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THE DOPAMINE SYSTEM 

The dopamine (DA) system is a neurotransmitter system that plays a role in a wide variety of 
cognitive and behavioral processes, such as motivation, reward, motor control, attention and 
executive functions. Abnormalities of the DA system have been observed in a number of 
neurological and psychiatric disorders, including Parkinson’s disease, schizophrenia, substance 
dependence and attention-deficit/hyperactivity disorder (ADHD). Dopaminergic neurons reside 
primarily in the substantia nigra and the ventral tegmental area, from where they project to 
subcortical and cortical areas via mesolimbic, mesocortical, nigrostriatal and tuberoinfundibular 
pathways (Figure 1). DA is synthesized from its precursor L-DOPA and stored in vesicles in the 
pre-synaptic terminal. DA neurotransmission is regulated by a number of processes in the 
presynaptic terminal, such as  the DA transporter (DAT), involved in re-uptake of DA from the 
synaptic cleft, and the vesicular mono-amine transporter 2 (VMAT2), for re-uptake of DA from 
the cytosol into synaptic vesicles.  In addition, excess extracellular DA can be cleared by mere 
diffusion or metabolized by enzymes such as monoamine oxidase (MAO) and Catechol-O-
methyltransferase (COMT). Moreover, presynaptic D2/D3 autoreceptors can influence DA 
neurotransmission by reducing neuronal firing. At the post-synaptic terminal, DA can influence 
signal transduction by binding to both excitatory and inhibitory receptors, i.e. the D1- (D1, D5) 
and D2-types (D2, D3, D4) respectively. 
 
 

 
 
Figure 1. a) Illustration of several aspects of DA synthesis, recycling and degradation within the dopaminergic 
synapse b) Illustration of dopaminergic projections from the substantia nigra (SN), ventral tegmental area 
(VTA) and pituitary gland (PG). 
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STIMULANTS 

There are many drugs that can influence the DA system, including stimulants. Stimulants are 
psychotropic drugs that can enhance arousal and alertness. They are prescribed by clinicians for 
treatment of ADHD and narcolepsy, and also frequently used in a recreational manner as an 
illicit substance. The most commonly prescribed stimulants are methylphenidate and 
dexamphetamine. Methylphenidate binds to the DAT and noradrenaline transporters (NAT), 
thereby blocking reuptake of these neurotransmitters from the synaptic cleft, which results in 
increased levels of extracellular DA (Volkow et al, 2001). Dexamphetamine is also a DA and 
noradrenalin (NA) reuptake inhibitor, but additionally causes reverse transport at the vesicular 
and membrane DA transporter, therefore leading to even higher levels of extracellular DA.  
 
Recreational drug use 

Behaviorally, stimulants are associated with increased energy, impulsivity, alertness, and, in 
higher doses, they cause a ‘high’. Its energizing properties make dexamphetamine a popular drug 
in the rave scene. The use of dexamphetamine, commonly referred to as ‘speed’, has a prevalence 
of 3.6 % in youth and young adults (EMCDDA, 2015). MPH, on the other hand, is not used 
much as a recreational drug, yet is becoming more popular amongst students as a cognitive 
enhancer. Speed is typically snorted or dissolved in a drink, whereas MPH is almost always taken 
orally. Both drugs have been associated with cardiovascular problems, ranging from increased 
blood pressure to sudden cardiac death. In the brain, both preclinical and clinical research has 
demonstrated significant alterations in the DA system that were associated with amphetamine, 
particularly after chronic high dose administration (Advokat, 2007). For instance, amphetamine 
causes degeneration of DA nerve terminals and receptor up- and down-regulation, and has been 
linked to cognitive problems in the domains of memory and executive function (Schouw et al, 
2013). 
 
ADHD medication 

Clinically, stimulants have been used as a pharmacological treatment for ADHD, a 
neurodevelopmental disorder that is characterized by symptoms of inattention, hyperactivity 
and impulsivity. Although ADHD symptoms often occur already at preschool age, particularly 
the symptoms of inattention can persist into adulthood (Biederman et al, 2011). Although the 
exact pathophysiology of the disorder is still unclear, many studies suggest abnormalities of the 
DA system are involved. Molecular neuroimaging studies using techniques such as positron 
emission tomography (PET) and single photon emission computed tomography (SPECT) have 
been used to directly evaluate the effects of stimulants on DA receptor abnormalities in ADHD 
patients. For example, a meta-analysis demonstrated that stimulant treatment-naive ADHD 
patients showed lower DAT density than controls, and that stimulant-treated patients had a 
higher DAT density (Fusar-Poli et al, 2012). In addition, structural and functional magnetic 
resonance imaging (MRI) studies have found normalizing effects of stimulants on grey matter 
volumes (Nakao et al, 2011) and activation during tasks of inhibition, timing and attention 
(Rubia et al, 2013). This is in accordance with the finding that stimulants can alleviate ADHD 
symptoms in up to 70% of patients (Spencer et al, 2005).  
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A DEVELOPMENTAL PERSPECTIVE 

Development of the dopamine system 

During early embryonic development, DA plays an important role in neuronal proliferation and 
the migration of interneurons. In late-gestation, DA receptors contribute to shaping the 
network of cortical pyramidal cells and striatal medium spiny neurons (Money and Stanwood, 
2013). The DA system continues to develop postnatally, throughout childhood and adolescence, 
and reaches maturity in young adulthood (Wahlstrom et al, 2010). Studies in rodents have 
demonstrated extensive remodeling during adolescence with a peak in DA receptor expression in 
subcortical areas, whereas in the cortex  a steady increase from childhood to adulthood is 
observed. The development of the DA system in primates is studied less intensively, but it is 
thought that phylogenetic differences exist between species. For example, in non-human 
primates and humans, D1 and D2 receptor expression appears to peak prior to adolescence and 
decline slowly thereafter. On the other hand, DA tissue concentrations peak in adolescence and 
then follow a similar pattern (Wahlstrom et al, 2010). At the behavioral level, DA plays a key role 
in the maturation of cognitive capacities during adolescence (Nieoullon, 2002). Thus, the 
continuous shaping of the DA system is tightly linked to brain maturation, but also renders it 
vulnerable for external perturbations during these sensitive periods. 
 
Neuronal imprinting 

Despite the high efficacy of stimulants in patients with ADHD, pharmacotherapy is not curative 
and concerns have been raised about the explosion of stimulant use over the past 10 years.  
In 2014 the Health Council of the Netherlands presented a report expressing their concern 
about the increased number of ADHD diagnoses and its concomitant rise in prescription rates 
(Health Council of the Netherlands, 2014). This is in spite of guidelines establishing behavioral 
treatment as first line of treatment in mild to moderate ADHD. Moreover, knowledge about the 
long-term effects of stimulants on the developing brain is scarce.  

Although short-term safety has been established in a large number of clinical trials, 
consequences of long-term exposure to stimulants in childhood or adolescence are not well 
studied in patients with ADHD. This is surprising to say the least, as animal studies have shown 
that stimulants can induce long-lasting changes in DA function and behavior when administered 
early in life. For example, early MPH exposure in rats reduced sensitivity to reward in place-
conditioning tests and increased depressive-like behavior in the forced swim test (Carlezon et al, 
2003). Moreover, stimulant treatment in juvenile rats decreased DAT expression with 25%, an 
effect that doubled when these animals were assessed in adulthood. Importantly, these effects 
were absent when the animals were treated with MPH in adulthood (Moll et al, 2001).  

These findings suggest that stimulant treatment in childhood or adolescence can have 
effects that outlast those of the drug itself and become more pronounced when the brain has 
matured. The idea that psychotropic drugs can induce persistent changes in the development of 
neurotransmitter systems has been coined the ‘neuronal imprinting hypothesis’. To test this 
hypothesis, the ‘effects of Psychotropic drugs On the Developing brain’ (ePOD) study was set up. 
To our knowledge, this was the first prospective study investigating the age-dependent effects of 
MPH treatment on the DA system.  
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IMAGING OF THE DOPAMINE SYSTEM 

The earliest studies on the DA system were conducted using ex vivo techniques, such as 
immunohistochemistry and autoradiography. Later, to study the brain in vivo, molecular 
imaging techniques were developed. First, positron emission tomography (PET) and single 
photon emission computed tomography (SPECT) were used to assess the structure and function 
of the DA system. However, as these neuroimaging techniques require the use of radioligands, 
magnetic resonance imaging (MRI) methods have been developed to provide non-invasive 
alternatives.  
 
phMRI 

phMRI is a collective term for a number of MRI techniques that have one common 
characteristic: the administration of a drug challenge to assess its effects on brain 
hemodynamics  (Jenkins, 2012). In brief, it assesses the hemodynamic response of the brain to a 
particular psychotropic drug. It can broadly be divided into two main categories: task phMRI and 
challenge phMRI. In task phMRI, the activity of the brain during a particular cognitive task is 
compared between a drug-condition and a control-condition. Its advantage is that one often has 
a clear hypothesis of the location of expected task activation, but the downside is that you 
cannot disentangle potential interaction effects between the task and the drug. Alternatively, 
challenge phMRI assesses the effect of a drug on brain activation when no task is present, i.e. in 
rest. As the drug binds to its target neurotransmitter system, it induces neurotransmission, 
which in turn elicits a hemodynamic response via neurovascular coupling (Figure 2). Challenge 
phMRI can therefore provide an overview of neurotransmitter distribution and functionality, 
and is, as such, ideally suited for drug discovery studies.  

The disadvantage of both task and challenge phMRI is that not only the targeted 
neurotransmitter system is activated, but also downstream regions can receive increased 
neuronal input and resultant hemodynamic activation. PhMRI is therefore less specific to 
receptor subtypes than PET or SPECT. However, it is a non-invasive technique that can be used 
for longitudinal designs and vulnerable patient populations, such as children.  

 
 

 
 
Figure 2. Schematic representation of the phMRI response 
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phMRI contrasts 

In humans, two main MRI methods to assess changes in hemodynamic response as a result of 
neuronal activation are Blood Oxygen Level-Dependent (BOLD) imaging and Arterial Spin 
Labeling (ASL), the latter providing a perfusion contrast (Wang et al, 2011). BOLD MRI makes 
use of the difference in magnetic susceptibility between oxygenated and deoxygenated blood, 
detectable by T2*-weighted sequences (Ogawa, 1992). Neuronal activation increases oxygen 
consumption, resulting in more deoxygenated hemoglobin. As deoxygenated blood has lower 
T2* (i.e. produces more distortions in the magnetic field), it reduces the BOLD signal. However, 
neuronal activation also increases local blood flow and thus the inflow of oxygenated blood. 
Because oxygenated blood is diamagnetic, it increases the BOLD signal. As the increased blood 
flow far outweighs the production of deoxygenated hemoglobin, the net BOLD signal increases 
during neural activation. BOLD imaging is however not quantitative and therefore primarily 
used for task-fMRI, in which the stimulus condition can be compared to a control condition, or 
for resting-state fMRI, to assess correlations between relative BOLD signal time series in 
spatially distinct brain areas. For task based phMRI, the BOLD contrast is therefore most used. 
  For longitudinal comparisons, ASL is preferred, as this is a semi-quantitative technique 
(Wang et al, 2011). It makes use of blood as an endogenous contrast agent. Blood passing into 
the brain is labeled at the main feeding arteries in the neck by applying an inversion pulse 
(Figure 3). The labeled blood travels to the brain and creates small decreases in longitudinal 
magnetization in the imaging plane. The perfusion contrast is then generated by subtracting 
two acquired images, one with label and one without (control). Because only 4% of an imaging 
voxel consists of blood, ASL suffers from low signal to noise ratio (SNR) and therefore signal 
averaging is necessary. In addition to being a semi-quantitative technique, ASL is a more direct 
technique than BOLD because it measures cerebral blood flow, whereas the BOLD signal is a mix 
of blood flow, blood volume and oxygen consumption.   
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Figure 3. BOLD and ASL MRI. a) A simplified schematic representation of the BOLD response. At the onset of 
neuronal activity, deoxyhemoglobin outnumbers the oxyhemoglobin, resulting in the characteristic initial dip. 
However, soon thereafter, the blood flow response increases the oxyhemoglobin levels inducing an increase in 
the BOLD signal. b) A simplified schematic explanation of ASL-MRI. (Left) Arterial blood is inverted as it 
passes through the labeling slab, and as it reaches the tissue, the MR signal is acquired in the imaging slab. 
(Right) A control and label image are subtracted to obtain a perfusion-weighted image, which can be quantified 
to obtain cerebral blood flow in mL/min/100g tissue. 
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THESIS OUTLINE 

The goal of this thesis was twofold: first, to gain more insight into the neurobiological processes 
underlying dopamine phMRI. Second,  to apply dopamine phMRI as a non-invasive tool in a clinical 
research setting to study the effects of stimulants on brain development. Although dopamine 
dysfunction is widespread in a number of neurological and psychiatric disorders, currently used 
imaging techniques to visualize the DA system all require the use of radioactive tracers. In contrast, 
phMRI is a non-invasive technique that can provide us with a proxy of DA function, but can also be 
assessed repeatedly in most clinical populations. Here, we first further validated phMRI as a non-
invasive technique to detect DA function and dysfunction by comparing it to other, ‘gold-standard’, 
imaging tools in subjects with known dopamine dysfunction (PART I). Then, in PART II, we apply 
phMRI to a clinical population of children and adults diagnosed with ADHD to test the age-
dependent effects of stimulant treatment on the dopamine system in these patients.   
 
Chapter 1 introduces the phMRI imaging technique used in this thesis. In addition, we provide an 
introduction into the function and dysfunction of the dopamine system, with a focus on recreational 
drug use and ADHD. Recreational amphetamine use was chosen as a model of subtle DA dysfunction, 
because it bridges the gap between phMRI studies in animals and the clinical phMRI studies 
described in PART 2. ADHD is a neurodevelopmental disorder in which DA abnormalities are 
thought to play an important role and is therefore a disorder that could benefit a great deal from a 
non-invasive imaging technique like phMRI. In  Chapter 2, we reviewed the ability of phMRI, as 
compared to conventional neurochemical imaging techniques such as PET and SPECT, to detect 
dopamine dysfunction (neurotoxicity). In addition, we discuss the strengths and weaknesses of 
phMRI and the steps that need to be taken to ensure application in the clinical (research) setting.  
 

PART I  

Evaluating DA dysfunction using phMRI: comparison to the gold-standard 

First, in Chapter 3, we investigated a) whether chronic administration of dexamphetamine to rats 
altered the phMRI response to a dopamine challenge and b) what neurobiological changes in 
monoaminergic systems underlie this response. In order to model subtle changes in the DAergic 
nerve terminals, we chose an AMPH regime that is known to induce mild neurotoxicity. These 
experiments were conducted in rats, as this species has been mostly used to validate DA phMRI in 
lesion models. To compare phMRI to other imaging techniques in humans, we chose recreational 
AMPH use in humans to investigate dopamine dysfunction as repeated AMPH treatment in rodents 
is known to be associated with subtle DA nerve terminal changes. In Chapter 4 we used ASL-based 
phMRI and SPECT to study the dopamine response to an intravenous dexamphetamine challenge in 
both recreational amphetamine users and control subjects. We hypothesized that both imaging 
techniques would demonstrate a blunted dopamine response in amphetamine users compared to 
controls, due to DA abnormalities in the users. In the same sample, we measured resting-state 
functional connectivity in functional networks previously found to be influenced by the dopamine 
system (Chapter 5), again before and after a dexamphetamine challenge, to assess whether changes 
in DA neurotransmission in the users group also resulted in changes in connectivity. Additionally, 
we examined whether changes in fronto-striatal connectivity reflect DA function as measured with 
SPECT, as we expected that altered DA release in the striatum would affect proper functioning of 
this circuitry.   
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PART II 

phMRI as a tool to assess long-term effects of stimulants on the DA system in ADHD 

Chapter 6 describes the study procedures of the randomized controlled (ePOD-MPH) trial that we 
conducted in patients with ADHD to test the hypothesis that stimulants, such as MPH, have lasting 
effects on the development of the dopamine system. In Chapter 7 we describe the results of this 
trial regarding the main outcome measure of ePOD-MPH: ASL-based phMRI. We measured CBF 
before and after a single dose of MPH to obtain a phMRI response, as a proxy of DA function. We 
hypothesized that 4 months of MPH treatment would increase this phMRI response to MPH in 
children, but not in adults with ADHD. Then, in the same sample, we take a closer look at age 
differences in the DA response to acute administration of MPH in stimulant treatment-naive 
patients (Chapter 8). Based on developmental differences in the DA system, we expected divergent 
responses between children and adults. Eventually we were interested in the long-term effects of 
stimulants on the DAergic system and whether this resulted in changes in behavior and 
symptomatology. This topic was investigated using a retrospective cohort study design in  
Chapter 9. To assess whether changes in DA neurotransmission also affect other important 
symptoms in ADHD, such as emotional dysregulation, we used task-based phMRI to investigate 
baseline differences in the response to MPH between children and adults during an emotion 
recognition task (Chapter 10). Finally, in Chapter 11 we provide a summary and general discussion 
of the findings in this thesis. 
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ABSTRACT 

Dopamine abnormalities underlie a wide variety of psychopathologies, including ADHD and 
schizophrenia. A new imaging technique, pharmacological magnetic resonance imaging 
(phMRI), is a promising non-invasive technique to visualize the dopaminergic system in the 
brain. In this review we explore the clinical potential of phMRI in detecting dopamine 
dysfunction or neurotoxicity, assess its strengths and weaknesses and identify directions for 
future research. Preclinically, phMRI is able to detect severe dopaminergic abnormalities quite 
similar to conventional techniques such as positron emission tomography (PET) and single 
photon emission computed tomography (SPECT). phMRI benefits from its high spatial 
resolution and the possibility to visualize both local and downstream effects of dopaminergic 
neurotransmission. In addition, it allows for repeated measurements and assessments in 
vulnerable populations. The major challenge is the complex interpretation of phMRI results. 
Future studies in patients with dopaminergic abnormalities need to confirm the currently 
reviewed preclinical findings to validate the technique in a clinical setting. Eventually, based on 
the current review we expect that phMRI can be of use in a clinical setting involving vulnerable 
populations (such as children and adolescents) for diagnosis and monitoring treatment efficacy. 
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INTRODUCTION 

The dopaminergic (DA) neurotransmitter system is widely distributed throughout the brain and 
involved in a wide variety of CNS functions. The DA system is involved in functions such as for 
motivation, cognition, movement and reward. The involvement of the DA system has long been 
recognized in the pathophysiology of neuropsychiatric disorders, such as attention-
deficit/hyperactivity disorder (ADHD) and schizophrenia. The current approach to studying 
these disorders is via targeting the DA system with pharmacological treatment. However, not 
much is known about the effect of these drugs and how they can alter dopaminergic functioning. 
For example, it has been shown that long-term use of DA drugs, such as methylphenidate, 
increases the risk of substance abuse in adults but not in adolescents (Wilens et al, 2003). 
However, the neurobiological underpinnings for this discrepancy are unknown. Therefore, it is 
important to investigate both the acute and chronic effects of these drugs on brain function. 

At present, there is a rising awareness of the importance of brain imaging techniques, 
such as positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) 
in the field of psychopharmacology. PET has been successful in identifying receptor densities 
and levels of circulating enzymes as well as measuring neurotransmitter release after a 
pharmacological challenge. However, PET is not appropriate for repeated measurements and 
studies in patients, especially in the pediatric population, due to its invasiveness. As an 
alternative, a new technique combining fMRI with a pharmacological challenge (phMRI) shows 
promising results in assessing the integrity of various neurotransmitter systems. This technique 
is sensitive to changes in blood oxygenation as a result of neuronal activity in response to 
pharmacological challenges and therefore provides an index of neurotransmitter function. For 
this reason, as well as its non-invasive nature, it is a very promising method to measure DA 
imbalances in neuropsychiatric disorders. 

This review aims to explore the clinical utility of phMRI in assessing the functional and 
dysfunctional dopaminergic system. To this end, we will give an overview of conventional 
neurochemical imaging modalities (PET and single photon emission computed tomography 
(SPECT)) in visualizing DA neurotoxicity, and compare these to phMRI studies. PET/SPECT and 
phMRI will be compared by means of DA neurotoxicity models in animals and human drug 
abusers, as they provide good models to study disturbances to neurotransmitter systems in the 
brain. We will discuss the advantages and shortcomings of phMRI in assessing DA dysfunction 
over conventional PET/SPECT studies. In addition, we will examine whether phMRI is ready to 
be used in the clinical setting and if not, what advances have to be made to achieve this goal. 
 

MODELS OF NEUROTOXICITY 

Animal models have been developed to study the intricate workings of the brain. Preclinical 
work has contributed tremendously to our understanding of neurotransmitter systems. 
Different types of animal models have been used to study the neurobiological underpinnings of 
neuropsychiatric disorders. Behavioral models have been used to evaluate the effect of 
treatment. Yet, this is not particularly informative for understanding about the neuronal basis 
of these disorders. Therefore, genetic models, in which genes have been modified, have been 
used in order to induce a certain disease state relevant to particular disorders. However, genes 
are often responsible for multiple neuronal processes and help to sculpt the brain in 
development. Interfering with these processes prevents modeling the natural development of 
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neurotransmitter systems and may therefore mask several aspects of development that would 
otherwise have remained intact. Lesion models are the method of choice to investigate 
neurotransmitter systems and their development. By means of a physical or pharmacological 
lesion, neurotransmitter levels, its metabolites and receptors can be manipulated in a 
predictable fashion. This allows for careful assessment of dose–response relationships, 
interspecies differences and mechanisms of action. We have chosen the following neurotoxic 
lesion models because they were best represented in the molecular imaging literature and 
altogether give the best overview of DA neurotoxicity in both animals and humans. 
Neurotoxicity in this context refers to the potential of pharmacological agents to produce long-
lasting changes in cell bodies and/or nerve terminals that cannot be attributed to an acute or 
neuroadaptive response to the drug (McCann and Ricaurte, 2004). 

Several pharmacological compounds have been used to induce selective DA neurotoxicity 
and these are frequently used as models for clinical conditions characterized by DA cell loss, 
such as Parkinson's Disease (PD). In this review we will discuss 6-hydroxidopamine (6-OHDA), 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), amphetamine (dAMPH) and 
methamphetamine (METH). Unlike 6-OHDA, MPTP and dAMPH, METH damages both the 
dopaminergic and serotonergic system. Other DA neurotoxins, such as Norsalsolinol and 
Rotenone will not be discussed, as they have not been extensively studied in this context. 

6-OHDA lesions the nigrostriatal pathway and is used as an animal model of PD 
(Hantraye, 1998). Moreover, it has been shown to be a good model of DA neurotoxicity as its 
toxicity is selective for monoaminergic neurons. For specific DA neurotoxicity the noradrenaline 
inhibitor Desipramine is often co-administered. 6-OHDA is thought to induce DA neurotoxicity 
through uptake by dopamine transporters and subsequently free radical formation causing 
neuronal damage. Although mostly used in rats, it is also a good model for other rodents and 
non-human primates (Gerlach and Riederer, 1996). This model is only available in an 
experimental setting and there have been no reports of this drug being (ab)used by humans. 

MPTP is a neurotoxin that causes Parkinsonism in humans and is the main animal 
model for PD (Jakowec and Petzinger, 2004). It damages the DA nigrostriatal pathway and 
causes cell loss in the substantia nigra. It decreases concentrations of dopamine and its 
metabolites and reduces enzymatic activity. MPTP readily crosses the blood–brain barrier and is 
converted into MPP+, a toxic metabolite. MPP+ is taken up by the dopamine transporter (DAT) 
and subsequently inhibits mitochondrial complex I, depletes adenosine triphosphate (ATP) and 
consequently causes DA cell death. MPTP is not neurotoxic to the rat brain and has therefore 
mainly been used as a primate and mouse model of DA lesions. Although originally discovered as 
a substance misused by heroin addicts, it is no longer used in this way and therefore it is not a 
neurotoxic dopamine model in humans anymore (Gerlach and Riederer, 1996). 

Neurotoxic effects of dAMPH and METH have been demonstrated by biochemical 
measures in many species, including rodents and primates (Davidson et al, 2001; Ricaurte et al, 
1982, 2005). Histological analyses showed long lasting neurochemical deficits in DA nerve 
terminals after METH administration. This was accompanied by reductions in tyrosine 
hydroxylase (TH), DA and 3,4-dihydroxyphenylacetic acid (DOPAC). However, dAMPH and 
METH administration are thought not to result in neuronal cell death (for review, see Ricaurte 
et al. (1982)). METH differs from dAMPH in that it exerts neurotoxic effects in both the DA and 
serotonin (5HT) system, although its effects are more pronounced for the DA system in most 
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species (Gouzoulis-Mayfrank and Daumann, 2009). It causes degeneration of both DA and 5HT 
projections with cell bodies remaining undamaged (Brunswick et al, 1992). This is reflected by 
reduced DA and 5HT concentrations, reduced metabolite levels and decreased transporter 
density (Seiden and Sabol, 1996). Research has also shown neurotoxicity of dAMPH and METH 
in humans. Both drugs are widely abused and therefore provide important models to study DA 
neurotoxicity in humans. 

6-OHDA and MPTP are best studied in animals because of the extensive and obvious 
damage they induce in DA neurons, primarily by measuring DAT and D1/D2 receptor densities. 
However, the relatively mild damage caused by dAMPH and METH might better reflect 
dopaminergic abnormalities as observed in neuropsychiatric disorders and are therefore 
important translational models. Furthermore, abuse of dAMPH and METH is currently the only 
possible way to study DA neurotoxicity in humans. 
 

NEUROCHEMICAL IMAGING METHODS 

The first methods to investigate DA neurotoxicity were conventional ‘ex vivo’ methods such as 
autoradiography and immunohistochemistry. These techniques have contributed significantly 
to the understanding of the DA system. Their strength lies in the high spatial resolution and 
they can be adapted to reflect neuronal activation, perfusion or metabolism. However, due to 
the invasive nature of these conventional techniques experimental animals can only be studied 
once, which does not render them useful for longitudinal designs. Other techniques such as 
microdialysis and cyclic voltammetry provide ‘in vivo’ measures of dopamine release and can be 
used in longitudinal studies, but they cannot be easily translated to human studies. In contrast, 
neuroimaging techniques such as PET, SPECT and especially MRI allow repeated or longitudinal 
measurements and can be used in vulnerable populations such as the elderly and pediatric 
population and patients. Indeed, these imaging techniques are already in use in clinical settings 
for accurate diagnostic purposes. 

PET and SPECT both utilize pharmacologically or biochemically active compounds 
labeled with radionuclides to produce images of in vivo ligand distribution measured by an 
external detector. Thus, they can provide an index of number of transporters or extracellular 
levels of dopamine. PET isotopes have shorter half-lives than those used in SPECT. This results 
in better spatial and temporal resolution and therefore PET is more sensitive than SPECT. As a 
consequence, PET can be used for absolute quantification of tracer concentrations in the tissue. 
However, SPECT radiotracers are less costly and the equipment is more widely available. 
Nevertheless, both PET and SPECT have a relatively poor spatial resolution reducing the utility 
to map subtle changes (Otte and Halsband, 2006). In addition, the binding potential of the 
available radioligands for the dopamine system is not potent enough to estimate receptor 
binding in all brain areas. Therefore, phMRI was put forward as an exciting new imaging 
modality because it is widely available, has a better spatial resolution and allows whole-brain 
visualization of dopaminergic functioning. Most importantly, it can be used for longitudinal 
studies and is safe in vulnerable populations, such as children (Matthews et al, 2006). 

MRI has widely been used to assess the brain's anatomical features (structural MRI) and 
its function (fMRI). fMRI utilizes changes in magnetic properties of hemoglobin to investigate 
brain function (Jezzard et al, 2003). Increased activity of neurons induces a cascade of 
neurotransmitter and metabolite release, which is accompanied by an increase in local cerebral 
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blood flow (CBF), volume (CBV) and oxygenation through a process called ‘neurovascular 
coupling’ (Logothetis and Pfeuffer, 2004). fMRI measures the blood oxygenation level 
dependent (BOLD) change in signal intensity over time. phMRI, like fMRI, measures changes in 
brain hemodynamics, but instead of a task to probe neuronal function the subject receives a 
pharmacological challenge. It offers the potential to study different hemodynamic processes 
using a contrast agent, BOLD or arterial spin labeling (ASL). CBV-phMRI utilizes an exogenous 
intravascular contrast agent that sensitizes the images to relative CBV (rCBV). ASL-phMRI 
magnetically labels arterial blood water to provide an endogenous tracer for CBF measurements. 
In BOLD-phMRI the contrast is provided by a difference in susceptibility between oxy- and 
deoxyhemoglobin. The change in brain hemodynamics induced by a neurochemical compound is 
thought to give an index of neurotransmitter function (Honey and Bullmore, 2004). Recent 
studies have demonstrated that MRI is sensitive to manipulations of the DA system. Signal 
changes have been observed in rats, monkeys and humans after administration of DA drugs 
such as dAMPH and cocaine and the cocaine analogue CFT (Breiter et al, 1997; Chen et al, 1996, 
1997; Honey et al, 2003), which correlate with extracellular concentrations of DA. 
 

IMAGING DOPAMINE NEUROTOXICITY 

6-ODHA - PET/SPECT 
It has been shown that PET and SPECT studies can adequately detect nigrostriatal neurotoxicity 
resulting from 6-OHDA lesions. For example, using [123I]-β-CIT SPECT, Scherfler et al. (2002) 
demonstrated reduced striatal binding (−59%) in 6-OHDA treated rats, which correlated 
positively with DA cell counts in the striatum. [123I]-β-CIT is a radioligand for SPECT 
experiments that assesses DAT levels. Casteels et al. (2008) imaged DAT binding with the 
radiotracer [11C]-FECT for PET studies. Rats received unilateral injections of 6-OHDA (24 μg) 
into the substantia nigra, which resulted in decreased binding levels in the caudate-putamen 
(−96%), nucleus accumbens (−89%) and substantia nigra (−75%) ipsilaterally. In mice, dose 
dependent reductions (2 or 4 μg) in DAT (−49 and −61%) were found, using the [11C]-
methylphenidate PET tracer, and this correlated with ex-vivo autoradiography (Fischer et al, 
2011). Sun et al. (2010) evaluated both presynaptic and postsynaptic binding in two models, 
namely 6-OHDA injection (7 μg) into the striatum and medial forebrain bundle (MFB). Using 
the PET ligand [11C]CFT they found reduced DAT levels in both models (−24 and −63% 
respectively). In contrast, using [11C]-raclopride to assess postsynaptic D2 integrity, they found 
increases in D2 levels in the MFB model (+35%) but decreases in the striatal model (−18%). Th is 
suggests that different lesion sites might result in disparate dynamic pathophysiological 
processes. This is in agreement with a study reporting dose-dependent decreases in DAT (−92%) 
but increased D2 binding (+12%) in rats injected with 1 or 8 μg 6-OHDA into the medial 
forebrain bundle (Inaji et al, 2005). Furthermore, another presynaptic marker, vesicular 
monoamine transporter (VMAT2), can be used to assess DA neurotoxicity. VMAT is a 
presynaptic intracellular protein that transports DA from the cytosol to synaptic vesicles and it 
is thought to reflect DA integrity. Its levels can be assessed using PET with the [11C]-DTBZ 
tracer. Sossi et al. (2007) found reduced VMAT (−83%) levels in the rat striatum after 6-OHDA 
injection as measured by [11C]-DTBZ-PET (Table 1). 
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6-ODHA - phMRI 
Chen et al. (1997) lesioned rats unilaterally with 6-OHDA and found a prominent loss of 
response to a dAMPH and CFT challenge in the ipsilateral hemisphere compared to the 
contralateral hemisphere. The rCBV response (−45–48%) closely resembled the results from 
microdialysis and [11C]CFT-PET (−42%) in the same animals and was not correlated with 
physiological parameters such as pCO2, heart rate or blood pressure. The same model was 
employed to study both presynaptic and postsynaptic DA functioning by means of phMRI and 
PET (Nguyen et al, 2000). A contrast agent was injected in order to measure rCBV. dAMPH 
administration increased rCBV in the striatum, thalamus and frontal cortex of the intact 
hemisphere, whereas the increase in hemodynamic response was much smaller in the lesioned 
hemisphere (64%). This was in line with [11C]CFT-PET showing reduced DAT binding in the 
same animals in the striatum (−75%). Apomorphine (D1/D2 agonist), on the other hand, 
produced an increase in rCBV by 42% in the same areas in the lesioned hemisphere compared to 
the intact hemisphere, accompanied by an increased D2 binding as measured by [11C]-raclopride 
PET (+22%). These results suggest a reduction of DAT combined with D1/D2 receptor 
supersensitivity. The fact that rCBV was larger in the lesioned hemisphere than in the intact 
hemisphere suggests an increase in excitatory postsynaptic activation and as such stronger D1 
than D2 supersensitivity. One of the translational approaches that would have considerable 
potential for the clinic is evaluation of treatment methods by phMRI. For example, Chen et al. 
(1999) induced a unilateral 6-OHDA lesion resulting in >95% denervation in the striatum. After 
an i.v. challenge of CFT or dAMPH the BOLD response was increased in the intact hemisphere 
but significantly attenuated in the lesioned hemisphere (−39 to −42%). Th is was partially 
restored by transplantation of fetal cells. These results were correlated with [11C]CFT PET 
imaging (−40%) and behavioral profiles. In a comparable model, female rats were injected 
stereotactically with 6-OHDA to induce a DA lesion and assessed with [11C]CFT PET and phMRI 
(−75 and −100% respectively). Mouse embryonic stem cells were implanted into the rat striatum 
and DA function was evaluated again. rCBV changes after an intravenous dAMPH challenge 
parallel [11C]CFT PET and behavioral results indicating a functional recovery of DA neurons in 
these lesioned rodents (Björklund et al, 2002). phMRI can also be used to assess side effects of 
treatment. Sánchez-Pernaute et al. (2007) induced 6-OHDA induced Parkinsonian symptoms in 
rats and treated some with L-DOPA, which induced dyskinesias and compared their response to 
the D3 agonist 7-OHDPAT with the response of naive rats. Naive and Parkinsonian rats 
displayed a decreased CBV response whereas the L-DOPA-treated dyskinetic rats showed an 
increased CBV response. This could be explained through D3 receptor sensitization which could 
in turn enhance D1 receptor signaling, resulting in an increased CBV response. The same 
experiment was repeated in non-human primates lesioned with MPTP and similar results were 
obtained (see Table 2). 
 
6-ODHA - Conclusion 
PET and SPECT imaging studies have shown to be sensitive to detect changes to the 
dopaminergic system induced by a 6-OHDA lesion when compared to more conventional 
markers of dopaminergic toxicity in the above-mentioned animal studies. Radioligands 
assessing presynaptic DA function showed dose-dependent decreases in DAT and VMAT in the 
striatum of the rat brain and some studies reported additional deficits in the NAcc and SN. 
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In addition, alterations in postsynaptic function were detected, but the direction of change is 
dependent on the injection site (MFB, SN or striatum). When compared to PET and SPECT, 
phMRI appears to be sensitive to detect changes in DA terminals to a similar extent. Both 
presynaptic and postsynaptic challenges with phMRI corroborate the results found in PET and 
SPECT imaging: dose dependent reductions in striatal brain activity are observed when targeting 
the DAT, whereas an increase is seen when targeting D1/D2 receptors. In the four studies in 
which direct comparisons were made between PET and phMRI, the extent of the changes were 
very similar between both techniques and did not differ by more than an average of 13%. 
However, with phMRI more activated brain areas were identified than were observed with 
PET/SPECT studies, which may be due to the chosen analysis method (ROI or voxelwise) and the 
reduced sensitivity of PET/SPECT in certain brain areas. 
 
MPTP - PET and SPECT 
Monkeys that were treated with low and high doses of MPTP exhibited reduced DAT binding. 
This was measured by the PET tracer [11C]CFT, a selective radioligand for the DAT. A high dose 
of MPTP resulted in binding values diminished by 94% in the caudate nucleus and 93% in the 
putamen, whereas a low dose yielded decreases of 65% and 67% respectively. This was 
confirmed by immunohistochemical analyses of reduced tyrosine hydroxylase post-mortem 
(Hantraye et al, 1992). After chronic administration of MPTP, Brownell et al. (1998) performed 
[11C]CFT PET scans in 5 cynomolgus monkeys and reported decreased DAT levels in the caudate 
and putamen (−45 and −70%). Scans were repeated and a faster decline was found for the 
putamen than the caudate nucleus. The assessment of dopamine terminal integrity can also be 
achieved with [18F]F-DOPA PET, which reflects dopamine synthesis capacity. Pate et al. (1993) 
revealed decreased FDOPA binding values which correlated with histochemical and biochemical 
data. Nagai et al. (2007) replicated these findings with [β-11C]DOPA (−66%). Chen et al. (2008) 
investigated receptor binding of the vesicular transporter VMAT with the [11C]-DTBZ tracer in a 
monkey MPTP model and demonstrated VMAT reductions (−35 to −46%). Th is was detectable 
before symptomatic behavior and is therefore promising as a biomarker of abnormal 
functioning in the presynaptic DA terminal. Reports on the postsynaptic changes as measured 
by [11C]raclopride in MPTP treated monkeys are inconsistent. Chen et al. (2008) and Nagai et al. 
(2007) did not find any changes in D2 binding, whereas Doudet et al. (2002) observed an 
increase in D2 binding, but only in symptomatic subjects (+27%). 

The DAT can also be studied with the SPECT tracer [123I]β-CIT. Eberling et al. (1999) 
found that [123I]β-CIT-SPECT was viable to assess the extent of nigrostriatal damage in MPTP-
lesioned monkeys. [123I]β-CIT-SPECT has also been used to test whether certain drugs could 
provide neuroprotection against DA lesions. For example, in MPTP-lesioned marmosets, pre-
treatment with deprenyl resulted in similar accumulation of [123I]β-CIT-SPECT in the striatum 
to control animals, compared to reduced accumulation (−70%) in animals that did not receive 
this pre-treatment (Saji et al, 2003). In an MPTP mouse model, Andringa et al. (2005) 
demonstrated that [123I]FP-CIT-SPECT and immunocytochemistry results were highly 
comparable. A dose related effect was reported, where increasing number of treatment days 
resulted in more marked reductions (60–80%) in tracer binding. However, they conclude that 
although [123I]FP-CIT-SPECT has shown promise in identifying the extent of the lesion in a 
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moderate to severe damaged DA system, more studies are necessary to evaluate the value of this 
radioligand in detecting small DA lesions. 
 
MPTP - phMRI 
Chen et al. (1996) injected MPTP into the right carotid artery of monkeys which subsequently 
developed Parkinsonian features. PhMRI revealed reduced signal intensity after a levodopa 
challenge in the caudate and putamen after MPTP administration compared to that at baseline. 
In another study, cynomolgus monkeys received MPTP lesions and were challenged with 
dAMPH 2.5 mg/kg i.v. (Jenkins et al, 2004). A contrast agent was administered and dAMPH 
increased rCBV in control monkeys, whereas MPTP-treated animals demonstrated marked loss 
of response to dAMPH in dopamine-rich brain regions and even reversed responses; i.e. 
deactivation instead of activation (see Table 2). The rCBV loss in the SN was associated with 
DAT binding as measured by PET (r = 0.71) and behavioral indices (r = 0.73). Zhang et al. (2006) 
administered apomorphine and dAMPH to MPTP-lesioned monkeys. This revealed an increased 
BOLD response after apomorphine administration in the putamen and SN of the affected 
hemisphere compared to the control hemisphere. The response to dAMPH was the opposite, 
thus producing a decreased BOLD response in the affected hemisphere compared to the control 
hemisphere. dAMPH evoked activation was correlated with the number of surviving neurons in 
the SN as detected by post-mortem examinations. This suggests phMRI could be a biomarker for 
the survival of DA neurons in the SN, which is of great relevance for research on Parkinson's 
disease for example. Interestingly, phMRI has also been used to monitor the effect of 
pharmacological therapy. Rhesus monkeys unilaterally injected with MPTP showed increased 
activation in the caudate and putamen after apomorphine administration. Subsequent chronic 
intraputamenal infusion of glial cell-line derived neurotrophic factor (GDNF) reversed the 
apomorphine increased activation observed after MPTP administration (Luan et al, 2008). 
 
MPTP - Conclusion 
Similar to 6-OHDA, phMRI studies corroborate the results found in PET and SPECT imaging 
with several different drug challenges and demonstrated adequate sensitivity to detect MPTP 
lesions in non-human primates. Both PET/SPECT and phMRI studies report decreases in 
presynaptic indices of DA function, such as the DAT, VMAT and DA synthesis. In one study that 
directly compared phMRI with PET (Jenkins et al, 2004), a correlation was observed of r = 0.71 
between both imaging techniques. phMRI was able to detect MPTP-induced changes in other 
brain areas than the striatum. Postsynaptically, the results for PET/SPECT were equivocal, only 
demonstrating D2 changes in symptomatic monkeys in one out of three studies. Results from 
phMRI studies revealed increased postsynaptic activity when apomorphine was administered, 
whereas with [11C]raclopride no changes or reductions in striatal D2 receptors were observed 
with PET. This discrepancy might be due to apomorphine being an unspecific DA-agonist, 
whereas raclopride is specific for the D2 receptor. Finally, as for PET/SPECT, phMRI was 
successful in the monitoring of treatment strategies in MPTP-lesioned animals. 
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dAMPH/METH - PET/SPECT 
Ex vivo studies have demonstrated that repeated doses of dAMPH damage striatal neurons in 
experimental animals, as indicated by reductions in DAT (Mintz et al, 1994; Ricaurte et al, 
2005). Subsequently, these results were replicated using PET and SPECT. Melega et al. (1996) 
studied presynaptic dopamine integrity using [18F]F-DOPA PET in vervet monkeys that were 
administered an increasing dose of dAMPH over a 10 day period. They were scanned at 1–6 
weeks post-treatment and showed a significant reduction in dopamine synthesis as reflected by 
a 70% reduced striatal F-DOPA uptake. This was paralleled by 95% reductions in DA 
concentrations and the HVA/DA ratio increased 3–10 fold as measured by biochemical analysis. 
However, follow-up scans at 5–6 months show relative increase of F-DOPA uptake (−47%) 
compared to acute effects, indicating partial recovery of dopamine synthesis. Similar results 
were obtained in monkeys receiving a different dose regimen (see Table 3) (Melega et al, 1997). 
Repeated dAMPH administration in rats induced loss of [123I]FP-CIT binding to DAT (Booij et al, 
2006). Striatal binding was reduced by 17% compared to control rats. dAMPH-induced neuronal 
damage has also been studied in human drug users using [123I]β-CIT-SPECT. Participants with an 
average lifetime use of 48 times (one dose approximately 0.4 mg/kg) display a 20% reduction in 
DAT binding levels compared to controls (Reneman et al, 2002), replicating previous 
observations in rats by the same group. Melega et al. (1997) compared METH to dAMPH 
neurotoxicity in monkeys using [18F]F-DOPA PET and found no differences between groups 
(both −65% reduction), indicating that METH also affects presynaptic dopamine integrity with 
partial reversibility over time. 

The dopamine transporter has received much attention in METH research. One study in 
monkeys showed 75% reduction in [11C]β-CFT binding after a neurotoxic METH regime (Melega 
et al, 1998). In another model in non-human primates mimicking human recreational use, 
baboons show reductions in striatal DAT revealing a dose–response relationship (−39 to −60%). 
These changes were highly correlated (r = 0.77) with in vitro [11C]β-CFT changes as well as 
decreases in DA and DOPAC (Villemagne et al, 1998). Repeated measurements of the DAT with 
[11C]β-CFT show partial recovery of binding levels after METH administration in non-human 
primates (Harvey et al, 2000; Melega et al, 2000). Immunoreactivity profiles also returned to 
control levels although some regional deficits remained. Furthermore, no evidence of loss of cell 
bodies in the ventral midbrain was found. 

In humans, four groups have investigated DAT levels in METH users. For a detailed 
overview of these studies, see Chang et al. (2007). In summary, all groups found decreased DAT 
binding in the striatum despite differences in radiotracers and subject characteristics (Johanson 
et al, 2006; McCann et al, 1998; Sekine et al, 2001, 2003; Volkow et al, 2001b). A longitudinal 
study found changes in DAT levels that recovered after prolonged abstinence (Volkow et al, 
2001b). This was in concordance with a post-mortem study showing altered levels of DAT, TH 
and D2 receptors, but not DOPA decarboxylase and VMAT (Wilson et al, 1996). The latter two 
are also markers of presynaptic DA integrity and together these results suggest a reversible 
pattern of DA terminal alterations after METH abuse. Only two studies have investigated VMAT 
levels and they reported conflicting results. One study demonstrated a 10% decrease (Johanson 
et al, 2006), whereas the other showed an 11–22% increase in VMAT binding (Boileau et al, 
2008). This discrepancy has been attributed to [11C]-DTBZ not being a stable marker to measure 
this protein (Boileau et al, 2008).  
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In addition to presynaptic markers, Volkow et al. (2001a) investigated the effect of 
METH on D2 postsynaptic receptors using PET [11C]raclopride. They demonstrated reduced 
binding (−10 to −16%) in METH users compared to controls, which seems paradoxical with 
reported chronic low striatal DA levels (Wilson et al, 1996). Furthermore, using [18F]fallypride 
Lee et al. (2009) reported reduced striatal D2/D3 receptor availability (−8 to −16%), whereas the 
nucleus accumbens did not differ between groups. Wang et al. (2011) discovered that in addition 
to reduced baseline D2 receptors (~−11%), METH users also show lower DA increases after a 
MPH challenge compared to controls as measured with [11C]raclopride, particularly in the 
caudate nucleus (−12%). Interestingly, a subgroup of the METH users in this study relapsed and 
this particular group showed no increase in DA release after the MPH challenge. This suggests 
that the response to a raclopride + MPH challenge could be used as a potential biomarker to 
predict relapse. With the availability of a more specific tracer, such as [11C]PHNO, it is now 
possible to distinguish between D2 and D3 receptor uptake. METH users showed higher binding 
in the D3-rich SN (+46%), globus pallidus (+11%) and ventral pallidum (+4%), whereas binding 
was slightly decreased in D2-rich striatum (−4%). 

 
dAMPH/METH - phMRI  
To our knowledge, only one study so far has investigated the amphetamine neurotoxicity with 
phMRI in humans. In an ASL-phMRI experiment MPH (35 mg) was administered orally to 
amphetamine users and controls (Schouw et al, 2013). MPH administration induced a 
significant decrease in CBF in control subjects in the striatum, hippocampus, thalamus and 
prefrontal cortex (10–29%). In contrast, dAMPH users only showed a slight CBF decrease in the 
hippocampus and displayed a blunted response in other brain regions studied, presumably 
reflecting dAMPH induced changes in neurotransmitter function and thus also changes in 
hemodynamic function. DAT availability was also assessed using [123I]FP-CIT and a trend 
towards lower DAT binding in amphetamine users was observed in the striatum. Yet, contrary to 
results in animal studies no correlation was found between DAT binding and CBF measures. 
 
dAMPH/METH - Conclusion 
The damage induced by dAMPH and METH to dopaminergic neurons has been extensively 
studied with PET and SPECT in rodents and non-human primates. These studies consistently 
revealed decreased DA synthesis and decreased DAT levels. The effect of dAMPH and METH on 
VMAT remains unclear, but it appears to reduce levels of D2 receptors while increasing D3 
receptors. Similarly to ex vivo studies, no cell loss was observed, and only changes to the 
dopaminergic nerve terminals were found. Furthermore, abstinence resulted in recovery of DAT 
levels. Until now, only one study has evaluated phMRI in animals or humans with dAMPH 
induced dopaminergic changes. A blunted CBF response to oral MPH was observed in dAMPH 
users compared to controls. This is in line with primate and rodent studies with MPTP and 6-
OHDA induced DA neurotoxicity which also report blunted hemodynamic responses. However, 
these studies differ in that MPTP and 6-OHDA lesions induce a stronger blunted hemodynamic 
response than dAMPH pre-treatment does, which corroborates the idea that whereas MPTP and 
6-OHDA induces dopaminergic cell death, dAMPH leaves the cell bodies intact. However, unlike 
some of the MPTP and 6-OHDA studies, in the human dAMPH study CBF changes did not 
correlate with DAT availability, which raises the question of what changes in the dopamine  
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system we are actually measuring. It could reflect DA receptor density or extracellular DA 
concentrations or a combination of these. Therefore, further research is needed to establish the 
neural correlates contributing to (ASL) phMRI signal changes. 
 
Summary 
This review of the literature demonstrates that phMRI is an adequate method to assess 
dopaminergic function and severe dysfunction in the preclinical setting. In animal models of 6-
OHDA and MPTP neurotoxicity phMRI and PET/SPECT imaging provided very similar results. 
With respect to dAMPH and METH models, only one phMRI study has been conducted. 
Therefore, additional research is needed to confirm whether phMRI can identify dAMPH and/or 
METH induced DA dysfunction to the same extent as the PET/SPECT studies discussed above. 
This is important, because 6-OHDA and MPTP models induce severe loss of DA neurons and 
function, whereas dAMPH and METH administration induces more variable and less extensive 
imbalances in the DA system. The latter model is therefore more relevant for the clinical setting. 
Validation of phMRI in assessing DA dysfunction in dAMPH and/or METH users would be the 
ultimate step before this technique can be used in clinical practice, for instance in assessing DA 
dysfunction in neuropsychiatric disorders in vulnerable populations, such as children suffering 
from ADHD. 
 

PHARMACOLOGICAL MANIPULATION OF THE DOPAMINE SYSTEM 

In order to optimally profit from pharmacological manipulation of the dopamine system it is 
important to decide which drug to use for phMRI. The functionality and efficiency of the DA 
system is dependent on a complex interplay between DA synthesis, DA release, basal and tonic 
levels of activation, number of (internalized) receptors and transporters, autoreceptors and rate-
limiting enzymes. A combination of several ligands makes it possible to disentangle drug effects 
on these individual processes. A study by Chen et al. (2010) illustrates this wonderfully by using 
multiple DA challenges to characterize the differences in dopamine system between juvenile and 
adult rats in great detail. It is also important to consider variations in DA receptor distributions 
when interpreting phMRI results. For example, the NAcc is rich is D3 receptors, which have a 
much higher affinity for DA than postsynaptic D1 receptors (Sokoloff, 2008). D3 agonism 
induces a decrease in rCBV, whereas D1 agonism increases rCBV which has the implication that 
increasing DA efflux in the NAcc will show a net decrease of rCBV. Conversely, D1 receptors are 
more densely distributed in the striatum than D3 receptors. Furthermore, D2 autoreceptors play 
an important role in modulating “synaptic” dynamics and they have a much higher affinity for 
dopamine than D2 postsynaptic receptors (Chen et al, 2010). These factors need to be taken into 
account when designing the phMRI experiment. Besides the effect of dopamine on postsynaptic 
neurotransmission, it is also interesting to consider the effect of dopamine on the 
microvasculature. Choi et al. (2006) demonstrated that D1/D5 receptors are located directly on 
microvessels that induce vasodilatation. In contrast, D2/D3 receptors are not found on 
microvasculature, but can influence the hemodynamic coupling through astrocytic 
vasoconstriction. Therefore, the overall hemodynamic response is probably a mixture between 
vascular and neuronal effects of dopamine agonism. 

In addition, it is important to realize that hemodynamic changes induced by a 
pharmacological challenge are highly dependent on the dose used. As Ren et al. (2009) showed, 
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increasing doses of dAMPH increased DA release as measured with microdialysis in a dose-
dependent matter. phMRI experiments revealed increased rCBV at higher doses, but decreased 
rCBV at the lowest dose. This most likely reflects the balance between D2/D3 and D1/D5 
stimulation. Thus, a combination of different classes of ligands or a combination of ligands at 
optimal doses would best characterize changes to the DA system. 

In Table 4 we have given an overview of different DA drugs used in phMRI studies so far. 
It illustrates the effects of different types of drugs in on hemodynamic parameters. Some drugs 
give an overall increase or decrease, whereas others show both increases and decreases, which is 
usually region dependent or time dependent as a consequence of DA receptor distributions and 
affinities. It will facilitate the reader to make a good selection, not only of the challenge and its 
dose, but we have also indicated which challenge drugs are registered by the Food and Drug 
Administration (FDA) or European Medicines Agency (EMEA) or previously used in human 
populations, and thus likely suitable for studies in human populations. Please note that rCBV 
makes use of intravascular contrast agents, or a blood pool agent, which have not yet been 
approved for clinical use. 
 

WHICH MRI TECHNIQUE TO USE? 

In addition to choosing the right pharmacological challenge it is important to decide which MRI 
technique to use. CBV-, BOLD- and ASL-phMRI all have its advantages and shortcomings and it 
depends on the goal of the study which one to use. Currently, CBV-phMRI is the most applied 
technique because of its excellent contrast-to-noise ratio due to increased sensitivity to 
hemodynamic changes, especially at lower field strengths (Mandeville, 2012). However, its most 
important drawback is that it uses intravascular contrast agents that have not yet been 
approved for clinical use. BOLD-phMRI is also often used because of its ease of acquisition. It 
has an excellent temporal and spatial resolution and is widely available. It is particularly suitable 
for phMRI studies using intravenous challenges, repeated injections of drug and saline as well as 
task phMRI. In addition, it enables us to study drug effects on resting state functional 
connectivity (Schwarz et al, 2007). However, BOLD-phMRI has several shortcomings, that make 
it less advantageous to use in longitudinal studies or studies that employ oral pharmacological 
challenges. First, the BOLD signal suffers from increases in noise at low frequencies, frequently 
referred to as ‘signal drift’. In this respect, ASL is a more suitable method for repeated 
measurements. ASL is a technique that measures CBF by magnetically tagging blood as an 
endogenous tracer to monitor flow of the labeled blood into the target imaging slice (Wang et al, 
2011a). As the tagged protons enter the tissue they reduce the MR signal intensity. The 
difference between labeled images and control images is used as a measure of changes in CBF. As 
a result of this pairwise subtraction, ASL does not suffer from low frequency drifts, therefore 
providing temporal stability of measurements. Despite its lower signal-to-noise ratio, ASL is a 
highly reproducible method within subjects. Also, compared to BOLD, some ASL pulse 
sequences are less sensitive to magnetic field inhomogeneities in brain regions such as the 
orbital frontal cortex. Furthermore, it is possible to correct for macrovascular effects and 
changes in flow velocity induced by large intracranial vessels. Secondly, BOLD is a measure that 
depends on several physiological variables including CBF, cerebral blood volume and oxygen 
consumption and has no absolute baseline. On the other hand, ASL is more specific in that it is a 
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direct measure of neurotransmitter-induced changes in hemodynamic function, and several 
approaches exist that allow for quantification of the perfusion (Wang et al, 2011a). 
 

STRENGTHS AND LIMITATIONS OF PHMRI 

PET/SPECT provide more homogenous results because they measure specific elements of the 
dopaminergic system, such as receptors, transporters and release. However, phMRI additionally 
shows downstream effects of dopaminergic activity on other pathways, thereby providing a 
more complete picture of what exactly is going on in the brain. phMRI also offers additional 
advantages that complement PET and SPECT techniques. First, it offers a much higher spatial 
resolution, allowing the visualization of smaller brain regions. Using echo-planar images the 
time resolution of an MR image can be reduced to as little as 500 ms, therefore permitting 
tracking of time courses of fast-acting pharmacological compounds. Second, it allows for 
longitudinal studies and in contrast with PET or SPECT does not involve exposure to radiation. 
Therefore, one of the big advantages of MRI is that it can be used in vulnerable populations, 
such as children and older patients. 

However, it is important to consider that phMRI is a novel technique that is still in its 
infancy and therefore suffers from several teething troubles that remain to be resolved in the 
future before it can be widely applied in the clinic. The interpretation of fMRI and its underlying 
neurobiological substrates remain subject to discussion. Research on neurovascular coupling has 
progressed over the past ten years and it appears that fMRI and phMRI are able to reliably 
assess synaptic activity indirectly through changes in the hemodynamic response function 
(Logothetis and Pfeuffer, 2004). Although increases in BOLD signal and other hemodynamic 
measures are relatively well understood, decreases in brain hemodynamics are still a topic of 
debate. The BOLD signal might reflect actual decreases in neuronal activity, but has also been 
attributed to increases in neuronal activity without a compensatory increase in CBF (Moraschi et 
al, 2012). 

An additional problem arises specifically in phMRI because pharmacological compounds 
can affect vascular tone of the brain (Choi et al, 2006). However, Ceolin et al. (2007) 
demonstrated that vascular effects were not the main driving force behind the BOLD response 
to a cocaine challenge; in contrast, the phMRI response is largely attributed to tissue 
metabolism. Yet, it is possible that the acquired phMRI signal is a mix of changes in neuronal 
activation and vasculature. Furthermore, drugs may have systemic physiological effects, such as 
changes in blood pressure. Therefore, systemic parameters have to be monitored and can be 
included as covariates in the data analysis. Additionally, systemic effects on the phMRI response 
are expected to affect the brain globally and could in this way be distinguished from regional 
neuronal effects (Wang et al, 2011a). Another caveat exists when using phMRI to investigate 
disease states. Clinical conditions are known to lead to changes in cerebral microcirculation and 
thus changes in CBF. Therefore caution is warranted in the interpretation of such studies 
(Iadecola, 2004). Furthermore, even though a particular pharmacological compound might act 
on a specific receptor, its consequences may be more widespread and involve downstream 
projections. Because of the complex functional interplay between neurotransmitters, neuronal 
activity detected by phMRI will likely reflect neuronal activity in other transmitter systems as 
well. 
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PHMRI IN THE CLINIC AND FUTURE DIRECTIONS 

Clinically, this technique could be of incredible importance as it is currently the only technique 
to assess brain neurotransmitter systems non-invasively in vivo in vulnerable populations. As 
reviewed above, dopaminergic abnormalities can be detected by phMRI in neurotoxic animal 
models. It is key to investigate further whether dopaminergic abnormalities can also be 
identified in psychiatric disorders. One study has used phMRI to validate an animal model of 
ADHD in which rats were administered the dopamine reuptake inhibitor GBR12909 (30 mg/kg, 
i.p.) bi-daily for 4 days, which induced symptoms characteristic of ADHD, such as increased 
locomotor activity. This model was applied in a phMRI study with MPH as a challenge. The 
hemodynamic response was decreased in the caudate, frontal cortex, hippocampus and 
hypothalamus in treated rats versus controls (Hewitt et al, 2005). In addition, it has been shown 
that phMRI is able to track treatment response in animals. In one example, the effects of a 
potential new drug to treat schizophrenia were studied. Aripiprazole is a partial D2 agonist that 
reveals dose-dependent reductions in CBF in regions associated with the pathophysiology of 
schizophrenia. The next step would be to investigate the effect of the drug in an animal model of 
psychosis and compare it to existing antipsychotics (Nordquist et al, 2008). These examples 
illustrate the great potential of phMRI to contribute to drug discovery, by discovering new 
targets and comparing different treatment protocols. However, there is a lack of phMRI studies 
that investigate dopaminergic abnormalities in humans. Most of the available studies have used 
task-based phMRI, but in such experiments it is often difficult to tease apart the effect of the 
drug and the effect of the task and a possible interaction. Yet, they can be informative to 
highlight the clinical potential of phMRI and how this technique can be utilised to study drug 
effects. For example, some studies in PD patients have examined BOLD responses after 
administration of levodopa in response to a task (Farid et al, 2009; Martinu et al, 2012; Mattay 
et al, 2002). Although it seems that levodopa can normalize activation in corticostriatal loops to 
some extent, the spatial distribution and spread of activation remains incongruous with that of 
controls. This would be convergent with the idea that levodopa does not affect the cause of the 
disease, but artificially increases dopamine levels that are deficient due to the cell death in the 
SN. 

It is crucial to fine-tune this relatively new technique to optimize it for use in the clinic. 
For example, ASL-phMRI studies in humans are pivotal in developing phMRI as a reliable 
technique for the clinic. For future research, it is crucial to disentangle hemodynamic processes 
underlying the phMRI signal to improve and standardize interpretation of data. phMRI is a 
powerful technique to evaluate the acute and long-term effect of treatment in human 
psychiatric populations. A better understanding of neurotransmitter changes in psychiatric 
disorders is imperative to drug discovery and to develop new treatment strategies. This makes 
phMRI a very valuable technique for translational research. 

 
CONCLUSION 

Dopamine abnormalities underlie a wide variety of psychopathologies, including ADHD and 
schizophrenia. The integrity of the DA system has traditionally been visualized by PET and 
SPECT imaging techniques. Recently, pharmacological MRI has been developed, which measures 
the hemodynamic response to a pharmacological challenge non-invasively. As this review 
demonstrates, phMRI is capable of measuring (relatively severe) dopaminergic abnormalities in 
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animal models. Furthermore, this technique has the potential to monitor the effect of treatment 
on restoring neurotransmitter function. It offers a huge potential to non-invasively assess 
neurobiological mechanisms in disease states, it can aid in drug discovery and development, and 
it contributes significantly to a general understanding of the intricate working of the brain. Its 
strengths include its spatial resolution, its non-invasive nature and the multitude of clinical 
settings in which it can be applied. However, future research into the interpretation of the MRI 
signal changes is needed and also to show whether phMRI is also able to detect smaller changes 
in dopaminergic function. Despite phMRI studies in healthy volunteers showing similar results 
as with the conventional imaging tools PET and SPECT, phMRI is not yet a widely applied tool to 
study patients with dopaminergic abnormalities. Nevertheless, the literature reviewed above 
illustrates that with additional studies, phMRI could be widely applied in the clinical setting in 
the very near future. 
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ABSTRACT 

Background: Dexamphetamine (dAMPH) is a psychostimulant drug that is used both 
recreationally and as medication for attention deficit hyperactivity disorder. Preclinical studies 
have demonstrated that repeated exposure to AMPH can induce damage to nerve terminals of 
dopamine (DA) neurons.  
 
Methods: We here assessed the underlying neurobiological changes in the DA system following 
repeated dAMPH exposure and pre-treated rats with dAMPH or saline (4 times 5 mg/kg s.c., 2 
hours apart), followed by a 1-week washout period. We then used pharmacological MRI (phMRI) 
with a methylphenidate (MPH) challenge, as a sensitive and non-invasive in-vivo measure of 
DAergic function.  We subsequently validated the DA-ergic changes post-mortem, using a.o. 
high-performance liquid chromatography (HPLC) and autoradiography.  
 
Results: In the AMPH pre-treated group, we observed a significantly larger BOLD response to the 
MPH challenge, particularly in DA-ergic brain areas and their downstream projections. 
Subsequent autoradiography studies showed that AMPH pre-treatment significantly reduced DA 
transporter (DAT) density in the caudate-putamen (CPu) and nucleus accumbens, whereas 
HPLC analysis revealed increases in the DA metabolite homovanillic acid in the CPu.  
 
Conclusion: Our results suggest that AMPH pre-treatment alters DAergic responsivity, a change 
that can be detected with phMRI in rats. These phMRI changes likely reflect increased DA 
release together with reduced DAT binding. The ability to assess subtle synaptic changes using 
phMRI is promising for both preclinical studies of drug discovery, and for clinical studies where 
phMRI can be a useful tool to non-invasively investigate DA abnormalities, e.g. in 
neuropsychiatric disorders.  
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INTRODUCTION 

Dexamphetamine (dAMPH) is a psychostimulant that is often used, both recreationally and for 
the treatment of attention-deficit/hyperactivity disorder (ADHD). Shortly after acute 
administration, dAMPH induces large increases in dopamine (DA) concentrations. However, 
repeated dAMPH treatment may cause lasting reductions in striatal DA, in its major metabolite 
dihydroxyphenylacetic acid (DOPAC), its rate-limiting enzyme tyrosine hydroxylase, its 
membrane transporter (DAT) and in the vesicular monoamine transporter (VMAT2) (Advokat, 
2007; Berman et al, 2009; Gibb et al, 1994; McCann and Ricaurte, 2004), not only at high (toxic) 
doses, but likely also at already much lower doses such as those used to treat ADHD patients 
(Ricaurte et al, 2005). In addition to the reduction in DA-ergic presynaptic markers, repeated 
intermittent exposure to dAMPH can result in an exaggerated  DA response (Boileau et al, 2006; 
Pierce and Kalivas, 1997), that is thought to be mediated by increased DA release and/or 
reductions in DA re-uptake and metabolism (Pierce and Kalivas, 1997).  
   Recent studies have demonstrated the potential of pharmacological MRI (phMRI) as a 
meaningful tool to visualize DAergic dysfunction (Chen et al, 1997; Choi et al, 2006). PhMRI can 
measure evoked changes in brain hemodynamics as a result of neurotransmitter-specific drug 
challenges. Previous studies have demonstrated that phMRI can visualize the effects of DA 
neurotoxicity, which strongly correlated with measures of the DAT, DA concentrations and 
behavior (Chen et al, 1997; Jenkins et al, 2004). For example, DA neuron loss induced by strong 
and well-documented DAergic neurotoxins, such as 6-hydroxydopamine (6-OHDA) and 1-
methyl-4-fenyl-1,2,3,6-tetrahydropyridine (MPTP) resulted in a blunted phMRI response in 
animals. More recent preclinical studies have demonstrated that phMRI can also visualize more 
complex alterations in DA-ergic nerve terminals in animal models of addiction (Gozzi et al, 
2011) and autism (Squillace et al, 2014). As phMRI is non-invasive, it could potentially be a 
powerful tool to investigate effects of dAMPH treatment on the DA system of children and 
adolescents with ADHD. Here, we used phMRI to assess remodeling of the DA synapse in a 
rodent model of repeated dAMPH administration (Belcher et al, 2005), known to induce 
neurotoxic changes to the DA system, using phMRI. In order to further validate the 
neurobiological substrates underlying changes in phMRI signal, we assessed DAT as well as DA 
receptor alterations, DA levels and its metabolites using immunocytochemistry, 
autoradiography, ex vivo storage phosphor imaging and high-performance liquid 
chromatography (HPLC) analysis.  

 

METHODS 

PhMRI was used to assess DA functionality following a DA-ergic challenge with dAMPH. In the 
same rats, immunocytochemistry (ICC) was used afterwards to measure overall DAT and DA 
receptor levels. In different groups of rats with the same treatment protocol, in vitro 
autoradiography was used to assess DAT and DA D1 availability, ex vivo storage phosphor 
imaging to measure striatal DA D2/D3 receptor availability and high-performance liquid 
chromatography (HLPC) to assess in vivo levels of DA and its metabolites.  
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Animal procedures and treatment 
All experiments were approved by the local animal ethical committee and carried out in strict 
accordance with European guidelines (EU Directive 2010/63/EU) to minimize animal suffering. 
The studies were conducted in adult male Sprague Dawley rats (Charles River, UK, Janvier Labs, 
France and Harlan, the Netherlands), weighing between 200-300 g. In all experiments, the rats 
were divided in two groups that received either treatment with dAMPH (5 mg/kg s.c. four times 
2 hours apart) or with saline (also four times 2 hours apart s.c.), as this dose has been shown to 
induce damage in the DA synapse (Belcher et al, 2005).  
  dAMPH (Sigma Aldrich) was dissolved in 0.9% saline and injected s.c. in a final volume of 
1 ml/kg body weight. The phMRI experiments were carried out following a washout period of 7 
days to ensure total dAMPH clearance. In addition, during the MRI experiment, half of the rats 
in each experimental group received 4 mg/kg methylphenidate (MPH) i.p. (Sigma Aldrich, UK) 
dissolved in 0.9% saline in a volume of 0.3 ml to challenge the DA system. The other half of the 
animals received a saline challenge (same volume). This resulted in 4 experimental groups for 
the phMRI: pre-treated saline with saline challenge (SAL-SAL, N=11), pre-treated saline with 
MPH challenge (SAL-MPH, N=10), pre-treated dAMPH with saline challenge (AMPH-SAL, 
N=10) and pre-treated dAMPH and challenge with MPH (AMPH-MPH, N=11).  
 
phMRI for DA functionality 
MRI experiments were performed using a 4.7 T Direct Drive Agilent (previously Varian, Palo 
Alto, CA) MRI system. Animals were placed in a linear radiofrequency coil with a volume with 72 
mm inner diameter (m2m Imaging Corp., Cleveland OH, USA), which was used as a transmitter. 
The MR signal was received by four phased array coils (m2m Imaging Corp., Cleveland OH, USA) 
placed around the head of the animal. During the MRI scan, anesthesia was maintained with 
1.5-2.0% isoflurane and animals were ventilated in a 70:30 mixture of medical air and oxygen. 
Ventilation parameters, body temperature and heart rate were monitored throughout the scan. 
  For each animal, a T2 weighted anatomical image volume was acquired using a fast spin 
echo multi-slice sequence (fsems) with an echo train length of 8, matrix size= 256x256, 
FOV=35x35 mm, 24 contiguous interleaved 1 mm coronal slices, 4 averages, 2 dummy scans, 
effective repetition time (TReff)= 5112 ms, and effective echo time (TEeff)=60 ms. The time 
series were acquired using a gradient echo multi-slice (gems) sequence with 16 contiguous 
interleaved 1 mm slices centered to the same position as the anatomical image with TR=260 ms, 
TE=14 ms, flip angle 40 deg, 2 averages, 2 dummy scans, FOV=35x35 mm and matrix size of 
128x96 (zero-fill to 128x128), covering the regions of interest. Fifty time points (acquisition 
time per time series volume was 50 s; total scan time of approximately 41 minutes) were 
acquired with an injection of the pharmacological challenge after acquisition of volume 12.  
 
MRI data analysis 
As a first step, the anatomical and time series data were converted to 4D Analyze format using 
ImageJ (Abramoff et al, 2004). For image processing, the pixel dimensions were scaled by a 
factor of 10 to ensure compatibility with analysis algorithms designed for human data. This 
resulted in a voxel size of 2.73 × 2.73 × 10 mm3 for the time series data. Pre-processing included 
motion correction, which was applied by re-aligning the functional data to the first dynamic 
volume. In addition, anatomical and time series data were manually re-aligned to a stereotactic 
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rat brain template (Schwarz et al, 2006) using Statistical Parametric Mapping (SPM) software. 
Then, we co-registered the structural data to the rat template with 3, 6 and 12 degrees of 
freedom, respectively. Subsequently the data were normalized using a non-linear frequency cut-
off of 15Hz. Next, all transformations were applied to the functional data (Ashburner, 2007). 
Thereafter, the functional data were smoothed with a 3 x 3 x 7 mm Gaussian kernel. Finally, 
brain extraction was obtained by multiplying a binary mask from the rat template with the 
functional data.  
 
ROI-based analysis  
We hypothesized the BOLD signal in certain DA-rich areas to be different between groups and 
therefore carried out ROI analyses in the CPu and NAcc. Mean time series per group per ROI 
were extracted from unsmoothed BOLD time series using a 3D digital reconstruction of a rat 
brain atlas (Paxinos and Watson, 2005) co-registered with the anatomical MRI template 
(Schwarz et al, 2006), using IDL-based software (Research Systems Inc., Boulder, Colorado). The 
anatomical definitions of the ROIs can be found in Gozzi et al. (2008). Statistical significance 
was assessed using a repeated-measures analysis.   
 
Voxel-based analysis  
In addition to ROI-based analysis, whole brain analyses were conducted to explore the effects in 
regions downstream from DA projections. Image-based time series analysis was performed using 
FEAT v. 5.98, part of FSL (Jenkinson et al, 2012). First level analysis was conducted using a 
model based on exploratory data analysis to obtain the shape of the hemodynamic response. The 
design matrix was composed of this model and its temporal derivative. Higher-level mixed effect 
analysis was carried out using ordinary least squares simple mixed effects as implemented in 
FSL FEAT to determine group differences. Z (Gaussianised T/F) statistic images were 
thresholded using clusters determined by Z>1.6 and a (corrected) cluster significance threshold 
of p=0.05 (Worsley, 2001). The Paxinos and Watson rat brain atlas (2005) was used to identify 
location of significantly activated brain regions.  
 
Immunocytochemistry for GFAP, DAT, D1 and D2 assessments 
Following MRI, a subset of animals (N=15 dAMPH pre-treated, N=14 saline pre-treated) was 
perfused intracardially with saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer 
(PB). To prevent pressure artefacts, brains were additionally post-fixed overnight in the skull at 
4 °C. The fixed brains were then saturated in a solution of 15% sucrose in PB (PB, 0.1M, pH 7.4) 
followed by 30% sucrose in PB for cryoprotection after which they were frozen and coronally 
sectioned in a one-in-ten series at 30 μm on a sledge microtome  (Jung AG, Heidelberg, 
Germany). Immunocytochemistry was performed in the CPu and NAcc for: DAT (polyclonal 
rabbit anti DAT 1:2000, Novus Biologicals NBP1-19013), D1 (monoclonal mouse anti-DA 
receptor D1a 1:2000, Millipore MAB5290), D2 (polyclonal rabbit anti DA receptor D2a 1:400, 
Millipore AB5084P), and glial fibrillary acidic protein  (GFAP, polyclonal rabbit anti-GFAP 
1:2000, Dako Z0334) as described in detail in the Supplementary Methods. Optical density was 
measured with the intensity function in ImageJ (Fiji, Image J) in one or multiple fixed-size 
regions. All sections were stained simultaneously and digitized with fixed settings. Light and 
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background corrections were performed for all stainings except GFAP, due to the widespread 
distribution of GFAP.  
 
In vitro autoradiography for DAT and D1 assessments 
Animals (N=12 dAMPH pre-treated, N=12 saline pre-treated) were sedated with isoflurane and 
euthanized by cervical dislocation and the brains were rapidly removed, snap frozen and stored 
at -80°C. Frontal brain sections (14 µm) were cut and DAT and D1 autoradiography was 
performed on the CPu and NAcc. [3H]WIN35428 (Perkin-Elmer®, France; specific radioactivity = 
3.034 MBq/nmol; 5 concentrations from 0.55 to 15.0 nM) was used for the DAT binding 
experiments according to protocols described before by Hebert (1999). Non-specific binding was 
determined by incubation of adjacent brain slices in the presence of 10 µM nomifensine. For the 
D1 binding experiments, [3H]SCH-23,390 (Perkin-Elmer®, France; specific radioactivity = 3.119 
MBq/nmol; 5 concentrations from 0.10 to 8.1 nM) was used and performed according to the 
Savasta protocol (Savasta et al, 1986). Non-specific binding was determined by incubation of 
adjacent brain slices in the same conditions and in the presence of 10 µM SKF38393. Brain 
sections were exposed to tritium-sensitive phosphor imaging plates (Perkin-Elmer®) before 
acquisition of images (Cyclone®, Perkin-Elmer®). Specific binding was calculated as the 
difference between total and non-specific binding and Kd and Bmax values were derived from 
raw data using nonlinear fitting procedures (Prism®). 
 
Ex vivo storage phosphor imaging for D2/D3 assessments 
Seven days following treatment, rats (N=10 dAMPH pre-treated, N=10 saline pre-treated) were 
anesthetized with ketamine/xylazine mix followed by intravenous administration of 
approximately 50 MBq of the selective D2/D3 tracer [123I]IBZM (GE Healthcare, Eindhoven, the 
Netherlands) into the tail vein. Ninety minutes later, rats were sacrificed using cardiac puncture 
under anaesthesia, and the brain was removed and frozen in nitrogen, sliced into horizontal 
slices of 50 μm using a microtome cryostat at -21°C. Storage phosphor imaging was performed 
as described previously (Crunelle et al, 2009). In brief, every fifth slice was mounted on a glass 
plate and exposed to phosphor plates (Fuji BAS-MS IP) for the duration of 12 hours, allowing 
the phosphor plates to absorb energy emitted by radioactive decay from [123I]IBZM. The 
resulting luminescence emitted by the phosphor plates was scanned using a storage phosphor 
imager (GE Healthcare Typhoon FLA 7000) at a resolution of 25 μm using a 16-bit pixel depth, 
and analysed using ImageQuant TL Toolbox version 8.1. Regions of interest (ROIs) were the left 
and right CPu and the left and right NAcc, both DA-rich brain structures. The cerebellum was 
used to assess non-specific binding, as the cerebellum contains a negligible D2/D3 density (Knol 
et al, 2008). Specific dorsal CPu-to-cerebellum and NAcc-to-cerebellum ratios were obtained by 
dividing the average uptake per pixel of combined left and right CPu/NAcc parts by the average 
uptake per pixel of the cerebellum.  
 
Ex vivo HPLC for monoamine levels and metabolites 
Brains (N=11 dAMPH pre-treated, N=12 saline pre-treated) were rapidly dissected on cold 
plates; CPu and frontal cortex (FC) were dissected, weighed and stored at -80°C for further 
analysis. The tissue samples were homogenized for 30 min in 100 µl of an extraction solution 
(pH=3) constituted of the mobile phase supplemented with perchloric acid 0.1 M. The mobile 
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phase (MD-3MA, Thermo Scientific, France) was pumped at 0.4 mL/min with an isocratic high-
performance liquid chromatography (UltiMate 3000 system, Thermo Scientific Dionex, France). 
Electrochemical detection (Coulochem III, Thermo Scientific Dionex, France) enabled the 
detection of monoamines and their metabolites. Peak quantification was determined using the 
Chromeleon 7.2 software (Thermo Scientific Dionex, France) and their concentrations derived 
from external standard curves. Concentrations of each compound were computed as the average 
of the two extracted values per sample.  
 
Statistics 
Sample sizes were based on a previous study (Belcher et al, 2005) with the same dosing regimen, 
taking into account possible drop-out due to complications of the treatment and/or MRI data 
quality. Power calculations showed that at least 10 rats per group were needed to detect an 
effect size of 1.8 (Cohen’s d). Rats were randomly assigned to either saline or dAMPH treatment 
per cage and blinding was used for final statistical analyses. Data were analyzed using two-sided 
independent t-tests or ANOVA to test for the effects of (i) repeated dAMPH administration (ii) 
acute effect of MPH challenge. Data were assessed for normality using the Shapiro-Wilk test and 
equality of variance using Levene’s test. In case assumptions were violated, non-parametric tests 
were used. Statistical analyses were performed using SPSS version 20.0 (IBM, Chicago) unless 
otherwise stated.    

 

RESULTS 

phMRI for DA-ergic functionality 
The acute MPH challenge induced a significant BOLD response in the AMPH-MPH group, but 
not in the SAL-MPH group relative to the SAL-SAL and AMPH-SAL groups combined (SAL), 
either in the CPu (AMPH-MPH: F=1.56 p<0.01; SAL-MPH: F=0.47 p=0.99) or the NAcc (AMPH-
MPH: F=1.67 p<0.01; SAL-MPH: F=0.826 p=0.80) (Figure 1). The whole brain analyses were in 
agreement with the ROI analysis, demonstrating that an acute MPH challenge significantly 
activated a number of clusters of voxels in the thalamus, hippocampus (HC), CPu and cortically 
in fronto-temporal areas in the AMPH-MPH group (Figure 2) when compared to the vehicle 
groups together. In addition, the SAL-MPH group also showed small increases in BOLD signal 
compared to baseline in thalamus and temporal cortex.  
  The acute MPH challenge only induced positive BOLD responses, but the extent of 
activation was much larger in the AMPH-MPH group than in the SAL-MPH group. In the SAL-
MPH group, we observed small bilateral increases in activation in the thalamus and temporal 
cortex. In contrast, in the dAMPH pre-treated group, a large number of regions showed a 
bilateral increase in BOLD signal intensity, including the thalamus, HC, CPu and cortically in 
fronto-temporal areas. When the SAL-MPH and AMPH-MPH groups were compared directly, we 
found the strongest group differences in subcortical DA-rich structures, such as the  striatum, 
thalamus and substantia nigra.  
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Figure 1. ROI analyses of phMRI data. phMRI time courses in the CPu (a) and NAcc (b). MPH or saline 
challenge was administered after 12 volumes (indicated by the arrow) followed by 38 volumes post-
administration. The AMPH-MPH group differed significantly from the SAL-MPH and SAL groups. 
Difference between pre-injection (1-12) and post-injection (15-35) displayed for the CPU and Nacc (c) for 
each group (mean ±SEM)* p<0.05 
 
Immunocytochemistry for GFAP, DAT, D1 and D2 assessments 
dAMPH pre-treatment, compared to saline pre-treatment, resulted in a trend towards higher D1 
immunoreactivity in the CPu (+14.1%, t27=1.66, p=0.06) and significantly higher expression in 
the NAcc (+43,3%, t27=1.95, p=0.04), as well as higher GFAP immunoreactivity in the CPu 
(+11.8%, U=59 p=0.046) (Figure 3). No differences were found in D1 or GFAP expression in 
other ROIs. dAMPH pre-treatment did not significantly affect D2 or DAT immunoreactivity 
when compared to saline pre-treatment (Supplementary Figure 1).  
 
In vitro autoradiography for DAT and D1 assessments 
dAMPH pre-treatment resulted in a significant 21-24 % lower binding of DAT in the CPu 
(t18=5.56, p<0.001), NAcc (t21=9.26, p<0.001) compared to saline pre-treatment. D1 density was 
significantly lower in the NAcc (-7% t22=2.83, p<0.01) but not altered in the CPu (t22=0.78, 
p=0.40). Mean and standard error of the mean (SEM) are displayed in Table 1 (Supplementary 
Figure 2 illustrates the distribution of DAT and D1 binding sites).  
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Figure 2. Whole brain analyses of phMRI data. The three rows show 1 mm-thick coronal slices for 
different group comparisons: a) MPH challenge in saline-treated rats increased BOLD response compared 
to groups that received a saline challenge b) MPH challenge in dAMPH-pre-treated rats increased the 
BOLD response extensively c) dAMPH-pre-treated rats show increased BOLD response compared to the 
SALMPH group. Images are thresholded at Z=1.6 
 

 
Figure 3. Immunocytochemistry. a) GFAP b) D1 c) DAT and d) D2 expression following dAMPH or saline 
pre-treatment in the NAcc and CPu (mean ±SEM) * p<0.05 
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Ex vivo storage phosphor imaging for D2/D3 assessments 
There was no significant difference in D2/D3 receptor availability in the NAcc (t18=1.45, p=0.16) 
or the CPu (t18=1.05, p=0.31) between groups pre-treated with saline versus dAMPH. 
Representative phosphor images from the  dAMPH and saline group are displayed in 
Supplementary Figure 3, as well as the mean and SEM.  
 
Ex vivo HPLC for monoamine levels and metabolites 
dAMPH pre-treatment did not result in significantly different monoamine levels, except for  
increases in HVA levels in the CPu (+231%, p<0.0001) (Table 2). No differences were found in 
the frontal cortex. 
 
Table 1. Autoradiography results  
 DAT D1
 [3H]-WIN35428 Bmax [3H]-SCH23390 Bmax 
 fmol/mg TE, mean (SEM) fmol/mg TE, mean (SEM) 
 Saline dAMPH Saline dAMPH 
CPu 192 (5) 151 (4) †  361 (7) 353 (8) 
NAcc 407 (9) 308 (5) †  360 (5) 335 (7)* 
* p<0.01  † p<0.001 (dAMPH vs. saline) SEM: Standard error of the mean 
 
 
Table 2. HPLC results  

CPu Cortex 

Saline dAMPH Saline dAMPH 

NA 0.149 (0.022) 0.162 (0.030) 3.390 (1.104) 2.950 (0.261) 

MHPG ND ND 3.884 (0.580) 3.212 (0.285) 

DA 2.162 (0.244) 2.001 (0.273) 0.043 (0.005) 0.053 (0.018) 

DOPAC 1.923 (0.199) 2.302 (0.268) 0.008 (0.001) 0.006 (0.001) 

HVA 1.295 (0.195) 4.293 (0.538)* 0.378 (0.195) 0.381 (0.050) 

5-HT 0.217 (0.014) 0.227 (0.026) 0.497 (0.026) 0.478 (0.029) 

5-HIAA 0.305 (0.022) 0.246 (0.028) 0.369 (0.023) 0.342 (0.019) 

Data (mean (SEM)) are concentrations (µg/g wet tissue) of monoamines (NA: Noradrenaline, DA: 
Dopamine, 5-HT: Serotonin) and metabolites (MHPG: 3-methoxy-4-hydroxyphenylglycol, DOPAC: 3,4-
dihydroxyphenylacetic acid, HVA: homovanillic acid, 5-HIAA: 5-hydroxyindolacetic acid) in the striatum 
in saline and dAMPH-treated rats, one week after the treatment. dAMPH vs. Saline:*p<0.0001; ND not 
detected. 

 

DISCUSSION 

We here used phMRI to investigate in rats the consequences of repeated dAMPH 
administration, known to damage the DA synapse. We assessed whether a subsequent MPH 
challenge would allow to detect changes in DAT, DA receptor, DA levels and its metabolites, and 
therefore also  validated these measures by analyzing them post-mortem. We demonstrate that 
dAMPH pre-treatment increases the BOLD response to an acute MPH challenge in DA-
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innervated brain regions. The changes in BOLD response possibly reflect increased DA-ergic 
post-synaptic stimulation as supported by the higher HVA and reduced striatal DAT binding we 
found. However, based on autoradiography and ICC, contrasting results were found for D1 
expression following dAMPH treatment.  
 
Repeated dAMPH treatment induced exacerbated BOLD response  
In accordance with Belcher et al. (2005), our dAMPH pre-treatment model induced reduction in 
DAT binding. In addition, the dAMPH pre-treatment induced a higher BOLD response to an 
acute MPH challenge in subcortical DA areas. This exacerbated DA-ergic response to MPH may 
either be due to an increase in DA release and/or a reduction in its re-uptake or metabolism. 
This would result in the presence of more DA in the synaptic cleft and hence an increase in post-
synaptic neurotransmission in dAMPH pre-treated rats. Enhanced striatal DA release has been 
shown to induce both cortical and subcortical hemodynamic responses, reflecting its arousing 
and rewarding properties (Schwarz et al, 2007).  
  When animals are repeatedly exposed to psychostimulant drugs, the re-administration 
of the drug after a period of withdrawal results in an exaggerated DA release, which is consistent 
with the exacerbated BOLD response we observed following the MPH challenge. Additionally, 
the presently observed reduction in DAT binding could result in a decreased re-uptake and 
therefore elevated DA levels, possibly further augmenting DA neurotransmission (Pierce and 
Kalivas, 1997). Interestingly, these findings differ from clinical studies from our group, in which 
we found a blunted phMRI response and  striatal DA release in regular dAMPH users (Schouw et 
al, 2013; Schrantee et al, 2015). Yet, Boileau et al. (2006) found sensitization in humans who 
repeatedly received dAMPH under similar conditions. This discrepancy between rodent and 
human studies is also observed for the effects of cocaine (Narendran and Martinez, 2008) and 
may be due to differences in timing and  duration of administration (i.e. at an early stage of drug 
abuse vs. dependence, or after a wash-out period) as well as to effects of the environmental 
context, i.e. in relation to reward anticipation.    
  PhMRI studies reported in the literature have demonstrated that DA-ergic stimulants 
(including dAMPH and MPH) elicit significant changes in the hemodynamic response of DA-
innervated brain regions of healthy animals (Chen et al, 1997; Jenkins et al, 2004). Yet in the 
saline pre-treated rats, we observed a small BOLD response as compared to dAMPH-pretreated 
rats. It has been demonstrated previously that low doses of dAMPH can induce a small 
hemodynamic responses, probably due to a higher affinity for D2 (auto)receptors. These 
autoreceptors are expressed on the pre-synaptic terminal and their stimulation results in a lower 
DA release. Alternatively, higher doses of dAMPH increase the phMRI signal more as a result of 
an increased binding of DA to D1 (Ren et al, 2009). The current literature is somewhat equivocal, 
with both increases and decreases of the phMRI signal being reported (Canese et al, 2009; Chen 
et al, 2010; Easton et al, 2009; Hewitt et al, 2005), which may relate to methodological 
differences, such as the route and dose of MPH administration as well as the ventilation 
protocol used. 
 
What neurobiological changes drive the phMRI response? 
We here observed that dAMPH treatment reduced DAT binding significantly in the CPu (-21 %) 
and NAcc (-24 %) as measured with [3H]WIN-35428 autoradiography. At first glance, this does 
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not appear in concordance with our ICC findings where an no change in DAT was apparent. 
However, this can be explained by the fact that ICC measures the entire pool of DAT (i.e. intra- 
and extracellular, functional and not functional), whereas autoradiography assesses only the 
functional membrane DAT that can bind ligand. Hence, the autoradiography data suggest that 
the active pool of DAT, and/or their activity, is reduced in dAMPH-treated rats, corroborating 
our hypothesis of DAT-dependent changes in phMRI signal, whereas the entire pool (as 
measured with ICC) may have been increased as a compensatory response. Similarly, our results 
in D1 expression  differ when measured with autoradiography and ICC. This suggests that 
although there might be an increase in the overall pool of D1 receptors, fewer receptors are 
functionally available (as supported by the autoradiography data), possibly due to an 
exaggerated DA neurotransmission. However, the reason for the increase in overall D1 levels 
remains elusive and requires further research. The concept of an dAMPH-induced disruption of 
normal DA-ergic functioning is further supported by the increases in GFAP, a classical marker of 
astrogliosis, as has been reported before under similar, as well as degenerative conditions 
(Fumagalli et al, 1998).   
  Furthermore, levels of the DA metabolite HVA were elevated in dAMPH-pretreated rats 
while no differences were present in basal DA levels. Both DA and HVA were found to be 
increased following acute dAMPH (Bredeloux et al, 2007), likely as a result of reversed DA 
transport (Fumagalli et al, 1998) or internalization of DAT (Saunders et al, 2000), that would 
lead to an increase in the amount of DA in the synaptic cleft that can be metabolized. Moreover, 
the decreased DAT binding can result in less reuptake and more available DA to be metabolized 
(Gulley and Zahniser, 2003). In addition, acute (d)AMPH has been shown to inhibit the activity 
of the enzyme monoamine oxidase (MAO) (Fumagalli et al, 1998; Huotari et al, 2004), initially 
resulting in reduced DA metabolism. One explanation could therefore be that, following one-
week of washout and disinhibition of MAO, DA metabolism is still increased, resulting in higher 
HVA levels. Alternatively, our phMRI data suggest a slower breakdown of the released DA due to 
deficient DAT reuptake, which might again increase DA metabolism and thus result in higher 
HVA levels. Interestingly, no changes in HVA were found in the frontal cortex, a region with 
lower DAT expression than the CPu, where catechol-O-methyltransferase (COMT) and MAO are 
thought to play a larger role in the modulation of DA neurotransmission (Huotari et al, 2004). 
This suggests that dAMPH-induced DAT deficiency has a larger impact on changes in DA 
metabolism in the CPu than in the frontal cortex.  
 
Methodological considerations 
This experiment used BOLD contrast to visualize hemodynamic changes, instead of contrast-
enhanced cerebral blood volume (CBV) phMRI studies. Although CBV-weighted imaging might 
provide a higher sensitivity, BOLD contrast is more often used in the clinical research setting 
and our findings can therefore be more easily translated  to the human situation. Nevertheless, 
human studies are typically performed without the use of anesthesia, which hampers a direct 
comparison between our animal work and such clinical studies. Although we cannot rule out the 
possibility that isoflurane has influenced our results, all groups received the same level of 
anesthesia, so this is unlikely this explains the large difference between our dAMPH and saline 
groups. Previous studies had further suggested, that similar levels of anesthesia, as in the 
present study, do not affect the sign and distribution of phMRI responses (Gozzi et al, 2008b). 
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Future experiments in awake rats could advance the comparability between animal and human 
studies. 
  Systemically administered challenges can induce systemic changes to various 
physiological parameters that can hamper interpretation of the BOLD response. For these 
reasons, blood pressure and pCO2 levels were carefully monitored in our study while previous 
studies have shown that systemic changes as a result of i.v. administration with dAMPH did not 
affect phMRI results (Chen et al, 1997). We used i.p. administration of MPH, which will induce 
less systemic changes and these are therefore considered negligible for the interpretation of our 
results.  
 Finally, it is important to note that psychostimulants such as dAMPH and MPH not only 
affect the DA system, but also act on the noradrenergic (NA) system and can have downstream 
effects on other neurotransmitter systems. Especially in cortical areas, where NA-ergic neurons 
are involved in regulating DA (Stahl, 2003), MPH-induced changes may, at least in theory, 
involve mixed DA-ergic and NA-ergic activation. Although we did not find any changes in NA 
(metabolites) in our dAMPH treated rats, we cannot completely exclude this further research 
into this will be of interest.  

 

CONCLUSIONS 

We report that dAMPH pre-treatment, which is known to induce neurotoxic changes in the DA 
synapse, induced an exaggerated phMRI response to a subsequent DA-ergic challenge in rats. 
Our validation data indicate that the phMRI signal changes are likely explained by increases in 
DA neurotransmission. Consistent with literature, we demonstrate that repeated dAMPH 
reduced striatal DAT and increased HVA levels . This supports that phMRI is sensitive enough to 
measure complex alterations in the DA system. This ability to assess subtle synaptic changes is 
promising for both preclinical studies of DA-ergic drug discovery and monitoring as well as for 
future clinical studies where phMRI can be used to investigate DA abnormalities, e.g. in various 
neuropsychiatric disorders, in a non-invasive way. 
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SUPPLEMENTARY METHODS  

phMRI 
Following pre-treatment and a washout period of 5 to 7 days to ensure total drug clearance, rats 
were anaesthetised with isoflurane (5% induction and then reduced to 1.5-2% for maintenance 
of anaesthesia) during animal preparation and scanning given in a 70:30 mixture of medical air 
and oxygen. The right femoral artery was cannulated for blood gas measurements (RapidLab 
348, Siemens Healthcare Diagnostics, Newbury, UK) and blood pressure (Biopac Systems Corp., 
Goweta, USA) monitoring. Subsequently, the animal was tracheotomised and artificially 
ventilated with a mechanical respirator (Inspira ventilator, Harvard Apparatus). To assess 
whether artificial ventilation was successful, respiration was monitored using a respiratory cuff 
coupled to a pressure sensor (SA Instruments, New York, USA). Ventilation parameters were 
adjusted for each animal before the scan such that its blood gas values remain within the 
physiological range (else subjects were excluded from the analyses). No statistically significant 
difference in the pre- and post-administration pCO2 values between groups was found (ANOVA 
F3,36=1.8; p=0.17). Mean arterial blood pressure (MAP) was also closely monitored during the 
MRI experiment.  Body temperature was monitored with a rectal probe and maintained at 37.5 ± 
1 ºC by a warm air heating system (SA Instruments, New York, USA). Finally, an i.p. cannula was 
placed for delivery of the pharmacological challenge during the functional scan. During the MRI 
experiment, in each experimental group half of the rats received 4 mg/kg MPH i.p. (Sigma 
Aldrich, UK) dissolved in 0.9% saline in a volume of 0.3 ml to challenge the DA system. The 
other half received a saline challenge. 
 
Immunocytochemistry 
After sectioning, the sections were washed twice in phosphate buffer (PB) to get rid of 
remaining sucrose and were subsequently stored in PB-azide  (0.1M phosphate buffer, pH7.4 + 
0.01% sodium-azide) and stored at 4ºC until further use. To remove sodium azide, sections were 
washed three times with buffer (for  staining-specific reagent details, see Supplementary Table 
1). Endogenous peroxidase activity was blocked with 0.5% H2O2 in buffer solution, followed by 
four washes. Next, non-specific binding was prevented  by incubation in protein blocking 
solution. The sections were then incubated with the primary antibody in  primary incubation 
solution for 1 h at room temperature (RT) and overnight (ON) at 4°C. The following day, the 
sections were allowed to acclimatize to RT and were subsequently washed for five times. The 
sections were incubated for 2 h at RT with a biotinylated secondary antibody in the secondary 
incubation solution. Next, the sections were washed four times before the sections were 
incubated in Vectastain Elite ABC (PK-4000, Vector Labs) at 1:800 dilution for 2 h  the sections 
were then washed once followed by three washes with Tris-HCl buffer (TB, 0.05M, pH7.6) The 
staining was visualized with 0.05% 3,3-“-Diaminobenzidine tetra-hydrochloride (DAB, Sigma, no 
D-5637) with 0.01% H2O2 in TB, whereas the staining reaction was stopped by several washes in 
TB. Finally, the sections were mounted with 0.2% gelatin in TB and air dried ON. A gentle 
haematoxylin counterstaining according to Ehrlich was performed on GFAP sections only. After 
dehydration with alcohol and clearing in xylene the sections were covered with Entallan.  
  The following brain structures were located (caudate putamen, CPu, bregma 2.28; 
Nucleus Accumbens Core, NAcc, bregma 2.28) according to the rat brain atlas (Paxinos and 
Watson, 2005). The brain areas were digitized with a Zeiss Axiophot microscope (Carl Zeiss 
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Microscopy GmbH, Jena, Germany) equipped with a Optronics Microfire camera  and 
StereoInvestigator software (MBF bioscience) at 2.5x magnification with optimal and fixed 
settings for each staining within a brain structure. 
 
Autoradiography 
Animals were euthanized by vertebral dislocation and the brains were rapidly removed, frozen in 
isopentane at 40°C and stored at -80°C. Coronal brain sections (14µm) were obtained with a 
cryomicrotome (Leica® CM3050) and mounted onto gelatin-coated slides. DAT binding 
experiments were performed according to Hebert et al. (1999). In brief, brain slices were pre-
incubated for 20 min in 30 mM sodium phosphate buffer (pH 7.4, +4°C), and then incubated for 
90 min in the presence of [3H]WIN35428 (Perkin-Elmer®, France; specific radioactivity = 3.034 
MBq; 5 concentrations from 0.55 to 15.0 nM) in the same buffer supplemented by 0.32 mM 
sucrose. Non-specific binding was determined by incubation of adjacent brain slices in the 
presence of 10µM nomifensine. Brain slices were rinsed (3 x 1 min) in ice-cold sodium 
phosphate buffer (pH 7.4 at + 4°C), rapidly dipped in ice-cold distilled water and dried under a 
stream of cooled air. D1R binding experiments were performed according to Savasta et al. 
(1986). In brief, brain slices were pre-incubated for 15 min in 50 mM Tris-HCl buffer 
supplemented with 120 mM NaCl, 5 mM KCl, and 1 mM MgCl2 (pH 7.4, +25°C), and then 
incubated for 60 min in the presence of [3H]SCH-23,390 (Perkin-Elmer®, France; specific 
radioactivity = 3.119 MBq; 5 concentrations from 0.10 to 8.1 nM) in the same buffer in the 
presence of 30 nM ketanserin. Non-specific binding was determined by incubation of adjacent 
brain slices in the same conditions and in the presence of 10µM SKF38393. Brain slices were 
rinsed (2 x 1 min) in ice-cold 50 m MTris-HCl, 120 mM NaCl, 5 mM KCl, 1 mM MgCl2 buffer 
(pH 7.4 at + 4°C), rapidly dipped in ice-cold distilled water and dried under a stream of cooled 
air. Brain sections were co-exposed with standards ([3H] microscales, Amersham®) on tritium-
sensitive phosphor imaging plates (Perkin-Elmer®) for ten days at room temperature before 
acquisition of images (Cyclone®, Perkin-Elmer®). Binding density of receptors (fmol/mg of tissue 
equivalent) was quantified with a computer-assisted image analyzer (OptiQuant®, Perkin-Elmer) 
using a three-order polynomial relation between optical densities and radioactivity. Specific 
binding was calculated as the difference between total and non-specific binding and Kd and 
Bmax values were derived from raw data using nonlinear fitting procedures (Prism®). The same 
brain regions and bregmas were used as for the immunocytochemistry.  
 
HPLC 
Brains were rapidly dissected on a cold plate; CPu and frontal cortex were dissected, weighed and 
stored at -80°C for further analysis. The tissue samples were homogenized 30 min in 100 µl of 
an extraction solution (pH=3) constituted of the mobile phase supplemented with perchloric 
acid 0.1M. The samples were then centrifuged (10 000 rpm, 10 min), the supernatant were 
isolated and centrifuged again (10 000 rpm, 5 min). Each sample was injected two-times using a 
Rheodyne 7725i injector valve with a 20-µL injection loop. The mobile phase (MD-3MA, Thermo 
Scientific, France) was pumped at 0.4 mL/min with an isocratic high-performance liquid 
chromatography (UltiMate 3000 system, Thermo Scientific Dionex, France). Separation was 
performed with a 3-µm C18, 3.2 x 100 mm reversed phase column (MD-150, Thermo Scientific 
Dionex, France) maintained at 26°C. Electrochemical detection (Coulochem III, Thermo 
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Scientific Dionex, France) using an analytical cell (5014B, E1 = -150 mV and E2 = +200 mV, 
Thermo Scientific Dionex, France) and a guard cell set at +350 mV (5020, Thermo Scientific 
Dionex, France) enabled the detection of monoamines and their metabolites. Peak 
quantification was determined using the Chromeleon 7.2 software (Thermo Scientific Dionex, 
France) and their concentrations derived from external standard curves. Concentrations of each 
compound were computed as the average of the two extracted values per sample. DA and its 
metabolites 3,4-Dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) were 
detected in all the regions of interest. All the compounds were resolved in a 15 min run. 
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Supplementary Figure 1. a) D1 b) GFAP c) DAT d) D2 expression in the CPu and NAcc in representative 
rats for each group. 
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Supplementary Figure 2. Representative illustration of the cerebral distribution of b) DAT and c) D1  
binding sites at the level of the CPu and NAcc (a; Bregma + 1.60 mm) in a control rat 
 

 
 
Supplementary Figure 3. Storage phosphor imaging for D2/D3 assessments. a) Examples of regions of 
interest for CPu (A), NAcc (B) and cerebellum (C). b) D2/D3 binding potential in the CPu and NAcc in 
dAMPH and saline pre-treated rats (mean+SEM)  
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Supplementary Table 1. Immunocytochemistry methods 

  GFAP D1  D2 DAT 
Buffer solution 0.05M TBS pH7.6 0.05M PBS 0.05M TBS 0.05M PBS

Protein block none 3% Normal 
Goat Serum 
(NGS, life 
technologies, 
PCN5000 ) + 
1% Bovine 
Serum 
Albumin ( BSA, 
Roche, 
Germany)  

3% NGS + 1% 
BSA + 0.2% 
Triton X-100 
(merck, 
Germany) 

5% NGS + 
0.1% Triton X-
100 

Incubationmix primary antibody 1% Milkpowder 
(Campina) + 1% 
Triton X-100 

3% NGS + 1% 
BSA 

3% NGS + 1% 
BSA + 0.2% 
Triton X-100 

0.25% gelatin 
(Merck, 
Germany) + 
0.1% Triton X-
100 

Primary antibody polyclonal rabbit-
anti-GFAP 1:2000 
(DAKO, Z0334 ) 1 
hour at room 
temperature, 
overnight at 4˚C 

monoclonal 
mouse anti-
dopamine D1a 
receptor 
1:2000 
(Millipore, 
MAB5290) 

polyclonal 
rabbit-anti-
Dopamine D2 
receptor 1:400 
(Millipore, 
AB5084P) 

policlonal 
rabbit-anti-
DAT 1:2000 
(Novus, NBP1-
19013) 

Incubationmix secondary antibody 1% triton X-100 + 
1% BSA 

0.05M PBS 0.05M TBS 0.25% gelatin 
+ 0.1% Triton 
X-100 

Secondary antibody biotinylated goat-
anti-rabbit IgG 
(Vector, 6-BA-
1000) 

biotynilated
sheep-anti-
mouse 1:200 
(GE 
healthcare, 
RPN1001) 

biotinylated 
goat-anti-
rabbit IgG 
(Vector, 6-BA-
1000) 

biotynilated 
goat-anti-
rabbit 1:200 
(Vector, 6-BA-
1000) 

ABC amplyfication 1:800 ABC-elite 
(Vector, PK-4000) 
+ 1%BSA  

1:800 ABC-
elite (Vector, 
PK-4000)  

1:800 ABC-
elite (Vector, 
PK-4000)  

1:800 ABC-
elite (Vector, 
PK-4000)  

Visualisation 0.5mg/ml 3,3-'-
Diamino-
benzidine tetra-
hydrochloride 
(Sigma, 
Netherlands) 
+0.01% H2O2 

0.5mg/ml 3,3-
'-Diamino-
benzidine 
tetra-
hydrochloride 
+ 0.01% H2O2 

0.5mg/ml 3,3-
'-Diamino-
benzidine 
tetra-
hydrochloride 
+ 0.01% H2O2 

0.5mg/ml 3,3-
'-Diamino-
benzidine 
tetra-
hydrochloride 
+ 0.01% H2O2 

Haematoxalin counterstaining 
according to meyer 

30 sec Haema-
toxilyn,  
45 minutes 
running tapwater 

none none none 
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ABSTRACT 

Dexamphetamine (dAMPH) is a stimulant drug that is widely used recreationally as well as for 
the treatment of attention-deficit/hyperactivity disorder (ADHD). Although animal studies have 
shown neurotoxic effects of dAMPH on the dopaminergic system, little is known about such 
effects on the human brain. Here, we studied the dopaminergic system at multiple physiological 
levels in recreational dAMPH users and age, gender, and IQ-matched dAMPH-naïve healthy 
controls. We assessed baseline D2/D3 receptor availability, in addition to changes in dopamine 
(DA) release using single-photon emission computed tomography and DA functionality using 
pharmacological magnetic resonance imaging, following a dAMPH challenge. Also, the subjective 
responses to the challenge were determined. dAMPH users displayed significantly lower striatal 
DA D2/3 receptor binding compared with healthy controls. In dAMPH users, we further observed 
a blunted DA release and DA functionality to an acute dAMPH challenge, as well as a blunted 
subjective response. Finally, the lower D2/D3 availability, the more pleasant the dAMPH 
administration was experienced by control subjects, but not by dAMPH users. Thus, in 
agreement with preclinical studies, we show that the recreational use of dAMPH in human 
subjects is associated with dopaminergic system dysfunction. These findings warrant further 
(longitudinal) investigations and call for caution when using this drug recreationally and for 
ADHD. 
  



Dopamine dysfunction in amphetamine users 
 

  59 

INTRODUCTION 

Dexamphetamine (dAMPH) is a psychostimulant that is widely used as a recreational drug by up 
to 12% of youths in the European Union (European Monitoring Centre for Drugs and Drug 
Addiction, 2012). In addition, dAMPH is frequently used for the treatment of neuropsychiatric 
disorders, such as attention-deficit/hyperactivity disorder (ADHD). It also has a significant 
abuse potential: 3% of individuals over 11 years of age in the USA reported abuse of prescribed 
stimulants (Substance Abuse and Mental Health Services Administration, 2012). dAMPH 
increases extracellular dopamine (DA) levels by the inhibition of the DA transporter (DAT) as 
well by directly increasing the release of DA from the nerve terminals (Di Chiara and Imperato, 
1988). 

Over the past decade, a substantial body of preclinical evidence has suggested that 
dAMPH may be neurotoxic to the central DA system. For instance, repeated administration of 
dAMPH in rodents and non-human primates induces long-lasting and dose-dependent 
reductions in several DA brain markers, including striatal levels of DA and its metabolite, the 
DAT, of the vesicular monoamine transporter type 2 (VMAT2), striatal DA synthesis capacity, 
DA release, and in changes in DA receptor densities, particularly the DA D2-like receptors 
(Castner et al, 2000; McCann and Ricaurte, 2004; Ricaurte et al, 2005). However, whether 
dAMPH also affects the human DA system remains poorly studied, and so far only two studies, 
both investigating the DAT only, have been conducted (Reneman et al, 2002; Schouw et al, 
2013b). In addition, there have been studies on other drugs of abuse, including other 
amphetamine derivatives that directly act upon the DA system. For instance, cocaine 
dependency is associated with lower D2/D3 receptor availability and reduced DA release 
(Martinez et al, 2007; Volkow et al, 1997). Post-mortem studies of methamphetamine (METH) 
abusers revealed lower levels of DA, DAT, and tyrosine hydroxylase (Wilson et al, 1996). In 
contrast, whereas age-related differences appear to be present in brain function and morphology 
in rodents (van der Marel et al, 2014), long-term treatment with low doses of methylphenidate 
(MPH) administration does not appear to change DAergic markers in adult non-human primates 
(Gill et al, 2012; Soto et al, 2012). However, it is unclear whether dAMPH induces changes to 
D2/D3 receptor availability and DA release after prolonged exposure as well. 

Therefore, the purpose of the current study was to assess the integrity of the DA system 
in recreational dAMPH users. Traditionally, the central DA system has been studied with 
positron emission tomography (PET) or single-photon emission computed tomography (SPECT). 
However, with the development of pharmacological magnetic resonance imaging (phMRI), 
changes in in vivo DA-ergic neurotransmitter function can now be monitored non-invasively 
and more specifically (Schouw et al, 2013a). We used DA system readouts that have consistently 
shown changes in animals treated with this drug: DA D2/D3 receptor availability and DA release 
(using SPECT) and striatal DA neurotransmitter function (using phMRI) in response to an acute 
challenge with dAMPH. On the basis of preclinical literature, we expected lower baseline D2/3 
receptor availability in the striatum of dAMPH users compared with controls (Ginovart et al, 
1999). In addition, we expected blunted striatal DA release and DA function in dAMPH users. As 
DA D2/D3 receptor binding predicts greater pleasant responses to stimulants (Volkow et al, 
1999), we further hypothesized that blunted subjective responses to dAMPH would be present 
in dAMPH users, and that the above-mentioned DA neurobiological readouts would thus only 
positively relate to behavioral measures in control subjects. 
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METHODS 

Participants 
Eighteen male, recreational dAMPH users and 20 age, gender, and IQ-matched healthy, drug-
naive controls were recruited through online advertisements and flyers at local universities and 
colleges. After a complete description of the study to the subjects, written informed consent was 
obtained. The Medical Ethical Committee of the Academic Medical Center in Amsterdam 
approved the study procedures. 

Inclusion criteria for the dAMPH users were at least 30 lifetime exposures of dAMPH 
and at least 10 exposures in the past year. The 20 controls were healthy subjects with no self-
reported prior use of dAMPH or other drugs that affect the DA-ergic system. Exclusion criteria 
for all participants were a history of a chronic neurological or psychiatric disorder, family history 
of sudden heart failure, current use of psychostimulant medication, abnormal electrocardiogram 
(ECG), positive drug screen, and a clinical diagnosis of ADHD, in addition to smoking >15 
cigarettes per day, drinking >30 alcoholic beverages per week, and contra-indications for 
undergoing an MRI scan (eg, ferromagnetic fragments) or the SPECT procedure (e.g., allergy to 
iodine). 

Participants agreed to abstain from smoking, caffeine, alcohol, and cannabis for 24�h, 
and from hard drugs (including dAMPH) for 1 week prior to the assessments. This was verified 
with a multi-drug screen on a urine sample before entry of the scanner with an enzyme-
multiplied immunoassay for amphetamines, cocaine metabolite, opiates, and marijuana. 
Subjects were screened for current axis I psychiatric disorders. The Dutch version of the 
National Adult Reading Test (DART IQ) was administered as an estimate of verbal intelligence 
(Schmand et al, 1998). In addition, a detailed drug history questionnaire was obtained. 

Three participants were excluded from the SPECT data analysis (because of technical 
issues with the scanner) and two participants were excluded from the arterial spin labeling (ASL) 
data analysis (one because of technical issues with the scanner and one because of excessive 
movement). Therefore 16 dAMPH users and 19 healthy controls were included in the SPECT 
analysis, and 17 dAMPH users and 19 healthy controls in the phMRI analysis. 
 
Study procedures 
Participants underwent two SPECT scans and one MRI scan session on two separate occasions at 
least 1 week apart to ensure full clearance of dAMPH. Scan sessions were counterbalanced 
within groups to prevent confounding of sensitization or tolerance to dAMPH. 
 
SPECT acquisition and processing 
Subjects underwent two [123I]IBZM SPECT scans (Figure 1a); the first to assess baseline striatal 
DA D2/D3 receptor availability and the second to assess the decrease in binding after the dAMPH 
challenge, using the sustained equilibrium/constant infusion technique (Videbaek et al, 2000). 
This decrease in binding provides an index of DA release. 

The radioligand [123I]IBZM binds with high affinity to DA D2/D3 receptors (GE 
Healthcare, Eindhoven, The Netherlands) (Kegeles et al, 1999). Participants received potassium 
iodide tablets prior to the first SPECT scan to block thyroid uptake of free radioactive iodide. 
Approximately 80�MBq [123I]IBZM was injected via a cannula in the forearm as a bolus, followed 
by a constant infusion for the duration of the experiment (20�MBq/h for five consecutive hours). 
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The first scan was obtained between 120 and 180�min after the initiation of [123I]IBZM 
administration. After completion of the first scanning session, dAMPH was injected 
intravenously at a dose of 0.3�mg/kg over 2�min, and 60�min later the second scanning session 
commenced. Constant infusion of [123I]IBZM was sustained until the end of the experiment at 
300�min. 

Images were acquired on a brain-dedicated SPECT system (Neurofocus 810, Medfield, 
MA) with the following parameters: matrix = 64 × 64; energy window = 135–190�keV; slice 
thickness = 5�mm, acquisition time per slice = 300�s, number of slices = 12. SPECT images were 
corrected for attenuation and reconstructed using iterative algorithms, as earlier described 
(Booij et al, 1997; Boot et al, 2008). Non-displaceable binding potential (BPND) was calculated as 
follows: (mean striatal binding—mean binding occipital cortex)/mean binding occipital cortex. 
Standard templates with fixed ROIs were positioned on the striatum and occipital cortex 
(reflecting non-specific binding), as earlier described (Booij et al, 1997; Boot et al, 2008). 
dAMPH-induced decrease in [123I]IBZM BPND was expressed as a % of the pre-dAMPH BPND 

(Booij et al, 1997). 
 
phMRI acquisition and processing 
We probed striatal DA function using phMRI with an acute dAMPH challenge. MRI studies were 
performed on a 3T Philips Ingenia scanner (Philips Healthcare, Best, The Netherlands) using a 
16-channel receive-only head coil. ASL-phMRI data were acquired using a pCASL sequence, using 
a GE-EPI readout with parameters: TR/TE = 4000/14�ms, resolution = 3 × 3 × 7�mm, 20 slices, 
labeling duration = 1650�ms, delay = 1525�ms, GE-EPI read-out, 240 volumes, and scan time 
32�min. After 60 baseline volumes (8�min), subjects received a saline challenge (0.9% NaCl) and 
after 120 image volumes (16�min) a challenge with dAMPH (0.3�mg/kg i.v.) was administered. 
The saline challenge was given to ensure that changes in cerebral blood flow (CBF) were not 
induced by the (anticipation of) dAMPH injection. 

ASL data were co-registered and motion was corrected before tag-control subtraction. 
Subsequently, perfusion images were averaged over all volumes, quantified, and normalized 
using a T1-weighted scan to common image space with DARTEL in SPM8 (Wellcome Trust 
Centre for Neuroimaging, London, UK), with the individual volumes warped accordingly 
(Ashburner, 2007; Wang et al, 2002). Striatal and grey matter (GM) CBF time courses were 
extracted using masks from the FSL atlas library (FMRIB, Oxford, UK) (Collins et al, 1995) and a 
moving average of 25 volumes. The effect of heart rate was measured in order to correct for 
potential cardiovascular effects induced by the acute dAMPH challenge. As a result, the post-
dAMPH volumes were divided into two bins based on the dynamic time course of changes in 
CBF and HR: time bin 1 (volumes 150–195) in which heart rate and CBF changed significantly 
and were also significantly correlated (r=−0.47, p<0.00), and time bin 2 (volumes 196–240), in 
which heart rate and CBF stabilized (and did not correlate (r=−0.19, p=0.28). Both groups did 
neither differ in heart rate at baseline (t33=−0.68, p=0.50) nor after dAMPH administration in 
time bin 2 (t33=0.43, p=0.67). 

Subsequently, to obtain CBF changes in the striatum specific to DA neurotransmission, 
global effects of dAMPH on brain vasculature were corrected by calculating the percentage 
difference between striatal CBF and GM CBF at that specific time point; specific striatal cerebral 
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blood flow (ssCBF) = (striatal CBF-GM CBF)/GM CBF, as previously described, with minor 
adaptations (Khalili-Mahani et al, 2011) (Figure 2a and b). 
 
Physiological data acquisition 
Heart rate and respiration were monitored during the whole-MRI scan session using a four-lead 
vector cardiogram signal. For the SPECT, heart rate and blood pressure was measured using a 
blood pressure cuff at baseline and every 2�min for 20�min, following the administration of 
dAMPH. In addition, the ECG was monitored during the administration of the drug. 
 
Subjective effects 
As DA D2/D3 receptor binding may predict the behavioral responses to psychostimulants 
(Volkow et al, 1999), we also investigated the subjective responses to dAMPH. The subjective 
responses were rated by measuring the participants’ response to an analog self-rating scale that 
ranged from 1 (not at all) to 5 (extremely) that assessed ‘liking’ of the drug infusion (Van 
Kammen and Murphy, 1975). For the MRI scan, this was assessed directly before the ASL scan 
commenced, directly after it had finished, and again 20�min later when the participant finished 
the study day. For the SPECT session, these items were asked at baseline before the dAMPH 
administration, and at 2, 4, 8, 12, and 20�min subsequent to the dAMPH infusion, as well as at 
the end of the day. The average time for subjective effects to peak was 12�min for the SPECT and 
20�min for the MRI (because this could not be assessed earlier) and the change from baseline to 
peak, expressed as percentage, was used for statistical analysis. 
 
Statistical analysis 
The SPM8 toolbox was used with MATLAB (The Mathworks, Natick, MA) to process MRI data. 
IBM SPSS Statistics package Version 20 (SPSS, Chicago, IL) was used to conduct statistical tests 
on all data. Data were checked for normality and equality of variance. Where appropriate, non-
parametric tests were performed. CBF, DA release, heart rate, and blood pressure were 
compared between groups using repeated measures ANOVA. Differences in baseline DA D2/3 
receptor binding between groups were calculated using a Student’s t-test. DA release in each 
group was assessed using a paired t-test. To assess whether SPECT and MRI measures 
correlated, we used Pearson’s r correlation coefficient. To examine whether subjective effects 
differed between groups, we used a logistic regression with a �² significance test. Spearman’s r 
correlation coefficient was subsequently used to examine the association between subjective 
effects and SPECT and phMRI imaging data. All data are presented as means with error bars 
representing the SD. The statistical significance value was set at p<0.05. 
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RESULTS 

Eighteen recreational male dAMPH users (mean age = 21 years, SD = 2) and 20 male healthy 
controls (mean age = 21 years, SD = 3) were enrolled in this study. No differences between the 
two groups with regard to age or verbal intelligence were observed. Our dAMPH users used 
dAMPH typically as a powder, with the main routes of administration being inhalation or by 
dissolving it in a drink. Apart from anticipated differences between the two groups with respect 
to inclusion criteria on dAMPH use, they also differed significantly in the extent of tobacco, 
cannabis, alcohol, XTC, and cocaine use compared with the control group (Table 1). 
 
SPECT results 
Baseline striatal DA D2/3 receptor availability was significantly lower in dAMPH users (12%) than 
in controls (t33=2.363, p=0.024; Figure 1b). The challenge with dAMPH induced DA release in 
the control group by 10.5% compared with baseline BPND (t18=3.936, p<0.01), whereas this effect 
was absent, or blunted, in dAMPH users (−2%; t15=−0.704, p=0.49). Th is difference between the 
groups was statistically significant (t33=2.363, p=0.024; Figure 1c), which suggests that baseline 
DA D2/D3 receptor availability and dAMPH-induced DA release are reduced in dAMPH users. 
 
Table 1. Sample characteristics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Education completed in years from 12 years of age b Baseline heart rate, measured at the SPECT 
 scanning c Number of occasions * significant difference between the groups at p<0.05 

 dAMPH users (N=18) Controls (N=20) 
 Mean (SD) Mean (SD) p-value 
Demographics    
Age (y) 21.22 (1.66) 21.10 (2.77) 0.30 
Education (y) a 8.72 (2.03) 8.35 (1.87) 0.80 
IQ (DART) 104.44 (5.00) 104.16 (8.72) 0.13 

Physiology    
Heart rate (beats/min)b 75.47 (15.58) 68.40 (14.60) 0.16 
Blood pressure (mm Hg)b 130/63 126/67  

 Median Median p-value 
dAMPH use (lifetime)    
Frequency c 40.00 (59.50) - - 
Usual dose mg 250.00 (152.59) - - 
Cumulative dose g 12.00 (29.52) - - 
Age of first use 18.00 (1.94) - - 
Duration of use 2.50 (2.03) - - 
Other substance use    
Tobacco cigarettes/day 7.50 (4.54) 0 (0.72) <0.01* 
Alcohol units/week 13.00 (9.27) 6.75 (8.89) 0.03* 
Cannabis joints/year 104.00 (1.20) 1.20 (19.39) <0.01* 
MDMA frequency c /life time 6.00 (14.22) 0 (0.48) <0.01* 
Cocaine frequency c /life time 2.00 (6.71) 0 (0) <0.01* 
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Figure 1. SPECT and phMRI results 
a) Timeline of the SPECT session b) **Significant difference in baseline DA D2/D3 receptor availability 
(BPND=non-displaceable binding potential) in the striatum between dAMPH users and controls (t33=2.363, 
p=0.024) c) *Significant DA release following dAMPH challenge in controls (t18=3.936, p<0.01), but not in 
users (t15=-0.704,  p=0.49). **The difference between groups was significant (F33=8.953, p<0.01) d) Timeline of 
the phMRI session e) Percentage change of normalized striatal CBF (ssCBF) during saline administration 
compared to baseline for controls and users. There was no main effect of saline (F34=0.858, p=0.361) and no 
interaction effect of time and group (F34=0.087,df=34, p=0.769) f) Percentage change of normalized striatal 
CBF (sCBF) during dAMPH administration (post2) compared to baseline for controls and users. *Significant 
increased ssCBF in controls (t18=2.207, p=0.04) but not in users (t16=-0.759, p=0.459). **The difference 
between groups was significant (F34=4.956, p=0.03); means + SD are displayed. 
 
phMRI results 
Saline administration yielded no significant effects in either group (F34=0.858, p=0.361; Figure 
1e). However, dAMPH induced a significant increase in ssCBF in controls (8%; t18=2.207, 
p=0.04), but this effect was absent in dAMPH users (1%; t16=−0.759, p=0.459; Figure 1f). Also 
this difference between both groups was statistically significant (F34=4.956, p=0.03; Figure 1f), 
indicative of a blunted DA functionality in dAMPH users. Striatal DA release as measured with 
SPECT did not correlate with DA functionality (r=0.29, p=0.09), as measured with phMRI 
(Figure 3). The extent of previous dAMPH exposure was also not related to either measure. 
 
Correlation subjective effects and dopaminergic changes 
More control subjects liked the acute administration of dAMPH (i.e., experienced a ‘pleasant 
feeling’) than dAMPH users. Overall, in subjects in the control group, ‘feeling good’ increased 
with an average of 36% (SD=23.84) following dAMPH administration, compared with 23% 
(SD=28.03) in the users. Moreover, the lower the D2/D3 availability, the more pleasant the  
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Figure 2. ASL time courses. a) Grey matter ROI. Mean raw and smoothed grey matter (GM) CBF time courses 
for controls and users and mean heart rate (HR) for all subjects b) Striatal ROI. Mean raw and smoothed 
striatal time courses in users and controls (solid lines); specific striatal CBF (ssCBF) (dashed lines).  
 
 

 
 
Figure 3. Correlation SPECT and phMRI  
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dAMPH administration was experienced by controls (r=−0.45, p=0.05), but not by dAMPH users 
(r=0.28, p=0.31). No association was present between the subjective response and either DA 
release (r=0.18, p=0.30) or DA functionality as assessed with phMRI (r=0.20, p=0.25). 

 

DISCUSSION 

We studied the dopaminergic system in recreational users of dAMPH at multiple physiological 
levels using SPECT, phMRI, and behavioral responses. We found reduced striatal DA D2/D3 
receptor availability, blunted DA release and DA functionality in chronic dAMPH users relative 
to controls. We previously reported reduced striatal DAT binding in combined 3,4-
methylenedioxy-methamphetamine and dAMPH users (Reneman et al, 2002). In a subsequent 
SPECT study with a more selective DAT ligand, we observed reduced striatal DAT binding in the 
participants who primarily used dAMPH (Schouw et al, 2013b).  

Our present findings are in line with the extensive preclinical literature, showing that 
prolonged dAMPH exposure affects the DA system: as reductions in tyrosine hydroxylase 
activity, long-term DA depletion, loss of the DAT and VMAT2 reductions in post-synaptic 
receptors, and even dAMPH-induced apoptosis in certain cell types (Cadet et al, 2007; Krasnova 
et al, 2001, 2005, 2013; Ricaurte et al, 2005; Soto et al, 2012) have been reported. Multiple 
pathways have been shown to be involved in the neurotoxicity of dAMPH. High levels of DA, 
e.g., induced by administration of amphetamines, can lead to the accumulation of reactive 
oxygen species, inducing severe oxidative stress. This can cause DA axonal degeneration as well 
as DNA damage, which can activate mitochondria-mediated cell-death mechanisms (Cadet et al, 
2007). Taken together, our present findings provide important evidence that recreational use of 
dAMPH negatively affects the central DA system. 

In addition, our findings are concordant with studies of other drugs of abuse that act on 
the DA system. Lower DA D2/D3 receptor availability is also found in cocaine and METH-
dependent subjects (Volkow et al, 2001, 2014a). In addition, cocaine dependency is associated 
with a blunted DA release and lower levels of endogenous DA (Martinez et al, 2007, 2009; 
Volkow et al, 1997). Interestingly, studies in adult non-human primates did not find any change 
in DA markers after prolonged administration of low doses of MPH or d-l-AMPH (Gill et al, 
2012; Soto et al, 2012). However, a study in ADHD patients has found DAT upregulation after 
long-term MPH treatment (Wang et al, 2013). Therefore, future research is needed to assess the 
effect of low-dose long-term exposure of dAMPH on DA function. phMRI is an excellent 
candidate as this is non-invasive technique without using radiotracers and can therefore be used 
in longitudinal studies to investigate DA abnormalities. 

Previous studies have shown that low DA D2/D3 receptor binding predicts more pleasant 
responses to reinforcing substances (Volkow et al, 1999). Our current findings in drug-naive 
subjects are in line with this and suggest that this coupling is lost in dAMPH users, most likely 
due to the dAMPH exposure. As with all cross-sectional studies, these initial results do not 
exclude the possibility that pre-existing differences between dAMPH users and controls 
contribute to our present findings, and low DA D2/D3 receptor levels may potentially predispose 
individuals to psychostimulant abuse by favoring their initial pleasant drug responses. 
Nevertheless, also a longitudinal study in non-human primates has shown that repeated use of 
dAMPH progressively reduced DA D2/D3 receptors (Ginovart et al, 1999), indicating that our DA 
D2/D3 receptor findings are most likely induced by dAMPH use. 
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phMRI is thought to provide an index of DA neurotransmitter function, based on the 
principle that neurotransmitter-specific drug challenges evoke changes in neurovascular 
coupling and resultant changes in brain hemodynamics, such as CBF. Indeed, a phMRI study in 
rats has demonstrated a dose–response relationship between dAMPH and increases in CBF 
(Bruns et al, 2009). Also other preclinical studies, including in non-human primates, have shown 
that time-course changes in the phMRI signal parallel microdialysis measurements of striatal DA 
release, and also correlated very well with PET and SPECT measurements of DAT availability, as 
well as behavioral measures of DA dysfunction (Chen et al, 1997; Jenkins et al, 2004). In line 
with this, we obtained similar results with both techniques in the current study, i.e., a blunted 
response to a dAMPH challenge in dAMPH users with SPECT imaging and phMRI. Therefore, 
although physiological variation in an experimental setting may contribute to some 
discrepancies between the current study and previous preclinical studies, this study also 
provides further evidence to the existing literature that phMRI is a powerful technique to 
investigate DA neurotransmission in vivo. 

Polydrug use was very common in our sample of dAMPH users. It is thus possible that 
the reduced D2/D3 receptor availability and blunted DA responses may partly be due to drugs 
other than dAMPH. Of the drugs used (Table 1), however, only cocaine is known to significantly 
occupy the DAT and reduced striatal DA release has been reported in detoxified cocaine-
dependent subjects (Volkow et al, 1997). But cocaine use, in contrast to dAMPH, was very low in 
our study sample, making it unlikely that the findings of the present study should be attributed 
to cocaine rather than dAMPH exposure. Other drugs of abuse that were used by our dAMPH 
group have also been shown to affect the DA system (Martinez et al, 2005, 2007; Volkow et al, 
2014b). However, because none of these have direct neurotoxic effects on the DA system like 
amphetamine may have, it is thus unlikely that this underlies our results. We particularly 
acknowledge the difference in alcohol use between our groups as a limitation. We have chosen 
30 units of alcohol/week as a cutoff score for exclusion, as alcohol and amphetamines are 
frequently used together (Hernandez-Lopez, 2002). Indeed, our dAMPH group used relatively 
large doses of alcohol. However, the absolute threshold levels of alcohol consumption that 
would constitute a risk for DA neurotoxicity have not yet been determined, and the underlying 
mechanisms remain to be established (Brodie et al, 1999). Although Volkow et al. (2007) has 
shown reduced DA release in detoxified alcoholics in the ventral striatum, it has not been firmly 
established that alcohol is toxic for DAergic neurons, and/or may even protect against 
amphetamine-mediated DA neurotoxicity (Yu et al, 2002). In addition, both heavy and social 
alcohol users still show clear DA release, and not a blunted effect, following alcohol 
administration (Oberlin et al, 2014; Urban et al, 2010). Thus, although alcohol use disorders 
have been associated with DAergic abnormalities, changes in the DA system have not been 
shown to occur in younger heavy drinkers, such as those present in our sample, as these appear 
to have normal DA release to controls. We further excluded the possibility of acute 
pharmacological effects of dAMPH on the DA system (apart from the challenge administered on 
the study day), as participants had to abstain from drug use for at least 1 week before the study, 
which was also confirmed with a urine drug test. 

Another limitation is that the acute dAMPH challenge was administered twice, during 
the MRI and SPECT scan, which may have led to sensitization effects (Strakowski et al, 1996). 
However, we counterbalanced the visits within groups. In our statistical analyses, we found no 
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session effects, thereby ruling out sensitization effects. To further account for volume effects on 
physiological parameters (such as heart rate) during phMRI scanning, a saline injection with the 
same volume preceded the dAMPH challenge. In contrast to the dAMPH challenge, the saline 
administration did not affect CBF nor heart rate or blood pressure. Furthermore, in this study 
we used a brain-dedicated SPECT system to analyze DA D2/D3 receptor binding and striatal DA 
release. For future studies, it would be of interest to test if our findings could be replicated using 
PET with DA D2/D3 radiotracers, which is due to its higher spatial resolution than clinical SPECT 
systems, would offer the possibility to study the effects of dAMPH in substructures of the 
striatum. A limitation of our study was that plasma concentrations of dAMPH were not 
assessed. However, we do not expect large differences between groups, because dAMPH was 
administered intravenously and was based on body weight. 

Finally, we cannot exclude that part of the decrease in striatal DA D2/D3 binding might 
be related to differences in striatal volumes between dAMPH users and controls. However, a 
recent volumetric MR study in amphetamine users showed that the striatal volume may be even 
higher in users of amphetamine-type stimulants than in controls (Mackey et al, 2014). Also, 
Groman et al., (2013) showed a higher putamen gray matter in METH users, and moreover, 
Koester et al. (2012) did not find a significant effect of amphetamine use on striatal volume. So, 
all in all, there is no indication that dAMPH use is associated with a lower striatal volume, which 
consequently may lead to lower striatal [123I]IBZM binding. However, in future studies, it may be 
of interest to look into the effects of dAMPH on striatal volumes as well. 

Taken together, we found that the recreational use of dAMPH is associated with a 
dysfunctional DA system, as observed using a multimodal imaging approach. These findings 
were paralleled by the subjective experience of the drug–responses. Our results are consistent 
with earlier studies in non-human primates and rodents that demonstrated DA neurotoxicity 
induced by dAMPH. Whereas our study not only highlights the potential of phMRI to assess 
changes in DA neurotransmitter function in humans, our main results are also particularly 
relevant for young users of this drug and call for caution when using dAMPH in a recreational 
setting. These results warrant further (longitudinal) investigations and bear considerable 
relevance for ADHD patients for whom these drugs are commonly prescribed. 
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ABSTRACT 

Dexamphetamine (dAMPH) is not only used for the treatment of attention-deficit/hyperactivity 
disorder (ADHD), but also as a recreational drug. Acutely, dAMPH induces release of 
predominantly dopamine (DA) in the striatum, and in the cortex both DA and noradrenaline. 
Recent animal studies have shown that chronic dAMPH administration can induce changes in 
the DA system following long-term exposure, as evidenced by reductions in DA transporters, 
D2/D3 receptors and endogenous DA levels. However, only a limited number of studies have 
investigated the effects of dAMPH in the human brain. We used a combination of resting-state 
functional magnetic resonance imaging (rs-fMRI) and [123I]IBZM single-photon emission 
computed tomography (SPECT) (to assess baseline D2/D3 receptor binding and DA release) in 15 
recreational dAMPH users and 20 matched healthy controls to investigate the short-, and long-
term effects of dAMPH before and after an acute intravenous challenge with dAMPH. We found 
that acute dAMPH administration reduced functional connectivity in the cortico-striatal-
thalamic network. dAMPH-induced DA release, but not DA D2/D3 receptor binding, was 
positively associated with connectivity changes in this network. In addition, acute dAMPH 
reduced connectivity in default mode networks and salience-executive-networks networks in 
both groups. In contrast to our hypothesis, no significant group differences were found in any of 
the rs-fMRI networks investigated, possibly due to lack of sensitivity or compensatory 
mechanisms. Our findings thus support the use of ICA-based resting-state functional 
connectivity as a tool to investigate acute, but not chronic, alterations induced by dAMPH on 
dopaminergic processing in the striatum.   
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INTRODUCTION 

Dopamine (DA) neurotransmission plays a key role in regulating motor function, motivation 
and reward, cognition, and impulsive behavior by modulating oscillations in cortico-striatal-
thalamic (CST) networks (Walters et al, 2000). The striatum receives widespread input from the 
frontal cortex and dopaminergic projections are abundant in this network. DA is thought to 
modulate cortico-striatal connection strength by increasing the signal-to-noise ratio within 
these loops (Bamford et al, 2004). Studies using electroencephalography (EEG) and task 
functional magnetic resonance imaging (fMRI) have also suggested that functional connectivity 
(FC) in the CST loops could be strongly modulated by dopaminergic neurotransmission (Honey 
et al, 2003; Williams et al, 2002). Converging evidence reveals that oscillations at the network 
level can also be assessed with resting-state fMRI (rs-fMRI). For instance, recent animal studies 
have shown that acute changes in DA concentrations contribute to the regulation of functional 
connectivity (FC) in the brain. For example, acute administration of the potent psychostimulant 
dexamphetamine (dAMPH), which increases extracellular DA concentrations by releasing DA 
and blocking its re-uptake, increased connectivity within the mesolimbic projections of the 
ventral tegmental area to the ventral forebrain and dorsal thalamic structures of rats (Schwarz 
et al, 2007). The effect of acute dAMPH on functional connectivity in the CST loops has not been 
investigated in humans, but acute administration of other dopaminergic stimulant drugs such as 
methylphenidate (MPH) has been shown to alter CST FC as measured with rs-fMRI (Mueller et 
al, 2014; Ramaekers et al, 2013; Sripada et al, 2013), as well as in other resting state networks 
(RSNs), such as the default mode network (DMN) and salience-executive networks (SENs).    

Not only the acute effects of dAMPH in humans are poorly understood, studies on 
chronic dAMPH use on the DA system are also scarce. This is important, since dAMPH is used 
recreationally, and prescribed for treatment of neuropsychiatric disorders such as attention-
deficit/hyperactivity disorder (ADHD) and narcolepsy (Heal et al, 2013). Several animal studies 
have shown that chronic dAMPH administration induces long-lasting changes to the DA system, 
such as a reduction in the number of DA transporters (DATs), vesicular monoamine 
transporters type 2 (VMAT2), DA D2/D3 receptors and DA release (Berman et al, 2009; McCann 
and Ricaurte, 2004; Ricaurte et al, 2005). The few studies that have been conducted in humans 
reported lower striatal DAT binding and reduced striatal DA release in response to acute dAMPH 
administration (Reneman et al, 2002; Schrantee et al, 2015) in chronic dAMPH users. However, 
so far, no rs-fMRI studies have been conducted in chronic dAMPH users. Nonetheless, a recent 
study in methamphetamine (METH) users reported increased connectivity in the 
mesocorticolimbic system in METH dependent subjects when compared with controls (Kohno et 
al, 2014). More studies have investigated resting-state FC (RS FC) in cocaine-dependent subjects 
but the results are inconsistent, with both increases and decreases in connectivity (e.g. 
Camchong et al, 2011; Gu et al, 2010). 

Therefore, the aim of this study was to investigate both the acute and chronic effects of 
dAMPH on resting-state FC in humans, by means of studying recreational dAMPH users and 
healthy controls. Given dAMPH’s strong effects on striatal DA levels, and the findings of 
previous studies with MPH, we hypothesized that acute dAMPH would modulate CST 
connectivity and that chronic dAMPH users would demonstrate lower change in FC in this 
network when compared to controls. Because it has been shown that FC within RSNs is strongly 
associated with DA D2/D3 receptor expression (Cole et al, 2013; Sambataro et al, 2013), we also 
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investigated whether variations in the individual’s DA neurotransmitter system predict 
individual RSN FC. [123I]IBZM single photon emission computed tomography (SPECT) was used 
to measure DA D2/D3 receptor expression and endogenous DA release.  [123I]IBZM, a selective 
antagonist for the D2/D3 receptor, competes with endogenous DA for receptor binding and a DA 
stimulus such as dAMPH can induce a displacement of [123I]IBZM binding that is inversely 
associated with DA release (Kegeles, et al., 1999).  

Although we have a strong neurochemical hypothesis to study alterations in the CST 
network, previous studies have also suggested other networks to be modulated by DA-ergic 
drugs (Cole et al, 2013). Therefore, we examined the acute and chronic effects of dAMPH on the 
executive, default mode and lateralized fronto-parietal networks in an exploratory analysis.  
 

METHODS 

Participants  
Sixteen dAMPH users and age-, gender- and IQ-matched controls were recruited through online 
advertisements and flyers at local universities and colleges. Inclusion criteria for the dAMPH 
users were at least 30 occasions of use lifetime. The 20 control subjects were healthy volunteers 
with no self-reported prior use of dAMPH or other drugs that affect the dopaminergic system. 
Exclusion criteria for all participants were a history of a chronic neurological or psychiatric 
disorder, family history of sudden heart failure, current use of psychoactive medication, 
abnormal electrocardiogram (ECG), positive drug screen, and a clinical diagnosis of ADHD, in 
addition to smoking more than 15 cigarettes per day, drinking more than 30 alcoholic beverages 
per week, and contraindications for undergoing an MRI scan (e.g. ferromagnetic fragments) or 
the SPECT procedure (e.g. allergy to iodine). The results of the SPECT study in this cohort are 
more elaborately reported elsewhere (Schrantee et al, 2015). Participants agreed to abstain from 
smoking, caffeine, alcohol and cannabis for 24 hours prior, and for other drugs (including 
dAMPH) one week prior to the assessments. Subjects were asked on the day of the scan if they 
had used any of these substances in the past two weeks. We verified the reported drug use with a 
drug screen on a urine sample with an enzyme-multiplied immunoassay for amphetamines, 
cocaine metabolite, opiates and marijuana). In addition, a detailed drug history questionnaire 
was obtained and subjects filled in the drug use disorders identification test (DUDIT) to assess 
substance dependence (Voluse et al, 2012). The Dutch version of the National Adult Reading 
Test (DART IQ) was conducted as an estimate of verbal intelligence (Schmand et al, 1998).  

One participant in the dAMPH group showed a positive drug screen and was therefore 
excluded, so the analyses were performed on 20 controls and 15 dAMPH users. The medical 
ethics committee of the Academic Medical Center in Amsterdam approved the study procedures 
and written informed consent was obtained from all subjects and carried out in accordance with 
the standards of the Declaration of Helsinki.  
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Figure 1. Timeline study protocol 
 
Design 
Participants were invited to the hospital for 2 study visits (Figure 1). On one day they 
underwent the SPECT scan with dAMPH administration and on the other day they underwent 
the MRI scan with dAMPH administration. The visits were at least one week apart to allow drug 
washout and were counterbalanced within groups. Both for the MRI and the SPECT scan, a 
cannula was inserted in the antecubital vein through which the dAMPH was administered (0.3 
mg/kg) during 2 minutes, followed by 15 ml saline to flush.   
 
SPECT acquisition and analysis  
Each subject received an intravenous injection of 180 MBq [123I]IBZM (80 MBq bolus followed 
by constant infusion of 20 MBq for 5 consecutive hours).  Subjects underwent two [123I]IBZM 
SPECT scans, using the sustained equilibrium/constant infusion technique, to assess baseline 
striatal DA D2/D3 receptor availability and the decrease in D2/D3 receptor binding after the 
dAMPH challenge, which provides an index of DA release (Kegeles et al, 1999). The radioligand 
[123I]IBZM, which binds with high affinity to DA D2/D3 receptors, was prepared by GE 
Healthcare (Eindhoven, the Netherlands). Participants received potassium iodide tablets prior 
to the SPECT session to block thyroid uptake of free radioactive iodide.  

Images were acquired on a brain-dedicated SPECT system (Neurofocus 810, Inc., 
Medfield, Massachusetts, USA) with the following parameters: matrix: 64x64, energy window: 
135 – 190 keV, slice thickness: 5 mm, acquisition time per slice: 300 s, number of slices: 12. 
SPECT images were corrected for attenuation and reconstructed using iterative algorithms, as 
earlier described (Booij et al. 1997; Boot et al. 2008). Binding potential (BPND) was calculated as 
follows: (mean striatal binding – mean binding occipital cortex)/mean binding occipital cortex. 
Standard templates with fixed ROIs were positioned on the striatum and occipital cortex 
(reflecting non-specific binding), as earlier described (Booij et al, 1997; Boot et al, 2008; Figee et 
al, 2014). dAMPH-induced decrease in [123I]IBZM BPND, used as a proxy for DA release, was 
expressed as a % of the pre-dAMPH BPND (Booij et al, 1997). 
 
fMRI acquisition  
Imaging was performed on a 3-Tesla Ingenia scanner (Philips, Best, the Netherlands) equipped 
with a 16-channel head coil. A T1-weighted anatomical scan was acquired for registration 
purposes. For the rs-fMRI scan with blood-oxygenation level-dependent (BOLD) contrast, 130 
whole brain volumes of T2*-weighted gradient echo planar images (EPI) were obtained with the  
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Table 1. Group characteristics 

 
Healthy controls  
(N=20) 

AMPH users  
(N=15)  

 Mean (SD) Mean (SD) p-value 
Demographics   
Age (y)a  21.10 (2.77) 21.07 (1.49) 0.97 
IQa 104.10 (8.49)  104.27 (5.02) 0.95 

   
 Mean (IQR) Mean (IQR) p-value
Drug use   
Amphetamine use lifetime (g)b - 18 (28) - 
 occasions  - 40 (60) - 
 average dose (g) - 0.25 (0.30)  - 
 age of onset (y) - 18 (2) - 
MDMA use (occasions)b 0 (0)  6 (1)  <0.01 

Cocaine use (occasions)b - 2 (3) <0.01 

Nicotine use (number of smokers) 0 9 - 
Nicotine use (cig/week)b - 10 (2)  <0.01 

Cannabis use (number of users) 1  9 - 
Alcohol use (units/week)b 7 (14) 14 (17) 0.03 
a evaluated with Student’s t-test b evaluated with Mann-Whitney U-test 
 
following scan parameters: TR/TE 2300/25 ms; flip angle 80°; FOV= 220x220x117; 39 slices; 
voxel size 2.3x2.3x3 mm, SENSE 2.4. The subjects underwent the rs-fMRI scan before dAMPH 
administration and approximately 30 minutes post-dAMPH. In the time between the 2 resting-
state scans the subjects underwent an arterial spin labeling (ASL) scan. Subjects were instructed 
to keep their eyes open and let their mind wander. 
 
fMRI analysis - ICA network extraction and connectivity analyses 
RS-fMRI data were preprocessed using tools from the FMRIB Software Library (Smith et al, 
2004). Brain tissue was extracted for both anatomical and functional images using the brain 
extraction tool (BET). Functional data were motion corrected, spatially smoothed with a 
Gaussian kernel of 5 mm FWHM and high-pass temporal filtering at 0.1 Hz was applied. In 
addition, single session independent component analysis (ICA) was performed to prepare the 
data for FMRIB's ICA-based Xnoiseifier (FIX) (Griffanti et al, 2014; Salimi-Khorshidi et al, 2014) 
to denoise the rs-fMRI data. Prior to analysis, all functional images were first registered to the 
high-resolution anatomical image (BBR) and subsequently to standard stereotactic space (2mm, 
MNI152 template; Montreal Neurological Institute, Montreal QC) using affine transformation. 
Subsequently, the denoised data were used to investigate RS networks in our groups using 
multi-session ICA with temporal concatenation (as implemented in FSL MELODIC,  Beckmann 
and Smith, 2004). Automatic dimensionality estimation was used to estimate the number of 
components extracted. In addition to the CST network, we explored 7 networks for further 
analysis based on their involvement in higher-order cognitive processes and/or DA-ergic 
function or DA-associated pathologies (Cole et al, 2013). These networks will be referred to as 
the (i) left-lateralised fronto-parietal network (lFPN) (ii) right-lateralised fronto-parietal 
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network (rFPN) (iii) anterior default mode network (aDMN) (iv) posterior default mode network 
(pDMN) (v) ventral default mode network (vDMN) (vi) inferior salience/executive network 
(iSEN) (vii) dorsal salience/executive network (dSEN). For those eight networks, the set of 
spatial maps from the group-average analysis was used to generate subject-specific versions of 
the spatial maps, and associated time-series, using dual regression with variance normalization 
(Beckmann et al, 2009; Filippini et al, 2009). First, for each subject, the group-average set of 
spatial maps was regressed (as spatial regressors in a multiple regression) into the subject's 4D 
space-time dataset. This results in a set of subject-specific time-series, one per group-level 
spatial map. Next, those time-series were regressed (as temporal regressors, again in a multiple 
regression) into the same 4D dataset, resulting in a set of subject-specific spatial maps, one per 
group-level spatial map. To assess baseline group differences, the 4D files for each network were 
then analyzed using non-parametric permutation testing (5000 permutations) with a two-
sample t-test using the FSL Randomise tool (Winkler et al, 2014). To assess the effect of drug 
and the interaction effect of drug and group, we calculated difference values of the parameter 
estimates within subjects first using fslmaths, and then performed a one-sample t-test and a 
two-sample t-test respectively, again using Randomise.  All analyses were initially thresholded at 
p-value < 0.05 with a family wise error (FWE) correction using threshold free cluster 
enhancement (TFCE) (Smith and Nichols, 2009).  
 
Comparison of changes in RS FC and DA release 
The 4D files comprising subject-specific spatial maps of voxelwise connectivity with the CST 
that were obtained from the dual regression analysis, were used to assess the correlation 
between changes in RS FC and striatal DA release following acute dAMPH administration. We 
examined specifically this network because it incorporated the striatum, the brain region in 
which we measured DA release with SPECT, and because dAMPH is thought to exert its greatest 
effects in the basal ganglia (due to its intense DA-ergic input). A striatal mask was created for 
the FC map using the MNI structural atlas (Collins et al, 1995). We tested whether individual 
differences in RS FC within this striatal mask were significantly positively or negatively 
correlated with DA release as measured with [123I]IBZM SPECT within the same striatal mask in 
the CST using voxelwise non-parametric permutation testing as implemented in Randomise, 
with 5000 permutations and 5 mm variance smoothing. Voxels were considered significant at p-
value < 0.05 with a FWE correction for multiple comparisons using TFCE. 
 
Effects of heart rate of RS FC 
Changes in heart rate (HR) have been found to influence the BOLD signal, especially near large 
vessels, and consequentially influence FC in RSNs (Khalili-Mahani et al, 2013). Dopaminergic 
drugs such as dAMPH are known to increase HR and blood pressure (Lile et al, 2011). Although 
FIX denoises the data and thereby removes a lot of physiological variation, it has been shown 
that areas of physiological variation can overlap with our RSNs of interest. Therefore, we 
decided to repeat our analyses using average HR as a covariate. HR was monitored during the 
MRI scan session using a 4-lead vector cardiogram (VCG) signal and data were extracted using 
an in house MATLAB script. Five of our HR measurements were missing and they were imputed 
with the average HR of the group and session the scan belonged to.  
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RESULTS 

Demographics 
Demographics and dAMPH use are provided in Table 1. There were no significant differences in 
the age (t33=0.04, p=0.97) and IQ (t33=-0.07, p=0.95) between both groups. In addition to 
dAMPH, the user group also contained more smokers and cannabis users and used significantly 
more alcohol (U=214.50, p=0.03), MDMA (U=300.00, p<0.01) and cocaine (U=280.00, p<0.01) 
than our control group. The highest score on the DUDIT amongst dAMPH users was 16, well 
below the cut-off score of 25 of probable drug dependence (Voluse et al, 2012). The dAMPH 
users typically used dAMPH as a powder, with the main routes of administration being 
inhalation or by dissolving it in a drink.   
 
Effect of acute dAMPH administration on RS FC patterns 
We found a significant main effect of dAMPH challenge on FC patterns in a small cluster in the 
ACC with the CST network (Figure 2; Table 2). In addition, in exploratory analyses, multiple 
monoaminergic networks showed reduced FC following dAMPH administration (Figure 3; Table 
2). The dSEN showed decreased connectivity to the anterior cingulate cortex and left middle 
frontal gyrus, bilaterally, after dAMPH administration. On the other hand, the iSEN showed 
decreases in the left precentral gyrus. Additionally, pDMN (and to a lesser extent vDMN) 
showed very strong reductions in connectivity, mostly with the posterior cingulate node of this 
network. No significantly different FC patterns were found within the lFPN, rFPN and aDMN. 
We found a trend significant increase in HR during the resting state scan after dAMPH 
administration (t33=-1.80, p=0.08). We did not find any significant changes between the 
analyses with HR as a covariate when compared to the analyses without covariate. 
 
Table 2. Brain regions displaying significant decreases of FC following dAMPH, relative to baseline   
RSN of 
interest   

Brain region 
  

Voxels
  

Max t 
  

MNI coordinates
x y z

CST BL paracingulate gyrus, anterior cingulate 
gyrus 49 4.71 0 40 28 

vDMN R posterior cingulate gyrus 68 5.53 8 -48 6
pDMN BL precuneous cortex, posterior cingulate 

cortex 4945 8.35 -2 -70 34 
 R   central opercular cortex 150 4.88 40 -70 48
 L   middle temporal gyrus 123 4.09 -45 -58 8
 L   planum temporale 107 4.48 -64 -26 16
 L   middle temporal gyrus 95 4.43 -66 -44 0
 L   supramarginal gyrus, anterior 44 3.42 -62 -36 36
dSEN BL anterior cingulate cortex 1387 6.51 2 20 30
 L middle frontal gyrus 342 6.2 -32 38 44
 R supramarginal gyrus, anterior 149 4.71 64 -28 32
iSEN L precentral gyrus 982 5.49 -62 -10 10
 R temporal pole 168 5.05 52  12 -4
 L middle temporal gyrus 92 4.63 60 -52 8
 R supramarginal gyrus 51 5.27 -62 -26 42
CST, cortico-striatal-thalamic network; dSEN, dorsal salience executive network; iSEN, inferior salience 
executive network; pDMN, posterior default mode network; vDMN, ventral default mode network; 
clusters > 40 voxels are reported 
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Figure 2. dAMPH induced network-specific changes in FC in CST 
dAMPH induces network-specific changes in CST network FC. Left: Axial slices of RSN maps extracted 
with ICA. Middle: Z-scores of connectivity with RSN for the largest cluster for both controls (white) and 
users (grey), pre- and post-dAMPH administration. Both users and controls display a decrease in 
connectivity with the RSN following dAMPH. There was no significant interaction between group and 
dAMPH administration on RSN connectivity. Right: Brain regions displaying significant dAMPH-induced 
reductions in connectivity with the RSN, for all subjects (P<0.05, FWE corrected). Slices in all figures 
displayed in radiological convention; coordinates provided in MNI standard space;  
 
Effect of chronic dAMPH on RS FC patterns 
The recreational dAMPH users did not differ significantly from the control group in their 
resting-state FC patterns, nor in their response to an acute dAMPH challenge. In Figure 2 and 
Figure 3 the differences in Z-scores of both groups before and after dAMPH are shown 
separately.  
 
RS FC associated with striatal D2/D3 receptor availability and DA release 
We previously reported reductions in DA release in the current cohort of dAMPH users 
compared to controls (Schrantee et al, 2015). In line with this, acute dAMPH-induced changes in 
resting-state FC between the CST network and the striatum were positively associated with 
extent of striatal DA release (Figure 4) in both controls and dAMPH users. Although the 
correlation coefficient between DA release and CST FC resting-state connectivity did not differ 
between dAMPH users and controls (F1,28=0.01, p=0.91), in dAMPH users it was displaced to the 
left, indicating more negative or blunted responses to dAMPH in this group. In dAMPH users 
CST FC correctly identified blunted DA release in nearly all cases, but in more than half of the 
control subjects with a positive DA release (Figure 4). Post-hoc, we also determined whether 
striatal change was negatively associated with change in ACC RS FC, but this correlation was 
only apparent at a trend level (r=-0.25, p=0.07). As expected, we did not find a correlation 
between DA release and baseline RS FC. We also did not observe any correlation between 
baseline striatal DA D2/D3 receptor availability and baseline striatal connectivity with the CST 
network either. 
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Figure 3. Exploratory analyses of dAMPH induced network-specific changes in FC 
dAMPH induces network-specific changes in resting-state connectivity. a-d, left: Axial slices of RSN maps 
extracted with ICA. a-d, middle: Z-scores of connectivity with RSN for the largest cluster for both controls 
(white) and users (grey), pre- and post-dAMPH administration. Both users and controls display a decrease 
in connectivity with the RSN following dAMPH. There was no significant interaction between group and 
dAMPH administration on RSN connectivity. a-d, right: Brain regions displaying significant dAMPH-
induced reductions in connectivity with the RSN, for all subjects (P<0.05, FWE corrected). Slices in all 
figures displayed in radiological convention; coordinates provided in MNI standard space;  
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Figure 4. Effect of DA release on changes in CST connectivity with the striatum 
Effect of DA release on changes in CST connectivity with the striatum. a) dAMPH-induced changes in 
functional connectivity are positively associated with dAMPH-induced DA release in the striatum 
(P<0.05, FWE corrected). Slices are displayed in radiological convention; coordinates provided in MNI 
standard space. b) Both users and controls display this positive correlation and there was no significant 
difference between the slopes. 
 

DISCUSSION 

The present study demonstrates that acute dAMPH administration reduced connectivity within 
the CST network and that striatal DA release, but not baseline striatal DA D2/D3 receptor 
availability, was associated with changes in striatal resting-state connectivity in this network. In 
addition to the CST, large effects of acute dAMPH administration were observed in the salience  
executive networks and default mode networks. Contrary to our hypothesis, we did not observe 
a group difference in dAMPH-induced changes in RSNs. 

The cortex, striatum and thalamus are connected by means of large-scale parallel loops 
with direct monosynaptic connections from the cortex to the striatum and indirect, 
polysynaptic connections from the striatum, through the thalamus and back to the cortex 
(Shepherd, 2013). This wiring is thought to be crucial for its role in cognition and motor 
function and DA has been shown to modulate these connections (Cole et al, 2013; Honey et al, 
2003). Indeed, we found a small cluster in the ACC that showed reduced connectivity with the 
CST network following dAMPH administration. This is in accordance with other studies, 
showing that drugs that increase DA release or elevate DA levels (such as MPH and L-DOPA 
respectively) decrease FC within regions of the CST network. For instance, L-DOPA 
administration has also been found to reduce connectivity of the ACC with a CST network (Cole 
et al, 2013). Honey et al. (2003), demonstrated that MPH, a DAT and noradrenaline transporter 
blocker, reduced connectivity between the caudate nucleus and the midbrain, without showing 
an effect on the connectivity between the caudate nucleus and the thalamus. Similarly, Mueller 
et al. (2014) reported a decrease in cortical and subcortical components of the CST network 
following MPH. In addition, Ramaekers et al. (2013) found reduced connectivity following MPH 
administration between the ventral and dorsal striatum, as well as between the ventral striatum 
and the medial prefrontal cortex (mPFC). Konova et al. (2013) also focused on the CST network 
but found opposite effects, with MPH decreasing intra-striatal connectivity, but increasing 
cortico-striatal connectivity. However, this was in a sample of cocaine dependent subjects, which 
has been shown to have altered connectivity patterns (Konova et al, 2013).  

We also demonstrated that dAMPH-induced striatal DA release was associated with 
changes in CST resting-state FC in the striatum following dAMPH administration. This is in line 
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with animal studies in which microdialysis measurements of striatal DA release are associated 
with BOLD and CBF changes following dAMPH administration (Chen et al, 1997). Our 
correlational analysis was performed for the striatum, because this is the brain region where we 
also measured DA release, whereas differences in RS FC following dAMPH administration were 
measured for the whole brain. The neuronal effects of dAMPH are thought to originate mainly 
from the basal ganglia, as dAMPH increases extracellular DA primarily in these regions (Chen et 
al, 1997). Yet, in our study, we did not find any subcortical areas that showed altered 
connectivity following dAMPH administration. However, dopaminergic and noradrenergic (NA) 
terminals are also widely distributed in cortical areas (Lewis et al, 1987). Indeed, a recent 
microdialysis study showed that administration of dAMPH increases both DA and NA in the 
prefrontal cortex, but only DA in the striatum (Rowley et al, 2014). As such, modulation of RSNs 
in the striatum may be mainly determined by DA release, whereas cortical RS FC is both 
dependent on changes of DA and NA. This could also explain why we find a decrease in ACC 
connectivity, despite increases in striatal DA release. This is further supported by the inverted-U 
hypothesis of DAergic modulation, suggesting that there is an optimal level of DAergic 
stimulation, with both too little and too much DA negatively impacting behavior. Indeed, 
previous studies have already shown that DA modulations can induce inverted-U relationships 
in cortical FC patterns (Cole et al, 2013). Therefore, it is conceivable that FC decreases in the 
cortex when DA release is acutely increased to a large extent in subcortical areas. In this context, 
it would be very interesting to study dose-response relationships of DA modulation on RS FC. 

Contrary to what we expected, no significant group differences nor any interaction 
effects on RS FC patterns were found, even though the groups under study differed markedly on 
baseline striatal DA D2/D3 receptor availability and dAMPH-induced DA release, as we reported 
elsewhere (Schrantee et al, 2015). This is possibly due to the sensitivity of rs-fMRI 
measurements to pick up regional DA alterations. SPECT is a direct method to investigate 
DAergic receptor binding, whereas rs-fMRI is an indirect tool to assess temporal coherent 
activity between brain regions and could therefore be less sensitive to small DA alterations in 
part of a network. This is in contrast with studies reporting alterations in CST connectivity in 
subjects with other drugs of abuse acting on the DA system, such as cocaine and METH (Gu et al, 
2010; Kohno et al, 2014; Konova et al, 2013). The largest difference between those studies and 
the present one is that those subjects suffered from substance dependence, whereas our subjects 
were typically recreational users. It is extremely difficult to disentangle the effects of addiction 
per se and neurotoxicity of the drug that subjects are addicted to. Yet, it is possible that 
addiction in itself induces changes in resting state connectivity that are not evident in 
recreational users of a drug. For example, neurobiological correlates of intoxication differ from 
those of craving and compulsory drug administration (Goldstein and Volkow, 2002; Koob and 
Volkow, 2010). A related explanation might be that although our users displayed alterations in 
DA release, compensatory changes in the CST loops may have ‘buffered’ alterations in resting 
state connectivity. Such compensatory measures may be sufficient to maintain normal CST 
connectivity in case of recreational use, but might fail when subjects become addicted to a drug. 
Although no studies have directly compared RS FC between recreational use and addiction, the 
transition phase from abuse to addiction has been associated with compensatory mechanisms 
(Kalivas and Volkow, 2005).  
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In addition to acute changes in the CST network, we found reduced connectivity in 
DMNs and SENs following dAMPH administration. This is concordance with other studies that 
also found changes in connectivity after DA drug administration in networks outside the CST 
loops. In our study, the most prominent effect of acute dAMPH on FC was in the DMN, a 
network in which connectivity is suppressed during task performance. We found reductions of 
connectivity primarily in posterior parietal regions. Failure to inhibit DMN activity during task 
performance is associated with worse behavioral performance (Weissman et al, 2006). Our 
findings are in concordance with a study by Kelly et al. (2009) that showed that L-DOPA, a DA 
precursor, decreased DMN activity, and Nagano-Saito et al. (2008) that demonstrated that DA 
depletion increased DMN activity in healthy controls. In addition to changes in DMN 
connectivity we also found reductions in connectivity within salience-executive networks (dSEN 
and iSEN), including mostly frontal areas. Salience-executive networks are thought to play a role 
in reward and cognitive processing (Seeley et al, 2007). These findings are in line with task fMRI 
literature showing that administration of oral dAMPH reduces activation in a monetary 
incentive delay task (Knutson et al, 2004). However, Cole et al. (Cole et al, 2013) reported no 
changes in SEN networks following L-DOPA administration, whereas Mueller et al. (2014) found 
increased connectivity of SENs with the visual cortex, but decreased connectivity with the 
cerebellum and thalamus. Although we found large reductions of RS FC in DMN and SEN’s, 
these analyses were exploratory in nature and therefore we cannot draw strong conclusions 
from them. Still, the large effects observed in these networks, highlight the importance of whole 
brain analyses for rs-fMRI data. Networks in the brain are not single entities, but can influence 
other networks and work in close concordance. It would be interesting for further research to 
assess the effects of DA drugs on between-network connectivity (Smith et al, 2013).  

This study investigated the effects of dAMPH administration on resting-state BOLD 
signal fluctuations. The BOLD signal is influenced by a large number of factors including CBF, 
cerebral blood volume, and oxygenation. dAMPH has been shown to be a vasoconstrictive agent 
systemically and in the brain by DA receptors on microvessels (Choi et al, 2006). Therefore, we 
cannot exclude vascular contributions  (unrelated to neuronal effects) to the acute dAMPH-
induced changes in RS FC as reported here. In addition, in this study we administered the drug 
intravenously rather than orally, as most studies so far have done. Intravenous administration 
induces a large strain on the cardiovascular system which may influence the BOLD response 
(Heal et al, 2013). However, we observed that the large physiological effects are primarily 
present directly following administration and have largely subsided at the time of our rs-fMRI 
sequence 30 minutes later. In addition, adding HR as a covariate in our statistical analysis did 
not affect our results. Therefore, it is unlikely that cardiovascular changes contributed to the 
acute dAMPH-induced RSN modulations. In addition, we used FIX to remove residual 
physiological variation and motion (Griffanti et al, 2014). So, the potential confounding 
cardiovascular effects were reduced to a minimum in this study. In addition, in between resting-
state scans subjects underwent a resting-state ASL scan, which means that there were no 
confounding effects of cognitive tasks that could influence subsequent resting-state FC (Gordon 
et al, 2014). 

In this study, the participants received a dAMPH challenge twice, which could potentially 
impose an order effect. To account for this, we counterbalanced the visits within groups, with 
half of the subjects first undergoing the SPECT scans and the other half first undergoing the 
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MRI scan. One more limitation of this study is that subjects always underwent the dAMPH scan 
after the baseline scan, which could induce expectancy effects (Gundersen et al, 2008). However, 
subjects were aware that they would not yet receive the dAMPH challenge until the ASL scan 15 
minutes later. In addition, if the anticipation differed between dAMPH users and controls, one 
would expect dAMPH users to have more anticipation of reward and therefore more [123I]IBZM 
displacement than the controls. Yet, we observed a blunted response in the dAMPH users 
compared to controls. Nevertheless, future studies could assess the expectancy effects by 
including a placebo condition. In addition, an inherent limitation to studies investigating 
recreational drug use is polydrug use.  Indeed, in our sample, dAMPH users also used 
significantly more other drugs and we can therefore not exclude that our results are due to other 
drug use. However, the subjects underwent a drug screening prior to the scans, which excludes 
acute effects of other drugs of abuse on our results. In addition, the effect of acute 
administration on the CST network is consistent with studies investigating the effect of MPH 
and L-DOPA on CST FC. However, polydrug use could have increased variation within the 
dAMPH user group and this could have resulted in a lower power to detect group differences.  

In addition, many different analysis techniques are employed, but comparisons between 
for example ICA and seed-based approaches have not found significant differences in 
reproducibility and ability to detect resting-state networks (Franco et al, 2013; Hale et al, 2015). 
In fact, for inter-individual differences ICA-based approaches may be more sensitive than seed-
based approaches (Smith et al, 2014), which is reflected in the association we observed between 
striatal DA release and RS FC. Yet, it is possible that other techniques are more sensitive than 
ICA-based techniques to detect group differences in specific subcortical DA-ergic regions, but 
this postulate remains to be tested. Another  potential limitation is that our resting-state scan 
contained 130 volumes, which is a relatively short scan. However, studies have shown that 
resting state scans of 5 up to 13 minutes provide reliable estimates of resting state connectivity 
networks (Birn et al, 2013). Although our scan of 5 minutes falls within that time window, it is 
possible that longer resting-state scans (up to 12 minutes) provide more information and could 
thus be more sensitive to detect the difference between our recreational dAMPH users and 
controls. This would be an interesting topic for further research.  

 

CONCLUSION 

In conclusion, we demonstrate that acute dAMPH reduces RS FC within multiple RSNs and that 
individual variation in DA release following an acute challenge with dAMPH, predicts changes in 
resting-state FC. These results suggest an important role for both DA (and NA) in the 
modulation of RS FC by dAMPH. However, we did not find significant group differences in RS 
FC, possibly due to lack of sensitivity or compensatory mechanisms for reduced DA release. 
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ABSTRACT 

 
Background: Animal studies have shown that methylphenidate (MPH) has different effects on 
the dopaminergic system in the developing brain compared to the developed brain. The effects 
of Psychotropic drugs On the Developing brain (ePOD) study is a combination of different 

approaches to determine whether there are related findings in humans. 
 

Design: Animal studies were carried out to investigate age-related effects of psychotropic drugs 
and to validate new neuroimaging techniques. In addition, we set up a double-blind placebo 
controlled clinical trial with MPH in 50 boys (10–12 years) and 50 young men (23–40 years) 

suffering from attention-deficit/hyperactivity disorder (ADHD) (ePOD-MPH). Trial registration 
number: Nederlands Trial Register NTR3103. A cross-sectional cohort study on age-related 
effects of these psychotropic medications in patients who had been treated previously with 

MPH (ePOD-Pharmo) is also ongoing. The effects of psychotropic drugs on the developing brain 
are studied using neuroimaging techniques together with neuro-psychological and psychiatric 
assessments of cognition, behavior and emotion. All assessments take place before, during and 

after chronic treatment. 
 

Discussion: The combined results of these approaches will provide new insight into the 
modulating effect of MPH on brain development. 
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INTRODUCTION 

The brain in development is dependent on the emergence of critical developmental processes 
(i.e. synaptogenesis (Swaab and Mirmiran, 1986)), and therefore sensitive to pharmacological 
interventions. Treating children and adolescents with dopaminergic (DAergic) drugs like 
methylphenidate (MPH), is therefore likely to have influence on the maturation of the brain. 

Recent animal studies with MPH, a DA reuptake inhibitor and stimulant drug frequently 
prescribed in the treatment of attention-deficit/hyperactivity disorder (ADHD), have 
demonstrated that these effects are also age-dependent. For instance, early treatment with 
MPH led to a considerable (-50%) reduction of dopamine transport density (DAT) in rat 
striatum when compared to non-treated animals, whereas no effects were observed in adult 
animals (Grund et al, 2006). These alterations in the DA system have been shown to result in 
behavioral abnormalities. For example, young rats treated with MPH show more anxiety- and 
depression-related behavior in adulthood than adult rats treated with MPH (Bolaños et al, 
2003). 

There is some clinical evidence for related findings in humans. For example, in the  
National Institute of Mental Health (NIMH) Collaborative Multisite Multimodal Treatment 
Study of Children With ADHD (MTA) children who received behavioral therapy had a lower rate 
of diagnoses of anxiety or depression (4.3%) than the children who were treated with MPH 
(19.1%), thus indicating a (transient) increase in the occurrence of emotional disorders six to 
eight years after treatment with MPH (Molina et al, 2009). Age-related differences have also 
been found between adolescent and adult patients on in functional magnetic resonance imaging 
(fMRI) studies, with adolescent patients treated with MPH showing more activity in the 
prefrontal cortex after treatment than adult patients (Epstein et al, 2007). 

Thus, evidence is slowly emerging that the long-term effects of drug exposure are 
delayed and come to expression once the vulnerable system reaches maturation (i.e., typically 
during adulthood). This phenomenon is known as ‘neuronal imprinting’ and occurs when the 
effects of drug exposure outlast the drug itself (Andersen and Navalta, 2004). Still, very little is 
known on exposure during later brain development. Most (clinical) studies are hampered by the 
fact that they are retrospective in design, and therefore the findings could be caused by other 
factors on which the groups differed. As pointed out by Shaw and colleagues: “….the ideal study 
design for this question would be a randomized trial comparing cortical growth in children on 
psychostimulants against an unmedicated comparison group—but this would be both 
logistically and ethically challenging” (Shaw et al, 2009). Notwithstanding this challenge, we 
have set up two studies (the effects of Psychotropic drugs On the Developing brain ‘ePOD’ 
project): a randomized controlled trial (RCT) and a retrospective cohort study, investigating the 
possibility of the existence of neuronal imprinting in children medicated with these drugs while 
using several modalities to assess neurocognitive development. Here we report on the objectives 
and methods of these studies. 
 
   



Chapter 6 

 94 

OBJECTIVES 

Primary objectives 
1. The primary objective of the ePOD study is to report on the short-term age-dependency of the 
effect(s) of MPH treatment on the developing DA system using pharmacological MRI (phMRI) 
as our main outcome measure.  
2. Furthermore, we aim to study the long-term effects of these drugs in a cohort study based on 
medical prescription data. 
  
Secondary objectives 
Our secondary objectives are: 
1. To report on the age-dependency of MPH on the outgrowth of the DA system using functional 
outcome measures (diffusion tensor imaging [DTI], fMRI, resting-state-fMRI [rs-fMRI] and 
neuropsychological assessment (NPA)). 
2. To report on the effects of MPH on restless legs (RLS) symptoms and insomnia. 
 

METHODS 

General design of the ePOD project 
Only a long-term prospective study in patients randomly assigned to MPH and placebo 
conditions can determine unequivocally whether the (adverse) effects of this medication on the 
neurotransmitter systems interact with the age when they are prescribed. To this purpose we 
designed an RCT with MPH. However, it would not be ethical to deprive subjects in a placebo 
setting from treatment for extensive periods of time. Therefore, in addition to the RCTs, which 
will last 4 months, we investigate the long-term effects (at least 7 years) in a cohort study based 
on medical prescription (the ePOD-Pharmo study). The two sub-studies of the ePOD project 
include: 

- ePOD-MPH: A 16 week RCT with MPH in 100 medication naive ADHD patients. This 
RCT involves three separate NPA and MRI assessments: the first before starting with the 
study medication (baseline session), the second during treatment with MPH or placebo 
(week 8) and the final assessment after trial end following a 1-week washout period 
(week 17). 

- ePOD-Pharmo: A cohort study based on medical prescription data. Seventy-five subjects 
will be recruited through a database containing prescription data on MPH. Subjects in 
this cohort based study will receive the same assessments as in the RCT but only once. 

 
Randomized controlled trial: design and study sample 
The RCT consist of 16-week multicenter randomized, double blind, placebo-controlled trial with 
a washout period of one week (Figure 1). Subjects are stratified into two age categories: boys 
aged 10–12 years, and men aged 23–40 years. These two age groups are randomly assigned to 
either placebo or active treatment. MRI and NPA assessments will take place before treatment 
(baseline), during treatment and following the washout period. Baseline measurements will be 
compared with the results obtained at trial end. Differences in outcome measures will be 
compared between the two age categories (children vs. adult), in addition to healthy controls 
(separate study). In view of our hypothesis that the active treatment results in long lasting or  
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Figure 1. Timeline study procedures ePOD-MPH trial 
 
even permanent changes in the developing brain, we expect no or a small change in difference 
scores between baseline- and post-treatment assessments in adults, whereas in children we 
expect to find larger changes, as enduring changes will have taken place in the developing brain, 
but only transient accommodation in the developed brain. The washout period was chosen 
based on chemical properties (rate of elimination based on five half-life times) and ethical 
considerations (time without treatment). 

A total of 50 children (10–12 years of age) and 50 adult (23–40 years of age) male 
outpatients diagnosed with ADHD (all subtypes) and in need of pharmacological therapy will be 
included in ePOD-MPH RCT. Patients that have used medications or are dependent on drugs 
that influence the monoamine systems before age 23 are not eligible. 

Patients are recruited from clinical programs at the Child and Adolescent Psychiatry 
Center Triversum (Alkmaar), from the department of (Child and Adolescent) Psychiatry of the 
Bascule/AMC (Amsterdam), and from PsyQ mental health facility in The Hague. The diagnosis is 
made by an experienced psychiatrist based on the Diagnostic and Statistical Manual of Mental 
Disorders, (DSM-IV), Fourth Edition (American Psychiatric Association, 1994), and confirmed 
by a structured interview: Diagnostic Interview Schedule for Children (National Institute of 
Mental Health Diagnostic Interview Schedule for Children Version IV (NIMH-DISC-IV, 
authorized Dutch Translation) (Ferdinand and van der Ende, 1998), in children or in parents 
and the Diagnostic Interview for Adult ADHD (DIVA) (Kooij, 2012) in adults in the RCT with 
MPH. In both RCTs, patients with co-morbid axis I psychiatric disorders requiring treatment 
with medication at study entry, with IQ lower than 80 (as measured by a subtest of the Wechsler 
Intelligence Scale for children-Revised (WISC-R), National Adult Reading Test (NART), 
authorized Dutch translation (Schmand et al, 1998) and MDD patients with current risk of 
suicide attempt are excluded. 

We chose to include only male patients in ePOD-MPH to limit subject variation and 
because ADHD is most prevalent in males (Boyle et al, 2011). Thus, to keep our sample as 
homogenous as possible and prevent inclusion problems, only male subjects are included in the 
ePOD-MPH study. The cut-off point of 10–12 years of age was chosen because peak prevalence 
of ADHD is 10 years of age (Burd et al, 2003) and also because several MRI parameters greatly 
change until 8–10 years of age (Bashat et al, 2005), whereas the rate of increase of neuronal 
growth and pruning reduces after 10 years of age. The cut-off point of 23 years for matured 
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brain in the adults is chosen in line with previous studies involving a comparison between 
matured versus immature brain (Sowell et al, 1999). 
 
Cohort based study: design and study sample 
In the ePOD-Pharmo study, we investigate the long-term effects of age following MPH 
treatment on our main outcome parameter (phMRI). Exposed subjects are stratified into two 
age groups: one group that has been prescribed early in life with these medications, and another 
group late in life. Subjects are recruited through a medical prescription database from the 
Pharmo Institute (Utrecht, the Netherlands). This out-patient pharmacy database is a database 
that contains drug dispensing data since 1986 from over 3 million residents in the Netherlands, 
corresponding to approximately 20% of the Dutch population. The dispensing date, prescriber, 
prescribed dosage regimen, and duration are known. Subjects participate in a single assessment 
day (cross-sectional design) with similar NPA and MRI investigations as in the ePOD RCTs, 
mentioned above. Subjects eligible for study participation are 23–40 years of age and 
presumably diagnosed with ADHD. The early exposed group contains subjects with a history of 
MPH (male subjects) before the age of 16 (thus at least 7 years ago). The late exposed group 
contains subjects treated between 23 and 40 years of age. The early-, and late exposed groups 
will be compared to an age-, and gender matched unexposed control group, consisting of 
medication naive subjects suffering from ADHD. Every group (three in total) will contain 25 
subjects. 
 
Assessments 
Clinical rating scales  
We use a set of clinical rating scales to assess symptom severity and functioning at baseline and 
after treatment. An authorized Dutch translation of the Disruptive Behavior Disorders Rating 
Scale (DBD-RS) (Pelham et al, 1992) will be used in children and in adults the ADHD-SR (Kooij et 
al, 2008). Clinical improvement will be rated in both RCTs by the clinician using CGAS  (Shaffer 
et al, 1983) and CGI (Guy, 1976) scales in children, and in adults using the Global Assessment of 
Function (Endicott et al, 1976). The Children’s Depression Inventory (CDI) (Saylor et al, 1984) 
and the Screen for Child Anxiety Related Emotional Disorders (SCARED) (Birmaher et al, 1997) 
will be administered to children, and the Beck Depression Inventory (BDI) (Beck et al, 1961) and 
the Beck Anxiety Index (BAI) (Beck et al, 1988) to adults. These rating scales are also 
administered in the ePOD-Pharmo study. 
 
Imaging parameters 
DAergic brain activity will be assessed using phMRI, which is the primary outcome measure of 
the ePOD project. In addition, DA connectivity will be assessed using rs-fMRI and DTI, and 
functional brain activity using inhibition and emotional processing fMRI tasks.  
 
phMRI - Application of fMRI in combination with a pharmacological challenge (phMRI) has the 
potential to provide an index of changes in neurotransmitter function. With phMRI a 
neurotransmitter specific pharmacological challenge is given, which causes changes in 
neurovascular coupling and subsequent region-specific changes in brain hemodynamics. It 
differs from fMRI, in that the neuronal system is not activated by a motor or cognitive task, but 
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pharmacologically. phMRI has been shown to adequately assess the DA integrity and 
functionality, as DA-lesioned primates showed a blunted hemodynamic response to a d-
amphetamine challenge, following DA lesioning, which correlated strongly with DA transporter 
availability and motor function (Jenkins et al, 2004). During the phMRI scan, after several 
minutes of baseline scanning, subjects will receive an oral dose of MPH (0.5 mg/kg with a 
maximum dose of 20 mg in children and 40 mg in adults). This challenge dose was chosen as it 
induces maximum blockade of the DAT (80% occupancy), which occurs at serum concentrations 
of about 8–10 ng/ml. Higher concentrations are not likely to be very effective in further 
blocking DAT (Swanson and Volkow, 2003). After 90 minutes, subjects will undergo a second 
MRI session, and the same MRI sequences are repeated, now under the influence of MPH. The 
90 minute time window was chosen, because DAT occupancy is significantly correlated with 
plasma concentration of MPH, which peaks between 1 and 2 hours following ingestion of MPH 
(Silveri et al, 2004; Spencer et al, 2006). DAT occupancy has also been shown to be relatively 
stable between 1 and 2 hours after ingestion of MPH (Spencer et al, 2006). Based on the 
literature (reduction in DAT densities in young, but not adult treated animals) (Moll et al, 2001) 
and experiments from our own group in d-amphetamine users with phMRI and a MPH challenge 
(Schouw et al, 2013), we expect that treatment with MPH will induce a long-lasting changes in 
the brain hemodynamic phMRI response in DA rich brain areas (e.g. striatum) in children, but 
not adults. We expect that in adult patients MPH will be accommodated by a series of transient 
compensatory reactions. However, in children MPH will induce changes in the form of long-
lasting developmental alterations of the system, reflecting existence of ‘neuronal imprinting’ in 
the human brain (Andersen and Navalta, 2004). 
 
rs-fMRI - A relatively new fMRI approach (i.e., resting-state fMRI (rs-fMRI)) allows assessment 
of changes in organization of whole functional networks, including DAergic networks. Rs-fMRI 
detects baseline brain activity related to ongoing neuronal signaling at “rest” and is performed 
by low-pass filtering of spontaneous blood oxygenation level-dependent (BOLD) fMRI signals 
(Fox and Raichle, 2007). A decreased functional connectivity between anterior cingulate cortex 
and precuneus has been found using this technique in adult ADHD patients (Castellanos et al, 
2008). There are a number of studies that have investigated the effects of MPH on this 
parameter (Rubia et al, 2009; Wong and Stevens, 2012; Zhu et al, 2013), which found that these 
drugs normalize brain activation and functional connectivity abnormalities in patients suffering 
from ADHD. In accordance with this literature, we expect to find age-dependent normalization 
of functional connectivity abnormalities. 
 
DTI - With diffusion tensor imaging (DTI), the micro-structural organization of white matter 
(WM) can be visualized. By measuring the diffusion motion of water molecules, and the fact that 
this motion is restricted by myelin sheaths, an impression of axonal direction and integrity can 
be obtained (Mori and Zhang, 2006). Fractional anisotropy (FA) is the most commonly used 
readout marker in DTI and provides information about the degree of fiber organization and 
integrity. Any process that results in alterations in axonal architecture, such as decreased axonal 
outgrowth, can result in a decrease in FA (Moeller et al, 2015; Reneman et al, 2001; de Win et al, 
2007). A previous DTI study in children suffering from ADHD, observed an increase, or rather 
normalization, of white matter volume in ADHD medicated children compared to unmedicated 
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children (Castellanos et al, 2002). In line with this, chronic treatment with MPH in pre-
adolescent rats was found to increase (fold change >1.5) genes involved in striatal growth of 
novel axons (Adriani et al, 2006). Furthermore, in a recent study in rats we observed opposite 
effects of MPH on FA measures: MPH induced an increase in FA in the corpus callosum of 
adolescent rats, whereas a slight reduction in adult animals (van der Marel et al, 2014). 
Therefore, we also expect to find age-related changes in the current RCT with MPH: an increase 
in FA in MPH treated children when compared to pre-treatment baseline scans, and no effect or 
a small effect in adult patients. 
 
fMRI - We have selected two fMRI task paradigms. In view of our hypothesis, we expect to find a 
normalized  pattern of activation on these tasks in children during treatment, which will persist 
after the end of the trial. In contrast, the activation pattern in adult subjects will normalize 
during the trial and fall back to pre-treatment (hypoactivation) values after the end of the trial. 
The fMRI tasks consist of the following: 

- An emotional processing task: The BOLD response to negative emotional faces (angry 
and fearful faces) is measured in a block-design fMRI task (Hariri et al, 2002). Emotional 
responses are elicited in many different brain regions, where the amygdala seems to be a 
relay between visual systems en modulatory responses. Emotion dysregulation is an 
important feature of ADHD and can affect the course and outcome of the disease 
(Barkley and Fischer, 2010).   

- A motor inhibition task: Frontal-striatal function and its modulation by MPH will be 
assessed using a motor inhibition task: the go/no-go task (Durston et al, 2003). MPH has 
been shown to normalize striatal hypoactivation in ADHD subjects (Vaidya et al, 1998). 
Specifically, fronto-striatal activation during response inhibition will be measured on 
two versions of a go/no-go task, each with and without administration of MPH. The 
effects of MPH on frontal and striatal activation during response inhibition will be 
compared within and between groups. 

 
Neuropsychological assessment 
A neuropsychological test battery (Standard Reaction Time Task, Rey Auditory Verbal Learning 
Task (Van der Elst et al, 2005), Sustained Attention to Response Task (SART) (Johnson et al, 
2007), N-back (working memory task) (Smith and Jonides, 1999), Maudsley Index of Delay 
Aversion (MIDA) (Kuntsi et al, 2001)) will be administered, addressing reaction time, verbal 
memory, sustained attention, working memory and delay aversion in particular. This 
information can be linked to results from imaging in order to determine any links between 
behavioral and fMRI data and changes in the monoamine systems. We will look for correlations 
between altered cognitive responses and fMRI responses, phMRI responses, DTI measures and 
rs-fMRI response. 
 
Actigraphy and sleep log 
Restless Legs Syndrome is a chronic progressive neurological disorder that has a greater 
incidence in ADHD children, adolescents and adults than in the general population (Cortese et 
al, 2005). It is possible that RLS is co-morbid with ADHD or that they share a common DAergic 
deficit. Also, ADHD separately and ADHD together with RLS have been found to be associated 
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with sleep disorders such as insomnia and a common genetic polymorphism (Fliers et al, 2012; 
Imeraj et al, 2012; Yoon et al, 2012). In a recent study, 64% of children with ADHD were 
estimated to suffer from RLS judged by their nocturnal periodic limb movement (Picchietti et al, 
1999). It has been shown that MPH reduces total sleep time but improves sleep quality by 
consolidating sleep in adults (Huang et al, 2011). However, the effect of MPH on RLS in ADHD 
children has never been investigated. In view of the expected inhibitory effect of MPH on DA 
metabolism it is important to investigate the occurrence and severity of RLS and sleep disorders 
in children and compare these to adults, and the effect of MPH thereupon. Sleep disorders and 
RLS are effective and non-invasive outcome measures to evaluate the effect of age following 
MPH treatment in the human brain. Therefore, we will assess RLS severity and sleep quality in 
the ePOD-MPH trial using questionnaires (Cambridge-Hopkins RLS questionnaire (CH-RLSq, 
International RLS severity scale (iRLSS), John Hopkins RLS severity scale (JH-RLS-ss), Epworth 
sleepiness scale (ESS) and the the Holland Sleep Diagnostic List (HSDL) (Kerkhof et al, 2013)) 
and sleep log and actigraphy at three time points during the study: the week prior to the trial, 
during the trial, and during the washout period. Actigraphy is a non-invasive method to monitor 
human rest/activity cycles. To measure gross motor activity, each patient will wear a small 
actigraph unit, also called an actimetry sensor, for five consecutive days. We hypothesize that 
due to an expected long-term reduction in DA turnover rate after early MPH treatment, there 
will be long lasting positive effects on RLS symptoms and sleep disorders only in children, but 
not adults. 
 
Potential confounders 
The study is designed to limit several important possible confounding parameters, such as 
gender effects and aging effect (small age range, only young adults included). A within-subject 
approach (pre- and post-treatment measurement in every subject) is used to rule out most 
between subject differences in the RCTs. Because of the design of the study, we have limited 
power and can correct for a maximum of 2 or 3 confounders. Therefore, age (in months) and 
ratings of symptom severity will be taken into account as covariates.  
 
Power analysis 
Since these trials are the first to examine DA functioning following MPH treatment in children 
and young adults using MR imaging, there is only limited and indirect data available to perform 
a sample size calculation. The goal of our research is to detect differences in the age-dependency 
effect of MPH on the outgrowth of the DA-ergic system if these differences are in the magnitude 
of a standardized effect size of 1.25. From pilot experiments in rats and studies in humans with 
known alterations of DA (e.g. d-amphetamine users) we presume that the expected differences 
with our methods will lead to standardized effect sizes of at least 1.25. Both current trials will 
have the benefit of having before and after treatment measurements data from each patient. 
These paired data will increase the power of our trial to detect differences between groups. A 
sample size of 15 patients in each treatment-by-age group (4 groups) will be sufficient to detect 
standardized effect size of 1.25 with a two-sided significance level of 5% and a power of 90% to 
demonstrate age-dependency of the effects of MPH. To account for an expected drop-out of 25% 
and motion artifacts in MRI scanning, we will include 25 patients in each treatment-by-age 
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group. Because of slightly higher subject variability (but less motion artifacts in adults) in the 
ePOD-Pharmo study (age and duration of treatment) again a sample size of 25 was chosen. 
 
Statistical analysis 
To evaluate the age-dependency of the effect of MPH on the outgrowth of the DA-ergic system, 
the change in our primary outcome measures (CBF) from baseline to post-treatment will be 
determined for each patient (∆i). These individual changes (∆i) will be used to estimate the 
treatment effect in adolescents (mean ∆ in treated patients minus mean ∆ in placebo treated 
patients) and in adults, which will be compared, as shown also in Figure 2. All analysis will 
initially be conducted using the intention-to-treat principle, but for the imaging outcomes a per-
protocol analysis will also be performed. 

The central analysis examines whether this treatment effect is different in adolescents 
compared to adults (effect modification or interaction by age). This hypothesis will be formally 
examined using analysis of variance (ANOVA). The model includes treatment group (2 
categories), age group (2 categories), and the interaction between treatment and age to examine 
whether the impact of MPH treatment differs by age. Depending on the imaging modality we 
will use a whole brain voxel based analysis or an ROI analysis. The same approach can be used 
for explorative analysis on the age-dependency of the effects on secondary outcome measures 
such as behavioral outcome (fMRI, neuropsychological assessment) and behavioral measures, 
and sleep-log actigraph for the trial. 

 

 
 
Figure 2. Statistical analysis age*treatment effect 
 
Ethical considerations 
Evidently, there are important ethical considerations that need to be taken into account for 
medication studies in children. In our case, the most important restriction is the duration of the 
clinical trial, or the time that a child would not receive adequate treatment (placebo condition). 
The duration of the RCT could not be longer than the time a child would otherwise also not 
receive adequate treatment, due to (relatively) long waiting lists in the Netherlands: typically 4 
months at the time these studies were being evaluated by the Central Committee on Human 
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Research in the Netherlands (CCMO). In the trial we overcome the treatment delay by including 
patients from the waiting list and offering psycho-education when necessary.  

The RCTs have been approved by the Central Committee on Human Research in the 
Netherlands (CCMO), the Pharmo cohort study has been approved by the local medical ethics 
committee (METC) of the Academic Medical Center Amsterdam (AMC). All subjects participate 
on a voluntary base and receive a small financial compensation (50 euro and travel expenses). 
Written and informed consent from both patients and legal caregivers will be obtained in all 
cases. 

 

DISCUSSION 

In the ePOD project we propose a set of neuroimaging studies and neuropsychological 
assessments in which we examine the neural circuitry in adolescents with ADHD before and 
after treatment. As pointed out recently in an editorial from the American Journal of Psychiatry 
(Cullen, 2012), this type of research is greatly needed in a field in which most imaging studies 
have been conducted in adults. Because of ongoing brain development during adolescence, the 
pathophysiology that underlies these disorders, let alone the treatment, could be distinct. Slowly 
emerging evidence suggests that the long-term effects of drug exposure are delayed and only 
expressed once the vulnerable system reaches maturation (i.e., typically during adulthood). This 
phenomenon, known as neuronal imprinting, occurs when the effects of drug exposure outlast 
the drug itself (Andersen and Navalta, 2004). Thus, understanding the persistent effects 
critically depends on the window of observation. Therefore, ePOD is a unique clinical study in 
children and adults which will exactly grab this window of opportunity to measure age related 
effects of psychotropic drugs with sophisticated neuroimaging techniques. Embracing this 
concept should influence how we conduct preclinical assessments of developmental drug 
exposure, and ultimately how we conduct clinical assessments of drug efficacy, effectiveness, 
and safety for the treatment of childhood psychiatric disorders (Andersen and Navalta, 2004). 

MPH is being prescribed to increasingly younger children (van Dijk et al, 2008). A meta-
analysis has shown that in the USA and Australia up to 18 – 66% of those treated with 
stimulants do not meet the criteria for ADHD (Rey and Sawyer, 2003). The increased 
prescription rates and concerns about proper diagnostic protocols have led to much public 
debate on the safety of MPH for the treatment of children. Indeed, a meta-analysis has shown 
that non-compliance is estimated at 20-65% and is attributed in part to apprehension about the 
safety of psychostimulants (Swanson, 2003). Recent work on the effects of MPH has shown that 
it may indeed normalize rates of cortical thinning, especially that of the prefrontal cortex (Shaw 
et al, 2009). In addition, in adult ADHD several reports on grey matter reductions were not able 
to distinguish between ADHD and psychostimulant effects (Amico et al, 2011; Seidman et al, 
2011). However, reports on greater rates of depression and anxiety in the treated groups of the 
MTA study sample and in several studies involving rats indicate that effects of MPH treatment 
may have mixed positive and negative effects (Bolaños et al, 2003; Gray et al, 2007; Molina et al, 
2009). Our main outcome parameter phMRI may be able to shed more light on the effects of 
MPH on the development of the DAergic system. This will increase our understanding of the 
safety and working mechanisms of MPH in a vulnerable population. In addition, we will gain 
insight into basal neurocognitive and neuroadaptive processes in the developing brain, as well as 
increasing our knowledge on the pathophysiology of ADHD. 
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However, there are also some limitations of the present study designs that need to be 
mentioned. For example, no conclusions from the ePOD-MPH RCTs can be made on the long-
term effects of medication on brain development. The RCTs last for ‘only’ 4 months, and the 
washout period is one week maximum. For that reason, we designed the ePOD-Pharmo study, in 
which subjects are screened at least 7 years later following early MPH exposure. In addition, all 
participants in the RCTs are asked if they are willing to participate in a follow up study, 
scheduled in 3–5 years. Thus, by combining the RCTs in which we investigate the causality of the 
age-dependency of MPH, together with the ePOD-Pharmo study which is directed towards the 
long-term effects of these medicines, will ultimately provide missing knowledge. 

Studies are needed that use the same methodology simultaneously in both adolescents 
and adults, to overcome methodological differences, and correct interpretation of the age-
dependency of results. Sample differences in age and illness status or differences in the image 
acquisition/analysis approach may obscure the age-dependency of the findings. These issues are 
overcome by the current study design. Since this study employs randomized controlled trials 
and has the benefit of having before and after treatment measurements from each patient, we 
will be able to reduce subject variability. This increases the ability of our trial to detect 
differences between groups. Moreover, this study employs novel non-invasive MRI techniques 
in children and adolescents, which provide new insights into the effects of psychotropic drugs 
on the developing brain. The use of phMRI in assessing DAergic functionality may have 
important prognostic factors, for instance in predicting responsiveness to psychostimulants or 
antidepressant medication in the near future. 

 
CONCLUSION 

So far, most imaging studies have been conducted in adults. Ongoing brain development during 
adolescence may distinct the neural mechanisms that underlie psychiatric disorders like ADHD. 
Examination of these mechanisms during early phases of the disorder provides the opportunity 
to avoid confounds due to complex treatment histories or potential scarring from years of 
disease. A better understanding of adolescent-specific mechanisms will be “a critical foundation 
for the advancement of early treatment interventions, which could significantly affect public 
health” (Cullen, 2012). 

In the ePOD studies we propose a set of neuroimaging studies and neuropsychological 
assessments in which we examine the neural circuitry in adolescents with ADHD before and 
after treatment. The combination of prospective studies with a cross-sectional cohort study, 
using the same outcome measures, will increase our understanding not only of the working 
mechanisms of MPH in children and adolescents, but also provide more information about the 
safety of these substances in the maturing brain. 
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ABSTRACT 

 
Importance: Although numerous children receive methylphenidate (MPH) for treatment of 
attention-deficit/hyperactivity disorder (ADHD), little is known about age-dependent and 
possibly lasting effects of MPH on the human dopaminergic (DA) system.   
 

Objective: To determine whether effects of MPH on the DA system are modified by age and to 
test the hypothesis that MPH treatment of young but not adult patients with ADHD induces 
lasting effects on the cerebral blood flow (CBF) response to a DA challenge, a noninvasive probe 
for DA function. 
 

Design, setting and participants: A randomized, double-blind, placebo-controlled trial (ePOD-MPH 
study) among ADHD referral centers in the greater Amsterdam area in the Netherlands, 
between June 1, 2011, and June 15, 2015. Additional inclusion criteria were male sex, age 10 to 

12 years or 23 to 40 years, and stimulant treatment-naive status.   
 

Intervention: Treatment with either MPH or a matched placebo for 16 weeks. 
 

Main outcome measure: Change in CBF response to an acute challenge with MPH, noninvasively 
assessed using pharmacological magnetic resonance imaging, between baseline and 1 week post-

treatment. Data were analysed using intent-to-treat analyses. 
 

Results: Among 131 individuals screened for eligibility, 99 patients met DSM-IV criteria for 
ADHD. Sixteen weeks of MPH treatment increased the CBF response to MPH within the 
thalamus (mean difference = 6.50; 95% CI 0.4 to 12.6; p = 0.04) of children aged 10 to 12 years 

old but not in adults or in the placebo group. In the striatum, the MPH condition differed 
significantly from placebo in children, but not in adults (mean difference = 7.73; 95% CI 0.7 to 
14.8; p = 0.03). 
 
Conclusion and relevance: We confirm pre-clinical data and demonstrate age-dependent effects of 

MPH treatment on human extracellular DA-ergic striatal-thalamic circuitry. Given its societal 
relevance, these data warrant replication in larger groups with longer follow-up. 
 

Trial registration: CCMO identifier:(NL34509.000.10); trialregister.nl identifier: (NTR3103). 
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INTRODUCTION 

Methylphenidate (MPH) is the most frequently prescribed medication for the treatment of 
attention-deficit/hyperactivity disorder (ADHD). MPH effectively reduces symptoms of 
inattention, hyperactivity, and impulsivity in up to 80% of children with ADHD (MTA group, 
1999). MPH increases extracellular dopamine (DA) levels in the brain, by blocking the DA 
transporters in the synapse (DAT) (Volkow et al, 2012). Its short-term safety has been 
documented in many studies, and efficacy is amongst the highest of all psychiatric medications 
(van de Loo-Neus et al, 2011). However, despite its prevalent use in children and adolescents, 
very little is known about lasting effects of MPH on the developing DA system (Andersen and 
Navalta, 2004; van de Loo-Neus et al, 2011; Volkow and Insel, 2003).  

The adolescent brain is a rapidly developing system that maintains high levels of 
plasticity. As such, the brain during this unique timeframe may be particularly vulnerable to 
drugs that interfere with these processes or modify the specific transmitter systems involved. 
Effects of MPH on brain development have so far only been studied in healthy male animals 
(Urban et al, 2012; Volkow and Insel, 2003), with short wash-out periods (Bourgeois et al, 2014). 
More recent evidence now indicates that psychotropic drugs affect the brain in a differential 
manner that depends on the age of exposure (Andersen and Navalta, 2004). Whereas long-term 
stimulant exposure in adult animals results in a temporary adaptation to the drug effects, more 
lasting (and sometimes permanent) alterations are seen when MPH is administered to juvenile 
animals, a process referred to as ‘neurochemical imprinting’ (Andersen and Navalta, 2004).  

Surprisingly, safety studies on the effects of MPH on DA function in the developing 
brain are scarce in children (Bourgeois et al, 2014). Regardless of this rather alarming paucity of 
findings, increasingly greater numbers of children and young adolescents are exposed to MPH, 
many of whom likely do not meet the criteria for ADHD (Elder, 2010). This heightened use has 
led to considerable debate and concern (e.g., amongst parents) about the long-term 
consequences, or possible side effects, of MPH in children. Such knowledge is urgently needed as 
recently emphasized by a number of entities, including the U.S. Food and Drug Administration 
(2004), National Institutes of Health (1998), and the European Committee for Medicinal 
Products for Human Use (2008).  

The primary aim of the "Effects of Psychotropic medication On brain Development - 
Methylphenidate (ePOD-MPH)" study was to assess the effects of long-term MPH treatment on 
DA function in children and adult patients with ADHD. We probed DA function using MPH-
based pharmacological magnetic resonance imaging (phMRI), a powerful non-invasive technique 
to investigate DA function in vivo (Jenkins et al, 2004; Schrantee et al, 2015). We hypothesized 
increased cerebral blood flow (CBF) response to MPH in children treated with MPH for four 
months (with a one-week washout) due to increased DA levels (Andersen et al, 2008), but no 
such lasting effects in MPH-treated adults. 
 

METHODS 

Trial design  
The ePOD-MPH trial is a 16-week double-blind, randomized, placebo-controlled, multicentre 
trial (RCT) with MPH and a blinded end-point evaluation in stimulant  treatment-naive patients 
with ADHD (Figure 1). The effect of age on CBF response to a DA challenge and overall clinical   
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Figure 1. CONSORT flow diagram 
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outcome was assessed using phMRI in children and adults with ADHD, randomly assigned to 
either placebo or active treatment with MPH, at baseline and following a one-week washout 
(Figure 2). The study protocol was approved and registered by the Central Committee on 
Research Involving Human Subjects (an independent registry) on March 24 2011, and 
subsequently at the Netherlands Trial register (NTR3103) during enrolment of the first patient 
on October 13, 2011. The trial ended on June 17, 2015 and was monitored by the Clinical 
Research Unit of the Academic Medical Center (AMC).  
 
Participants 
Participants were 50 stimulant treatment-naive boys (10-12 years of age) and 49 stimulant 
treatment-naive men (23-40 years of age) diagnosed with ADHD and recruited through clinical 
programs at the Child and Adolescent Psychiatry Center Triversum (Alkmaar), Department of 
Child and Adolescent Psychiatry at the Bascule/AMC (Amsterdam), and PsyQ Mental Health 
Facility (The Hague). All children and adults who were included met strict criteria for ADHD 
according to the Diagnostic and Statistical Manual of Mental Disorders 4th Edition (DSM-
IV)(American Psychiatric Association, 1994), and were diagnosed by an experienced psychiatrist 
which was confirmed with a structured interview (i.e. Diagnostic Interview Schedule for 
Children (NIMH-DISC-IV authorized Dutch translation) (Ferdinand and van der Ende, 1998) 
and the Diagnostic Interview for ADHD (DIVA) for adults (Kooij, 2012). Patients with co-morbid 
axis I psychiatric disorders requiring treatment with medication at study entry; a history of 
major neurological or medical illness; as well as a history of clinical treatment with drugs 
influencing the DA system (for adults before 23 years of age), such as stimulants, neuroleptics, 
antipsychotics, and D2/3 agonists, were excluded. More detailed inclusion and exclusion criteria 
are listed in the study protocol. All patients and parents or legal representatives of the children 
provided written informed consent. 
 
Intervention, randomization and blinding 
Patients were randomly assigned to either MPH or placebo treatment (for details, see 
Supplementary Materials). The treating physician prescribed the study medication under 
double-blind conditions on clinical guidance (i.e. reduction of ADHD symptoms) in accordance 
with Dutch treatment guidelines. Adult participants received coaching sessions and parents of 
children received psycho-education. Adherence to the study medication was monitored at each 
of the control visits (week 1, 3, 5, 8 and 12 for children and week 1, 2, 4 and 8 for adults).  
 
Primary outcome measure: DA function 
We used phMRI to assess CBF response to the DA challenge MPH. PhMRI is based on the 
principle that neurotransmitter-specific drug challenges evoke changes in neurovascular 
coupling and resultant changes in brain hemodynamics, such as CBF (Jenkins, 2012). phMRI 
has been shown to indirectly assess DA (dys)function in a non-invasive manner similar to 
positron emission computed tomography (PET) and single photon emission computed 
tomography (SPECT) studies (Chen et al, 1997; Jenkins et al, 2004; Schouw et al, 2013; 
Schrantee et al, 2015).  

The phMRI scan consisted of two sessions, one before and one 90 minutes after oral 
administration of 0.5mg/kg MPH (with a maximum dose of 20 mg for children and 40 mg for 
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Figure 2. Overview of the study timeline. 
 
adults) acquired on a 3.0T Philips MR scanner. Heart rate (HR) was determined using a 
peripheral pulse unit and carotid flow was measured using 2D-phase-contrast MRI. phMRI 
assessment took place at baseline (week 0) and post-treatment following a one-week wash-out 
(week 17) to ascertain drug clearance (MPH has a half-life of 2-3 hours (Swanson and Volkow, 
2003)). Arterial spin labelling (ASL) phMRI was used to assess CBF. The mean of CBF values in 
the grey matter (GM) of three a priori selected regions-of-interest (ROIs (Figure 3); i.e. striatum, 
thalamus, and anterior cingulate cortex (ACC)), was used for statistical analysis. These ROIs 
were selected because the striatum is rich in DAT (the primary target of MPH), and because 
animal literature has demonstrated large phMRI effects of early MPH treatment in the thalamus 
and ACC (Andersen et al, 2008). Data acquisition, post-processing, absolute CBF values, 
exploratory voxel-based analyses of CBF maps, HR and carotid flow are described in detail in the 
Supplementary Materials and Supplementary Figure 1, 2 , 3 and 4 respectively).  
 
Secondary outcome measure: clinical assessment 
Clinical change was rated using the Clinical Global Impression Severity (CGI-S) and 
Improvement (CGI-I) (Guy, 1976) scores, both on a 7-point Likert scale. Response to treatment 
was defined as a score of 1 or 2 on the CGI-I (indicating “very much improved” or “much 
improved”) and compared between groups at trial-end. 

 

 
Figure 3. Representative T1-weighted image with subject-specific grey matter ROIs superimposed.  
Red = striatum; green = thalamus blue = anterior cingulate cortex; 
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Statistical analysis 
All primary analyses are intent-to-treat with the significance level set at P<0.05 (2-sided). To 
evaluate the effect of MPH on the development of the DA system, paired t-tests were used to 
assess individual change in acute CBF response following an MPH challenge from baseline to 
post-treatment (�i CBF) for all four groups separately (Figure 4). The effect of treatment on �i 
CBF within both age groups was assessed using independent Student’s t-tests. To test the 
interaction between age and MPH on �i CBF, a two-way analysis-of-variance (ANOVA) was 
performed with age and medication group as factors. Missing values of CBF (4% due to drop-
out, 9% in total) and clinical assessments (4% due to drop-out and 19% in total) were replaced 
using nearest-neighbor interpolation within age and medication group. For baseline 
characteristics and clinical outcome, a Fisher's exact test was used for the analysis of categorical 
data with odds ratio (OR) as effect size estimate (CGI-I), and student's t-test and ANOVA were 
used for continuous variables (CGI-S and CBF) with normal distributions and partial eta squared 
(�p2) as effect size estimate. Statistical analyses were conducted with IBM SPSS version 22. 
Sample size calculations are presented in the Supplementary Materials. 
 
 
Table 1. Demographics and characteristics  

 Children  Adults  
    MPH placebo MPH placebo 
        n=25 n=25 n=24 n=24 
    Mean (SD) Mean (SD) Mean (SD) Mean (SD) 
Age (y)   11.4 (0.8) 11.3 (0.9) 28.6 (4.6) 29.0 (4.9) 
Estimated IQ a     104.8 (21.0) 103.4 (15.1) 107.9 (8.8) 107.9 (6.4) 

ADHD subtype       

 Inattentive  14 14 11 5 

 Hyperactive/impulsive 0 1 0 0 

 Combined  11 10 13 19 

ADHD symptoms        

 DBD-RS Inattention   21.7 (3.2) 22.8 (3.4) - - 

 DBD-RS  Hyperactivity   15.0 (5.0) 16.4 (6.3) - - 

 ADHD-RS   - - 30.6 (10.0) 30.4 (9.3) 

Clinical impairment   4.0 (0.2) 4.0 (0.3) 3.8 (0.5) 3.8 (0.5) 
Adherence       84% (15) 80% (18) 90% (8) 86% (8) 
 a For children: Wechsler Intelligence Scale for Children (WISC); for adults, National Adult Reading Test 
(NART); DBD-RS=disruptive behavior disorder rating scale; ADHD-RS=Attention Deficit Hyperactivity 
Disorder - Rating Scale 
 
 
 

  

   



Chapter 7 
 

 114 

RESULTS 

Randomization and baseline characteristics 
Between June 1, 2011 and February 6, 2015, a total of 99 patients with ADHD in three Dutch 
centers were randomized to MPH or placebo treatment. After randomization, one subject 
disclosed that he had been treated for ADHD with MPH before and was therefore excluded from 
the statistical analyses. Fifty children and 48 adults were included in the primary analysis 
(Figure 1), although one subject was included at 22 years and 5 months of age. Treatment 
groups did not differ in age, ADHD symptom severity, and clinical impairment (Table 1). No 
serious adverse events were noted in any of the subjects studied.  
 
Treatment assignment and details 
Treatment allocation and drop-out rates are reported in Figure 1. Due to unforeseen technical 
changes to the MRI scanner, eight adults underwent the post-treatment scan at eight weeks 
instead of 17 weeks of the trial. Average treatment duration did not differ between treatment 
groups in adults (p=0.68) and children (p=0.73).  
 
Main outcome: CBF response to MPH challenge  
Paired t-tests indicate a significant increase (mean difference= 6.50, p=0.04; Figure 2) in CBF 
change from pre-treatment to post-treatment in the thalamus of children treated with MPH and 
non- significant differences in the striatum and ACC (5.70, p=0.07 and 5.47, p=0.06, 
respectively, Figure 4), presumably reflecting increased DA levels. As hypothesized, treatment of 
adults with MPH did not induce such an effect, nor did placebo treatment in either age group. 
Furthermore, striatal CBF values were also significantly higher (7.73, p=0.03) in children treated 
with MPH when compared to placebo, whereas no such treatment effect was observed in adults 
(Table 2). Finally, two-way ANOVA showed a non-significant age*treatment interaction in the 
striatum (95% CI -0.3 to 16.3; p=0.06), �p2=0.04). The difference in response to MPH/placebo 
treatment in children can also be observed in the difference maps (Supplementary Figure 2). 
 
Table 2. CBF response to DA challenge. Differences between treatment groups in individual CBF 
(ml/100g/min) response to MPH from pre- to post-treatment (�i CBF)  
 Children (n=50)   Adults (n=48)  
 mean  [95% CI]  P-value* p

2  mean [95% CI]  P-value* p
2 

�i CBF        
 Striatum 7.7 [0.7 to14.8] 0.03 0.09 -0.2 [-4.6 to 4.1] 0.92 <0.01

 Thalamus 7.5 [-2.1 to 17.1] 0.12 0.05 -2.1 [-10.2 to 5.9] 0.60 <0.01

 ACC 4.9 [-2.9 to 12.7] 0.22 0.03 -2.3 [-7.5 to 3.0] 0.39 0.02

*Independent Student t-tests 
CBF = cerebral blood flow; ACC = anterior cingulate cortex; CI = confidence interval 
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Figure 4. Treatment effects on CBF response to DA challenge 
Means ± SEM for the change in CBF response to MPH from pre- to post-treatment (�i CBF in 
ml/100g/min). *p <0.05 Independent t-test comparing �i CBF between the two treatment groups in the 
striatum: 95% CI 0.7 to 14.8; p=0.03, �p2=0.09 (see also table 2). † p<0.05 Paired t-test comparing pre- to 
post-treatment change in CBF (�i CBF) within each group in the thalamus 95% CI 0.4 to 12.6; p=0.04, 
�p2=0.17  
 
Clinical assessment 
A repeated-measures ANOVA showed a significant treatment*time interaction in both children 
(p=0.01,�p2=0.21) and adults (p=0.02, �p2=0.20) on the CGI-S (Figure 5), with the MPH groups 
reporting lower global clinical impairment compared to placebo groups. The MPH group in 
children showed more improvement than the placebo group at week 3 (p=0.03, �p2=0.09) and 8 
(P<0.01, �p2=0.15), whereas in adults this was only significant at week 3 (p=0.01 �p2=0.14) and 
week 17 (p=0.01, �p2=0.14). On the CGI-I, the proportion of patients who reported to feel 
“much improved” or “very much improved” (compared to baseline) one week after trial-end was 
significantly higher for the MPH condition (62.5%) relative to placebo (8.3%) (P<0.001,  
OR=18.33) in adult patients, but not in children (MPH group=12% vs placebo group=0% ; 
p=0.24, OR=7.93). 
 

 
Figure 5. Treatment effects on global clinical impairment.  
Means ± standard error of the mean (SEM) for Clinical Global Impression (CGI) Score at baseline, week 3, 
week 8 and at post-treatment (week 17). * p<0.05 comparing treatment groups on individual time points 
(Student’s t-test) 
   



Chapter 7 
 

 116 

DISCUSSION 

We studied whether age modulates the effects of prolonged MPH treatment on the human DA 
system. Following four months of MPH treatment, we found significant increases in CBF 
response to a DA challenge in the striatum and thalamus, one week after trial-end in treatment-
naive children, suggesting lasting changes in the DA system. This effect was specific for children 
as placebo treatment failed to show such an effect in either age group and active treatment with 
MPH in adults had no effect either. In contrast, MPH induced persistent clinical improvement 
in adults, but not children.  

Our finding that MPH treatment induces persistent increases in the CBF response to an 
acute challenge with MPH in children is in line with preclinical phMRI studies, that report long-
lasting increases in regional CBV in several DA-rich brain regions in juvenile rats treated with 
MPH (Andersen et al, 2008). Similarly, more invasive techniques have demonstrated that long-
term MPH treatment with clinically relevant doses causes long-lasting reductions in striatal 
DAT (Moll et al, 2001), expression of D3 receptors in the prefrontal cortex (PFC) (Andersen et al, 
2008), increased DA levels (Jezierski et al, 2007) and a reduction in prefrontal neuronal 
excitability and synaptic transmission (Urban et al, 2012) in juvenile, but not adult, rats. In 
humans, structural MRI studies have shown that stimulant treatment affects brain maturation, 
as untreated children with ADHD show more rapid cortical thinning and smaller white matter 
volumes than children with ADHD on stimulant medication (Castellanos et al, 2002; Shaw et al, 
2009).  A number of PET studies compared on- and off-medication conditions in children and 
adults with ADHD, showing mostly reductions in CBF when off-medication, in motor- and 
anterior cingulate cortices (Langleben et al, 2002), somatosensory cortices, striatum (Lee et al, 
2005) and parietal areas (Szobot et al, 2003) in children, whereas in adults decreases in 
precentral gyri and striatum, but increased CBF in the vermis (Schweitzer et al, 2003). In 
addition, an ASL-based study reported reduced frontal and striatal perfusion in adults with 
ADHD medication (O’Gorman et al, 2008). These findings are in line with our exploratory voxel-
wise analyses showing reduced CBF following MPH challenge (Supplementary Figure 2).  

Preclinical evidence suggests that our current findings are mediated, in part, by changes 
in the expression of cortical D3 receptors; for instance, juvenile exposure to MPH induced a long-
lasting decrease in D3 mRNA in the medial PFC (Andersen and Sonntag, 2014). In rats, D3 
expression is high during early adolescence, then wanes until becoming absent in adulthood. 
Reduced D3 autoregulation following early MPH treatment causes DA levels to rise, which 
subsequently increases activity at other DA receptors. D2/D3 receptors have the highest affinity 
for DA. However, as extracellular DA levels increase, more binding to D1 occurs, inducing 
increases in hemodynamic response (Andersen et al, 2008).  

Because ADHD is associated with DA hypofunction (Volkow et al, 2012), a lasting 
increase in DA neurotransmission, as evidenced by increased CBF values in response to an acute 
challenge with MPH (which we found in MPH-treated children only), will likely result in positive 
effects on the clinical condition. However, this was not the case in the children in our cohort as 
the positive effect of MPH on clinical assessment during the trial waned after drug clearance. In 
contrast, adults in the MPH group showed clinical improvement after wash-out, but no 
difference with the response in the placebo group at week 8, which is probably due to the large 
placebo response as a result of coaching. Although there is limited evidence for cognitive 
interventions in children (Sonuga-Barke et al, 2013), coaching has shown to be beneficial in 
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adult ADHD both with and without additional pharmacological treatment (Emilsson et al, 2011; 
Philipsen et al, 2015; Safren et al, 2010; Weiss et al, 2012). Nevertheless, it cannot be excluded 
that pharmacological treatment is less robust in adults than in children and this warrants 
further research.  

As maturation of several brain regions is not complete until adolescence (Giedd et al, 
1999), drugs given during the sensitive early phases of life, may affect neurodevelopmental 
trajectories that can have more profound effects later in life (Moll et al, 2001). Indeed, the most 
comprehensive trial on the long-term effects of ADHD, the MTA study (MTA group, 1999), 
reported that six years after enrollment medication management was associated with a 
transient increase in prevalence of anxiety and depression (Molina et al, 2009). This finding is in 
line with animal studies that reported increased anxiety and depression scores in juvenile MPH-
treated rats (Carlezon et al, 2003) as well as memory impairments (LeBlanc-Duchin and 
Taukulis, 2007). In addition, cohort studies have provided evidence for age-dependent effects. 
For example,  adult ADHD is associated with a high rate of substance abuse (Dalsgaard et al, 
2014),  but ADHD stimulant medication use in childhood does not increase this risk 
(Humphreys et al, 2013; Molina et al, 2013) and/or may even decrease such vulnerability 
(Spencer et al, 2006). 

A major strength of our current study is its design, in which effects of confounders, such 
as age and gender are very small. We chose to include only male patients to limit subject 
variation as girls and boys differ considerably in brain growth patterns (Giedd et al, 1999), and 
because ADHD is most prevalent in males (Bottelier et al, 2014). The selective inclusion of 
stimulant treatment-naive patients was also critical for addressing our objective. Ideally, we 
would have used a longer wash-out period as it the effects of drug exposure on the developing 
brain are hypothesized to be only fully expressed during early adulthood (Andersen and Navalta, 
2004; Moll et al, 2001) and our current results indicate that such follow-up studies deserve to be 
conducted. However, for ethical reasons, the time that a child would not receive adequate 
treatment (placebo condition) dictated the length of this RCT as the waiting list for treatment in 
the Netherlands is typically four months.  
 
Limitations 
Due to its complexity, the power of the study was limited, especially because we examined three 
different brain regions, which could have increased the risk of a Type I error. Hence, our findings 
need to be replicated using a larger sample size with more statistical power. In addition, it is 
likely that the effects of MPH are not confined to the ROIs studied, but likely affect DA-ergic 
projections throughout the brain, including other cortical regions Another potential weakness is 
that despite its advantages and sensitivity as discussed above, phMRI remains an indirect 
measure of DA function, that specifically assesses the hemodynamic response as a proxy of 
neurotransmission and physiological effects could affect the hemodynamic response. For 
example, HR differs between children and adults (Christou and Seals, 2008). Although acute 
MPH administration increased HR, it occurred in both children and adults. Moreover, we found 
no age*MPH interaction at baseline nor did MPH treatment significantly alter HR in either age 
group (Supplementary Figure 3). Thus, although we did not find evidence for systemic vascular 
effects (see also Supplementary Figure 4), we cannot fully disentangle DA neurotransmission 
from direct effects of DA on the microvasculature (Choi et al, 2006). Another potential 
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limitation is baseline differences in CBF between children and adults. However, additional 
analyses assessing changes in relative CBF provided similar results (Supplementary Materials). 
Thus, it is unlikely that the differences between children and adults are attributable to 
differences in HR or global CBF. Furthermore, previous studies have shown that time-course 
changes in the phMRI signal closely parallel microdialysis measurements of striatal DA release 
(Chen et al, 1997), and also correlate well with PET and SPECT measurements of DAT 
availability (Jenkins et al, 2004), DA release (Schrantee et al, 2015), and behavioral measures of 
DA dysfunction (Jenkins et al, 2004; Schrantee et al, 2015). PhMRI studies in rats (Andersen et 
al, 2008) further report data similar to our current findings. This collective evidence indicates 
that phMRI is ideally suited to non-invasively study MPH effects in children.  
 
Conclusion 
In line with extensive preclinical data, we provide the first evidence that MPH treatment during 
a specific period of maturation alters CBF response, likely reflecting increased DA 
neurotransmission due to neurochemical imprinting by MPH. On the short-term, these 
alterations do not induce major benefits or harm regarding clinical improvement, but the long-
term consequences remain to be established. Our data thus stress the need for longer follow-up 
studies that address possibly progressive disturbances of the DA system and associated 
behavioral abnormalities. 
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SUPPLEMENTARY METHODS  

Trial design and randomization 
After baseline MRI assessment, patients were stratified by age and randomized to either placebo 
or MPH treatment (1:1). using a permuted block randomization scheme generated by the local 
Clinical Research Unit. The hospital pharmacy (Alkmaar) assigned participants to a specific 
allocation, using sequentially numbered containers. Participants as well as care providers and 
research personnel were blinded. The placebo tablet was identical to the MPH tablet with 
respect to appearance and was manufactured and labeled according to GMP guidelines 
(2003/94/EG). After trial commencement no significant changes were introduced to the study 
protocol, other than that the age-range of the adult participants was expanded from 23-30 years 
to 23-40 years due to inadequate inclusion rate in this age group in March 2014. 
 
Sample size calculation 
Our trial is the first study that examines DA functioning after MPH treatment in children and 
adults using phMRI. This means that there was only limited and indirect data available to 
perform a sample size calculation. Our goal for this research was to be able to detect differences 
in the age-dependent effect of MPH on the outgrowth of the dopaminergic system if these 
differences are in the magnitude of a standardized effect size of 1.25, as explained in more detail 
in the study protocol. To detect a standardized effect size of 1.25, a sample size of 15 patients 
per age group would be sufficient (two-sided significance level of 5% and a power of 90%), but to 
account for drop-out (including drop-out due to motion artifacts on MRI) 25 subjects in each 
group were included in the ePOD project. If participants dropped out of the study after 
randomization, they were not replaced. 
 
phMRI acquisition and processing 
phMRI data were acquired using two 3.0 T Philips scanners (Achieva / Intera, Philips Medical 
Systems, Best, The Netherlands). CBF was measured with arterial spin labeling (ASL) MRI. A 2D 
gradient-echo echo-planar imaging pseudo-continuous ASL (pCASL) sequence with the following 
parameters was used: repetition time (TR)/echo time (TE) = 4000/14 ms; post-labeling delay = 
1650 ms; label duration = 1525 ms; field-of-view (FOV) = 240 x 240 mm; 17 contiguous slices; 
75 control-label pairs (Mcontrol  and Mlabel); voxel size = 3 x 3 x 7 mm, no background 
suppression. In addition, an anatomical 3D fast field echo (FFE) T1-weighted (T1w) scan was 
obtained with the following scan parameters: TR/TE = 9.8/4.6; FOV = 256 x 256 x 120; voxel 
size = 0.875 x 0.875 x 1.2 mm.  

Data were processed using the Iris pipeline for CBF quantification and multi-atlas region 
segmentation (Bron et al, 2014). All image registrations were performed using Elastix 
registration software (Klein et al, 2010).  

CBF was analyzed in GM only.  To correct for patient motion, the time series were rigidly 
registered using a group-wise method that uses a similarity metric based on principal 
component analysis (Huizinga et al, 2014). After motion correction, all pairs of Mcontrol and 
Mlabel images were subtracted (Mdiff). As large motion influences the ASL signal quality, outlier 
rejection was performed for the Mdiff images. For every ASL scan, we have 75 time points, and 
therefore 75 Mdiff images. For each pair of Mdiff images, we computed the sum of squared 
differences (SSD) which is the sum of all squared voxel-wise differences between the two images. 
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As such, for each of the 75 time points, we obtained 74 SSD values over which we computed the 
median and SD. To obtain a more robust estimate of the SD, we computed this based on only the 
SSD values that were lower than the median. If more than 50% of the SSD values were larger 
than the median+(3*SD) this timepoint was considered an outlier. If more than 15 out of 75 
timepoints were outliers the complete timeseries was removed from the analysis (5% of scans). 
After removal of the outliers motion correction was performed on the remaining timepoints, 
and the resulting motion-compensated Mdiff images were averaged to obtain a perfusion-
weighted image (�M). The average of Mcontrol images was used as a proton-density 
normalization image (M0) for the CBF quantification. For each subject, probabilistic GM 
segmentations (SPM8, Statistical Parametric Mapping, UCL, London, UK) were rigidly registered 
to the �M images by maximizing mutual information. CBF was quantified using the single-
compartment model proposed by Buxton et al. (1998) which is the recommended approach for 
pCASL (Alsop et al, 2014). The quantification accounted for post-labeling delay differences 
between slices due to the 2D read-out. The following parameters were used: labeling efficiency 
�GM = 0.85, T1GM = 1.6ms, blood-brain partition coefficient  �GM = 0.95mL/g. CBF was 
quantified in GM only using a 3D method for partial volume correction based on local linear 
regression using the tissue probability maps (Asllani et al, 2008; Oliver et al, 2012).  
 
ROI-based analysis 
For each participant, CBF maps were transformed to T1w space and regions of interest (ROIs) 
were defined using a multi-atlas approach. This involved the registration of 30 labeled T1w 
images (Gousias et al, 2008; Hammers et al, 2003), each containing 83 ROIs, with the 
participants’ T1w images. Registration with the participants’ nonuniformity-corrected T1w 
images (Tustison et al, 2010) were performed with a rigid, affine, and a non-rigid B-spline 
transformation model consecutively. For this registration, both the participants’ and the labeled 
T1w images were masked using the Brain Extraction Tool (Smith, 2002), these masks were also 
used for initialization of the registration. The labels of the 30 atlas images were fused using a 
majority voting algorithm to obtain a final ROI labeling (Heckemann et al, 2006). For these 
ROIs, mean CBF values within GM were computed, which are used in our study. 
 
Exploratory voxel-based analysis 
A group template space was constructed based on the T1w images of all subjects using a 
procedure that avoids bias towards any of the individual T1w images (Bron et al, 2014). In this 
approach, the coordinate transformations from the template space to the subject's T1w space 
were derived from pairwise image registrations of all pairs of T1w images. For these pairwise 
image registrations, we used T1w images that were non-uniformity corrected and skull-stripped 
using the multi-atlas brain mask explained above. The pairwise registrations were performed 
using a similarity, affine, and non-rigid B-spline transformation model consecutively. A 
similarity transformation is a rigid transformation including isotropic scaling.  

CBF maps were transformed to template space in one pass by concatenating the 
template-T1w transformation and the inverted ASL-T1w transformation and subsequently 
smoothed with an 8 mm FWHM kernel. As these were exploratory analyses, complete-case 
analysis was used. Voxel-wise changes in CBF difference maps per session (baseline or post-
treatment) were assessed non-parametrically using the Randomise toolbox in the  Functional 
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Magnetic Resonance Imaging of the Brain (FMRIB) Software Library (FSL 4.0, Oxford, UK; 
http://www.fmrib.ox.ac.uk/fsl). Supplementary Figure 2 shows uncorrected t-stat maps at 
baseline and post-treatment for all four groups, calculated using a one-sample t-test using 
threshold free cluster enhancement (TFCE). Using uncorrected t-stat maps we may identify 
additional regions with a response to MPH treatment in children, but according to protocol, we 
only statistically analyzed three a-priori defined ROIs. 
 

SUPPLEMENTARY RESULTS 

Additional statistics Figure 4 
Children: 
MPH group. Striatum 95% CI -0.4 to 11.8; p=0.07, �p2=0.13. ACC 95% CI -0.1 to 11.1; p=0.06, �p2=0.15  
Placebo group. Striatum 95% CI -1.9 to 6.0; p=0.30 �p2= 0.04. Thalamus 95% CI -6.7 to 8.7; p=0.79, �p2= 
0.003. ACC: 95% CI -6.4 to 5.2; p=0.83, �p2= 0.002.  
Adults: 
MPH group. Striatum 95% CI -2.2 to 3.6; p=0.62, �p2= 0.011. Thalamus 95% CI -4.8 to 8.2, p=0.59, �p2= 
0.013. ACC 95% CI -3.1 to 3.8; p=0.85, �p2= 0.002  
Placebo group: Striatum 95% CI -2.9 to 3.9; p=0.78, �p2= 0.004. Thalamus 95% CI -5.5 to 4.7; p=0.87, 
�p2= 0.001. ACC: 95% CI -6.0 to 2.1, p=0.34, �p2= 0.04.  
 
Relative CBF changes 
Previous studies have investigated whether absolute or relative changes in CBF best represent 
underlying neuronal activity, bus no consensus has been reached. Therefore, we here show the 
statistical analyses of the relative CBF, calculated as (post-MPH – pre-MPH)/pre-MPH from 
baseline to post-treatment. The results are comparable to those reported in the main 
manuscript, with the child MPH group showing persistent changes in CBF response to MPH, 
whereas the other groups do not. Hence, these results do not change our conclusions. 
- Children, paired t-tests: 
MPH group. Striatum p=0.06. Thalamus p=0.04. ACC p=0.05  
Placebo group. Striatum p=0.39 Thalamus p=0.97 ACC: p=0.92  
- Adults, paired t-tests: 
MPH group. Striatum p=0.65. Thalamus p=0.57. ACC p=0.81  
Placebo group. Striatum p=0.81 Thalamus p=0.92 ACC: p=0.43  
 
Additional outcome measures 
During each of the ASL scans, heart rate (HR) was monitored using a peripheral pulse unit 
(PPU). Average HR per scan was calculated (results are displayed in eFigure 4). HR differed 
between children and adults at baseline (p<0.01) and we found increased HR after acute MPH 
administration (children p<0.01; adults p<0.01). However, we found no age*MPH interaction at 
baseline (p=0.11), nor did MPH treatment significantly alter HR over the trial (children p=0.25 ; 
adults p=0.43).  

In addition, blood  flow in the internal carotid arteries (ICAs) was determined using 2D 
phase-contrast MRI at an imaging slice placed perpendicular to the ICA’s with unidirectional 
velocity encoding (venc 80 cm/s),  TE/TR/FA = 5.68 ms/15 ms/15°, NSA= 2, section thickness 4 
mm, in-plane resolution = 0.45x0.45mm. ROI’s were drawn on the ICA’s in GTflow software and 
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net flow (ml/s) was extracted (results are displayed in eFigure 5). The MPH challenge did not 
affect flow (p=0.11), nor was the response to MPH significantly different after MPH treatment 
(p=0.45).  

Together, these results suggest that despite increased HR, MPH did not induce large 
changes in the blood flow to the brain, nor did these effects change after treatment. Therefore, 
systemic effects of MPH do not influence our results and conclusions of persistent changes in 
CBF response to MPH in the child MPH group. 
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Supplementary Figure 1. Absolute CBF response to MPH.  
 Shown are the absolute CBF values in ml/100g/min for each group at each time point. On the x-axis 
1 = pre-MPH, 2 = post-MPH. Data are displayed as mean + SEM. 
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Supplementary Figure 2. Voxelwise difference maps of the change in CBF response to acute MPH 
challenge. Voxel-wise difference maps of reduction in CBF from baseline and post-treatment for all 
groups (complete cases) of the phMRI response to MPH. Uncorrected t-stat maps are displayed 
thresholded at t=1.96 visualizing the difference in response to MPH and placebo treatment in 
children and adults. 
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Supplementary Figure 3. Heart rate response to MPH. Heart rate (HR) in beats per minute (bpm) 
before and after MPH at baseline (BL1, B2) and post-treatment (PT1, PT2); HR differed between 
children and adults at baseline (p<0.01) and we found increased HR after acute MPH administration 
(children p<0.01; adults p<0.01). However, we found no age*MPH interaction at baseline (p=0.11), 
nor did MPH treatment significantly alter HR over the trial (children p=0.25 ; adults p=0.43). 
 
 

 
Supplementary Figure 4. ICA flow response to MPH. Internal carotid artery (ICA) net flow before 
and after MPH at baseline (BL1, B2) and post-treatment (PT1, PT2) in a subset of adult patients 
(N=22). The MPH challenge did not affect flow (p=0.11), nor was the response to MPH significantly 
different after MPH treatment (p=0.45). 
 
 



 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter
The age-dependent effects of a single-

dose methylphenidate challenge
on cerebral perfusion in patients with 

attention-deficit/hyperactivity
disorder 

Anouk Schrantee, Henk-Jan MM Mutsaerts, Cheima Bouziane, Hyke 
GH Tamminga, Marco A Bottelier, Liesbeth Reneman 

 
NeuroImage Clinical (under review) 

8



Chapter 8 

 130 

ABSTRACT 

 
Introduction: Methylphenidate (MPH) is a stimulant drug and an effective treatment for 
attention-deficit/hyperactivity disorder (ADHD) in both children and adults. Pre-clinical studies 
suggest that the  response to stimulants is dependent on age, which may reflect the ontogeny of 
the dopamine (DA) system, which continues to develop throughout childhood and adolescence. 
Therefore, the aim of this study was to investigate the modulating effect of age on the cerebral 
blood flow (CBF) response to MPH in stimulant treatment-naive children and adults with 
ADHD. 
 
Methods: Ninety-eight stimulant treatment-naive male pediatric (10-12 years) and adult (23-40 
years) patients with ADHD were included in this study. The CBF response to an acute challenge 
with MPH (0.5 mg/kg) was measured using arterial spin labeling pharmacological magnetic 
resonance imaging, as a proxy for DA function. Region-of-interest (ROI) analyses were carried 
out for the striatum, thalamus and medial prefrontal cortex and in addition voxel-wise analyses 
were conducted.  
 
Results: An acute challenge with MPH decreased CBF in both children and adults in cortical 
areas, although to a greater extent in adults. In contrast, ROI analyses showed that MPH 
decreased thalamic CBF only in children, but not adults.  
 
Discussion: Our findings highlight the importance of taking the developmental perspective into 
account when studying the effects of stimulants in ADHD patients.  
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INTRODUCTION 

Pharmacological treatment of attention-deficit/hyperactivity disorder (ADHD) is increasing in 
children, but also in the adult population (McCarthy et al, 2012). Stimulants, such as 
methylphenidate (MPH), are the main pharmacological treatment in both children and adults. 
MPH is the most frequently prescribed stimulant and is particularly effective in reducing 
behavioral symptoms (MTA group, 1999), at least on the short term. Its therapeutic efficacy has 
largely been ascribed to its ability to prevent reuptake of catecholamines, such as dopamine (DA) 
and noradrenalin (NA), thereby enhancing DAergic and noradrenergic neurotransmission 
(Arnsten, 2011). Indeed, neuroimaging studies have suggested major DAergic alterations in the 
pathogenesis of ADHD and thereby lend further support for the efficacy of stimulants 
(Castellanos et al, 1996; Larisch et al, 2006; Spencer et al, 2013). Thus, assessment of the 
functioning of the DA system is key for studying the pathophysiology of ADHD across 
development. 
 The DA system develops throughout childhood, but is not fully mature until adulthood 
(Wahlstrom et al, 2010). Remodeling of pre- and postsynaptic receptors continues during 
development, resulting in differential functioning and output of the DA system at different 
developmental stages. For example, preclinical studies have observed a major shift in the ratio of 
excitatory D1/D5 and inhibitory D2/D3/D4 receptors (Chen et al, 2010). Also, previous studies 
have demonstrated anatomical developmental abnormalities in patients with ADHD (Shaw et al, 
2009, 2014). In addition, both the structure and function of the DA system may be altered in 
children and adults with ADHD when compared to healthy controls (Weyandt et al, 2013).  

Functional abnormalities in DAergic areas have originally been assessed using perfusion 
studies with position emission tomography (PET), single photon emission computed 
tomography (SPECT) but more recently also with magnetic resonance imaging (MRI). Using 
these techniques, not only baseline perfusion in DAergic brain areas can be studied, but also the 
response to stimulant medication such as MPH. Although early PET studies in children with 
ADHD suffered from methodological constraints such as small sample size, they consistently 
reported decreased perfusion in the striatum compared to controls, which was, in some studies, 
reversed by a single dose of MPH (Kim et al, 2001; Lee et al, 2005; Lou et al, 1989). In contrast, 
in adult ADHD patients both increases and decreases in CBF have been reported following MPH 
administration using PET and MRI (O’Gorman et al, 2008; Schweitzer et al, 2003). Thus, the 
current evidence suggests that the effects of MPH on CBF and DA function may be modified by 
age, although this has not been properly studied.  

Therefore, to further enhance our understanding of the functioning of the DA system in 
response to MPH, we set up the current study in which we directly investigated the modulating 
effect of age on the CBF response to MPH in stimulant treatment-naive boys and men with 
ADHD. We used arterial spin labeling (ASL) based pharmacological MRI (phMRI) with a MPH 
challenge to assess changes in cerebral perfusion. PhMRI is based on the principle that 
neurotransmitter-specific drug challenges evoke changes in neurovascular coupling that result 
in hemodynamic changes (Jenkins, 2012). Non-invasive phMRI measurements have been shown 
to be well-correlated with  PET and SPECT studies of DA function (Chen et al, 1997; Jenkins et 
al, 2004). Based on previous studies, we hypothesized that a single oral dose of MPH would 
increase CBF in the striatum, thalamus and prefrontal cortex (PFC) in children, whereas in 
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adults we expected a decrease in perfusion, as a result of the functional ontogeny of the DA 
receptors (Chen et al, 2010). 
 

 METHODS 

Participants 
Participants were stimulant-treatment naive boys and men with ADHD; 50 aged between 10 and 
12 years and 49 aged between 23 and 40 years. The children were recruited from clinical 
programs at the Child and Adolescent Psychiatry Center Triversum (Alkmaar) and from the 
department of (Child and Adolescent) Psychiatry of the Bascule/AMC (Amsterdam). The adults 
were recruited from the clinical programs at the PsyQ mental health facility (The Hague) and 
from the department of Psychiatry of the AMC (Amsterdam). Patients were diagnosed based on 
the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV, 4th edition) and the 
diagnosis was subsequently confirmed with a structured interview: Diagnostic Interview 
Schedule for Children (National Institute of Mental Health Diagnostic Interview Schedule for 
Children Version IV (NIMH-DISC-IV, authorized Dutch Translation) in children and Diagnostic 
Interview for ADHD (DIVA) for adults (Kooij, 2012). Participants were excluded when diagnosed 
with a co-morbid axis I psychiatric disorder requiring pharmacological treatment at study entry; 
IQ < 80 (estimated with two subscales of the Wechsler Intelligence Scale for children-Revised 
(WISC-R); prenatal use of MPH by the mother; clinical treatment with drugs influencing the DA 
system (for adults before 23 years of age), such as stimulants, neuroleptics, antipsychotics, and 
D2/D3 agonists; MRI contraindications; or MPH contraindications. ADHD symptoms severity 
was assessed in children using the DBD-RS (Pelham et al, 1992) and in adults using the ADHD-
SR (Kooij et al, 2008).  
 
Table 1. Demographics and patient characteristics 

Children  Adults 
(N=40) (N=48) 
mean (SD) mean (SD) 

Mean  age (y)       11.5 (0.8) 28.6 (4.6) 
Estimated IQa 104.0 (18.3) 107.9 (7.6) 
ADHD symptom severity 

DBD-RS Inattention 22.3 (3.2) 
DBD-RS Hyperactivity 15.9 (5.7) 
ADHD-SR 30.5 (9.6) 

Co-morbidity 
Depressive episode(s) in the pastb 6 
Anxiety disorder in the pastb 1 
ODD/CDc 4 

a For children: WISC, for adults: NART b For adults: MINI Plus 5.0 c For children: NIHM DISC-IV 
 
 
 
 
   



Age-dependent acute effects MPH on cerebral perfusion in ADHD 
 

 
133 

Procedure 
The current study reports data from the baseline MRI assessment of a 16-week double blind, 
randomized, placebo-controlled trial: the ePOD study (Bottelier et al, 2014). After the screening 
procedure, but before randomization and onset of treatment, participants underwent two MRI 
scans, one before and one 90 minutes after administration of 0.5 mg/kg MPH (with a maximum 
dose of 20 mg for children and 40 mg for adults), at peak plasma levels (Swanson and Volkow, 
2003).  
 
Pharmacological MRI  
Data were acquired using a 3.0T Philips Achieva MR Scanner (Philips Medical Systems, Best, The 
Netherlands). A pseudo continuous arterial spin labeling (pCASL) sequence with a gradient-echo 
echo-planar imaging readout was used with the following parameters: TR/TE = 4000/14 ms; 
post-label delay = 1525 ms; label duration = 1650 ms; FOV = 240x240x119 mm; 75 dynamics; 
voxel size 3x3x7 mm, no background suppression, scan time = 10 minutes. In addition, a high 
resolution anatomical 3D T1-weighted scan was obtained.  

ASL post-processing was performed with the "ExploreASL" toolbox, an in-house 
developed toolbox based on SPM (Statistical Parametric Mapping, Wellcome Trust Centre for 
Neuroimaging, London, UK) (Mutsaerts et al, 2016). First, the T1 images were registered to the 
MNI template and segmented into gray matter (GM) and white matter (WM) probability maps. 
Then, for the ASL time series, motion estimation was used to assess large motion artifacts and 
discard any motion spikes frames, where the spike exclusion threshold was the mean + 3 
standard deviations (SD). Participants were removed from the analysis if the mean frame-wise 
displacement vector was > 2 mm. With the cleaned dataset, accurate motion estimation was run. 
Subsequently, the ASL perfusion-weighted images were registered to the GM tissue probability 
maps of each subject using 6 parameter rigid body registration. After this, label and control 
images were pair-wise subtracted (�M), corrected for slice gradients and averaged. CBF was 
calculated according to Alsop et al. (2014) using the mean of the control images as M0 image. 
Following quantification, voxel-based outlier rejection was applied (mean +/- 3 SD) and CBF 
images were averaged. The GM tissue probability maps were then spatially normalized using the 
Diffeomorphic Anatomical Registration analysis using Exponentiated Lie algebra (DARTEL) 
algorithm (Ashburner, 2007), and the transformation fields were applied to the CBF maps as 
well.  
 
Statistical analysis 
Regional changes in the striatum, thalamus and medial PFC (mPFC) were assessed with a region 
of interest (ROI) analysis. From the CBF maps, the median CBF was extracted for these ROIs 
within a subject-specific GM mask. Subsequently, the effect of MPH on ROI values was analyzed 
in SPSS using a mixed model with head motion as a time-variant covariate. Additionally, 
explorative voxel-wise changes in CBF were determined non-parametrically using the 
Randomise toolbox in the Functional Magnetic Resonance Imaging of the Brain (FMRIB) 
Software Library (FSL 4.0, Oxford, UK; http://www.fmrib.ox.ac.uk/fsl) was used (Winkler et al, 
2014). CBF maps were smoothed within the GM mask with a 7 mm FWHM Gaussian kernel for 
the voxel-based analysis. Permutation inference was used to assess the acute effects of MPH on 
CBF, thresholded at family-wise error (FWE) corrected p< 0.05 using threshold free cluster 
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enhancement (TFCE) (Smith and Nichols, 2009). An independent t-test was used to assess 
baseline CBF differences between children and adults. To assess the effect of MPH in each 
group, and the interaction effect of MPH and age group, we conducted a paired samples t-test 
and a 2-way mixed effect analysis of variance, respectively. As head motion has been identified 
as a confounder, particularly in ADHD patient groups, log-transformed head mean motion was 
added to the model as a nuisance regressor.  
 

RESULTS 

Table 1 summarizes the patient characteristics. From the initial sample of 50 children, six 
children were excluded because of excessive motion. In addition, one child was excluded because 
we could not obtain the second phMRI scan after MPH administration (due to technical 
difficulties) and 3 children were excluded because the ASL scan was obtained with a different 
protocol. In addition, from the initial sample of 49 adults, one adult was excluded because of 
undisclosed prior treatment with stimulants. Thus, 40 children and 48 adults were included in 
the analysis. Mean motion differed between children and adults (t=5.42, p<0.01) at baseline. In 
children, motion was significantly reduced after the MPH challenge (t=3.93, p<0.01), whereas in 
adults this effect was not statistically significant (t=1.72, p=0.09). As expected, baseline CBF was 
higher in children than in adults (Figure 1) in both cortical and subcortical areas, and similar to 
values that have been reported in the literature for the respective age groups (Biagi et al., 2007). 
Our ROI analyses demonstrate that in children acute MPH significantly decreased CBF in the 
thalamus (F=8.12 p<0.01) and the mPFC (F=5.55 p=0.02), whereas in adults MPH only 
decreased CBF in the mPFC (F=11.58 p<0.01). In addition, we found a significant age x MPH 
challenge interaction in the thalamus (F=8.07 p<0.01), indicating that in this brain region the 
effects of MPH on CBF differ between children and adults. Our voxel-wise analyses 
demonstrated a reduction in CBF in cortical areas following MPH administration in children and 
adults. In the adults mostly cortical regions showed a response, whereas in children mainly the 
subcortical areas, such as the thalamus, were affected. Although the global maps (Figure 3c) 
indicated that the effect of MPH on CBF differed between children and adults, on the voxel-
based analysis we did not identify any clusters that showed a significant interaction between age 
group and MPH administration.  

 
Figure 1. Baseline differences in CBF (mL/100g/min) a) Brain regions displaying significant higher CBF 
in children than adults (p<0.05, FWE corrected). Coordinates are in MNI standard space  (radiological 
convention) b) Significantly higher mean GM CBF in children than adults (mean ± SEM) *p<0.05  
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Figure 2. ROI analysis. Effect of an acute challenge on the striatum, thalamus and medial PFC. * paired t-
test P<0.05 # age x challenge interaction effect P<0.05 
 

 
Figure 3. Whole brain analysis. Effect of acute challenge with 0.5 mg/kg MPH on CBF (mL/100g/min) in 
a) children b) adults (p<0.05, FWE corrected) c) differences between reductions in CBF in adults and 
children (non-significant); red = more reduction in CBF in adults than children, green = more reduction in 
CBF in children than adults. Displayed in radiological convention; coordinates provided in MNI standard 
space 
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DISCUSSION 

In this study we investigated the modulating effect of age on CBF response to a DA challenge in 
stimulant treatment-naive children and adults with ADHD. Whole brain analyses showed more 
widespread reductions in perfusion in the cortex in adults than children, whereas in ROI 
analyses we found significant reductions in thalamic CBF in children only. A significant age x 
MPH challenge interaction in the thalamus on our ROI analyses provided further evidence that 
the effects of MPH in the human brain differ particularly in this brain region.  
 
Age-dependent effects of MPH on CBF 
To our knowledge, this is the first study to directly compare the effect of a single dose of MPH 
on CBF between stimulant treatment-naive children and adults with ADHD. Interestingly, in 
this study the only area in which we find significant differences in the CBF response between 
children and adults was the thalamus (i.e. reduction in children, no change in adults). Activating 
inhibitory D2 receptors could induce lower CBF, but the thalamus is not rich D2 receptors, but 
rather contains more vasodilatory DA D5 receptors on the microvasculature (Choi et al, 2006). 
Activating those receptors would result in increased CBF rather than decreased CBF (Choi et al, 
2006). Therefore, it is more likely that the large changes found in the thalamus are due to 
downstream inhibitory effects from the D2-rich striatum, as the thalamus is the main output 
structure of striatal circuitry. Furthermore, the thalamus is also rich in noradrenergic 
transporters, a secondary target of stimulants, which provides an alternative explanation for the 
thalamic CBF difference. 

Although we do not find statistically significant differences between children and adults 
in the cortex, the extent of activation appeared to be larger in adults. In the cortex, the MPH 
challenge reduced CBF in frontal and parietal areas in children with ADHD. This is in contrast 
with previous clinical studies that report increased CBF after MPH administration in subcortical 
and cortical areas, although this was after prolonged treatment rather than a single dose of MPH 
(as used here) (Kim et al, 2001; Lee et al, 2005; Lou et al, 1989; Teicher et al, 2000). In adults, the 
MPH-induced CBF reductions in sensory-motor areas, rostral anterior cingulate cortex, 
temporal cortex and lateral frontal areas are in line with previous studies in ADHD patients. For 
example, a study in adults with ADHD demonstrated that 3 weeks of MPH treatment resulted in 
decreased rCBF, as measured by PET, in the striatum and precentral gyri, but increased CBF in 
the cerebellum, compared to the off-medication condition (Schweitzer et al, 2003). An ASL 
study, demonstrated higher CBF in adult ADHD patients in the caudate nucleus as well as 
frontal and parietal areas when compared to controls, which normalized when on medication 
(O’Gorman et al, 2008). However, these studies are difficult to compare with this study because 
of prior stimulant exposure and length of MPH treatment in the study.  

In contrast, studies administering MPH to healthy volunteers report more mixed results. 
In a small group of adult healthy volunteers, an intravenous challenge with 0.25 mg/kg MPH 
decreased absolute CBF, but increased relative CBF measured with H2[O15] PET in the anterior 
cingulate, supplementary motor areas and temporal poles, as well as decreased relative CBF in 
the superior temporal gyri, right medial frontal gyrus, and right inferior parietal cortex (Udo de 
Haes et al, 2007). In an ASL-based study, decreased CBF was reported following 30 mg oral MPH 
in lateral frontal, rostral cingulate and sensorimotor areas, amygdala, parahippocampal gyrus 
and in multiple regions of the occipital and temporal cortices (Marquand et al, 2012). However, 
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they also report increased CBF, particularly in the striatum and thalamus in adult healthy 
volunteers. The discrepancy with our study might be explained by the difference in populations, 
i.e. healthy volunteers vs. ADHD patients. It has been shown previously that DA release to a 
stimulant challenge is altered in adult ADHD patients compared to healthy controls (Cherkasova 
et al, 2014; Volkow et al, 2007). Recent studies have suggested that neurobiologically, ADHD is 
characterized by reduced tonic firing of the DA system and subsequent augmented phasic DA 
release, which can be normalized by means of stimulant treatment (Badgaiyan et al, 2015). This 
might seem counterintuitive as MPH blocks the reuptake of DA through the pre-synaptic 
transporter, thereby increasing extracellular DA levels. Yet, this is specifically thought to 
increase tonic levels of DA, causing increased stimulation of presynaptic autoreceptors and 
reduce phasic DA release, which in turn results in lower CBF. Thus, the reductions in CBF we 
find here are in line with findings on the disturbance of the DA system in ADHD subjects and 
could therefore explain the discrepancy with studies in healthy volunteers.  

Surprisingly, we did not find any changes in striatal CBF in either children or adults, 
despite the striatum being the area with the highest DAT expression. However, when reviewing 
the literature, the effects of MPH on the striatum are inconsistent, with both increases in CBF 
and metabolism, as well as decreases and no change having been reported. This has been 
attributed to the state of the individual’s DA system at baseline resulting in a variable response 
of the striatum (Ernst et al, 1994; Volkow et al, 1997), or could be a consequence of prior 
stimulant treatment, which was not taken into account in these previous studies. An additional 
explanation for the discrepant findings is that particularly the downstream areas, such as the 
thalamus and frontal cortex, displayed changes in metabolism or perfusion following DA 
changes in the striatum (Udo de Haes et al, 2007).  
 
Neurobiological correlates of age-dependent CBF response to MPH 
We observed age-dependent effects of MPH administration on CBF. Adults showed a more 
widespread area of decreased perfusion in the cortex than children, whereas subcortically we 
found significant reductions in thalamic CBF in children only. These findings suggest an age-
dependency in the CBF response to MPH, which could reflect different maturational stages of 
the DA system in children and adults. A preclinical phMRI study has previously demonstrated 
that MPH reduced subcortical and posterior cingulate rCBV in young rats, whereas it increased 
rCBV in the striatum and frontal cortex in adult rats (Chen et al, 2010). This was linked to a 
higher D1/D2 ratio in adult vs young rats, as it has been shown that post-synaptic activation of 
D1 receptors results in increased excitatory neurotransmission, which increases metabolic 
demand and subsequently increases CBF, whereas post-synaptic activation of the inhibitory D2 
receptors results in decreased CBF (Choi et al, 2006). The different patterns of activation 
between children and adults may also be explained in part by the ratio of D1 and D2 receptors 
and DAT expression in the developing brain. However, as little is known about the development 
of DA receptors in humans, most evidence comes from preclinical studies. In humans and non-
human primates, D1 and D2 receptor expression appears to peak in childhood and to slowly 
decline thereafter. In contrast, studies in rodents typically show peak receptor expression in 
peri-adolescence (Wahlstrom et al, 2010). Functionally, adolescent rats express a pattern of D1 
hypo-activation in response to a D1 agonist. This suggests a dominant response of the D2 
receptor in adolescence with a concomitant decrease in CBF (Chen et al, 2010). 
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Clinical relevance 
This is the first study examining perfusion changes in patients with ADHD in a developmental 
context. We show that, in accordance with preclinical data from separate studies in children and 
adults, MPH affects the developing brain differently from the adult brain. Nevertheless, current 
treatment guidelines are based on weight and the assessment of symptom improvement and 
side-effects, ignoring age as an important determinant of the neurobiological response to 
stimulants. The adolescent brain is a rapidly developing system with high levels of plasticity. As 
such, it may be particularly vulnerable to drugs that interfere with these processes or modify the 
specific transmitter systems involved. Therefore, future long-term studies will have to show 
what the consequences of stimulant treatment during development are, and how they affect the 
course and outcome of ADHD.  
 
Methodological considerations  
Although we can explain the subcortical and cortical effects of MPH on CBF partially through 
the ontogeny of the DA system, other neurotransmitter systems may also contribute to this 
response. For example, the noradrenalin transporter is more important for clearing DA in 
(pre)frontal areas relative to DAT and, using phMRI, we cannot distinguish between these 
neurotransmitter systems. In addition, it is important to realize that both DA and noradrenalin 
have vasoconstrictive properties and we cannot exclude that our results can partially be 
explained by direct effects of these neurotransmitters on the microvasculature.  

Here we show lower baseline CBF in children than in adults, comparable to reference 
values from healthy volunteers in literature (Biagi et al, 2007). However, a well-controlled 
experimental study has recently demonstrated that small changes in baseline CBF do not alter 
the absolute response to a neuronal stimulus and there therefore absolute CBF better reflects 
neuronal activity than relative CBF (Whittaker et al, 2015). This makes us confident that the 
presently observed changes in CBF after acute MPH administration are not solely due to 
different baseline CBF levels.  
 
Conclusion 
In sum, we here provide a direct comparison of the CBF response to MPH between children and 
adults in a large stimulant treatment-naive ADHD sample using ASL phMRI. The cortical 
response to MPH appears more widespread in adults than in children, whereas subcortical 
thalamic CBF was reduced following MPH in children, but not adults with ADHD. These findings 
confirm the age-dependent effects of MPH on CBF, possibly due to differences in the 
development of the DA system. Our findings thus highlight the importance of taking a 
developmental perspective into account for  the treatment of ADHD.     
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ABSTRACT 

Stimulant prescription rates  for attention-deficit/hyperactivity disorder (ADHD) are increasing, 
even though potential long-term effects on the developing brain have not been well-studied. A 
previous randomized clinical trial showed short-term age-dependent effects of stimulants on the 
DA system. We here assessed the long-term modifying effects of age-of-first-stimulant 
treatment on the human brain and behavior. 81 male adult ADHD patients were  stratified into 
three groups: 1) early stimulant treatment (EST;  <16 years of age) 2)  late stimulant treatment 
(LST: ≥23 years of age) and 3) stimulant treatment naive (STN; no history of stimulant 
treatment). We used pharmacological magnetic resonance imaging (phMRI) to assess the 
cerebral blood flow (CBF) response to an oral methylphenidate challenge (MPH, 0.5 mg/kg), as 
an indirect measure of dopamine function in fronto-striatal areas. In addition, mood and 
anxiety scores, and recreational drug use were assessed. Baseline ACC CBF was lower in the EST 
than the STN group (p=0.03), although CBF response to MPH was similar between the three 
groups (p=0.23). ADHD symptom severity was higher in the STN group compared to the other 
groups (p<0.01). In addition, the EST group reported more depressive symptoms (p=0.04), but 
not anxiety (p=0.26), and less recreational drug use (p=0.04). In line with extensive pre-clinical 
data, our data suggest that early, but not late, stimulant treatment long-lastingly affects  the 
human brain and behavior, possibly indicating fundamental changes in the dopamine system. 
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INTRODUCTION 

Attention-deficit/hyperactivity disorder (ADHD) is one of the most common psychiatric 
disorders  diagnosed in children and adolescents (Thomas et al, 2015), and also has a high 
prevalence in adults (approximately 2.5%) (Simon et al, 2009). The most prescribed treatment 
for ADHD is stimulant medication, such as methylphenidate (MPH) and dexamphetamine 
(dAMPH). Stimulants act upon the dopamine (DA) neurotransmitter system by increasing 
extracellular DA, and have been shown to be very effective in reducing behavioral symptoms in 
ADHD (van de Loo-Neus et al, 2011). However, as prescription rates of stimulants are rising 
(McCarthy et al, 2012), concern about potential long-term effects of stimulants on the 
developing DA system is increasingly being voiced by a number of entities, including parents of 
patients, healthcare professionals, the Food and Drug Administration (FDA) and National 
Institutes of Health (NIH).  

Surprisingly, only a small number of prospective studies has investigated the effects of 
stimulants on the developing DA system. A positron emission tomography (PET) study in 
adolescent non-human primates found that the MPH group lacked the expected age-related 
decline observed in the placebo group, suggesting an increase in D2/D3 receptors due to MPH 
treatment. Also in juvenile, but not adult rats MPH treatment reduced DA transporter (DAT) 
densities (Moll et al, 2001). Interestingly, these reductions in DAT assessed short after juvenile 
life treatment, were even more pronounced in early adulthood (Moll et al, 2001). Furthermore, 
early MPH treatment in rats persistently increased MPH-induced change in cerebral blood 
volume (CBV) in the thalamus, cingulate and medial prefrontal cortex (mPFC) later in life 
(Andersen et al, 2008) assessed using pharmacological MRI (phMRI),  a non-invasive imaging 
technique to indirectly assess DA function. phMRI indirectly measures DA neurotransmitter 
function by assessing hemodynamic changes induced by a dopaminergic drug challenge, which 
strongly correlate with DA release and DA transporter availability in preclinical and clinical 
studies (Chen et al, 1997; Schrantee et al, 2015). Data from recent randomized controlled trial 
(RCT) from our group were in line with that preclinical work, showing that four months of MPH 
treatment increased cerebral blood flow (CBF) response to acute MPH, in children, but not in 
adults with ADHD using phMRI (Schrantee et al, 2016). Also on a behavioral level the effects of 
stimulants have been shown to be modulated by age. For example, juvenile MPH exposure 
reduced cocaine self-administration (Andersen et al, 2002), but increased anxiety and 
depressive-like behaviors in rats (Bolaños et al, 2003; Carlezon et al, 2003). In humans, studies 
have shown both positive (Biederman et al, 2009; Mannuzza et al, 2008; Wilens et al, 2003) and 
negative (Molina et al, 2009) associations between stimulant treatment in adolescence and 
occurrence of substance-use disorders (SUDs), as well as anxiety and depressive disorders.   

Taken together, the available evidence suggests that the effects of stimulants on the DA 
system are modulated by age, possibly reflecting ‘neurochemical imprinting’ (Andersen and 
Navalta, 2004). As this theory also predicts that these effects are only fully expressed when the 
system reaches maturation (e.g., typically during adulthood), we used phMRI to assess the long-
term modulating effects of age-of-first-stimulant-exposure on the development of the DA 
system, as this technique has been shown to be sensitive to detect the age-dependent effects of 
MPH in the DA system in rats (Andersen et al, 2008) and humans (Schrantee et al, 2015).   

We included three groups of adult ADHD patients: those that had either been exposed to 
stimulants early in life (before the age of 16), later in life (after the age of 23), or were naive to 
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stimulant treatment. Based on the literature, we hypothesized a higher CBF response to an MPH 
challenge in early exposed individuals compared to late exposed, or stimulant treatment-naive 
individuals; higher anxiety and depression scores in early but not late exposed, or stimulant 
treatment-naive individuals; but less use of recreational drugs use in early, but not late- or 
stimulant treatment-naive individuals.  

 
METHODS AND MATERIALS 

Participants 
81 male ADHD  patients (23-40 years) were recruited via outpatient clinics, newspaper 
advertisements, databases containing prescription data (Pharmo Institute Utrecht) and the 
ePOD-MPH RCT (Schrantee et al, 2016). All subjects had a clinical diagnosis of ADHD requiring 
pharmacological treatment with a stimulant. Exclusion criteria were: IQ < 80, history of brain 
trauma or neurological disease, MRI contra-indications and substance use (including cocaine, 
heroin, synthetic drugs, or alcohol) meeting diagnostic criteria for abuse/dependence. Subjects 
were stratified into three exposure groups: 1) early stimulant treatment (EST) group: subjects 
treated with stimulants for at least four months before the age of 16 years 2) a late stimulant 
treatment (LST) group: subjects treated with stimulants for at least four months after the age of 
23 years  and 3) a stimulant treatment-naive (STN) group: containing subjects with no history of 
stimulant medication. Self-reported prescription history were verified with available 
prescription data from pharmacies and treating physicians. The study was carried out in 
accordance with the Declaration of Helsinki (2012) and was approved by the Medical Ethical 
Committee. All subjects gave written informed consent. 
 
Table 1. Participant characteristics 

EST LST STN 
  N=26 N=28 N=27 

Mean (SD) Range Mean (SD) Range Mean (SD) Range

Age (years) 26.0 (2.8) 23-35 28.5 (4.9) 23-40 29.0 (4.7) 23-39 *
Estimated IQ 100.3 (8.0) 82-113 108.0 (8.6) 92-124 107.7 (6.4) 95-118 *

Age first stimulant treatment (years) 9.3 (3.0) 4-14 27.9 (4.5) 23-39 - - *
Treatment duration (months) 94.9 (56.1) 18-228 11.8 (23.3) 4-120 - - *
Time since last treatment (months) 74.5 (57.2) 0-168 0.4 (1.3) 0-6 - - *

ADHD-RS 23.2 (10.0) 1-45 21.8 (7.6) 10-39 30.4 (10.3) 8-50 *
BDI 10.7 (8.9) 0-26 5.3 (4.1) 0-14 8.0 (6.1) 0-20 *
BAI 8.5 (8.7) 0-35 6.3 (4.9) 0-18 9.4 (7.7) 0-25 

Drug use    
Cannabis (% > cutoff)1 25%  55%  60%  *
MDMA (% > cutoff)2 13% 24%  31%  
Cocaine (% > cutoff)2 0% 24%  19%  *
Amphetamine (% > cutoff)2 0% 7%  8% 

p <0.05 1 more than once a week 2 more than 10 x lifetime;  
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Procedures 
Subjects underwent two phMRI scan sessions, in which we assessed the CBF response to an 
acute challenge to MPH, as a proxy for DA functionality (Chen et al, 1997; Schrantee and 
Reneman, 2014). The first phMRI scan session was immediately followed by an oral challenge of 
MPH of 0.5 mg/kg MPH (with a maximum dose of 40mg). The second scan session was 
conducted after 90 minutes, which is the time after which peak plasma levels of MPH are 
reached (Swanson and Volkow, 2003). In both sessions an arterial spin labeling (ASL) scan was 
obtained to assess CBF in the fronto-striatal circuitry. All subjects were medication-free for at 
least a week before the scan, to prevent acute effects of stimulant treatment on CBF. In 
addition, subjects were instructed to abstain from drugs of abuse at least one week before the 
study, alcohol at least 24 hours before the study and not to use caffeine or tobacco on the study 
day.  
 
MRI acquisition and image analysis 
Data were acquired using a 3.0T Philips MR Scanner (Philips Medical Systems, Best, The 
Netherlands). First, an anatomical 3D-FFE T1-weighted scan was obtained with the following 
scan parameters: TR/TE=9.8/4.6; FOV=256x256x120; voxel size=0.875x0.875x1.2mm. CBF 
images were acquired using a pseudo continuous arterial spin labeling (pCASL) sequence with 
the following parameters: TR/TE=4000/14ms; post-labeling delay=1650ms; label 
duration=1525ms; FOV=240x240x119; 75 dynamics; voxel size=3x3x7mm, GE-EPI, SENSE=2.5, 
no background suppression, scan time=10 minutes. Heart rate (HR) was monitored using a 
peripheral pulse unit.  

Data were processed using the Iris pipeline for CBF quantification and multi-atlas region 
segmentation (Bron et al, 2014). All image registrations were performed using Elastix 
registration software (Klein et al, 2010). For the ASL data, motion estimation was performed 
using rigid registration with a group-wise method that uses a similarity metric based on 
principal component analysis. Then, outlier rejection was performed to correct for sudden head 
movements. Outlier rejection was based on the Mdiff images, the subtractions of all pairs of 
control (Mc) and label images (Ml). For each pair of Mdiff images, we computed the sum of 
squared differences (SSD) which is the sum of all squared voxel-wise differences between the 
two images. As such, for each of the 75 time points, we obtained 74 SSD values over which we 
computed the median and SD. To obtain a more robust estimate of the SD, we computed this 
based on only the SSD values that were lower than the median. If more than 50% of the SSD 
values were larger than the median+(3*SD) this timepoint was considered an outlier. 
Subsequently, motion correction was performed on the remaining timepoints, and the resulting 
motion-compensated Mdiff images were averaged to obtain a perfusion-weighted image (�M). 
Motion was quantified as the mean framewise displacement. Quantification of CBF was 
performed using the single-compartment model (Buxton et al, 1998), which is the recommended 
approach for pCASL (Alsop et al, 2014). The following parameters were used: labeling efficiency 
�GM = 0.85, T1GM = 1.6ms, blood-brain partition coefficient  �GM = 0.95mL/g. The average of 
Mc images was used as a proton-density normalization image (M0) for the CBF quantification. 
Differences in post-labeling delays between slices (due to the 2D read-out) were accounted for. 
CBF was quantified in GM only, with a 3D method for partial volume correction based on local 
linear regression using the tissue probability maps (Asllani et al, 2008; Oliver et al, 2012).  
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Figure 1. Regions of interest used for analyses. Blue=striatum; green=anterior cingulate cortex; 
yellow=thalamus 
 
For each subject, probabilistic GM segmentations based on the T1-weighted scan (SPM8, 
Statistical Parametric Mapping, UCL, London, UK) were rigidly registered to the �M images by 
maximizing mutual information.  For further analysis, CBF maps were transformed to the space 
of the T1-weighted scan.  

For each participant, we defined three regions of interest (ROIs) using a multi-atlas 
approach, registering 30 labeled T1-weighted images (Gousias et al, 2008; Hammers et al, 2003) 
with the participants’ T1-weighted images. The labels of the 30 atlas images were fused using a 
majority voting algorithm to obtain a final ROI labeling (Heckemann et al, 2006). For three pre-
defined ROIs, comprising the striatum, thalamus and anterior cingulate cortex (ACC), CBF mean 
values were extracted (Figure 1). The striatum was selected because it is rich in DAT (the 
primary target of action of MPH) and the thalamus and prefrontal cortex were chosen because 
the animal literature demonstrated largest effects of early MPH treatment using phMRI in these 
two  important neuronal projections from the striatum (Andersen et al, 2008).  
 
Rating scales and questionnaires 
Premorbid intellectual function was estimated using the National Adult Reading test (Dutch 
version). Current ADHD symptom severity was assessed using the ADHD-Rating Scale (ADHD-
RS (Kooij et al, 2008)). Current mood and anxiety symptoms were evaluated using the Beck 
Depression Inventory (BDI) and Beck Anxiety Inventory (BAI), respectively. In addition, lifetime 
recreational drug use was assessed using a drug history questionnaire.  
 
Statistical analyses 
SPSS version 22.0 (IBM, Armonk, NY, USA) was used for all statistical testing. Data were 
assessed for normality. To assess the effect of age-of-first-exposure on CBF response to MPH we 
used a repeated-measures analysis of variance (ANOVA) for each ROI separately with group 
(EST, LST or STN) as a between-subjects factor and MPH-challenge (pre- or post-MPH) as a 
within-subjects factor, with subsequent post-hoc Sidak’s tests. Baseline differences in CBF were 
assessed using an univariate ANOVA. To further examine this age-dependency, we correlated 
age-of-first-exposure with CBF response and mood symptoms  in the LST and EST group. In 
additional exploratory analyses, we assessed the effect of treatment duration and time-since-
last-use. Differences in recreational drug use were assessed for cannabis, 3,4-methylenedioxy-
methamphetamine (MDMA), cocaine and amphetamine using a �² test. To this end, subjects 
were divided in users (for cannabis >1x per week, for other drugs >10x lifetime) and non-users.    
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RESULTS 

Patient characteristics 
Age and estimated IQ differed statistically significantly between the three groups of ADHD 
subjects, with the EST group being slightly younger and having a lower IQ than the STN and LST 
group (Table 1). In addition, current symptom severity was significantly higher in the STN group 
compared to the EST and LST group. Inherent to the design of the study, the EST group started 
medication treatment at a younger age and was treated for a much longer period of time (94.9 vs 
11.8 months) than the LST group.  
 
Baseline CBF and MPH-induced changes in CBF  
One patient did not complete the second ASL scan and was removed from the analysis. Motion 
during the MRI scan did not differ between the three groups (baseline: F2,78=1.13, p=0.33; 
change: F2,78=0.75 p=0.48). The MPH challenge increased HR (p<0.01), but this effect did not 
differ between the three groups (F2,75=1.51 p=0.23).  
 

 
Figure 2. a) change in CBF (ml/100g/min) following acute MPH challenge (oral, 0.5 mg/kg) in the 
striatum, thalamus and anterior cingulate cortex (ACC). There was a main effect of challenge in the 
striatum and ACC, but not the thalamus. Mean and standard error of the mean are displayed b) scatter 
dot plot of CBF baseline values (ml/100g/min) for all subjects. The EST group had significantly lower CBF 
than the STN group in the ACC only *p<0.05; red = STN; green = EST; blue=LST 
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ANOVA revealed a significant effect of group on baseline CBF in the ACC (F2,78=3.62, p=0.03), 
but not in the striatum (F2,78=2.07, p=0.13) or thalamus (F2,78=1.51, p=0.23). Post-hoc tests 
showed that the STN group had a higher ACC CBF than the EST group (p=0.03) (Figure 2). The 
acute MPH challenge reduced CBF (�CBF) in the striatum (F80,1=6.69, p=0.01) and ACC 
(F80,1=20.28, p<0.01), but not the thalamus (F80,1=0.12, p=0.73)  (Figure 2). However, no 
significant interaction effects were observed between group and �CBF in the ROIs studied, nor 
did we find a significant correlation between �CBF and age-of-first-exposure (r<0.2 for all 
ROIs), treatment duration (r<0.1 for all ROIs) or time-since-last-treatment (r<0.1 for all ROIs). 
None of the results were affected by adding age, ADHD symptom severity or baseline CBF values 
as covariates to the model.  
 
Depression, anxiety and recreational drug use 
We found a significant overall effect of group on depressive symptoms, (F75,2=4.57, p=0.01), but 
not on symptoms of anxiety (F76,2=1.38, p=0.26). Post hoc analyses revealed higher BDI scores in 
the EST than the LST group (p<0.01). Correlational analyses also showed a negative relationship 
between depressive symptoms and age-of-first-exposure for the stimulant treated groups (r=-
0.380 p=0.005) (Figure 3). The EST individuals indicated using less cannabis, MDMA, cocaine as 
well as amphetamine than the LST and STN individuals, although this was only statistically 
significant for cannabis and cocaine (Table 1).  
 

 
 
Figure 3. Correlation between BDI and age of first stimulant treatment for the EST and LST group.  
 

 

DISCUSSION 

Here we investigated if age modulates the effect of stimulant treatment on the developing DA 
system, mood and anxiety symptoms as well as recreational drug use. We did not find a different 
CBF response to MPH between groups, but the EST group showed lower baseline ACC CBF than 
the STN group, which could be a result of early-induced changes by stimulants to the developing 
DA system. In line with this, and as hypothesized, the EST group showed higher depression- but 
not anxiety-levels and reported less recreational drug use.   
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Long-term effects of stimulants on CBF – baseline 
To our knowledge, this is the first study investigating the long-term effects of age-of-first-
exposure on the DA system in humans. The DA system is in development all throughout 
childhood and adolescence. For example, cortical D2/D3 expression peaks in early childhood, 
followed by a sharp decline during adolescence (Seeman et al, 1987), whereas dopamine 
transporter (DAT) density peaks mid-adolescence while slowly declining thereafter (Meng et al, 
1999).  In non-human primates MPH treatment during adolescence resulted in less decline of 
D2/D3 receptor binding following one year of MPH treatment compared to the placebo group, 
suggesting halted development of these receptors (Gill et al, 2012). In line with that study, lower 
CBF in the ACC in the EST group compared to the STN group, as we observed here, might reflect 
higher density of D2/D3 receptors induced by early treatment, because experimental phMRI 
studies in rats have shown that negative rCBV responses reflect agonism of D2/D3 receptors, 
whereas positive rCBV changes are associated with agonism of D1/D5 receptors (Chen et al, 
2010).   

In accordance with predictions from the neuronal imprinting theory, we did not find 
differences in baseline CBF between  the LST and STN group. This is in contrast with a study in 
adult ADHD patients, showing increased DAT following one year of stimulant medication (Wang 
et al, 2013). Increased DAT availability could result in lower CBF because of less availability of 
extracellular DA, because less DA release results in relatively more D2/D3 receptor stimulation. 
However, they measured DAT 24 hours after the last clinical dose of MPH (Wang et al, 2013), 
whereas we conducted our phMRI scans at least one week after treatment cessation. Although 
24 hours should ensure dissipation of acute MPH effects,  transient up-regulation of DAT 
cannot be excluded in that study.  
 
Long-term effects of stimulants on CBF – MPH challenge 
Our findings of reductions in CBF in the fronto-striatal circuitry after an acute challenge with 
MPH are in agreement with studies comparing on/off medication periods in adult ADHD 
patients (O’Gorman et al, 2008; Schweitzer et al, 2003). We found that in EST individuals with a 
mean treatment duration of eight years, CBF response to MPH was similar to that of LST and 
STN subjects. This finding was in contrast to our hypothesis, as well as our RCT showing  that 
four months of MPH treatment induced increased striatal and thalamic CBF response to a MPH 
challenge in stimulant-treatment naive children, but not adults with ADHD (Schrantee et al, 
2016),  suggesting that at least some effects on the developing DA system are transient or 
compensated, as we did observe differences in baseline CBF values. Interestingly, we did not find 
a difference in CBF response to MPH between LST and STN subjects,  suggesting an absence of 
tolerance to MPH following long-term treatment in adulthood. Interestingly, Volkow et al. 
(2012), found reduced striatal, but also no increased extrastriatal DA release to a DA challenge 
after 12-month MPH treatment in adults ADHD patients. Also in recreational dexamphetamine 
(dAMPH) users we  observed a blunted striatal CBF response to dAMPH (Schrantee et al, 2015). 
However, recreational use of stimulants is usually associated with high dose binges, whereas 
much lower doses are used for stimulant treatment of ADHD.  
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Long-term modulating effect of age-of-first-use on behavior  
Although the short-term benefits of stimulants on ADHD symptoms are well-established, 
studies on long-term efficacy are inconclusive (van de Loo-Neus et al, 2011). Here, we observed 
lower ADHD symptom severity in the EST and LST group compared to the STN group, whereas 
the stimulant-treated groups did not differ, despite the long time since last exposure in the EST 
group. Our findings not only suggest that MPH is useful in reducing symptoms in adult ADHD 
(the LST group), but also suggests that the effects of treatment in the EST group are long-
lasting.  

Animal studies have suggested increased risk for depressive symptoms following MPH 
exposure early in life (Bolaños et al, 2003; Carlezon et al, 2003), but results from human studies 
are equivocal (Biederman et al, 2009; Mannuzza et al, 2008; Molina et al, 2009; Wilens et al, 
2003). We demonstrated that EST subjects have more depressive symptoms (~mild-moderate 
depression) than the other groups. This is in line with a transient increased anxiety and 
depression in the MTA trial (Molina et al, 2009), but in contrast with studies reporting 
protective effects of stimulant use on symptoms of anxiety and depression (Biederman et al, 
2009; Daviss et al, 2008; Lee et al, 2016). The discrepancies between these studies and ours are 
most likely the result of our study design, as children with both ADHD and depressive 
symptoms could have been more likely to receive treatment and thus end up in our EST group.  

In the current study we could not assess the effect of treatment on SUDs, as this was an 
exclusion criterion; however a large number of subjects in this sample were recreational drug 
users. Interestingly, we found lower drug use in the EST group compared to the STN and LST 
group, especially regarding MDMA and cocaine use. This is line with literature showing  that 
whereas adult ADHD is associated with a high rate of substance abuse (Dalsgaard et al, 2014), 
childhood treatment does not increase (Humphreys et al, 2013; Molina et al, 2013), and may 
even decrease this risk (Spencer et al, 2006). Our findings are also consistent with the literature 
on self-medication in ADHD (Wilens, 2004), suggesting that ADHD patients not taking 
stimulants are more likely to use drugs to alleviate behavioral symptoms. An alternative 
explanation, and not necessarily incompatible, is that altered vulnerability for SUDs may be due 
to changes in the dopaminergic reward system following early stimulant treatment. 
 
Methodological considerations 
The cohort we studied was heterogeneous in terms of symptom onset, treatment duration, 
symptom severity and probably also the course of the disorder. As a long-term RCT would not be 
ethical, we have to rely on pre-clinical studies and retrospective cross-sectional studies to inform 
us about possible long-term effects of stimulants on the DA system. Currently, many imaging 
initiatives are established to share clinical and imaging data, which could facilitate replication of 
small hypothesis-driven studies, such as this one, in larger samples.  

ASL-phMRI is an indirect method to measure neurotransmitter function. Previous 
studies have shown that phMRI closely parallels DA function (Chen et al, 1997). Nevertheless, as 
we measure a vascular response to neuronal function, it is possible that the CBF changes are 
caused by alterations in other neurotransmitter systems, such as the noradrenalin system, or 
mediated in part by cardiovascular effects. However, even though HR increased following MPH, 
we did not find differences between the groups and therefore cardiovascular effects are unlikely 
to explain our results. Poly-drug use is a limitation in this study and because of the high 
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association between ADHD and drug (ab)use it is difficult to correct for or quantify the possible 
effect on our results. In addition, we cannot exclude that the increased depressive symptoms in 
the EST group are a pre-existing vulnerability, instead of consequence of early stimulant 
treatment. 
 

Conclusion 
Our results suggest long-lasting effects of early stimulant treatment on baseline CBF, ADHD 
symptoms, mood  as well as recreational drug use. Nevertheless, we did not find lasting effects 
of stimulant exposure on the phMRI response, suggesting that at least some effects on the 
developing DA system are transient or compensated for. It is likely that the neurochemical 
imprinting effect of stimulant treatment on the DA system is a dynamic process. Our data thus 
stress the need for prospective follow-up studies including assessment at multiple ages to 
completely characterize the long-term effects of ADHD medication on the human brain. 
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ABSTRACT 

 
Objective: The purpose of the present study was to investigate whether methylphenidate (MPH) 
affects emotional processing in patients with attention-deficit/hyperactivity disorder (ADHD), 
and whether this effect is modulated by age, as the brain undergoes profound changes between 
childhood and adulthood.  
 
Method: We measured amygdala reactivity with functional Magnetic Resonance Imaging (fMRI) 
during processing of angry and fearful facial expressions before and 90 minutes after an acute 
oral challenge with MPH (0.5mg/kg) in 81 male stimulant treatment-naive patients with ADHD 
(N=35 boys; N=46 men) and 23 healthy control subjects (N=11 boys; N=12 men). Mean 
amygdala reactivity was analyzed for all subjects using a repeated measures analysis of variance 
(ANOVA). Whole-brain maps were analyzed for the patients only. 
 
Results: At baseline, we found a trend significant age*diagnosis effect in the right amygdala 
(F1,100=3.88; p=0.05) due to lower reactivity in ADHD vs. control children (-31%), but higher 
reactivity in ADHD vs. control adults (+31%). MPH reduced right amygdala reactivity in all 
patients (F1,79=4.09; p=0.045), normalizing to control levels in adults, but resulting in further 
reductions in children. In the left amygdala, reduction (and normalization) of amygdala 
reactivity was confined to adult ADHD patients (-36.3%, F1,45=6.71; p=0.01) whereas there was 
no change in children with ADHD (F1,38=0.33; p=0.57). 
 
Conclusions: MPH-induced normalization of amygdala reactivity in adults might be a promising 
avenue for managing emotional dysregulation, when replicated for chronic MPH treatment. 
Moreover, the finding that MPH does not increase amygdala reactivity in children may be 
reassuring for clinicians, as emotional dysregulation of MPH is an often assumed side effect of 
MPH. 
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INTRODUCTION 

Emotional dysregulation has recently received attention as an important feature in children and 
adults with attention-deficit/hyperactivity Disorder (ADHD) (Barkley and Fischer, 2010; 
Wehmeier et al, 2010). In clinical samples as well as in population based studies 24-50 % of the 
children with ADHD manifest difficulties regulating negative affect (Stringaris and Goodman, 
2009). This often leads to serious impairment; in longitudinal studies, children with emotional 
dysregulation show higher rates of anxiety disorders and disruptive behaviour disorders after 14 
years follow-up (Althoff et al, 2010). Furthermore, children with comorbid anxiety disorder have 
poorer daily functioning and parents report lower quality of life as compared to children without 
comorbid anxiety (Sciberras et al, 2014). Also in adults with ADHD emotional dysregulation 
seems to play a role because depression and anxiety are 5-10 times more prevalent in patients 
with ADHD than in the general population (Kessler et al, 2006). Furthermore, emotional 
problems are associated with persistence of ADHD into adulthood (Barkley and Fischer, 2010) 
and predict lower quality of life in young adults (Reimherr et al, 2005).  

The amygdala is one of the hallmark regions for emotional processing (Le Doux, 2000). 
In patients suffering from major depressive disorder for example, heightened amygdala 
reactivity to negative emotional stimuli is commonly observed in functional imaging studies 
(Groenewold et al, 2013; Hamilton et al, 2012). So far, only a few studies have examined 
amygdala reactivity during emotional processing in patients with ADHD. Although results are 
mixed, a recent review by Shaw et al. (2014)  showed that in larger studies (predominantly left) 
amygdala reactivity to negative emotional stimuli was heightened in ADHD patients, whereas no 
changes in amygdala reactivity were found in other studies. In this review, treatment with 
psychostimulants was also linked to a beneficial effect on emotion dysregulation. Indeed, in 
adolescent patients with ADHD, acute administration of psychostimulants normalizes reactivity 
in the amygdala during emotional processing (Posner et al, 2011). However, previous 
(stimulant) treatment often interferes with the interpretation of these effects (Manos et al, 
2011). For example, in rats, treatment with the stimulant methylphenidate (MPH) during 
adolescence induced depressive-like symptoms in adulthood (Bolaños et al, 2008). In 
recreational stimulant (speed) users we found increased amygdala reactivity during presentation 
of angry and fearful faces, which disappeared after acute administration with MPH (Bottelier et 
al, 2015). Therefore, it is presently unknown whether amygdala reactivity, and thus emotional 
dysregulation, in ADHD reflects disorder-, or treatment-related functioning.  

During normal development, amygdala reactivity steadily decreases from early childhood 
to young adulthood (Gee et al, 2013). However, in subjects with familial risk for depression or a 
history of stressful life events, heightened amygdala reactivity emerges during adolescence and 
increases with age, prior to the emergence of clinical depressive symptoms (Swartz et al, 2015). 
The developmental emergence of atypical development of amygdala reactivity has not yet been 
determined in stimulant treatment-naive ADHD subjects, but is critical in advancing our ability 
to predict, and ultimately prevent, the emergence of emotional dysregulation in ADHD patients.  

It is also known that not only serotonin but also dopamine (DA) signalling plays a role in 
modulating amygdala activity during emotional processing. For instance, amygdala reactivity is 
attenuated by acute treatment with DA D2 receptor antagonists (Takahashi et al, 2005). 
Attenuated release of DA in the amygdala of patients with ADHD has been suggested to 
normalize amygdala functioning (Volkow et al, 2007). However, these findings in adults might 
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not extrapolate to children, as the DA system undergoes significant alterations during 
adolescence. For instance, DA concentrations as well as DA-ergic innervation of the frontal 
cortex peaks during adolescence (Rosenberg and Lewis, 1994), whereas the density of D1 and D2 
receptors peaks during childhood and declines between childhood and adulthood  (Lidow and 
Rakic, 1992; Lidow et al, 1991). Therefore, it is conceivable that the effects of MPH on amygdala 
reactivity are modulated by age.  

To investigate age-dependent effects and effects of MPH, we measured amygdala 
reactivity during processing of emotional faces with functional Magnetic Resonance Imaging 
(fMRI) in stimulant treatment-naive paediatric (aged 10-12 years of age) and stimulant 
treatment-naive adult (aged 23-40 years of age) male patients with ADHD. Moreover, we also 
investigated whether the effects of MPH are modulated by age (differ between children and 
adults). We hypothesized that because of the increasing amygdala reactivity with age found in 
patients with a depressive disorder and because of the high comorbidity of ADHD with 
depression, we would observe increased amygdala reactivity in adult ADHD patients when 
compared to children with ADHD. We also hypothesized that because of the ontogeny of DA 
system, the effects of MPH on amygdala reactivity are modulated by age. 
 

METHODS 

Participants 
Here we report on amygdala reactivity before and after an acute challenge with MPH in 99 
stimulant treatment-naive ADHD patients (all subtypes) stratified for age: 50 boys (aged 10-12 
years) and 49 adult males (aged 23-40 years). In addition, as a comparison group, we included 11 
children (aged 10-12 years) and 12 adults (aged 23-40 years) as non-ADHD control subjects. 
Patients were recruited from clinical programs at the Child and Adolescent Psychiatry Center 
Triversum (Alkmaar) and from the department of (Child and Adolescent) Psychiatry at the 
Bascule/Academic Medical Centre (AMC, Amsterdam). Adult patients were recruited from 
clinical programs at the PsyQ mental health facility (The Hague) and from the department of 
Psychiatry of the AMC (Amsterdam). All patients were diagnosed by an experienced psychiatrist 
based on the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV, 4th edition) 
(American Psychiatric Association, 1994) and the diagnosis was subsequently confirmed with a 
structured interview: Diagnostic Interview Schedule for Children (National Institute of Mental 
Health Diagnostic Interview Schedule for Children Version IV (NIMH-DISC-IV, authorized 
Dutch translation) (Ferdinand and van der Ende, 1998) for children and the Diagnostic 
Interview for ADHD (DIVA 2.0) (Kooij, 2012; Ramos-Quiroga et al, 2016) in adults. Inclusion 
criteria for the patients were at least 6 of 9 symptoms of inattention or 
hyperactivity/impulsivity on the DISC-IV (for children) and on the DIVA for adults 
retrospectively in childhood. For current symptoms in adults a cutoff of 6 of 9 criteria was used 
on the DIVA. Patients were excluded if they were diagnosed on the Mini International 
Neuropsychiatric Interview (M.I.N.I.-plus) (Sheehan, 1998) with a co-morbid axis I psychiatric 
disorder requiring pharmacological treatment at study entry. Additional exclusion criteria were 
a history of neuropsychiatric disease, current DA-ergic medication and MRI contraindications.  
 
 
 



Age-dependent acute effects of MPH on amygdala reactivity in ADHD 
 

  159 

Table 1. Demographics and patient characteristics 

 Children   Adults   

 
ADHD  
(N=35) 

Control 
(N=11)  

ADHD 
(N=46) 

Control 
(N=12)  

 mean (SD) mean (SD)  mean (SD) mean (SD)  
Demographics       
Age (y)   11.4 (0.9) 11.4  (0.8) p=0.98 28.7 (4.7) 25.2 (1.9) p=0.02 
Estimated IQ a 105.4 (19.1)  121.6 (10.9) p<0.02 107.0 (5.1) 107.9 (7.7) p=0.74 
ADHD subtype b       
Inattentive 60.0% -  34.8% - p=0.02 
Hyperactive 0% -  0%  -  
Combined 40.0% -  65.2% - p=0.02 

Symptom severity       
DBD-RS 36.2 (7.0) 7.3 (4.1)  -  p<0.01 
ADHD-RS -   31.2 (9.8) 12.1( 5.7) p<0.01 

Clinical rating scales       
CDI 7.9 (4.8) 3.0 (3.2) p<0.01 -   
SCARED 28.2 (18.2) 11.1 (6.6) p=0.01 -   
BDI -   7.3  (5.8) 2.0 (1.7) p<0.01 
BAI -   8.9  (7.0) 2.6 (2.0) p<0.01 
Emotional lability c 3.7 (2.9) 0.9 (1.2) p<0.01 5.2 (2.5) 1.5 (1.7) p<0.01 

Comorbidity       
Depression d    6/46=13.0%   
Anxiety disorder d     2/46= 4.3%   
ODD/CD e 2/35= 6%      
DBD-RS = Disruptive Behavior Disorder –Rating Scale; ADHD-RS=Attention-Deficit/Hyperactivity 
Disorder – Rating Scale ; CDI= Child Depressive Inventory; SCARED= Screen for Child Anxiety Related 
Disorders; BDI = Beck’s Depression Inventory ; BAI=Beck’s Anxiety Inventory a For children: WISC, for 
adults, NART  b For children: DBD-SR, for adults ADHD-RS, �2 test  c for children the items ‘is often angry 
and resentful’, ‘often loses temper’ and ‘is often touchy or easily annoyed by others’ from the DBD-RS 
were used; and for adults the items ‘overly active and compelled to do things’, ‘difficulty unwinding’ and 
‘restless and fidgety’ from the ADHD-RS were used  d  Depressive episode in the past | Anxiety disorder in 
the past (adults: MINI Plus 5.0)  e NIMH DISC-IV 

 
 This study was approved by the Central Committee on Research Involving Human 

Subjects (CCMO, the Netherlands). All subjects (and for children, their parents or legal 
representatives) gave written informed consent.  
 
Clinical Ratings 
Authorized Dutch translations of the Disruptive Behavior Disorders Rating Scale (DBD-RS) 
(Pelham et al, 1992) rated by the parents were used to examine the ADHD symptoms in 
children. In adults, the ADHD Rating Scale (ADHD-RS) (Kooij et al, 2008) was used. To measure 
emotional dysregulation in children the items ‘is often angry and resentful’, ‘often loses temper’ 
and ‘is often touchy or easily annoyed by others’ from the DBD-RS were used in accordance with 
the items Sobanski et al. (Sobanski et al, 2010) distillated from the Child Behavior Check List; 
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and for adults the items that suggest emotional dysregulation ‘overly active and compelled to do 
things’, ‘difficulty unwinding’ and ‘restless and fidgety’ from the ADHD-RS were used. In 
addition, we screened for anxiety and depressive symptoms using the Child Depression 
Inventory (CDI) (Kovacs, 1985) and the Screen for Child Anxiety Related Disorders (SCARED) 
(Birmaher et al, 1997) for children and the Beck’s Depression Inventory (BDI) (Beck et al, 1961) 
and Beck’s Anxiety Inventory (BAI) (Beck et al, 1988) for adults. 
 
Procedure 
Subjects underwent two MRI scans, one before and one 90 minutes after an oral challenge with 
short acting MPH (0.5mg/kg with a maximum of 20 mg in children and 40 mg in adults). MPH 
was obtained from Sandoz B.V. (Weesp, the Netherlands). To minimize learning effects, a 
practice run was presented outside of the scanner.  
 
fMRI task paradigm 
The experimental paradigm consisted of a blocked design and has been previously used to assess 
drug effects on amygdala reactivity (van Wingen et al, 2008). The emotional stimuli consisted of 
angry and fearful faces whereas the neutral stimuli consisted of ellipses assembled from 
scrambled faces (Figure 1).  Two blocks of emotional stimuli were interleaved with three neutral 
blocks, each 30 s block containing six 5 s trials. For each emotional trial, three stimuli were 
presented simultaneously, and subjects had to decide which one of the lower two stimuli 
expressed the same emotion as the target stimuli presented above.  Similarly, for each neutral 
trial, three stimuli were presented, but subjects had to decide which of the bottom two ellipses 
was identically oriented to the target ellipse. Two versions of the task were used to overcome 
learning effects.  
 
 

 
 
Figure 1. fMRI task paradigm 
Two blocks of emotional stimuli were interleaved with three neutral blocks, each 30 second block 
containing six 5 second trials. Emotional stimuli consist of angry and fearful faces. Neutral stimuli 
consists of ellipses assembled from scrambled faces. For each trial, subjects have to decide for which one 
of the lower two stimuli expressed the same emotion as the targeted stimuli presented above, or, for each 
neutral trial, which of the bottom two ellipses were identically orientated to the target ellipse. 
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fMRI acquisition parameters 
The MRI study was performed on a 3.0T Philips scanner (Philips Healthcare, Best, The 
Netherlands) using an 8-channel receive-only head coil. A high-resolution 3D T1-weighted 
anatomical scan was acquired for registration purposes and fMRI data were acquired using a 
single shot echo planar imaging sequence with parameters: TR/TE=2300/30ms, 
resolution=2.3×2.3×3 mm, 39 sequential slices, FOV=220x220x117 mm, GE-EPI read-out, 70 
dynamics, no gap, 80° flip angle, total duration 2:42 minutes.  
 
Cerebral blood flow in the amygdala 
It has previously been suggested that amygdala activation in task-related fMRI could be 
explained, in part, by non-neural signals (Plichta et al, 2014).  To assess whether MPH induced 
vascular changes in addition to neuronal activity induced hemodynamic changes, we measured 
cerebral blood flow (CBF) using arterial spin labeling (ASL) MRI in the amygdala in both sessions 
for the patients. We calculated mean CBF in the amygdala to compare the effect of MPH in both 
age groups. For a more detailed description of the ASL methods, please see the Supplementary 
Methods. 
 
Data analysis 
Behavioral response data were extracted from E-prime and analyzed using IBM SPSS version 22. 
Functional image analysis was performed with in-house MATLAB scripts (MATLAB version 
2013a Natick, Massachusetts: The Matworks Inc.) and FEAT (FMRI Expert Analysis Tool) in FSL 
5.0 (FMRIB’s Software Library) (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). The first volume of the 
fMRI series was discarded to allow for T1 equilibration. Images were skull stripped, analyzed for 
motion artifacts, spatially smoothed with a FWHM Gaussian kernel of 5 mm and spatially 
normalized and resampled to Montreal Neurological Institute (MNI) 2mm template. fMRI time 
series were high-pass filtered with a cutoff of 0.1Hz. First-level analyses were performed by 
modeling the signal changes using the stimulation paradigm (faces versus shapes), convolved 
with canonical hemodynamic response function. The six standard rigid-body motion parameters 
and a confound matrix of volumes that were corrupted by large motion were added to the model 
(Lemieux et al, 2007). The confounded time points were determined using a net displacement 
vector according to Euclydian root mean square (RMS) (Power et al, 2012). Data from subjects 
with extreme motion (frame wise displacement > mean + 2 x standard deviation using both the 
method by Power (2012) and van Dijk (2012)) were removed from the analysis.  
 For our regions of interest (ROI) analyses, mean signal intensity for the left and right 
amygdala was extracted from the first level contrasts using masks from the Harvard-Oxford 
atlas provided within FSL. Mean signal intensities were analyzed with IBM SPSS version 22 and 
entered in a repeated measures ANOVA to assess baseline differences, response to the challenge 
and the interaction age x challenge. For the exploratory whole brain analyses in patients, first-
level contrasts were entered into higher-level mixed effects analyses (initial cluster-forming 
threshold Z>2.3; cluster significance threshold of p<0.05). 
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RESULTS 

Group characteristics 
Characteristics of the patients and controls are displayed in Table 1. Adult patients were older 
than adult controls (t56=2.49; p=0.02). Children in the control group had a higher IQ than the 
patient group (t45=2.72; p<0.01). The adult patient group had predominantly the combined type 
of ADHD (p=0.02) and the children group had predominantly inattentive type of ADHD, 
(�2=3.12; p=0.02). Patients and controls differed on baseline symptom severity (children: 
t48=13.04; p<0.01; adults t56=6.44; p<0.01). Children and adult patients scored significantly 
higher on the clinical rating scale6s measuring depressive and anxiety symptoms than their 
control groups (Table 1). In children, 7.7 % had a comorbid oppositional defiant disorder or a 
conduct disorder. In adult patients, 13% had a depressive disorder and 4.3% an anxiety disorder 
in the past.  

Directly after the first MRI scan patients, but not controls, received a challenge with 
short acting MPH (0.5mg/kg with a maximum of 20 mg in children and 40 mg in adults). For 
this single administration, the mean dose was 18.71 ± 2.53 mg MPH in children and 38.26 ± 
2.63 mg MPH in adults. 
 
fMRI task  
Accuracy across groups was comparable, but did not increase after MPH (Supplementary Figure 
1). Data from 4 adults and 6 children was incomplete, 2 MRI scans from children contained coil 
sensitivity artifacts and data from 7 children was excluded because of excessive motion. 
Presentation of negative emotional faces elicited activation of the bilateral amygdala, bilateral 
and medial prefrontal cortex, and bilateral occipital and parietal areas including the fusiform 
gyrus at baseline, before administration of MPH (Figure 2).  
 
ROI analysis 
We observed a strong hemisphere x group interaction (F=7.647; p<0.01). We therefore analyzed 
the left and the right amygdala separately.  
 
Left amygdala - At baseline, before the challenge with MPH, no significant differences between 
young and adult patients were found in the left amygdala (t79=0.65; p=0.52). In addition, no 

significant differences were found between ADHD patients and controls (children t44=0.97; 
p=0.34; adults t56=-1.04; p=0.31) (Figure 3). After the challenge with MPH, adult patients 
showed reduced amygdala reactivity (-36.3%, F1,45=6.71; p=0.01), normalizing towards controls 

(post-challenge compared to controls: t56=0.68, p=0.50). In contrast, no change was found in 
children (F1,34<0.01; p=0.98) (Figure 3). However, we did not find a significant interaction effect 
(F1,79=2.67; p=0.11).   
 
Right amygdala - No significant baseline differences between young and adult patients were 
found in the right amygdala either (t79=1.48; p=0.14). Right amygdala reactivity in ADHD 
children was slightly lower when compared to control children (-31%, p=0.34), but slightly 
higher (+31%, p=0.18) in ADHD adults when compared to control adults, resulting in a trend 
significant age*diagnosis effect (F1,100=3.88; p=0.05) (Figure 3). We observed a main effect of 
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challenge, showing a reduction in amygdala reactivity after the MPH challenge (F1,79=4.29; 
p=0.042) in both children and adults (-28%, and -18% respectively). This resulted in a 
normalized effect in adults (t56=-0.89, p=0.38), but MPH further reduced amygdala reactivity 
compared to controls in children with ADHD (t44=2.42; p=0.02). 
 

 
Figure 2. ROI analysis  
a) amygdala ROI used for the analysis. b) left and c) right amygdala activity before and after acute MPH 
administration in patients compared to healthy controls (HC). * p<0.05 significant reduction in adult 
ADHD patients following MPH administration in left amygdala; # p<0.05 significant reduction (main 
effect) of MPH in ADHD patients; $ p<0.05 significantly lower amygdala reactivity in children with 
ADHD post-MPH compared to control children. 
  
 

 
 
Figure 3. Whole brain analysis 
Whole brain activation in children and adults, at baseline and after a single doses methylphenidate (0.5 
mg/kg with a maximum of 20 mg in children and 40 mg in adults). At baseline, presentation of negative 
emotional faces elicited activation of the bilateral amygdala, bilateral and medial prefrontal cortex, and 
bilateral occipital and parietal areas including the fusiform gyrus at baseline. Children showed less 
activation in medial and inferior lateral prefrontal and thalamic areas, but more activation in the 
precuneus and the posterior cingulate areas compared to adults. MPH induced an increase in ACC activity 
extending into medial prefrontal cortex in children. In adults, MPH induced a more widespread increase 
in activation in the cortical areas, including the bilateral insula. 
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CBF and correlation with clinical scales 
Children showed higher baseline amygdala CBF than adults (p<0.01). However, MPH did not 
affect CBF in the amygdala (left: F1,82=2.48; p=0.12; right: F1,82=1.32; p=0.25) nor was there an 
age*challenge interaction (left: F1,82=0.42; p=0.52; right: F1,82=2.43; p=0.12). We did not find a 
correlation between amygdala reactivity and the clinically rated emotional dysregulation in 
children (left: r=0.17 p=0.26; right r=0.04 p=0.98) or adults (left: r=0.20 p=0.15; right r=0.21 
p=0.12).  
 
Whole brain exploratory analyses 
 At baseline, children showed less activation in medial and inferior lateral prefrontal and 
thalamic areas while viewing negative emotional faces, but more activation in the precuneus and 
the posterior cingulate areas, compared to adults. Furthermore, MPH induced an increase in 
ACC activity extending into medial prefrontal cortex in children, while in adults a more 
widespread increase in activation was seen in the cortical areas including the bilateral insula 
(Figure 2). 
 

DISCUSSION 

Here we compared neural correlates of emotional processing in stimulant treatment-naive 
children and adults with ADHD compared to healthy controls and the effects of MPH 
thereupon. We demonstrate that both emotional processing and the effects of MPH on 
emotional processing are modulated by age. In adults, amygdala reactivity normalized towards 
control levels following MPH, whereas in children MPH further reduced right amygdala 
reactivity, whereas MPH had no effect on the left amygdala. However, amygdala reactivity did 
not correlate with emotional dysregulation measured with clinical rating scales.  

Our findings suggest that increased amygdala reactivity in ADHD patients is dependent 
on age. In normal developing subjects, amygdala reactivity steadily decreases from early 
childhood through young adulthood (Gee et al, 2013), which is consistent with the (non-
significant) difference between young and adult controls. In contrast, in ADHD patients, we 
observed a trend significant difference in the opposite direction. Thus, it is possible that in 
ADHD, the course of amygdala activity is altered.  

Our finding that acute administration of MPH normalizes amygdala reactivity in (adult) 
ADHD patients, is in line with previous findings (Brotman et al, 2010; Takahashi et al, 2005; 
Volkow et al, 2007). However, our data suggest that these effects are dependent on age: whereas 
MPH induced a significant reduction in left amygdala reactivity in adult ADHD patients, it had 
no-, or an opposite effect in children when compared to controls (in the left and right amygdala, 
respectively) in children. Future longitudinal studies should investigate whether these age 
effects sustain after chronic treatment with MPH. If so, these results contribute to the 
discussion whether or not emotional dysregulation in adults with ADHD should be treated with 
both MPH and Selective Serotonin Reuptake Inhibitors (SSRI’s) or, when our results are 
replicated, whether MPH alone suffices as a first step. For children with ADHD, our data lack 
evidence for such an approach.  

As pointed out previously, more and more evidence is emerging that the DA system plays 
an important role in emotional processing, whereas it undergoes profound changes between 
childhood and adulthood. Amygdala reactivity is attenuated by acute treatment with DA D2 
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receptor antagonists (Takahashi et al, 2005) and as we have demonstrated recently, recreational 
dexamphetamine users have increased amygdala activation to angry and fearful faces compared 
to a control group, which reduced after acute administration of MPH (Bottelier et al, 2015). The 
age-dependent effects of MPH on amygdala reactivity that we report here are probably the 
result of significant alterations in expression of DA between childhood and adulthood. There is, 
for example, a difference in expression of the DA D1 and D2 receptors with age; the expression of 
D2 is higher during juvenile period, and the expression of D1 higher in adulthood (Rosenberg and 
Lewis, 1994).   

In our sample, children and adults with ADHD had higher scores on depression and 
anxiety symptoms compared to healthy controls. However, only the SCARED score in children 
was above the clinical cut-off; the scores on the CDI in children, and on the BDI and BAI in 
adults were below the cut-off values. The scores on the subset of the DBD-RS and the ADHD-RS, 
measuring emotional dysregulation, were higher in patients than in controls (p< 0.01 for both 
children and adults). We did not find a correlation between amygdala reactivity with the 
‘emotional dysregulation’ score. Previous literature is ambiguous on this topic; in some studies, 
emotional dysregulation was related to amygdala reactivity were in others it was not (Shaw et al, 
2014). 
 Limitations of our study are that the results cannot be extrapolated to all children and 
adults with ADHD, because we only studied male subjects with restricted age ranges. Additional 
studies are needed in female patients, since female sex hormones modulate DAT expression 
(Wagner et al, 2007), and in multiple age categories. Furthermore, we included relatively small 
controls groups, which precluded whole brain comparisons with the ADHD groups. Although we 
controlled for practice effects, the MPH scan was always performed after the baseline scan, 
which could possibly induce an order effect. In addition, although previous studies have 
attributed the BOLD signal to vascular rather than neuronal changes (Plichta et al, 2014), our 
CBF measurements show that this is not the case in our sample. Finally, the effects of chronic 
treatment may differ from an acute challenge as has been shown to be the case in animal studies 
(Fagundes et al, 2010). Our findings thus stress the need for additional studies in children and 
adults to investigate the effect of chronic treatment on amygdala reactivity. 

These limitations notwithstanding, our findings demonstrate age-dependent differences 
in emotional processing as well as effects of MPH on emotional processing in ADHD patients. 
Whereas in adults acute MPH administration seems to normalize increased levels of amygdala 
reactivity, in children it may further reduce (right) amygdala reactivity. The finding that MPH 
does not increase amygdala reactivity in children may be reassuring for clinicians treating 
paediatric ADHD patients, as emotional dysregulation of MPH is an often assumed side effect of 
MPH. Moreover, in adults MPH-induced normalization of amygdala reactivity might be a 
promising avenue for managing emotional dysregulation problems, when replicated for chronic 
MPH treatment. 
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Supplementary Figure 1. a) Reaction time (RT) for shapes b) RT for shapes c) %accuracy for shapes d) 
% accuracy for faces; left: session 1, right: session 2;  MPH dashed: adults, blank: children 
 



Age-dependent acute effects of MPH on amygdala reactivity in ADHD 
 

  169 

 



Part III



 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter
Summary and general discussion

 

11



Chapter 11 

 172 

The development of novel neuroimaging methods over the past decades has allowed us to study 
dopamine function and dysfunction in more detail. This thesis aimed to further characterize the 
neurobiological origins underlying the pharmacological magnetic resonance imaging (phMRI) 
signal. Our second aim was to use this knowledge to investigate the age-dependency of 
methylphenidate (MPH) effects on the dopamine (DA) system in patients with attention-
deficit/hyperactivity disorder (ADHD). This final chapter discusses the specific choices that were 
made in the studies presented, discusses the general results and provides future directions 
focusing on methodological advancements and possible perspectives for clinical research. 
 

PART I - CHARACTERIZING THE DA PHMRI SIGNAL 

phMRI in dopamine dysfunction 

In Chapter 2 we reviewed findings of three models of DA neurotoxicity. Lesion models are 
necessary to assess the construct validity of a technique; i.e. does phMRI indeed detect damage 
to a specific neurotransmitter system? Three commonly employed models were reviewed: the 6-
hydroxy-dopamine (6-OHDA) model, the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
model and the dexamphetamine/methamphetamine (dAMPH/METH model). We compared 
phMRI to positron emission tomography (PET) / single photon emission computed tomography 
(SPECT) and although the first two models show highly comparable results, limited phMRI 
studies were available for the comparison with PET/SPECT for the dAMPH/METH model. 6-
OHDA and MPTP mediated neurotoxicity provided a good model for DA loss by mainly targeting 
the neurons in the substantia nigra (SN), similar to what occurs in Parkinson’s disease. The 
dAMPH/METH model induces more subtle changes as the damage is confined to nerve 
terminals, and thus provides a better model for DA abnormalities in neuropsychiatric disorders, 
such as ADHD.  
 In Chapters 3 and 4, we therefore investigated the potential of phMRI to measure 
DAergic changes in both a rat and human model of dAMPH-induced DA dysfunction. We chose a 
dAMPH rat model that had previously been shown to reduce DA transporter (DAT) binding in 
the striatum (Belcher et al, 2005), a finding that was corroborated in our study. The acute MPH 
challenge elicited an increased phMRI response in the dAMPH-treated rats, which we attributed 
to possible increases in DA release in combination with a reduced clearance of DA from the 
synaptic cleft, as supported by our findings of lower DAT and increased homovanillic acid levels. 
These findings are in contrast to previous phMRI studies showing a consistently blunted – 
rather than exaggerated – effect in 6-OHDA/MPTP treated animals. This discrepancy is probably 
due to the complete ablation of DA cell bodies in the SN in the latter studies, whereas in the 
dAMPH model we induced rather subtle imbalances in DA receptor dynamics.  
 Ablation of nerve terminals automatically implies reduced DAT and reduced DA release, 
and in that case the phMRI response generally shows a good correlation with PET/SPECT, 
autoradiography and microdialysis measurements (Chen et al, 1997; Jenkins et al, 2004). In the 
case of more subtle receptor remodeling, the phMRI response likely is a combination of the 
response of the entire DAergic synapse, including pre- and post-synaptic receptor binding, DA 
synthesis and activity of metabolizing enzymes. While the advantage of phMRI is that the 
hemodynamic response reflects the complete sum of excitatory and inhibitory activity, it 
appears to be less suited to study individual receptor alterations compared to PET and SPECT, at 
least in dAMPH models affecting the whole DA system. 
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When we translate this to a human model of recreational dAMPH use reported in 
Chapter 4, we can draw more or less similar conclusions. We observed a blunted DA release in 
dAMPH users, both using SPECT and ASL phMRI, which is in agreement with previous findings 
from our group (Schouw et al, 2013). In that study, however, also no correlation was found 
between the phMRI response and DAT binding, nor did we observe an association between 
D2/D3 receptor levels and the phMRI hemodynamic response. Nevertheless, there was a weak 
association between the phMRI response and DA release following a dAMPH challenge assessed 
using SPECT.  

The reason that invasive methods, such as microdialysis and autoradiography, and 
phMRI correlated much better in preclinical studies with 6-OHDA and MPTP lesion models is 
probably a combination of both the lesion model and the homogeneity and experimental control 
in those studies. So, while our results suggests that the phMRI response to dAMPH in humans 
can be explained at least partially by DA release, it can probably also be attributed to the ratio of 
pre- and post-synaptic receptors. 
 
The origins of the phMRI signal 
Evidence is accumulating that the change in phMRI response can be largely explained in terms 
of receptor occupancies. Landmark studies about the origin of the BOLD response have 
demonstrated that hemodynamic changes are more associated with local field potentials, 
comprising pre- and postsynaptic signals from synapses and dendrites, than with action 
potentials (Logothetis, 2002). Intuitively, these findings make sense, as the lion’s share of the 
energy expenditure is employed for pre- and post-synaptic signaling, which thus require more 
oxygen and glucose from the vascular system (Attwell and Laughlin, 2001). This suggests that 
although DA release is correlated with the phMRI response in some situations (e.g. in the case of 
potent neurotoxins as explained above), most of the phMRI response reflects pre- and 
postsynaptic receptor dynamics.  
 Further evidence is provided by the fact that large increases in DA release can still result 
in inhibition of the hemodynamic response (Mandeville et al, 2013), implying that other factors, 
such as pre- and postsynaptic receptor activation, dominate the hemodynamic response. Indeed, 
a computational model based on D1 and D2 receptor activation was able to predict the 
hemodynamic response to cocaine and amphetamine administration, and could explain prior 
findings and discrepancies in literature (Mandeville et al, 2013). For example, rats have a higher 
ratio of excitatory (D1) versus inhibitory (D2) DA receptors than primates, but both species have 
a higher affinity for D2 than for D1 receptors. Combining this knowledge allows us to predict 
that with a comparable high dose of dAMPH, rats will show a larger positive response than 
primates: the D1 occupation will dominate in higher doses, whereas the high affinity of D2 is 
expected to drive the response at lower doses. This is also in line with a study showing negative 
cerebral blood volume (CBV) with low doses, but an increasingly higher positive CBV with higher 
dAMPH doses (Ren et al, 2009). This is interesting in light of the difference we find between 
MPH and dAMPH administration (Chapter 4 and 9 respectively). Indeed, MPH decreases 
cerebral blood flow (CBF) in the striatum, whereas dAMPH, which induces much higher DA 
release, increases CBF. However, this conclusion has to be treated with caution, as the 
administration and analysis method also differed between these studies.  
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Neurovascular coupling 
We cannot interpret the phMRI signal exclusively in terms of neuronal activation, but have to 
take into account neurovascular coupling as well, a process that tightly links blood flow and 
neuronal activation. Following neuronal activation, be it task- or drug-induced, signaling 
proteins activate the vasculature both directly and/or through activation of astrocytes, although 
the exact mechanisms are poorly understood (Attwell and Iadecola, 2002).  
 A large part of the phMRI signal is accounted for by the activation of pre- and post-
synaptic receptors, which gives rise to a hemodynamic response. Nevertheless, capillaries in the 
brain contain D5 receptors that, after activation by DA, can dilate these vessels and increase the 
hemodynamic response. Conversely, astroglial cells contain D3 receptors that can induce 
vasoconstriction and decrease the hemodynamic response (Choi et al, 2006). Clearly, the effects 
of psychostimulants on the hemodynamic response are also partially mediated by these non-
neuronal processes.  
 Neurovascular coupling represents a complex process modulated by a wide range of 
molecules and despite many efforts to elucidate its neurobiological basis, many questions 
remain (Buxton, 2012). One common feature that has been established is that neuronal 
activation increases intracellular calcium in neurons and astrocytes, which will activate 
vasoactive substances that in turn, will induce changes in CBF. The advancement of combined 
BOLD/ASL MRI over the recent years will hopefully provide us with answers to a number of 
these questions, as this offers information about metabolic processes in addition to blood flow 
measurements. This might be especially helpful to study the possible interactions of certain 
compounds with neurovascular coupling. Furthermore, it may help to unravel the effects of drug 
on neurovascular coupling, as there is no reason to believe that different neurotransmitter 
systems induce vascular responses in the same way (Jenkins, 2012).   
 
Systemic effects 
Psychotropic drugs are chemical substances that alter brain function, but the effects are often 
not limited to the brain. Outside the brain, DA receptors can also be found in the pancreas, 
kidneys, immune system and blood vessels. In the blood vessels, DA acts as a vasodilator and a 
number of DA receptor subtypes have also been identified on blood vessels and in the heart 
(Missale et al, 1998). In accordance with previous literature, we also observed that dAMPH and 
MPH administration increased heart rate (HR). As phMRI per se measures a hemodynamic 
response, changes in HR, but also in blood pressure and blood flow, could in principle affect the 
MR signal. Unlike phMRI signal changes resulting from neuronal activation, systemic effects on 
the vasculature are not region-specific and therefore often dubbed ‘global signal changes’. These 
confounding effects need to be taken into consideration in the analysis and interpretation of the 
data, e.g. by means of modeling the HR throughout the experiment as an additional regressor. 
 In this thesis (Chapter 4), we show that intravenous dAMPH administration is indeed 
associated with an increased HR as well as with a decreased global CBF. As we also demonstrated 
that these global effects were associated with the HR changes directly after infusion of dAMPH 
(i.e. before HR stabilized), we decided to correct for the global signal by means of proportional 
scaling. In the same study (Chapter 5), we used independent component analysis (ICA) to 
regress physiological confounds, such as HR, out of the BOLD response. This was also successful 
as we showed no residual effects of HR on resting state network connectivity.  
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 In the subsequent chapters, we employed oral rather than intravenous administration, 
which has previously been shown to be associated with slower changes in HR (Heal et al, 2013). 
There are multiple ways to deal with global effects on CBF, but the choice of the method is 
dependent on the problem or question. First of all, regional CBF (rCBF) is typically obtained by 
dividing the CBF map or ROI value by the mean grey matter (GM) CBF. However, this can be 
problematic when drugs have a widespread neuronal effect, because a large part of the mean 
grey matter CBF is then determined by the drug effects and dividing by GM CBF will remove 
some of the true variance associated with the neuronal effects. Nevertheless, when the systemic 
vascular effect is larger than the expected neuronal changes, not correcting for GM CBF might 
lead to wrong conclusions about the directionality of the result (Figure 2 in Chapter 4). 
 A second, and related issue arises when using phMRI in longitudinal studies; baseline 
CBF has been shown to be sensitive to a number of factors, including caffeine intake, sleep and 
time of day (Clement et al, 2014). In order to compare subjects over time it might be possible to 
control for some, but not all of these confounders. Intuitively, it would make sense to look at the 
percentage change in CBF rather than absolute change in CBF to control for variations in 
baseline CBF. However, consensus has not been reached as to whether absolute or relative CBF 
changes best reflect neuronal activity.  
 In theory, autoregulatory processes in the brain would keep CBF stable in times of blood 
pressure changes, at least within a certain normal physiological range (Zaharchuk et al, 1999). 
Studies have indeed shown that changes in CBF in response to neuronal activation are additive 
to global CBF changes under certain conditions (Brown et al, 2003; Whittaker et al, 2015).  
The BOLD response on the other hand does seem to depend on baseline CBF levels (Brown et al, 
2003). This again suggests that BOLD MRI may be less suited for phMRI studies as a stand-
alone technique, but might provide complementary information when combined with perfusion 
measurements. For example, in Chapter 10 we showed that nor baseline CBF, nor changes in 
CBF in the amygdala after MPH correlated with changes in the BOLD signal in an emotional 
processing task, suggesting BOLD-based task phMRI adds additional functional information to 
ASL-based challenge phMRI. 
 
Interactions between neurotransmitter systems 
Neuroreceptor stimulation by psychotropic compounds can also produce 'non-local activation' 
and hemodynamic responses downstream of the actual receptor binding. For example, 
activation of DA receptors in the striatum can activate prefrontal areas through fronto-striatal-
thalamic loops, which can also be assessed with resting-state connectivity (Chapter 5). 
Furthermore, DA receptors can be found on GABAergic, serotonergic and noradrenergic (NA) 
neurons as well, potentially inducing a neural response in those downstream areas. In  
Chapter 10 we discuss possible downstream effects of MPH on amygdala reactivity, either 
through direct effects of DA on the limbic system or through interaction with the serotonin 
system.  
 There is also increasing evidence for the role of the NA system in the subjective and 
neuronal effects of amphetamine (Ventura et al, 2003). Amphetamine also binds to the NA 
transporters, which far outnumber DATs in the prefrontal cortex. Furthermore, DA receptors 
are located on NA neurons in the PFC (Devoto and Flore, 2006). This suggests a large influence 
of the NA system on the hemodynamic response in this brain area.  
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 These examples demonstrate that the phMRI response will rarely display receptor 
activation of a single neurotransmitter, but rather that it represents a network of brain areas 
that together contribute to the neuronal response. In that sense, phMRI provides a 
complementary tool to receptor PET and SPECT, which often focus on specific receptor 
subtypes. Especially for drug discovery studies this is a very interesting additional measure, as 
the phMRI profile can be compared to that of other types of drugs in order to get an idea of the 
neuronal targets and as such, possible therapeutic or side effects (Bruns et al, 2015). 
 
Subjective effects 

In Chapter 3 we demonstrated an exaggerated phMRI response to MPH following repeated 
dAMPH administration in rats. In Chapter 4, however, we showed that recreational users of 
dAMPH display a blunted response to a dAMPH challenge. This could perhaps be explained by 
the type of challenge (MPH vs. dAMPH) or the route of administration (i.p. vs i.v.). Yet, if that 
would be the case, we would rather expect that dAMPH would elicit a larger positive response, as 
it is a much more potent DA releaser. An alternative explanation could be that because rats have 
a different DA system than humans, they would rather show an exaggerated response to 
dAMPH than exhibit a blunted response. However, non-human primates have also been shown 
to sensitize to DAergic drugs, such as cocaine (Narendran and Martinez, 2008). And despite 
some negative results in humans, only one study has shown a sensitized response to dAMPH 14 
days and 1 year after the first administration (Boileau et al, 2006). The discrepancy in our results 
is therefore more likely explained by the context of drug administration and the extent of 
previous exposure. It has been suggested that sensitization may occur early in the course of drug 
abuse, and that after more repeated exposure DA synaptic remodeling takes place, resulting in a 
blunted response to subsequent DAergic stimuli (Narendran and Martinez, 2008). In addition, 
the contextual environment and expectancy of the reward could play an important role here too. 
For example, administering amphetamine in a social versus isolated environment has shown to 
alter the physiological response to the drug (Mitchell et al, 1996).  
 In addition, expectancy effects were demonstrated in a study showing strong DA release 
when subjects were told they would receive dAMPH, but actually received placebo (Boileau et al, 
2007). In line with preclinical literature on context dependency of drug rewards, it has been 
suggested that the blunted response to cocaine in cocaine-abusers could have been due to the 
clinical hospital environment in which they received the drug. Nevertheless, in Chapter 4 we 
still observed subjective effects of dAMPH in the recreational users and thus a slight divergence 
between the subjective and neurochemical measures.  
 Together, this shows that the response to DAergic drugs can be complex and is 
dependent on a multitude of factors affecting both the subjective and physiological response. 
Therefore, when designing a phMRI study, it is important to acknowledge these effects and 
control for them by counterbalancing drug and placebo conditions or including control 
conditions.  
 
The age effect 
As a non-invasive imaging technique, phMRI is especially valuable for research in children.  
In the second half of this thesis we show that phMRI with an oral MPH challenge can provide us 
with information about the function of the DA system and that the phMRI response differs 
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across different ages (Chapter 9). As phMRI is non-invasive, it is an ideal technique to directly 
compare pediatric and adult patients. In addition, ASL as a phMRI contrast is ideally suited for 
use in children, because children have high basal levels of CBF and thus higher SNR. 
Nevertheless, it is also important to keep in mind the challenges of comparing adults and 
children, because it is currently still under investigation how baseline CBF levels affect the 
phMRI response. The BOLD response in elderly subjects has been shown to be altered, possibly 
as a result of age-related changes to the vascular system (D’Esposito et al, 2003). Indeed, Riecker 
et al. (2003) demonstrated lower CBF responses to hypercapnia in elderly, indicating reduced 
vascular reactivity, which might again affect neurovascular coupling. In order to design a phMRI 
protocol suited for the age group of interest, it is important to recognize that higher CBF means 
faster arrival times, and thus to choose the post-labeling delay in such a way that the labeled 
blood has arrived in the tissue at the time of measurement. 
 
Recreational dAMPH use 
In line with animal studies on chronic amphetamine exposure, we report DA abnormalities in 
recreational users of dAMPH in Chapter 4 and 5. We show changes in D2/D3 receptors as well 
as changes in DA release. Contrary to earlier studies investigating DA neurotoxicity, the sample 
in our study consisted of moderate recreational users, indicating that already a relatively low 
number of dAMPH exposures can result in significant changes in the DA system. This is 
interesting as treatment with daily oral MPH does not appear to induce such DA changes in 
young adults with ADHD (Chapter 8) and suggests that higher doses, via intranasal 
administration, can induce more toxicity to the DA system, which would result in long-term 
adaptations. However, future studies are needed to assess whether these effects are transient. 
Furthermore, as the study we reported in PART I (Chapter 4 and 5) was a cross-sectional one, 
we cannot exclude that the effects we found are at least partly due to pre-existing differences 
between drug users and controls.  
 In addition to changes in the brain, we also found differences between amphetamine 
users and controls in the cardiovascular system (data not shown). Interestingly, one study found 
that subjects having high subclinical scores on inattention/hyperactivity questionnaires show 
more increase in HR and BP following dAMPH than subjects with low scores (Sevak et al, 2010). 
One could speculate that this suggests fundamental individual differences in the DA system, 
affecting both the cardiovascular system and the brain, predisposing subjects to drug use 
because of the physiological and subjective effects. Nevertheless, many (case) studies have 
demonstrated that dAMPH and METH dependence are associated with cardiovascular problems 
and reductions in DAergic markers, and the current evidence therefore gives stronger support to 
the toxicity hypothesis of dAMPH. Yet, these two explanations are of course not mutually 
exclusive. 
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PART II - AGE-DEPENDENT EFFECTS OF MPH ON THE DA SYSYTEM IN ADHD PATIENTS  

ADHD 
In this thesis, we report on the first randomized clinical trial that investigated the age-
dependent effects of stimulants on the DA system (PART II). We still lack sufficient knowledge 
about the effect of psychotropic drugs on the developing brain, despite the fact that many 
children are often treated for years. Our study design was unique in many respects (Chapter 6); 
for example, it is one of the first clinical trials to directly compare adults and children using the 
same MR methods. Next, and most importantly, we assessed the age-dependent effects of both 
MPH and placebo treatment for 4 months. The trial was conducted in the time that children 
were on the waiting list to see a psychiatrist, and as the waiting list was 4 months at the time, 
our trial did not cause a treatment delay for the children in the placebo group and therefore 
allowed us to also investigate the placebo effect.  

In Chapter 8, we showed that MPH treatment for 4 months can induce persistent 
effects on the CBF response after washout in children, but not in adults with ADHD. This is the 
first translation of the ‘neuronal imprinting theory’ from pre-clinical work to a clinical study. It 
demonstrates that despite many studies into the safety of MPH, stimulant medication could 
actually have an effect on brain development. However, we remain uncertain about the 
influence of such changes in brain development on ADHD symptoms, comorbidity and daily 
functioning. In our trial, we did not find persistent positive effects on global clinical impression 
in children, nor did we observe a lasting improvement or deterioration on neuropsychological 
tests of attention, working memory and impulsivity following the wash-out period.  

Notwithstanding, the ‘neuronal imprinting theory’ predicts that drug-induced changes in 
neurotransmitter systems are more pronounced once the brain has fully matured. Therefore, we 
included a retrospective study assessing the effects of early stimulant treatment on both 
neurobiological and clinical outcomes (Chapter 9). Contrary to the results of the clinical trial, 
no effects of early stimulant treatment on the phMRI response were found, but baseline CBF 
differed in the anterior cingulate cortex (ACC) compared to patients that were stimulant-treated 
later in life or not at all.  

This raises the question what better reflects DA signaling: CBF with or without a DA-
ergic challenge? Although one study suggested that ACC CBF (without challenge) reflects striatal 
DAT expression (da Silva et al, 2011), most preclinical studies found a high correlation between 
the DA phMRI and DA structure and function (e.g. receptor densities, extracellular DA). Indeed, 
in Chapter 5 we show a correlation between striatal DA release and change in front-striatal 
connectivity in recreational ddAMPH users, but not between baseline D2/D3 receptors and 
baseline fronto-striatal connectivity. It appears the jury is still out, and further studies are 
needed to address the relationship between CBF and neurotransmitter signaling. 

In our studies, we frequently opted for an ROI approach, as we had clear hypotheses 
from animal studies about affected regions and because we wanted to look as selectively as 
possible at DA-ergic effects, and not per se at the downstream effects of stimulant medication. 
Surprisingly, we find the largest effects in the thalamus (Chapter 7 and 8), an area not that 
rich in DA receptors, instead of the striatum, the main target of stimulant medication. However, 
the thalamus is a major output area of the striatum, which could explain these results. 
Alternatively, the thalamus is rich in NA innervation, the second major target of MPH, which, as 
stated above, suggests that we should consider multiple neurotransmitters when interpreting 
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phMRI findings. Moreover, it is important to acknowledge that the striatum is not the only area 
affected by ADHD medication – stimulants are administered systemically and will affect the 
entire brain. To illustrate this with a metaphor (David Anderson, Ted Talk): “It’s a little like 
trying to fix your car by pouring oil over the engine – some of it may dribble into the right place, 
but a lot of it will do more harm than good” – which brings us to the question of the clinical 
implications of our findings.  
 
Clinical implications 
With regards to the clinical outcome, we observe a clear pattern of differences between early and 
late stimulant treatment in Chapter 9. Although having been treated with ADHD medication in 
general was associated with less ADHD symptoms at time of assessment, early stimulant 
treatment was also associated with more depressive symptoms and less recreational drug use. Of 
course, this is a cross-sectional study and therefore pre-existing differences could explain the 
results as well. For the ePOD study we are still analyzing the longitudinal data of the fMRI tasks, 
but the baseline data of the emotion recognition task (Chapter 10) already show the age-
dependence of the MPH response. This is important given that a substantial portion of patients 
suffers from problems regulation their emotions, which has been shown to influence the course 
and outcome of ADHD. 

Of course, longitudinal follow-up studies are necessary to examine whether these 
DAergic changes persist and whether those are associated with changes in behavioral outcome 
and symptomatology. Should follow-up studies find such an association, whether positive or 
negative, the responsible authorities will need to take a close look at the prescription guidelines, 
in order to decide whether revisions are necessary. This links in with other evidence suggesting 
that long-term treatment of ADHD does not necessarily improve outcomes later in life. The 
largest randomized controlled trial, the NIMH Collaborative Multisite Multimodal Treatment 
Study of Children With ADHD (MTA), showed that despite beneficial outcomes in the 
pharmacological treatment groups after 14 months of follow-up, the initial group 
randomization did not influence outcome 8 years later. Only a positive response to any of the 
treatments, in combination with less ADHD symptoms at trial onset and a higher socioeconomic 
status were associated with a good long-term prognosis. Overall, the ADHD group fared worse 
compared to a control group on most of the measures (Molina et al, 2009). In addition to that, a 
systematic review demonstrated that indeed there is no evidence of improved clinical outcome, 
beyond mere symptom control, after sustained pharmacological treatment (>2 years) (van de 
Loo-Neus et al, 2011). 

 
Adult ADHD 
In addition to the question about the long-term outcome of pediatric ADHD, it is also still 
unknown what the effect of stimulants is on patients that present with ADHD in adulthood. 
ADHD has generally been assumed to be a neurodevelopmental disorder, with symptoms 
sometimes presenting as early as preschool age. Following from that, it has also been assumed 
that adult ADHD is a result of persisting symptoms from childhood. However, recently this idea 
was challenged by a large population-based study in New Zealand showing that adult ADHD 
patients did not fulfill the childhood criteria (Moffitt et al, 2015). This suggests that pediatric 
ADHD and adult ADHD are possibly different entities. Despite comparable symptoms, they 
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might have a different course of disease and different neurobiological underpinnings, which will 
again have implications for treatment guidelines of pediatric and adult ADHD. This paradigm 
shift might be an important one, and past studies, when viewed in this light, can help to explain 
some of the discrepancies in current ADHD literature, and future studies will be designed in a 
different way to investigate this largely unexplored field. The implications for the findings in 
this thesis might be that the age-dependent differences of pharmacological treatment with MPH 
that we found may not be accounted for by age alone, but can also partially be explained by 
different pathophysiology. Nevertheless, neurobiological abnormalities (similar to the 
phenotype) likely overlap between the two ADHD groups, which is supported by findings of DA 
dysfunction in both groups. 
 
Challenges in pediatric imaging 
As mentioned above, one of the strengths of the study is the fact that we directly compared 
children and adults. However, this also presented a number of challenges. Clearly, the brain of 
children and adults is different. First of all, there are volumetric differences between children 
and adults. A landmark study by Gogtay et al. (2004) showed the pruning and maturation of 
brain areas in an posterior-to-anterior gradient from childhood to adolescence. Therefore, some 
studies in children have suggested the use of specific pediatric templates (Sanchez et al. 2012). 
We chose not to do this, foremost because we wanted to make a direct comparison between 
children and adults and for voxel-wise analyses we therefore needed to register all data to one 
template. In addition, the main outcome, the mean CBF response to MPH in striatum, thalamus 
and ACC, was analyzed in subject space. Second, it has already been mentioned a number of 
times throughout this thesis that baseline CBF differs between children and adults. As we used 
within-subject analysis to obtain the final outcome measure (see Chapter 7, statistical analysis), 
this would have mitigated the baseline differences to a large extent. Nevertheless, if baseline 
CBF indeed influences the magnitude of the CBF response to MPH, this could have introduced 
some bias in the results.  

This opens up a whole different area of research into the neurovascular coupling 
differences between children and adults which would be very interesting to pursue. Another 
difficulty in MR acquisitions of pediatric patients is motion. Although we used a 2D readout and 
no background suppression for our ASL acquisition, rendering the images less sensitive to 
motion artifacts, motion across imaging volumes was extensive and required advanced motion 
correction. In addition, for the BOLD fMRI studies (such as Chapter 10) the readout is typically 
longer, making the sequence more vulnerable to motion artifacts within the imaging volume. 
Motion differed between adults and children in our study and despite advanced correction 
techniques and exclusion of the worst cases, residual effects could still remain. For pediatric 
studies, the balance between reducing the total imaging protocol time and gathering enough 
data per scan is a delicate one. Hopefully, fast acquisition techniques, such as multi-band, can 
increase the amount of information obtained in a limited amount of time and are now being 
included in new imaging initiatives in ADHD (Silk et al, 2016).  
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FUTURE PERSPECTIVES 

phMRI 
As relatively novel technique, ASL has advanced fast and is currently probably the best 
technique to do phMRI research in humans. In this thesis, ASL is better able to distinguish 
between dAMPH users and controls (Chapter 4 and 5) and we expect that subsequent analyses 
of longitudinal BOLD data in the ePOD study will also show higher sensitivity of ASL phMRI. 
This is probably due to the fact that ASL is a quantitative technique and a more direct measure 
than BOLD. In addition, ASL measurements are currently also preferred over CBV 
measurements, despite increased sensitivity to pharmacological challenges because of increased 
SNR. Particularly in subcortical areas CBV could have a potential benefit, especially compared to 
BOLD, but perhaps also in ASL (Mandeville and Jenkins, 2001; Wang et al, 2011), suggesting a 
potential benefit of CBV measurements also in humans. Yet, although CBV measurements are 
currently valuable for pre-clinical studies, for example in drug development, they are less suited 
for clinical studies as they involve iron oxide contrast agent administration. Although some of 
these contrast agents are available in humans, they are not FDA approved for use as a contrast 
agent and it is unclear whether repeated measurements can be performed because of contrast 
agent deposition.  

Nevertheless, as mentioned above, ASL suffers from poor SNR, and technological 
advancements are needed in order to improve its sensitivity. If we want to move towards 
personalized medicine, ASL phMRI reproducibility rates need to be improved. Reproducibility 
studies exist for ASL, but so far only one study has attempted to study this using a 
pharmacological challenge. Using an oral citalopram challenge, reproducibility was poor, which 
could partially be due to the PASL (instead of pCASL) acquisition and the small effects induced 
by an oral compared to intravenous challenge (Klomp et al, 2012). In addition, one study 
observed a reasonable reliability using BOLD phMRI with an intravenous ketamine challenge 
(De Simoni et al, 2013).  

Obtaining better CBF estimates could be accomplished by improving both the 
acquisition and post-processing methods. Acquisition in clinical population could potentially be 
improved by prospective motion correction, a technique in which head motion is measured in 
real time and the new head position is automatically updated by the scanner. In addition, ASL 
could benefit from acquisitions with multiple post-labeling delays (Mezue et al, 2014). First, it 
accounts for the variation in arrival time of the bolus (tagged spins) across vascular territories in 
the brain. Second, and perhaps more important for phMRI, DAergic agents can reduce global 
flow, which could mean that the label has not had time to diffuse in the tissue yet and will still 
reside in the intravascular space, resulting in incorrect inferences, particularly in voxel-wise 
analyses. Another method that has received attention to increase the information obtained from 
a phMRI scan is calibrated BOLD.  

In a typical calibrated BOLD experiment, BOLD and ASL are measured at the same time 
using a dual-echo sequence during a hypercapnia experiment, in which CO2 levels are varied. In 
this way, multiple variables that add information about the underlying physiology can be 
estimated, such as baseline CBF, cerebral metabolic rate of oxygen (CMRO2) and the oxygen 
extraction fraction (OEF) (Blockley et al, 2013). Moreover, the possibility for simultaneous 
PET/MRI measurements offers the unique opportunity to investigate neurovascular coupling 
after drug administration. For example, the effect of D2/D3 receptor antagonism, DA receptor 
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sensitization and opioid system activation on neurovascular coupling has been investigated 
using these tools (Sander et al, 2013, 2015; Wey et al, 2014) and those studies show that, using 
adequate modeling, the hemodynamic response can provide a good estimate of 
neurotransmission. On the post-processing side, ASL could benefit from improved motion 
correction using noise estimate weighting tagging (Tanenbaum et al, 2015), from 2D-flow 
measurements to correct for systemic effects on global CBF, from improved partial voluming 
correction (Mutsaerts et al, 2014) and finally from estimation of transit time variation.  
 
Stimulant use in ADHD 
Stimulant treatment is used widely for the treatment of ADHD in children, even though a 
systematic review showed that there is no evidence that stimulant treatment improves 
functioning in the long run, beyond mere symptom control (van de Loo-Neus et al, 2011). In 
addition, stimulants are increasingly being prescribed to children despite limited knowledge 
about the long-term effects on DA development. Moreover, there is even evidence that children 
without ADHD are being prescribed stimulants to improve school performance and there has 
been a surge in misuse of stimulant in college students (Lakhan and Kirchgessner, 2012). Yet, 
the negative effects of stimulants on the normal brain during development are elusive. As long-
term placebo controlled studies are not feasible we will have to look at longitudinal 
observational studies, with phMRI to assess the effects on brain neurochemistry. In our clinical 
trial we provide evidence for age-dependent changes, but it is unclear what the clinical 
consequences are; how do DA changes link to function, cognitively and behaviorally? Using 
functional MRI we can assess how DA differences can influence behavior and cognition, whereas 
structural MRI (volumetric measurements and diffusion tensor imaging) can provide us with 
information of the long-term effects of DA changes on the micro- and macro structure of the 
brain. Currently, we are conducting the follow-up of the ePOD trial, on average three years after 
the enrollment in the first study. This is an observational follow-up in which we quantify the 
extent of MPH use by means of prescription data from the pharmacies. Hopefully, these data 
will shed some light on the long-term effects of stimulant treatment on DA function and 
behavioral and neurocognitive outcome in the developing brain.  

But what about an alternative to stimulant treatment? Possible new pharmaceutical 
targets, cognitive training, diet, exercise and more targeted psychosocial interventions might 
improve daily functioning of ADHD patients. The focus of ADHD treatment has long been on 
the striatal DA system, but more specific and patient-targeted pharmaceuticals could be 
beneficial and reduce side effects. PhMRI could play an important role in the testing of drug 
targets, and stratification of patients, in order to provide the right patient with the right drug at 
the right dose and at the right time. The focus in this thesis was to evaluate the effect of 
medication on the neurochemistry in the brain. Nevertheless, for optimal treatment results we 
would have to zoom out and take a look at the complete picture of the patient, beyond the 
‘ADHD brain’, and examine environmental factors as well. However, the current scientific 
evidence for psychosocial interventions is less strong than for pharmaceutical treatment, which 
is reflected in the variation in treatment guidelines across the world (Fabiano et al, 2015; 
Sonuga-Barke et al, 2013). Nevertheless, there might be potential for psychosocial interventions, 
such as psycho-education for parents and coaching for adult patients (currently used in the 
Netherlands), to improve overall outcome in patients with ADHD. 
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CONCLUSIONS 

Over the past decade, phMRI has been developed as the first non-invasive technique to assess 
drug-induced changes in neurotransmitter function. Preclinical studies have provided us with 
increased knowledge of neurotransmitter fluctuations after drug challenges that have been 
translated to human studies. Although our initial results from studies in dAMPH users and 
ADHD patients are promising as they show that phMRI can detect DA abnormalities in the 
human brain as well, technological improvements are necessary to allow advancement of this 
field. The requirement to monitor drug treatment over time urges for high within-subject 
reproducibility, whereas the wish to predict treatment response requires high between-subject 
specificity.  

In this thesis, we showed for the first time that stimulants have differential effects on 
the developing compared to the matured brain in humans. Although this area of research is still 
in its infancy, public awareness of the possible long term consequences of the current increase in 
prescription rates is rising, which hopefully allows more longitudinal studies into the effects of 
stimulants as well as other psychotropic drugs on the developing brain. The importance of 
developmental biology has, after all, long been acknowledged, as Rousseau (1712-1778) once 
quoted: ‘A child is not just a miniature adult’; but will require even more emphasis in the future. 
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ACHTERGROND 

Dopamine (DA) is een neurotransmitter, ofwel boodschapperstof, in het brein die een rol speelt bij  
verschillende cognitieve processen, zoals aandacht en werkgeheugen, en gedrag, zoals het ervaren 
van genot en blijdschap. Dysfunctie van het DA system kan leiden tot neurologische en 
psychiatrische stoornissen, waaronder de ziekte van Parkinson, schizofrenie, verslaving en  
aandachtstekort-hyperactiviteitstoornis (ADHD). DA wordt aangemaakt in de diepe hersenen en 
activeert via verschillende zenuwbanen DA receptoren in met name de basale ganglia en de frontale 
cortex, waardoor de neuronale activiteit gemoduleerd wordt. Er zijn ook verschillende medicijnen en 
drugs die werken op het DA systeem, bijvoorbeeld stimulantia als methylfenidaat (MPH), 
dexamfetamine (dAMPH) en cocaïne. De werking van deze medicatie is gebaseerd op het blokkeren 
van de DA transporter, die ervoor zorgt dat DA heropgenomen wordt in de synaps, waardoor DA in 
de synapsspleet toeneemt. MPH (beter bekend als Ritalin) en dAMPH worden onder andere als 
medicamenteuze behandeling voor ADHD voorgeschreven. 

Door de ontwikkeling van nieuwe beeldvormende technieken in de afgelopen decennia is het 
mogelijk de functie van het dopamine system in de mens in steeds meer detail te bestuderen. Een 
van de meest veelbelovende technieken is farmacologische magnetische resonantie imaging 
(phMRI). Bij de toepassing van phMRI wordt geen gebruik gemaakt van radioactieve stoffen, 
waardoor de techniek uitermate geschikt is voor wetenschappelijk onderzoek in kwetsbare groepen, 
zoals kinderen. Daarnaast betekent dit dat de methode gebruikt kan worden om herhaald te meten, 
wat het onder andere mogelijk maakt om de effecten van therapie/behandeling te onderzoeken.  
 

DOEL PROEFSCHRIFT 

Het doel van dit proefschrift was tweeledig; ten eerste waren de studies in dit proefschrift er op 
gericht de neurobiologische grondslagen van de phMRI techniek verder te karakteriseren en ten 
tweede wilden we deze kennis gebruiken om de leeftijdsafhankelijke effecten van MPH te 
onderzoeken op het DA system in ADHD patiënten. In het eerste deel van het proefschrift wordt 
phMRI dan ook vergeleken met ‘gouden standaard’ technieken, zowel in diermodellen als in 
recreatieve gebruikers van drugs die toxisch zijn voor het DA systeem. In het tweede deel passen we 
phMRI toe in een grote klinische studie met jonge en volwassen ADHD patiënten om de effecten van 
MPH op het ontwikkelende brein te onderzoeken.  
 

DEEL I - NEUROBIOLOGISCHE GRONDSLAGEN VAN PHMRI 

PhMRI is een MRI techniek waarmee de hemodynamische respons in het brein in reactie op een 
psychotroop geneesmiddel in beeld gebracht kan worden. Wanneer een psychotroop middel, zoals 
MPH, specifiek werkt op een bepaald neurotransmitter systeem, kan dat inzicht geven in de werking 
van dat systeem. Hoofdstuk 2 onderzocht of phMRI, vergeleken met conventionele beeldvormende 
technieken, zoals PET en SPECT, DA dysfunctie kan detecteren. Uit dit hoofdstuk kunnen we 
concluderen dat phMRI vergelijkbare resultaten geeft als invasieve technieken, met name voor 
diermodellen waarin het DA systeem ernstig aangedaan is. Over diermodellen met lichte schade aan 
het DA systeem en de translatie naar de mens is een stuk minder bekend. Omdat aangenomen wordt 
dat in psychiatrische stoornissen subtiele verstoringen in het DA systeem plaatsvinden, zonder 
schade aan DAerge celkernen, is het nodig te onderzoeken of deze techniek sensitief genoeg is om 
ook deze subtiele veranderingen te kunnen detecteren. Pas als de techniek voldoende gevalideerd is 
wordt het mogelijk deze te gebruiken voor bijvoorbeeld diagnostiek en monitoren van behandeling. 
Daarom hebben we  in Hoofdstuk 3 onderzocht of herhaalde toediening van dAMPH (een stof die 
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DA synapsen in knaagdieren aantast, maar de celkernen in tact laat) in ratten de phMRI respons op 
MPH veranderde ten opzichte van een controle groep. In deze studie vinden we een verhoogde 
phMRI response  op MPH in dAMPH voorbehandelde ratten, wat deels verklaard kan worden door 
verhoogde DA uitstoot in combinatie met een verlaging van DA transporters, als gemeten met 
invasieve technieken. 
 Om deze bevindingen naar de mens te vertalen hebben we in Hoofdstuk 4 een vergelijkbaar 
model in de klinische setting bestudeerd, namelijk recreatief dAMPH, ofwel ‘speed’ gebruik. In dit 
hoofdstuk hebben we onderzocht of phMRI en SPECT met intraveneuze dAMPH toediening 
vergelijkbare veranderingen in het DA systeem van recreatieve speed gebruikers ten opzichte van 
drug-naïeve controles zouden kunnen aantonen. We stelden zowel met phMRI als met SPECT vast 
dat recreatieve speed gebruikers een afgestompte DA respons op intraveneuze dAMPH toediening 
hebben. De methoden waren echter slechts zwak gecorreleerd, waarschijnlijk omdat met phMRI een 
hemodynamische respons wordt gemeten, terwijl we met SPECT directer DA uitstoot meten. In dit 
hoofdstuk maakten we gebruik van de zogenaamde arterial spin labeling (ASL) techniek, een MRI 
methode die perfusie in het brein (CBF) kan meten. Met behulp van een andere techniek, genaamd 
blood-oxygen level dependent (BOLD) MRI, kunnen we de  functionele connectiviteit van het brein 
in rust bestuderen (resting state functional MRI (rsfMRI)). Met rs-fMRI hebben we in Hoofdstuk 5 
hebben we in dezelfde groep proefpersonen onderzocht hoe dAMPH toediening de connectiviteit in 
netwerken, in welke het DA systeem een rol speelt, beïnvloedt. We vonden dat toediening van 
dAMPH resulteerde in verlaging van de connectiviteit in een aantal van deze netwerken. Daarnaast 
zagen we dat de mate van verandering in connectiviteit in het cortico-striatale-thalamische  netwerk 
samenhing met de DA uitstoot na dAMPH toediening (gemeten met SPECT). Er waren echter geen 
verschillen tussen recreatieve gebruikers en controles, wat suggereert dat deze methode wel sensitief 
is om de effecten van acute dAMPH toediening te detecteren, maar niet om de lange termijn effecten 
te detecteren.  
 

DEEL II – LEEFTIJDSAFHANKELIJKE EFFECTEN VAN MPH OP HET DA SYSTEEM IN ADHD 

Het grote voordeel van phMRI is dat het non-invasief is, wat betekent dat het een ideale techniek is 
voor studies in kinderen. Onderzoek naar de pathofysiologie van ADHD extrapoleert vaak 
PET/SPECT resultaten van studies in volwassenen naar kinderen, maar omdat het DA systeem nog 
lang door ontwikkelt, is het de vraag of dit wel vergelijkbaar is. phRMI is daarom een zeer 
waardevolle techniek om een (zij het indirecte) maat van het functioneren van het DA systeem te 
verkrijgen. In de ‘effects of psychotropic drugs on the developing brain (ePOD)’ studie hebben we 
phMRI dan ook gebruikt om te testen of de effecten van MPH behandeling leeftijdsafhankelijk zijn. 
De hypothese in deze studie was, gebaseerd op dieronderzoek, dat behandeling met MPH op jonge 
leeftijd persisterende ofwel ‘imprinting’ effecten zou kunnen hebben op het DA systeem, terwijl dit 
bij volwassenen niet het geval zou zijn. In Hoofdstuk 6 beschrijft de studie opzet van de klinische 
trial zoals deze door het ePOD-team een aantal jaar geleden is opgezet. Daarnaast wordt de opzet 
van de retrospectieve studie besproken, waarvan de resultaten deels besproken worden in 
Hoofdstuk 9.  

In de klinische trial zijn uiteindelijk 50 medicatie-naïeve kinderen en 49 volwassenen met 
ADHD geïncludeerd, die werden gerandomiseerd tot 4 maanden behandeling met MPH of placebo. 
Voor het begin van de behandeling, tijdens de behandeling en na een week zonder medicatie aan het 
eind van de studie werden de patiënten uitgenodigd voor een dag met MRI scans en een 
neuropsychologisch onderzoek. De hoofduitkomstmaat, de verandering in phMRI respons op MPH 
van voor naar na 4 maanden medicatie, wordt in Hoofdstuk 7 vergeleken tussen de MPH en placebo 
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groep, en tussen volwassenen en kinderen. Hier rapporteren we dat, in lijn met dieronderzoek, 
kinderen die met MPH behandeld zijn, een verhoogde phMRI respons op MPH laten zien na 
behandeling vergeleken met de placebo groep in kinderen; in volwassenen zagen we in beide groepen 
geen veranderingen. Dit suggereert aanpassingen in het DA systeem na 4 maanden behandeling met 
MPH die persisteren ook als de behandeling al een week gestopt is. Echter, deze verandering ging 
niet gepaard met een vergelijkbare persistentie in de effecten van MPH op gedrag: zodra kinderen 
stoppen met MPH behandeling gaan de gedragssymptomen van ADHD, zoals concentratie, 
hyperactiviteit en impulsiviteit, weer terug richting baseline. Vervolgstudies zijn dus nodig om uit te 
zoeken of de neurobiologische veranderingen ook (lange-termijn) consequenties hebben voor gedrag 
en/of cognitie. 
 Om de leeftijdsafhankelijke effecten van een eenmalige dosis MPH in medicatie-naïeve 
patiënten beter te karakteriseren, hebben we in Hoofdstuk 8 gekeken naar verschillen in phMRI 
respons op baseline tussen kinderen en volwassenen. MPH verlaagde CBF in de cortex in beide 
leeftijdsgroepen, maar kinderen toonden een verlaagde CBF in de thalamus, terwijl dit effect bij de 
volwassenen afwezig was.   

Uiteindelijk zijn we natuurlijk geïnteresseerd in de lange termijn effecten van stimulantia op 
de ontwikkeling van de hersenen. Omdat de klinische trial vanuit ethische overwegingen maximaal 4 
maanden kon duren, hebben we met behulp van een retrospectieve cohort studie (Hoofdstuk 9) 
onderzocht of vroege behandeling met MPH heeft geresulteerd in veranderingen in gedrag en het  
DA systeem van ADHD patiënten die nu volwassen zijn. Hiervoor hebben we volwassen ADHD 
patiënten in 3 groepen verdeeld: zij die op jonge leeftijd behandeld zijn met stimulantia (<16 jaar 
oud), zij die op volwassen leeftijd behandeld zijn met stimulantia (>23 jaar oud) en zij die nooit 
behandeling met MPH hebben gehad. We vonden echter in deze studie geen lange termijn effecten 
van behandelleeftijd op de phMRI respons op MPH. Dit is in tegenstelling met de korte termijn 
resultaten die we rapporteerden in Hoofdstuk 7. Dit suggereert dat wellicht een deel van de 
veranderingen in het DA systeem tijdelijk zouden kunnen zijn, of gecompenseerd worden. We 
vonden desalniettemin wel verschillen op meer klinische uitkomstmaten; de vroeg behandelde groep 
gebruikte recreatief minder drugs, maar scoorde hoger op angst- en depressievragenlijsten 
vergeleken met de volwassen behandelde groep. Echter, omdat Hoofdstuk 9 een cross-sectionele 
studie beschrijft in een vrij kleine heterogene groep, is het belangrijk dat deze studies herhaald 
worden in grotere cohort studies.  
 Tot slot hebben we in Hoofdstuk 10 phMRI gecombineerd met taak functionele MRI (fMRI) 
om de effecten van een eenmalige dosis MPH op emotie recognitie te testen. Emotie dysregulatie 
speelt een belangrijke rol bij kinderen met ADHD en ADHD in volwassenen gaat vaak gepaard met 
comorbiteiten, waaronder stemmingstoornissen. Wat de rol van medicatie is in de ontwikkeling van 
angst en depressie bij ADHD is echter niet voldoende bekend. In dit hoofdstuk hebben we dan ook 
onderzocht of MPH de activatie van de amygdala, een structuur die sterk reageert op negatieve 
emoties, kan beïnvloeden. Amygdala activatie in de volwassen ADHD groep was licht verhoogd (niet 
significant) ten opzichte van een gezonde controle groep en normaliseerde na toediening van MPH. 
In tegenstelling, rechter amygdala activatie in kinderen was lager ten opzichte van gezonde 
controles, maar verlaagde verder na toediening van MPH. Uit deze studie werd geconcludeerd dat 
MPH mogelijk positieve effecten zou kunnen hebben op emotie regulatie in volwassenen. 
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CONCLUSIES 

In dit proefschrift wordt een overzicht gegeven van de huidige status van phMRI als een non-
invasieve techniek om het DA systeem te onderzoeken. Preklinische studies kunnen ons meer kennis 
verschaffen over de veranderingen van neurotransmitters zoals DA na het toedienen van een drug, 
en met behulp van phMRI kunnen deze bevindingen vrijwel direct vertaald worden naar de klinische 
onderzoekssituatie. Ofschoon onze initiële resultaten van de studies in dAMPH gebruikers en ADHD 
patiënten veelbelovend zijn wat betreft het gebruik van phMRI als techniek om DA afwijkingen te 
detecteren, zijn er zeker nog technologische verbeteringen nodig om vooruitgang in dit veld te 
boeken. De behoefte om medicamenteuze behandeling te kunnen volgen over de tijd vereist hoge 
reproduceerbaarheid, terwijl de wens om behandelingsuitkomst te kunnen voorspellen een hoge 
specificiteit vergt.  

We tonen in dit deel II van dit proefschrift voor het eerst aan dat stimulantia verschillende 
effecten hebben op het ontwikkelende vergeleken met het volwassen brein in mensen. Ondanks dat 
dit onderzoeksgebied nog in de kinderschoenen staat, groeit het bewustzijn in de maatschappij voor 
de mogelijke lange termijn effecten van stijgend medicatiegebruik in kinderen, wat hopelijk verder 
longitudinaal onderzoek naar de effecten van stimulantia en andere psychotrope medicatie op het 
ontwikkelende brein mogelijk maakt. Rousseau (1712-1778) citeerde ooit al: “Een kind is niet 
zomaar een miniatuur volwassene”; het belang van onderzoek in de ontwikkelingsbiologie  wordt al 
lange tijd erkend, maar zal in de toekomst echter nog meer nadruk vereisen bij studies naar de 
pathofysiologie en behandeling van kinderen met neurologische or psychiatrische aandoeningen. 
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G.F., de Bruik, C.M., Koeleman, J., Freret, T., Boulouard, M., Desfosses, E., Galineau, L., Gozzi, 
A., Dauphin, F., Gsell, W., Booij, J., Lucassen, P.J., Reneman, L. (submitted). Repeated 
dexamphetamine treatment alters the dopaminergic system and increases the phMRI response 
to methylphenidate.    
- Schrantee, A., Václavů, L. , Reneman, L., Verberne, H.J., Booij J., Tan, H.L. (submitted). QT 
prolongation by dexamphetamine: does experience matter? 
- Bottelier, M.A., Schrantee, A., Ferguson, B., Tamminga, H.G.H., Bouziane, C., Kooij, J.J.S., de 
Ruiter, M.B., Reneman, L. (submitted). Age-dependent effects of acute MPH on amygdala 
reactivity in stimulant treatment-naive patients with ADHD. 
 

CONFERENCE ABSTRACTS (ONLY FIRST AUTHOR) 

- Schrantee, A. (2016). Assessing the effects of methylphenidate on human brain development 
using pharmacological magnetic resonance imaging: a randomized controlled trial. Abstract 
ISMRM 2016, oral presentation | Abstract ISMRM Benelux 2016, oral presentation | Abstract SOBP, 
oral presentation 
- Schrantee, A. (2015). The effects of methylphenidate on striatal dopamine system are 
dependent on age: a pharmacological magnetic resonance imaging study. Abstract European 
College of Neuropsychopharmacology 2015, blitz and poster presentation 
- Schrantee, A. (2014) Effects of dexamphetamine on fronto–striatal network connectivity in 
recreational users. Abstract European College of Neuropsychopharmacology 2014, poster presentation   
- Schrantee, A. (2013) Amphetamine pretreatment alters the response to a methylphenidate 
challenge: a pharmacological magnetic resonance imaging study. Abstract European College of 
Neuropsychopharmacology 2013, poster presentation 
- Schrantee A. (2014) A blunted response to dextro-amphetamine in recreational dextro-
amphetamine users assessed using [123I]IBZM SPECT and pCASL based phMRI.  Abstract ISMRM 
2014, oral presentation  
- Schrantee, A. (2013) J-difference edited GABA-MRS in regular amphetamine users in the basal 
ganglia. 2nd Cardiff International Symposium on MRS of GABA, oral presentation 
- Schrantee, A. (2013) Chronic exposure of neurotoxic doses of d-amphetamine potentiates the 
central effect of an acute challenge with methylphenidate. Abstract ISMRM 2013, poster 
presentation | Abstract ISMRM Benelux 2013, poster presentation 
- Schrantee, A. (2012) Investigating the nature of the 1H-MRS profile of multipotent astrocytic 
stem cells. Abstract ISMRM Postgraduate Symposium, oral presentation 
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PHD TRAINING        YEAR  WORKLOAD 

General Courses      

Basic Legislation in Science (BROK)     2013  0.9 
Advanced Topics in Biostatistics      2013  2.1  
Laboratory Animals (Article 9)      2013  3.9 
Computing in R         2013  0.4 
UNIX         2015   0.6 
Radiation Protection (5B)       2015  1.7  
Crash Course        2015  0.2 

Specific courses 

European Graduate School  of Neuroscience (EURON)    2012  1.5 
Drugs and the brain: an update in psychopharmacology, Braga, Portugal 
Neuroimaging summer school (BIC)     2012  1  
Introductory course (ONWAR)       2012  0.9  
Current Issues in Clinical Neuroscience (Stroke) (ONWAR)   2013  1.5 
Resting state fMRI course (ESMRMB)     2013  1 
Grant writing (ONWAR)       2014  1.8 
Functional neuroanatomy (ONWAR)     2014  1.4 
Winter School on pattern analysis & classification (ABC)   2015  1 
 
Seminars, Workshops and master-classes 

Animal minds: from evolution to computation,     2012  0.3 
Royal Society, London 
Weekly meetings of the Brain Imaging Center    2012-2015 1.5 
Monthly meetings neuroradiology      2012-2015 1.5 

Presentations at (inter)national conferences 

ONWAR annual PhD meeting (poster 2x, oral 1x)    2012, 2013, 2014 
GABA symposium, Cardiff, UK (oral)     2013 
International Society for Magnetic Resonance in Medicine (ISMRM) 
*British Chapter, Bristol, UK (oral)      2012 
*Benelux Chapter, Rotterdam, the Netherlands (poster)   2013 
*Annual Meeting, Salt Lake City, USA (poster)    2013 
*Annual Meeting, Milan, Italy (oral)      2014 
*Benelux Chapter, Eindhoven, the Netherlands (oral)    2016 
*Annual Meeting, Singapore, Singapore (oral)     2016 
European College of Neuropsychopharmacology (ECNP) 
*Congress, Barcelona, Spain (poster)      2013 
*Congress, Berlin, Germany (poster)      2014 
*Congress, Amsterdam, the Netherlands (poster)    2015  
Society of Biological Psychiatry (SOBP)      
*Annual Meeting of 2016, Atlanta, USA (oral)     2016 

Other 

Neuroscience Career Event  (organizing committee)    2014 
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TEACHING 

Lecturing 

“Effect of Ritalin and Prozac on the developing brain”   2013 
Themadag Biotechnische Vereniging ‘Hersenspinsels’ 
“Pharmacological treatment in ADHD”     2014, 2015 
Guest lecture Child Neuropsychopharmacology, Bachelor of Psychology  
“phMRI”        2015 
Guest lecture Physics of Imaging, Bachelor of Psychobiology     

Supervising 

School research project (1x)      2013 
Literature thesis (1x)       2014 
Bachelor theses (2x)       2013, 2014 
Master thesis (8x)        2013 - 2016 
Work experience (2x)       2014, 2015 

PARAMETERS OF ESTEEM 

Grants 

AMC Young Talent Fund       2014 

Awards and Prizes 

ISMRM Educational Stipend      2013, 2014, 2016 
ONWAR Poster Prize       2014 
ISMRM Psychiatric MR Study Group      2014 
Presentation award 3rd place 
ISMRM Psychiatric MR Study Group      2016 
Presentation award 1st place
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