnaires because of a lack of insight in their 
functioning. Self-administration of such questionnaires could also lead to clinicians 
missing patients who should actually be monitored more intensively. As EF in daily 
life is also important and has been shown to be related to Phe levels (Anderson et 
al., 2002; Antshel & Waisbren, 2003; Sharman et al., 2009), a new method for regular 
screening and monitoring should not necessarily discard the use of questionnaires. 
These should however be filled out by for example partners, family members, or 
friends (perhaps even colleagues, supervisors, etc.), and could very well be shortened 
(as the separate dimensions do not seem sufficiently informative, at least not in PKU 
patients). Such questionnaires could be supplemented with short (widely accessible) 
neuropsychological tasks tapping into core executive abilities. Many different tasks 
reliably measuring core EF are available, and it is possibly necessary to administer 
different tasks at different time points as well. From the present data it is concluded 
that regular self-administration of the BRIEF-A is not a sufficient way to monitor all 
aspects of EF in adult PKU patients.
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GeneRAl dIsCussIon

With this thesis I attempted to find answers to research questions concerning 1) 
executive functioning, 2) behaviour/mental health and 3) social cognitive functioning 
and social skills that are represented by the PKU-COBESO study. The results of 
the previous chapters are summarized in Chapter 9. In addition to providing an 
overview of these issues in patients with PKU, this thesis also aimed to relate these 
COBESO outcomes to treatment guidelines. In this chapter I would like to answer 
the three main research questions that were posed in the General Introduction:
1. What should be the optimal treatment target for children with PKU (i.e. 0-12 years 

old) based on cognitive and behavioural outcomes? Is 240 µmol/L for children 
better than the currently most widely recommended upper target limit of 360 
µmol/L?

2. What is the cognitive, behavioural and social profile of patients with PKU in 
different age periods?

3. Does the cognitive, behavioural and social profile of patients with PKU during 
adulthood relate to blood Phe levels of childhood and beyond?

Apart from answering these questions, some specific issues addressed in this thesis 
will be discussed in more detail and some foresights on directions for future research 
will be provided.

1. What should be the optimal treatment target for children with PKu 
(i.e. 0-12 years old) based on cognitive and behavioural outcomes? 
Is 240 µmol/l for children better than the currently most widely 
recommended upper target limit of 360 µmol/l?
Childhood (i.e. from birth until age 12) is an important sensitive period in life 
because the brain matures rapidly. Elevated Phe in this age period appears to have 
the most detrimental effect on brain development and subsequently on cognitive 
functioning, behaviour and social skills in adulthood (Chapter 2, 4, 5 and 6). There is 
a clear direction for guidelines in childhood. The new European treatment guidelines 
(van Spronsen et al., 2017) recommended Phe concentrations between 120 and 360 
µmol/L as treatment target in the first 12 years of life. This recommendation in the 
European guidelines is supported by results from Chapter 4: patients with childhood 
Phe above 360 µmol/L had poorer working memory, specifically when a high 
working memory load was present, and had more depressive and somatic problems 
in adulthood than healthy control participants and in some tasks also compared to 
patients with childhood Phe below 360 µmol/L. Furthermore, this thesis examined 
240 and 360 µmol/L as upper target level in childhood, because in Germany the target 
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limit of 240 µmol/L has been recommended for approximately 20 years (Burgard et 
al., 1999), despite the fact that this upper target limit is largely based on the results of 
one study in 14 adult patients between 17 and 24 years of age (Schmidt et al., 1994). 
The data presented in Chapter 3 of this thesis underscore that the upper target limit 
in childhood should be 360 µmol/L at maximum, but that a treatment target of 240 
µmol/L may indeed be better for some aspects of cognitive outcome. The patients 
studied in Chapter 3 with Phe below 240 µmol/L had even better inhibitory control 
and cognitive flexibility than patients with Phe between 240-360 µmol/L, but this is 
only the first data comparing 240 µmol/L and 360 µmol/L as upper treatment target. 
Therefore, the evidence for 240 µmol/L as upper target limit in childhood is still 
scarce and further studies into this are required.

2. What is the cognitive, behavioural and social profile of PKU 
patients in different age periods?
The results presented in this thesis generally showed that PKU patients exhibit 
executive function impairments (Chapter 3, 4, 5, 7), internalizing mental health 
problems (Chapter 2, 4, 5) and social and social cognitive deficits (Chapter 2 and 6). 
More specifically, children with PKU showed deficits in inhibitory control, working 
memory and cognitive flexibility. Preliminary results showed that children did not 
exhibit mental health problems, but further analyses still have to be conducted for 
this age group. Regarding social outcomes, children with PKU had similar social 
cognition and skills as healthy counterparts.

The first analyses specifically with adolescent PKU patients demonstrated an 
absence of mental health problems, as reported by parents. However, social cognition 
was significantly poorer in adolescent patients compared to controls, while there was 
a trend towards poorer social skills. There were also indications for poorer executive 
functioning in young adolescent PKU patients (Chapter 3).

Executive functions were affected in adult PKU patients. They had poorer 
inhibitory control, working memory, especially with increasing task difficulty (or: 
higher working memory demands), sustained attention and cognitive flexibility. 
Internalizing behavioural problems were reported as well. They experienced more 
depressive problems and avoidant personality problems than control participants. 
Furthermore, adult PKU patients demonstrated clear deficits in social cognition and 
social skills compared to healthy individuals.

Many studies focused on children with PKU and have demonstrated 
impairments in executive functions such as inhibitory control, (working) memory 
and attention (Anderson et al., 2007; Antshel & Waisbren, 2003; Huijbregts, de 
Sonneville, van Spronsen, Licht, & Sergeant, 2002; White, Nortz, Mandernach, 
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Huntington, & Steiner, 2001). Two meta-analyses showed that PKU patients from all 
ages had problems with information processing speed, planning, inhibitory control, 
working memory and flexibility (Albrecht, Garbade, & Burgard, 2009; DeRoche & 
Welsh, 2008), while these types of executive function deficits were also reported 
specifically in adolescents and adults with PKU (Channon, Mockler, & Lee, 2005; 
Moyle, Fox, Arthur, Bynevelt, & Burnett, 2007). This thesis confirmed that PKU 
patients of different ages have more or less similar cognitive profiles (see Figure 1 
for an overview of the analysed COBESO outcomes per age group), as assessed with 
the same instruments in different age groups. Note that the cognitive functioning in 
adolescent patients of the COBESO study has not been analysed yet and that mental 
health was also not extensively examined in these PKU children and adolescents 
of the COBESO sample. Still, the same cognitive profile would be expected in 
adolescents with PKU, as both children and adults showed impairments in EF 
and therefore it is likely that PKU patients in adolescence also exhibit these same 
problems, which some studies already have shown (Albrecht et al., 2009; Channon 
et al., 2005; DeRoche & Welsh, 2008; Moyle et al., 2007). Furthermore, the cognitive 
functions develop from childhood onwards and when deficits emerge early in 
development, it will be more difficult to overcome and to solve these problems over 
time and therefore this may remain an area of concern even in older PKU patients. 
However, effect sizes seemed to be smaller in adults compared to younger patients 
(Anderson et al., 2007; Huijbregts et al., 2002; Huijbregts et al., 2002). There are also 
studies showing the opposite (Moyle et al., 2007), which may have been caused by 
differences in patient characteristics (e.g. higher historical Phe levels in participants 
of studies showing larger deficits in adulthood compared to childhood). In order 
to resolve these inconsistencies, future studies into potential differences between 
patients of different ages should take into account as many patient characteristics 
as possible, thereby always including historical Phe levels. The literature showed 
that PKU patients in all age groups experience internalizing behavioural problems 
(Smith & Knowles, 2000): depressive mood, anxiety, physical complaints and social 
isolation in children and adolescents (Cappelletti et al., 2013; Weglage et al., 2000), 
and anxiety and withdrawal in PKU adolescents and adults (Manti et al., 2016). In 
this thesis internalizing mental health problems were evident in adult patients with 
PKU, but not observed in PKU children and adolescents of the COBESO study. In 
contrast, social deficits were emerging in adolescent PKU patients and progressed in 
adulthood. The social domain has not been examined in previous studies, but should 
clearly be part of research into the behavioural phenotype associated with PKU.
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Figure 1. Overview analysed COBESO outcomes per age group 
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3. Does the cognitive, behavioural and social profile of PKU patients 
during adulthood relate to blood Phe levels of childhood and 
beyond?
Overall, the most frequently observed finding was that patients with high Phe 
concentrations in childhood had poorer cognitive and behavioural outcomes 
(Chapter 5) and poorer social functioning in adult life (Chapter 6). Phe concentrations 
from adolescence onwards were also associated with poorer cognitive outcome, 
although effects were smaller (Chapter 5), while this was not observed for mental 
health (Chapter 5) and social functioning (Chapter 6). The effect of adolescent Phe 
concentrations was specifically examined in this thesis. An increase of Phe between 
childhood (assessment at time point 1) and young adulthood (time point 2) was 
related to poorer cognitive outcome (inhibitory control and cognitive flexibility) 
in adulthood (Chapter 5). Adult depressive and somatic problems were related to 
lifetime Phe next to childhood Phe (Chapter 5). However, only childhood Phe was 
related to ADHD problems. Antisocial personality problems, which had not been 
reported before, were associated with Phe concentrations throughout life. Also, all age 
groups (children, adolescents and adults with PKU) had similar Phe concentrations 
in childhood, but over time Phe concentrations increased. The COBESO problems in 
adulthood could therefore not only be explained by childhood Phe, but also by Phe 
concentrations thereafter.

The meta-analysis of Albrecht et al. (2009) showed that the strength of the 
negative association between blood Phe and effect sizes for speed of performance 
decreased with age, indicating that in older patients the relations between Phe and 
cognitive outcome measures are weaker but remain present (see also Brumm et al., 
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2004). Other studies with (young) PKU adults also showed a lack of, or inconsistent 
associations between cognitive outcomes and Phe in different age periods beyond 
childhood (Channon et al., 2005; Christ, Huijbregts, de Sonneville, & White, 2010; 
Luciana, Sullivan, & Nelson, 2001). Taken together, all these results support the 
notion that strict control of Phe levels during childhood is imperative.

Studies on mental health in exclusively adult PKU patients are scarce and often 
include adolescents as well. Nevertheless, these studies have demonstrated some 
relationships with Phe. Concurrent Phe was related to mood swings in patients 
(ranging from a childhood until age 35) (Anjema et al., 2011), lifetime Phe was 
associated with anxiety and stress in 15 to 25 year old patients (Clacy, Sharman, & 
McGill, 2014), while another study did not find associations between Phe and mental 
health in young adults (12-44 years) (Manti et al., 2016). However, the inclusion of 
adolescent patients in these previous studies makes it difficult to compare the results 
with adult PKU patients in this thesis.

Overall, the results of this thesis indicated that elevated childhood Phe 
concentrations have the strongest effects on COBESO outcomes in adulthood, 
but that Phe concentrations after childhood still had some influence as well. Phe 
concentrations from adolescence onwards should therefore still be the focus of new 
research. Also, without strong evidence to the contrary one should be very cautious 
in relaxing the treatment regimen after childhood.

fuTuRe dIReCTIons
There are still many gaps in the knowledge of PKU. The precise cause of the deficits 
in executive function, mental health and social outcomes is still unknown. Where 
can we capture the origin of the derail, so what causes the disruption of a normal 
development? And what can we do about it? These are still outstanding questions. 
Suggestions for future studies and advice for daily practice and treatment are 
provided below.

examining metabolic parameters in relation to CoBeso
In this thesis the relationship between deficits in EF, mental health and social abilities 
and Phe levels throughout life were examined. Despite the fact that a number of 
associations was demonstrated, Phe concentrations may not tell the whole story. 
Among factors that might also influence the outcomes of interest may be metabolic 
parameters other than Phe.
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Treatment parameters
Next to the upper (but also lower) target limit, there may be other Phe-related indices 
that have a stronger relationship with outcome measures of interest than Phe itself. 
This thesis briefly addressed variability of Phe and the Phe to Tyr ratio (Chapter 3), 
while other studies have also determined their importance and relationship with 
cognitive outcome (Anastasoaie, Kurzius, Forbes, & Waisbren, 2008; Luciana et al., 
2001; Sharman, Sullivan, Young, & McGill, 2010). For instance, a lifetime Phe:Tyr 
ratio above 6 has been associated with clinically impaired EF, although this was 
examined in only 11 adolescent patients (Sharman et al., 2010). Therefore a larger 
sample size should be used to examine whether a Phe:Tyr ratio of 6 is a proper upper 
target limit. There are also no indications yet regarding upper target levels for Phe 
variability. Only a strong relationship between Phe variability and cognitive outcome 
has been determined (Anastasoaie et al., 2008). Future studies should continue to 
investigate the relative importance of these alternative Phe-related parameters (i.e. 
Phe variability, Phe:Tyr ratio, Tyr) and try to determine upper target levels for these 
indices as well, so they can be used in clinical practice.

Neurotransmitter shortages: Research with other metabolic disorders
As mentioned earlier in Chapter 1, low concentrations of the neurotransmitters 
dopamine and serotonin may be consequences of inadequately treated PKU. Both 
neurotransmitters are important for cognitive functioning, mental health and social 
skills. Although the direct connection between our outcome measures and these 
neurotransmitters were not investigated, it is possible that the deficits reported in 
this thesis are caused by low dopamine (Christ et al., 2010) and serotonin levels 
(Gellynck et al., 2013; Kiser, Steemers, Branchi, & Homberg, 2012). Future studies 
should consider the possibilities to incorporate these metabolic measurements or 
their derivatives and more importantly to examine these in relation to cognitive, 
behavioural and social outcomes.

Knowledge of other metabolic disorders that are characterized by deficiencies 
in the metabolism of one of the other LNAAs, for example Hereditary Tyrosinaemia 
Type 1 (HT1), might enhance the overall picture of associations between the 
behavioural phenotypes and pathophysiological mechanisms involving cerebral 
protein and energy metabolism as well as neurotransmitter deficiencies. One 
study demonstrated high Tyr in cerebrospinal fluid (CSF) and reduced serotonin 
turnover in three HT1 patients. Even though these patients also showed cognitive 
and behavioural impairments, the direct relationship with neurotransmitter deficits 
could not be determined as this was a descriptive study (Thimm et al., 2011). Another 
study of our research group demonstrated that HT1 patients exhibit similar cognitive 
and social impairments compared to patients with PKU (van Ginkel et al., 2016): 
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there as well, it remains to be determined whether this is associated with LNAA and 
neurotransmitters. Combining forces with researchers of other inherited metabolic 
disorders with abnormal LNAA in CSF/brain and similar disease manifestations 
as in PKU, can improve the understanding of associations between LNAA, 
neurotransmitters and outcomes in the domains of cognitive and social functioning 
and mental health.

Brain research
As has been described in the General Introduction (Chapter 1), an alternative or 
additional explanation for the observed cognitive deficits in PKU could be the presence 
of white matter damage (Anderson et al., 2007; Christ et al., 2010), which seems to 
be caused by elevated Phe (Dyer, 1999). There are a few studies that have examined 
brain activity of patients with PKU. However, brain research in combination with 
cognitive assessments is scarce and may be a topic for future research. Methods such 
as functional magnetic resonance imaging (fMRI), magnetic resonance spectroscopy 
(MRS), correlated spectroscopy (COSY) and diffusion tensor imaging (DTI) seem 
very useful, but should not be carried out in isolation. Integrative accounts of 
LNAA/neurotransmitter levels, data from structural and functional neuroimaging, 
from neuropsychological testing and interview and questionnaire data would be 
ideal. Techniques that might be particularly useful in PKU research are MRS (for 
proper use of MRS in PKU see Kreis, Zwygart, Boesch, & Nuoffer, 2009) and COSY 
(see Waisbren et al., 2016), which can both accurately measure brain Phe levels.

Clinical relevance
The issue whether the results are clinically relevant should be addressed more 
extensively in future studies. This thesis included control participants to determine 
whether patients with PKU differ from the healthy population regarding the COBESO 
outcomes. For most instruments, norm references were also available. However, 
effect sizes give a better indication for clinical relevance. According to Cohen’s rules 
of thumb (Cohen, 1988), effect sizes in the medium to large range were observed for 
executive functions (Chapter 4) and social (cognitive) skills (Chapter 6), and small to 
large effect sizes for problems in mental health (Chapter 4, see also Figure 1 where 
the strength of effect sizes is expressed in normal, borderline and clinical ranges). For 
the adult patients, clinical relevance (i.e. large effect sizes) was particularly evident 
when patients with PKU with lifetime or childhood Phe levels ≥360 µmol/L were 
compared to healthy controls, with medium to large effect sizes for IQ, for a number 
of executive functions and for depressive behaviour (Chapter 4).
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Treatment guidelines
In order to increase the strength of the statements on treatment guidelines in PKU, 
further studies on neurocognitive, behaviour and social development and functions 
are necessary in children, adolescents and adults with PKU. There are indications 
for each age period but proper evidence is lacking. Particularly for adolescents and 
adults it remains unclear what the optimal Phe upper target limit should be, while 
even not discussing the lower target Phe limit. However, this thesis demonstrated 
that Phe concentrations at any time during life have an influence on cognitive, 
behavioural and social outcomes in adulthood, stating that treatment should not 
only be continued after childhood but that treatment for life is indeed required. More 
research on treatment targets for each age group is needed. A larger collaboration 
of (international) clinics, thus including a larger study sample, while using a 
longitudinal study design, is recommended for future research.

Tetrahydrobiopterin (BH4)
The effect of BH4 on cognitive and behavioural outcomes has been examined only 
briefly in this thesis by comparing BH4 and non-BH4 users. It seemed that BH4 has a 
positive effect, even when all other conditions (i.e. childhood Phe, lifetime Phe, age, 
IQ) were similar for non-BH4 and BH4 users, as described in Chapter 4 of this thesis. 
If that is really the case, the question arises whether BH4 should be administered to 
all patients irrespective of whether they are BH4 responsive or not. However, those 
patients who are BH4 responsive are also those with a milder form of PKU, and are 
therefore often better off either way compared to patients with classical PKU, although 
in this thesis Phe levels and biochemical phenotype were taken into account and 
were similar for the BH4 and the non-BH4 group. Moreover, one study in PKU mice 
has demonstrated that BH4 has a direct positive effect on brain neurotransmitters 
(Winn, Scherer, Thony, & Harding, 2016) and another study showing improvements 
on aspects of executive functioning in BH4 responsive PKU patients who were given 
BH4 compared to a placebo group (Burton et al., 2015). These studies show that BH4 
might improve cognitive outcome irrespective of the effect on blood Phe levels. Still, 
the influence of BH4 on cognitive, mental health and social outcomes, regardless of 
the effect on Phe levels, needs more thorough investigation in future studies. This 
can be done with an experimental study in which non-BH4 and BH4 users could 
be assessed while controlling for variables such as biochemical phenotype, age and 
IQ. At time point 1 both groups should be assessed, after which the non-BH4 group 
is administered BH4 for a certain period of time, e.g. 3 months, after which both 
groups are re-examined at time point 2. Also, a non-BH4 group not given BH4 could 
be included as control group. Such experimental design could demonstrate whether 
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the non-BH4 group improves after administering BH4 compared to the (non-)BH4 
users.

Training executive functions and social skills
When thinking about the deficits in the cognitive, mental health and social domains, 
treatment guidelines can be optimized to improve and to prevent these impairments. 
However, more can be done and the following question arises: how can we improve 
cognitive, behavioural and social outcomes of patients with PKU? There are training 
modules available for people with deficits in executive functioning (e.g. Klingberg, 
Forssberg, & Westerberg, 2002) and social skills (Barrera et al., 2017; Spence, 2003), 
and these modules may be suitable for PKU patients as well and may help to improve 
their COBESO outcomes. Targeting executive functions and social skills may be 
sufficient to also change internalizing behaviour, as one can feel more confident after 
participating in a training module (Spence, Donovan, & Brechman-Toussaint, 2000). 
To determine whether these training modules improve the cognitive, behavioural 
and social functioning of patients with PKU (in spite of treatment and treatment 
adherence), an experimental study could be performed with two or more (to 
determine long-term effects) assessment points, including an experimental group 
and a patient control group that should again be matched on biochemical phenotype, 
age, IQ and BH4 use.

Psychological evaluation and consultation
Current visits to the clinic often consist of an appointment with the physician and 
dietician. Patients may however also benefit from cognitive, behavioural and social 
assessments. Vockley et al. (2014) have already suggested psychological testing 
at various ages and the European guidelines also recommended neurocognitive 
evaluations at age 12 and 18 due to life phase changes, with further psychological 
assessments when necessary (van Spronsen et al., 2017). Furthermore, patients 
with PKU should be more informed thoroughly about COBESO consequences of 
elevated Phe. This thesis provided direct evidence that high Phe in childhood has 
a (clinically relevant) impact on cognitive and behavioural outcome in adulthood. 
With regular psychological assessments in relation to metabolic outcome, patients 
could almost instantly see the direct effects of high or low Phe on EF, mental health 
and social skills. However, implementation of even more regular assessments than 
currently recommended would be very difficult, at least in the short term. One step 
towards making this more feasible is to develop easy and suitable instruments that 
are not time consuming. For this thesis the outcome of the ‘user-friendly’ BRIEF 
questionnaire on EF was compared to that of the computerized ANT (also measuring 
EF). Results showed that different aspects of EF were measured by these instruments, 
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which of course does not disqualify either instrument, but does show how difficult 
it is to find an instrument that is both easy to use and captures the exact weaknesses 
that were shown to be typical in (selected, e.g. high Phe) PKU patients. More 
research is needed to select valid and proper instruments for daily practice. Next to 
understanding patients’ cognitive functions, it is important to monitor their quality 
of life. A PKU-specific health related quality of life (HRQoL) questionnaire has been 
developed (Bosch et al., 2015) and recommended by the European Phenylketonuria 
Group (van Spronsen et al., 2017). Patients generally had a good HRQoL, but the 
emotional impact and management of PKU had a negative effect on their lives. There 
is already a Dutch web based instrument available for several diseases including 
PKU, assessing quality of life (‘KLIK’ = Kwaliteit van Leven in Kaart, i.e. quality of 
life mapped).

Finally, not only educating patients with PKU but also educating their family, 
friends, school or work, is very important and should be part of psychological 
consultation. Awareness and understanding of the consequences of PKU within 
patients’ social networks may enhance social support for patients, which in turn 
may affect their wellbeing and mental health. The Dutch PKU Society already took 
initiative to create information pamphlets, originally for PKU children who often 
give a speech/presentation at school about PKU, and short video’s (containing 
interviews with professionals) that explain different issues in PKU (to be found on 
YouTube). These pamphlets and video’s may be useful for other people as well and 
can be made into a tool for educating people about PKU.
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SUmmAry

This thesis provided the first findings of the Dutch multicentre Phenylketonuria-
COBESO study. In Chapter 1 a General Introduction to PKU and to the research 
aims of this thesis was given. The objective was to examine cognitive functioning 
(especially executive functions: EFs), mental health, social cognitive functioning 
and social skills of early and continuously treated PKU patients in relation to their 
(history of) metabolic control, treatment and treatment guidelines.

Chapter 2 presented detailed information about the instruments and 
questionnaires used in the PKU-COBESO study, which included PKU patients and 
healthy controls of various ages. COBESO stands for the COgnitive, BEhavioural 
and SOcial issues examined in this study. Compared to controls, preliminary 
analyses showed that PKU adults reported more difficulties with different aspects of 
social functioning (e.g. establishing and maintaining relationships and autonomous 
functioning). They also reported more internalizing problems. For example, a 
significant difference with controls was found on the Adult Self Report (ASR) scale 
‘Avoidant personality problems’ (i.e. avoiding social encounters often in order to 
prevent rejection). Childhood phenylalanine (Phe) concentrations (i.e. between 0-12 
years) were related to ASR scales ‘Physical complaints’, ‘Thinking problems’ and 
‘Somatic problems’, and therefore childhood Phe seemed to be a predictor of mental 
health in adulthood. For PKU patients younger than 18 years, concurrent Phe was 
positively and significantly related to mental health problems.

In Chapter 3 neurocognitive evidence for the revision of treatment targets 
in childhood was discussed. The data of PKU children aged 7-14 years from the 
previous study (assessed in 1997-1998 by Huijbregts et al.) were re-examined, now 
investigating whether an upper target of 240 µmol/L was associated with better 
results compared to 360 µmol/L. The control group differed from the PKU children 
with Phe above 360 µmol/L, but also from those with Phe between 240-360 µmol/L 
when studying inhibitory control, cognitive flexibility and motor control. No 
differences were observed between patients with Phe levels below 240 µmol/L and 
healthy controls. This indicated that 240 µmol/L may be a better upper target limit 
in childhood for better executive functioning.

Chapter 4 focused on the cognitive profile and mental health of adult patients 
with PKU. As has been found in previous studies, the EF problems were observed in 
our adult patients as well. Compared to controls, PKU adults performed worse on 
tasks measuring inhibitory control, working memory, especially with higher working 
memory demands, and on sustained attention. These poorer performances were 
related to high childhood (and lifetime) Phe. ‘Depressive problems’ and ‘Avoidant 
personality problems’ were more frequently reported by patients than by controls. 
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Moreover, those adult patients who had Phe below 360 µmol/L in childhood, had 
better mental health in adulthood, demonstrating the importance of keeping Phe 
below 360 µmol/L in childhood. This chapter also provided preliminary evidence 
for an unprecedented positive effect of tetrahydrobiopterin (BH4). Those patients 
who had low childhood Phe and who were also under BH4 treatment, performed 
better than patients with only low childhood Phe. If BH4 truly has a positive effect 
on cognitive and behavioural outcomes, it may be considered (in the future) to 
administer BH4 to all PKU patients.

A subgroup of our patients who had previously been involved in our studies 
between 1997-1998 were reinvestigated approximately 15 years later between 
2012-2015. This enabled us not only to examine the long-term effects of Phe on EF, 
executive motor functioning and mental health in adult PKU patients, but also to 
study the effect of Phe between the first and second assessment. Results of this 
study were presented in Chapter 5. From childhood into adulthood, EFs remained 
stable, but executive motor control improved. Furthermore, those patients who had 
a Phe concentration below 360 µmol/L in childhood and above 360 µmol/L from 
adolescence onwards had better cognitive outcome in adulthood than those who 
had Phe above 360 µmol/L during their whole lifespan. There were again indications 
that childhood Phe is most important for cognitive and mental health outcomes in 
adulthood. Additionally, a greater increase of Phe in the period between the first and 
second assessment (i.e. between childhood and adulthood) seemed to be associated 
with poorer cognitive outcome in adulthood as well, showing that Phe after 
childhood still tend to influence adult outcomes. We cannot rule out the influence 
of later Phe levels either because our patients were generally well controlled and 
did not differ in any socio-economic or socio-cultural parameter from the general 
population in The Netherlands.

Chapter 6 described social cognitive functioning and social skills in patients 
with PKU. These domains had not been investigated before in PKU. Overall, PKU 
patients scored more poorly on all measures compared to controls. However, when 
looking in more detail, i.e. when examining patients in childhood, adolescence and 
adulthood separately, results showed that PKU children performed equally well as 
controls. PKU adolescents did worse on social cognition and tended to have poorer 
social skills in daily life, while differences were most pronounced in adult PKU 
patients: they performed worse on all social measurements, irrespective of age and 
IQ. Regarding the relationship with Phe, in adolescent age, social cognition was 
associated with Phe between 8-17 years. Poorer social skills in adult patients were 
related to high lifetime Phe. However, ‘Social skilfulness’ was associated specifically 
with Phe in childhood and adolescence.
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Chapter 7 investigated whether the BRIEF questionnaire is a useful instrument 
in day-to-day care of patients with PKU. EFs were measured with tasks of the ANT 
and by means of the BRIEF-Adult version. On both measurements, deficits on EF were 
seen, however, there was only overlap on the ‘Inhibitory control’ scale. The results 
showed that probably different types of EFs were assessed with these instruments. 
The conclusion is that the BRIEF-A might be a sufficient screening instrument to 
monitor EF of adult PKU patients in everyday life, but does not cover several aspects 
of EF that have been shown to be impaired in PKU with neuropsychological testing.

A General Discussion is provided in Chapter 8. The following three issues were 
addressed: 1) What should be the optimal treatment target for children with PKU 
(i.e. 0-12 years old) based on cognitive and behavioural outcomes? Is 240 µmol/L for 
children better than the currently most widely recommended upper target limit of 
360 µmol/L? 2) What is the cognitive, behavioural and social profile of patients with 
PKU in different age periods? 3) Does the cognitive, behavioural and social profile 
of patients with PKU during adulthood relate to blood Phe levels of childhood and 
beyond? Future directions involved examining alternative metabolic parameters 
in relation to COBESO outcomes, expanding the knowledge of the effect of BH4 
with respect to COBESO outcomes, the investigation of training modules aimed at 
improving executive functions and social skills in PKU, and including more regular 
psychological evaluations and consultation in the care of PKU patients.
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nedeRlAndse sAMenVATTInG

Dit proefschrift bevat de eerste bevindingen van het Nederlandse multicenter 
Phenylketonurie-COBESO onderzoek. In Hoofdstuk 1 wordt een algemene inleiding 
gegeven over PKU en worden de onderzoeksvragen van dit proefschrift toegelicht. 
De doelstelling was het onderzoeken van cognitief functioneren (met name de 
executieve functies: EFs), mentale gezondheid, sociaal cognitief functioneren en 
sociale vaardigheden bij vroeg en continu behandelde PKU patiënten in relatie tot 
hun (geschiedenis van) metabole controle, behandeling en behandelrichtlijnen.

Hoofdstuk 2 bevat een gedetailleerde beschrijving van het PKU-COBESO 
onderzoek, waarin zowel PKU patiënten als gezonde controleproefpersonen 
van verschillende leeftijden zijn meegenomen en beschrijft de instrumenten en 
vragenlijsten die gebruikt zijn in het onderzoek. COBESO staat voor de cognitieve 
(COgnitive), gedrags- (BEhavioral) en sociale (SOcial) maten die onderzocht zijn in 
deze studie. Analyses op de (voor dit hoofdstuk) nog niet volledige dataset lieten 
zien dat PKU volwassenen meer problemen rapporteerden bij verschillende aspecten 
van sociaal functioneren (bijvoorbeeld het tot stand brengen en onderhouden van 
relaties en het ‘autonoom’ functioneren). Ze rapporteerden ook meer internaliserende 
problemen. De bekendste internaliserende problemen zijn angst en depressie. De 
PKU patiënten vertoonden meer ‘Vermijdende persoonlijkheidsproblemen’ (d.w.z. 
het mijden van sociale ontmoetingen, vaak om afwijzing te voorkomen) dan 
gezonde controleproefpersonen. Om deze problemen in kaart te brengen werd 
de Adult Self Report gebruikt (ASR, een gedragsvragenlijst voor volwassenen). 
Om de (geschiedenis van) metabole controle in kaart te brengen worden meestal 
phenylalanine (Phe) waarden gebruikt. Phe is het aminozuur dat niet of in 
verminderde mate wordt afgebroken en omgezet in een ander aminozuur, tyrosine, 
bij PKU. Hierdoor ontstaat een opeenhoping van Phe in het bloed en mogelijk ook in 
de hersenen. Door het regelmatig nemen van bloedmonsters wordt het Phe niveau 
gemonitord bij PKU patiënten. Zodra dit te hoog is wordt er, meestal met behulp van 
aanpassingen in het dieet van patiënten, ingegrepen. In Hoofdstuk 2 staat o.a. de 
bevinding gerapporteerd dat Phe concentraties in de kindertijd (d.w.z. tussen 0-12 
jaar) waren gerelateerd aan scores op de ASR gedragsschalen ‘Fysieke klachten’, 
‘Denkproblemen’ en ‘Somatische problemen’ in de volwassenheid. Voor PKU 
patiënten jonger dan 18 jaar, was Phe op de testdag positief en significant gerelateerd 
aan mentale gezondheidsproblemen.

In Hoofdstuk 3 staat een mogelijke herziening van behandelrichtlijnen voor 
kinderen met PKU op basis van prestaties op neuropsychologische taken centraal. De 
data van kinderen met PKU in de leeftijd van 7-14 jaar, uit een voorgaande onderzoek 
(dat plaatsvond in 1997-1998 door Huijbregts et al.) werden opnieuw geanalyseerd. 
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Nu werd onderzocht of een Phe bovengrens van 240 µmol/L gehanteerd zou moeten 
worden voor optimale uitkomsten in plaats van de meer gebruikelijke Phe bovengrens 
van 360 µmol/L. De controlegroep verschilde van de PKU patiënten met Phe boven 
de 360 µmol/L, maar ook van degenen met Phe tussen 240-360 µmol/L, wanneer 
er gekeken werd naar inhibitie (het vermogen om impulsen te onderdrukken, 
een zogenaamde executieve functie), cognitieve flexibiliteit (het vermogen om te 
‘switchen’ van de ene naar de andere, mogelijk meer adequate respons, ook een 
belangrijke executieve functie) en motorische controle. Alleen patiënten met Phe 
concentraties onder de 240 µmol/L verschilden op deze domeinen niet van gezonde 
controleproefpersonen. Deze resultaten kunnen geïnterpreteerd worden als een 
indicatie dat 240 µmol/L een betere Phe bovengrens is in de kindertijd dan 360 
µmol/L. Gezien de mogelijke complexiteit van het terugbrengen van Phe naar een 
zo laag niveau, en het beperkte aantal uitkomstmaten waar de resultaten werden 
gevonden, alsmede de vertaling van deze onderzoeksresultaten naar het dagelijks 
leven, moet de nodige voorzichtigheid in acht worden genomen bij het trekken van 
conclusies.

Hoofdstuk 4 focust op het cognitief profiel en mentale gezondheid van volwassen 
patiënten met PKU. Zoals is gevonden in voorgaande onderzoeken (met name bij 
kinderen), werden EF problemen ook geobserveerd bij de volwassen patiënten. 
Vergeleken met controleproefpersonen, presteerden PKU volwassenen slechter op 
inhibitie, werkgeheugen (een derde belangrijke executieve functie: het vermogen 
om informatie voor korte tijd ‘online’ te houden en deze informatie te bewerken 
aan de hand van omgevingscues en informatie uit het langetermijngeheugen), en 
volgehouden aandacht. Deze slechtere prestaties waren gerelateerd aan hogere Phe 
waarden (gedurende het leven, en met name aan Phe waarden tijdens de kindertijd). 
‘Depressieve problemen’ en ‘Vermijdende persoonlijkheidsproblemen’ werden vaker 
gerapporteerd door patiënten dan door controleproefpersonen. Daarnaast hadden 
patiënten met Phe waarden onder de 360 µmol/L gedurende de kindertijd een 
betere mentale gezondheid in de volwassenheid. De resultaten geven dus wederom 
het belang aan van Phe onder de 360 µmol/L in de kindertijd. Mogelijk is een lage, 
gecontroleerde Phe waarde tijdens de kindertijd van extra belang vanwege de snelle 
ontwikkeling van de hersenen gedurende deze periode. Hoofdstuk 4 beschrijft 
ook een nog niet eerder getoond resultaat met betrekking tot tetrahydrobiopterin 
(BH4), een vorm van medicatie die bij een subgroep van PKU patiënten de afbraak 
en omzetting van Phe in tyrosine bevordert. Dit zijn met name patiënten die 
onbehandeld niet al te hoge Phe niveaus laten zien. Volwassen patiënten die BH4 
gebruikten werden vergeleken met volwassen patiënten die geen BH4 gebruikten (en 
die net als de BH4 gebruikers als kind lage Phe niveaus hadden). De BH4 gebruikers 
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presteerden beter op een aantal neuropsychologische taken en scoorden beter op een 
aantal indicatoren van de mentale gezondheid.

Een subgroep van de patiënten die hebben deelgenomen aan het huidige 
onderzoek, heeft in 1997-1998 ook deelgenomen aan neuropsychologisch onderzoek, 
waarbij een aantal zelfde tests werd afgenomen. Dit gaf ons niet alleen de 
gelegenheid om de lange termijn effecten van vroege Phe waarden op EF, executief 
motorisch functioneren en mentale gezondheid in volwassen PKU patiënten te 
onderzoeken, maar ook om het effect van Phe tussen de eerste en tweede meting 
te onderzoeken. Resultaten van deze studie worden gepresenteerd in Hoofdstuk 
5. Van kindertijd naar volwassenheid bleven EFs stabiel, maar executief motorische 
controle verbeterde ten opzichte van gezonde controles (met andere woorden: de 
achterstand werd ingelopen). Patiënten met Phe concentraties onder de 360 µmol/L 
in de kindertijd en boven de 360 µmol/L vanaf de adolescentie hadden beter 
cognitieve uitkomsten in de volwassenheid dan degenen die Phe waarden hadden 
boven 360 µmol/L gedurende hun hele leven. Er waren opnieuw aanwijzingen dat 
Phe waarden in de kindertijd het meest belangrijk waren voor cognitieve en mentale 
gezondheids-uitkomsten in de volwassenheid. Daarnaast werd gevonden dat een 
grotere toename van Phe in de periode tussen de eerste en tweede meting (d.w.z. 
tussen de kindertijd en volwassenheid) gerelateerd was aan slechtere cognitieve 
uitkomsten in de volwassenheid. Dit laat zien dat Phe na de kindertijd nog steeds 
van invloed lijkt te zijn op uitkomsten in de volwassen leeftijd. We kunnen de 
invloed van latere Phe waarden op basis van deze resultaten sowieso niet uitsluiten 
omdat onze patiënten over het algemeen gedurende hun hele leven relatief lage 
Phe waarden hadden en een relatief goede sociaal-economische en sociaal-culturele 
status hadden hetgeen beschermende factoren kunnen zijn (tegen bijvoorbeeld hoge 
Phe niveaus) bij de cognitieve en sociale ontwikkeling.

Hoofdstuk 6 beschrijft het sociaal cognitief functioneren (bijvoorbeeld 
emotieherkenning: het inschattingsvermogen met betrekking tot emoties, 
gedachten, wensen etc. van anderen) en de sociale vaardigheden (bijvoorbeeld 
aanpassingsvermogen: het handelen volgens bepaalde normen en waarden, 
communicatieve vaardigheden etc.) van patiënten (van verschillende leeftijden) met 
PKU. Deze domeinen waren nog niet eerder onderzocht binnen de PKU. De kinderen 
met PKU verschilden niet van de controleproefpersonen. PKU adolescenten deden 
het slechter op sociale cognitie-taken en ze leken minder goede sociale vaardigheden 
te hebben dan hun leeftijdsgenoten. De verschillen waren het grootst bij de volwassen 
groepen: PKU patiënten presteerden slechter op alle sociale metingen, ongeacht 
leeftijd of IQ. Met betrekking tot de relatie met Phe: in de adolescente leeftijd was 
sociale cognitie gerelateerd aan Phe niveaus tussen de 8 en 17 jaar. Slechtere sociale 
vaardigheden bij de volwassen patiënten waren gerelateerd aan hoge Phe waarden 
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gedurende het leven, waarbij sommige dimensies van de meetinstrumenten 
(bijvoorbeeld ‘Sociale bekwaamheid’) in het bijzonder waren gerelateerd aan Phe 
tijdens de kindertijd en adolescentie.

Hoofdstuk 7 beschrijft een studie waarin is onderzocht of de Behavior Rating 
Inventory of Executive Functioning (BRIEF) een bruikbaar instrument is in de 
dagelijkse zorg van patiënten met PKU. Er werd verondersteld dat dit instrument, een 
vragenlijst die het executieve functioneren in het dagelijks leven in kaart kan brengen, 
een alternatief zou kunnen zijn voor de meer bewerkelijke neuropsychologische 
taken die EF meten. Bij zowel de BRIEF als de neuropsychologische taken werden 
gebreken in EF geobserveerd. De overlap tussen de instrumenten was echter gering. 
Met andere woorden: er was een aantal patiënten dat minder goed scoorde op de 
BRIEF (EF in het dagelijks leven), maar er waren weer andere patiënten die minder 
goed scoorden op EF als gemeten met de neuropsychologische taken. De conclusie 
is dat de BRIEF een geschikt screeningsinstrument is om EF van volwassen PKU 
patiënten in het dagelijks leven te monitoren, maar dat de vragenlijst niet als 
alternatief kan dienen voor neuropsychologische taken.

In Hoofdstuk 8 zijn de resultaten uit de voorgaande hoofdstukken nog eens 
uitgebreid besproken, met daarbij aandacht voor de beperkingen van het uitgevoerde 
onderzoek en voor aanbevelingen voor toekomstig onderzoek. Aanbevelingen voor 
de toekomst behelzen o.a. het verder onderzoeken van metabole parameters in 
relatie tot COBESO uitkomsten, het uitbreiden van de kennis over het effect van 
BH4 ten opzichte van COBESO uitkomsten, het onderzoeken van trainingsmodules 
gericht op het verbeteren van executieve functies en sociale vaardigheden bij PKU, 
en het includeren van regelmatige psychologische evaluaties en consultaties in de 
zorg voor PKU patiënten.
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dAnKWooRd

Het PKU-COBESO onderzoek en mijn bijbehorende aanstelling bij het Beatrix 
Kinderziekenhuis zijn mogelijk gemaakt door de volgende sponsors die ik hierbij 
hartelijk wil danken: Stichting PKU Research, de Nederlandse PKU Vereniging, met 
name dank aan de voorzitter David Abeln, Fonds NutsOhra, afdeling Metabole 
Ziekten van het Beatrix Kinderziekenhuis, Swedish Orphan Biovitrum International 
(SOBI) en Stichting Joris, met name dank aan de voorzitter Annelies Prent.

Heel belangrijk waren de patiënten met PKU en de gezonde proefpersonen 
die hebben deelgenomen aan dit onderzoek. Ik wil jullie hartelijk danken voor 
jullie deelname. Zonder jullie was het niet mogelijk om het onderzoek uit te voeren. 
Vele patiënten waren ook zeer enthousiast en gemotiveerd om mee te doen, mede 
omdat er een brede leeftijdsrange was en er dus, naar hun eigen zeggen, eindelijk 
ook werd gekeken naar de volwassenen met PKU. Het was ook fijn dat mijn 
onderzoeksresultaten met veel interesse werden ontvangen tijdens de verschillende 
Landelijke PKU dagen van de PKU vereniging. David Abeln, bedankt voor de 
uitnodigingen en voor uw ondersteuning bij het onderzoek.

De belangrijkste personen tijdens mijn PhD-traject waren Francjan van 
Spronsen en Stephan Huijbregts. Ik wil jullie heel erg bedanken voor de begeleiding 
en voor alles wat jullie rondom het onderzoek voor mij hebben gedaan. Ondanks 
dat het soms in het begin even zoeken was voor ons alle drie, ben ik heel dankbaar 
dat ik jullie als begeleider had en ik vond jullie expertise vanuit twee verschillende 
vakgebieden heel waardevol.

Francjan, bedankt voor de begeleiding in het onderzoek naar PKU en het 
verruimen van mijn kennis en blik op stofwisselingsziekten. Het was voor mij even 
wennen om bij de Metabole Ziekten te werken zonder een medische achtergrond. 
Ik werd ook in het diepe gegooid toen ik al na een paar maanden voor een groot 
publiek in Genève moest presenteren. Maar je nam de tijd om mij goed voor te 
bereiden en mij wegwijs te maken binnen de PKU wereld. Inmiddels vind ik het leuk 
om te presenteren, iets dat je altijd hebt gestimuleerd door aan te geven dat wij, PhD-
studenten, abstracts moeten indienen voor congressen. Het reizen naar congressen 
en contacten leggen met andere internationale onderzoekers was ook eerst spannend 
maar ook heel leuk en leerzaam. Ik heb hierin echt mijn weg gevonden. Ik vond het 
ook fijn dat ik altijd bij jou terecht kon als ik iets wilde bespreken en jouw hulp nodig 
had.

Stephan, je begeleidt mij al sinds mijn bachelor-onderzoek. Ik vond het 
interessant en leuk om onderzoek te doen naar executieve functies. Echter, ik was 
daarna van plan om de normale Master Orthopedagogiek te gaan doen. Totdat je 
zei dat ik moest proberen om te solliciteren voor de Researchmaster, waarvoor ik 
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mogelijk geschikt was. Ik wist het niet zeker, maar dacht er goed over na en vond 
het een mooie kans. Ik heb ingezien dat onderzoek mij inderdaad goed ligt en ik 
ben blij dat je mij toentertijd erop hebt gewezen en dat ik voor deze richting heb 
gekozen. Des te bijzonder vond ik het dat jij en Francjan mij hebben gevraagd om 
het vervolgonderzoek uit te voeren naar aanleiding van jouw PKU-onderzoek. Ik wil 
jullie heel erg bedankt voor die kans.

Verder wil ik de volgende personen bedanken voor de extra ondersteuning 
bij het onderzoek: Leo de Sonneville (Universiteit Leiden) voor de Amsterdamse 
Neuropsychologische Taken, Jaap van der Meere (Rijksuniversiteit Groningen) voor 
het samen begeleiden van de masterstudenten, Rebecca Heiner en Pim Blauuw 
van het Metabole Ziekten laboratorium (UMCG) voor de inzichten en hulp bij de 
bloedanalyses.

Een belangrijk onderdeel van het onderzoek was de toestemming van en 
samenwerking met de behandeld artsen en de bijbehorende staf van de deelnemende 
ziekenhuizen: Annet Bosch en Carla Hollak van het Amsterdam Medisch Centrum, 
Estela Rubio-Gozalbo en Martijn Brouwers van Maastricht Universitair Medisch 
Centrum, Floris Hofstede van het Wilhelmina Kinderziekenhuis, Maaike de Vries en 
Mirian Janssen van het Radboud Universitair Medisch Centrum, Ans van der Ploeg 
en Janneke Langendonk van het Erasmus Medisch Centrum. Bedankt voor de fijne 
samenwerking en voor de waardevolle input in het onderzoek en de manuscripten. 
Met jullie feedback heb ik de artikelen naar een hoger niveau kunnen tillen. Hopelijk 
zullen we elkaar nog treffen op congressen en ik hoop in de toekomst nogmaals met 
jullie te mogen samenwerken.

Onderdeel van het leven van een PhD-student is het samen sparren met 
collega’s, wat heel fijn is als het even niet lekker loopt met een project of met het 
schrijven van een artikel. Soms op de kamer in het kelder, tijdens de lunch, soms 
tijdens onze wekelijkse/maandelijkse metabole meetings of op congressen. Martijn 
de Groot, Karen Anjema, Nienke Volker-Touw, Danique van Vliet, Esther van Dam, 
Greet van Rijn, Wiggert van Ginkel, Vibeke Bruinenberg, Priscila Mazzola, Anouk 
Kuiper, Annemiek van Wegbergen, Serwet Demirdas: bedankt voor de gesprekken, 
voor de gezelligheid, voor het gezelschap tijdens de vele congressen. Ik keek er 
altijd naar uit om met jullie/onze researchgroep weer naar een buitenlands congres 
te gaan, waar we niet alleen hard werkten (presenteerden, onderzoekscontacten 
legden), maar ook vaak genoten van de stad/omgeving.

Aan het begin van het PKU-COBESO onderzoek was ik ervan overtuigd dat 
ik alle proefpersonen wel alleen kon onderzoeken. Echter, al snel werd duidelijk dat 
het praktisch niet mogelijk was en dat ik meer mankracht nodig had. Dankzij Jaap 
van der Meere (RUG) kreeg ik de mogelijkheid om een paar colleges te verzorgen bij 
(Klinische) Neuropsychologie. Het begon eerst bij één masterstudente Psychologie, 
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maar daarna werden het er steeds meer, niet alleen van de Rijksuniversiteit 
Groningen (afdeling Psychologie en Kindergeneeskunde, Metabole Ziekten), maar 
ook van de Universiteit Leiden (afdeling Orthopedagogiek) en van de Radboud 
Universiteit Nijmegen (Gezondheidszorgpsychologie). Ik vond het heel bijzonder 
maar vooral ook heel leuk om de studenten te begeleiden in het onderzoek. Maar nog 
belangrijker, zonder deze studenten heb ik dit onderzoek niet kunnen volbrengen: 
Marijn Witteveen, Judith Russ, Daphne von Dülmen Krumpelmann, Inge Hop, 
Rianne Jaasma, Hanneke Ran, Geertje Liemburg, Marjolein Wille, Léonie Sauselé, 
Diantha van Spronsen, Floor Kiekebos, Wiggert van Ginkel, Amanda Legemaat, 
Mirjam van Zetten, Corinna Lattmann, Kimber van Vliet. Bedankt voor jullie inzet 
en enthousiasme en jullie hulp binnen het onderzoek. Ik hoop dat jullie een leuke en 
leerzame onderzoeks-/wetenschapsstage hebben gehad. Ik ben jullie dankbaar voor 
het werk dat jullie voor mij hebben gedaan. Ik wens jullie heel veel succes met jullie 
loopbaan!

Naast de mensen met wie ik veel heb samengewerkt, zijn er natuurlijk ook mijn 
dierbaren die mij in deze periode hebben gesteund.

Lieve pap en mam, ik wil jullie heel erg bedanken voor de mogelijkheid die 
jullie mij hebben geboden om te gaan studeren. Jullie hebben mij altijd gestimuleerd 
en gesteund. Het harde werken, gedisciplineerd zijn en het doorzettingsvermogen 
heb ik van jullie gekregen en daar ben ik blij om want het heeft mij gebracht tot waar 
ik nu ben. Lieve Ricky en Rita, ook met jullie als broer en zus ben ik dankbaar. Ik 
weet dat ik altijd bij jullie terecht kan. Bedankt voor jullie steun.

Lieve vriendinnen, Tabitha, Shivanie, Nicole, Sijia, Elien, Sanne, Elaine, Thaïs, 
jullie zijn er door dik en dun. We hebben lief en leed gedeeld. Ik ben heel blij dat we 
ondanks onze drukke schema’s nog steeds tijd maken om samen te eten/drinken 
of een gezellig avondje weg te gaan. Ik waardeer en ben zeer dankbaar voor onze 
vriendschappen.

Ook wil ik alle mensen met wie ik mijn passie voor Braziliaanse Zouk deel, 
bedanken. Ik heb tijdens mijn PhD-traject veel gehad aan het dansen: het trainen 
en het optreden met het showteam, en het lesgeven aan cursisten. Dat gaf mij 
ontspanning en ik kon op die manier makkelijk even loskomen van het onderzoek. 
Het was een hele goede combinatie.

Tot slot, lieve Philip, bedankt voor jouw steun en toeverlaat, jouw geduld, 
zorgzaamheid en liefde. Het was best druk in de laatste periode van het afronden 
van mijn proefschrift en met de onderzoeken in het buitenland, maar gelukkig 
hebben we ook kunnen genieten en ontspannen tijdens de vakanties. Ik ben heel blij 
dat je naast me staat en ik kijk uit naar onze toekomst.
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school, she went to the University of Leiden where she completed the Research 
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Psychopathology in Education and Child Studies’. During her research master 
thesis, she became familiar with research into executive functioning, behaviour and 
social (cognitive) skills. She conducted assessments with healthy children as part 
of the national research project ‘Curious Minds’ (Talentkracht). After graduation in 
2010, she continued working on some projects at the department of Education and 
Child Studies in Leiden.

However, in 2011 she was asked by Prof. dr. Francjan van Spronsen and Dr. 
Stephan Huijbregts to join the research team in Groningen and to conduct the follow-
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Chile. The HT1-COBESO study is still ongoing.
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pages). She received two awards for the best oral presentation (in 2012 at the 4th 
European Phenylketonuria Group (EPG) symposium in Rome, Italy, and in 2016 at 
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at ‘Dos Bailadores’ in Leiden, and she is also part of a show team.



Chapter 10

168

Presentations at (inter)national conferences

2011
Aug. 30 - Sept. 2, 2011: Geneva, Switserland
society for the study of Inborn errors of Metabolism (ssIeM) 2011

Oral Presentation: PKU: Evidence towards stricter treatment 0-12 years
Poster Presentation:  Phe versus Phe:Tyr ratios in predicting cognitive abilities in 

Phenylketonuria
Sept. 10, 2011: Amersfoort, The Netherlands
national day dutch PKu society (landelijke PKu dag)

Oral Presentation: Onderzoek PKU en executieve functies. Een vervolgstudie
Oct. 14-16, 2011: Warsaw, Poland
european society for Phenylketonuria and allied disorders  treated as PKu 
(esPKu)

Oral Presentation:  Phenylalanine levels and executive functioning in PKU patients: 
Absolute levels versus fluctuations as predictors

2012
Mar. 23-24, 2012: Rome, Italy
4th european Phenylketonuria Group (ePG) symposium

Oral Presentation 1:  Phenylketonuria: Evidence in favour of increased strictness in 
treatment during the first 12 years of life

Oral Presentation 2:  Phenylalanine concentrations versus Phenylalanine:Tyrosine 
ratios in predicting cognitive abilities of individuals with 
Phenylketonuria

Prize for best oral presentation 1
Apr. 17-18, 2012: Amsterdam, The Netherlands
erfelijke stofwisselingsziekten nederland (esn) congres

Oral Presentation:  PKU: Evidence in favour of increased strictness in treatment during 
the first 12 years of life

Sept. 15, 2012: Amersfoort Zoo, The Netherlands
national day dutch PKu society (landelijke PKu dag)

Oral presentation/workshop about research and executive functions

2013
Mar. 15-16, 2013: Istanbul, Turkey
5th ePG meeting

Oral Presentation:  Executive functioning and behaviour problems in adult 
Phenylketonuria patients: Preliminary results

Sept. 3-6, 2013: Barcelona, Spain
International Congress of Inborn errors of Metabolism (ICIeM) 2013

Poster Presentation:  Behaviour and social skills in adult Phenylketonuria patients: 
Preliminary results
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Sept. 14, 2013: Apeldoorn, The Netherlands
national day dutch PKu society (landelijke PKu dag)

Oral Presentation:  Onderzoek PKU, executieve functies en gedrag. Eerste resultaten
Oct. 31 - Nov. 3, 2013: Antwerp, Belgium
esPKu

Oral Presentation:  Cognitive profile Tyrosinaemia Type 1 (HT1) and PKU: Preliminary 
results regarding executive functioning and social skills

Dec. 6, 2013: Istanbul, Turkey
Middle east Metabolic Group (MeMG)

Invited Speaker: Executive functioning, behaviour and social skills in Phenylketonuria

2014
June 6-7, 2014: Zagreb, Croatia
6th ePG meeting

Invited Speaker: Brain function in children: The lower the Phe, the better the outcomes
Sept. 2-5, 2014: Innsbruck, Austria
ssIeM 2014

Poster Presentation:  Executive functioning and social information processing in 
Tyrosinemia Type 1 (HTI) and Phenylketonuria (PKU)

2015
May 8, 2015: Brussels, Belgium
Metabolics.be

Invited Speaker:  Neuropsychological development of Tyrosinaemia Type 1 (HT1) 
patients

Sept. 1-4, 2015: Lyon, France
ssIeM 2015

Invited Speaker:  Neurocognitive outcome in Tyrosinemia Type 1 (HT1) in relation to 
dietary control in the early years

Poster Presentation:  Social and social cognitive functioning in patients with early and 
continuously treated PKU: The PKU-COBESO study

2016
Sept. 10, 2016: Amersfoort, The Netherlands
national day dutch PKu society (landelijke PKu dag)

Invited Speaker: Onderzoek naar executieve functies, sociale vaardigheden en gedrag
Oct. 7-8, 2016: Amsterdam, The Netherlands
7th ePG meeting

Oral Presentation:  Social-cognitive functioning and social skills in patients with early 
treated Phenylketonuria: A PKU-COBESO study

Prize for best oral presentation
Dec. 15, 2016: Amersfoort, The Netherlands
symposium PKu: 7 jaar na introductie van Kuvan in nederland 

Invited Speaker: PKU in adults: Nothing wrong?
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lIsT of ABBReVIATIons

ADHD  Attention deficit/hyperactivity disorder
ANT  Amsterdam Neuropsychological Tasks
ASR  Adult Self-Report (questionnaire)
BH4  Tetrahydrobiopterin
BRI  Behavioral Regulation Index (BRIEF scale)
BRIEF(-A)  Behavior Rating Inventory of Executive Function(–Adult) (questionnaire)
CBCL  Child Behavior Checklist (questionnaire)
EF  Executive function(ing)
FI  Feature Identification task (from the ANT)
FL  Flanker Interference task (from the ANT)
FPT  Faux-Pas Recognition Test (paper-and-pencil task)
FR  Face Recognition task (from the ANT)
GEC  Global Executive Composite (BRIEF overall score)
HPA  Hyperphenylalaninaemia
IFE  Identification of Facial Emotions task (from the ANT)
LNAA  Large neutral amino acids
MI  Metacognition Index (BRIEF scale)
PAH  Phenylalanine hydroxylase
Phe  Phenylalanine
Phe:Tyr  Phenylalanine to tyrosine ratio
PKU  Phenylketonuria
PKU-COBESO Phenylketonuria COgnition, BEhaviour, SOcial functioning study
PU  Pursuit task (from the ANT)
P&P  Paper-and-pencil task
Q  Questionnaire
RME  Reading the Mind in the Eyes Test (paper-and-pencil task)
RT  Reaction time
SAD  Sustained Attention-Dots task (from the ANT)
SCST  Social Cognitive Skills Test (paper-and-pencil task)
SSC-SR  Social Skills Checklist – Self Report (questionnaire)
SSRS  Social Skills Rating System (questionnaire)
SSV  Shifting Attentional Set-Visual task (from the ANT)
Tyr  Tyrosine
WISC-III  Wechsler Intelligence Scale for Children 3rd Edition
WAIS-III  Wechsler Adult Intelligence Scale 3rd Edition
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