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Diagnosis and prevalence
Attention-deficit/hyperactivity disorder (ADHD) is a childhood psychiatric disorder 

characterised by a persistent pattern of age-inappropriate inattention and/or 

hyperactivity-impulsivity (American Psychiatric Association, 2013). The diagnostic and 

statistical manual of mental disorders, fifth edition (DSM-5) describes the diagnostic 

criteria of ADHD. Individuals are fulfilling the criteria for a DSM-5 diagnosis of ADHD 

when at least six symptoms of inattention and/or at least six symptoms of hyperactivity-

impulsivity have persisted for at least six months. Given that the DSM-5 defines nine 

symptoms on both symptoms domains, there are over 100.000 unique combinations 

of symptoms possible, varying from six symptoms of inattention and zero symptoms of 

hyperactivity-impulsivity, to nine symptoms on both symptom domains. The large variety 

in symptom combinations and symptom severity contributes to clinical heterogeneity in 

ADHD. Additional diagnostic criteria include the criterion of pervasiveness (symptoms 

being present in multiple settings, such as at home and at school) and the criterion of 

impairment (symptoms interfering with social or academic functioning). Furthermore, 

since the introduction of the DSM-5, symptoms should be present prior to the age of 12 

years (American Psychiatric Association, 2013), compared to seven years old as age of 

onset in the DSM-IV (American Psychiatric Association, 2000). In the current dissertation 

DSM-IV criteria are used, since the studies described in this dissertation started prior to 

the introduction of the DSM-5.

ADHD is one of the most prevalent psychiatric disorders during childhood (Costello, 

Mustillo, Erkanli, Keeler, & Angold, 2003). Thus far, no prevalence rates of DSM-5 diagnoses 

of ADHD are available, but a meta-analysis estimated the worldwide prevalence of ADHD 

in children at 5.9 percent, when applying full DSM-IV diagnostic criteria (Willcutt, 2012). 

In case the criteria of pervasiveness and impairment are not fully assessed, prevalence 

rates of ADHD are as high as 8.8 to 13.3 percent in children (Willcutt, 2012). Clinical 

guidelines recommend the use of information obtained from parents and teachers, 

in order to determine whether the criteria of pervasiveness and impairment are met 

(American Academy of Pediatrics, 2011). It has been shown that in childhood, boys are 

about twice as likely as girls to meet criteria for a diagnosis of ADHD (Willcutt, 2012). A 

meta-analysis showed that by the age of 25 years old, 40 to 60 percent of individuals 

diagnosed with ADHD during childhood continue to have impairing symptoms of ADHD 

(Faraone, Biederman, & Mick, 2006). In addition, there is evidence for an adult-onset 
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form of ADHD (Moffitt et al., 2015). This may contribute to the fact that the prevalence 

rate of ADHD in young adults (estimated at 5 percent) is similar to the prevalence rate in 

children (Willcutt, 2012), even though part of the children with ADHD outgrow the full 

diagnosis of ADHD (Van Lieshout et al., 2016).

Aetiology
Regarding the aetiology of ADHD, many theories on risk factors have been proposed 

in the past decades, among which genetic, neurocognitive, metabolic and dietary risk 

factors — the latter two being studied in chapter 2 and 3 of this dissertation. In the 

current chapter a non-limitative overview of existing literature on aetiological risk factors 

for ADHD is provided.

Genetic risk factors
One of the dominant theories on the aetiology of ADHD focuses on a model in which 

(interactions between) multiple genetic and environmental risk factors increase the 

susceptibility to ADHD (Faraone et al., 2015; Faraone et al., 2005). As studies performed 

in twins show that the heritability of ADHD is estimated at 76 percent, a large degree 

of the variability in ADHD in the population can be accounted for by genes (Faraone et 

al., 2005). Results have shown evidence for stable genetic risk factors that contribute 

to the onset of ADHD, but also for genetic factors that emerge during the development 

of children and adolescents, which may contribute to persistence of ADHD (Chang, 

Lichtenstein, Asherson, & Larsson, 2013). Many candidate gene studies have been 

performed to determine which genes influence the susceptibility to ADHD (Faraone 

et al., 2005). Based on at least three studies for each gene variant, there is evidence 

for an association between the following gene variants and ADHD: the dopamine D4 

receptor (DRD4), the dopamine D5 receptor (DRD5), the dopamine transporter gene 

(DAT), dopamine beta-hydroxylase (DBH), the serotonin transporter gene (5-HTT), 

5-hydroxytryptamine receptor 1B (HTR1B), and the gene encoding synaptosomal-

associated protein 25 (SNAP-25). The majority of the genes related to ADHD consist of 

genes that are involved in the transport and binding of dopamine and serotonin. Altered 

functioning of these genes may explain altered dopamine concentrations in the brains of 

individuals with ADHD (Oades, 2008), and aberrant postsynaptic serotonin levels found 

in some individuals with ADHD (Oades, 2010). However, pooled odds ratios are small 

for all genes, suggesting that the vulnerability to ADHD is dependent on interactions 

between multiple genes of small effect (Faraone et al., 2005). In recent years, studies have 
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focused on polygenic risk scores for ADHD, which are aggregated scores of thousands of 

alleles associated with ADHD (Hamshere et al., 2013). Results showed that polygenic risk 

factors for ADHD were related to inattention and to hyperactivity-impulsivity (Martin, 

Hamshere, Stergiakouli, O’Donovan, & Thapar, 2014). It should be noted that a meta-

analysis has shown that effects of genetic risk factors differed across symptom domains 

(Nikolas & Burt, 2010), suggesting that there are different genetic aetiological pathways 

in ADHD. More importantly, the aetiology of ADHD involves an interplay between genes 

and non-genetic factors, including prenatal exposure to maternal smoking (Thapar, 

Cooper, Eyre, & Langley, 2013). 

Neurocognitive risk factors
During the past decades, researchers focused on detecting neurocognitive 

endophenotypes that mediate between genetic alterations and the behavioural 

phenotype of ADHD (Castellanos & Tannock, 2002; Willcutt, Doyle, Nigg, Faraone, & 

Pennington, 2005). Genetic risk factors have a negative influence on the structure and 

functioning of the brain of children with ADHD, which in turn may impair neurocognitive 

functioning (Faraone et al., 2015). For instance, a meta-analysis showed evidence for 

smaller volumes across several brain regions, including the right globus pallidus, right 

putamen and caudate nucleus (Frodl & Skokauskas, 2012), while another meta-analysis 

provided evidence for alterations in white matter integrity in multiple brain areas, 

including the right anterior corona radiata, right forceps minor, bilateral internal capsule, 

and left cerebellum (Van Ewijk, Heslenfeld, Zwiers, Buitelaar, & Oosterlaan, 2012). 

ADHD is associated with numerous neurocognitive deficits, such as impaired working 

memory (Willcutt et al., 2005) and poor inhibitory control (Barkley, 1997; Willcutt et 

al., 2005). Recently, studies started to focus on identifying subgroups of children with 

ADHD that share a neurocognitive profile, acknowledging that ADHD is an aetiologically 

heterogeneous disorder, with multiple pathways at the neurocognitive level resulting in 

the presence of ADHD symptoms. Thus far, three studies applied community detection 

procedures in individuals with ADHD, all showing multiple distinct neurocognitive profiles 

(Fair, Bathula, Nikolas, & Nigg, 2012; Mostert et al., 2015; Van Hulst, De Zeeuw, & Durston, 

2015). It was found that the neurocognitive profiles in the ADHD samples were also 

observed in typically developing controls, with individuals with ADHD generally showing 

weaker neurocognitive performance within each profile (Fair et al., 2012; Mostert et al., 

2015; Van Hulst et al., 2015). This finding suggests that individuals with ADHD reflect 

the extremes of normal neurocognitive heterogeneity. Therefore, low performance on 
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neurocognitive profiles may reflect a risk factor for ADHD. Since all three studies into 

neurocognitive profiling in ADHD used different selections of neurocognitive measures, 

profile characteristics differed across studies. In chapter 4, we apply community detection 

procedures in individuals with ADHD, to gain more insight into the number and type of 

neurocognitive profiles underlying ADHD. Further research is required to examine the 

clinical relevance of classifying children with ADHD into neurocognitive subgroups, given 

the limited predictive validity of neurocognitive functioning for persistence of ADHD (Van 

Lieshout, Luman, Buitelaar, Rommelse, & Oosterlaan, 2013). We address the predictive 

validity of neurocognitive profiling in children with ADHD in chapter 4, with a focus on 

predictive validity for functional outcomes (externalising problems, social problems and 

academic problems).

Metabolic risk factors
Several biochemical measures were reviewed as potential metabolic risk factors for 

ADHD, in order to provide more insight into the aetiology of ADHD, and to provide 

biomarkers that could be useful for diagnostic and therapeutic purposes. An extensive 

systematic review showed that there are several biomarkers that differentiate children 

with ADHD from controls (Scassellati, Bonvicini, Faraone, & Gennarelli, 2012). Five 

biomarkers were significantly related to ADHD, including norepinephrine (NE) and 

3-methoxy-4-hydroxyphenylethylene glycol (MHPG) in urine, monoamine oxidase 

(MAO) in platelets, zinc in serum, plasma and urine, and cortisol in saliva. However, none 

of the biomarkers could unequivocally predict ADHD. The effects of the biomarkers that 

showed a difference between groups of children with ADHD and controls were too small 

for diagnostic purposes, and it is not clear whether these biomarkers are specific to 

ADHD (Scassellati et al., 2012). Therefore, other putative biomarkers for ADHD should be 

explored, which is the aim of chapter 2 and 3 of this dissertation.

In chapter 2 we explore the role of aromatic amino acids (AAAs) in blood in relation to 

ADHD. Given their impact on the synthesis of serotonin and dopamine, decreased blood 

concentrations of the AAAs tryptophan, tyrosine and phenylalanine may contribute to 

the expression of ADHD symptoms. While there are many other factors that affect the 

synthesis of dopamine and serotonin (including the transport of AAAs through the blood-

brain barrier, and the availability of co-enzymes), normal circulating blood concentrations 

of AAAs are a first prerequisite for the synthesis of these neurotransmitters (Felger et al., 

2013; O’Mahony, Clarke, Borre, Dinan, & Cryan, 2015). We therefore hypothesise that 
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decreased AAA blood concentrations are a risk factor for ADHD, in line with three studies 

that reported lower plasma concentrations of tryptophan, tyrosine and phenylalanine in 

ADHD (Baker et al., 1991; Bornstein et al., 1990; Comings, 1990). 

In chapter 3 we focus on the contribution of another amino acid that is involved in the 

functioning of the brain: homocysteine. High concentrations of homocysteine have 

detrimental effects on neurocognitive functioning, by causing DNA damage, disturbed 

methylation or cell death, or by altering the functioning of glutamate receptors 

(Mattson & Shea, 2003). Homocysteine has been found associated with neurocognitive 

performance in patients with neurodegenerative diseases (Teunissen et al., 2005), in the 

normal aging population (Garcia & Zanibbi, 2004), as well as in psychiatric populations 

(Dias, Brissos, Cardoso, Andreazza, & Kapczinski, 2009; Ford, Flicker, Singh, Hirani, & 

Almeida, 2013). Given the overwhelming evidence of neurocognitive problems in ADHD, 

we explore whether homocysteine abnormalities were related to (neurocognitive 

deficiencies in) ADHD, and hypothesise that high homocysteine concentrations in blood 

are a risk factor for childhood ADHD.

Dietary risk factors
Other theories have focused on dietary abnormalities as risk factors for ADHD (Banerjee, 

Middleton, & Faraone, 2007). There is limited evidence for dietary deficiencies in ADHD, 

with some significant findings for zinc (Toren et al., 1996), folate (Durá-Travé & Gallinas-

Victoriano, 2014), iron (Konofal, Lecendreux, Arnulf, & Mouren, 2004), and omega-6 

fatty acids (Ng, Meyer, Reece, & Sinn, 2009). Although these topics require further 

research, the available evidence provides some empirical justification for nutritional 

interventions in ADHD (Hurt, Arnold, & Lofthouse, 2011). Other dietary risk factors that 

have received scientific interest are increased dietary intake of artificial food colours 

(Nigg, Lewis, Edinger, & Falk, 2012) and sugar (Wolraich, Wilson, & White, 1995). A meta-

analysis showed that additive food colours increased parent-rated ADHD symptoms in 

children (Nigg et al., 2012). However, there were great individual differences in response 

to food colours, suggesting that this is a risk factor for some children (eight percent) 

only (Nigg et al., 2012). A meta-analysis of placebo-controlled studies showed that 

refined sugar did not increase behavioural problems, and did not decrease cognitive 

performance in children (Wolraich et al., 1995). In this dissertation we explore whether 

children with ADHD had lowered dietary intake of protein, as tryptophan, tyrosine and 

phenylalanine are constituents of protein in foods (chapter 2). A low dietary intake 
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of protein, in combination with abnormal AAA concentrations in children with ADHD, 

would be informative for a dietary risk factor for ADHD. Likewise, we explore whether 

children with ADHD had lowered dietary intake of vitamin B12 and folate (chapter 3), as 

a deficiency of folate or vitamin B12 leads to increased concentrations of homocysteine 

in the blood.

Functional impairments
Besides being impaired by ADHD symptoms, children with ADHD are often hampered 

by other difficulties; it appears that, unfortunately, for children with ADHD it never rains 

but it pours. Functional impairments that are associated with ADHD include, among 

others, behavioural problems, sleep disturbances, academic underachievement, social 

problems and emotion recognition deficiencies. In chapter 5 of this dissertation, we 

study sleep disturbances in ADHD. In the current chapter a non-limitative overview of 

existing literature on functional impairments in ADHD is provided.

Behavioural problems
ADHD is associated with numerous problems at behavioural level, with 60 to 100 

percent of children with ADHD having at least one other DSM-diagnosis (Gillberg et al., 

2004). ADHD increases the risk of internalising disorders, such as anxiety disorder and 

depression, with comorbidity rates of 13 to 51 percent in children with ADHD. ADHD 

also increases the risk of externalising disorders, including oppositional defiant disorder 

(ODD) and conduct disorder (CD), with 43 to 93 percent of children with ADHD meeting 

criteria for ODD and/or CD (Gillberg et al., 2004; Jensen, Martin, & Cantwell, 1997). 

Another psychiatric comorbidity that is frequently reported in children with ADHD, is 

autism spectrum disorder (ASD), with 65 to 80 percent of children with ADHD showing 

symptoms of ASD (Gillberg et al., 2004). The varying presence of comorbid disorders 

across children with ADHD is, next to the variance in ADHD symptom combinations and 

symptom severity, another cause of clinical heterogeneity among children with ADHD. 

While some children with ADHD experience little comorbidity, others are hampered 

by a wide range of associated problems (Faraone et al., 2015). This heterogeneity may 

reflect differential aetiological pathways of ADHD. In chapter 4 we explore whether 

certain neurocognitive profiles reflect an increased risk of comorbid behavioural 

problems in ADHD. This may provide insight into separate aetiological pathways at the 

neurocognitive level. Furthermore, given the great extent of psychiatric comorbidity in 

children with ADHD, it should be noted that these conditions may mediate or moderate 
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associations between ADHD and other functional outcomes. For instance, anxiety 

disorder, depression, ODD and CD seem to be a risk factor for sleep disturbances 

(Chervin, Dillon, Archbold, & Ruzicka, 2003; Chorney, Detweiler, Morris, & Kuhn, 2008; 

Corkum, Moldofsky, Hogg-Johnson, Humphries, & Tannock, 1999; Owens et al., 2009). It 

is therefore important to control for these comorbid conditions when studying sleep in 

ADHD. If internalising or externalising behaviour contributes to decreased sleep quality 

or quantity in children with ADHD, such a finding could be of relevance to the treatment 

of sleep problems in these children. Inadequate behaviour of children leading to sleep 

problems might be amenable to treatment (Hiscock et al., 2015). In chapter 5 we study 

the effects of comorbid internalising and externalising problems on the association 

between ADHD and sleep problems. 

Sleep disturbances
In addition to an increased risk of other psychiatric disorders, clinical observations suggest 

that ADHD is associated with an increased prevalence of sleep disturbances (Corkum, 

Tannock, & Moldofsky, 1998). A meta-analysis of studies using subjective measures of 

sleep quality (questionnaires filled out by parents) shows that children with ADHD have 

higher bedtime resistance, and more sleep onset difficulties, nocturnal awakenings, 

difficulties with arising in the morning and sleep disordered breathing compared to 

controls, although for all results considerable heterogeneity was reported across the 

studies (Cortese, Faraone, Konofal, & Lecendreux, 2009). A recent meta-analysis on 

sleep studies using actigraphy to measure sleep objectively, showed as well that non-

medicated children with ADHD have increased sleep onset latency and decreased sleep 

efficiency, although, again, results were inconsistent (De Crescenzo et al., 2016). That 

same meta-analysis also showed that non-medicated children with ADHD do not suffer 

from altered sleep duration or increased wakefulness after sleep onset (De Crescenzo et 

al., 2016), in contrast to the findings of studies using subjective measures (Cortese et al., 

2009; Yoon, Jain, & Shapiro, 2012). It is important to gain more insight into sleep problems 

in ADHD, as sleep quantity and quality may impact on inattentive behaviour (Beebe, 

2011), executive functioning (Astill, Van der Heijden, Van IJzendoorn, & Van Someren, 

2012), and academic performance (Curcio, Ferrara, & De Gennaro, 2006; Fallone, Acebo, 

Seifer, & Carskadon, 2005). Furthermore, it is important to explore factors that mediate 

or moderate sleep problems in children with ADHD, in order to assess which children 

are at risk of sleep disturbances. For instance, low socioeconomic status (SES) might 

increase the risk of lower sleep quality, due to lower parenting quality and poorer sleep 
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conditions (crowded, noisier and lower quality homes). Early and adequate intervention 

of sleep disturbances might prevent further detrimental effects. In chapter 5 of this 

dissertation we explore sleep disturbances in medication-free children with ADHD, using 

objective measures of sleep quality and sleep quantity. We hypothesise that higher 

levels of internalising and externalising behaviour and low SES mediate or exacerbate 

the association between ADHD and sleep problems.

Academic underachievement
Another domain that is frequently affected in children with ADHD, is academic functioning 

(Loe & Feldman, 2007). It has been suggested that symptoms of ADHD have a negative 

effect on (a) learning and applying knowledge and (b) task performance at school 

(Loe & Feldman, 2007). These problems result in lower performance on standardised 

academic achievement tests (Frazier, Youngstrom, Glutting, & Watkins, 2007), increased 

prevalence of learning disabilities (Barry, Lyman, & Klinger, 2002), increased need 

for special education (Barry et al., 2002) and higher incidence of repeating a grade 

(Barbaresi, Katusic, Colligan, Weaver, & Jacobsen, 2007) in children with ADHD. There 

is evidence that only children with mainly symptoms of inattention show academic 

underachievement, while children with mainly hyperactive–impulsive symptoms, or 

symptoms in both symptom domains, do not show lower academic performance than 

typically developing children (Massetti et al., 2008). Given the great impact of academic 

underachievement, early detection of children with ADHD at risk of academic problems 

is important. In chapter 4 of this dissertation we examine whether certain neurocognitive 

profiles translate into an increased risk of academic problems. We hypothesise that 

academic problems in children with ADHD are related to deficiencies in cool executive 

functions, including working memory and inhibitory control (Antonini et al., 2016).

Social problems
ADHD increases the risk of social problems, including peer rejection (McQuade & Hoza, 

2008). Symptoms of ADHD may seriously interfere with social skills (Hoza, 2007). For 

instance, it has been suggested that socially inappropriate behaviour, such as not listening 

to others, initiating conversations at inappropriate times, and frequently interrupting on 

others, is a core feature of ADHD (Van der Oord et al., 2005). Furthermore, inattention 

may impair attending to cues that are important for social interaction (Hoza, 2007). 

In fact, severity of ADHD symptoms was found to be negatively related to social skills 

(Kaiser, McBurnett, & Pfiffner, 2011). As the underlying mechanisms of impaired social 
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functioning in children with ADHD remain unclear, and given that peer rejection may 

have a large detrimental impact on children, it is important to further explore risk 

factors for social impairment. In chapter 4 of this dissertation we examine whether 

certain neurocognitive profiles translate into an increased risk of social problems. 

More specifically, we hypothesise that neurocognitive profiles that are characterised 

by emotion recognition deficiencies increase the risk of social problems (Trentacosta & 

Fine, 2010).

Emotion recognition deficiencies
Another core deficit of ADHD is a decreased ability to recognise facial emotional 

expressions, a central aspect of social cognition (Shaw, Stringaris, Nigg, & Leibenluft, 

2014). However, the meta-analysis of Shaw et al. (2014) showed that there was significant 

heterogeneity across studies on emotion recognition in individuals with ADHD. It may be 

that results of facial emotion recognition studies in ADHD are influenced by the presence 

of comorbid symptoms of disorders that are characterised by emotion regulation 

deficiencies, such as ASD (Van der Meer et al., 2012) and CD (Cadesky, Mota, & Schachar, 

2000). Furthermore, inconsistent results across studies into facial emotion recognition in 

children with ADHD may be explained by the use of different methodologies; while some 

paradigms used static pictures with a high expression intensity (Cadesky et al., 2000; 

Sinzig, Morsch, & Lehmkuhl, 2008), others used morphed pictures, in which the intensity 

of emotional expressions is manipulated (Pelc, Kornreich, Foisy, & Dan, 2006; Schwenck 

et al., 2013). Pictures with a high expression intensity provide insight into the ability of 

children to interpret the full display of an emotional expression. However, in daily life 

social interaction, children often need to process low-intensity emotional expressions or 

ambiguous emotional expressions. Using stimuli consisting of high-intensity emotional 

expressions might lead to a ceiling effect, and may therefore be invalid to detect 

more subtle emotion recognition deficiencies. Furthermore, in children, the ability to 

recognise emotions in other children’s faces is particularly important in social interaction 

with peers (Nowicki & Mitchell, 1998). For the study in chapter 7 a task was constructed 

consisting of pictures of children’s faces. Children's faces are considered to be more 

ecologically valid when studying facial emotion recognition deficiencies that are relevant 

to peer problems in children with ADHD or other psychiatric populations (including ASD 

and CD). In chapter 7 the construction of this new facial emotion recognition task is 

described, using stimuli that show children’s faces that vary in emotional intensity.
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Study design
The results reported in this dissertation are based on two studies that have been 

performed between February 2013 and July 2014. Study 1 was a case-control design, 

involving 83 children with ADHD and 72 typically developing primary school-aged 

children (6 to 13 years old). The results of Study 1 are described in chapter 2-5. The 

sample of typically developing children (n=72) was selected from a larger representative 

community-based sample (n=104), that is described in chapter 6. In chapter 7 we report 

on a cross-sectional study (Study 2) involving another community-based sample (n=75).

Dissertation aims and outline
In the current dissertation we aim to provide novel insights into childhood ADHD, by 

addressing a wide range of topics relevant to ADHD. In chapter 2 and 3 the potential role 

of amino acid abnormalities in the aetiology of ADHD is explored. The aim of chapter 

2 is to examine the role of aromatic amino acids in blood in relation to ADHD. Given 

their impact on the synthesis of serotonin and dopamine, decreased concentrations 

of tryptophan, tyrosine and phenylalanine in blood may contribute to the expression 

of ADHD symptoms. Decreased AAA blood concentrations, in turn, may be related to 

lowered dietary protein intake or to abnormal AAA excretion, as evidenced by increased 

urinary AAA concentrations. In chapter 3 we focus on the role of homocysteine 

abnormalities in childhood ADHD. We examine whether homocysteine concentrations in 

children with ADHD are (a) positively related to symptoms of ADHD, (b) negatively related 

to neurocognitive functioning in ADHD, and (c) negatively related to intake of folate and 

vitamin B12. In chapter 4 we describe a study into neurocognitive profiles in children with 

ADHD. Important aims of the study are to examine whether (a) neurocognitive profiles 

can be distinguished in children with ADHD and TD children, and (b) neurocognitive 

profiles predict externalising, social and academic problems in children with ADHD. 

The aim of chapter 5 is to examine whether children with ADHD have an increased risk 

of sleep problems, using objective measures of sleep quality and quantity. We study 

confounding influences of comorbid internalising and externalising problems, and low 

SES, by exploring the mediating and moderating role of these factors in the association 

between ADHD and sleep problems. To control for the effects of stimulant medication 

use, all participants were tested free of medication. Chapter 6 describes a study in 

which paediatric reference values are established for blood spot concentrations of total 

homocysteine, tryptophan, tyrosine and phenylalanine. To our current knowledge, there 
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are no normative values available for blood spot concentrations of amino acids in primary 

school-aged children. In case aberrant blood spot concentrations of total homocysteine, 

tryptophan, tyrosine and phenylalanine are involved in ADHD, it is important to have 

paediatric reference values available for clinical use. In chapter 7 we aime to examine 

developmental effects on facial emotion recognition in primary school-aged children. 

We examine the effects of expression intensity, emotional condition, age, gender and 

IQ on facial emotion recognition. For this purpose, a facial emotion recognition task 

was developed, using pictures of children’s faces that express different emotions (anger, 

fear, happiness, and sadness) at varying intensity levels. At the end of this dissertation 

(chapter 8), a summary and discussion of the findings of chapter 2-7 can be found. 

Finally, new avenues for future research are provided.
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Abstract
Objective. The aim of the current study is to explore the role of aromatic amino acids 

(AAAs) in blood in relation to attention-deficit/hyperactivity disorder (ADHD). Given their 

impact on the synthesis of serotonin and dopamine, decreased concentrations of the 

AAAs tryptophan, tyrosine and phenylalanine in blood may contribute to the expression 

of ADHD symptoms. Decreased AAA blood concentrations, in turn, may be related to 

lowered dietary protein intake or to abnormal AAA excretion, as evidenced by increased 

urinary AAA concentrations. 

Methods. Eighty-three children with ADHD (75% males) and 72 typically developing (TD) 

children (51% males), aged 6 to 13 years, participated in the study. AAA concentrations 

were assessed in blood spots and an 18-hour urinary sample. A nutritional diary was filled 

out by parents to calculate dietary protein intake. Parent and teacher questionnaires 

assessed symptoms of ADHD, oppositional defiant disorder, conduct disorder, and 

autism spectrum disorder. 

Results. Children with ADHD showed normal AAA concentrations in blood spots and 

urine, as well as normal protein intake compared to controls. No associations between 

AAA concentrations and symptoms of ADHD or comorbid psychiatric disorders were 

found.

Conclusion. This study is the first to explore AAA metabolism in children with ADHD 

using a well-defined and relatively large sample. We found that AAA deficiencies are not 

related to ADHD. The results do not support treatment with AAA supplements in children 

with ADHD. Future studies regarding the cause of serotonin and dopamine alterations in 

ADHD should focus on other explanations, such as effects of altered transport of AAAs.
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Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a childhood psychiatric disorder 

characterised by a persistent pattern of age-inappropriate inattention and/or 

hyperactivity-impulsivity (American Psychiatric Association, 2013). Several risk factors 

have been proposed for the disorder, including environmental (Banerjee, Middleton, 

& Faraone, 2007) and genetic (Faraone et al., 2005) factors. Environmental factors 

include, among others, dietary abnormalities and psychosocial adversity, although odds 

ratios obtained for these risk factors are small or not significant (Banerjee et al., 2007). 

Currently one of the main theories on genetic risk factors for ADHD involves aberrant 

dopaminergic neurotransmission (Madras, Miller, & Fischman, 2005; Swanson et al., 

2007). Dopamine receptor and transporter genes play a significant role in ADHD (Li, 

Sham, Owen, & He, 2006; Spencer et al., 2013), which may explain decreased dopamine 

levels in ADHD (Oades, 2008). Other genetic studies provide evidence for an association 

between the serotonergic system and ADHD (Gizer, Ficks, & Waldman, 2009; Kiive & 

Harro, 2013; Oades et al., 2008), in line with aberrant postsynaptic serotonin levels 

found in some individuals with ADHD (Oades, 2010). Abnormal functioning of the 

dopamine and serotonin system has also been associated with neurocognitive deficits 

found in ADHD, such as cognitive impulsivity and poor executive attention (Oades, 

2008). Similarly, dopamine and serotonin abnormalities have been associated with 

psychiatric disorders that are highly comorbid with ADHD, including oppositional defiant 

disorder (ODD; Lavigne et al., 2013), conduct disorder (CD; Van Goozen, Fairchild, Snoek, 

& Harold, 2007) and autism spectrum disorder (ASD; Gabriele, Sacco, & Persico, 2014).

While dopamine and serotonin hypotheses dominate current scientific work into 

ADHD, candidate gene study results are conflicting and effect sizes are small (Faraone 

et al., 2005). In addition to genetic risks of altered functioning of the neurotransmitter 

transporters and receptors, a potential interesting line of research focuses on the 

biosynthesis of dopamine and serotonin. Dopamine and serotonin are synthesised from 

aromatic amino acids (AAAs); the AAAs tyrosine and phenylalanine are precursors of 

dopamine and the AAA tryptophan is required for the synthesis of serotonin. While 

there are many other factors that affect the synthesis of dopamine and serotonin 

(including the transport of AAAs through the blood-brain barrier, and the availability of 

co-enzymes), normal circulating blood concentrations of AAAs are a first prerequisite 

for the synthesis of these neurotransmitters (Felger et al., 2013; O’Mahony, Clarke, 
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Borre, Dinan, & Cryan, 2015). Amino acids are constituents of protein in foods, such 

as meat, bananas and milk (Keszthelyi, Troost, & Masclee, 2009). Phenylalanine and 

tryptophan are both essential AAAs, and therefore must be obtained by dietary means, 

but tyrosine can also be synthesised in the body from phenylalanine (Harmer, McTavish, 

Clark, Goodwin, & Cowen, 2001). A lowered ingestion of protein or a malabsorption of 

AAAs may cause a decreased availability of AAAs (Keszthelyi et al., 2009). In the current 

study we explore the hypothesis that decreased AAA blood concentrations contribute to 

ADHD symptom expression, assuming a relation between AAA blood concentrations and 

aberrant neurotransmission of dopamine and serotonin in ADHD.

Thus far, five case-control studies have been published on AAA blood concentrations 

in individuals with ADHD (Baker et al., 1991; Bornstein et al., 1990; Comings, 1990; 

Hoshino, Ohno, & Yamamoto, 1985; Oades, Dauvermann, Schimmelmann, Schwarz, & 

Myint, 2010). Three studies, of which two describing the same sample (Baker et al., 1991; 

Bornstein et al., 1990), reported lower plasma concentrations of tryptophan, tyrosine 

and phenylalanine in ADHD (Baker et al., 1991; Bornstein et al., 1990; Comings, 1990). 

The other two studies, however, showed increased concentrations of free tryptophan 

in ADHD (Hoshino et al., 1985) and a trend towards increased serum concentrations 

of tryptophan in children with ADHD (Oades et al., 2010). All five studies are limited 

by non-standardised assessments of ADHD and small sample sizes (ranging from 

n=12 to n=48), and therefore further research into the availability of AAAs in ADHD is 

warranted. If blood concentrations of AAAs are decreased in an ADHD sample, this may 

be caused by reduced protein intake, malabsorption or increased excretion of AAAs. 

Although there is little evidence for dietary abnormalities in ADHD (Banerjee et al., 

2007), thus far no studies have specifically examined protein intake in ADHD. Increased 

urinary concentrations of AAAs may be indicative of abnormal excretion (Bender, 1983; 

Kopple, 2007) and four studies have investigated this hypothesis in small ADHD samples 

(Baker et al., 1991; Bornstein et al., 1990; Dolina, Margalit, Malitsky, & Rabinkov, 2014; 

Zametkin, Karoum, Rapoport, Brown, & Wyatt, 1984). While there is no evidence for 

abnormal levels of urinary tyrosine and phenylalanine concentrations in ADHD (Baker 

et al., 1991; Bornstein et al., 1990; Zametkin et al., 1984), one study showed increased 

urinary tryptophan concentrations, suggesting abnormal AAA excretion (Dolina et al., 

2014). Taken together, the currently available studies provide some evidence for an 

altered AAA availability in ADHD, although more research, with greater sample sizes 
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and standardised procedures to assess ADHD, is required to gain more insight into the 

potential contribution of AAAs to the expression of ADHD symptoms. 

The hypothesis that AAA concentrations are related to ADHD symptoms is the basis for 

a number of depletion and supplementation studies. Depletion of dietary tryptophan 

was found to impair sustained attention in adults with ADHD (Mette et al., 2013), and 

to weaken behavioural inhibition in hostile children with ADHD (Zepf et al., 2008). 

Supplementation with tryptophan, on the other hand, resulted in a decrease of ADHD 

symptoms in children with ADHD (Nemzer, Arnold, Votolato, & McConnell, 1986). 

Tyrosine supplementation decreased ADHD symptoms in adults with ADHD (Reimherr, 

Wender, Wood, & Ward, 1987), but showed no effects on behavioural functioning in 

children with ADHD (Nemzer et al., 1986). Phenylalanine supplementation in adults with 

ADHD caused a decrease of restlessness and an increase on the ability to concentrate 

at trend level (Wood, Reimherr, & Wender, 1985), but in children no effects were 

reported for phenylalanine supplementation on ADHD symptoms (Zametkin, Karoum, 

& Rapoport, 1987). However, also these depletion and supplementation studies are 

limited by non-standardised assessments of ADHD and small sample sizes (ranging from 

n=10 to n=20), as well as the lack of control groups, hampering conclusions regarding 

the relation between AAAs and ADHD. Therefore, there is a need of further research to 

support the hypothesis that AAA concentrations may contribute to the expression of 

ADHD symptoms.

Another aspect that requires further research is the association between AAAs and 

symptoms of childhood psychiatric disorders that are highly comorbid with ADHD. As 

pointed out, dopamine and serotonin abnormalities have also been associated with 

ODD, CD and ASD. Indeed, tryptophan depletion have been shown to induce aggressive 

behaviour (Stadler et al., 2007; Zimmermann et al., 2012), and increased tryptophan 

levels have been found associated with childhood ASD (Hoshino et al., 1984), suggesting 

that AAA abnormalities might contribute to the expression of symptoms of ODD, CD 

and ASD. Given the inconsistent evidence for AAA abnormalities in ADHD, comorbid 

psychiatric conditions might act as possible confounding (mediating) or exacerbating 

(moderating) factors, and should therefore be taken into account when studying AAA 

concentrations in ADHD.
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To summarise, there is inconsistent evidence that AAAs, acting as precursors of dopamine 

and serotonin, contribute to the expression of ADHD symptoms. The mostly outdated 

studies on this topic performed thus far are hampered by methodological shortcomings. 

Therefore, our aim is to explore concentrations of tryptophan, phenylalanine and tyrosine 

in a well-phenotyped sample of children with ADHD as compared to a control sample 

consisting of typically developing (TD) children. We firstly hypothesise that children with 

ADHD show decreased blood concentrations of tryptophan, tyrosine and phenylalanine 

compared to controls, and that below average AAA concentrations increase the risk of 

being diagnosed with ADHD. Secondly, we hypothesise that blood AAA concentrations 

are related to ADHD symptoms. Thirdly, we hypothesise that abnormal blood AAA 

concentrations are related to decreased protein ingestion or by aberrant AAA excretion, 

as evidenced by increased urinary AAA concentrations. Finally, we study the possible 

confounding effects of symptoms of ODD, CD and ASD on our findings.

Methods
Participants
Subjects were 83 children with ADHD (75 percent males) and 72 TD children (51 percent 

males), aged between 6 and 13 years. Inclusion criteria for the ADHD group were: (a) a 

clinical diagnosis of ADHD according to DSM-IV criteria, (b) confirmation of this diagnosis 

by the Diagnostic Interview Schedule for Children, fourth edition, administered to 

parents (DISC-IV-P; Shaffer, Fisher, Lucas, Dulcan, & Schwab-Stone, 2000), (c) significant 

ADHD symptoms, as indicated by parent ratings >90th percentile on at least one of 

the ADHD scales (Inattention and Hyperactivity/Impulsivity scales) of the Disruptive 

Behaviour Disorder Rating Scale (DBDRS; Pelham, Gnagy, Greenslade, & Milich, 1992), 

and (d) pervasive ADHD symptoms, as indicated by teacher ratings >75th percentile on at 

least one of the ADHD scales of DBDRS. Having a comorbid diagnosis (for example ODD 

or ASD) was no exclusion criterion, neither was treatment with stimulant medication. 

Children on stimulant medication (n=50, 60 percent of the ADHD group) discontinued 

drug use 24 hours before testing, in order to allow complete washout (Pelham et al., 

1999), and during participation in our study. Inclusion criteria for the TD group were: (a) 

absence of a clinical diagnosis of any developmental or behavioural disorder (including 

ADHD and ODD), and (b) scores <90th percentile on both parent- and teacher-rated ADHD 

scales of the DBDRS.
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Materials
Behaviour
Parents of children eligible for inclusion in the ADHD group were assessed with the 

disruptive behaviour disorder section of the DISC-IV-P. The DISC-IV-P is a widely used 

standardised diagnostic interview for the assessment of DSM-IV childhood psychiatric 

disorders, with adequate psychometric properties (Shaffer et al., 2000). 

Parents and teachers of children in both the ADHD and TD group completed the DBDRS 

to assess ADHD symptoms and symptoms of ODD and CD. The DBDRS contains four 

scales measuring symptoms of inattention, hyperactivity/impulsivity, ODD and CD on a 

4-point Likert scale (ranging from 0 to 3), with higher scores indicating worse symptoms. 

Adequate psychometric properties have been reported for the DBDRS (Oosterlaan et al., 

2008). 

The Strengths and Weaknesses of ADHD-symptoms and Normal Behaviour rating scale 

(SWAN; Hay, Bennett, Levy, Sergeant, & Swanson, 2007; Swanson et al., 2005) was 

completed by parents and teachers to assess symptoms of ADHD. This widely used 

questionnaire contains two subscales; the Inattention scale and the Hyperactivity/

Impulsivity scale, each comprising 9 items. Items are scored on a 7-point Likert scale 

(ranging from -3 to +3), with higher scores indicating worse symptoms. The items are 

based on the DSM-IV symptoms of ADHD, but reflect both ends (strong and weak) of the 

behaviour described in each ADHD symptom. Mean scores on both subscales were used 

as dependent variables. Adequate psychometric properties have been reported for the 

SWAN (Lakes, Swanson, & Riggs, 2012).

ASD symptoms were assessed using the 65–item Social Responsiveness Scale (SRS; 

Constantino et al., 2003; Constantino & Gruber, 2005), completed by parents and 

teachers. The items of the SRS are based on the DSM-IV symptom domains of ASD, 

including impairment in social interaction, communicative deficits and restricted/

stereotypic patterns of behaviours or interests. The SRS uses a 4–point Likert scale 

(ranging from 0 to 3), and the summed item score on the total SRS scale was used 

as dependent measure, with higher scores indicating worse symptoms. The SRS has 

adequate psychometric properties (Bölte, Poustka, & Constantino, 2008; Constantino 

et al., 2003).
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Blood spots
To investigate blood concentrations of tryptophan, tyrosine and phenylalanine, a dried 

blood spot technique was used. Collecting blood spots is less invasive for children than 

taking venous blood samples and the dried blood spot technique is sufficiently robust 

and stable for diagnostic purposes (Chace, Sherwin, Hillman, Lorey, & Cunningham, 

1998; Kand’ár & Žáková, 2009; Rashed et al., 1997). Blood spot AAA concentrations 

are highly correlated with serum AAA concentrations (rs ranging from .86 to .96) 

(Pecce, Scolamiero, Ingenito, Parenti, & Ruoppolo, 2013). A blood spot of each child 

was collected using a disposable safety lancet. Three blood drops were spotted onto 

a blood stain card. A 5.5mm punch of a dried blood spot was mixed with 100µl of an 

internal standard solution (containing 29µM L-phenylalanine-D5, 6µM L-tyrosine-D4 

and 5µM L-tryptophan-D5) and 400µl methanol in a Gas Chromatography vial (GC-

vial) and shaken for 15 minutes in an ultrasonic bath. The supernatant was transferred 

in another GC-vial and evaporated under nitrogen at 30°C. Subsequently, the sample 

was butylated with 100µl of 5.5% acetyl chloride (in n-butanol) at 60°C for 15 minutes. 

Afterwards, the butanol-layer was evaporated under nitrogen (at 30°C) and the residue 

was dissolved in 500µl acetonitrile. Blood spot concentrations of tryptophan, tyrosine 

and phenylalanine were determined by positive electrospray liquid chromatography–

tandem mass spectrometry (LC-MS/MS), using an API 3000 triple quadrupole mass 

spectrometer (Applied Biosystems, Foster City, CA, USA), coupled to a high-performance 

liquid chromatography (HPLC) system (Perkin Elmer Series 200, Shelton, USA). Three 

µl of the sample was injected on a symmetry C18 column (3.9*150mm, 5µm; Waters, 

Milford, MA, USA) and eluted with a flow rate of 1ml/min of 75% acetonitrile (containing 

0.4% of formic acid). Tryptophan, tyrosine and phenylalanine eluted within 1 minute 

and were measured using the transitions: mass-to-charge ratio (m/z) 261.2→159.2 

(tryptophan), m/z 238.2→136.2 (tyrosine) and m/z 222.2→120.2 (phenylalanine). All 

obtained LC-MS/MS data were acquired and processed using Analyst 1.4.2 software 

(Applied Biosystems, Foster City, CA, USA). The blood spot concentrations of tryptophan, 

tyrosine and phenylalanine were expressed in µmole/L. Reliability of the LC-MS/MS was 

confirmed by examining the inter-assay variance (being 5 to 10 percent), intra-assay 

variance (being 8 to 10 percent) and recovery (being 90 to 112 percent).

Dietary protein intake
Daily protein intake was assessed during three days, using a parent-reported nutritional 

diary. Standardised dietary records and instructions were provided. Parents were 
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instructed to register all consumed foods and drinks in the dietary record and to express 

the consumed amounts as accurate as possible. The amount of protein intake (grams/

day) was calculated based on a computerised version of the Dutch food composition 

database (National Institute for Public Health and the Environment, 2013). The Dutch 

food composition database contains over 2000 food products with information about 

the nutritional composition of these food products (Westenbrink & Jansen-van der Vliet, 

2013). The database is widely used for scientific purposes (e.g. Altorf-van der Kuil et al., 

2013; Van der Zwaluw et al., 2014; Van Kernebeek, Oosting, Feskens, Gerber, & De Boer, 

2014).

Urine
In order to examine urinary AAA concentrations, participants collected all urine excreted 

within 18 consecutive hours (after-school hours) in a urine collection container. During 

urine collection, the container was stored in a refrigerator (<5°C). A 10ml sample was sent 

to a laboratory for analysis, where the sample was stored at -20°C. An HPLC technique 

with fluorescence detection was used for the analysis of tryptophan in urine (Kema et 

al., 1993). The concentrations of tyrosine and phenylalanine in urine were determined 

using a Biochrom amino acid analyser (Fekkes, Voskuilen-Kooyman, Jankie, & Huijmans, 

2000). The urinary concentrations of tryptophan, tyrosine and phenylalanine were 

expressed by a µmole to total urine volume ratio, to rule out effects of polyuria or 

oliguria. Reliability of the HPLC technique was confirmed by examining the precision of 

the analyses, being 2.25 percent for tryptophan (relative standard deviation), and 1.50 

percent for tyrosine and phenylalanine. There are high correlations between the amino 

acid concentrations in 12-hour samples and 24-hour samples (Khalaf, Böcker, Kerp, & 

Petersen, 1991), indicating that there is no diurnal variation in the excretion of amino 

acids, validating the use of an 18-hour sample in the current study.

Procedure
This study received approval from the local medical ethical committee of the VU 

University Medical Center Amsterdam, the Netherlands (#NL39922.029.12), and has been 

performed in accordance with the ethical standards as laid down in the 1964 Declaration 

of Helsinki and its later amendments. Written informed consent was obtained of parents 

of all children, and of children ≥12 years, prior to participation. Children with ADHD 

were recruited from mental health outpatient clinics, through the parental association 

for children with behavioural problems, and through a university research website. The 
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TD group was recruited from primary schools located throughout the country. Children 

on stimulant medication discontinued drug use one day prior to participation (day 0), to 

ensure complete washout, and during the assessment of blood, urine and food intake 

(day 1 to day 3). On day 1 the blood spot was collected in the early morning, to rule 

out the effects of diurnal variation of blood AAA concentrations. The same day, after 

school time, urine collection started and continued for the following 18 hours, until the 

child would return to school the next morning (day 2). In the early morning of day 1 

parents received detailed instructions on how to fill out the dietary record and how to 

collect urine of their child. After the instruction, parents started recording their child’s 

dietary intake, which continued for the following three days (day 1 to day 3). Parents 

and teachers were invited to fill out the questionnaires on a secured website. All data 

were collected between February 2013 and July 2014. The ADHD and TD group were 

recruited simultaneously, to control for possible seasonal effects on food intake or AAA 

metabolism.

Data analysis
All statistical analyses were performed using R, version 3.2.1. All variables were inspected 

on outliers and missing values for the ADHD and TD group separately. Winsorising was 

applied to outliers, these were replaced with a value one unit bigger (or smaller) than 

the previous most extreme score in the distribution of the group (Tabachnick & Fidell, 

2001). Missing data in the urinary concentrations, dietary data and behavioural data 

were randomly distributed and replaced using group means. For the blood spots there 

were no missing data. All data were normally distributed, except for CD symptoms. Group 

differences in gender were examined using a chi-squared test, and group differences in 

age and behavioural functioning were examined using independent samples t-tests. 

To test the first hypothesis, group differences in AAA blood spot concentrations were 

assessed using Analyses of Variances (ANOVAs) with group (ADHD or TD) as fixed 

factor. Effect sizes were calculated in terms of partial eta squared, and interpreted as 

small (>.01), medium (>.06) or large (>.14) (Cohen, 1988). In addition, odds ratios were 

calculated, which expressed the risk of being diagnosed with ADHD with below average 

AAA concentrations. Normative data for AAA concentrations were derived from a large 

representative community-based sample of primary school-aged children (n=104, 52 

percent males); for sample information, see chapter 6 of this dissertation. For each AAA, 

concentrations corresponding to the lowest 16th percentile (M-1 SD) of the normative 



CHAPTER 2 AROMATIC AMINO ACIDS IN ADHD

2

39

sample were used as a threshold value to define below average AAA concentrations 

(for tryptophan 45 µmole/L, tyrosine 39 µmole/L, and phenylalanine 47 µmole/L). Odds 

ratios were calculated with their 95 percent confidence interval (95%CI) and Fisher’s 

Exact Test was performed to examine the significance of the odds ratios.

To test the second hypothesis, Pearson product-moment correlation coefficients 

investigated the relationship between blood spot AAA concentrations and both parent 

and teacher rated symptoms of ADHD. The magnitude of correlation coefficients was 

interpreted as small (>.10), medium (>.30) or large (>.50) (Cohen, 1988). Data of the 

ADHD group and TD group were combined to maximise variability in the ADHD symptom 

measures. 

To test the third hypothesis, correlation analyses between blood spot AAA concentrations 

and protein ingestion and urinary AAA concentrations were performed in the whole 

sample. We also examined whether there were group differences in protein ingestion 

and urinary AAA concentrations using ANOVAs with group (ADHD or TD) as fixed factor. 

Lastly, correlational analyses evaluated whether blood spot AAA concentrations were 

related to parent- and teacher-reported symptoms of comorbid psychiatric disorders 

(Pearson product-moment correlation coefficients for ODD and ASD, Spearman’s rank 

correlation coefficients for CD). If symptoms of ODD, CD or ASD were found related to 

the AAA concentrations, previous analyses were rerun with these symptoms entered as 

covariates. To correct for multiple testing, the alpha level of the correlation analyses was 

adjusted according to the Bonferroni procedure per outcome domain; ADHD symptoms 

(12 analyses, thus p=.004), potential determinants of AAA abnormalities in blood spots 

(12 analyses, thus p=.004), and symptoms of comorbid psychiatric disorders (18 analyses, 

thus p=.003). Bonferroni adjusted results are reported.

Results
No groups differences were found in terms of age, but groups differed in gender as well 

as symptoms of ADHD, ODD, CD and ASD, see Table 2.1. The ADHD group had a larger 

proportion of males and more parent- and teacher-rated symptoms of ADHD, ODD, CD 

and ASD than the TD group. 

The DISC-IV-P indicated that in our ADHD sample, 65 children met DSM-IV criteria for 

the combined subtype of ADHD, 12 children met DSM-IV criteria for the predominantly 
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inattentive subtype, and six children met DSM-IV criteria for the predominantly 

hyperactive-impulsive subtype.

Table 2.1. Group characteristics of the ADHD group (n=83) and TD group (n=72)

ADHD group
M (SD)

TD group
M (SD)

Statistic
(t/χ2)

Age in months 116.71 (19.86) 119.17 (20.69) -.75, NS
Males n (%) 62 (74.70) 37 (51.39) 9.08**
Parent-rated symptoms

Inattentiona 17.47 (4.82) 3.31 (3.07) 22.11**
Hyperactivity/Impulsivitya 16.31 (5.97) 3.26 (2.71) 17.92**
Inattentionb 1.20 (.80) -.46 (.72) 13.64**
Hyperactivity/Impulsivityb 1.30 (.90) -.39 (.90) 11.58**
ODDa 9.72 (4.93) 3.04 (2.71) 10.63**
CDa 2.45 (2.46) .49 (.84) 6.83**
ASDc 61.77 (25.93) 29.26 (14.23) 9.84**

Teacher-rated symptoms
Inattentiona 14.71 (6.23) 1.85 (2.29) 17.49**
Hyperactivity/Impulsivitya 13.80 (7.39) 1.57 (2.29) 14.30**
Inattentionb 1.04 (.85) -.74 (1.02) 11.66**
Hyperactivity/Impulsivityb 1.08 (.95) -.83 (1.08) 11.60**
ODDa 7.82 (6.04) .89 (1.93) 9.89**
CDa 2.20 (3.03) .18 (.66) 5.93**
ASDc 85.58 (21.84) 25.07 (14.18) 20.71**

Notes. aDisruptive Behaviour Disorder Rating Scale, bStrengths and Weaknesses of 
ADHD-symptoms and Normal Behaviour rating scale, cSocial Responsiveness Scale. 
**p<.01. ADHD, attention-deficit/hyperactivity disorder; ASD, autism spectrum 
disorder; CD, conduct disorder; NS, not significant; ODD, oppositional defiant 
disorder; TD, typically developing.

No significant group differences were observed for blood spot concentrations of 

tryptophan, tyrosine, or phenylalanine, see Table 2.2 (all Fs<4.00 and ps>.05). A below 

average (<16th percentile) blood spot concentration of phenylalanine increased the risk 

of being diagnosed with ADHD by 2.22, although this effect just escaped conventional 

levels of significance (OR=2.22, 95%CI [.92–5.73], p=.07). A below average blood spot 

concentration of tryptophan (OR=2.09, 95%CI [.86–5.40], p=.11) or tyrosine (OR=1.83, 

95%CI [.74–4.79], p=.22) did not increase the risk of being diagnosed with ADHD.
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Table 2.2. Blood spot and urine concentrations of AAAs and protein ingestion in the 
ADHD group (n=83) and TD group (n=72)

ADHD group
M (SD)

TD group 
M (SD) F pη2

Blood spots
Tryptophan (µmole/L) 52.10 (10.06) 53.54 (9.10) .87, NS <.01
Tyrosine (µmole/L) 50.37 (15.92) 55.33 (15.88) 3.75, NS .02
Phenylalanine (µmole/L) 56.40 (14.01) 57.46 (11.10) .27, NS <.01

Dietary intake
Protein intake (g/day) 65.57 (16.05) 63.72 (13.86) .58, NS <.01

Urine
Tryptophan (µmole/total 
urine) 38.09 (17.23) 38.26 (17.02) <.01, NS <.01

Tyrosine (µmole/total 
urine) 73.93 (33.25) 66.11 (29.72) 2.35, NS .02

Phenylalanine (µmole/
total urine) 48.36 (17.90) 46.74 (20.78) .27, NS <.01

Notes. AAA, aromatic amino acid; ADHD, attention-deficit/hyperactivity disorder; NS, 
not significant; TD, typically developing.

In the combined group of children with ADHD and TD children, AAA blood spot 

concentrations were not significantly related to ratings of ADHD symptoms (all 

rs<.24 and ps>.004). Furthermore, blood spot concentrations of tryptophan, tyrosine 

or phenylalanine were not significantly related to protein intake or urinary AAA 

concentrations (all rs<.19 and ps>.004). There were no differences between the ADHD 

and TD group with regard to protein intake or to urinary concentrations of tryptophan, 

tyrosine, or phenylalanine, see Table 2.2.

No significant associations between AAAs and symptoms of comorbid psychiatric 

disorders were found (all rs<.20 and ps>.003) and therefore none of the previous 

analyses were repeated adjusting for the effects of symptoms of ODD, CD or ASD. Since 

the ADHD group consisted of considerably more males than the TD group, the group 

analyses were rerun with gender as a covariate. These analyses did not alter the results.

Discussion
The main objectives of this study are to examine whether children with ADHD have 

decreased AAA blood spot concentrations, and whether blood spot AAA concentrations 
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are related to symptoms of ADHD. In contrast to our hypothesis and some earlier 

studies on this topic (Baker et al., 1991; Bornstein et al., 1990; Comings, 1990), we 

did not find any differences in the AAA blood spot concentrations between the ADHD 

and TD group or associations between AAA blood spot concentrations and symptoms 

of ADHD. The finding that AAA alterations are not related to ADHD, argues against 

nutritional interventions with amino acid supplements for children with ADHD. In past 

years, some studies have examined the effects of AAA supplementation in children 

and adults with ADHD, with inconsistent results (Nemzer et al., 1986; Reimherr et al., 

1987; Wood et al., 1985; Zametkin et al., 1984). The apparent lack of AAA deficiencies in 

ADHD might explain the conflicting results of amino acid supplementation on reducing 

ADHD symptoms (Hurt, Arnold, & Lofthouse, 2011). It might be that the association 

between AAA blood concentrations (being precursors of serotonin and dopamine) and 

the expression of ADHD symptoms is too indirect to detect. There are several other 

factors involved in the metabolism of dopamine and serotonin that could be aberrant 

in ADHD. It might be that an altered transport of tryptophan across the blood-brain 

barrier (Johansson et al., 2011) or an abnormal reuptake of dopamine and serotonin 

(Oades, 2010), moderate the association between AAA concentrations in blood and 

ADHD symptoms. Another explanation might be that AAA concentrations should be 

below a certain threshold before affecting the behaviour and functioning of children. 

In depletion studies, tryptophan concentrations drop by 60 to 90 percent (Booij, Van 

der Does, & Riedel, 2003) and tyrosine and phenylalanine concentrations by 74 percent 

(Montgomery, McTavish, Cowen, & Grasby, 2003), and are therefore much lower than 

baseline AAA concentrations, as measured in the current study. Clearly, the studies that 

focused hitherto on baseline concentrations of AAAs in ADHD were scarce and the results 

were inconsistent. Given our larger sample size, careful screening and correction for 

multiple comparisons, the current results challenge the hypothesis of AAA abnormalities 

in ADHD. Future studies regarding the serotonin and dopamine hypothesis in ADHD 

(Oades, 2010) may focus on other aspects of the serotonin and dopamine metabolism, 

such as the transport of AAAs (Johansson et al., 2011), rather than on decreased AAA 

concentrations in blood.

We did not find evidence for altered protein intake in ADHD or for an association 

between protein intake and blood spot AAA concentrations. Further, we did not find any 

evidence for an aberrant AAA excretion, since no increased urinary AAA concentrations 

were found in children with ADHD and urinary AAA concentrations were not significantly 
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related to blood spot AAA concentrations, in line with the results of previous studies on 

urinary AAA concentrations in ADHD (Baker et al., 1991; Bornstein et al., 1990; Zametkin 

et al., 1984). Therefore, we believe that abnormal AAA metabolism, due to a failure of 

the intestines to absorb AAAs into the bloodstream or increased excretion into the urine, 

are no plausible causes of ADHD symptoms. Lastly, we did not find a confounding role of 

ODD, CD or ASD symptoms in the association between AAAs and ADHD. 

There are some limitations to the current study that should be noted. Firstly, we 

measured AAA concentrations in blood and urine, which represent only two factors in the 

metabolic pathway of serotonin and dopamine. Therefore, we can only draw conclusions 

regarding the presence of AAAs in the blood, which is a first prerequisite for an adequate 

biosynthesis of serotonin and dopamine. Secondly, while our study is the largest of its 

kind and had an adequate power to detect medium-sized effects, our study was not 

sufficiently powered to detect small-sized effects. We found a relatively high odds ratio 

of 2.2 for being diagnosed with ADHD when having low phenylalanine concentrations, 

but this result just escaped conventional levels of significance. Therefore, our study 

does not definitively rule out that low phenylalanine concentrations are present in (a 

subgroup of) children with ADHD. For instance, it might be that only children with severe 

deficiencies in executive functioning have decreased phenylalanine concentrations, as 

an altered dopamine functioning in the prefrontal cortex and the striatum is thought 

to impair executive functions, including sustained attention and interference control in 

ADHD (Del Campo, Chamberlain, Sahakian, & Robbins, 2011; Oades, 2008). Despite the 

limitations, our study is the first to explore AAA concentrations in children with ADHD 

using a well-defined and relatively large sample, showing that AAA abnormalities are not 

related to ADHD.
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Abstract
Objective. We investigated whether children with attention-deficit/hyperactivity disorder 

(ADHD) had increased blood concentrations of homocysteine compared to typically 

developing (TD) children. Secondly, we examined whether homocysteine concentrations 

in children with ADHD were related to symptoms of ADHD, which would lend further 

support to the role of homocysteine in ADHD, and to neurocognitive functioning within 

this group. Further, we studied if intake of folate and vitamin B12 (determinants of 

homocysteine) were associated with homocysteine concentrations.

Methods. In this observational case-control study homocysteine concentrations were 

assessed in blood spots of 55 children with ADHD and 54 TD children, aged 6 to 13 

years. Parent and teacher questionnaires assessed symptoms of ADHD. Neurocognitive 

functioning was measured using the Digit Span Task, Grid Task and Flanker Task, targeting 

verbal and visuospatial working memory, interference control, variability in responding, 

and lapses of attention. Intake of folate and vitamin B12 was measured using nutritional 

diaries.

Results. Children with ADHD did not differ from controls in their homocysteine blood 

spot concentrations. Homocysteine concentrations were neither related to symptoms 

of ADHD nor to neurocognitive functioning in children with ADHD. Intake of folate and 

vitamin B12 was not associated with homocysteine concentrations.

Conclusion. A childhood diagnosis of ADHD and symptoms of the disorder seem 

unrelated to homocysteine blood spot concentrations, and increased homocysteine 

blood spot concentrations do not seem to play a role in neurocognitive problems in 

childhood ADHD.
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Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a childhood psychiatric disorder 

characterised by a persistent pattern of age-inappropriate levels of inattention and/

or hyperactivity-impulsivity (American Psychiatric Association, 2013). Neurocognitive 

dysfunctions play a central role in explanatory models of the disorder (Castellanos 

& Tannock, 2002; Rommelse & de Zeeuw, 2014; Willcutt, Doyle, Nigg, Faraone, & 

Pennington, 2005); ADHD is associated with numerous neurocognitive deficits, such as 

impaired working memory (Willcutt et al., 2005) and poor inhibitory control (Barkley, 

1997; Willcutt et al., 2005). It is important to investigate the aetiology of neurocognitive 

deficiencies in children with ADHD, in order to gain more insight into neurobiological 

causal pathways of ADHD. Research on the underlying mechanisms of impaired 

neurocognitive functioning in ADHD has predominantly focussed on alterations in the 

structure and function of the brain (Faraone et al., 2015).

An alternative approach to study the underlying mechanisms of impaired neurocognitive 

functioning in ADHD, is to investigate amino acid concentrations that are a prerequisite for 

healthy brain functioning. A potential candidate for such an approach is homocysteine, 

as high concentrations of homocysteine can have detrimental effects on neurocognitive 

performance, by causing DNA damage, disturbed methylation, cell death or by altering 

the functioning of glutamate receptors (Mattson & Shea, 2003). Homocysteine has 

been found associated with neurocognitive performance in neurodegenerative diseases 

(Teunissen et al., 2005), in the normal aging population (Garcia & Zanibbi, 2004), as 

well as in psychiatric populations (Dias, Brissos, Cardoso, Andreazza, & Kapczinski, 2009; 

Ford, Flicker, Singh, Hirani, & Almeida, 2013). Homocysteine is biosynthesised from 

methionine, an essential amino acid that is obtained by digestion of proteins. Compared 

to patients with bipolar disorder with normal homocysteine concentrations, patients 

with bipolar disorder with elevated concentrations of homocysteine, showed poorer 

performance on tasks measuring verbal working memory and interference control (Dias 

et al., 2009). Further, in studies with healthy elderly, negative associations have been 

found between homocysteine and cognitive performance (Dufouil, Alpérovitch, Ducros, & 

Tzourio, 2003; Mooijaart et al., 2005; Prins et al., 2002). For instance, healthy elderly with 

hyperhomocysteinemia (elevated levels of homocysteine) had lower scores on a global 

test of cognitive functioning and on a task measuring attention, compared to individuals 

with normal homocysteine concentrations (Dufouil et al., 2003). However, there are also 
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studies that showed no relation between homocysteine and neurocognitive functioning 

in either healthy adults (Dias et al., 2009) or healthy elderly subjects (Kalmijn et al., 

1999). Strikingly, the neurocognitive functions that seem to be related to homocysteine 

concentrations (working memory, interference control and attention) (Dias et al., 2009; 

Teunissen et al., 2005), are exactly those that are impaired in (subgroups of) children 

with ADHD (Mullane, Corkum, Klein, & McLaughlin, 2009; Tamm et al., 2012; Willcutt et 

al., 2005). Thus far, the relation between homocysteine and neurocognitive functioning 

has not been studied in children or adults with ADHD. In the current study, we explored 

the hypothesis that neurocognitive deficits observed in ADHD may be related to high 

concentrations of homocysteine.

Increased homocysteine concentrations could be caused by dietary or genetic risk 

factors, such as a dietary deficiency or a genetic defect to produce adequate amounts of 

bioactive folate and vitamin B12 (Blom, Shaw, Den Heijer, & Finnell, 2006; Bottiglieri et 

al., 2000). Vitamin B12 and in particular folate are strong determinants of homocysteine, 

since the conversion of homocysteine to methionine is dependent on the cofactors 

folate and vitamin B12. A deficiency of folate or vitamin B12 therefore leads to increased 

concentrations of homocysteine in the blood (Mattson & Shea, 2003). In the current 

study, we investigated whether the hypothesised increased homocysteine concentrations 

in children with ADHD are related to dietary deficiencies, as there is some evidence for 

decreased folate intake in children with ADHD (Durá-Travé & Gallinas-Victoriano, 2014). 

Even though some studies focused on homocysteine concentrations in healthy children 

(Van Beynum et al., 2005), thus far, no studies have examined whether increased 

homocysteine concentrations are involved in childhood ADHD. Recently a study in 

adults showed that plasma concentrations of homocysteine were decreased in adults 

with ADHD as compared to normal controls (Karababa et al., 2014), which was contrary 

to expectations. However, these results should be interpreted with caution, given 

the small sample size and limited diagnostic screening of participants. In the current 

study it is examined whether children with ADHD have increased concentrations of 

homocysteine compared to typically developing (TD) children. Further, we examine 

whether homocysteine concentrations in children with ADHD are (a) positively related to 

symptoms of ADHD, (b) negatively related to neurocognitive functioning in ADHD, which 

would lend further support to the role of homocysteine in ADHD, and (c) negatively 

related to intake of folate and vitamin B12, which would be informative for a dietary 
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risk factor for ADHD. The results might provide insight into one potential underlying 

mechanism of neurocognitive deficits found in this population. 

Methods
Participants
Subjects were 55 children with ADHD (76 percent males) and 54 TD children (52 percent 

males), aged between 6 and 13 years. Inclusion criteria for the ADHD group were: (a) a 

clinical diagnosis of ADHD according to DSM-IV criteria, (b) confirmation of this diagnosis 

by the Diagnostic Interview Schedule for Children, fourth edition, administered to parents 

(DISC-IV-P) (Shaffer, Fisher, Lucas, Dulcan, & Schwab-Stone, 2000), (c) significant ADHD 

symptoms, as indicated by scores >90th percentile on at least one of the ADHD scales 

(Inattention and Hyperactivity/Impulsivity scales) of the parent version of the Disruptive 

Behaviour Disorder Rating Scale (DBDRS) (Pelham, Gnagy, Greenslade, & Milich, 1992), 

and (d) pervasive ADHD symptoms, as indicated by scores >75th percentile on at least one 

of the ADHD scales of the teacher version of the DBDRS. Having a comorbid diagnosis 

(for example autism spectrum disorder or learning disability) was no exclusion criterion, 

neither was treatment with stimulant medication. Children on stimulant medication (60 

percent of the ADHD group) discontinued drug use 24 hours before testing, in order 

to allow complete washout (Pelham et al., 1999). Inclusion criteria for the TD group 

were: (a) absence of a clinical diagnosis of any developmental or behavioural disorder 

(including ADHD, established by parent report), and (b) scores <90th percentile on both 

parent- and teacher-rated ADHD scales of the DBDRS. Children of both groups with an 

IQ<70 were excluded.

Materials
Diagnostic assessment
Parents of children eligible for inclusion in the ADHD group were assessed with the ADHD 

section of the DISC-IV-P (Shaffer et al., 2000). The DISC-IV-P is a widely used standardised 

diagnostic interview for the assessment of DSM-IV childhood psychiatric disorders.

ADHD symptom severity was assessed in both groups using the DBDRS, filled out by 

one of the parents and teacher (Pelham et al., 1992). The DBDRS measures the DSM-

IV symptoms of ADHD (and other externalising disorders) using a 4-point Likert scale. 

Scores on the Inattention and Hyperactivity/Impulsivity scales were used, with higher 

scores indicating worse symptom levels.
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Full scale IQ was estimated using a short form of the Wechsler Intelligence Scale for 

Children-III (WISC-III; Wechsler, 1991), comprising the subtests Vocabulary, Arithmetic, 

Block Design and Picture Arrangement. This short form of four subtests has an excellent 

reliability (r=.95) and validity (r’=.90) (Sattler, 2008).

Neurocognitive functioning
To measure verbal working memory, the backward condition of the Digit Span Task of the 

WISC-III was used (Wechsler, 1991). In the backward condition, the child is required to 

repeat in reversed order a sequence of numbers expressed verbally by the interviewer. 

There were seven sequence levels, starting from a span of two digits up to a span of 

eight digits. The product of the number of correct responses and the highest obtained 

span served as measure of verbal working memory (Kessels, Van Zandvoort, Postma, 

Kappelle, & De Haan, 2000). 

Visuospatial working memory was measured using the backward condition of the Grid 

Task (Bergman Nutley, Soderqvist, Bryde, Humphreys, & Klingberg, 2010), in which the 

child is required to repeat in reversed order a sequence of visual stimuli (yellow dots) 

presented on a computer screen in a four by four grid. The computer mouse was used 

to respond. There were nine sequence levels, starting from two dots up to a span of ten 

dots. Each level consisted of two sublevels; sublevel A in which the sequence followed a 

logical pattern and the more difficult sublevel B in which the sequence showed no clear 

pattern. The product of the number of correct responses and the highest obtained span 

served as measure of visuospatial working memory (Kessels et al., 2000), with 0.5 point 

added to the highest obtained span when sublevel B was reached (Bergman Nutley et 

al., 2010). 

Interference control, variability in responding and lapses of attention were measured 

using an adapted version of the Eriksen Flanker Task (Eriksen & Eriksen, 1974; Scheres 

et al., 2003). In each trial, a target stimulus (black arrow) appeared at the centre of a 

computer screen, pointing either to the left or right, and the child was asked to press 

the corresponding response button (left or right button). The target was flanked by 

two neutral items (rectangles) in the neutral condition, by arrows pointing in the same 

direction in the congruent condition, and by arrows pointing in the opposite direction 

in the incongruent condition. Forty-eight neutral, 48 congruent and 48 incongruent 

trials were presented in random order. Difference scores between congruent and 
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incongruent trials were calculated for latency on correct trials and for accuracy, which 

served as measures of interference control (Mullane et al., 2009). Individual response 

time distributions derived from the correct neutral trials were used to measure (a) 

variability in responding, using the SD (sigma) of the normal component of the ex-

Gaussian distribution, and (b) attentional lapses, using the M plus SD of the exponential 

component of the ex-Gaussian distribution (tau) (Whelan, 2010).

Homocysteine
To examine total homocysteine concentrations, a dried blood spot technique was used. 

Collecting blood spots is less invasive for children than taking venous blood samples. 

Validity of the dried blood spot technique is supported by a strong relationship between 

homocysteine in blood spots and in plasma (r=.94) (Bowron, Barton, Scott, & Stansbie, 

2005). Homocysteine concentrations measured in dried blood spots are circa 40 percent 

lower than homocysteine concentrations obtained by plasma samples, caused by 

haemolysis during the drying of the blood spot (Bowron et al., 2005). Since no adequate 

paediatric reference values for blood spot homocysteine concentrations are available, 

concentrations in the ADHD group are compared to concentrations in a group of TD 

children. A blood spot of each child was collected using a disposable safety lancet. The 

blood drop was spotted onto a specially designed blood stain card. Concentrations of 

total homocysteine in blood spots (in μmol/L) were determined in the clinical chemistry 

laboratory of our academic medical center, using liquid chromatography–mass 

spectrometry (LC-MS), based on the protocol of Gempel, Gerbitz, Casetta, and Bauer 

(2000). Reliability of the LC-MS/MS was confirmed by examining the inter-assay variance 

(being 11 percent), intra-assay variance (being 10 percent) and recovery (being 105.5 

percent).

Nutrition
The ingestion of folate and vitamin B12 was assessed during three days, using a parent 

reported nutritional diary. Standardised dietary records and instructions were provided. 

Parents were instructed to register all consumed foods and drinks in the dietary record 

and to express the consumed amounts as accurate as possible. The amount of folate and 

vitamin B12 intake (in µg/day) was calculated by a dietician based on a computerised 

version of a food composition database (National Institute for Public Health and the 

Environment, 2013). The food composition database contains over 2000 food products 

with information about the nutritional composition of these food products (Westenbrink 
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& Jansen-van der Vliet, 2013). The database is widely used for scientific purposes (e.g. 

Altorf-van der Kuil et al., 2013; Van der Zwaluw et al., 2014; Van Kernebeek, Oosting, 

Feskens, Gerber, & De Boer, 2014). The use of a three-day parent reported nutritional 

diary has been validated in a study of primary school-aged children, with a low mean 

level (four percent) of overestimation (O’Connor et al., 2001).

Procedure
This study received approval from the local medical ethical committee (#NL39922.029.12) 

and has been performed in accordance with the ethical standards as laid down in the 

1964 Declaration of Helsinki. Written informed consent was obtained of parents of all 

children, and of children ≥12 years, prior to participation. Children with ADHD were 

recruited from mental health outpatient clinics, through the parental association for 

children with behavioural problems, and through a university research website. The 

TD group was recruited from regular primary schools throughout the country. The 

data were collected between February 2013 and July 2014. The ADHD and TD group 

were recruited simultaneously, to control for possible seasonal effects on food intake 

or homocysteine concentrations. Children were tested at their own school. The blood 

spot was collected in the early morning of the test day, to rule out the effects of diurnal 

variation of homocysteine concentrations (Guttormsen, Schneede, Fiskerstrand, Ueland, 

& Refsum, 1994). Fasting was not required prior to assessment of blood spots, as blood 

spots were collected within a short time span (<2 hours) after breakfast. Registration 

of dietary food intake started in the morning of the testing day, and continued for the 

subsequent three days (day 1 to day 3). Children on stimulant medication discontinued 

drug use one day prior to participation (day 0), and during the assessment of blood and 

food intake (day 1 to day 3), to ensure complete washout during the assessments. 

Data analysis
All statistical analyses were performed using R, version 3.2.1. Initially a total of 142 

children participated in the current study. However, in 22 children with ADHD and 11 TD 

children the level of homocysteine was too low to be detected (under 1.0 μmol/L). Since 

the proportion of participants with an undetectable level of homocysteine was similar 

in the ADHD and TD groups (χ2=2.68, p=.10), it was concluded that the extremely low 

concentrations of homocysteine were not specific to ADHD or controls. It was chosen to 

exclude these 33 children from further analyses to avoid the risk of artificially deflated 

means. All dependent variables were inspected on outliers and missing values within the 
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ADHD and TD group. Winsorising was applied to outliers in homocysteine concentrations 

(n=2), the intake of folate and vitamin B12 (n=3), and neurocognitive measures (n=4) 

(Tabachnick & Fidell, 2001). Missing data in the intake of folate and vitamin B12 (n=3), 

the measures obtained by the Flanker Task (n=1) and the DBDRS (n=2), due to technical 

errors or to non-adherence of parents to the protocol, were randomly distributed and 

replaced using group means. Group differences in gender were examined using a chi-

squared test, and group differences in age, IQ and ADHD symptoms were examined 

using one-way analysis of variance (ANOVA).

Firstly, it was investigated whether the groups differed in homocysteine concentrations 

and neurocognitive functioning, using ANOVA. Effect sizes were calculated in terms of 

partial eta squared, and interpreted as small (>.01), medium (>.06) or large (>.14) (Cohen, 

1988). Secondly, using Pearson’s correlations it was investigated whether homocysteine 

concentrations in children with ADHD were related to (a) symptoms of ADHD (using the 

parent- and teacher-rated ADHD scales on the DBDRS), (b) neurocognitive functioning 

and (c) folate and vitamin B12 intake. In case of significant correlation coefficients, 

regression analyses were performed to examine the potential confounding effects of 

age, gender and IQ on the association between homocysteine concentrations and the 

significant outcome measures.

Results
For group characteristics and dependent variables, see Table 3.1. The ADHD and TD 

group did not differ significantly in mean age and IQ. The ADHD group consisted of 

considerably more males and showed more parent- and teacher-rated ADHD symptoms 

than the TD group. To examine the potential confounding effect of gender differences, 

all group analyses were rerun with gender as covariate. The DISC-IV-P indicated that 

43 children met DSM-IV criteria for the combined subtype of ADHD, 8 children for the 

predominantly inattentive subtype, and 4 children for the predominantly hyperactive-

impulsive subtype.
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Our results showed that all homocysteine concentrations in blood spots in our 

sample were under 12 μmol/L. No group differences were found in homocysteine 

concentrations. The ADHD group performed significantly worse on visuospatial working 

memory (F(1,107)=6.02, p=.02, pη2=.05), showed more variability in responding, 

as evidenced by an increased sigma (F(1,107)=5.15, p=.03, pη2=.05), and had more 

attentional lapses, as evidenced by an increased tau (F(1,107)=21.55, p<.01, pη2=.17). 

No group differences were found for the other neurocognitive measures (verbal working 

memory and interference control), see Table 3.1. Including gender as covariate did not 

change the findings. Repeating the group analyses including the 33 participants with an 

undetectable level of homocysteine did not alter the results.

Associations between homocysteine concentrations and measures of (a) symptoms 

of ADHD, (b) neurocognitive functioning and (c) folate and vitamin B12 intake were 

examined in the ADHD group. All measures were normally distributed. Results showed 

that homocysteine concentrations were neither significantly related to ADHD symptoms, 

nor to any of the neurocognitive measures, nor to intake of folate and vitamin B12, see 

Table 3.2. Repeating the analyses including the 33 participants with an undetectable 

level of homocysteine did not alter the results. 

Table 3.2. Pearson correlations between homocysteine and measures of ADHD 
symptoms, neurocognitive functioning and nutrition in the ADHD group (n=55)

r p
ADHD symptoms (DBDRS)

Inattentiona .00 .99
Hyperactivity/Impulsivitya .13 .34
Inattentionb  -.07 .63
Hyperactivity/Impulsivityb  -.03 .82

Neurocognitive functioning
Verbal working memory .15 .28
Visuospatial working memory  -.21 .12
Interference control latency (ms) .07 .59
Interference control accuracy (%) .20 .14
Variability in responding (sigma in ms)  -.14 .30
Attentional lapses (tau in ms)  -.04 .79

Nutrition
Folate (intake, µg/day)  -.12 .38
Vitamin B12 (intake, µg/day)  -.06 .65

Notes. aParent-rated, bTeacher-rated. ADHD, attention-deficit/hyperactivity disorder; 
DBDRS, Disruptive Behaviour Disorder Rating Scale.
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Discussion
This is the first study investigating homocysteine concentrations in children with 

ADHD. Our first objective is to examine whether children with ADHD have increased 

homocysteine concentrations. In contrast to our hypothesis, we neither found a 

difference in homocysteine concentrations between the ADHD and TD group, nor an 

association between homocysteine concentrations and symptoms of ADHD. Our study 

therefore does not support the hypothesis that increased homocysteine concentrations 

are involved in the aetiology of ADHD. This is in line with the single available study into 

homocysteine carried out in adults with ADHD (Karababa et al., 2014), that did not find 

increased homocysteine concentrations in ADHD either. The study in adults showed 

decreased homocysteine concentrations in adults with ADHD (Karababa et al., 2014), 

which should be interpreted with caution, given the small sample size and limited 

diagnostic screening of participants. Further, the authors of that study suggested that 

decreased homocysteine concentrations may relate to increased folate concentrations 

(due to altered dietary preferences) (Karababa et al., 2014), which was not supported 

by our study; in our childhood ADHD sample homocysteine concentrations seemed 

unrelated to folate and vitamin B12 intake.

We further examined whether homocysteine is negatively related to neurocognitive 

functioning in the ADHD group. We replicated previously reported deficiencies in 

visuospatial working memory, variability in responding and lapses of attention in 

ADHD, but did not find any deficits in the domains of verbal working memory and 

interference control. The latter is in accordance with the growing consideration that 

certain neurocognitive dysfunctions are not universally present in children with ADHD, 

but are only present in a minority of children with ADHD (Coghill, Seth, & Matthews, 

2014). Against our hypothesis, we did not find any evidence for the contribution 

of homocysteine to neurocognitive deficiencies in children with ADHD. Our results 

contrast with the existing literature regarding the associations between homocysteine 

and neurocognitive functioning in adults and elderly (Teunissen et al., 2005). Possibly, 

homocysteine concentrations should reach a certain threshold before being toxic 

and affecting neurocognitive functioning. In the current study, all homocysteine 

concentrations were under 12 μmol/L and mean homocysteine concentrations in the 

ADHD and TD samples were 33 to 41 percent lower than total plasma homocysteine 

concentrations found in normative data of 6 to 10 year old children (Van Beynum et al., 
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2005). This is in line with the literature that shows that homocysteine concentrations 

in dried blood spots are generally 40 percent lower than in plasma samples (Bowron 

et al., 2005). Our findings suggest that homocysteine concentrations in blood spots of 

children with ADHD can be considered normal. In studies that did show associations 

between homocysteine and cognition, homocysteine concentrations possibly reached 

toxic levels, with higher average concentrations (10 to 20 μmol/L) than found in our 

sample (Dufouil et al., 2003; Prins et al., 2002; Teunissen et al., 2005). 

Another explanation might be that the association between homocysteine and 

neurocognitive functioning found in some previous studies, is mediated or moderated 

by factors that were not controlled for in these studies, including cardiovascular risk 

factors (Dufouil et al., 2003) and smoking history (Ford et al., 2013). It might be that 

these factors, that are less likely to affect the results in a study of primary school-aged 

children, have confounded previous research on homocysteine and neurocognitive 

functioning in adults and elderly. 

A third explanation that we would like to put forward, is that the effects of high 

homocysteine concentrations might be more detrimental in vulnerable life-stages, 

including late adulthood (Teunissen et al., 2005), and during the early stage of prenatal 

development (Ars et al., 2016). For example, a recent study showed negative effects 

of high plasma homocysteine concentrations in mothers during early pregnancy on 

intelligence, language and visuospatial processing in 6 to 8 year old children (Ars et al., 

2016).

Lastly, we examined whether homocysteine concentrations were negatively related 

to dietary intake of folate and vitamin B12 in children with ADHD. We did not find 

significant associations between homocysteine and the intake of folate and vitamin B12, 

and our results therefore are not indicative for a dietary risk factor for ADHD. In the 

past decades there has been a growing interest in nutritional interventions for ADHD 

(Hurt, Arnold, & Lofthouse, 2011). Our results do not provide support for nutritional 

interventions with folate (Ghanizadeh, Sayyari, & Mohammadi, 2013) or vitamin B12 

(Ghanizadeh et al., 2013; Patel & Curtis, 2007) for children with ADHD, given that we 

neither found evidence for decreased intake of folate or vitamin B12, nor for increased 

homocysteine concentrations in children with ADHD. Our results further emphasise the 

limited theoretical foundation and empirical evidence for these interventions.
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There are some limitations to the current study that should be noted. Firstly, we did 

not measure blood concentrations of determinants of homocysteine, such as folate and 

vitamin B12, and therefore provide limited insight into the homocysteine metabolism 

of children with ADHD. Secondly, even though our three-day dietary record provides 

sufficient insight into the intake of folate and vitamin B12, as the dietary pattern of 

children is relatively stable across years (Frémeaux et al., 2011), we suggest that in 

future studies intake of folate and vitamin B12 will be measured during the days prior to 

assessment of homocysteine concentrations. Finally, blood concentrations of folate and 

vitamin B12 may have been more reliable to study the intake of these nutrients.

Despite the limitations, our study is the first to examine the association between 

homocysteine and neurocognitive deficiencies in childhood ADHD. Our results suggest 

that homocysteine abnormalities do not seem to be related to childhood ADHD and that 

elevated homocysteine concentrations do not seem to contribute to the aetiology of 

neurocognitive dysfunctions in ADHD.
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Chapter 4
Neurocognitive profiles in children with attention-deficit/hyperactivity 
disorder and their predictive value for functional outcomes

A revised version of this chapter will be published as:
Bergwerff, C.E., Luman, M., Weeda, W.D., & Oosterlaan, J. (in press). Neurocognitive 

profiles in children with attention-deficit/hyperactivity disorder and their predictive 

value for functional outcomes. Journal of Attention Disorders.
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Abstract
Objective. In the current study we examine whether neurocognitive profiles can 

be distinguished in children with attention-deficit/hyperactivity disorder (ADHD) 

and typically developing (TD) children, and whether neurocognitive profiles predict 

externalising, social and academic problems in children with ADHD. 

Methods. Neurocognitive data of 81 children with ADHD and 71 TD children were 

subjected to confirmatory factor analysis. The resulting factors were used for community 

detection in the ADHD and TD group.

Results. Four subgroups were detected in the ADHD group, characterised by (1) poor 

emotion recognition, (2) poor interference control, (3) slow processing speed, or (4) 

increased attentional lapses and fast processing speed. In the TD group three subgroups 

were detected, closely resembling subgroups 1-3. Neurocognitive subgroups in the 

ADHD sample did not differ in externalising, social and academic problems. 

Conclusion. We found a neurocognitive profile unique to ADHD. The clinical validity of 

neurocognitive profiling is questioned, given the lack of associations with functional 

outcomes.
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Introduction
Attention-deficit/hyperactivity disorder (ADHD) is the most common mental health 

disorder diagnosed in children and adolescents (Willcutt, 2012). The disorder is 

characterised by a persistent pattern of age-inappropriate levels of inattention and/or 

hyperactivity-impulsivity (American Psychiatric Association, 2013) and is aetiologically 

heterogeneous (Nigg, Willcutt, Doyle, & Sonuga-Barke, 2005; Sonuga-Barke & Halperin, 

2010). Three aetiological neurocognitive pathways have been identified in ADHD, 

with deficiencies present in temporal processing, inhibitory control, or delay aversion 

(Sonuga-Barke, Bitsakou, & Thompson, 2010). Recently, a paradigm shift took place from 

identifying subgroups of children with ADHD based on a single neurocognitive deficit, 

towards identifying subgroups that share a neurocognitive profile, acknowledging that 

neurocognitive functioning consists of a complex interplay of strengths and weaknesses. 

Thus far three studies applied community detection procedures to distinguish subgroups 

of individuals with ADHD, all showing distinct neurocognitive profiles (Fair, Bathula, 

Nikolas, & Nigg, 2012; Mostert et al., 2015; Van Hulst, De Zeeuw, & Durston, 2015). 

In the study of Fair et al. (2012), subgroups of children with ADHD were characterised 

by either (a) high levels of response variability, (b) reduced working memory, memory 

span and processing speed, (c) inaccurate temporal information processing, or (d) 

suboptimal arousal. The results of Van Hulst et al. (2015) in children with ADHD showed 

subgroups characterised by either (a) fast reaction times and high cognitive control, (b) 

poor cognitive control, or (c) slow and variable timing. Mostert et al. (2015) showed 

that in adults with ADHD subgroups were either characterised by (a) impaired attention 

and inhibition, (b) impaired delay discounting, or (c) impaired fluency and memory. 

Since all three studies used different selections of neurocognitive measures, profile 

characteristics differed across studies. In all studies the detected profiles in the ADHD 

group were also observed in typically developing controls, with individuals with ADHD 

generally showing weaker performance (Fair et al., 2012; Mostert et al., 2015; Van Hulst 

et al., 2015). This finding suggests that individuals with ADHD reflect the extremes of 

normal neurocognitive heterogeneity.

One step forward in the approach of profiling is to include a more extensive set of 

measures that reflect core neurocognitive alterations in ADHD. One of the most 

consistently reported deficits in ADHD is an increase in intra-individual reaction time 

variability, including increased variability in responding and attentional lapses as 
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measured by ex-Gaussian modelling (Tamm et al., 2012). However, thus far ex-Gaussian 

measures of intra-individual reaction time variability have not been addressed in 

neurocognitive profiling of children with ADHD. Another core deficit in ADHD, that has 

been omitted thus far in neurocognitive profiling studies, is the ability to recognise facial 

emotional expressions, a central aspect of social cognition (Shaw, Stringaris, Nigg, & 

Leibenluft, 2014). 

Further, the clinical value of neurocognitive profiling has not been addressed, since studies 

into neurocognitive profiling were solely aimed at investigating aetiological pathways 

of ADHD. More specifically, it was argued that distinct neurocognitive profiles could be 

indicative of separate neurobiological pathways (Fair et al., 2012; Mostert et al., 2015; 

Van Hulst et al., 2015). Even though evidence for the predictive value of neurocognitive 

functioning for persistence of ADHD is relatively weak (Van Lieshout, Luman, Buitelaar, 

Rommelse, & Oosterlaan, 2013), it has been argued that neurocognitive deficiencies 

in individuals with ADHD result in significant functional impairments (Coghill, Seth, & 

Matthews, 2014). Therefore, associations should be studied between profiles and key 

functional outcomes of the disorder. Although ADHD increases the risk of associated 

externalising problems (including oppositional defiant disorder [ODD] and conduct 

disorder [CD]; Gillberg et al., 2004), social problems (McQuade & Hoza, 2008) and 

academic problems (Loe & Feldman, 2007), not all children with ADHD are impaired 

in terms of these functional outcomes. Neurocognitive profiles may act as moderators, 

explaining differences in adverse outcomes. More specifically, emotion recognition 

deficiencies have been found to increase the risk of ODD (Noordermeer et al., 2015) and 

CD (Cadesky, Mota, & Schachar, 2000), and of decreased social functioning (Trentacosta 

& Fine, 2010). Further, academic problems in children with ADHD may be related to 

deficiencies in cool executive functions (EF), including working memory and inhibitory 

control (Antonini et al., 2016).

The current study seeks to replicate previous work on community detection in samples of 

children with ADHD and typically developing (TD) children. In line with Fair et al. (2012), 

we expect to find distinct neurocognitive profiles based on children’s performance 

on measures of cool EF (memory span, working memory, interference control). The 

present study extends previous research by adding ex-Gaussian parameters of intra-

individual reaction time variability (processing speed, variability in responding and 

lapses of attention), as well as a measure of social cognition (emotion recognition). In 
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line with previous studies (Fair et al., 2012; Van Hulst et al., 2015), we expect to find 

similar neurocognitive profiles in children with ADHD and TD children, with weaker 

performance for the ADHD group. We also examine whether the neurocognitive profiles 

within the ADHD group reflect differential risk factors for functional outcomes: associated 

externalising, social and academic problems.

Methods
Participants
Subjects were 81 children with ADHD (74 percent males) and 71 TD children (52 

percent males), aged between 6 and 13 years. Inclusion criteria for the ADHD group 

were: (a) a clinical diagnosis of ADHD according to DSM-IV criteria, (b) confirmation 

of this diagnosis by the Diagnostic Interview Schedule for Children, fourth edition, 

administered to parents (DISC-IV-P; Shaffer, Fisher, Lucas, Dulcan, & Schwab-Stone, 

2000), (c) significant ADHD symptoms, as indicated by scores >90th percentile on at least 

one of the ADHD scales (Inattention and Hyperactivity/Impulsivity scales) of the parent 

version of the Disruptive Behaviour Disorder Rating Scale (DBDRS; Pelham, Gnagy, 

Greenslade, & Milich, 1992), and (d) pervasive ADHD symptoms, as indicated by scores 

>75th percentile on at least one of the ADHD scales of the teacher version of the DBDRS. 

Having a comorbid diagnosis (for example ODD) was no exclusion criterion, neither was 

treatment with stimulant medication. Children on stimulant medication (59 percent 

of the ADHD group) discontinued drug use 24 hours before testing, in order to allow 

complete washout. Inclusion criteria for the TD group were: (a) absence of a clinical 

diagnosis of ADHD or ODD as obtained from parent information, and (b) scores <90th 

percentile on both parent- and teacher-rated ADHD scales of the DBDRS. Children with 

an IQ<70 were excluded.

Materials
Diagnostic assessment
Parents of children eligible for inclusion in the ADHD group were assessed with the ADHD 

section of the DISC-IV-P (Shaffer et al., 2000). The DISC-IV-P is a widely used standardised 

diagnostic interview for the assessment of DSM-IV childhood psychiatric disorders.

ADHD symptom severity was assessed in both groups using the DBDRS, filled out by 

one of the parents and teacher (Pelham et al., 1992). The DBDRS measures the DSM-

IV symptoms of ADHD (and other externalising disorders) using a 4-point Likert scale. 
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Scores on the Inattention and Hyperactivity/Impulsivity scales were used, with higher 

scores indicating worse symptoms.

Full scale IQ was estimated using a short form of the Wechsler Intelligence Scale for 

Children-III (WISC-III; Wechsler, 1991), comprising the subtests Vocabulary, Arithmetic, 

Block Design and Picture Arrangement. This short form of four subtests has an excellent 

reliability (r=.95) and validity (r’=.90) (Sattler, 2008).

Neurocognitive functioning
To measure verbal working memory, the backward condition of the Digit Span Task of the 

WISC-III was used (Wechsler, 1991). In the backward condition, the child is required to 

repeat in reversed order a sequence of numbers expressed verbally by the interviewer. 

There were seven sequence levels, starting from a span of two digits up to a span of eight 

digits. The product of the total number of correct responses and the highest obtained 

span served as measure of verbal working memory (Kessels, Van Zandvoort, Postma, 

Kappelle, & De Haan, 2000).

Visuospatial working memory was measured using the backward condition of the Grid 

Task (Bergman Nutley, Soderqvist, Bryde, Humphreys, & Klingberg, 2010), in which the 

child is required to repeat in reversed order a sequence of visual stimuli (yellow dots) 

presented on a computer screen in a four by four grid. The computer mouse was used 

to respond. There were nine sequence levels, starting from two up to a span of ten dots. 

Each level consisted of sublevel A, in which the sequence followed a logical pattern, 

and the more difficult sublevel B, in which the sequence showed no clear pattern. The 

product of the total number of correct responses and the highest obtained span served 

as measure of visuospatial working memory (Kessels et al., 2000), with 0.5 point added 

to the highest obtained span when sublevel B was reached (Bergman Nutley et al., 2010). 

For interference control, processing speed, variability in responding and lapses of 

attention, an adapted version of the Eriksen Flanker Task was used (Eriksen & Eriksen, 

1974; Scheres et al., 2003). In each trial, a target stimulus (black arrow) appeared at 

the centre of a computer screen, pointing either to the left or right side, and the child 

was asked to press the spatially corresponding response button (left or right button). In 

the neutral condition, the target was flanked by two neutral items (rectangles), in the 

congruent condition by arrows pointing in the same direction, and in the incongruent 
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condition by arrows pointing in the opposite direction. In total, 48 neutral, 48 congruent 

and 48 incongruent trials were presented in random order. Difference scores between 

congruent and incongruent trials were calculated for latency on correct trials and 

accuracy, and served as measures of interference control (Mullane, Corkum, Klein, & 

McLaughlin, 2009). Further, individual response time distributions derived from the 

correct neutral trials were examined. The mean (mu) and standard deviation (sigma) of 

the normal component of the ex-Gaussian distribution served as measures of processing 

speed and variability in responding, and the mean plus standard deviation of the 

exponential component of the ex-Gaussian distribution (tau) as measure of attentional 

lapses (Whelan, 2010).

Recognition of facial emotional expressions was examined using the Children’s Emotion 

Recognition Task (CERT), a computerised task developed for the current study. The CERT 

is an adaptation of a previously validated paradigm (Nowicki & Duke, 1994), but instead 

of using pictures of adult faces, the CERT consists of solely pictures of children’s faces, to 

make the task more ecologically valid. The CERT contains 100 pictures of children’s faces 

with neutral facial expressions, and four basic emotional expressions (happy, fear, anger, 

sadness); 20 stimuli per emotional expression, presented in random order. Pictures were 

selected from the validated National Institute of Mental Health Child Emotional Faces 

Picture Set database, based on their distinctive character (Egger et al., 2011). Upon 

presentation of the stimulus, participants had to indicate the corresponding emotion 

with a computer mouse: angry, frightened, happy, sad or neutral. The task was self-

paced. For all five expressions, inverse efficiency scores were calculated, by dividing the 

mean reaction time by the proportion of correct responses (Townsend & Ashby, 1983).

Externalising problems
Associated externalising problems were examined using the ODD and CD scales of the 

parent- and teacher-rated DBDRS (Pelham et al., 1992).

Social functioning 
Sociometric data were collected for all participating children (Coie & Dodge, 1983). All 

children in the classroom of a participant were required to nominate classroom peers 

they liked most (positive rating) and classroom peers they disliked most (negative rating). 

Children were free to nominate as many peers for both categories as they wanted. For 

each participant, we summed up the number of times the child was positively rated and 
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the number of times the child was negatively rated. In order to adjust for classroom size, 

sum scores were divided by the number of classroom peers, yielding percentages of 

positive ratings and negative ratings, which were used as indicators of social acceptance 

and social rejection, respectively (Coie & Dodge, 1983).

Social problems (such as getting teased) were examined using the 11–item Social 

Problems scale of the Child Behavior Checklist (CBCL) and Teacher Rating Form (TRF), 

completed by parents and teachers, respectively (Achenbach, 1991). For both scales, 

items were rated on a three-point Likert-scale and summed up.

Academic functioning
Academic functioning was examined using data collected by teachers for the national 

pupil monitoring system, containing measures of reading comprehension (Staphorsius 

& Krom, 1998), spelling (de Wijs, Krom, & van Berkel, 2006) and mathematics (Janssen, 

Verhelst, Engelen, & Scheltens, 2010). These tests are administered twice a year and 

provide ability scores, which are standardised scores per academic domain, across the 

school grades.

Procedure
Children with ADHD were recruited from mental health outpatient clinics, through the 

parental association for children with behavioural problems, and through a university 

research website. The TD group was recruited from primary schools located throughout 

the country. Children were tested at their own school. Prior to participation, written 

informed consent was obtained of parents of all children, and of children ≥12 years. This 

study received approval from the local medical ethical committee (#NL39922.029.12). 

Data analysis
All statistical analyses were performed using R, version 3.2.1. All neurocognitive 

dependent variables were transformed into z-scores, to have all measures on the same 

metric scale, and if necessary reverse-scored, to ensure that for all variables higher 

scores were indicative of better performance.

The number of neurocognitive measures per domain was reduced by performing 

confirmatory factor analyses. Based on the model of Fair et al. (2012), it was 

hypothesised which of the neurocognitive measures were representative of the same 
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latent factor. Our conceptual model consisted of seven latent factors; memory span, 

working memory, interference control, processing speed, variability in responding, 

lapses of attention and emotion recognition. We acknowledged that there might be 

better fitting models, and therefore we also examined a six-factor model (6A) in which 

memory span and working memory were combined into one latent factor (memory); 

another six-factor model (6B) in which variability in responding and lapses of attention 

were combined into one latent factor (response time variability); and a five-factor model 

consisting of memory, response time variability, interference control, processing speed 

and emotion recognition. Correlations between neurocognitive measures >.80 were 

interpreted as signs of multicollinearity (Field, Miles, & Field, 2012). Fit of all models 

was evaluated using chi-square (χ2), comparative fit index (CFI), Tucker-Lewis index (TLI), 

root mean square error of approximation (RMSEA) and standardised root mean square 

residual (SRMR) (Hu & Bentler, 1998). The most parsimonious model with adequate fit 

was selected and factor scores were calculated, serving as measures of neurocognitive 

functioning.

It was examined whether distinct neurocognitive profiles could be detected in the 

ADHD and TD group separately, using community detection procedures (see Fair et al. 

(2012) for a detailed description). Briefly, in each group, participants were assigned to 

detected subgroups using the Louvain algorithm (modularity_louvain_und_sign.m by 

Rubinov and Sporns (2011)). For both groups correlation matrices between subjects’ 

neurocognitive factor scores were created, providing insight into connections between 

clusters of participants. Subgroup assignment of each participant was based on group 

assignment across 100 runs of the modularity algorithm, applying the most frequent 

group assignment (mode). Robustness of the community structure was determined 

based on the quality index (Q), with values >.40 being interpreted as indication of 

distinct subgroups (Fortunato & Barthelemy, 2007). For both the ADHD and the TD 

group, characteristics of the subgroups were examined by comparing the neurocognitive 

subgroups to each other, using analysis of variance (ANOVA) and post hoc comparisons 

per factor score. Visual inspection of the plots was carried out to examine whether the 

profiles were similar in the ADHD and TD group (Fair et al., 2012). In case of similar 

profiles, it was investigated whether children with ADHD differed from TD children in 

factor scores, using multivariate analysis of variance (MANOVA). These analyses were 

done for each profile separately. Post hoc comparisons tested group differences on the 

factor scores.
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To study the predictive validity of the neurocognitive profiles, it was investigated 

whether the neurocognitive subgroups in the ADHD group differed from each other 

on measures of externalising, social and academic functioning, using ANOVA and post 

hoc comparisons between subgroups. To correct for multiple testing, the alpha level 

was adjusted according to the Bonferroni procedure per outcome domain; externalising 

(four analyses, p=.013), social (four analyses, p=.013), and academic problems (three 

analyses, p=.017).

Results
For group characteristics, see Table 4.1. Analyses showed that the ADHD and TD group 

did not differ significantly in mean age and IQ. The ADHD group showed more ADHD 

symptoms and consisted of considerably more males than the TD group. The DISC-

IV-P indicated that 64 children met the DSM-IV criteria for the combined subtype of 

ADHD, 11 children for the predominantly inattentive subtype, and six children for the 

predominantly hyperactive-impulsive subtype.

Table 4.1. Group characteristics of the ADHD group (n=81) and TD group (n=71)
ADHD group TD group Statistic (t/χ2)
M (SD) M (SD)

Age in months 116.52 (19.96) 118.87 (20.68) -.71, NS
Estimated IQ 100.23 (13.98) 104.24 (14.04) -1.76, NS
Males n (%) 60 (74.07) 37 (52.11) 7.90**
Parent-rated symptoms

Inattention 17.56 (4.83) 3.34 (3.08) 21.88**
Hyperactivity/Impulsivity 16.52 (5.87) 3.27 (2.73) 18.20**

Teacher-rated symptoms

Inattention 14.72 (6.11) 1.87 (2.45) 17.40**

Hyperactivity/Impulsivity 14.02 (7.15) 1.56 (2.31) 14.83**
Notes. **p<.01. ADHD, attention-deficit/hyperactivity disorder; NS, not significant; 
TD, typically developing.

Correlation analyses showed no sign of multicollinearity (rs .10-.80). Fit indices were 

not satisfactory for the five factor model (χ2(68)=147.5, CFI=.92, TLI=.90, RMSEA=.09, 

SRMR=.06) and for six-factor model 6B (χ2(63)=137.6, CFI=.93, TLI=.90, RMSEA=.09, 

SRMR=.06). All fit indices were satisfactory for the other two models; for six-factor 
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model 6A (χ2(65)=101.0, CFI=.97, TLI=.95, RMSEA=.06, SRMR=.06) and for the seven-

factor model (χ2(59)=88.0, CFI=.97, TLI=.96, RMSEA=.06, SRMR=.05). Out of the two 

well-fitting models, we selected the most parsimonious model, the six-factor model that 

is depicted below in Figure 4.1.

Figure 4.1. Overview of the six-factor model, created for data reduction. The numbers 

represent factor loadings.

Processing speed

Interference control

Variability in responding

Attentional lapses

Emotion recognition

Memory
Verbal working memory

Verbal memory span

Visuospatial memory span

Visuospatial working memory

Mu

Latency

Accuracy

Sigma

Tau

Happy

Sad

Fearful

Neutral

Angry

.85

.79

.79

.82

.93

.48

.81

.80

.50

1.00

.60

.45

1.00

1.00



CHAPTER 4 NEUROCOGNITIVE PROFILES IN ADHD

4

82

Community detection analysis within the ADHD sample yielded four neurocognitive 

subgroups, each representing a neurocognitive profile (see Figure 4.2, panel a). The 

quality index (Q=.45) showed that the identified neurocognitive subgroups were 

strongly distinct from each other. Compared to the other subgroups, subgroup 1 

(n=20) was characterised by poor emotion recognition (F(3,77)=6.59, p<.01), subgroup 

2 (n=9) by poor interference control (F(3,77)=6.49, p<.01), and subgroup 3 (n=26) by 

slow processing speed (F(3,77)=13.56, p<.01). Subgroup 4 (n=26) was characterised 

by increased attentional lapses (F(3,77)=8.91, p<.01) and fast processing speed 

(F(3,77)=13.56, p<.01), compared to subgroups 1 and 3. Characteristics of the four 

subgroups are summarised in Table 4.2 and comparisons between the subgroups are 

shown in Table 4.3. There were no differences in IQ between subgroups. Subgroup 3 

had less parent-rated symptoms of inattention compared to subgroups 1 and 4 and less 

parent-rated symptoms of hyperactivity/impulsivity compared to subgroup 1. Subgroup 

4 had a higher mean age compared to subgroups 1 and 3.

Community detection analysis within the TD sample yielded three neurocognitive 

subgroups, each representing a neurocognitive profile (see Figure 4.2, panel b). The 

quality index (Q=.49) showed that the identified neurocognitive subgroups were strongly 

distinct from each other. Upon visual inspection it is clear that the three subgroups 

in the TD group closely resembled the first three subgroups in the ADHD group, see 

Figure 4.3. Analyses using MANOVA showed that, for all three subgroups, children with 

ADHD showed weaker neurocognitive performance than TD children. Post hoc analyses 

showed that children with ADHD had weaker neurocognitive performance than the TD 

children on one to four factors scores per subgroup (see Figure 4.3 and Table 4.3). Since 

the ADHD group consisted of considerably more males, analyses were rerun with gender 

as covariate. All group differences remained significant after adjusting for the effect of 

gender. The fourth subgroup obtained in the ADHD group, characterised by increased 

attentional lapses and fast processing speed, was not replicated in the TD group. 

We examined whether differences in neurocognitive profiles in the ADHD sample were 

related to differences in functional outcomes, but found no significant differences 

between the neurocognitive subgroups on measures of associated externalising 

(Fs<1.20, ps>.34), social (Fs<3.20, ps>.03) and academic problems (Fs<1.70, ps>.19).
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Figure 4.2. Neurocognitive profiles in children with ADHD in panel (a) and in TD children 

in panel (b). Symbols of comparison (< and >) indicate significant differences between 

profiles on the factor of interest.
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Discussion
The main aim of the current study is to gain more insight into neurocognitive profiles 

of children with ADHD. We found four distinct subgroups in the ADHD sample, with 

one subgroup characterised by poor interference control, one by slow processing 

speed, one by poor emotion recognition, and one by increased attentional lapses 

and fast processing speed. Our results partially replicate the findings of studies into 

neurocognitive profiling in children with ADHD, as our subgroup characterised by slow 

processing speed, was also found by Fair et al. (2012), and our subgroup characterised 

by fast processing speed also emerged in the study of Van Hulst et al. (2015). On the 

other hand, our slow processing speed subgroup, was not characterised by an additional 

reduction in working memory and memory span, as found by Fair et al. (2012), and 

our high processing speed subgroup, was not characterised by high cognitive control, 

as found by Van Hulst et al. (2015). Further, we observed two subgroups, characterised 

by poor interference control and poor emotion recognition, respectively, which are 

new findings. The latter is in accordance with the growing consideration that cool EF 

and social cognition are dissociable neurocognitive domains, with different aetiological 

pathways at the neurobiological level (Zelazo & Carlson, 2012). Our results also 

confirm that heterogeneity in observed neurocognitive profiles across studies at least 

partially stems from using different sets of neurocognitive measures as dependent 

measures. This violation of measurement invariance, due to the selection of different 

neurocognitive constructs or similar constructs assessed by different instruments, limits 

the commensurability of neurocognitive profiling in ADHD. This hampers the possibility 

to derive final conclusions regarding the number and type of neurocognitive profiles 

being core to ADHD.

In line with earlier work (Fair et al., 2012; Van Hulst et al., 2015), we found neurocognitive 

subgroups in the ADHD group that were also observed in the TD group, with children 

with ADHD showing generally weaker neurocognitive performance compared to 

the TD children. These findings suggest that the heterogeneity in childhood ADHD is 

nested within the normal variation of neurocognitive functioning in children. Although 

children with ADHD reflected the extremes of normal neurocognitive heterogeneity on 

some neurocognitive factors within each subgroup, on other factors their performance 

overlapped with the performance of TD children. The latter might be explained by the 

large variance in neurocognitive performance in children with ADHD, showing that not 
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all children with ADHD within a subgroup had weaker neurocognitive functioning on all 

factors.

Remarkably, in the TD group we did not find a subgroup characterised by fast processing 

speed and increased attentional lapses, suggesting this to be a unique neurocognitive 

subgroup in children with ADHD. This profile reflects a combination of fast responses 

at some moments, which could be indicative of impulsive responding (Hervey et al., 

2006), and occasional lapses in attention at other moments. This neurocognitive profile 

could reflect one of many possible aetiological pathways of symptoms of hyperactivity/

impulsivity and inattention. Our findings are in line with previous work on ex-Gaussian 

parameters, showing that children with the combined presentation of ADHD had fast 

processing speed and increased attentional lapses (Hervey et al., 2006; Tamm et al., 

2012). This combination of fast responses and occasional attentional lapses is explained 

by complex brain activity during task performance. Greater right temporal-parietal 

junction activity and greater right inferior frontal gyrus activity have been found prior to 

fast responses, facilitating stimulus-triggered reorienting of attention after attentional 

lapses (Weissman, Roberts, Visscher, & Woldorff, 2006). Further, occasional attentional 

lapses have been related to reduced activity in the frontal cortex, prior to stimulus 

presentation (Weissman et al., 2006). Further research could focus on the underpinnings 

of the specificity of this reaction pattern in ADHD. 

In terms of examining the clinical value of neurocognitive profiling in ADHD, our results 

showed no significant associations between any of the neurocognitive subgroups and 

measures of externalising, social and academic problems that are often found in ADHD. 

This lack of findings questions the clinical relevance of classifying children with ADHD into 

neurocognitive subgroups, in line with the limited predictive validity of neurocognitive 

functioning for persistency of ADHD (Van Lieshout et al., 2013). We might conclude 

that neurocognitive problems in ADHD could be seen as epiphenomena, potentially 

sharing the same aetiological factors as the ADHD symptoms, but that neurocognitive 

deficiencies do not mediate or moderate the association between ADHD and problems 

in various functional outcomes.

There are several limitations to the current study. Firstly, although several aspects of 

neurocognitive functioning were included, our neurocognitive assessment is non-

exhaustive and did not tap into some important neurocognitive domains that have been 
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found altered in ADHD, such as temporal information processing (Toplak, Dockstader, 

& Tannock, 2006) and reward sensitivity (Luman, Oosterlaan, & Sergeant, 2005). 

However, our selection of neurocognitive measures is larger and more diverse than the 

neurocognitive measures used in previous studies. Secondly, although the size of our 

sample of children with ADHD was similar to the sample (n=96) of Van Hulst et al. (2015), 

replication in a larger sample of children with ADHD is warranted, as the subgroups had 

small sample sizes. Thirdly, our study was cross-sectional and therefore focused on the 

current externalising, social and academic problems of children with ADHD. In order 

to gain more insight into the predictive validity of neurocognitive profiles on future 

functioning, a longitudinal approach is recommended. 

To conclude, in the current study we were able to replicate the results of previous work 

on subtyping children with ADHD based on neurocognitive functioning, showing that 

in children with ADHD neurocognitive subgroups can be found, that are also present 

in a group of TD children. We also found a unique subgroup in children with ADHD, 

characterised by fast processing speed and increased attentional lapses, which was 

not present in TD children. In the current study no meaningful relationship was found 

between neurocognitive subgroups and functional outcomes. 
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Abstract
Objective. The main goal of this study is to gain more insight into sleep disturbances in 

children with attention-deficit/hyperactivity disorder (ADHD), using objective measures 

of sleep quality and quantity. The evidence for sleep problems in children with ADHD 

thus far is inconsistent, which might be explained by confounding influences of comorbid 

internalising and externalising problems, and low socioeconomic status. We therefore 

investigate the mediating and moderating role of these factors in the association 

between ADHD and sleep problems. To control for the effects of stimulant medication 

use, all participants are tested free of medication. 

Methods. Sixty-three children with ADHD and 61 typically developing (TD) children, 

aged 6 to 13 years, participated. Sleep was monitored for one to three school nights 

using actigraphy. Parent and teacher questionnaires assessed symptoms of ADHD, 

internalising behaviour, oppositional defiant disorder and conduct disorder. 

Results. Results showed no differences between the ADHD and TD group in any sleep 

parameter. Within the ADHD group, severity of ADHD symptoms was not related to 

sleep quality or quantity. Moderation analyses in the ADHD group showed an interaction 

effect of internalising and externalising behaviour on total sleep time, time in bed and 

average sleep bout duration. 

Conclusion. The results of our study suggest that having ADHD is not a risk factor for 

sleep problems. Internalising and externalising behaviour moderate the association 

between ADHD and sleep, indicating a complex interplay between psychiatric symptoms 

and sleep.
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Introduction
The most common childhood psychiatric disorder, attention-deficit/hyperactivity 

disorder (ADHD), is characterised by a persistent pattern of age-inappropriate levels of 

inattention and/or hyperactivity-impulsivity (American Psychiatric Association, 2013). 

Besides suffering from ADHD symptoms, children with ADHD are often hampered by 

other difficulties, including internalising and externalising behaviour and learning 

problems (Gillberg et al., 2004). In addition, clinical observations suggest that ADHD 

is associated with an increased prevalence of sleep disturbances (Corkum, Tannock, & 

Moldofsky, 1998). A meta-analysis of studies using subjective measures of sleep quality 

(questionnaires filled out by parents) shows that children with ADHD have higher 

bedtime resistance, more sleep onset difficulties, nocturnal awakenings, difficulties with 

arising in the morning and sleep disordered breathing compared to controls, although 

for all results considerable heterogeneity was reported across the studies (Cortese, 

Faraone, Konofal, & Lecendreux, 2009). A recent meta-analysis on sleep studies using 

actigraphy to objectively measure sleep, showed as well that non-medicated children 

with ADHD have increased sleep onset latency and decreased sleep efficiency, although, 

again, results were inconsistent (De Crescenzo et al., 2016). However, it also showed 

that non-medicated children with ADHD do not suffer from altered sleep duration or 

increased wakefulness after sleep onset (De Crescenzo et al., 2016), in contrast to the 

findings of studies using subjective measures (Cortese et al., 2009; Yoon, Jain, & Shapiro, 

2012). 

A possible reason for the inconsistencies in results between studies measuring sleep 

in children with ADHD is the presence of comorbid psychiatric disorders. ADHD 

increases the risk of internalising disorders, such as anxiety disorder and depression, 

with comorbidity rates of 13 to 51 percent in children with ADHD, and of externalising 

disorders, including oppositional defiant disorder (ODD) and conduct disorder (CD), with 

43 to 93 percent of children with ADHD meeting criteria for ODD and/or CD (Gillberg 

et al., 2004; Jensen, Martin, & Cantwell, 1997). Comorbid psychiatric conditions might 

act as possible confounding (mediating) or exacerbating (moderating) factors in sleep 

problems in ADHD. For instance, having an anxiety disorder or depression was related 

to an increased sleep onset latency or increased awake time in children (Chorney, 

Detweiler, Morris, & Kuhn, 2008). Furthermore, having comorbid ODD in children with 

ADHD was associated with an increased risk of bedtime resistance, increased sleep 
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onset latency and difficulty in arising (Corkum, Moldofsky, Hogg-Johnson, Humphries, 

& Tannock, 1999). Children with ADHD and ODD had more parent-rated sleep problems 

than children with ADHD without ODD (Owens et al., 2009). CD has been associated with 

increased sleep disordered breathing and periodic leg movements during sleep (Chervin, 

Dillon, Archbold, & Ruzicka, 2003). It is therefore important to control for these comorbid 

conditions when studying sleep in ADHD. In case we would find that internalising or 

externalising behaviour contributes to decreased sleep quality or quantity in children 

with ADHD, such a finding could be of relevance for the treatment of sleep problems in 

ADHD. Inadequate behaviour of children leading to sleep problems might be amenable 

to treatment and successful treatment may lead to benefits for the child and family 

(Hiscock et al., 2015).

A second factor that may explain the inconsistencies in results of studies investigating 

sleep problems in children with ADHD is socioeconomic status (SES). Coming from a 

low SES environment is related to a greater risk of ADHD (Willcutt, 2012) and to poorer 

parenting quality (Dodge, Pettit, & Bates, 1994). Parenting quality in turn is an important 

factor in the sleep quality of children, given that parental harshness, inconsistent 

parenting and negative parent-child interactions are risk factors for sleep disturbances in 

children (Erath & Tu, 2011). Additional factors that add to lower sleep quality in low SES 

children are poorer sleep conditions due to crowded, noisier and lower quality homes 

(Evans, 2004). We therefore hypothesise that having a low SES might play a mediating 

or moderating role in sleep problems in children with ADHD and therefore this factor 

should be taken into account when studying sleep in ADHD.

The main goal of the current study is to gain more insight into sleep problems in 

ADHD using objective measures of sleep quality. Our study aims at filling a niche in the 

literature, by providing relatively large and well-phenotyped samples, in which a broad 

array of objective measures of sleep is assessed and in which potential confounding 

or exacerbating risk factors for sleep problems are taken into account. We hypothesise 

that higher levels of internalising and externalising behaviour and low SES mediate or 

exacerbate and hence moderate the association between ADHD and sleep problems. All 

participants are tested free of medication, to control for possible confounding effects 

of methylphenidate on sleep onset latency (Corkum, Panton, Ironside, MacPherson, & 

Williams, 2008) and sleep efficiency (Schwartz et al., 2004). It is important to examine 

whether children with ADHD are at increased risk of sleep problems, as sleep quantity 
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and quality may impact on academic performance (Curcio, Ferrara, & De Gennaro, 2006; 

Fallone, Acebo, Seifer, & Carskadon, 2005), executive functioning (Astill, Van der Heijden, 

Van IJzendoorn, & Van Someren, 2012) and inattentive behaviour (Beebe, 2011). Lastly, 

we explore the stability of the sleep-wake system, as there is some evidence for an 

increased instability of the sleep-wake system in children with ADHD (Gruber & Sadeh, 

2004; Gruber, Sadeh, & Raviv, 2000).

Methods
Participants
Sixty-three children with ADHD (75 percent boys) and 61 typically developing (TD) 

children (52 percent boys), aged 6 to 13 years old, participated. Inclusion criteria for 

the ADHD group were: (a) a clinical diagnosis of ADHD according to DSM-IV criteria, (b) 

confirmation of this diagnosis by the parent version of the Diagnostic Interview Schedule 

for Children, fourth edition (DISC-IV-P; Shaffer, Fisher, Lucas, Dulcan, & Schwab-Stone, 

2000), (c) severity of ADHD symptoms as indicated by scores >90th percentile on at least 

one of the ADHD scales (Inattention and Hyperactivity/Impulsivity scales) of the parent 

version of the Disruptive Behaviour Disorder Rating Scale (DBDRS; Pelham, Gnagy, 

Greenslade, & Milich, 1992), and (d) pervasiveness of ADHD symptoms as indicated 

by scores >75th percentile on at least one of the ADHD scales of the teacher version 

of the DBDRS. The cut-off criterion of the 90th percentile for the parent questionnaire 

was chosen to ensure that children in our ADHD group had significant levels of ADHD 

symptoms. The cut-off criterion for the teacher questionnaire was more liberal than for 

the parent questionnaire, since (a) the DSM-IV requires some of the symptoms to be 

present in at least two situations and (b) ADHD symptoms of the majority of our ADHD 

sample (62 percent) were often tempered at school due to stimulant medication use.

Inclusion criteria for the TD group were: (a) absence of any developmental or behavioural 

disorder (including ADHD and ODD, established by parent report), and (b) and scores 

<90th percentile on both parent- and teacher-rated ADHD scales of the DBDRS. The cut-

off criterion of the 90th percentile was chosen to ensure that children in our TD sample 

had no significant levels of ADHD symptoms.
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Materials
Sleep measures
Sleep quality and quantity were measured using actiwatches (Actiwatch 2, Philips 

Respironics), placed on the non-dominant wrist of children. Participants were instructed 

to wear the actiwatch for 72 consecutive hours. This time period was chosen to minimise 

the methylphenidate-free period of medicated participants with ADHD, while still 

collecting reliable and valid sleep data (Littner et al., 2003). Although a minimum of four 

to five nights would be recommended to enhance reliability of our measures of sleep 

(Acebo et al., 1999), this would have resulted in a biased sample of children with ADHD, 

due to drop out of children whose parents or teachers would object to discontinuation of 

stimulant medication for more than four school days. Data were collected for 15 seconds 

epochs. Only data derived of nights prior to school days (‘school nights’) were used, to 

control for shifts in sleep patterns during weekends and holidays. Excluding the data of 

non-school nights, in combination with data loss due to non-compliance or technical 

errors, resulted in groups of participants for whom data of three school nights (n=48), 

two school nights (n=42) or one school night (n=34) was available, evenly distributed 

over the ADHD and TD group. There were no significant differences between these 

three groups for any sleep parameter in the ADHD and TD group (ps>.35). Therefore, all 

available data were used, applying a minimum of one school night.

Within the actiware software (Philips Actiware 5.71) a validated sleep-wake algorithm 

(Kushida et al., 2001) is applied to determine whether an epoch is scored as wake 

or sleep, by comparing activity counts for the epoch in question and the 8 epochs 

immediately surrounding it, with a medium sensitivity threshold. For sleep onset the 

default setting was used, that identifies the first ten minutes for which all epochs but 

one are scored as immobile and then selects the first epoch of that group as sleep onset. 

Similar settings were used to determine sleep end, by identifying the last ten minutes for 

which all epochs but one are scored as immobile. Sleep end is then set to the last epoch 

of the period satisfying these requirements. Dependent variables were calculated for 

school nights and then averaged and included: (1) time in bed (minutes between lights 

out and on); (2) total sleep time (minutes scored as sleep between lights out and on); (3) 

nocturnal motor activity (activity count per minute between sleep onset and sleep end); 

(4) sleep onset latency (minutes between lights out and sleep onset); (5) morning arising 

latency (minutes between sleep end and lights on); (6) average wake bout duration 
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(minutes scored as wake between sleep intervals); and (7) average sleep bout duration 

(minutes scored as sleep between wake intervals). The last two parameters reflect the 

stability of the sleep pattern in children during the night, as a short average sleep bout 

duration shows that a child has an increased amount of night awakenings and a long 

average wake bout duration shows that a child has longer episodes of night awakenings. 

For our exploratory analyses, we examined the night-to-night variability in sleep onset 

latency and total sleep time, using the standard deviations of these measures over 

multiple nights. 

Possible mediators and moderators
Internalising behaviour was assessed using the Child Behavior Checklist (CBCL) and 

Teacher Rating Form (TRF; Achenbach, 1991), completed by parents and teachers, 

respectively. Raw scores on the Internalising Problems scale of both questionnaires 

served as dependent measures. Externalising behaviour was measured using raw scores 

on the ODD and CD scales of both the parent and teacher DBDRS. Both for measures of 

internalising and externalising behaviour raw scores were used, to capture all available 

variation between individuals. By using raw scores of behaviour, we did not adjust for 

effects of gender or age, similarly to our sleep parameters that were also not adjusted 

for effects of gender and age.

Data regarding parental education and parental occupation were collected to determine 

SES. The classification of the national center for statistical information was used to 

determine the highest level of education and occupation on 6-point scales of both the 

father and mother (Statistics Netherlands, 2006, 2010). SES was calculated as the average 

of the education and occupation scores of both parents in case of two caretakers and 

as the average of the education and occupation scores of one parent in case of a single 

caretaker.

Procedure
Children with ADHD were recruited by the first author, from mental health outpatient 

clinics, through the parent association for children with behavioural problems, and 

through a university research website. Recruitment via a diverse capture area and 

multiple recruitment sources resulted in a heterogeneous ADHD sample, consisting of 

children from clinical as well as non-clinical settings, including children from all parts 

of the country and reflecting great heterogeneity in terms of ADHD symptom severity 
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and presence of comorbid psychiatric disorders. The TD group was recruited by the first 

author, with the help of research assistants, from primary schools located throughout the 

Netherlands. The data were collected between February 2013 and July 2014. The ADHD 

and TD group were recruited simultaneously, to control for seasonal effects on sleep 

quality. Prior to participation, written informed consent was obtained from parents of all 

children, and from children ≥12 years. Children using simulant medication or melatonin 

discontinued use at least 24 hours before participating in the current study. Parents and 

teachers filled out questionnaires on a secured website. The current study is part of a 

study into the relationship between ADHD and nutrients, which received approval from 

the local medical ethical committee (#NL39922.029.12).

Data Analysis
Group differences in sleep parameters were assessed using Analysis of Variance 

(ANOVA). Mediation and moderation analyses were conducted in the ADHD sample. 

For these analyses an aggregated measure of ADHD symptoms was calculated, which 

was the mean of the Inattention and Hyperactivity/Impulsivity scales of both the parent 

and teacher DBDRS. Mediation was tested by calculating the path coefficients between 

(a) the aggregated ADHD measure and seven sleep parameters, (b) the aggregated 

ADHD measure and seven possible mediators, and (c) the possible mediators and 

the sleep parameters while correcting for the presence of ADHD symptoms, using 

regression analyses (Baron & Kenny, 1986). It was subsequently tested whether the 

direct associations between the aggregated ADHD measure and sleep parameters 

were still significant after controlling for the indirect (mediated) effects. Moderation 

was tested using multiple hierarchical regression analyses for each sleep parameter. In 

the first step the aggregated ADHD measure was inserted as independent variable, in 

the second step the seven potential moderators were included, and in the third step 

the interaction effects between the aggregated ADHD measure and each of the seven 

possible moderators were entered separately.

Results
For group characteristics, see Table 5.1. Groups were equal in terms of age, but differed 

in gender and ADHD symptoms. The ADHD group had a larger proportion of males than 

the TD group. The DISC-IV-P showed that the majority of the participants with ADHD 

(n=49) met criteria for the combined subtype, with ten children meeting the criteria for 

the inattentive subtype and four for the hyperactive/impulsive subtype. According to the 
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DISC-IV-P, 26 of the participants with ADHD fulfilled diagnostic criteria for a diagnosis of 

ODD and/or CD. Prior to participation 39 children with ADHD (62 percent) used stimulant 

medication and seven children with ADHD (11 percent) used melatonin.

Table 5.1. Group characteristics of the ADHD group (n=63) and TD group (n=61)
ADHD group TD group Statistic (t/χ2)
M (SD) M (SD)

Age in months 117.38 (19.47) 121.74 (19.28) -1.25, NS
Males n (%) 47 (74.60) 32 (52.46) 6.57*
Parent-rated symptoms

Inattention 16.98 (4.92) 3.56 (3.14) 18.18**
Hyperactivity/Impulsivity 15.98 (5.84) 3.38 (2.79) 15.41**

Teacher-rated symptoms

Inattention 14.59 (6.10) 2.05 (2.58) 14.99**

Hyperactivity/Impulsivity 12.89 (6.91) 1.70 (2.39) 12.12**
Notes. aDisruptive Behaviour Disorder Rating Scale. *p<.05, **p<.01. ADHD, 
attention-deficit/hyperactivity disorder; NS, not significant; TD, typically developing.

Firstly, it was examined whether children with ADHD differed from TD children on 

objective measures of sleep, see Table 5.2 for results. Groups did not differ significantly 

in time in bed, total sleep time or nocturnal motor activity. Further, children with ADHD 

did not have an increased sleep onset latency or increased morning arising latency 

compared to typically developing children. Also no group differences were found with 

regard to average wake bout duration or average sleep bout duration. Exploratory 

analyses showed that the ADHD group (n=45) did not have a significantly increased 

night-to-night variability in sleep onset latency or total sleep time compared to the TD 

group (n=45). Since the ADHD group consisted of considerably more males than the TD 

group, the group analyses were rerun with gender as a covariate. These analyses did not 

alter the results. 

Secondly, mediation analyses were carried out in the ADHD group. None of the path 

coefficients of associations between the aggregated measure of ADHD and sleep 

parameters were significant (all βs<.23, all ps>.05). Given that there were no direct 

associations between ADHD symptoms and sleep problems, further steps in the 

mediation analyses were not carried out. 
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Table 5.2. Actigraphic measures of sleep quality in the ADHD group (n=63) and TD 
group (n=61)

ADHD group TD group
M (SD) M (SD) F p pη2

Time in bed 613.06 (54.87) 594.34 (49.26) 3.99 .05 .03
Total sleep time 518.02 (42.40) 506.14 (45.62) 2.26 .14 .02
Nocturnal motor activity 15.61 (7.16) 13.67 (5.13) 3.00 .09 .02
Sleep onset latency 19.39 (13.39) 21.12 (13.64) .51 .48 <.01
Morning arising latency 25.55 (20.98) 23.45 (16.29) .39 .54 <.01
Average wake bout duration .90 (.28) .82 (.24) 3.17 .08 .03
Average sleep bout duration 9.92 (2.46) 10.01 (2.39) .05 .83 <.01
Variability in sleep onset latency 11.72 (9.30)a 10.48 (8.18)a .45 .51 .01
Variability in total sleep time 31.11 (21.57)a 29.38 (17.92)a .17 .68 <.01
Notes. an=45. ADHD, attention-deficit/hyperactivity disorder; TD, typically developing. 

Thirdly, using multiple hierarchical regression analyses, the possible moderating effects 

of internalising and externalising behaviour and low SES on the associations between 

the aggregated ADHD measure and sleep parameters were examined. For time in bed, 

significant interaction effects were found between the aggregated ADHD measure 

and (1) parent-rated ODD (β=.31, p<.05), (2) parent-rated CD (β=.52, p<.01), and (3) 

teacher-rated CD (β=.54, p<.01). For total sleep time, there were significant interactions 

between the aggregated ADHD measure and (1) parent-rated internalising behaviour 

(β=.36, p<.01), (2) parent-rated ODD (β=.31, p<.05), (3) parent-rated CD (β=.45, p<.01), 

and (4) teacher-rated CD (β=.38, p<.05). Finally, for average sleep bout duration, the 

aggregated ADHD measure interacted with teacher-rated CD (β=-.46, p<.01). All other 

interaction terms were not significant. For significant interaction effects, scatterplots 

were inspected and correlation analyses were carried out to examine whether the 

associations between the aggregated ADHD measure and sleep parameters differed 

across children with normal (percentile scores <90) or (sub)clinical levels (percentile 

scores ≥90) of the moderators in the ADHD sample. The slopes for the normal and (sub)

clinical groups were inspected in scatterplots of ADHD symptoms and sleep parameters. 

Results showed that in children with ADHD and normal levels of parent-rated ODD 

symptoms there was a trend towards a negative association between ADHD symptoms 

and total sleep time (r=-.28, p=.07), while in children with ADHD and (sub)clinical levels of 

parent-rated ODD symptoms there was a trend towards a positive association between 

ADHD symptoms and total sleep time (r=.43, p=.05). Further, we found that in children 
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with ADHD and normal levels of parent-rated ODD symptoms and CD symptoms there 

was a negative association between ADHD symptoms and time in bed (r=-.38 and r=-.32 

respectively, p<.05), whereas in children with ADHD and (sub)clinical levels of parent-

rated ODD symptoms and CD symptoms there was no significant association between 

ADHD symptoms and time in bed. For the other significant interactions between our 

moderators and ADHD symptoms in the association with sleep parameters there was 

no clear evidence for significant differences in regression slopes between groups of 

children with ADHD and normal and (sub)clinical levels of internalising and externalising 

behaviour. We did not find the expected moderation of SES on the associations between 

ADHD symptoms and sleep parameters. 

Discussion
The aim of the current study is to gain more insight into sleep problems in children 

with ADHD using objective measures of sleep. The main finding is that medication-free 

children with ADHD have normal sleep quality and quantity. This is further supported by 

the finding that ADHD symptoms are not related to any of the sleep parameters within the 

ADHD sample. Given the relatively large sample sizes used in the current study and the 

well-phenotyped samples of children with ADHD and typically developing controls, our 

results challenge the hypothesis of ADHD being significantly related to sleep problems. 

This conclusion is in accordance with the meta-analysis on actigraphic sleep studies in 

non-medicated children with ADHD, that showed that non-medicated children with 

ADHD do not suffer from altered sleep duration or increased wakefulness after sleep 

onset (De Crescenzo et al., 2016). Our study hereby contributes to the growing body of 

literature showing no evidence for objectively measured sleep problems in medication-

free children with ADHD.

The discrepancy between the evidence in support of sleep problems as reported by 

subjective studies (Cortese et al., 2009) and the absence of evidence for objective sleep 

problems in our study (and other studies) using actigraphy, questions the association 

between parent-perceived sleep problems and objectively measured sleep problems. 

This is in line with studies that found parent-rated problems in children with ADHD, but 

limited or no problems in actigraphic measures of sleep in the same sample (Corkum, 

Tannock, Moldofsky, Hogg-Johnson, & Humphries, 2001; Owens et al., 2009). We suggest 

that other factors than disordered sleep play a role in the perception of parents of children 

with ADHD regarding the sleep quality of their child. Problematic behaviour of children 
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with ADHD throughout the day may cause a negative halo effect resulting in a negative 

perception of parents of the sleep pattern of their child (Cortese et al., 2009). Often, 

the behaviour of a child with ADHD is more demanding throughout the day, resulting 

in increased parental stress levels (Anastopoulos, Guevremont, Shelton, & DuPaul, 

1992). This might decrease the ability of parents to focus on positive child behaviour 

and increase the tendency to overreact to negative child behaviour (Anastopoulos et 

al., 1992). Further research is required to explore the putative cause of parent-reported 

sleep problems in children with ADHD.

An explanation for the discrepancy between absence of sleep problems in children 

with ADHD in our study and evidence of sleep problems in some other studies (Yoon 

et al., 2012), might be that the children who participated in the current study withdrew 

from medication use during the study, whereas in other studies children continued 

using stimulant medication (Yoon et al., 2012). Although studies have reported that 

methylphenidate has a (direct) negative impact on sleep quality as compared to placebo 

(Corkum et al., 2008; Schwartz et al., 2004), our findings suggest that the discontinuation 

of methylphenidate use, even for a short period, may ameliorate possible negative effects 

of methylphenidate use on sleep quality in ADHD. Our findings could also suggest that 

medicated children with ADHD have developed some healthy sleep habits to diminish 

the negative effects of methylphenidate on sleep onset latency; however this hypothesis 

requires further research.

Furthermore, our moderation analyses showed some interaction effects between ADHD 

symptoms and internalising and externalising behaviour on time in bed, total sleep 

time and average sleep bout duration, although the interactions could not be easily 

explained when comparing sleep patterns in the ADHD group with (sub)clinical levels of 

psychiatric symptoms to the sleep patterns of children with ADHD and normal levels of 

this behaviour. Nevertheless, our findings indicate a complex interplay between ADHD 

symptoms and comorbid psychiatric symptoms, which might at least partly explain the 

heterogeneity within the current literature on sleep quality and quantity in ADHD.

There are several limitations to the current study that should be noted. Firstly, although 

actigraphy is a commonly used objective measure of sleep quality, it does not provide 

insight in parent-child interactions that might affect the perception of parents regarding 

the sleep quality of their child. We recommend to use videosomnography in future 
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studies, to gain insight in the behavioural aspects of sleep (Ipsiroglu et al., 2015). 

Secondly, we might not have captured sleep problems in children with ADHD using 

the data of only one to three nights. Given that a minimum of four or five nights of 

data collection is recommended in terms of reliability of the sleep measures (Acebo et 

al., 1999), the use of data of one to three nights should be seen as a limitation to our 

study. Alternative approaches that could be applied in future studies are (a) requiring 

medicated children with ADHD to withdraw from stimulant medication for a week or 

(b) recruiting medication naïve children with ADHD, although the risk of selection bias 

should be taken into account when using these alternative approaches.

Notwithstanding the limitations, the results of our study suggest that having ADHD is 

not a risk factor for sleep problems. We are confident that our sample of children with 

ADHD is an adequate representation of the ADHD population, as result of recruitment 

via a diverse capture area and multiple recruitment sources, and therefore expect that 

25 to 50 percent of our ADHD sample had parent-perceived sleep problems (Corkum et 

al., 1998). As we generalise our results to the ADHD population, we assume that many 

parents of children with ADHD report sleep problems in the absence of objectively 

measurable sleep problems. For non-medicated children with ADHD, we suggest that 

alternative causes should be explored to explain the increased prevalence of parent-

reported sleep problems. As suggested by Cortese et al. (2009), problematic behaviour 

of children with ADHD throughout the day may cause a negative halo effect, resulting 

in a negative perception of parents of the sleep pattern of their child. We suggest that 

clinicians, presented with a non-medicated child with ADHD and parent-rated sleep 

problems, explore whether the reported sleep problems might be caused by a biased 

perception of parents. Viewing parent-reported sleep problems of non-medicated 

children with ADHD as a possible sign of a negative parent-child interaction, could 

affect the treatment options for sleep problems. Currently a relatively large proportion 

of children with ADHD is treated with melatonin when faced with sleep disturbances. 

Melatonin treatment appears to be an effective intervention for children with ADHD 

treated with methylphenidate and suffering from insomnia (Weiss, Wasdell, Bomben, 

Rea, & Freeman, 2006). However, the results of our study question the adequacy of 

melatonin treatment in non-medicated children with ADHD. 
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Chapter 6
Paediatric reference values for total homocysteine, tryptophan, 
tyrosine and phenylalanine in blood spots

This chapter is under review for publication as:
Bergwerff, C.E., Luman, M., Blom, H.J., & Oosterlaan, J. Paediatric reference values for 

total homocysteine, tryptophan, tyrosine and phenylalanine in blood spots.
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Abstract
Objective. Determining blood concentrations of the amino acids homocysteine, 

tryptophan, tyrosine and phenylalanine in children is often required in clinical 

practice. Over the past decades, the use of blood spot samples to examine amino acid 

concentrations has increased, in particular in newborn screening. Especially in children 

the use of blood spot samples is of great clinical relevance, as this method is less invasive 

than taking venous blood samples. Currently, no paediatric reference values are available 

for amino acids in blood spots. The aim of the current study is to establish reference 

values for blood spot concentrations of total homocysteine, tryptophan, tyrosine and 

phenylalanine in primary school-aged children.

Methods. Dried blood spots were obtained in a community sample of 104 healthy 

children, aged 6 to 12 years old (52% males). Blood spot concentrations of total 

homocysteine, tryptophan, tyrosine and phenylalanine were determined by positive 

electrospray liquid chromatography–tandem mass spectrometry. Parents of participants 

completed questions regarding demographic characteristics. It was examined whether 

blood spot amino acid concentrations were related to gender and age.

Results. Our sample consisted of healthy children from various ethnic backgrounds, 

with varying levels of socioeconomic status, in line with the composition of the Dutch 

society. Blood spot concentrations of total homocysteine, tryptophan, tyrosine and 

phenylalanine were similar in males and females, and independent of age.

Conclusion. Paediatric reference values for blood spot concentrations of total 

homocysteine, tryptophan, tyrosine and phenylalanine were established, which could 

be used in clinical practice. 
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Introduction
Analysis of amino acid concentrations in blood of children is often used in clinical practice 

for diagnostic purposes and to make decisions regarding treatment (Lepage et al., 2006). 

Adequate reference values are required to determine which amino acid concentrations 

should be considered abnormal, and are thereby essential for clinical decision-making. 

Abnormal amino acid concentrations may reflect an imbalanced diet or infections 

(Suliman et al., 2005). For instance, high levels of homocysteine may reflect a vitamin 

B12 or folate deficiency (Mattson & Shea, 2003). Further, aberrant concentrations of 

amino acids can be indicative of metabolic disorders in children, such as decreased 

concentrations of tryptophan in plasma being indicative of Hartnup disease (Keszthelyi, 

Troost, & Masclee, 2009), and increased concentrations of phenylalanine and decreased 

concentrations of tyrosine in plasma being biomarkers for phenylketonuria (Lepage et 

al., 2006). One way to examine amino acid concentrations, is by analysing blood samples, 

obtained by venipuncture (Lepage, McDonald, Dallaire, & Lambert, 1997). However, in 

children this method is suboptimal, given that this invasive procedure can invoke pain, 

anxiety and distress. Over the past decades, the use of blood spot samples to examine 

amino acid concentrations has increased, in particular in newborn screening (Fingerhut 

& Olgemöller, 2009; Zytkovicz et al., 2001). Collecting blood spots, by means of a finger 

prick, is less invasive for children than taking venous blood samples, and the dried 

blood spot technique is sufficiently robust and stable for diagnostic purposes (Chace, 

Sherwin, Hillman, Lorey, & Cunningham, 1998; Kand’ár & Žáková, 2009; Rashed et al., 

1997). In addition, blood spots can be assessed at home, as they can be stored at room 

temperature and be sent by regular mail. Blood spot amino acid concentrations are 

highly correlated with amino acids concentrations obtained in venous blood (rs ranging 

from .86 to .96) (Bowron, Barton, Scott, & Stansbie, 2005; Pecce, Scolamiero, Ingenito, 

Parenti, & Ruoppolo, 2013). As amino acid concentrations measured in dried blood 

spots are generally lower than amino acid concentrations obtained in venous blood 

samples, caused by haemolysis during the drying of the blood spot (Bowron et al., 2005; 

Pecce et al., 2013), it is important to create reference values specifically for blood spot 

concentrations. There are some reference values published on blood spot amino acid 

concentrations in infants, required in newborn screening (Rashed et al., 1997; Zytkovicz 

et al., 2001). However, to our current knowledge, there are no normative values available 

for blood spot concentrations of amino acids in primary school-aged children.
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A challenge in providing reference values for amino acids in primary school-aged 

children is to establish normative data obtained from a representative sample of 

healthy children. Papers describing reference values often lack information regarding 

recruitment methods and demographic characteristics of the samples, such as ethnicity 

and socioeconomic status (SES). Due to the ethical challenge of acquiring samples from 

healthy children from the community, many paediatric reference values are obtained 

from hospitalised children (Lepage et al., 1997; Parvy, Bardet, Rabier, & Kamoun, 1988). 

Another challenge in establishing reference values, is to take into account the potential 

effects of age (Held, White, & Pasquali, 2011; Lepage et al., 1997; Van Beynum et al., 

2005; Venta, Prieto, & Alvarez, 2002) and gender (Jung & Adeli, 2009) on individual 

differences in amino acid metabolism.

The current study aims at establishing reference values for blood spot amino acid 

concentrations in healthy primary school-aged children. In addition, we examine 

whether gender and age affect amino acid concentrations.

Methods
Participants
Subjects were a community sample of healthy primary school-aged children (n=104; 52 

percent males). The mean age of the sample was 9 years and 9 months (range: 6 to 12 

years). Parents of participants were asked to complete questions regarding age, gender, 

ethnicity and medical condition of the child, as well as questions regarding family 

status, education and occupation of the parents. Exclusion criteria were (a) a history of 

chronic metabolic, renal, hepatic and cardiac diseases, (b) prescribed medication use 

that could interfere with amino acid metabolism, and (c) acute illness, as reported by 

parents. Children were recruited from various primary schools located throughout the 

Netherlands. Recruitment throughout the country resulted in a heterogeneous sample, 

consisting of children living in different geographic environments (rural and urban areas). 

The level of SES was determined based on the highest level of education and the current 

occupation of parents on 6-point scales (Statistics Netherlands, 2006, 2010). SES was 

calculated as the average of the education and occupation scores of both parents in 

case of two caretakers and as the average of the education and occupation scores of one 

parent in case of a single caretaker (Cirino et al., 2002). 
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Materials
To investigate blood concentrations of total homocysteine, tryptophan, tyrosine and 

phenylalanine, a dried blood spot technique was used. A blood spot of each child was 

collected using a disposable safety lancet. Three blood drops were spotted onto a blood 

stain card and analysed by the clinical chemistry laboratory of our academic medical center. 

Disks with a diameter of 5.5mm were punched out of the blood spots, each containing 

8.1μL blood. Concentrations of total homocysteine in blood spots (in μmol/L) were 

determined using liquid chromatography–mass spectrometry (LC-MS/MS), based on the 

protocol of Gempel, Gerbitz, Casetta, and Bauer (2000). Reliability of the LC-MS/MS was 

confirmed by examining the inter-assay variance (being 11 percent), intra-assay variance 

(being 10 percent) and recovery (being 105.5 percent). While blood spot concentrations 

of tryptophan, tyrosine and phenylalanine were expressed in whole units, blood spot 

concentrations of total homocysteine were expressed in one decimal, since the LC-MS 

technique allowed for a more precise measure. For the analysis of tryptophan, tyrosine 

and phenylalanine concentrations in blood spots (in µmol/L), a 5.5mm punch of a dried 

blood spot was mixed with 100µl of an internal standard solution (containing 29µM 

L-phenylalanine-D5, 6µM L-tyrosine-D4 and 5µM L-tryptophan-D5) and 400µl methanol 

in a Gas Chromatography vial (GC-vial) and shaken for 15 minutes in an ultrasonic bath. 

The supernatant was transferred in another GC-vial and evaporated under nitrogen 

at 30°C. Subsequently, the sample was butylated with 100µl of 5.5% acetyl chloride 

(in n-butanol) at 60°C for 15 minutes. Afterwards, the butanol-layer was evaporated 

under nitrogen (at 30°C) and the residue was dissolved in 500µl acetonitrile. Blood 

spot concentrations were determined by positive electrospray liquid chromatography–

tandem mass spectrometry (LC-MS/MS), using an API 3000 triple quadrupole mass 

spectrometer (Applied Biosystems, Foster City, CA, USA), coupled to a high-performance 

liquid chromatography (HPLC) system (Perkin Elmer Series 200, Shelton, USA). Three µl of 

the sample was injected on a symmetry C18 column (3.9*150mm, 5µm; Waters, Milford, 

MA, USA) and eluted with a flow rate of 1ml/min of 75% acetonitrile (containing 0.4% of 

formic acid). Tryptophan, tyrosine and phenylalanine eluted within 1 minute and were 

measured using the transitions: mass-to-charge ratio (m/z) 261.2→159.2 (tryptophan), 

m/z 238.2→136.2 (tyrosine) and m/z 222.2→120.2 (phenylalanine). All obtained LC-MS/

MS data were acquired and processed using Analyst 1.4.2 software (Applied Biosystems, 

Foster City, CA, USA). Reliability of the LC-MS/MS was confirmed by examining the inter-
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assay variance (being 5 to 10 percent), intra-assay variance (being 8 to 10 percent) and 

recovery (being 90 to 112 percent). 

Procedure
This study is part of a research project on the relation between amino acids (total 

homocysteine, tryptophan, tyrosine and phenylalanine) and ADHD, and received 

approval from the local medical ethical committee (#NL39922.029.12). The study has 

been performed in accordance with the ethical standards as laid down in the 1964 

Declaration of Helsinki and its later amendments. Written informed consent was 

obtained of parents of all children, and of 12 year old children, prior to participation. 

Blood spots were collected in the early morning of the test day, to rule out possible 

effects of diurnal variation of amino acid blood spot concentrations. Fasting was not 

required prior to assessment of blood spots, as blood spots were collected within a short 

time span (<2 hours) after breakfast.

Data analysis
All statistical analyses were performed using R, version 3.2.1. Outliers were replaced 

using winsorising (Tabachnick & Fidell, 2001). For nine children blood spot total 

homocysteine concentrations were missing due to insufficient blood spots collected in 

some participants. These data were not replaced. In none of the other variables there 

were missing values.

Firstly, it was investigated whether there were interactions between gender and age 

on amino acid concentrations, using multiple linear regression analyses. In case of non-

significant interactions, the main effects of gender and age on amino acid concentrations 

were examined, using analysis of variance or by calculating Pearson product-moment 

correlation coefficients, respectively. When appropriate, reference values were 

partitioned.

Secondly, reference values were established for the total group, using percentile scores 

(5th, 50th and 95th). The 5 to 95 percentile interval represents the central ninety percent of 

the sample distribution, which is common in a community sample (Refsum et al., 2004). 

Further, the 10th and 90th percentiles were presented, which are more stable measures 

in a sample of circa 100 participants (Lepage et al., 1997). In case of significant effects of 

gender or age, stratified reference values were defined.
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Results
Inspection of our sample revealed that the children represented diverse cultural 

backgrounds; of our sample 81 children (78 percent) had a Dutch background, eight 

children (eight percent) had a non-Dutch Western background and 15 children (14 

percent) had a non-Western background. The children in our sample had varying levels 

of SES; of our sample 38 children (37 percent) were classified as coming from a low SES 

family, 41 children (39 percent) as coming from a medium SES family and 25 children (24 

percent) as coming from a high SES family.

Regression analyses showed no interaction effect between gender and age for any of 

the amino acid concentrations (all βs<.10, all ps>.55). Also, we did not find main effects 

of gender (all Fs<1.00, all ps>.30) and age (all rs<.20, all ps>.05) on blood spot amino 

acid concentrations. Therefore, reference values for blood spot concentrations of total 

homocysteine, tryptophan, tyrosine and phenylalanine were presented for the whole 

group of primary school-aged children, see Table 6.1.

Table 6.1. Reference values for blood spot amino acid concentrations, based on a 
sample of 104 healthy children

5th 
percentile

10th 
percentile

50th 
percentile

90th 

percentile
95th 
percentile

Total homocysteine 
(µmol/L)a .3 .5 2.5 6.0 7.5

Tryptophan (µmol/L) 40 42 52 63 65
Tyrosine (µmol/L) 34 34 52 77 81
Phenylalanine 
(µmol/L) 41 44 55 71 80

Note. aBased on blood spot concentrations of a smaller sample (n=95).

Discussion
The main purpose of the current study is to establish paediatric reference values for blood 

spot concentrations of total homocysteine, tryptophan, tyrosine and phenylalanine. A 

key finding of our study is that we did not find an effect of age on amino acid blood spot 

concentrations, which is contrary to expectations based on previous studies (Lepage et 

al., 1997; Van Beynum et al., 2005). The absence of age differences might be explained 

by the age range studied in the present study, which was limited to 6 to 12 year. Age 

differences might emerge during more critical developmental stages, such as infancy 
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and puberty (Lepage et al., 1997; Van Beynum et al., 2005). We furthermore did not find 

any gender effects on blood spot amino acid concentrations, and therefore our results 

do not support the hypothesis of differences in amino acid concentrations between 

males and females, as was proposed in previous work (Jung & Adeli, 2009). As gender 

effects may reflect variations in amino acid concentrations during different stages of the 

menstrual cycle in females, our study does not rule out the need for gender-partitioned 

reference values in samples including children in puberty. 

There are some limitations to the current study that should be noted. While our study 

provides reference values for primary school-aged children (a group of children that 

is often seen in clinical practice), in future studies the age range of our study should 

be expanded, to provide reference values for children under six years old and for 

adolescents. An age range of zero to 18 year would allow for examining gender and age 

effects on amino acids concentrations more thoroughly. Another limitation to the current 

study is the focus on the four amino acids total homocysteine, tryptophan, tyrosine 

and phenylalanine, while there are numerous other amino acids that are indicative of 

metabolic disorders in children (Lepage et al., 2006). 

The current study also has several strengths. Normative data were obtained in a 

community sample of healthy children, who were recruited through primary schools 

located in diverse geographical areas. This recruitment method decreased the possibility 

of a biased sample, that might be present in studies selecting hospitalised children (Lepage 

et al., 1997; Parvy et al., 1988). Further, our sample consisted of children from various 

ethnic backgrounds, with proportions of immigrants in line with the composition of the 

Dutch society, as 10 percent of the Dutch population consists of Western immigrants and 

12 percent of non-Western immigrants (Centraal Bureau voor de Statistiek, 2015). An 

ethnically representative sample is importance when establishing reference values, as it 

has been suggested that there are differences in amino acid metabolism between ethnic 

groups, due to genetic or nutritional factors (Van Beynum et al., 2005). The obtained 

reference values allow for a step forward in clinical practice, enabling clinicians to use 

blood spots more often, as alternative to venipuncture for the analysis of amino acid 

concentrations in primary school-aged children.
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Chapter 7
Measuring social cognition in school-aged children using a morphed 
facial emotion recognition task

This chapter is under review for publication as:
Bergwerff, C.E., Luman, M., Meffert, H., Blair, R.J.R., & Oosterlaan, J. Measuring social 

cognition in school-aged children using a morphed facial emotion recognition task.
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Abstract
Objective. In children, the ability to recognise emotions in other children’s faces is 

important in social interaction with peers. A task using varying levels of emotional intensity 

may detect subtle facial emotion recognition deficiencies. We investigate differences in 

performance across emotional conditions and levels of expression intensity, examine 

developmental effects in facial emotion recognition, and explore whether facial emotion 

recognition is influenced by gender and IQ.

Methods. The Morphed Facial Emotion Recognition Task (MFERT) was constructed, 

consisting of photographs of children’s faces depicting four basic emotions (anger, 

fear, happiness and sadness). High-intensity expressions (100%) were morphed with 

neutral expressions, resulting in 240 stimuli, varying in emotional intensity (10-100%). 

Dependent measures were accuracy scores per intensity per emotional condition. The 

MFERT was assessed in a community sample of 75 children, aged 6-12 years (45% males). 

IQ was estimated using a short form of the Wechsler Intelligence Scale for Children. 

Results. For all emotional conditions, emotion intensity had a linear effect on accuracy. 

Accuracy was highest for happy expressions, followed by angry and frightened 

expressions. Accuracy was lowest for sad expressions. Age was related to emotion 

recognition at some intensity levels. Girls had higher accuracy at middle-intensity 

emotional expressions than boys, but not at low- and high-intensity expressions. IQ was 

not related to accuracy.

Conclusion. We found evidence for the sensitivity of our task to detect age- and gender-

related differences in facial emotion recognition at some intensity levels. This makes the 

MFERT suitable to detect subtle emotion recognition deficiencies in clinical populations.
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Introduction
A key aspect of social cognition is the ability to interpret emotional cues in social 

situations, including the facial emotional expressions of others (Leppänen & Hietanen, 

2001), as understanding other’s emotional state is essential to adapt to social 

interactions. In children, the ability to recognise emotions in other children’s faces is 

particularly important in social interaction with peers (Nowicki & Mitchell, 1998). 

Deficiencies in facial emotion recognition in children and adolescents are thought to 

contribute to impairments in reciprocal social interaction skills and communication skills 

(Kothari, Skuse, Wakefield, & Micali, 2013), to aggressive and antisocial behaviour (Blair, 

Colledge, Murray, & Mitchell, 2001; Fairchild, Van Goozen, Calder, Stollery, & Goodyer, 

2009; Rogers, Viding, Blair, Frith, & Happe, 2006), and to social phobia (Simonian, Beidel, 

Turner, Berkes, & Long, 2001). Emotion recognition deficiencies can be targeted in 

psychotherapy, when individuals display inadequate social behaviour (Penton-Voak et 

al., 2013).

The development of facial emotion recognition during childhood has received much 

scientific interest, although results are somewhat inconsistent on the extent and range of 

the change in emotion recognition ability (Herba & Phillips, 2004). A potential explanation 

for differences across studies into the developmental pathway of facial emotion 

recognition during childhood, is that the development is emotion-dependent (Mancini, 

Agnoli, Baldaro, Ricci Bitti, & Surcinelli, 2013; Rodger, Vizioli, Ouyang, & Caldara, 2015). It 

has been suggested that the recognition of facial expressions of happiness and sadness 

reaches a mature level earliest, followed by the recognition of angry expressions, with the 

recognition of frightened and disgusted expressions developing latest (Durand, Gallay, 

Seigneuric, Robichon, & Baudouin, 2007; Herba & Phillips, 2004). However, there is no 

consensus on the exact developmental pathway of the specific emotions. For instance, 

recent work showed that the recognition of happy, sad and angry facial expressions was 

similar between 6- and 16-year olds (Lawrence, Campbell, & Skuse, 2015). These findings 

contrast with a study of Mancini et al. (2013), who showed an age-related increase in the 

recognition of sad expressions in 8- to 11-year-olds, and with the results of Rodger et al. 

(2015), who showed an increase in the recognition of sad and angry expressions from 

the age of 5 years until adulthood. Furthermore, there is evidence that the recognition 

of frightened expressions develops from childhood (7 to 13 years) through adulthood 

(Thomas, De Bellis, Graham, & LaBar, 2007), although Rodger et al. (2015) showed that 
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the recognition of frightened expressions remains stable from the age of 5 years old until 

adulthood. Given the disparate findings across studies, it is unclear whether the ability 

to recognise specific emotions continues to develop during childhood. It is therefore 

important to further explore effects of age on facial emotion recognition in children for 

specific emotions separately, which is one of the aims of the current study.

As such, research into potential moderators of emotion recognition is required to get a 

better understanding of the development of these abilities. For example, there is evidence 

for gender effects, confirmed by a meta-analysis showing a small female advantage in 

facial emotion recognition in children (McClure, 2000). In this study, we further explored 

the role of gender effects on facial emotion recognition in children. In addition to 

gender, intelligence might possibly moderate facial emotion recognition (Buitelaar, Van 

der Wees, Swaab-Barneveld, & Van der Gaag, 1999). Buitelaar et al. (1999) found that 

performance IQ predicted facial emotion recognition in children. However, studies show 

inconsistent results on associations between IQ and facial emotion recognition, with 

significant associations only found in certain age groups (Lawrence et al., 2015). It is 

therefore important to further explore effects of IQ on facial emotion recognition.

The inconsistencies across studies may also be explained by the use of different 

methodologies; while some paradigms used static pictures with a high expression 

intensity (e.g., Lawrence et al., 2015; Mancini et al., 2013), others used morphed pictures, 

in which the intensity of emotional expressions is manipulated (e.g., Herba, Landau, 

Russell, Ecker, & Phillips, 2006; Thomas et al., 2007). Pictures with high expression 

intensity provide insight into the ability of children to interpret the full display of an 

emotional expression. However, in many social interactions, children may need to process 

low-intensity emotional expressions or ambiguous emotional expressions. Using stimuli 

only consisting of high-intensity emotional expressions might lead to a developmental 

ceiling effect and may leave subtle developmental changes in facial emotion recognition 

undetected (Thomas et al., 2007). A previous study showed that with increasing intensity 

of emotional expressions, the ability to recognise facial emotions increases with a linear 

trend, implying a gradual increase in performance (Gao & Maurer, 2009). However, 

in a subsequent study, ceiling effects were found for high-intensity angry and happy 

expressions, suggesting a quadratic trend (Gao & Maurer, 2010). A task using varying 

levels of emotional intensity, such as the task used in the current study, may therefore 

be more sensitive for detecting facial emotion recognition deficiencies.
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Further, inconsistencies in the literature of the development of facial emotion recognition 

in children might be caused by other variations in task demands. In many studies 

performed thus far in children, tasks were based on pictures of adult faces, using the 

well-validated Ekman-Friesen Pictures of Facial Affect (e.g., Herba et al., 2006; Lawrence 

et al., 2015). However, children may perform better in recognising facial emotions 

expressed by children than by adults, due to the so-called own-age bias (Hills & Lewis, 

2011; Proietti, Macchi Cassia, & Mondloch, 2015). When examining the abilities that are 

required for children in social interaction with peers, a task using pictures of children’s 

faces would therefore be more ecologically valid. This is confirmed by a study showing 

that in preschool girls, the ability to recognise facial emotions expressed by children 

is related to social competence in the interaction with peers, while misjudging facial 

emotions expressed by adults is unrelated to the ability to get along with peers (Nowicki 

& Mitchell, 1998). Some studies have used the Diagnostic Analysis of Nonverbal Accuracy 

(DANVA), an instrument to measure facial emotion recognition, which encompasses a 

subset of stimuli of children’s faces (Nowicki & Duke, 1994). However, the number of 

stimuli based on children’s faces (n=24) is too small to examine developmental effects 

for specific emotional conditions. In other studies morphed pictures of children’s faces 

were used, however, participants were presented with only 2 to 4 stimuli per intensity 

level of each emotion and only three emotional conditions per block (Gao & Maurer, 

2009, 2010), which limits the variability in results. Further, in that paradigm stimulus 

presentation was self-paced, enabling participants to look at each emotional expression 

as long as they wanted, which may have added to ceiling effects (Gao & Maurer, 2009, 

2010). In the current study we developed a facial emotion recognition task that improves 

on previous paradigms by using a larger set of stimuli of morphed emotional expressions 

in children’s faces. We also decided to limit the stimulus presentation latency, as in daily 

life social interaction, children often need to process emotional expressions quickly 

(Herba & Phillips, 2004).

The aim of the current study is to examine developmental effects on emotion recognition 

in primary school-aged children. We examine the effect of expression intensity on facial 

emotion recognition and expect a linear effect for frightened and sad expressions (Gao 

& Maurer, 2009), and a quadratic effect for angry and happy expressions (Gao & Maurer, 

2010). We explore the effect of emotional condition (angry, frightened, happy and sad 

expressions) and expect highest performance on expressions of happiness and sadness, 

followed by the recognition of angry expressions, with the recognition of frightened 
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expressions being lowest (Durand et al., 2007; Herba & Phillips, 2004). Furthermore, 

we explore the effects of age on emotion recognition, and hypothesise that the ability 

to recognise negatively valenced emotions (anger, fear and sadness) increases with 

age (Gao & Maurer, 2010), though the recognition of happy expressions might not (cf. 

Gao & Maurer, 2009). We also explore whether facial emotion recognition is influenced 

by gender and IQ. We expect girls to outperform boys (McClure, 2000), and IQ to be 

positively associated with facial emotion recognition (Buitelaar et al., 1999).

Methods
Participants
In the current study a community sample of 75 primary school-aged children (6 to 12 

years old) participated; see Table 7.1 for group characteristics. Inclusion criteria were 

(a) attending primary school (grade 1 to 6), and (b) IQ≥70. Full scale IQ was estimated 

using a short form of the Wechsler Intelligence Scale for Children-III (WISC-III; Wechsler, 

1991), consisting of the subtests Vocabulary, Arithmetic, Block Design and Picture 

Arrangement. This short form of four subtests has an excellent reliability (rss=.95) and 

validity (r’pw=.90) (Sattler, 2008). Children were recruited from primary schools located 

throughout the Netherlands, in varying geographic environments (rural and urban 

areas). Parents of participants were asked to complete questions regarding age, gender 

and ethnicity of the child, as well as questions regarding ethnicity, family status, and 

education of the parents. Children represented diverse ethnic backgrounds and varying 

levels of socioeconomic status (SES). SES was determined based on the highest level of 

education of parents on a 6-point scale (Statistics Netherlands, 2006). The SES score was 

the average of the education scores of both parents in case of two caretakers, or the 

education score of one parent in case of a single caretaker.

Materials
For the current study the Morphed Facial Emotion Recognition Task (MFERT) was 

constructed, consisting of photographs of children’s faces depicting four basic emotions 

(anger, fear, happiness and sadness). Pictures from six different child actors (three males, 

three females) from the validated NIMH Child Emotional Faces Pictures Set (NIMH-

ChEFS) were used (Egger et al., 2011). Each actor contributed five pictures, featuring 

the four high-intensity emotions (100%) and a neutral expression (0%), all with a direct 

gaze. The pictures that were selected were originally validated in terms of an inter-rater 

agreement >.80 (Egger et al., 2011). The stimuli of the MFERT were created by morphing 
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each of the four high-intensity pictures of each actor with the neutral expression of the 

same actor in nine steps of 10% increments, resulting in stimuli varying in emotional 

intensity from 10% (90% neutral) to 100% (0% neutral). Morphs were created using 

Abrosoft FantaMorph software (Abrosoft, USA), see Figure 7.1. 

Figure 7.1. Examples of angry expressions at varying intensity levels.

The MFERT was programmed within E-prime, version 2.0 (Schneider, Eschman, & 

Zuccolotto, 2002). The task consists of 240 target stimuli (four emotional conditions by 
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ten intensity levels by six actors), presented in random order. Prior to each target (400 

ms), a fixation cross (250 ms) appeared in the centre of the screen (see Figure 7.2 for 

the course of a trial). After each target, a response screen appeared, with five text boxes 

representing the emotion labels angry, frightened, happy, sad and neutral, respectively. 

Participants had to indicate the emotion corresponding to the target stimulus, by 

clicking on one of the five emotion labels with a computer mouse. The task was self-

paced and the trials started without delay. Total task duration was on average 14.46 

minutes (SD=3.15). The task was preceded by 30 practice trials, consisting of trials similar 

to the experimental trials, including the four high-intensity expressions and the neutral 

expression of each of the six actors. The practice trials were used to verify the ability of 

children to read the emotion labels and the ability to correctly use the computer mouse. 

For each trial, response selection (one of the five text boxes) was recorded. Dependent 

measures were accuracy scores (percentage correct) per intensity level per emotional 

condition. 

Figure 7.2. Course of a trial. Abbreviations in the text boxes in the third screen represent 

the emotion labels angry (A), frightened (F), happy (H), sad (S) and neutral (N). 

250 ms

400 ms

self paced

A
F H S
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Procedure
Prior to participation written informed consent was obtained of parents of all children, 

and of 12 year old children. During the test session participants completed the four 

subtests of the WISC-III, followed by the MFERT. Parents completed the questionnaire 

on demographic characteristics on a secured website.

Data Analysis
Statistical analyses were performed using R, version 3.2.1 and SPSS, version 24. There 

were no missing values in our dataset. Firstly, we explored whether our task manipulation 

was successful, in terms of increasing task performance with increasing expression 

intensity. For each emotional condition, the effect of expression intensity on accuracy 

scores was tested using trend analysis, using ANOVA with polynomial contrasts. These 

analyses tested whether a linear and quadratic trend could accurately describe the 

effects of emotional intensity on accuracy scores.

Secondly, we examined whether emotional condition, expression intensity, age, gender 

and IQ affected task performance using repeated measures analysis of covariance 

(ANCOVA). In this analysis, emotional condition (four levels) and expression intensity 

(ten levels) were entered as within-subjects factors, gender (boys and girls) as between-

subjects factor, and age and IQ as covariates. In case of significant main or interaction 

effects, post hoc analyses were performed, using Bonferroni-corrected post hoc contrasts 

(for emotional condition and expression intensity), correlation analyses (for age and IQ) 

or independent samples t-tests (for gender).

Results
Group characteristics are shown in Table 7.1. Of our sample 58 children (77 percent) had 

an indigenous Dutch background (both parents born in the Netherlands), three children 

(four percent) had a non-Dutch Western background (at least one of the parents born in 

another country of Europe or the United States) and 14 children (19 percent) had a non-

Western background (at least one of the parents born outside Europe and the United 

States). Of our sample 33 children (44 percent) had a low SES, 21 children (28 percent) 

had a medium SES and 21 children (28 percent) a high SES. 
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Table 7.1. Group characteristics of the sample
M (SD) Range

Males n (%) 34 (45)
Age (in years) 9.66 (1.54) 6.58-12.67
Socioeconomic status 4.06 (1.06) 1-6
IQ 102.61 (13.96) 71-132
Note. For a full description of all measures, see the Methods section.

Firstly, trend analyses using ANOVA with polynomial contrasts were conducted to model 

the effects of expression intensity on performance level. For all emotional conditions, 

expression intensity had a significant linear effect on accuracy scores. In addition, 

significant quadratic effects of expression intensity on accuracy scores were found for 

angry, frightened and happy expressions, but not for sad expressions (see Table 7.2). 

These results indicate that with increasing intensity, there was an increase in accuracy. 

Linear trends provided the best description of the effects, since quadratic effects 

were smaller than linear effects, and the linear effects provide a more parsimonious 

description. Upon visual inspection of the graphs depicted in Figure 7.3, it is clear that, 

at least for the recognition of angry, frightened and happy expressions, there are ceiling 

effects in the high-intensity expressions, with accuracy approaching 100 percent. 

Table 7.2. Facial emotion recognition in children: Effects of emotion intensity on 
accuracy scores

Linear effect Quadratic effect
Angry expressions 46.18** -10.36**
Frightened expressions  41.38** -17.97**
Happy expressions 46.87** -25.77**
Sad expressions 37.45**  1.60, NS
Notes. **p<.01. Values in the cells represent t-values for the main effect of emotional 
intensity in ANOVAs with polynomial contrasts. NS, non-significant.
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Figure 7.3. Line graphs depicting effects of emotional intensity on emotion recognition 

of angry, frightened, happy and sad expressions.
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Secondly, we examined whether emotional condition, expression intensity, age, gender 

and IQ affected task performance using repeated measures ANCOVA. Mauchly’s test 

indicated that the assumption of sphericity was violated (χ2(377)=573.18, p<.01), and 

therefore the degrees of freedom were corrected, using Huynh-Feldt estimates of 

sphericity (ε=.89). All results are shown in Table 7.3.

There was a main effect of condition (F(2.95,209.53)=6.31, p<.01). Post hoc tests 

using the Bonferroni correction revealed that accuracy was significantly lower for sad 

expressions (M=40.69, SD=10.89) than for angry (M=61.38, SD=9.26, p<.01), frightened 

(M=64.04, SD=11.05, p<.01) and happy expressions (M=72.98, SD=9.29, p<.01). There 

was no significant difference between accuracy for angry and for frightened expressions 

(p=.65). Accuracy was higher for happy expressions than for all negatively valenced 

emotions (all ps<.01).

There was a main effect of intensity (F(6.35,450.72)=4.39, p<.01). Post hoc tests 

using the Bonferroni correction revealed that accuracy was significantly lower at 10% 

(M=8.61, SD=7.36) than at all higher intensity levels, which was also true for accuracy 

at 20% (M=17.45, SD=9.48), 30% (M=33.89, SD=11.51), 40% (M=54.11, SD=11.51), 

50% (M=65.39, SD=12.10) and 60% (M=75.56, SD=11.28). Accuracy at 70% (M=80.89, 

SD=12.12) did not significantly differ from accuracy at 80% (M=84.89, SD=11.27), but 

was lower than accuracy at 90% (M=88.22, SD=10.12) and 100% (M=88.72, SD=10.41). 

There were no significant differences between accuracy at 80%, 90% and 100%.

We found an interaction between condition and intensity (F(24.05,1707.39)=1.77, 

p=.01). Post hoc analyses revealed that results per condition were similar to the main 

effect of intensity. The main difference involved the ceiling effects across conditions. 

While in the angry condition there were no significant differences between accuracy 

at 70%, 80%, 90% and 100%, in the frightened and happy condition there were no 

significant differences between accuracy at 60%, 70%, 80%, 90% and 100%, suggesting 

a lower ceiling in the frightened and happy condition than in the angry condition. In 

the sad condition there was a higher ceiling than in all other conditions, as there was a 

ceiling at 90% (no difference in accuracy at 90% and at 100%).
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We found a main effect of age (F(1,71)=5.31, p=.02), with increasing overall performance 

with increasing age (r=.22, p=.05). We also found an interaction effect between condition 

and age on accuracy (F(2.95,209.53)=4.34, p=.01). Age was related to recognition of 

frightened expressions (r=.34, p<.01), but not significantly related to recognition of 

angry, happy or sad expressions, see Table 7.3. We further found an interaction effect 

between intensity and age on accuracy (F(6.35,450.72)=5.56, p<.01). Post hoc analyses 

showed that age was significantly related to accuracy at 10% (r=-.42, p<.01), 50% (r=.27, 

p=.02), 60% (r=.33, p<.01), 70% (r=.27, p=.02), 80% (r=.24, p=.04), 90% (r=.22, p=.05) and 

100% intensity (r=.27, p=.02). There were no age effects at the other low-intensity levels, 

see Table 7.3. There was a significant three-way interaction between condition, intensity 

and age (F(24.05,1707.39)=1.77, p=.01). Post hoc analyses revealed significant negative 

associations between age and accuracy at 10% (r=-.37, p<.01), and 30% intensity (r=-

.39, p<.01) in the angry condition and at 10% in the happy condition (r=-.26, p=.02), 

and significant positive associations between age and accuracy at 30%, 50%, 90% and 

100% intensity in the frightened condition (rs ranging from .26 to .37, ps<.05), at 80% 

(r=.28, p=.01) in the happy condition, and at 50% (r=.29, p=.01) and 60% (r=.27, p=.02) 

in the sad condition. We found no significant associations at the other intensity levels 

(all rs<.23, all ps>.05).

We found a main effect of gender (F(1,71)=9.76, p<.01), with girls (M=61.77, SD=5.93) 

outperforming boys (M=57.37, SD=7.34) on overall accuracy. There was no significant 

interaction effect between condition and gender on accuracy and no significant three-way 

interaction between condition, intensity and gender, see Table 7.3. However, we found 

an interaction effect between intensity and gender on accuracy (F(6.35,450.72)=3.51, 

p<.01). Post hoc analyses showed that females had higher accuracy scores than males at 

30% (t=2.65, p<.01), 40% (t=3.52, p<.01), 50% (t=3.51, p<.01) and 60% intensity (t=2.04, 

p=.045). There were no significant gender differences at the low- and high-intensity 

levels, see Table 7.3.

We found no significant main effect of IQ, no significant interaction effect between 

condition and IQ, no significant interaction effect between intensity and IQ and no 

significant three-way interaction between condition, intensity and IQ, see Table 7.3.
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Table 7.3. Results of repeated measures ANCOVA 
F p Post hoc comparison

Within-subjects effects
Condition 6.31 <.01 Sad<Angry=Frightened<Happy
Condition X 
agea 4.34 .01 Angry r=-.11, NS; Frightened r=.34**; Happy 

r=.13, NS; Sad r=.21, NS
Condition X 
gender .11 .95 N/A

Condition X IQ 1.13 .34 N/A

Intensity 4.39 <.01 10%<20%<30%<40%<50%<60%=70%=80%=90%=
100%; 60%<80%; 70%<90%

Intensity X agea 5.56 <.01
10% r=-.42**; 20% r=-.04, NS; 30% r=-.02, NS; 40% 
r=.11, NS; 50% r=.27*; 60% r=.33**; 70% r=.27*; 
80% r=.24*; 90% r=.22*; 100% r=.27*

Intensity X 
gendera 3.51 <.01

10% t=-1.00, NS; 20% t=.75, NS; 30% t=2.65**; 
40% t=3.52**; 50% t=3.51**; 60% t=2.04*; 70% 
t=1.11, NS; 80% t=1.61, NS; 90% t=1.86, NS; 100% 
t=.84, NS

Intensity X IQ 1.33 .24 N/A

Condition X 
intensity 1.77 .01

Angry: 10%=20%<30%<40%<50%<60%=70%=80%
=90%=100%; 10%<30%; 60%<80%
Frightened: 10%=20%<30%<40%<50%=60%=70%
=80%=90%=100%; 10%<30%; 50%<70%
Happy: 10%<20%<30%<40%<50%=60%=70%=80%
=90%=100%; 50%<80%
Sad: 10%=20%=30%<40%<50%<60%=70%<80%
=90%=100%; 10%<40%; 20%<40%; 60%<80%; 
80%<100%

Condition X 
intensity X agea 1.77 .01

Angry 10% r=-.37**; Angry 30% r=-.39**; 
Frightened 30% r=.35**; Frightened 50% r=.27*; 
Frightened 90% r=.37**; Frightened 100% r=.26*; 
Happy 10% r=-.26*; Happy 80% r=.28*; Sad 50% 
r=.29*; Sad 60% r=.27*; other intensity levels NS 

Condition X 
intensity X 
gender

1.43 .08 N/A

Condition X 
intensity X IQ 1.02 .44 N/A

Between-subjects effects
Age 5.31 .02 r=.22*
Gender 9.76 <.01 Females>males
IQ .43 .52 N/A

Notes. ap-values in these post hoc comparisons are not adjusted for multiple tests. 
*p<.05, **p<.01. N/A, not applicable; NS, not significant.
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DISCUSSION
The aim of the current study is to examine developmental effects on emotion recognition 

in primary school-aged children. We examined the effects of expression intensity, 

emotional condition, age, gender and IQ on facial emotion recognition. A main finding 

of our study is the evidence for emotion-specific facial emotion recognition in primary 

school-aged children. We found that children performed better in recognising happy 

expressions, than in recognising angry, frightened or sad expressions. Our findings are 

in line with previous studies that found a better recognition of happy expressions in 

children than negatively valenced emotional expressions (Mancini et al., 2013; Rodger et 

al., 2015). We further found that children performed better in the recognition of angry 

expressions in children’s faces than in the recognition of sad expressions. We expect that 

in peer-interactions, especially happy and angry expressions elicit strong responses in 

children, as these expressions on the face of peers provide positive or negative feedback, 

respectively (Gao & Maurer, 2010). Positive feedback by peers (happy expressions) seems 

to be important for social acceptance (DeWall, Maner, & Rouby, 2009), while negative 

feedback by peers (angry expressions) is related to peer rejection (Hubbard, 2001). The 

relatively better ability to recognise frightened expressions than sad expressions may be 

explained by a greater importance for children to detect a signal of a potential threat 

(Rodger et al., 2015), resulting in self-protective behaviour, than to detect sadness in 

a peer, resulting in prosocial behaviour. This effect is also found in the expression of 

emotions; children tend to show more self-protective than prosocial display rules in the 

choice to display negative emotions (Zeman & Garber, 1996). In contrast to high accuracy 

found in the recognition of sad expressions on adult faces by previous studies (Lawrence 

et al., 2015), we found relatively low accuracy in the recognition of sad expressions on 

children’s faces. In social interaction with peers, children tend to mask expressions of 

sadness more often than expressions of anger, as they expect peers to provide negative 

feedback (such as teasing) to emotional behaviour (Zeman & Shipman, 1997). It may 

therefore be that children are less familiar with sad expressions of peers and therefore 

show more difficulty in recognising sad expressions. Improving the ability to recognise 

sad expressions might be beneficial, as misreading (subtle signals of) sadness may cause 

decreased empathy towards peers. 

Another main finding of our study is the evidence for the sensitivity of our task to detect 

subtle differences in facial emotion recognition. Results showed age- and gender-related 
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differences in the recognition of facial emotional expressions at some intensity levels, 

whereas no effects of age, or gender were found for other intensity levels. The benefit 

of using varying intensity levels of facial emotional expressions to detect emotion 

recognition deficiencies, is further corroborated by the finding of ceiling effects in the 

recognition of angry, frightened and happy expressions at high-intensity levels. Our 

newly developed task, that encompasses varying intensity levels for four emotional 

expressions, therefore allows for a sensitive measure of facial emotion recognition in 

primary school-aged children. Our paradigm showed similar results in terms of increasing 

task performance with increasing emotional intensity as previous studies (Gao & Maurer, 

2009; Thomas et al., 2007). We expect that the MFERT may detect subtle facial emotion 

recognition deficiencies in youth with neurodevelopmental disorders, including children 

with attention-deficit/hyperactivity disorder (Shaw, Stringaris, Nigg, & Leibenluft, 2014), 

adolescents with conduct disorder (Blair et al., 2001; Fairchild et al., 2009), and children 

with autism spectrum disorder (Harms, Martin, & Wallace, 2010). For instance, it has 

been suggested that high-functioning individuals with autism spectrum disorder, who 

seem to accurately recognise high-intensity facial emotional expressions, have more 

difficulty in recognising low-intensity expressions (Harms et al., 2010).

Although we found support for small effects of age on the recognition of facial emotional 

expressions at some intensity levels, we did not find any age effects on the majority of 

the intensity levels of these emotions. The latter suggests that the development of facial 

emotion recognition starts at a young age (under six years), and that this ability remains 

stable across primary school-age. Our findings are in line with the results of Lawrence et 

al. (2015), who showed that 6-year-olds performed at the same level as 16-year-olds in 

the recognition of angry, happy and sad facial expressions. 

Further, although we found support for a small advantage in girls at the middle-

intensity levels, we did not find any gender effects at the low- and high-intensity 

levels. Gender effects were not specific to a certain emotional condition. We suggest 

that gender differences in facial emotion recognition are more prevalent in infancy 

and preschool children, due to mainly social interactions with adults during the early 

years of development, causing a stronger effect of emotion socialisation by parents 

(McClure, 2000). From the age of six years onwards, it seems that boys catch up in the 

maturation of facial emotion recognition, which might be explained by an increase in 

social interactions with peers in primary school-aged children. An increased exposure 
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to facial expressions of peers may facilitate the development of emotion recognition in 

boys, resulting in a decrease of the gap between boys and girls (Mancini et al., 2013).

Further, we did not find any IQ effects on the recognition of facial emotional expressions. 

We suggest that effects of intelligence are more prevalent in low-functioning individuals 

(Herba & Phillips, 2004), while in our sample children with an IQ below 70 were excluded. 

Our results imply that facial emotion recognition in a community sample of primary 

school-aged children does not need to be interpreted in the light of general cognitive 

ability, and that deficiencies in facial emotion recognition do not automatically reflect a 

general cognitive delay.

There are some limitations to the current study that should be noted. While our study 

provides insight in facial emotion recognition across primary school-age, in future studies 

the age range of our study (6 to 12 year) should be expanded, to provide more insight in 

the developmental pathways of emotion recognition in children under six years old and 

in adolescents. An age range of zero to 18 year would allow for examining gender and 

age effects more thoroughly. Another limitation to our study is that we did not assess 

the ecological validity of the MFERT. We suggest that the MFERT will be assessed in 

larger samples, both in typically developing children and in psychiatric populations, to 

examine whether facial emotion recognition, assessed by the MFERT, is a predictor of 

social acceptance by peers.

There are several strengths to our study, that add to the adequacy of our newly 

developed MFERT. Firstly, the paradigm was evaluated in a community sample of 

primary school-aged children, who were recruited through primary schools located in 

diverse geographical areas. Our sample appears to be a representative sample of the 

Dutch population of primary school-aged children, as there were children from various 

ethnic and socioeconomic backgrounds. A second strength to our MFERT is that we used 

pictures of children’s faces. As there is evidence for an own-age bias (Hills & Lewis, 2011; 

Proietti et al., 2015), paradigms using adult’s faces might overestimate facial emotion 

recognition deficiencies in children. It is important to detect deficiencies in children that 

are specific to recognising facial expressions in peers, as the ability to interpret facial 

emotional expressions of peers is relevant in social interactions with peers (Nowicki & 

Mitchell, 1998).
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To conclude, we have developed a task that allows for assessment of facial emotion 

recognition in primary school-aged children across the full range of emotion expressions. 

Even subtle deficiencies can be detected, as task performance increases with increasing 

expression intensity. Further research is required to examine the ecological validity of 

the MFERT in psychiatric populations.
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Summary of main findings
In this dissertation we aim to provide novel insights into childhood ADHD, by addressing 

a wide range of topics relevant to ADHD. Below, the main results from chapter 2-7 of this 

dissertation are summarised (see also Table 8.1 for an overview). Subsequently, findings 

are critically evaluated, and new avenues for future research are provided.

The main objectives of chapter 2 are to examine whether children with ADHD have 

decreased blood spot aromatic amino acid (AAA) concentrations, and whether blood 

spot AAA concentrations are related to symptoms of ADHD. AAAs, constituents of 

protein in foods, are involved in the biosynthesis of serotonin and dopamine, and 

therefore aberrant AAA concentrations may contribute to altered dopamine levels 

in ADHD (Oades, 2008), and to aberrant postsynaptic serotonin levels found in some 

individuals with ADHD (Oades, 2010). Given the central role of dopamine and serotonin 

alterations in ADHD (Oades, 2008), we hypothesise that decreased concentrations of 

tryptophan, tyrosine and phenylalanine in blood might contribute to the expression of 

ADHD symptoms. Based on the current literature, there is inconsistent evidence that 

AAAs are related to ADHD. The studies on this topic performed thus far are mostly 

outdated and hampered by methodological shortcomings (Baker et al., 1991; Bornstein 

et al., 1990; Comings, 1990; Hoshino, Ohno, & Yamamoto, 1985; Oades, Dauvermann, 

Schimmelmann, Schwarz, & Myint, 2010). We further explore whether abnormal blood 

spot AAA concentrations are related to decreased protein ingestion or by aberrant AAA 

excretion, as evidenced by increased urinary AAA concentrations. In the study 83 children 

with ADHD (75 percent males) and 72 typically developing (TD) children (51 percent 

males), aged 6 to 13 years, participated. AAA concentrations were assessed in blood 

spots and an 18-hour urinary sample. A nutritional diary was filled out by parents to 

calculate dietary protein intake. Parent and teacher questionnaires assessed symptoms 

of ADHD. In contrast to our hypothesis and some earlier studies on this topic (Baker 

et al., 1991; Bornstein et al., 1990; Comings, 1990), we did not find any differences in 

blood spot concentrations of tryptophan, tyrosine and phenylalanine between children 

with ADHD and TD children. In addition, below average (<16th percentile) blood spot AAA 

concentrations did not significantly increase the risk of being diagnosed with ADHD. In 

the combined sample of children with ADHD and TD children, no significant associations 

were found between AAA blood spot concentrations and ADHD symptoms. There was 

no difference between the ADHD and TD group in dietary protein intake or urinary AAA 
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concentrations, and AAA concentrations were not significantly related to protein intake 

and urinary AAA concentrations.

The objective of chapter 3 is to examine whether increased homocysteine 

concentrations are related to childhood ADHD. High concentrations of homocysteine 

can have detrimental effects on neurocognitive performance, by causing DNA damage, 

disturbed methylation, cell death or by altering the functioning of glutamate receptors 

(Mattson & Shea, 2003). A deficiency of folate or vitamin B12 leads to increased 

concentrations of homocysteine in the blood, since the conversion of homocysteine 

to methionine is dependent on the cofactors folate and vitamin B12 (Mattson & Shea, 

2003). Homocysteine has been found associated with neurocognitive performance in 

neurodegenerative diseases (Teunissen et al., 2005), in the normal aging population 

(Garcia & Zanibbi, 2004), as well as in psychiatric populations (Dias, Brissos, Cardoso, 

Andreazza, & Kapczinski, 2009; Ford, Flicker, Singh, Hirani, & Almeida, 2013). Strikingly, 

the neurocognitive functions that seem to be related to homocysteine concentrations 

(working memory, interference control and attention) (Dias et al., 2009; Teunissen et 

al., 2005), are exactly those that are impaired in (subgroups of) children with ADHD 

(Mullane, Corkum, Klein, & McLaughlin, 2009; Tamm et al., 2012; Willcutt, Doyle, 

Nigg, Faraone, & Pennington, 2005). Thus far, no studies have investigated the role of 

homocysteine concentrations in childhood ADHD. We hypothesise that children with 

ADHD have increased concentrations of homocysteine compared to TD children. We 

examine whether homocysteine concentrations in children with ADHD are (a) positively 

related to symptoms of ADHD, (b) negatively related to neurocognitive functioning in 

ADHD, which would lend further support to the role of homocysteine in ADHD, and (c) 

negatively related to intake of folate and vitamin B12, which would be informative for a 

dietary risk factor for ADHD. Homocysteine concentrations were assessed in blood spots 

of 55 children with ADHD and 54 TD children, aged 6 to 13 years. Parent and teacher 

questionnaires assessed symptoms of ADHD. Neurocognitive functioning was measured 

using the Digit Span Task, Grid Task and Flanker Task, targeting verbal and visuospatial 

working memory, interference control, variability in responding, and lapses of attention. 

Intake of folate and vitamin B12 was measured using nutritional diaries. In contrast to 

our hypothesis, we neither found a difference in homocysteine concentrations between 

children with ADHD and TD children, nor an association between homocysteine 

concentrations and symptoms of ADHD. Against our hypothesis, we did not find any 

evidence for the contribution of homocysteine to neurocognitive deficiencies in children 
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with ADHD. Furthermore, we did not find significant associations between homocysteine 

and the intake of folate and vitamin B12, and children with ADHD did not have a lower 

dietary intake of folate and vitamin B12 than TD children.

In chapter 4 we aim to examine whether neurocognitive profiles can be distinguished 

in children with ADHD and TD children. Thus far three studies applied community 

detection procedures to distinguish neurocognitive subgroups of individuals with ADHD, 

all showing distinct neurocognitive profiles (Fair, Bathula, Nikolas, & Nigg, 2012; Mostert 

et al., 2015; Van Hulst, De Zeeuw, & Durston, 2015). However, since all three studies used 

different selections of neurocognitive measures, profile characteristics differed across 

studies. This violation of measurement invariance, due to the selection of different 

neurocognitive constructs or similar constructs assessed by different instruments, limits 

the possibility to derive final conclusions regarding the number and type of neurocognitive 

profiles being core to ADHD. Another aim of the current study is to address the clinical 

value of neurocognitive profiling, by examining whether neurocognitive profiles are 

related to problems often found co-occurring in ADHD, including externalising, social 

and academic problems in children with ADHD. Neurocognitive data of 81 children with 

ADHD and 71 TD children were subjected to confirmatory factor analysis. Neurocognitive 

functioning was measured using the Digit Span Task, Grid Task, Flanker Task and 

Children’s Emotion Recognition Task, targeting verbal and visuospatial memory, verbal 

and visuospatial working memory, interference control, processing speed, variability in 

responding, lapses of attention and facial emotion recognition. Factor analysis resulted 

in a well-fitting model that consisted of six latent factors: memory, interference control, 

processing speed, variability in responding, lapses of attention and emotion recognition. 

The resulting factors were used for community detection in the ADHD and TD group. The 

results showed four neurocognitive subgroups in children with ADHD, each representing 

a distinct neurocognitive profile, with one subgroup characterised by poor interference 

control, one by slow processing speed, one by poor emotion recognition, and one by 

increased attentional lapses and fast processing speed. Three of the neurocognitive 

subgroups in the ADHD group were also observed in the TD group, with children with 

ADHD showing generally weaker neurocognitive performance compared to TD children. 

More specifically, children with ADHD showed weaker neurocognitive performance than 

TD children on one to four factor scores within each of the profiles. In the TD group no 

subgroup with a profile characterised by fast processing speed and increased attentional 

lapses was found. Our results showed no significant differences between any of the 
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neurocognitive subgroups in the ADHD sample on problems often found co-occurring 

with ADHD, including externalising, social and academic problems.

The main goal of chapter 5 is to gain more insight into sleep disturbances in children with 

ADHD, using objective measures of sleep quality and quantity. A meta-analysis of studies 

using subjective measures of sleep quality (questionnaires filled out by parents) shows 

that children with ADHD have higher bedtime resistance, more sleep onset difficulties, 

nocturnal awakenings, difficulties with arising in the morning and sleep–disordered 

breathing compared to controls, although for all results considerable heterogeneity 

was reported across the studies (Cortese, Faraone, Konofal, & Lecendreux, 2009). A 

recent meta-analysis on sleep studies using actigraphy to objectively measure sleep, 

showed as well that non-medicated children with ADHD have increased sleep onset 

latency and decreased sleep efficiency, although, again, results were inconsistent (De 

Crescenzo et al., 2016). The fact that evidence for sleep problems in children with ADHD 

is inconsistent, might be explained by confounding influences of comorbid internalising 

and externalising problems, and low socioeconomic status (SES) in studies performed 

thus far. In chapter 5 we study sleep quality and quantity using actigraphy in 63 

medication-free children with ADHD and 61 TD children, aged 6 to 13 years. Our results 

showed that medication-free children with ADHD did not differ from TD children in sleep 

quality and quantity. ADHD symptoms were not related to any of the sleep parameters 

within the ADHD sample. We did not find a moderating role of low SES on the association 

between ADHD symptoms and sleep disturbances. Moderation analyses in the ADHD 

group showed interaction effects between ADHD symptoms and internalising behaviour 

and between ADHD symptoms and externalising behaviour on total sleep time, time 

in bed and average sleep bout duration. However, interactions could not be easily 

interpreted when comparing sleep patterns in ADHD samples with and without (sub)

clinical levels of comorbid psychiatric symptoms. Nevertheless, our findings indicate a 

complex interplay between ADHD symptoms and comorbid psychiatric symptoms, which 

might at least partly explain the heterogeneity within the current literature on sleep 

quality and quantity in ADHD.

In chapter 6 we aim to provide paediatric reference values for blood spot concentrations 

of total homocysteine, tryptophan, tyrosine and phenylalanine. Over the past decades, 

the use of blood spot samples to examine amino acid concentrations has increased, in 

particular in newborn screening (Fingerhut & Olgemöller, 2009; Zytkovicz et al., 2001). 
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Collecting blood spots, by means of a finger prick, is less invasive for children than taking 

venous blood samples, and the dried blood spot technique is sufficiently robust and 

stable for diagnostic purposes (Chace, Sherwin, Hillman, Lorey, & Cunningham, 1998; 

Kand’ár & Žáková, 2009; Rashed et al., 1997). In addition, blood spots can be assessed at 

home, as they can be stored at room temperature and be sent by regular mail. Analysis 

of amino acid concentrations in blood of children is often used in clinical practice for 

diagnostic purposes and to make decisions regarding treatment (Lepage et al., 2006). 

Adequate reference values are required to determine which amino acid concentrations 

should be considered abnormal, and are thereby essential for clinical decision-making. 

There are some reference values published on blood spot amino acid concentrations 

in infants, required in newborn screening (Rashed et al., 1997; Zytkovicz et al., 2001). 

However, to our current knowledge, there are no normative values available for blood 

spot concentrations of amino acids in primary school-aged children. In chapter 6 dried 

blood spots were obtained in a community sample of 104 healthy children, aged 6 

to 12 years (52 percent males). Blood spot concentrations of total homocysteine, 

tryptophan, tyrosine and phenylalanine were determined by positive electrospray liquid 

chromatography–tandem mass spectrometry. We examined whether age and gender 

affected amino acid concentrations, to take the potential effects of age (Held, White, & 

Pasquali, 2011; Lepage, McDonald, Dallaire, & Lambert, 1997; Van Beynum et al., 2005; 

Venta, Prieto, & Alvarez, 2002) and gender (Jung & Adeli, 2009) on individual differences 

in amino acid metabolism into account. Neither age nor gender had an impact on 

amino acid blood spot concentrations in our community sample. Therefore, reference 

values for blood spot concentrations of total homocysteine, tryptophan, tyrosine and 

phenylalanine could be presented for the whole group of primary school-aged children. 

Reference values were established, based on the 5th and 95th percentile, representing 

the central ninety percent of the sample distribution, which is common in a community 

sample (Refsum et al., 2004). Furthermore, the 10th and 90th percentiles were presented, 

which are more stable measures in a modest-sized normative sample, as used here 

(Lepage et al., 1997).

Finally, in chapter 7 we aim to examine developmental effects on facial emotion 

recognition in primary school-aged children. The development of facial emotion 

recognition during childhood has received much scientific interest, although results are 

somewhat inconsistent on the extent and range of the change in emotion recognition 

ability (Herba & Phillips, 2004). A potential explanation for differences across studies 
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into the developmental pathway of facial emotion recognition during childhood, is 

that the development is emotion-dependent (Mancini, Agnoli, Baldaro, Ricci Bitti, & 

Surcinelli, 2013; Rodger, Vizioli, Ouyang, & Caldara, 2015). Furthermore, gender and IQ 

may act as moderators of emotion recognition, as there is evidence for a small female 

advantage in facial emotion recognition in children (McClure, 2000), and for an effect 

of IQ on facial emotion recognition (Buitelaar, Van der Wees, Swaab-Barneveld, & Van 

der Gaag, 1999). The inconsistencies across studies may also be explained by the use 

of different methodologies; while some paradigms used static pictures with a high 

expression intensity (e.g., Lawrence, Campbell, & Skuse, 2015; Mancini et al., 2013), 

others used morphed pictures, in which the intensity of emotional expressions was 

manipulated (e.g., Herba, Landau, Russell, Ecker, & Phillips, 2006; Thomas, De Bellis, 

Graham, & LaBar, 2007). Inconsistencies in the literature of the development of facial 

emotion recognition in children might also be caused by the use of pictures of adult faces 

versus child faces. In most studies performed thus far in children, tasks were based on 

pictures of adult faces, using the well-validated Ekman-Friesen Pictures of Facial Affect 

(e.g., Herba et al., 2006; Lawrence et al., 2015). However, children may perform better in 

recognising facial emotions expressed by children than in recognising those expressed by 

adults, due to the so-called own-age bias (Hills & Lewis, 2011; Proietti, Macchi Cassia, & 

Mondloch, 2015). In children, the ability to recognise emotions in other children’s faces 

is particularly important in social interaction with peers (Nowicki & Mitchell, 1998). The 

aim of chapter 7 is to examine the effects of expression intensity, emotional condition, 

age, gender and IQ on facial emotion recognition in primary school-aged children. For 

this purpose the Morphed Facial Emotion Recognition Task (MFERT) was constructed, 

consisting of photographs of children’s faces depicting four basic emotions (anger, fear, 

happiness and sadness). High-intensity expressions (100 percent) were morphed with 

neutral expressions, resulting in 240 stimuli, varying in emotional intensity (10 to 100 

percent). The MFERT was assessed in a community sample of 75 children, aged 6 to 

12 years (45 percent males). Results showed that for all emotional conditions emotion 

intensity has a linear effect on accuracy. Furthermore, we found that accuracy is highest 

for happy expressions, followed by angry and frightened expressions. Accuracy is lowest 

for sad expressions. Age is related to emotion recognition at some intensity levels. Girls 

have higher accuracy at middle-intensity emotional expressions than boys, but not at 

low- and high-intensity expressions. The results showed no relation between IQ and 

facial emotion recognition.
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General discussion
This dissertation has yielded several important insights into childhood ADHD. The main 

insight is that the findings described in chapter 2 and 3 of this dissertation imply that 

abnormalities of tryptophan, tyrosine, phenylalanine and homocysteine in blood are not 

involved in the aetiology of ADHD. We therefore failed to support the idea that these 

amino acids may act as biomarkers for ADHD, and could not expand our understanding of 

the aetiology of ADHD. As was argued in chapter 1 in this dissertation, ADHD is a clinically 

heterogeneous disorder. Finding a single or unitary aetiology of ADHD is therefore highly 

unlikely. However, we do not rule out the possibility that amino acid abnormalities 

contribute to the presence of ADHD symptoms in certain more homogenous subgroups 

of children with ADHD. For instance, it might be that only children with ADHD and 

severe deficiencies in executive functioning (EF) have altered tyrosine and phenylalanine 

concentrations, as an altered dopamine functioning in the prefrontal cortex and the 

striatum is thought to impair executive functions, including sustained attention and 

interference control in ADHD (Del Campo, Chamberlain, Sahakian, & Robbins, 2011; 

Oades, 2008). The suggestion of tyrosine and phenylalanine alterations in children with 

ADHD and severe EF deficiencies is further supported by a meta-analysis that showed 

evidence for the association between phenylalanine alterations (which result in tyrosine 

deficiencies) and EF impairment (Albrecht, Garbade, & Burgard, 2009). Likewise, it 

might be that only children with ADHD and comorbid autism spectrum disorder (ASD) 

have increased homocysteine concentrations, as previous studies showed an increased 

prevalence of hyperhomocysteinemia in children with ASD (Paşca et al., 2006; Puig-

Alcaraz, Fuentes-Albero, Calderón, Garrote, & Cauli, 2015). This implies that amino acid 

alterations are not related to ADHD itself, but to associated problems often found in 

ADHD. Our results emphasise the complexity of exploring single aetiological risk factors 

in a disorder that is characterised by a large heterogeneity. Studies into aetiological risk 

factors for ADHD therefore require large sample sizes, enabling to perform analyses in 

more homogenous subgroups of ADHD.

There is growing interest in biomarkers in child psychiatry, aimed at providing a biologically 

guided diagnosis of psychiatric disorders and at gaining insight into biological factors 

that may moderate treatment response. One of the reasons underlying this interest is 

the criticism that current diagnostic procedures for ADHD, mainly based on subjective 

measures (questionnaires, interviews, observation), are insufficiently reliable and valid 
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(Faraone, Bonvicini, & Scassellati, 2014). Furthermore, there is hope that biomarkers 

could identify children at risk of developing psychiatric disorders prior to the onset of 

severe behavioural problems (Singh & Rose, 2009). Analysing amino acid concentrations 

in blood spots of children would be a relatively cheap and non-invasive addition to 

diagnostic procedures, in contrast to measuring biomarkers obtained through, for 

instance, neuroimaging techniques and electroencephalography. However, thus far, no 

biological markers have been found for ADHD that have been proven to be of any clinical 

utility, due to low sensitivity and specificity (Scassellati, Bonvicini, Faraone, & Gennarelli, 

2012). Our results show that the same holds for tryptophan, tyrosine, phenylalanine and 

total homocysteine, implying that, based on the available evidence, these amino acids 

should not be considered as promising biomarkers for ADHD.

The findings that blood spot concentrations of tryptophan, tyrosine and phenylalanine 

are not decreased and that blood spot concentrations of homocysteine are not increased 

in children with ADHD, argue against certain nutritional interventions in ADHD. During 

the past years some studies have examined the effects of AAA supplementation in 

children and adults with ADHD, with inconsistent results (Nemzer, Arnold, Votolato, & 

McConnell, 1986; Reimherr, Wender, Wood, & Ward, 1987; Wood, Reimherr, & Wender, 

1985; Zametkin, Karoum, Rapoport, Brown, & Wyatt, 1984). The apparent lack of AAA 

deficiencies in ADHD might explain the conflicting results of amino acid supplementation 

on reducing ADHD symptoms (Hurt, Arnold, & Lofthouse, 2011). Likewise, our results 

do not provide support for nutritional interventions with folate (Ghanizadeh, Sayyari, 

& Mohammadi, 2013) or vitamin B12 (Ghanizadeh et al., 2013; Patel & Curtis, 2007) 

in children with ADHD, as childhood ADHD is not related to increased homocysteine 

concentrations or decreased intake of folate and vitamin B12. This implication is in 

line with a growing consideration that, in case of interventions based on nutritional 

supplements, effects may be limited to ADHD patients with nutritional deficiencies (Hurt 

et al., 2011).

Another insight that is provided by this dissertation, is that associated problems in ADHD 

might not be related to ADHD itself, guided by our finding of no sleep disturbances 

in medication-free children with ADHD. Associated problems in ADHD might be 

epiphenomena, caused by other factors characteristic of ADHD, including stimulant 

medication use and comorbid psychiatric conditions. For instance, we hypothesised 

that stimulant medication use may mediate sleep disturbances in children with ADHD, 
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as previous studies have reported that methylphenidate has a (direct) negative impact 

on sleep quality as compared to placebo (Corkum, Panton, Ironside, MacPherson, & 

Williams, 2008; Schwartz et al., 2004). Therefore, children with ADHD who participated 

in our study into sleep disturbances (chapter 5), had to withdraw from stimulant 

medication use when sleep was monitored. This approach may have contributed to 

our finding that ADHD is not associated with any sleep disturbances. Our findings imply 

that methylphenidate use may have confounded results of earlier studies that showed 

an association between ADHD and sleep disturbances (Yoon, Jain, & Shapiro, 2012). 

Furthermore, we found interactions between ADHD symptoms and internalising and 

externalising problems in the association with sleep problems, indicating a moderating 

role of comorbid psychiatric conditions on the association between ADHD and sleep 

disturbances. We hypothesise that the same may hold for the association between 

ADHD and social problems and academic underachievement; we suggest that factors 

characteristic of ADHD (including comorbid psychiatric conditions) increase the risk of 

social problems and academic underachievement in children with ADHD. For instance, 

social problems in ADHD might be mediated through or moderated by comorbid ASD 

(Van der Meer et al., 2012) or comorbid externalising behaviour (Becker, Luebbe, & 

Langberg, 2012). Academic underachievement, on the other hand, might be mediated 

through or moderated by low SES (Sjöwall, Bohlin, Rydell, & Thorell, 2017). Our results of 

chapter 4 indicate that neurocognitive profiles did not seem to mediate or moderate the 

association between ADHD and both social problems and academic underachievement. 

This lack of findings emphasises the need to explore other factors than neurocognitive 

deficiencies that mediate or moderate the association between ADHD and associated 

social and academic problems. For instance, further research might focus on other 

environmental factors, including family and parenting factors (Becker et al., 2012), to 

disentangle the true risk factors for associated social and academic problems in ADHD. 

This may enhance early detection of children with ADHD who are at risk of (multiple) 

other problems that impair daily life functioning.

Furthermore, the results of this dissertation emphasise yet again the heterogeneity of 

ADHD. For instance, the results described in chapter 4 point out that there are multiple 

distinct neurocognitive subgroups in ADHD, each characterised by other neurocognitive 

strengths and weaknesses. Furthermore, the great variance found in many domains 

(ADHD symptoms, externalising behaviour, internalising behaviour, ASD symptoms, 

sleep disturbances, academic performance and social functioning) in chapter 4 and 
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5, marks the great individual differences between children with ADHD. While some 

children with ADHD in our sample were characterised by problems in only one domain, 

others were hampered by a wide range of associated problems. The great heterogeneity 

evokes to apply an individual approach in treatment of children with ADHD. Currently, 

clinical guidelines propose a standard approach to treatment of children ADHD (e.g., 

American Academy of Pediatrics, 2011). For instance, stimulant medication use is the 

first-choice treatment for children with severe ADHD symptoms. However, there is a 

large group of children with ADHD for whom treatment with methylphenidate is not 

effective (10 percent), or for whom treatment with methylphenidate is not more 

effective than placebo (additional 13 percent) (Greenhill et al., 2001; Vitiello et al., 2001). 

Moreover, there is evidence for idiosyncratic dose-response curves for methylphenidate 

(Greenhill et al., 2001), implying that for each individual the dose-response curve can 

take other forms; a higher dose does not lead to a greater reduction in symptoms in 

all children (Konrad, Günther, Heinzel-Gutenbrunner, & Herpertz-Dahlmann, 2005). The 

effects of methylphenidate may also differ across outcomes, as a particular dosage may 

be most effective in reducing impulsiveness, while another dosage is most effective in 

reducing concentration problems (Konrad et al., 2005). Taken together, pharmacological 

treatment of children with ADHD should be tailored and evaluated on an individual 

basis. For instance, it is recommended to use double-blind placebo-controlled titration 

when stimulant medication is advised for children with ADHD (MTA Cooperative Group, 

1999). This form of titration enables detecting non-responders and placebo-responders, 

and may enhance prescription of optimal individual dosages. 

For other interventions for ADHD an individual approach is warranted as well, and it is 

recommended to examine which children with ADHD benefit most from the intervention 

of interest. For instance, it has been shown that the presence of comorbid anxiety in 

children with ADHD moderates treatment response, as children with anxiety disorders 

showed relatively stronger response to behavioural intervention than those without 

anxiety disorder did (MTA Cooperative Group, 1999). Therefore, clinicians may consider 

a different approach for children with ADHD and anxiety, from an approach for children 

with ADHD and other or no comorbidities (Hinshaw, 2007). An individual approach 

when it comes to the selection of the most adequate treatment for children with ADHD 

may enhance treatment outcomes. However, currently there is insufficient scientific 

evidence to adjust clinical guidelines for treatment of ADHD to individual characteristics. 

Therefore, more research is warranted to detect which factors mediate or moderate 
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treatment response in children with ADHD, which may help to apply an individual 

approach in treatment of children with ADHD. 

The heterogeneity in ADHD also evokes to expand the diagnostic procedures in children. 

When presented with a child with ADHD symptoms, it is recommended to perform 

a broad screening of associated problems during the diagnostic procedures. Using 

screening instruments that cover multiple psychiatric conditions, as well as functional 

impairments, may lead to better and earlier detection of children with ADHD who are at 

risk of severe problems.

Research agenda
Even though the results described in the current dissertation, being mainly null-findings, 

rule out some lines of research into the aetiology of ADHD and into treatment of ADHD 

symptoms (such as nutritional interventions targeting amino acid abnormalities), they 

also raise a number of research questions and themes for future research.

In chapter 2 and 3 we explored whether amino acid abnormalities are related to 

childhood ADHD. One of the potential underlying mechanisms for aberrant amino 

acid concentrations in blood could be a decreased intake of protein, folate or vitamin 

B12. Our lack of finding amino acid abnormalities in ADHD can therefore partly be 

explained by a lack of dietary deficiencies in our childhood ADHD sample. We might 

question whether amino acid abnormalities would be more prevalent in malnourished 

children. Decreased dietary intake of protein, folate and vitamin B12 is more likely in 

children living in low SES environments. We suggest to further explore the risk of dietary 

deficiencies for ADHD in children living in low SES environments (Liu & Raine, 2006). 

As our ADHD sample consisted of only a small subsample of children with a low SES 

(n=14), our study was underpowered to explore the effects of low SES on dietary intake 

and, subsequently, on amino acid concentrations. We hypothesise that in a sample of 

children with ADHD and a low SES the effects of dietary deficiencies on ADHD symptoms 

are larger than already established for some micronutrients, including zinc (Toren et al., 

1996), folate (Durá-Travé & Gallinas-Victoriano, 2014), iron (Konofal, Lecendreux, Arnulf, 

& Mouren, 2004), and omega-6 fatty acids (Ng, Meyer, Reece, & Sinn, 2009). In case 

specific deficiencies are found in children with ADHD from low SES families, the effects of 

nutritional interventions for these children could be explored. Indeed, beneficial effects 
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of multivitamin/mineral supplementation and essential fatty acids have been suggested 

larger in children with ADHD who have dietary deficiencies (Hurt et al., 2011).

Another avenue that could be explored in future studies, is to focus on the effects of 

prenatal nutritional deficiencies, as we expect that nutritional deficiencies are more 

detrimental during the early stage of prenatal development. For instance, a recent 

study showed negative effects of low prenatal folate levels on brain volume, language, 

learning/memory and visuospatial processing in six to eight year old children (Ars et 

al., 2016). This line of research may also provide more insight into the association 

between low SES and ADHD. Many studies have shown that low SES appears to be a risk 

factor for ADHD (Willcutt, 2012). However, it is not clear which factors associated with 

social disadvantage contribute to the onset of ADHD. It has been suggested that social 

disadvantage involves poor prenatal nutrition and increased pre- and post-natal toxicant 

exposure, which can have a detrimental impact on brain development of children (Nigg 

& Craver, 2014). Therefore, we suggest to further explore the effects of nutritional 

deficiencies in pregnant women, in relation to low SES, on later behavioural functioning 

of children, in a longitudinal study.

For future dietary intervention studies in ADHD, it is recommended to establish a 

thorough justification of the intervention of interest, by providing a sound theoretical 

framework on the working mechanisms underlying the supposed intervention effects. 

Such a theory on working mechanisms is crucial to understand why an intervention may 

be beneficial and to whom the intervention should be applied. For dietary interventions 

in ADHD, theories may be built on nutritional deficiencies in children with ADHD, in case 

of nutritional supplements being provided as intervention. Theories may also be built 

on allergic responses to nutrients occurring naturally in food (among which eggs and 

peanuts) or to artificial ingredients (including artificial colours) in children with ADHD, in 

case of elimination diets. The initial plan for the current dissertation was to focus on the 

treatment effect of nicotinamide (part of vitamin B3) supplementation in children with 

ADHD who suffer from a tryptophan deficiency. The main postulations for a randomised 

controlled trial with nicotinamide supplementation were that (a) a significant subgroup 

of children with ADHD would suffer from decreased tryptophan concentrations, and 

(b) nicotinamide supplementation would improve upon the uptake and transport of 

tryptophan, resulting in an increase of tryptophan concentrations. During the preparation 

of the research protocol, we realised that there was insufficient theoretical justification 
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for tryptophan abnormalities in children with ADHD, as well as for the beneficial effect 

of nicotinamide supplementation on the uptake and transport of tryptophan. Given the 

inconsistent evidence in the current literature for tryptophan abnormalities in children 

with ADHD, we decided to investigate in a carefully set-up study whether there was 

evidence for the postulation of tryptophan abnormalities in children with ADHD. As 

our results showed that this was not the case (described in chapter 2), further studies 

into nicotinamide supplementation in children with ADHD were not conducted. This 

dissertation illustrates that experimentally testing the postulations underlying a novel 

intervention, is fruitful prior to carrying out a large randomised controlled trial. Also 

for current nutritional interventions in ADHD, including restricted elimination diets, it 

would be interesting to explore the main postulations regarding the underlying working 

mechanisms. For instance, it is unlikely that an allergic mechanism is involved in the 

efficacy of restricted elimination diets (Pelsser, 2011), which invokes to explore which 

factors may explain beneficial effects of elimination diets. Without a sound theoretical 

framework, alternative explanations, including a biased perception of parents (Sonuga-

Barke et al., 2013), become more plausible to explain the effects of a certain intervention 

that requires a large investment of participants and their parents.

A last suggestion for future research is to explore the predictive validity of neurocognitive 

deficiencies in children with ADHD. While our results described in chapter 4 point out 

that children with ADHD generally show weaker neurocognitive performance compared 

to TD children, these deficiencies do not seem to mediate the association between ADHD 

and current externalising behaviour, academic achievement and social functioning. 

Furthermore, there is limited predictive validity of neurocognitive functioning for 

persistence of ADHD (Van Lieshout, Luman, Buitelaar, Rommelse, & Oosterlaan, 2013), 

and no evidence for predictive value of neurocognitive functioning for the emergence 

of nicotine dependence or substance use disorders later in life in individuals with ADHD 

(Groenman et al., 2015). One might therefore question whether it is useful to perform 

clinical neurocognitive assessments in children with ADHD, which may be highly time-

consuming. It has been suggested that children with ADHD outgrow neurocognitive 

deficiencies, as EF deficiencies that were found in childhood ADHD, were not found in 

the follow-up of that sample in adolescence (Thissen et al., 2014). It may be, however, 

that a subsample of children with ADHD and neurocognitive deficiencies continues to be 

impaired in terms of neurocognitive functioning later in life. For instance, it was found 

that also in adults separate neurocognitive profiles could be detected, with individuals 
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with ADHD performing worse on neurocognitive measures than controls (Mostert et al., 

2015). Unfortunately, it was not investigated whether the different cognitive profiles in 

adults with ADHD showed different functional impairments. We recommend to further 

explore the predictive validity of neurocognitive profiles for future functioning, using 

a longitudinal study design. If certain neurocognitive profiles prove to increase the 

risk of future academic underachievement, this may provide more insight into which 

deficiencies should be targeted in cognitive interventions and which children may 

benefit most from these interventions. Currently there seem to be no far transfer effects 

of cognitive interventions on academic performance in children with ADHD (Rapport, 

Orban, Kofler, & Friedman, 2013). However, when cognitive interventions target the 

neurocognitive deficiencies that are largest in some subgroups of children with ADHD, 

effects on academic performance may emerge. Predictive validity of neurocognitive 

profiles would thereby justify the role of clinical neurocognitive assessment in diagnostic 

procedures in children with ADHD.
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Achtergrond
Attention-deficit/hyperactivity disorder (ADHD), of aandachtsdeficiëntie-/hyperactiviteit-

stoornis in het Nederlands, is een van de meest voorkomende psychiatrische stoornissen 

bij kinderen (Costello, Mustillo, Erkanli, Keeler, & Angold, 2003). ADHD is de benaming 

van een persistent patroon van onoplettendheid en/of hyperactiviteit-impulsiviteit, 

dat niet passend is bij de leeftijd. Om aan de diagnose ADHD te voldoen, moeten ten 

minste zes symptomen van onoplettendheid en/of ten minste zes symptomen van 

hyperactiviteit-impulsiviteit aanwezig zijn. Aanvullende criteria voor de diagnose zijn 

dat deze symptomen zich in meerdere situaties voordoen en belemmerend zijn voor 

het dagelijks functioneren (American Psychiatric Association, 2013). De wereldwijde 

prevalentie van ADHD onder kinderen wordt geschat op 5,9 procent (Willcutt, 2012). In 

hoofdstuk 1 wordt uitgebreider op de prevalentie ingegaan, net zoals op de etiologie en 

op de beperkingen in het dagelijks functioneren die worden geassocieerd met ADHD.

Etiologie
Er zijn verschillende theorieën omtrent de oorzaken van ADHD ontwikkeld en getoetst 

in de afgelopen decennia. Een van de overheersende theorieën omtrent de etiologie 

van ADHD is gebaseerd op een model waarin (interacties tussen) meerdere genetische 

risicofactoren en omgevingsfactoren de gevoeligheid voor het ontwikkelen van ADHD 

vergroten (Faraone et al., 2015; Faraone et al., 2005). De meerderheid van de genen 

die aan ADHD worden gerelateerd, zijn genen die betrokken zijn bij het transport en 

de binding van de neurotransmitters dopamine en serotonine. Dit kan een verklaring 

vormen voor afwijkende dopamineconcentraties die zijn gevonden bij mensen met 

ADHD (Oades, 2008) en voor afwijkende serotonineconcentraties bij sommige mensen 

met ADHD (Oades, 2010). Genetische risicofactoren kunnen het ontstaan van ADHD 

echter niet volledig verklaren, wat leidt tot de veronderstelling dat de gevoeligheid voor 

ADHD afhankelijk is van een complex samenspel van zowel genetische als niet-genetische 

risicofactoren (Thapar, Cooper, Eyre, & Langley, 2013). Niet-genetische risicofactoren 

voor ADHD die in de afgelopen decennia zijn onderzocht, zijn onder andere afwijkingen 

in het metabolisme of voedingspatroon bij kinderen.

Metabole risicofactoren
Er zijn verschillende metabolieten onderzocht die mogelijk inzicht kunnen bieden 

in oorzaken van ADHD (Scassellati, Bonvicini, Faraone, & Gennarelli, 2012). Hierbij 
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zijn verschillende metabolieten in urine, serum, plasma en speeksel gevonden die in 

afwijkende mate aanwezig zijn bij kinderen met ADHD. De effecten van deze biomarkers 

zijn echter klein en het is onduidelijk in hoeverre deze afwijkende concentraties specifiek 

voor ADHD zijn (Scassellati et al., 2012). Een van de doelen van dit proefschrift is om 

nieuwe potentiële biomarkers voor ADHD te onderzoeken. Dit kan inzicht bieden in 

metabole risicofactoren voor ADHD. In hoofdstuk 2 en 3 van dit proefschrift wordt 

onderzocht of de aminozuren tryptofaan, tyrosine, fenylalanine en homocysteïne in 

afwijkende concentraties aanwezig zijn bij kinderen met ADHD. Om te bepalen wanneer 

men kan spreken van afwijkende concentraties is in hoofdstuk 6 een onderzoek naar 

normaalwaarden van deze aminozuren beschreven.

Risicofactoren op het gebied van voeding
Andere theorieën omtrent de oorzaken van ADHD zijn gericht op afwijkingen in het 

voedingspatroon van mensen met ADHD (Banerjee, Middleton, & Faraone, 2007). Er 

is enige evidentie voor tekorten aan bepaalde voedingsstoffen bij mensen met ADHD, 

met significante bevindingen voor zink (Toren et al., 1996), folaat (Durá-Travé & Gallinas-

Victoriano, 2014), ijzer (Konofal, Lecendreux, Arnulf, & Mouren, 2004) en omega-6-

vetzuren (Ng, Meyer, Reece, & Sinn, 2009). Hoewel er meer onderzoek op dit gebied 

nodig is, biedt deze evidentie onderbouwing voor interventies op het gebied van voeding 

voor ADHD (Hurt, Arnold, & Lofthouse, 2011). In hoofdstuk 2 van dit proefschrift wordt 

onderzocht of kinderen met ADHD een verlaagde inname van eiwit hebben, gezien de 

aminozuren tryptofaan, tyrosine en fenylalanine bestanddelen zijn van eiwit in voeding. 

Een verlaagde inname van eiwit, in combinatie met afwijkende aminozuurconcentraties 

bij kinderen met ADHD, zou daarmee kunnen duiden op een risicofactor voor ADHD 

op het gebied van voeding. In hoofdstuk 3 wordt onderzocht of kinderen met ADHD 

een verlaagde inname hebben van vitamine B12 en folaat, omdat deficiënties van 

vitamine B12 en folaat leiden tot verhoogde concentratie homocysteïne in het bloed. 

Een verlaagde inname van vitamine B12 en folaat, in combinatie met afwijkende 

homocysteïneconcentratie bij kinderen met ADHD, zou eveneens kunnen duiden op een 

risicofactor voor ADHD op het gebied van voeding.

Neurocognitieve risicofactoren
In de afgelopen jaren is getracht om neurocognitieve endofenotypes te ontdekken 

die mediëren tussen genetische risicofactoren bij ADHD en de symptomen van ADHD 

op gedragsniveau (Castellanos & Tannock, 2002; Willcutt, Doyle, Nigg, Faraone, & 
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Pennington, 2005). Genetische risicofactoren hebben een negatieve invloed op de 

structuur en het functioneren van de hersenen van kinderen met ADHD, wat vervolgens 

kan zorgen voor beperkingen in het neurocognitief functioneren (Faraone et al., 

2015). ADHD wordt geassocieerd met verschillende neurocognitieve deficiënties, zoals 

beperkingen in het werkgeheugen (Willcutt et al., 2005) en de inhibitiecontrole (Barkley, 

1997; Willcutt et al., 2005). Steeds meer onderzoek richt zich op neurocognitieve 

profielen, waarbij de focus niet ligt op één neurocognitieve factor, maar op meerdere 

neurocognitieve domeinen. Meerdere onderzoeken hebben aangetoond dat er 

verschillende neurocognitieve profielen kunnen worden gevonden binnen een ADHD-

groep (Fair, Bathula, Nikolas, & Nigg, 2012; Mostert et al., 2015; Van Hulst, De Zeeuw, 

& Durston, 2015). Dit ondersteunt de gedachte dat ADHD etiologisch een heterogene 

stoornis is, waarbij meerdere routes op het gebied van neurocognitieve deficiënties de 

ADHD-symptomen op gedragsniveau kunnen verklaren. In hoofdstuk 4 wordt getracht 

meer inzicht te verkrijgen in neurocognitieve profielen bij kinderen met ADHD. 

Beperkingen in het dagelijks leven
Behalve met de last van ADHD-symptomen worden kinderen met ADHD vaak 

geconfronteerd met verschillende andere beperkingen in het dagelijks leven. 

Voorbeelden van beperkingen die met ADHD worden geassocieerd zijn onder 

andere gedragsproblemen (Gillberg et al., 2004; Jensen, Martin, & Cantwell, 1997), 

slaapproblemen (Corkum, Tannock, & Moldofsky, 1998), onderpresteren op school 

(Loe & Feldman, 2007), sociale problemen (McQuade & Hoza, 2008) en moeite met 

emotieherkenning (Shaw, Stringaris, Nigg, & Leibenluft, 2014). In hoofdstuk 4 wordt 

onderzocht of bepaalde neurocognitieve profielen bij kinderen met ADHD een risico 

vormden voor comorbide gedragsproblemen, onderpresteren op school en sociale 

problemen. In hoofdstuk 5 worden slaapproblemen bij kinderen met ADHD onderzocht. 

In hoofdstuk 7 wordt de ontwikkeling van een nieuwe emotieherkenningstaak 

beschreven, waarin gebruik wordt gemaakt van foto’s van kindergezichten die emoties 

in verschillende intensiteitsniveaus laten zien.

Onderzoeksontwerp
De resultaten die in dit proefschrift worden beschreven, zijn gebaseerd op twee 

onderzoeken die tussen februari 2013 en juli 2014 zijn uitgevoerd. Onderzoek 1 is een 

patiënt-controleonderzoek, waarbij 83 kinderen met ADHD in de leeftijd van 6 tot 13 jaar 

werden vergeleken met 72 kinderen zonder ontwikkelingsstoornis. De resultaten van 
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dit onderzoek zijn beschreven in hoofdstuk 2 tot en met 5. De groep kinderen zonder 

ontwikkelingsstoornis (n=72) werd geselecteerd uit een representatieve steekproef 

schoolgaande kinderen (n=104). Deze steekproef wordt beschreven in hoofdstuk 6. In 

hoofdstuk 7 zijn de resultaten van een cross-sectioneel onderzoek beschreven, waarvoor 

een tweede representatieve steekproef schoolgaande kinderen (n=75) werd geworven.

Belangrijkste resultaten
Met dit proefschrift wordt getracht nieuwe inzichten in ADHD te bieden, door een 

breed scala aan onderwerpen te bespreken die relevant zijn rondom ADHD. Hieronder 

worden de belangrijkste resultaten uit hoofdstuk 2 tot en met 7 van dit proefschrift 

samengevat (zie ook Tabel S1 voor een overzicht). Vervolgens worden de bevindingen 

kritisch geëvalueerd en worden nieuwe richtingen voor toekomstig onderzoek verkend.

De belangrijkste doelstelling van hoofdstuk 2 is om te onderzoeken of kinderen 

met ADHD verlaagde concentraties aromatische aminozuren in bloeddruppels 

hebben. Daarnaast is een belangrijk doel om te onderzoeken of de aromatische 

aminozuurconcentraties in bloeddruppels verband houden met de symptomen van 

ADHD. Aromatische aminozuren zijn bestanddelen van eiwitten in voeding die betrokken 

zijn bij de biosynthese van serotonine en dopamine. Derhalve kunnen afwijkende 

aromatische aminozuurconcentraties bijdragen aan veranderde dopamineniveaus 

in ADHD (Oades, 2008) en afwijkende postsynaptische serotonineconcentraties in 

sommige individuen met ADHD (Oades, 2010). De hypothese voor hoofdstuk 2 is dat 

verlaagde concentraties tryptofaan, tyrosine en fenylalanine in het bloed bijdragen 

aan de expressie van ADHD symptomen. Vanuit bestaande literatuur is er inconsistent 

bewijs voor de relatie tussen aromatische aminozuren en ADHD. De onderzoeken die 

eerder werden gedaan naar dit onderwerp zijn veelal verouderd en kennen belangrijke 

methodologische tekortkomingen (Baker et al., 1991; Bornstein et al., 1990; Comings, 

1990; Hoshino, Ohno, & Yamamoto, 1985; Oades, Dauvermann, Schimmelmann, 

Schwarz, & Myint, 2010). Om meer inzicht te krijgen in de mogelijke rol van aromatische 

aminozuren bij ADHD wordt hier onderzoek naar gedaan in hoofdstuk 2. Verder wordt 

verkend of afwijkende concentraties tryptofaan, tyrosine en fenylalanine gerelateerd 

zijn aan verlaagde inname van eiwit of aan afwijkende excretie van aminozuren, wat 

zichtbaar zou zijn in verhoogde aminozuurconcentraties in urine. Aan het huidige 

onderzoek hebben 83 kinderen met ADHD (75 procent jongens) en 72 kinderen zonder 

ontwikkelingsstoornis (51 procent jongens) in de leeftijd van 6 tot 13 jaar deelgenomen. 
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Aromatische aminozuurconcentraties werden bepaald in bloeddruppels en in 18-uurs 

urine. De ouders van de kinderen hielden een voedingsdagboek van hun kind bij, om de 

inname van eiwit te bepalen. Aan de hand van ouder- en leerkrachtvragenlijsten werden 

ADHD-symptomen gemeten. In tegenstelling tot de hypothese en tot de resultaten uit 

eerder onderzoek (Baker et al., 1991; Bornstein et al., 1990; Comings, 1990), werden 

in het huidige onderzoek geen verschillen gevonden in de concentraties tryptofaan, 

tyrosine en fenylalanine in bloeddruppels tussen kinderen met ADHD en kinderen zonder 

ontwikkelingsstoornis. Een verlaagde concentratie (<16e percentiel) van aromatische 

aminozuren in bloeddruppels vormde geen risicofactor voor de diagnose ADHD. In de 

gecombineerde groep kinderen met ADHD en kinderen zonder ontwikkelingsstoornis 

werden geen relaties gevonden tussen aromatische aminozuurconcentraties in 

bloeddruppels en ADHD-symptomen. Er was geen verschil tussen de groep kinderen met 

ADHD en de groep kinderen zonder ontwikkelingsstoornis op het gebied van eiwitinname 

of aromatische aminozuurconcentraties in urine. Ook werd er geen verband gevonden 

tussen aromatische aminozuurconcentraties in bloeddruppels enerzijds en eiwitinname 

of aromatische aminozuurconcentraties in urine anderzijds.

Het doel van hoofdstuk 3 is om te onderzoeken of verhoogde homocysteïneconcentraties 

gerelateerd zijn aan ADHD bij kinderen. Hoge concentraties homocysteïne kunnen 

nadelig zijn voor neurocognitief functioneren, omdat hoge concentraties kunnen zorgen 

voor schade aan het DNA, verstoorde methylering, celdood, of een veranderde werking 

van glutamaatreceptoren (Mattson & Shea, 2003). Een tekort aan folaat of vitamine 

B12 leidt tot verhoogde concentraties homocysteïne in het bloed, omdat de conversie 

van homocysteïne naar methionine afhankelijk is van de cofactoren folaat en vitamine 

B12 (Mattson & Shea, 2003). Homocysteïne is in verband gebracht met neurocognitief 

functioneren bij patiënten met neurodegeneratieve stoornissen (Teunissen et al., 

2005), bij gezonde ouderen (Garcia & Zanibbi, 2004) en bij psychiatrische patiënten 

(Dias, Brissos, Cardoso, Andreazza, & Kapczinski, 2009; Ford, Flicker, Singh, Hirani, 

& Almeida, 2013). Het is opvallend dat de neurocognitieve factoren die gerelateerd 

lijken aan homocysteïneconcentraties (werkgeheugen, interferentiecontrole en 

aandacht) (Dias et al., 2009; Teunissen et al., 2005) precies de neurocognitieve 

factoren zijn die bij (sommige) kinderen met ADHD beperkt zijn (Mullane, Corkum, 

Klein, & McLaughlin, 2009; Tamm et al., 2012; Willcutt et al., 2005). De rol van 

homocysteïneconcentraties bij neurocognitieve beperkingen werd nog niet onderzocht 

bij kinderen met ADHD. In hoofdstuk 3 is de hypothese dat kinderen met ADHD 
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verhoogde homocysteïneconcentraties hebben in vergelijking met kinderen zonder 

ontwikkelingsstoornis. Onderzocht wordt of homocysteïneconcentraties bij kinderen 

met ADHD (a) positief gerelateerd zijn aan ADHD-symptomen, (b) negatief gerelateerd 

zijn aan neurocognitief functioneren, wat een verdere onderbouwing zou vormen voor 

de rol van homocysteïne bij ADHD en (c) negatief gerelateerd zijn aan de inname van 

folaat en vitamine B12, wat zou duiden op een risicofactor voor ADHD op het gebied 

van voeding. Homocysteïneconcentraties in bloeddruppels werden bepaald bij 55 

kinderen met ADHD en 54 kinderen zonder ontwikkelingsstoornis, allen in de leeftijd 

van 6 tot 13 jaar. Aan de hand van ouder- en leerkrachtvragenlijsten werden ADHD-

symptomen gemeten. Neurocognitief functioneren werd bepaald aan de hand van 

verschillende computertaken. Verbaal werkgeheugen werd gemeten met behulp van de 

Cijferreekstaak, visuospatieel werkgeheugen met de Rastertaak en interferentiecontrole, 

variabiliteit in reageren en momenten van aandachtsverlies middels de Flankertaak. 

Dagelijkse inname van folaat en vitamine B12 middels voeding werd bepaald met 

behulp van voedingsdagboeken. In tegenstelling tot de hypothese werd in het huidige 

onderzoek noch een verschil in homocysteïneconcentraties tussen kinderen met 

ADHD en kinderen zonder ontwikkelingsstoornis gevonden, noch een verband tussen 

homocysteïneconcentraties en ADHD-symptomen. Verder werd geen bewijs gevonden 

voor de bijdrage van homocysteïne aan neurocognitieve deficiënties bij kinderen met 

ADHD. Ook lieten de resultaten geen significante verbanden tussen homocysteïne en de 

inname van folaat en vitamine B12 zien, of een verlaagde inname van folaat en vitamine 

B12 bij kinderen met ADHD. 

Hoofdstuk 4 heeft als belangrijk doel te onderzoeken welke neurocognitieve profielen 

kunnen worden onderscheiden bij kinderen met ADHD. Drie eerdere onderzoeken hebben 

community detection-procedures toegepast op groepen kinderen of volwassenen met 

ADHD en vonden daarbij meerdere aparte neurocognitieve profielen (Fair et al., 2012; 

Mostert et al., 2015; Van Hulst et al., 2015). De karakteristieken van de neurocognitieve 

profielen die werden gevonden verschilden echter tussen de drie onderzoeken, omdat bij 

ieder onderzoek een andere selectie van neurocognitieve maten werd gebruikt. Doordat 

er verschillende neurocognitieve constructen werden gemeten en er verschillende 

instrumenten werden gebruikt om hetzelfde neurocognitieve construct te meten, is het 

niet mogelijk om conclusies te trekken over het aantal en de aard van de neurocognitieve 

profielen die aan de basis liggen van ADHD. Een ander doel van hoofdstuk 4 is om de 

klinische waarde van neurocognitieve profielen te toetsen, door te onderzoeken in 
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hoeverre neurocognitieve profielen in de ADHD-groep gerelateerd zijn aan problemen 

die vaak bij kinderen met ADHD worden gevonden, waaronder externaliserend gedrag, 

sociale problemen en onderpresteren op school. Voor dit onderzoek werden bij 81 

kinderen met ADHD en 71 kinderen zonder ontwikkelingsstoornis neurocognitieve 

data verzameld. Bij deze kinderen werden de Cijferreekstaak, Rastertaak, Flankertaak 

en Kinderemotietaak afgenomen, om verbaal en visuospatieel geheugen, verbaal en 

visuospatieel werkgeheugen, interferentiecontrole, verwerkingssnelheid, variabiliteit 

in reageren, momenten van aandachtsverlies en emotieherkenning te meten. Een 

factoranalyse werd uitgevoerd, wat resulteerde in een passend model bestaande uit zes 

latente factoren: geheugen, interferentiecontrole, verwerkingssnelheid, variabiliteit in 

reageren, momenten van aandachtsverlies en emotieherkenning. Deze factoren werden 

gebruikt voor community detection bij zowel de ADHD-groep als de groep kinderen zonder 

ontwikkelingsstoornis. De resultaten hiervan lieten vier verschillende neurocognitieve 

subgroepen in ADHD-groep zien, die alle een uniek neurocognitief profiel hadden. 

Eén subgroep werd gekenmerkt door zwakke interferentiecontrole, één door trage 

verwerkingssnelheid, één door zwakke emotieherkenning en één door veel momenten 

van aandachtsverlies en snelle verwerkingssnelheid. Drie van deze neurocognitieve 

profielen werden ook gevonden in de groep kinderen zonder ontwikkelingsstoornis. 

Hierbij lieten de kinderen met ADHD bij alle drie de profielen over het algemeen een 

zwakkere neurocognitieve prestatie zien. Per profiel hadden de kinderen met ADHD 

een lagere score op een tot vier neurocognitieve factoren. In de controlegroep werd 

geen neurocognitieve subgroep met een profiel gekenmerkt door veel momenten van 

aandachtsverlies en snelle verwerkingssnelheid gevonden. De resultaten toonden geen 

verschillen tussen de vier neurocognitieve subgroepen in de ADHD-groep op maten van 

externaliserend, sociaal en schools functioneren.

Het belangrijkste doel van hoofdstuk 5 is meer inzicht te verkrijgen in slaapproblemen bij 

kinderen met ADHD, op basis van objectieve metingen van slaapkwaliteit en -kwantiteit. 

Een meta-analyse van onderzoeken gebaseerd op subjectieve metingen van slaapkwaliteit 

(vragenlijsten ingevuld door ouders) toont aan dat kinderen met ADHD meer weerstand 

vertonen bij het naar bed gaan, meer moeite hebben in slaap te vallen, vaker ’s nachts 

wakker worden, moeite hebben met opstaan en meer ademhalingsproblemen hebben 

tijdens het slapen in vergelijking met kinderen zonder ontwikkelingsstoornis. Een 

kanttekening bij deze resultaten is de heterogeniteit in bevindingen, waarbij sommige 

onderzoeken uit de meta-analyse geen significante bevindingen tonen (Cortese, 
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Faraone, Konofal, & Lecendreux, 2009). Recent is er een meta-analyse gepubliceerd 

die gebaseerd is op onderzoeken bij kinderen met ADHD die geen medicatie gebruiken, 

waarbij actigrafie werd gebruikt om op objectieve wijze slaapproblemen te meten. Deze 

meta-analyse laat eveneens zien dat kinderen met ADHD meer moeite hebben in slaap 

te vallen en een verminderde slaapefficiëntie hebben, maar ook hierbij is er sprake van 

heterogeniteit in bevindingen (De Crescenzo et al., 2016). Het feit dat het bewijs voor 

slaapproblemen bij kinderen met ADHD inconsistent is, kan mogelijk verklaard worden 

door verstorende invloeden van comorbide internaliserende en externaliserende 

problemen en van lage socio-economische status (SES) op de resultaten van eerder 

onderzoek. Voor het onderzoek in hoofdstuk 5 werden slaapkwaliteit en -kwantiteit 

bij 63 medicatievrije kinderen met ADHD en 61 kinderen zonder ontwikkelingsstoornis 

gemeten met behulp van actigrafie. De resultaten toonden dat medicatievrije kinderen 

met ADHD niet verschillen van kinderen zonder ontwikkelingsstoornis op het gebied 

van slaapkwaliteit of -kwantiteit. ADHD-symptomen waren niet gerelateerd aan enige 

maat van kwaliteit of kwantiteit van slaap in de ADHD-groep. Er werd geen modererende 

rol van lage SES op de relatie tussen ADHD-symptomen en slaapproblemen gevonden. 

Moderatieanalyses lieten wel interactie-effecten zien tussen ADHD-symptomen en 

internaliserend en externaliserend gedrag op tijd in bed, totale slaaptijd en gemiddelde 

duur van slaapepisodes. Deze effecten zijn niet eenvoudig te interpreteren wanneer wordt 

gekeken naar de slaappatronen van kinderen met ADHD en (sub)klinische niveaus van 

comorbide psychiatrische symptomen in vergelijking met de slaappatronen van kinderen 

met ADHD zonder dergelijke comorbiditeiten. De resultaten laten echter wel zien dat 

er een complex samenspel is van ADHD-symptomen en comorbide internaliserende en 

externaliserende problemen, wat mogelijk voor een deel de heterogeniteit in de literatuur 

op het gebied van slaapkwaliteit en -kwantiteit bij kinderen met ADHD verklaart.

Het doel van hoofdstuk 6 is het bieden van referentiewaarden voor kinderen voor de 

concentraties homocysteïne, tryptofaan, tyrosine en fenylalanine in bloeddruppels. In 

de afgelopen decennia is het gebruik van bloeddruppels om aminozuurconcentraties 

te meten toegenomen, met name bij de screening van pasgeboren baby’s (Fingerhut 

& Olgemöller, 2009; Zytkovicz et al., 2001). Het verzamelen van bloeddruppels middels 

een vingerprik is minder invasief voor kinderen dan bloedafname middels venapunctie. 

Het meten van aminozuren in bloeddruppels is voldoende robuust en stabiel voor 

diagnostische doeleinden (Chace, Sherwin, Hillman, Lorey, & Cunningham, 1998; Kand’ár 

& Žáková, 2009; Rashed et al., 1997). Een ander voordeel van de bloeddruppeltechniek is 
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dat de vingerprik ook in niet-klinische omgevingen (zoals thuis en op school) kan worden 

afgenomen, aangezien de bloeddruppel bij kamertemperatuur bewaard kan worden en 

via de reguliere post kan worden verzonden. Analyse van aminozuurconcentraties in het 

bloed van kinderen wordt regelmatig ingezet in de klinische praktijk voor diagnostische 

doeleinden en om beslissingen rondom behandeling te nemen (Lepage et al., 2006). 

Adequate referentiewaarden zijn vereist om te bepalen wanneer aminozuurconcentraties 

afwijkend zijn en zijn daarmee essentieel voor besluitvorming in de klinische praktijk. Er 

zijn publicaties van referentiewaarden voor aminozuurconcentraties in bloeddruppels 

bij baby’s beschikbaar (Rashed et al., 1997; Zytkovicz et al., 2001). Er zijn echter geen 

publicaties van referentiewaarden voor aminozuurconcentraties in bloeddruppels 

bij schoolgaande kinderen bekend. In het onderzoek van hoofdstuk 6 zijn daarom 

bloeddruppels verzameld bij een steekproef van 104 kinderen in de leeftijd van 6 tot 

12 jaar (52 procent jongens). Concentraties homocysteïne, tryptofaan, tyrosine en 

fenylalanine in bloeddruppels werden bepaald op basis van positive electrospray liquid 

chromatography–tandem mass spectrometry. Onderzocht werd of er invloeden waren 

van leeftijd en geslacht op de aminozuurconcentraties, om rekening te houden met 

effecten van leeftijd (Held, White, & Pasquali, 2011; Lepage, McDonald, Dallaire, & 

Lambert, 1997; Van Beynum et al., 2005; Venta, Prieto, & Alvarez, 2002) en geslacht 

(Jung & Adeli, 2009) op het aminozuurmetabolisme bij kinderen. De resultaten toonden 

geen effecten van leeftijd of geslacht op aminozuurconcentraties. Hierdoor was het 

mogelijk om referentiewaarden voor concentraties homocysteïne, tryptofaan, tyrosine 

en fenylalanine in bloeddruppels te bepalen voor de hele groep kinderen in de leeftijd 

van 6 tot 12 jaar. Referentiewaarden werden vastgesteld gebaseerd op het 5e en het 

95e percentiel, wat gebruikelijk is in een steekproef van de populatie (Refsum et al., 

2004). Daarnaast werden referentiewaarden gebaseerd op het 10e en het 90e percentiel 

getoond, wat stabielere maten zijn in een normatieve steekproef met een bescheiden 

omvang (Lepage et al., 1997).

Tot slot is het doel van hoofdstuk 7 om ontwikkelingseffecten bij basisschoolkinderen 

in gezichtsemotieherkenning te onderzoeken. De resultaten van eerder onderzoek op 

dit gebied zijn inconsistent voor wat betreft de mate waarin er ontwikkeling optreedt 

gedurende de jeugd (Herba & Phillips, 2004). Een mogelijke verklaring voor verschillen 

tussen onderzoeken naar de ontwikkeling van gezichtsemotieherkenning is dat deze 

ontwikkeling verschilt per emotie (Mancini, Agnoli, Baldaro, Ricci Bitti, & Surcinelli, 2013; 

Rodger, Vizioli, Ouyang, & Caldara, 2015). Verder kunnen geslacht en IQ een rol spelen bij 
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de ontwikkeling van emotieherkenning, gezien de evidentie voor een kleine voorsprong 

van meisjes in gezichtsemotieherkenning ten opzichte van jongens (McClure, 2000) en 

voor een effect van IQ op emotieherkenning (Buitelaar, Van der Wees, Swaab-Barneveld, 

& Van der Gaag, 1999). De inconsistente resultaten tussen onderzoeken kunnen verder 

mogelijk verklaard worden door het gebruik van verschillende onderzoeksmethoden. 

Terwijl sommige paradigmata statische foto’s met een hoge uitdrukkingsintensiteit 

gebruiken (e.g., Lawrence, Campbell, & Skuse, 2015; Mancini et al., 2013), worden in 

andere paradigmata foto’s variërend van een zeer lage uitdrukkingsintensiteit tot een 

zeer hoge uitdrukkingsintensiteit gebruikt (e.g., Herba, Landau, Russell, Ecker, & Phillips, 

2006; Thomas, De Bellis, Graham, & LaBar, 2007). Inconsistenties in de literatuur over de 

ontwikkeling van gezichtsemotieherkenning zijn mogelijk ook ontstaan door verschillen in 

het gebruik van foto’s van ofwel kinderen ofwel volwassenen. Bij de meeste onderzoeken 

naar emotieherkenning bij kinderen werden foto’s van volwassenen gebruikt, gebaseerd 

op de gevalideerde fotoset Ekman-Friesen Pictures of Facial Affect (e.g., Herba et al., 

2006; Lawrence et al., 2015). Kinderen zijn mogelijk beter in het herkennen van emoties 

in kindergezichten dan in het herkennen van emoties in gezichten van volwassenen, 

vanwege de zogenaamde eigen-leeftijd-bias (Hills & Lewis, 2011; Proietti, Macchi 

Cassia, & Mondloch, 2015). Bij kinderen is met name de vaardigheid in het herkennen 

van emoties in het gezicht van leeftijdsgenoten belangrijk voor de sociale interactie 

met andere kinderen (Nowicki & Mitchell, 1998). Het doel van hoofdstuk 7 is het 

onderzoeken van effecten van uitdrukkingsintensiteit, emotieconditie, leeftijd, geslacht 

en IQ op gezichtsemotieherkenning bij basisschoolkinderen. Voor dit onderzoek is de 

Morphed Facial Emotion Recognition Task (MFERT) ontwikkeld, die bestaat uit foto’s 

van kindergezichten die vier verschillende basisemoties tonen (boosheid, angst, blijheid 

en verdriet). Foto’s met een zeer hoge uitdrukkingsintensiteit (100 procent) werden 

gemengd met een foto met een neutrale uitdrukking (0 procent). Door het mengen van 

foto’s ontstonden in totaal 240 stimuli die varieerden in emotionele intensiteit (10 tot 

100 procent). De MFERT werd afgenomen in een steekproef van 75 basisschoolkinderen 

in de leeftijd van 6 tot 12 jaar (45 procent jongens). In alle emotionele condities werd een 

positief lineair effect gevonden van uitdrukkingsintensiteit op accuratesse. Accuratesse 

was hoger voor blije dan voor boze en bange uitdrukkingen. Herkenning van verdrietige 

uitdrukkingen was het zwakst. De resultaten toonden dat leeftijd positief gerelateerd was 

aan emotieherkenning op sommige (middel)hoge intensiteitsniveaus. Meisjes hadden 

een hogere accuratesse dan jongens bij gemiddelde intensiteitsniveaus, maar niet bij lage 

en hoge intensiteitsniveaus. IQ bleek niet gerelateerd aan gezichtsemotieherkenning.
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Algemene discussie
Dit proefschrift heeft een aantal belangrijke inzichten in ADHD bij kinderen opgeleverd. 

Het voornaamste inzicht is dat de resultaten die in hoofdstuk 2 en 3 beschreven 

worden erop wijzen dat afwijkende concentraties tryptofaan, tyrosine, fenylalanine en 

homocysteïne niet betrokken zijn bij de etiologie van ADHD. Dit onderzoek kan daardoor 

geen ondersteuning leveren voor de gedachte dat deze aminozuren biomarkers zijn voor 

ADHD of voor mogelijk nieuwe etiologische paden naar ADHD. Zoals in hoofdstuk 1 nader 

is uiteengezet, is ADHD een klinisch heterogene stoornis. Het is daarom onwaarschijnlijk 

dat er een enkele etiologische verklaring zou worden gevonden voor de gehele ADHD-

populatie. Het is echter niet uitgesloten dat afwijkingen in aminozuurconcentraties 

bij een deel van de kinderen met ADHD een rol spelen, in sommige meer homogene 

subgroepen van de ADHD-populatie. Het zou bijvoorbeeld kunnen dat alleen bij kinderen 

met ADHD die ernstige problemen hebben met executief functioneren afwijkende 

concentraties tyrosine en fenylalanine aanwezig zijn. Afwijkende concentraties van deze 

aminozuren hebben een negatieve invloed op de beschikbaarheid van dopamine. Een 

afwijkend functioneren van dopamine in de prefrontale cortex en het striatum lijkt het 

executief functioneren, waaronder volgehouden aandacht en interferentiecontrole, 

te beperken bij ADHD (Del Campo, Chamberlain, Sahakian, & Robbins, 2011; Oades, 

2008). Deze hypothese wordt verder ondersteund door een meta-analyse die een 

verband laat zien tussen afwijkende fenylalanineconcentraties (die zorgen voor een 

tyrosinedeficiëntie) en beperkingen in het executief functioneren (Albrecht, Garbade, 

& Burgard, 2009). Dezelfde wijze van redenering volgend, kan men veronderstellen dat 

alleen kinderen met ADHD en een comorbide autismespectrumstoornis (ASS) verhoogde 

homocysteïneconcentraties hebben, vanwege het bewijs voor een verhoogd risico op 

zeer hoge homocysteïneconcentraties bij kinderen met ASS (Paşca et al., 2006; Puig-

Alcaraz, Fuentes-Albero, Calderón, Garrote, & Cauli, 2015). Dit impliceert dat afwijkende 

aminozuurconcentraties niet aan ADHD zelf gerelateerd zijn, maar aan problemen die 

vaak tegelijkertijd met ADHD voorkomen. Deze resultaten benadrukken de complexiteit 

van het zoeken naar separate etiologische risicofactoren voor een stoornis die gekenmerkt 

wordt door een grote heterogeniteit. Onderzoek naar etiologische risicofactoren voor 

ADHD vereist daarom grote steekproeven, zodat er binnen de groep kinderen met ADHD 

analyses naar meer homogene subgroepen mogelijk zijn. 
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Er is een groeiende interesse naar biomarkers in de kinderpsychiatrie, met als doelen dat 

(a) de diagnostiek van psychiatrische stoornissen gebaseerd kan worden op biologische 

factoren en (b) er meer inzicht ontstaat in biologische factoren die invloed hebben op 

behandeluitkomsten. Een van de redenen waarom dergelijk onderzoek populair is, is 

de kritiek op huidige diagnostische procedures voor ADHD. Op dit moment wordt de 

diagnostiek van ADHD gebaseerd op voornamelijk subjectieve instrumenten (zoals 

vragenlijsten, interviews en observaties) die onvoldoende betrouwbaar en valide zijn 

(Faraone, Bonvicini, & Scassellati, 2014). Biomarkers worden gezien als meer objectieve 

instrumenten. Verder zouden biomarkers kunnen bijdragen aan preventie van 

ernstige gedragsproblemen, wanneer op basis van deze biomarkers kinderen met een 

verhoogd risico op het ontwikkelen van psychiatrische stoornissen vroegtijdig worden 

geïdentificeerd (Singh & Rose, 2009). Het analyseren van aminozuurconcentraties in 

bloeddruppels van kinderen zou een relatief goedkope en weinig invasieve aanvulling zijn 

op de huidige diagnostische procedures, in tegenstelling tot het meten van biomarkers 

middels beeldvormende technieken (zoals MRI) en elektro-encefalografie (EEG). Tot op 

heden zijn er echter geen biomarkers voor ADHD gevonden die bruikbaar zijn voor de 

klinische praktijk, vanwege de beperkte sensitiviteit en specificiteit (Scassellati et al., 

2012). Deze resultaten laten hetzelfde zien voor tryptofaan, tyrosine, fenylalanine en 

homocysteïne, wat suggereert dat deze aminozuren geen veelbelovende kandidaten 

voor nieuwe biomarkers voor ADHD zijn. 

De bevinding dat de concentraties tryptofaan, tyrosine, fenylalanine en homocysteïne 

in bloeddruppels niet afwijkend zijn bij kinderen met ADHD, pleit tegen bepaalde 

voedingsinterventies voor ADHD. In eerder onderzoek werden de effecten van 

aromatische aminozuursupplementen op volwassenen met ADHD onderzocht, met 

wisselende resultaten (Nemzer, Arnold, Votolato, & McConnell, 1986; Reimherr, Wender, 

Wood, & Ward, 1987; Wood, Reimherr, & Wender, 1985; Zametkin, Karoum, Rapoport, 

Brown, & Wyatt, 1984). Nu er geen sprake lijkt van aromatische aminozuurdeficiënties 

bij ADHD, verklaart dit mogelijk waarom de resultaten van aminozuursupplementen 

op ADHD-symptomen wisselend zijn (Hurt et al., 2011). Evenzo pleiten deze resultaten 

niet voor een behandeling van kinderen met ADHD op basis van folaat (Ghanizadeh, 

Sayyari, & Mohammadi, 2013) of vitamine B12 (Ghanizadeh et al., 2013; Patel & 

Curtis, 2007), aangezien ADHD bij kinderen niet gerelateerd lijkt aan verhoogde 

homocysteïneconcentraties of aan verlaagde inname van folaat en vitamine B12. 

Deze implicatie is in lijn met de groeiende overtuiging dat interventies voor ADHD met 
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voedingssupplementen mogelijk slechts effectief zijn voor individuen met tekorten aan 

voedingsstoffen (Hurt et al., 2011).

Een ander inzicht dat dit proefschrift biedt is dat problemen die vaak tegelijkertijd met 

ADHD voorkomen mogelijk niet aan ADHD zelf gerelateerd zijn, gebaseerd op de bevinding 

dat er geen slaapproblemen zijn bij medicatievrije kinderen met ADHD (hoofdstuk 5). 

Problemen die bij kinderen met ADHD voorkomen zijn mogelijk epifenomenen, ofwel 

nevenverschijnselen, die veroorzaakt worden door andere factoren die kenmerkend 

zijn voor ADHD, waaronder comorbide psychiatrische stoornissen en het gebruik van 

stimulantia. In dit proefschrift wordt de hypothese gesteld dat stimulantia een mediërende 

rol spelen bij slaapproblemen bij kinderen met ADHD, omdat eerder onderzoek liet zien 

dat methylfenidaat een (direct) negatief effect heeft op slaapkwaliteit (Corkum, Panton, 

Ironside, MacPherson, & Williams, 2008; Schwartz et al., 2004). Voor deelname aan het 

huidige onderzoek was het daarom nodig dat kinderen met ADHD medicatievrij waren 

gedurende de meting van slaap. Deze aanpak heeft er mogelijk aan bijgedragen dat er in 

het huidige onderzoek geen slaapproblemen werden gevonden bij kinderen met ADHD. 

De resultaten impliceren dat het gebruik van methylfenidaat tijdens metingen van slaap 

in eerder onderzoek een verstorende werking kan hebben gehad, waardoor mogelijk 

ten onrechte werd geconcludeerd dat slaapproblemen aan ADHD gerelateerd zijn (Yoon, 

Jain, & Shapiro, 2012). Verder werden in het huidige onderzoek interacties gevonden 

tussen ADHD-symptomen enerzijds en internaliserende en externaliserende problemen 

anderzijds in relatie tot slaapproblemen. Dit impliceert dat comorbide psychiatrische 

stoornissen mogelijk de relatie tussen ADHD en slaapproblemen beïnvloeden. 

Vermoedelijk geldt hetzelfde voor de relatie tussen ADHD enerzijds en sociale problemen 

en onderpresteren op school anderzijds. Mogelijk zijn er factoren die kenmerkend 

zijn voor ADHD (waaronder comorbide psychiatrische stoornissen) die het risico op 

sociale problemen en onderpresteren op school bij kinderen met ADHD verhogen. 

Het zou kunnen dat sociale problemen bij ADHD worden gemedieerd of gemodereerd 

door comorbide ASS (Van der Meer et al., 2012) of door comorbide externaliserend 

gedrag (Becker, Luebbe, & Langberg, 2012). Onderpresteren op school wordt mogelijk 

gemedieerd of gemodereerd door een lage SES (Sjöwall, Bohlin, Rydell, & Thorell, 2015). 

De resultaten uit hoofdstuk 4 laten zien dat neurocognitieve profielen geen mediërende 

of modererende rol lijken te spelen in de relaties tussen ADHD en sociale problemen en 

tussen ADHD en onderpresteren op school. Dit benadrukt dat er meer onderzoek nodig 

is naar andere factoren dan neurocognitieve deficiënties die de relatie tussen ADHD 
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en sociaal en schools functioneren verklaren. Toekomstig onderzoek kan bijvoorbeeld 

gericht worden op omgevingsfactoren, zoals familie- en ouderfactoren (Becker et al., 

2012), waardoor mogelijk ontdekt wordt welke factoren het risico op sociale problemen 

en onderpresteren op school bij kinderen met ADHD verhogen. Op deze manier kan 

er tijdig gesignaleerd worden welke kinderen met ADHD een verhoogd risico lopen op 

(meerdere) andere problemen die belemmerend zijn in het dagelijks leven. 

De resultaten uit dit proefschrift benadrukken verder opnieuw de heterogeniteit 

van ADHD. De resultaten uit hoofdstuk 4 laten bijvoorbeeld zien dat er meerdere 

neurcognitieve subgroepen in de ADHD-populatie te onderscheiden zijn, waarbij elke 

subgroep een ander profiel van neurocognitieve sterktes en zwaktes laat zien. Verder werd 

in hoofdstuk 4 en 5 grote variantie binnen de ADHD-groep gevonden op uiteenlopende 

domeinen, waaronder op het gebied van ADHD-symptomen, externaliserend gedrag, 

internaliserend gedrag, ASS-symptomen, slaapproblemen, schools functioneren en 

sociaal functioneren. Deze variantie benadrukt de grote individuele verschillen tussen 

kinderen met ADHD. Waar sommige kinderen uit de ADHD-groep slechts op een domein 

problemen ondervonden, hadden andere kinderen met ADHD te maken met een scala 

aan problemen in verschillende domeinen. De grote heterogeniteit binnen ADHD 

nodigt uit om bij het behandelen van kinderen met ADHD voor maatwerk te kiezen. 

Klinische richtlijnen stellen echter een standaard benadering voor de behandeling van 

kinderen met ADHD voor (e.g., American Academy of Pediatrics, 2011). Behandeling 

met stimulantia is bijvoorbeeld de behandeling van eerste keuze bij kinderen met 

ernstige ADHD-symptomen. Er is echter een grote groep kinderen met ADHD bij wie 

behandeling met methylfenidaat niet effectief is (10 procent), of bij wie dergelijke 

medicamenteuze behandeling niet effectiever dan placebo is (een aanvullende groep 

van 13 procent) (Greenhill et al., 2001; Vitiello et al., 2001). Bovendien is er bewijs 

voor idiosyncratische dosis-responscurves voor methylfenidaat (Greenhill et al., 2001), 

waarbij voor elk individu de dosis-responscurve andere vormen aan kan nemen; 

een hogere dosis leidt niet bij alle kinderen tot een grotere reductie in symptomen 

(Konrad, Günther, Heinzel-Gutenbrunner, & Herpertz-Dahlmann, 2005). De effecten 

van methylfenidaat kunnen ook verschillen tussen uitkomstdomeinen. Een bepaalde 

dosering is dan bijvoorbeeld het effectiefst voor het beperken van impulsiviteit, terwijl 

een andere dosering het effectiefst is voor het beperken van concentratieproblemen 

(Konrad et al., 2005). Kortom, medicamenteuze behandeling van kinderen met ADHD 

zou daarom op het individu moeten worden afgestemd en de effectiviteit zou per kind 
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moeten worden gemeten. Het is bijvoorbeeld aan te raden om gebruik te maken van 

dubbelblinde placebogecontroleerde titratie wanneer behandeling met stimulantia 

wordt voorgeschreven voor kinderen met ADHD (MTA Cooperative Group, 1999). Deze 

vorm van titratie maakt het mogelijk om te ontdekken bij welke kinderen methylfenidaat 

niet werkt of niet beter werkt dan placebo. Het maakt het tevens mogelijk om op 

objectieve wijze de optimale dosering per kind te bepalen. 

Voor andere behandelmethodes voor ADHD is maatwerk eveneens geboden, waarbij 

het raadzaam is om verder te onderzoeken welke kinderen met ADHD het meest 

gebaat zijn bij een bepaalde interventie. Onderzoek heeft bijvoorbeeld aangetoond dat 

comorbide angstproblemen bij kinderen met ADHD de behandeluitkomst beïnvloeden, 

waarbij kinderen met angststoornissen relatief beter reageerden op gedragstherapie 

dan kinderen zonder angststoornis (MTA Cooperative Group, 1999). Behandelaren 

zouden daarom een andere benadering kunnen kiezen voor kinderen met ADHD en 

angstproblematiek dan voor kinderen met ADHD zonder angststoornis (Hinshaw, 

2007). Maatwerk op het gebied van behandeling van kinderen met ADHD kan de 

behandeluitkomsten verbeteren. Op dit moment is er echter te weinig wetenschappelijk 

bewijs aanwezig om klinische richtlijnen voor de behandeling van ADHD te specificeren 

op basis van individuele kenmerken van kinderen. Er is daarom meer onderzoek 

nodig om te bepalen welke factoren een mediërend of modererend effect hebben op 

behandeluitkomsten bij kinderen met ADHD, wat nodig is om meer zicht te krijgen op 

wanneer maatwerk wenselijk is.

De heterogeniteit in ADHD roept er daarnaast toe op om de diagnostische procedures bij 

kinderen uit te breiden. Het is raadzaam om tijdens de diagnostiek een brede screening 

van bijkomende problemen te verrichten wanneer er een vermoeden is van ADHD bij 

kinderen. Het gebruik van screeningsinstrumenten waarmee meerdere psychiatrische 

stoornissen en beperkingen in het dagelijks leven worden uitgevraagd, kan ertoe leiden 

dat eerder wordt gesignaleerd of een kind met ADHD een verhoogd risico heeft op het 

ontwikkelen van ernstige problemen.



APPENDIX NEDERLANDSE SAMENVATTING

S

191

Onderzoeksagenda
De resultaten van dit proefschrift zijn voornamelijk nulbevindingen en sluiten daarmee 

sommige onderzoeksrichtingen op het gebied van de etiologie van ADHD en de 

behandeling van ADHD-symptomen uit. Tegelijkertijd roepen de resultaten nieuwe 

onderzoeksvragen op en wijzen ze op het belang van verder onderzoek.

In hoofdstuk 2 en 3 wordt getoetst of aminozuurafwijkingen gerelateerd zijn aan ADHD 

bij kinderen. Een van de mogelijke oorzaken van afwijkende aminozuurconcentraties 

in het bloed kan een verlaagde inname van eiwit, folaat of vitamine B12 zijn. Het feit 

dat de ADHD-groep geen afwijkende aminozuurconcentraties heeft, kan daarom deels 

verklaard worden doordat er geen voedingstekorten zijn in de ADHD-groep. Dit roept de 

vraag op of afwijkende aminozuurconcentraties wel zouden voorkomen bij ondervoede 

kinderen met ADHD. Verlaagde inname van eiwit, folaat en vitamine B12 is aannemelijker 

bij kinderen met een lage SES. Het is daarom aan te raden om verder onderzoek te doen 

naar het effect van voedingstekorten op ADHD voor kinderen met een lage SES (Liu & 

Raine, 2006). Aangezien de huidige steekproef slechts een kleine subgroep kinderen 

met een lage SES bevatte (n=14), was het statistisch gezien niet verantwoord om de 

effecten van een lage SES op voeding en op aminozuurconcentraties te onderzoeken. 

Vermoedelijk zijn in een steekproef van kinderen met ADHD en een lage SES de effecten 

van voedingstekorten op ADHD groter dan de effecten die reeds gevonden zijn voor 

sommige voedingsstoffen zoals zink (Toren et al., 1996), folaat (Durá-Travé & Gallinas-

Victoriano, 2014), ijzer (Konofal et al., 2004) en omega-6-vetzuren (Ng et al., 2009). 

Wanneer er specifieke tekorten aan voedingsstoffen worden gevonden bij kinderen met 

ADHD en een lage SES, biedt dit aanleiding om de effecten van voedingsinterventies bij 

deze kinderen te onderzoeken. Mogelijk is behandeling met voedingssupplementen op 

basis van multivitaminen, mineralen of vetzuren effectiever voor kinderen met ADHD die 

tekorten aan voedingsstoffen hebben (Hurt et al., 2011).

Een andere richting voor nieuw onderzoek is de focus op effecten van prenatale 

voedingstekorten, omdat voedingstekorten naar verwachting een sterker nadelig 

effect hebben in een vroeg stadium van de prenatale ontwikkeling. In een recent 

onderzoek werden bijvoorbeeld de negatieve effecten getoond van lage prenatale 

folaatconcentraties op hersenvolume, taal, leren/geheugen en visuospatiële verwerking 

bij kinderen zes tot acht jaar later (Ars et al., 2016). Een dergelijke onderzoekslijn kan 
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ook meer inzicht bieden in de relatie tussen lage SES en ADHD. Veel onderzoeken 

hebben aangetoond dat lage SES een risicofactor is voor ADHD (Willcutt, 2012). Het 

is echter onduidelijk welke factoren die gerelateerd zijn aan een lage positie op de 

maatschappelijke ladder bijdragen aan de ontwikkeling van ADHD. Er wordt gesuggereerd 

dat een lage SES samenhangt met beperkte prenatale voeding en een verhoogde pre- 

en postnatale blootstelling aan giftige stoffen, wat een negatief effect kan hebben op 

de hersenontwikkeling van kinderen (Nigg & Craver, 2014). Het is daarom aan te raden 

om een longitudinaal onderzoek te verrichten naar de effecten van voedingstekorten 

bij zwangere vrouwen, in samenhang met lage SES, op het latere gedragsmatige 

functioneren van kinderen.

Voor toekomstig onderzoek naar voedingsinterventies voor ADHD is het raadzaam 

om uit te gaan van een degelijke onderbouwing voor de desbetreffende interventie, 

waarbij een gedegen theoretisch kader wordt gehanteerd ten aanzien van de 

werkingsmechanismen die ten grondslag liggen aan de veronderstelde effecten van de 

interventie. Een dergelijke theorie ten aanzien van het werkingsmechanisme is cruciaal 

om te begrijpen waarom een interventie een positieve werking heeft en voor wie de 

behandeling het meest passend is. Bij voedingsinterventies voor ADHD kunnen zulke 

theorieën worden gebaseerd op voedingstekorten bij kinderen met ADHD, wanneer 

de interventie bestaat uit voedingssupplementen. Theorieën kunnen ook gebaseerd 

zijn op allergische reacties van kinderen met ADHD op bepaalde voedingstoffen 

die voorkomen in natuurlijke producten (zoals eieren of noten) of op kunstmatige 

voedingsstoffen (waaronder voedingskleurstoffen), wanneer de interventie bestaat uit 

een dieet. Het oorspronkelijke plan voor dit proefschrift was om de focus te leggen op de 

behandeleffecten van nicotinamide (deel van vitamine B3) voor kinderen met ADHD die 

een tryptofaandeficiëntie hebben. De belangrijkste assumpties voor een gerandomiseerd 

onderzoek met nicotinamidesupplementen zijn dat (a) een significante subgroep kinderen 

met ADHD verlaagde tryptofaanconcentraties heeft en (b) nicotinamidesupplementen 

een positief effect hebben op de opname en het transport van tryptofaan, wat kan 

resulteren in een verhoging van tryptofaanconcentraties in het bloed. Gedurende 

de voorbereiding van het onderzoeksprotocol werd duidelijk dat er onvoldoende 

theoretische onderbouwing was voor zowel een tryptofaandeficiëntie bij kinderen met 

ADHD, als voor het effect van nicotinamidesupplementen op de opname en het transport 

van tryptofaan. Aangezien er in de bestaande literatuur inconsistent bewijs is voor 

een tryptofaandeficiëntie bij kinderen met ADHD, werd besloten om in een zorgvuldig 
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opgezet onderzoek de assumptie van afwijkingen in tryptofaanconcentraties in het bloed 

van kinderen met ADHD te toetsen. Toen de resultaten aantoonden dat hier geen sprake 

van was (zie hoofdstuk 2), werd er geen verder onderzoek verricht naar de effectiviteit 

van nicotinamidesupplementen. Dit proefschrift illustreert hiermee dat het waardevol 

is om de assumpties die onderliggend zijn aan een innovatief interventieonderzoek te 

toetsen, voordat er een groot gerandomiseerd onderzoek plaatsvindt. Ook voor huidige 

voedingsinterventies voor ADHD, waaronder eliminatiediëten, zou het interessant zijn 

om de assumpties die onderliggend zijn aan de werkingsmechanismen te toetsen. 

Het is bijvoorbeeld niet waarschijnlijk dat allergische reacties een verklaring vormen 

voor de effectiviteit van eliminatiediëten (Pelsser, 2011), wat de vraag oproept welke 

factoren de effectiviteit wel kunnen verklaren. Zonder een gedegen theoretisch kader 

worden alternatieve verklaringen voor positieve effecten meer plausibel, waaronder 

een gekleurde perceptie van ouders (Sonuga-Barke et al., 2013). Het is aannemelijk dat 

ouders de effecten van een interventie overschatten wanneer zij deelnemen aan een 

interventie die een grote investering van deelnemers en hun ouders vraagt.

Een laatste suggestie voor vervolgonderzoek is om de predictieve validiteit van 

neurocognitieve deficiënties te toetsen. Hoewel de resultaten uit hoofdstuk 4 

laten zien dat kinderen met ADHD over het algemeen een zwakker neurocognitief 

functioneren vertonen dan kinderen zonder ontwikkelingsstoornis, lijkt het er niet op 

dat deze deficiënties een mediërende rol spelen in de relatie tussen ADHD en huidige 

problematiek op het gebied van externaliserend gedrag, schools presteren en sociaal 

functioneren. Daarnaast biedt neurocognitief functioneren slechts in beperkte mate 

predictieve validiteit voor persistentie van ADHD (Van Lieshout, Luman, Buitelaar, 

Rommelse, & Oosterlaan, 2013) en is er geen bewijs voor de predictieve validiteit van 

neurocognitief functioneren voor het ontstaan van rookverslaving of middelenmisbruik 

later in het leven van individuen met ADHD (Groenman et al., 2015). Het is daarom de 

vraag of het zinvol is om in de klinische praktijk neurocognitieve testen af te nemen, 

wat veel tijd in beslag kan nemen. Er wordt gesteld dat kinderen met ADHD over 

hun neurocognitieve beperkingen heen groeien, omdat problemen in het executief 

functioneren die bij hen werden gevonden, later niet meer zichtbaar waren toen 

diezelfde kinderen adolescenten waren (Thissen et al., 2014). Het is mogelijk dat er een 

subgroep kinderen met ADHD is die de neurcognitieve deficiënties die zij gedurende de 

kindertijd hebben ervaren ook later in het leven blijven ervaren. In een recent onderzoek 

werd getoond dat ook bij volwassenen verschillende neurocognitieve profielen 
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kunnen worden onderscheiden, waarbij de personen met ADHD per profiel slechter 

presteren op sommige neurocognitieve maten dan personen zonder ADHD (Mostert 

et al., 2015). Helaas werd in het desbetreffende onderzoek niet bekeken in hoeverre 

de verschillende neurocognitieve profielen bij volwassenen met ADHD gerelateerd 

waren aan beperkingen in het dagelijks leven. Het is aan te raden om de predictieve 

validiteit van neurocognitieve profielen verder te onderzoeken met een longitudinaal 

onderzoek. Indien blijkt dat bepaalde neurocognitieve profielen het risico op toekomstig 

onderpresteren op school verhogen, kan dit meer inzicht bieden in welke specifieke 

neurocognitieve zwaktes aangepakt zouden kunnen worden bij cognitieve interventies 

en welke kinderen het meeste baat hebben bij dergelijke interventies. Tot op heden 

lijken interventies gericht op cognitieve functies niet te resulteren in effecten op schools 

functioneren bij kinderen met ADHD (Rapport, Orban, Kofler, & Friedman, 2013). Het 

is mogelijk dat wanneer de cognitieve interventies gericht zijn op de neurocognitieve 

domeinen waarin sommige subgroepen van kinderen met ADHD het zwakst presteren, 

de effecten op het neurocognitief functioneren groter zijn en dat de effecten ook 

zichtbaar worden in het schools presteren. Op die manier zou de predictieve validiteit 

van neurocognitieve profielen de rol van neurocognitieve testen bij de diagnostiek van 

kinderen met ADHD rechtvaardigen.
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Dankwoord
Terwijl ik mijn proefschrift aan het afronden ben, kijk ik met een schuin oog naar de 

uitzendingen van de Olympische Spelen in Rio de Janeiro. Tijdens de wegwedstrijd voor 

de vrouwen verlies ik alle aandacht voor mijn proefschrift. Vol spanning kijk ik naar de 

aanvallen van mijn wielerheldinnen Anna van der Breggen, Ellen van Dijk, Annemiek 

van Vleuten en Marianne Vos. Ze werken uitstekend samen als Nederlands team, en 

lange tijd lijkt Annemiek van Vleuten naar het goud te rijden, totdat zij noodlottig ten 

val komt. Anna van der Breggen wint de wedstrijd uiteindelijk, na een bloedstollende 

achtervolging en eindsprint. Anna van der Breggen krijgt als enige een gouden medaille, 

maar benadrukt dat de medaille een teamprestatie is van de vier Nederlandse 

wielrensters. Hoewel ik besef dat olympisch goud in geen verhouding staat tot het 

afronden van een proefschrift, zie ik toch een aantal parallellen. Naar beide prestaties is 

vier jaar toegewerkt, en voor beide prestaties geldt dat niet altijd duidelijk is wie hier aan 

hebben bijgedragen. Mijn naam staat als enige op de omslag van dit proefschrift, maar ik 

weet dat dit werk niet mogelijk was geweest zonder de bijdrage van vele anderen. Graag 

maak ik hier van de gelegenheid gebruik om mijn dank uit te spreken aan degenen die 

hebben bijgedragen aan dit proefschrift.

Wanneer je wielerwedstrijden bekijkt, zie je vooral de renners in beeld, maar achter de 

schermen is een heel leger aan vrijwilligers bezig om de wedstrijd mogelijk te maken. 

Van het bewaken van een kruispunt, het bemannen van de inschrijftafel tot het afzetten 

van het parcours met dranghekken. Voor het onderzoek dat ik in de afgelopen jaren heb 

uitgevoerd, ben ik een heel speciale groep vrijwilligers dankbaar. In totaal waren ruim 

250 kinderen bereid om mee te werken aan één van de twee studies die in dit proefschrift 

beschreven zijn. Dapper ondergingen de kinderen de vingerprik, deden ze hun best 

op de neurocognitieve taken en verzamelden ze hun urine in een fles. Hun inzet was 

fantastisch! Ook de ouders en leerkrachten van deze kinderen zetten zich vol overgave in, 

door onder andere vragenlijsten in te vullen en de tijd te nemen voor een interview. De 

betrokkenheid van deze ouders en leerkrachten bij dit onderzoek was indrukwekkend. 

Daarnaast waren de vele studenten die hielpen bij de dataverzameling onmisbaar. Ze 

waren vaak al voor dag en dauw onderweg om op tijd op de scholen te zijn. Ik ben de 

studenten dankbaar voor hun enthousiasme, betrokkenheid en doorzettingsvermogen. 

Door de tomeloze inzet van mijn leger aan vrijwilligers was het mogelijk om veel data te 

verzamelen en hier een proefschrift over te schrijven. Mijn dank aan jullie allen is groot!
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Elke professionele wielrenster kan zich beroepen op de steun, training en coaching van 

een ploegleider. Ik mocht rekenen op de begeleiding van drie ploegleiders: dr. Marjolein 

Luman, prof.dr. Jaap Oosterlaan en prof.dr. Henk Blom. Ik dank jullie hartelijk voor de 

adviezen en steun die ik van jullie kreeg. De koers bleek grillig te verlopen, waardoor 

het regelmatig nodig was om onze strategie aan te passen. Vanuit de volgauto volgden 

jullie de koers en gaven jullie suggesties en aanmoedigingen aan mij door. Jullie 

adviezen hielpen mij om obstakels te overwinnen en in gestrekt tempo door te gaan. 

Een zeer gedenkwaardig advies was om eens te proberen of wielrennen iets voor mij 

was. Inmiddels ruim 10.000 kilometer verder kan ik bevestigen dat dit een uitstekende 

suggestie was.

Geen professionele wielerwedstrijd zonder een beoordeling van urine en bloed (helaas). 

In mijn onderzoek maakte ik dankbaar gebruik van de expertise van Eddy van Wuyckhuyse 

van Ansynth Service B.V. voor de analyse van de urinemonsters van de deelnemers. 

Voor de analyse van de bloedmonsters waren Ulbe Holwerda en Rob Kok van het VUmc 

mijn steun en toeverlaat. Willy Gilbert-Peek, voorzitter van de Diëtisten Coöperatie 

Nederland, was degene die voor bijna 200 kinderen berekende hoeveel voedingsstoffen 

zij binnen kregen via voeding. Ik dank jullie voor de prettige samenwerking, waarin jullie 

altijd snel, kundig en vriendelijk waren.

Dankbaar ben ik ook voor de sponsors die mijn tocht van de afgelopen jaren mogelijk 

maakten. Groot op mijn shirt prijkt het logo van Stichting Achmea Gezondheidszorg. Ik 

dank het bestuur van deze stichting voor het vertrouwen in een innovatief onderzoek 

naar behandeling van ADHD op basis van voedingssupplementen, door middel van 

het beschikbaar stellen van een grote subsidie. Toen bleek dat een vooronderzoek 

noodzakelijk was, zag u de waarde hiervan in en was u bereid om ook dat deel te 

financieren. Een ander logo op mijn shirt is dat van de Arnold Oosterbaanstichting, die 

het mogelijk maakte om mijn proefschrift af te ronden.

Anderen die een belangrijke rol spelen bij een wielerwedstrijd zijn de leden van de 

jury. Voor de beoordeling van dit proefschrift kon ik rekenen op een deskundige 

promotiecommissie. Prof.dr. R.M. van Elburg, dr. K.B. van der Heijden, prof.dr. J. Jolles, 

prof.dr. R. de Jonge, prof.dr. E.J.A. Scherder en dr. A.P.J. Scheres dank ik allen hartelijk 

voor de wetenschappelijke toetsing van mijn proefschrift. Ik zie ernaar uit om uw visie op 

dit werk te horen en met u van gedachten te wisselen tijdens mijn verdediging.
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Als wielrenner rijd je nooit alleen in een koers en ben je omringd door een peloton van 

andere renners die hetzelfde doel hebben. Op de afdeling Klinische Neuropsychologie 

wist ik mij omringd door een fantastisch peloton van medepromovendi. Samen met hen 

heb ik veel mooie momenten beleefd; van trainingskampen zoals de Fietselfstedentocht 

en Zuiderzeeklassieker, tot hoogtestages in Winterberg en Saalbach, en van 

zomertraining op Vliebiza tot core stability training in de roeiboot op de Bosbaan. Deze 

trainingen zorgden ervoor dat ik mentaal topfit was, niet in de minste plaats door de 

goede gesprekken, bizarre feestjes en lachpartijen die hier onlosmakelijk aan verbonden 

waren. Naast de vele fysieke training hielpen jullie mij ook om in de Basket en Boeletuin 

te zoeken naar het ideale voedingspatroon voor optimaal academisch presteren (bier, 

kaasstengels en nacho’s). Ik dank jullie allemaal hartelijk voor de mooie jaren waarin we 

met elkaar in een waaier reden. Soms gingen we en danseuse, soms stoempend, maar 

altijd op karakter sprintend naar de eindstreep.

Terwijl de renners bij een wedstrijd op de voorgrond in beeld zijn, staat er om hen heen 

vaak een haag aan supporters. Het zijn de supporters die hun helden stimuleren om nog 

een tandje bij te zetten. Ik ben ontzettend dankbaar voor alle lieve familie, vriendinnen 

en vrienden die mij in de afgelopen jaren hebben gevolgd tijdens mijn koers. Zonder mij 

te wagen aan een opsomming van namen, wil ik laten weten dat ik jullie dankbaar ben. 

Jullie oprechte belangstelling, vertrouwen in mijn kunnen en meeleven bij tegenslagen 

gaven mij de kracht om steeds een tandje bij te zetten. Als ik aan het elastiek hing, moe 

was van een chasse patate of geparkeerd stond, kreeg ik mijn energie weer terug dankzij 

de gezellige etentjes, borrels, feestjes, wandelingen, fietstochten, weekendjes weg en 

vakanties die ik met jullie mocht beleven. Op deze plaats wil ik toch nog de drie namen 

noemen van de eindbazen van mijn supportersclub: mijn moeder en paranimfen. Lieve 

mam, Aline en Anne-Marie, ik ben jullie enorm dankbaar voor al jullie steun, relativering 

en betrokkenheid. Jullie waren er altijd voor mij in de afgelopen jaren; jullie waren blij 

met mij als ik virtueel in het geel reed en leefden mee als ik de man met de hamer tegen 

kwam. Bedankt voor jullie geduld bij het aanhoren van de eindeloze verhalen over het 

onderzoek, jullie humor en de uitstapjes waarin ik tot rust kon komen. 

Zoals veel wielrenners hun hoofd naar de hemel richten, het kruisje aan hun ketting 

kussen of een kruisje slaan als ze als winnaar de finish passeren, wil ik tot slot mijn dank 

uitspreken aan Hem die mij de talenten en kracht gaf die nodig waren om dit proefschrift 

te voltooien. Aan God alle dank en eer!
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