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I. INTRODUCTION

GeneRal IntRoDUctIon

OBJECTIVES

This thesis explores the current possibilities in imaging brain function and more in 
particular specific neurotransmitter systems, focusing mainly on the dopamine (DA)system. 
The main objective of my thesis was to assess whether a relatively new imaging modality, 
pharmacological Magnetic Resonance Imaging (phMRI), is able to detect (or visualize) 
deficiencies in monoamine function in humans. In order to achieve this, several different 
imaging modalities have been applied to both healthy volunteers and subjects assumed to 
have a dysfunction of their monoamine systems as a consequence of recreational drug use. 
In these studies, Single Photon Emission Computed Tomography (SPECT) was considered 
the current gold standard. In addition, behavioural assessments were performed to see if 
alterations in monoamine function are associated with functional impairments. We combined 
neuropsychological data with both SPECT and phMRI imaging data to determine any relevant 
correlations in monoaminergic (dys)function. Ultimately, this thesis validates the use of this 
relatively non-invasive phMRI technique in vulnerable populations (such as children). This 
provides a foundation for future work in the assessment of monoaminergic (dys)function in 
the developing brain.

IMAGING BRAIN FUNCTION

Magnetic Resonance Imaging (MRI) was developed in the last century to provide a new 
non-invasive tool to detect disease in the human body. Imaging of the brain started out by 
looking at the basic division between grey and white matter and by examining anatomical 
deviations from the norm, such as tumours and stroke (doyle et al., 1981). Thoughts about 

how brain metabolism and hemodynamics are linked to neuronal activity, have led to the 
development of tools to investigate the functionality of the brain.  The first functional brain 
imaging study was performed with positron emission tomography (PET) imaging using 
15O-labeled water and somatosensory stimulation of the finger pads (Fox and Raichle, 
1986). This study demonstrated that the cerebral blood flow (CBF) and cerebral metabolic 
rate of oxygen (CMRO2) increased in the somatosensory cortex, in response to increased 
neuronal firing caused by the somatosensory stimulation. This knowledge, in combination 
with the development of faster imaging protocols, allowed for the development of a new 
MRI technique in 1992, called Blood Oxygenation Level dependent (BOLd) imaging. BOLd 
imaging also investigates the hemodynamic response induced by brain activity, but in a non-
invasive manner not having to rely on radioactive isotopes, thus adding a valuable new tool 
in the investigation of brain function (Ogawa et al., 1992). Since then we have seen a rise in 
imaging studies trying to discover in short, how the brain works. 
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dOPAMINERGIC phMRI

Pharmacological MRI (phMRI) is a technique that investigates the brains (hemodynamic) 
responses to a pharmacological challenge. The main advantage of phMRI over ‘conventional’ 
fMRI is that by using a drug challenge, brain activity can be objectively manipulated, without 
being dependent on the performance of the subject in the MRI scanner. The first phMRI 
studies looked into the effects of anaesthetics and cardiovascular agents such as caffeine 
and cocaine (reviewed by Tracey (Tracey, 2001)). As these substances are known to cause 
large observable changes in brain hemodynamics, these initial studies first demonstrated 
the feasibility of phMRI (Breiter et al., 1997; Hagino et al., 1998; Kleinschmidt et al., 1999). 
Further development has led to the investigation of new hypotheses involving specific 
aspects of brain function. For example a pharmacological challenge can be administered 
in order to manipulate neurotransmitter systems in the brain (Hagino et al., 1998). When 
a neurotransmitter specific pharmacological challenge is given, this causes changes in the 
firing rate of neurons involved in the neurotransmitter system. This again causes changes 
in neurovascular coupling and subsequent region specific hemodynamic changes. The 
hemodynamic response to the challenge is measured and taken to reflect neuronal activity 
(requiring transport of both oxygen and nutrients) (Jueptner and Weiller, 1995). 

This thesis focuses on using phMRI to image the DA system and also briefly touches 
on the serotonin (5-HT) system. The dAergic system plays a pivotal role in many different 
neurological and neuropsychiatric disorders, such as Parkinson’s disease, schizophrenia and 
attention deficit hyperactivity disorder (ADHD) (for review (Missale et al., 1998)). DAergic 
neurons originate from the ventral tegmental area (VTA), hypothalamus and substantia 
nigra (SN) and project to different parts of the brain. There are three main pathways, the 
nigrostriatal system (from SN into the striatum) the mesocortical (from the VTA into the 

prefrontal cortex (PFC)) and the mesolimbic (from the VTA to the nucleus accumbens, 
amygdala and hippocampus). Communication between neurons in these areas runs by the 
presynaptic neuron releasing dA, which can bind to several proteins: (1) the dA transporter 
(DAT) which is located presynaptically and pumps DA back into the cell; (2) five DA receptors 
(d1/5) which can be divided into two main categories, the type 1 and type 2 dA receptors. 
The d1-like receptors are located postsynaptically and promote activity of the dA system. 
The d2-like receptors can be located both pre- and postsynaptically and, dependant on their 
location and the amount of dA present in the synaptic cleft, can both promote and inhibit 
activity of the system (Missale et al., 1998).

The dA system can be challenged using several different pharmacological agents, 
which can either be stimulated pre-synaptically or have an agonistic function post-synaptically. 
The first of the substances examined by this thesis is dexamphetamine (dAMPH), one 
of the earliest developed amphetamines. It was first used in the treatment of narcolepsy, 
headaches and colds. In the ‘50 it was discovered to be beneficial in children with what 
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was then described as Minimal Brain damage and which is now known as AdHd (Strohl 
2011). It is also commonly used illicitly as a mood-enhancing drug, and is especially liked for 
the feelings of euphoria and wakeful state it causes, allowing for all-night partying. dAMPH 
acts by blocking the dAT, thus preventing the reuptake of dA in the presynaptic neuron 
in addition to actively releasing dA in the synaptic cleft (Kahlig et al., 2005). In addition, 
dAMPH enters the presynaptic neuron and prevents dA from re-entering the monoamine 
vesicle by blocking the vesicle monoamine transporter (Partilla et al., 2006). This causes large 
amounts of dA to be released in dAergic brain regions such as the striatum and prefrontal 
cortex (Castellanos and Tannock, 2002; Volkow et al., 1998a). MPH is structurally very similar 
to dAMPH, but whereas dAMPH causes active release of dA, MPH only blocks the dA 
transporters (dAT) in the brain. Therefore, the increase in intrasynaptic dA in response to 
MPH is more gradual than that caused by dAMPH and therefore MPH is generally not used 
as a mood elevator in a recreational setting (Swanson and Volkow, 2003). 

 dAergic (dys)function has been previously assessed with phMRI by several pre-
clinical studies involving both rats and non-human primates. For instance, Jenkins and co-
workers (Jenkins et al., 2004) have shown that phMRI adequately assesses dA dysfunction, 
using a contrast agent based on iron-nanoparticles. They showed that dAMPH-induced 
hemodynamic changes correlated well with loss of dAT densities measured with PET in 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned parkinsonian primates. In 
addition, several studies involving rats demonstrated similar findings using microdialysis to 
correlate dA levels to the hemodynamic response (Chen et al., 2001; Choi et al., 2006). 
Further work was able to imply that specific DA receptor subsets are mainly involved in 
the size of this hemodynamic response (Chen et al., 2005; Chen et al., 2010). In humans, this 
work still needs to be validated using objective measures of dAergic function. Interestingly, 
Martinez and co-workers showed a reduced dAMPH-induced dA release in cocaine users 

using PET (Martinez et al., 2007). In addition several behavioural studies have linked dAergic 
dysfunction to deficits in attention, memory and executive function (for review (Robbins and 
Arnsten, 2009)). It is generally accepted that PET or SPECT imaging of the dA system, when 
combined with measurements of behavioural deficits, can objectivity DAergic dysfunction. 
When phMRI with a dAergic challenge is added to these techniques and compared to 
an average dAergic response, it can be determined how successful this technique is at 
detecting aberrations in the DAergic system. We first determined whether i.v. administration 
of dAMPH leads to a specific, observable response of the DAergic system in humans, as has 
been shown in the pre-clinical work mentioned above. An oral challenge with MPH is less 
invasive and therefore more useful in vulnerable populations. We therefore also investigated 
whether MPH can function as a probe of a dysfunctional dA system, by comparing the 
hemodynamic response of healthy controls to that of dAMPH users. In this study dAMPH 
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users are used as a model for a dysfunctional dAergic system, as they have lower levels of 
dAT binding as observed by SPECT (Reneman et al., 2002). 

SEROTONERGIC phMRI

The serotonin (5-HT) system can be similarly challenged by a pharmacological challenge. 
To increase synaptic 5-HT levels, selective serotonin reuptake inhibitor (SSRI) are usually 
administered, increasing 5-HT synaptic concentrations by inhibiting the reuptake of 
5-HT (del-Ben et al., 2005; McKie et al., 2005). A practical drug to use for a challenge is 
citalopram, as it can be administered intravenously giving an instantaneous response. It has 
been used previously in phMRI studies and has been proven an adequate probe of 5-HT 
function (Anderson et al., 2007; Klomp et al., 2012; McKie et al., 2005).  The administration 
of citalopram has been found to cause an increased BOLd signal in 5-HT rich brain areas 
(e.g. amygdala, hippocampus and hypothalamus). Challenges with SSRI’s are also used in 
combination with fMRI tasks involving 5-HT signalling, such as sensorimotor tasks, memory 
tasks and emotional processing tasks (for review Andersen et al. 2008 (Andersen and Teicher, 
2008)). To determine whether citalopram can function as a probe of a dysfunctional 5-HT 
system, we investigated the difference in the hemodynamic response between healthy 
controls and MdMA users, as MdMA users have been found to have lower SERT availability 
in a number of SPECT studies (de Win et al., 2004; de Win et al., 2008b; Reneman et al., 
2001). Indeed, using MdMA users as a model for further validation of 5-HT phMRI, has been 
suggested previously by other groups (Brevard et al., 2006). 

BOLd versus ASL

Two main MRI acquisition techniques are used in phMRI studies, both of which have 
advantages and disadvantages. BOLd imaging is based on the magnetic properties of blood, 
more in particular on that of haemoglobin. deoxyhemoglobin (the form of haemoglobin that 
is not bound to oxygen molecules) is paramagnetic, causing a different transversal relaxation 
of proton spins than that of oxyhemoglobin. Increased neuronal activity causes an increase 
of deoxyhemoglobin and CO2 and subsequently, after a lag of 2-6 seconds, an increase in 
CBF, causing a rapid decrease in deoxyhemoglobin. This shift in oxygenation can be imaged 

using the BOLd signal (Ogawa et al., 1990; Ogawa et al., 1992; Ogawa et al., 1993). However, 
specifically because it uses this shift in oxygenation, rather than the actual oxygenation, the 
BOLD signal is not quantifiable and tends to drift over time. Therefore, BOLD imaging is 
usually combined with a specific task, so that the timing of the task can be related to shifts 
in the BOLd signal. Hereby brain function can be related to the task that is performed. 
Another option is to assess the BOLd signal in the absence of a task, which is called resting 
state fMRI. Hereby, shifts in the signal are related to areas which are thought to be connected 



14

I. INTRODUCTION

functionally. BOLd imaging has been linked to electrophysiological recordings of single cells 
or cell arrays demonstrating that BOLd signal changes are indeed connected to neuronal 
activity and metabolics (Jueptner and Weiller, 1995; Logothetis et al., 2001; Logothetis and 
Wandell, 2004). 

Arterial Spin Labelling (ASL) is a relatively new technique which measures cerebral 
blood flow (CBF) which was first proposed by Williams and colleagues (Williams et al., 1992). 
The ASL signal is obtained by directly labelling hydrogen protons by applying a radiofrequency 
pulse causing inversion of the arterial spins. Usually a labelling plain located at the level of the 
carotid arteries is chosen and subsequently the arterial blood flowing into the brain tissue 
contains labelled protons. After subtracting control volumes from the volumes containing 
labelled protons, an image remains that only contains information on CBF. Thus, the ASL 
signal is different from BOLd data, which is dependent on CBV, CBF, oxygenation and brain 
metabolism together (Tjandra et al., 2005). Although more research needs to be done before 
definite conclusions can be drawn, ASL seems to be a better reproducible and more precise 
measure of metabolic need and thereby function (Khalili-Mahani et al., 2012). In support 
of this, an early study by Fox & Raichle already demonstrated that CBF and CMRO2 are 
uncoupled when brain metabolism increases (Fox and Raichle, 1986). They concluded that 
CBF is linked to neuronal firing, although independent from the metabolic oxygenation rate. 
Still, it remains an indirect measure and CBF is probably dependent on more than metabolic 
need alone and can be greatly influenced by systemic cardiovascular disturbances. 

THE dEVELOPING BRAIN

When children age, their brains change considerably. Valuable connections are strengthened, 
where redundant connections are pruned under the influence of several brain monoamines 
(for review Lipton & Kater 1989 (Lipton and Kater, 1989)). In this field, MRI has also been 
of great value in determining the timing and extent of these changes. Several studies have 
investigated the development of white and grey matter tracts during development, as well 
as the effect of developmental disorders such as AdHd upon these processes (Giedd, 2008; 
Shaw et al., 2006; Shaw et al., 2007; Wilke et al., 2007). In general, grey matter initially increases 
and later on decreases in volume, whereas white matter continually increases. The greatest 
changes in white matter occur around eight to ten years of age, with a more gradual plateau 
starting at ten years of age (Ben et al., 2005).

Brain development can also be influenced by external factors, such as maternal 
drug use during pregnancy (Swaab and Mirmiran, 1986). However, it is not entirely clear 
what the effects of psychotropic medications commonly prescribed to children, such as 
methylphenidate and amphetamine salts, are on the development of their brain architecture 
and function.
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Recent animal studies have demonstrated that the effect of MPH on dAergic 
functioning in the brain differs between young and adult rats, indicative of an age effect of 
treatment. For instance, early treatment with MPH leads to a considerable (-50%) reduction 
of dAT in the striatum and other dA-rich regions of adolescent rats when compared to 
non-treated animals, whereas in adult animals consistently no effects have been observed 
(Grund et al., 2006; Moll et al., 2000). Also, in young animals MPH induces immediate early 
gene activation consistent with long-term brain plasticity and reorganization (Adriani et 
al., 2006; Brandon et al., 2003; Chase et al., 2005; Penner et al., 2002). It has also been 
shown that MPH produces oxidative damage in the frontal cortex of young, but not adult 
rats (Martins et al., 2006). MPH attenuates adult hippocampal neurogenesis only in young 
rats (Lagace et al., 2006) and MPH treatment in adolescence increases rCBV in adulthood 
(Andersen et al., 2008). These alterations in the dA system are likely linked to behavioral 
abnormalities. For example, young rats treated with MPH show more anxiety and depression 
related behavior than adult rats (Bolanos et al., 2003; Gray et al., 2007). Also in children 
randomly assigned to 14-month treatments in the NIMH Collaborative Multisite Multimodal 
Treatment Study of Children With Attention-Deficit/Hyperactivity Disorder (MTA; N = 436) 
6 to 8 years previously, the children who received behavioral therapy had a lower rate of 
diagnoses of anxiety or depression (4.3%) than the children in the combined (17.7%) or 
medication treatment group (19.1%) (Molina et al., 2009). In addition, pre-clinical and clinical 
studies show a decreased sensitivity to the development of substance abuse disorders 
when exposed to MPH during a period of brain development, when compared to adult 
life (Andersen et al., 2002; Bolanos et al., 2003; Wilens, 2003). For example, Andersen and 
colleagues demonstrated that rats treated with MPH in a pre-adolescent period showed 
aversive responses to cocaine in adulthood, where this aversive response was much smaller 
in animals treated during late adolescence/early adulthood (Andersen et al., 2002)

There are thus solid indications that the developing brain responds differently to 
psychotropic drugs such as MPH when compared to the adult brain (Andersen and Navalta, 
2004; Bachrach, 2004). despite the fact that these alterations in the developing brain have not 
been well studied in children and adolescents, children receive psychotropic medication such 
as MPH on a large scale. In fact, prescription rates have doubled in the Netherlands over the 
past five years (stichting farmaceutische kengetallen). Strikingly, review of the literature has 
shown that up to 66% of those treated with stimulants for AdHd do not meet the criteria 
for this disorder (Rey and Sawyer, 2003). At school, teachers may even require that a child is 
being treated to improve the performance at school (Zembla september 2010). The above 
mentioned findings not only implicate the critical role DA plays in the maturation of the 
brain, but also raise serious concern and call for further investigation of possible short and 
long-term effects of MPH on brain structure and function in the human brain. 
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In order to examine the effects of MPH on brain structure, several imaging tools 
are available, such as anatomical scans which are used to determine brain volumes and 
cortical thickness and diffusion tensor imaging (dTI), which gives a measure of white matter 
integrity.  Indeed dTI and cortical thickness measurements have been used in the evaluation 
of normal brain development as well as AdHd and. Effects of psychotropic drugs on the 
brain have also been imaged previously using dTI, for example, decreased white matter 
integrity has been described in subjects with METH dependency ((Alicata et al., 2009; Chung 
et al., 2007; Salo et al., 2009). For the measurement of neurotransmitter specific functional 
alterations, phMRI seems to be the preferred tool, as it is minimally invasive (as PET or 
SPECT imaging are dependent on radiation), especially when combined with an oral rather 
than an intravenous pharmacological challenge. However, before this technique can be used 
in children, we need to test whether phMRI is sensitive enough to measure alterations in 
the monoaminergic system in adults. The recreational use of specific psychotropic drugs has 
been shown to induce changes in behavior, as well affecting the monoaminergic system in 
such a way that the effects can be imaged using PET, SPECT and task-based fMRI (Beck et 
al., 2009; de Win et al., 2004; de Win et al., 2008b; Reneman et al., 2001; van Holst and Schilt, 
2011; Volkow et al., 2001a). Therefore, several studies in this thesis use recreational users of 
psychotropic drugs, such as MdMA and dAMPH, as a model of altered monoamine systems, 
presumably caused by neuroadaptive or even neurotoxic processes.

EPIdEMIOLOGY OF ILLICIT PSYCHOTROPIC dRUG USE

Besides providing a model to evaluate the use of phMRI in the imaging of alterations in 
monoaminergic function, the studies in this thesis may also shed more light on the 
consequences of recreational psychotropic drug use. In the Netherlands, hard drug use is 
not highly prevalent, but still a significant amount of people have used psychotropic drugs at 
some point in their life. Research in secondary school populations shows that approximately 
2 % of boys and 1% of girls in this populations use drugs and 2-3 times as many have tried 
some type of psychotropic at one time or another (Peilstationsonderzoek scholieren 2011). 
This number only increases when older populations are examined. In addition, a substantial 
part of this population develops problematic drug use and seeks treatment for a substance 
use disorder. By increasing our knowledge on the effects of psychotropic drug use on the 
brain, a more informed choice can be made when considering drug use, especially in the 
probably more vulnerable population of under aged youngsters. Furthermore, it may lead to 
new theories on the development and possible treatment of substance use disorders.
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PATHOPHYSIOLOGY OF NEUROTOXICITY

Extensive work has been performed into the adverse effects of several amphetamines, such 
as dAMPH, METH and MdMA. Some of the earliest work demonstrating adverse effects of 
psychostimulants on the neurotransmitter system was performed in the early ‘80. Pre-clinical 
work in dAMPH-treated vervet monkey showed significant depletions of DA, NA and 5-HT 
in the striatum (Ridley et al., 1982). Monoamine turnover was also found to be reduced, 
when assessing monoamine metabolites using high-performance liquid chromatography. 
These findings were interpreted as evidence of monoamine neuron destruction, mainly 
involving the dAergic system. The role of dA depletion in these neurotoxic effects of dAMPH 
was confirmed by work of Ricaurte and colleagues, showing again monoamine depletions 
and fibre degeneration even with lower dosages of dAMPH, in addition to showing that 
prevention of DA caused by dAMPH also prevents fibre degeneration (Ricaurte et al., 1984). 

It is thought that this apparent neurotoxicity is caused by a series of mechanisms 
described in a review by Fleckenstein and colleagues (Fleckenstein et al., 2007). First, both 
dAMPH and METH occupy both the dAT as well as the vesicle monoamine transporter 
(VMAT), responsible for the transport of dA from storage vesicles to the cell’s cytoplasma. 
On the short term this seems to cause a redistribution of VMAT and internalisation of dAT. 
However, especially occupation of VMAT causes cytoplasmic dA to start to accumulate, 
causing the formation of reactive oxygen species. This again most likely leads to more 
permanent damage of nerve terminals as was demonstrated in clinically relevant dosages of 
dAMPH given to non-human primates (Ricaurte et al., 2005). 

Repeated dAMPH administration not only damages the synaptic terminal of dAergic 
neurons in animals, but dA synthesis also appears to be affected. Melega and colleagues 
treated vervet monkeys with increasing dosages of dAMPH over a 10-day period (Melega 

et al., 1996a). Using FDOPA-PET scan, they showed persistent decreases in FDOPA influx, 
representing diminished capacity for dA synthesis. In another group of animals, treated 
according to the same regimen, dA concentrations in the striatum were decreased by 
-95% 1-2 weeks after treatment. They also demonstrated that after 5-6 months the dA 
synthesis capacity recovered slightly, although still remaining at -53% relative to levels before 
treatment. Post-synaptic changes were also observed in two monkey chronically treated 
with dAMPH using a [11C]raclopride PET study (Ginovart et al., 1999). After abstinence 
a greater affinity to the D2 was observed, indicating larger levels of synaptic dA, as well 
as decreased binding potential indicating lower levels of d2. In addition, in rats chronically 
treated with dAMPH, levels of two neuronal growth factors, nerve growth factor (NGF) 
and brain derived neurotrophic factor (BdNF) were found to be reduced (Angelucci et al., 
2007). These growth factors are associated with cell survival and plasticity, NGF specifically 
in memory formation in the hippocampus, indicating that chronic dAMPH treatment may 
influence normal brain survival and learning in a negative way.
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Behavioural data in human dAMPH users seems to substantiate these preclinical 
findings. A common finding in occasional or former amphetamine users is a deficit in verbal 
learning or memory (Rapeli et al., 2005a; Reske et al., 2011). In addition to (verbal) memory, 
dAMPH users and METH users also performed significantly worse on tasks pertaining to 
motor and executive function (Ornstein et al., 2000; Volkow et al., 2001c). These behavioural 
findings are linked to alterations in the DA system, as a decrease in DAT binding was 
observed using [11C]d-threo-methylphenidate in the study by Volkow and colleagues with a 
significant correlation to the motor deficits. Although similar findings in dAMPH users have 
only been demonstrated once before in a group of combined MdMA and dAMPH users 
(Reneman et al., 2002), given the preclinical work, it seems likely that dAMPH use also leads 
to alterations in the dAergic system in humans. However, with current techniques it cannot 
be definitively determined whether chronic low dosages of dAMPH in humans will lead to 
internalisation of the dAT and redistribution of the VMAT or whether neurons are damaged 
in a more permanent manner. 

dTI studies seem to suggest that effects of the dAMPH derivative methamphetamine 
(METH) may be more permanent (Alicata et al., 2009; Chung et al., 2007; Salo et al., 2009). 
For example, fractional anisotropy (FA) values are a measure of white matter integrity and 
are lowered when white matter is disrupted, swollen from oedema or disorganised (Mori 
and Zhang, 2006). METH users were found to have lower FA values compared to healthy 
controls in the genu of the corpus callosum (Salo et al., 2009) and right frontal white matter 
(Alicata 2009, Chung 2007). A dose dependency was also observed, as well as a association 
with age of initiation of drug use, and lifetime accumulative dose (Alicata et al., 2009). Again 
a correlation was found with anatomical findings and behavioural data, with METH users 
showing more total, perseveration and non-perseveration errors in a task testing executive 
function when compared to healthy controls (Chung et al., 2007). Future research will show 

whether similar effects may be observed in dAMPH users. 
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oUtlIne of tHe tHesIs

The goal of this thesis was to validate phMRI to assess human monoamine systems, with 
a focus on the dAergic system. We examined the hemodynamic response to several 
pharmacological challenges in different human ‘models’ of monoamine depletion: dAMPH 
and MdMA users. In addition, we compared the effects of ASL based phMRI to monoamine 
SPECT measures, task-related fMRI, and behavioural changes.

PART I – INTROdUCTION

Chapter 1 provides an overview of the thesis, in addition to a general introduction on the 
subject of radiological imaging of monoaminergic function. It introduces the main imaging 
technique used in this paper, pharmacological MRI, and how it is used in dAergic and 5-HTergic 
imaging. The current knowledge on the effects of dAMPH use on the dAergic system is 
discussed in more detail. Chapter 1 also includes a brief discussion on the developing brain 
and the potential implications for patient populations receiving psychotropic medication. 

PART II – IMAGING THE dOPAMINERGIC SYSTEM USING phMRI

The first step in imaging the DAergic system was to use known (pre)clinical DAergic challenges 
in phMRI in healthy volunteers. In chapter 2 we therefore examined the relationship between 
the effects of an intravenous challenge with dAMPH on CBF as measured with ASL in healthy 
human subjects. Because agonism of d2/d3 receptors play an important role in the brain 
hemodynamic response we also examined the association between the hemodynamic signal 
and d2/d3 receptor availability as measured with IBZM SPECT. Subsequently, in chapter 
3 we also investigated changes in the BOLd signal in response to i.v. dAMPH in order to 

determine whether a similar effect is observable. In addition, this chapter examines the 
effects of this challenge on the functional connectivity of several dAergic brain regions.

In chapter 4 we examine whether phMRI is a useful in determining alterations 
of the dAergic system using a non-invasive pharmacological challenge with oral MPH. We 
therefore studied the hemodynamic response to MPH in recreational users of dAMPH to 
determine whether ASL-based phMRI was able to detect deficiencies in DAergic functioning. 
We also measured dAT availability with FP-CIT SPECT as well as collecting behavioural 
data, in order to investigate associations between the hemodynamic response and other 
measures of dAergic function. 

PART III – IMAGING THE dOPAMINERGIC SYSTEM USING fMRI

Chapters 5,6 and 7 discuss the findings of several fMRI studies obtained in the same a 
group of d-amphetamine users as well as the previously used healthy control subjects. Both 
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dAergic and serotonergic tasks were performed by these subjects before and after an acute 
pharmacological challenge with either MPH or dAMPH. These studies examined whether 
the use of a specific task gives more information on DAergic function, and are of additional 
use in determining monoaminergic dysfunction.

PART IV – IMAGING THE SEROTONERGIC SYSTEM USING phMRI

Chapter 8 focuses on the effects of MdMA use on the 5-HTergic system. A 5-HTergic 
challenge (citalopram) was used to assess the hemodynamic response in users of MdMA 
and a healthy control group using ASL based phMRI. We related these data to additional 
measurements of 5-HT transporter availability using SPECT imaging and the behavioural 
response to the challenge in order to determine whether ASL-based phMRI was able to 
detect deficiencies in 5-HT function. In chapter 9 we examined hippocampal volume in the 
same group using structural MRI scans, thus determining whether MdMA use can be tied to 
anatomical differences.

PART V – FUTURE dIRECTIONS

Finally, in chapter 10 we present a study in which the phMRI is used to study the effects 
of psychotropic medication on both the dAergic and 5-HTergic systems in the developing 
brain.

PART VI – SUMMARY, dISCUSSION ANd CONCLUSIONS

The most important findings will be summarized and discussed in chapter 11, as well as the 
conclusions and recommendations following from this work. A dutch summary of the main 
findings will be presented in chapter 12. 







23

II. IMaGInG tHe DoPaMIneRGIc 
sYsteM UsInG phMRI





25

CHAPTER 2

MAPPING THE HEMOdYNAMIC RESPONSE 
IN HUMAN SUBJECTS TO A dOPAMINERGIC 

CHALLENGE WITH dEXTROAMPHETAMINE USING 
ASL-BASEd PHARMACOLOGICAL MRI 

M.L.J. Schouw
A.M. Kaag

M.W.A. Caan
d.F.R. Heijtel

C.B.L.M. Majoie
A.J. Nederveen

J. Booij
L. Reneman

Neuroimage. 2013 May 15;72:1-9



26

II. IMAGING THE DOPAMINERGIC SYSTEM USING phMRI

abstRact

Pharmacological Magnetic Resonance Imaging (phMRI) maps the neurovascular response 
to a pharmacological challenge and is increasingly used to assess neurotransmitter systems. 
Here we investigated the hemodynamic response to a dopaminergic (dAergic) challenge 
with dextroamphetamine (dAMPH) in humans using arterial spin labeling (ASL) based phMRI.

Twelve healthy male subjects aged 21.0 years (± 1.5) were included. We used a 
pseudo-continuous ASL sequence (40 minutes) to quantify cerebral blood flow (CBF) and 
started dAMPH infusion (0.3 mg/kg) after 10 minutes. On another day, we measured baseline 
dopamine d2/3 receptor availability with [123I]IBZM Single Photon Emission Computed 
Tomography (SPECT). Baseline measures on mood and impulsivity and subjective behavioral 
responses to dAMPH were obtained. 

CBF response was corrected for cardiovascular effects using an occipital cortex 
mask for internal reference. Corrected CBF (sCBF) was analyzed using ROI-based and 
voxel-based analysis, in addition to independent component analysis (ICA). CBF data was 
correlated to d2/3 receptor availability and behavioral measures. 

Subjects reported experiencing euphoria following dAMPH administration. In the 
striatum sCBF significantly increased, as demonstrated by all three analysis methods. Voxel-
based analysis and ICA also showed increased sCBF in the thalamus, anterior cingulate and 
cerebellum. decreased sCBF was observed in several cortical areas, the posterior cingulated 
and paracingulate cortex. Apart from one ICA component, no correlations were found with 
sCBF changes and d2/3 receptor availability and behavioral measures. Our observations are 
in line with literature and provide further evidence that that ASL-based phMRI with dAMPH 
is a promising technique to assess dAergic function in human subjects.
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IntRoDUctIon

disturbances of the dopaminergic (dAergic) system are linked to many different 
neuropsychiatric disorders, such as Parkinson’s disease, schizophrenia and attention 
deficit hyperactivity disorder (ADHD) (Nieoullon, 2002). Our ability to image many of 
the neurochemical constituents of the dAergic systems is crucial in gaining insights into 
the development, diagnosis and treatment of these disorders. The dAergic system has 
traditionally been imaged using positron emission tomography (PET) or single photon 
emission computed tomography (SPECT) (Laruelle et al., 1995; Melega et al., 1996). With 
these techniques different parts of the dAergic system can be targeted, for example the 
dopamine transporter (dAT), dopamine receptors or endogenous dA release. Using PET 
and SPECT, the cerebral blood flow (CBF) response, or the effects on glucose metabolism, 
of a dAergic intervention can also be assessed in-vivo (Booij et al., 1998; devous et al., 2001; 
Volkow et al., 1997). 

The most common drugs causing an increase in extracellular dA, such as dextro-
amphetamine (dAMPH) and methylphenidate (MPH), are used for the treatment of AdHd 
and narcolepsy. In humans, i.v. administration of dAMPH has been used in PET en SPECT 
imaging to provide an index of dA release, wherein acute reductions of dA d2/3 receptor 
availability are taken to be in proportion to the magnitude of dAergic release evoked by 
the dAMPH administration (Abi-dargham et al., 2003; Laruelle et al., 1995; Laruelle et al., 
1997). Indeed, the reduction in d2/3 receptor availability after dAMPH injection (i.e., dA 
release induced by dAMPH) was found to be correlated to the positive reinforcing effects 
experienced by subjects (Abi-dargham et al., 2003). Interestingly, individual d2/3 receptor 
availability has been found to be predictive of the positive reinforcing effects of intravenous 
methylphenidate (Volkow et al., 1999). In addition, in rats lower d2/3 receptor availability 
has been linked to higher impulsivity measures as well as higher levels of cocaine self-
administration (dalley et al., 2007). These results suggest that lower d2/3 receptor availability, 
due either to lower abundance or higher baseline occupancy by dA, may contribute to the 
development of psychostimulant abuse. There is a great interest to further investigate the 
association between dA release or neurotransmitter function non-invasively, for instance 
to predict future drug abuse in preadolescents or to evaluate potential medications to 
treat drug addiction. However, traditional imaging of the dAergic system is dependent on 
using radiopharmaceuticals, making these techniques less suitable for longitudinal studies 
or studies in vulnerable populations such as children. Moreover, radioactive tracers are not 
available to research sites lacking a molecular imaging facility. Therefore a less invasive, more 
widely available and less costly technique would be a valuable addition to the current imaging 
standards. 
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Pharmacological MRI (phMRI) is increasingly used in the assessment of 
neurotransmitter function (Honey and Bullmore, 2004; Tracey, 2001). This technique images 
the neurovascular response to activation of neurotransmitter systems by administration 
of a pharmacological challenge. For example, a challenge with i.v. dAMPH is expected to 
cause a positive neurovascular response caused by an increase in neuronal firing leading to 
increased metabolic need of DAergic cells in specific areas, such as the striatum, anterior 
cingulate cortex (ACC) and prefrontal cortex (PFC) (Choi et al., 2006). dA (dys)function 
has been previously investigated with phMRI in non-human primates by Jenkins et al. 
(2004) who visualized an increase in cerebral blood volume (CBV) in response to an i.v. 
dAMPH challenge. The change in hemodynamic response correlated significantly with DAT 
availability after MPTP lesioning, suggesting that the phMRI technique is an adequate tool for 
assessment of normal and dysfunctional dA brain circuitry. In rats, combined microdialysis 
studies showed that changes in CBV response measured by phMRI are tightly coupled to dA 
release in response to an i.v. dAMPH challenge (Chen 2005). However, in humans the effects 
of an intravenously administered dAergic drug on the neurovascular response has, to our 
knowledge, not yet been investigated using phMRI. 

The purpose of the current study was to investigate the effects of a dAergic challenge 
in the form of a single i.v. administration of dAMPH (0.3 mg/kg) on the specific DAergic 
hemodynamic response in humans using phMRI. In addition, we studied the d2/3 receptor 
availability at baseline as measured by SPECT. Based on previous work discussed above, we 
hypothesized that the change in the hemodynamic response evoked by i.v. dAMPH would 
be closely linked to (baseline) d2/3 receptor availability, and to behavioural changes induced 
by dAMPH. These findings may be of value to gain further insight into neuropsychiatric 
disorders related to dA dysfunction.



CHAPTER 2 | MAPPING THE HEMODYNAMIC RESPONSE IN HUMAN SUBJECTS TO A DOPAMINERGIC 
CHALLENGE WITH DEXTROAMPHETAMINE USING ASL-BASED PHARMACOLOGICAL MRI

29

MetHoDs

Subjects

Subjects were recruited by posting advertisements around the medical campus, on websites 
and in regional newspapers. A total of fifteen male healthy subjects were recruited. Only 
males were included, as gender differences would increase variability in dAergic measures. 
Written informed consent was obtained from all subjects. 

Exclusion criteria for all participants were: any neuropsychiatric diagnosis or history 
of brain disease or injury, history of substance abuse, current drug use, smoking more than 
10 cigarettes per day, drinking more than an average of 4 units of alcohol per day, ECG 
abnormalities, a positive family history for sudden cardiac death, hypertension or any contra-
indication to MRI such as metallic implants or claustrophobia. A baseline ECG was obtained 
from all participating subjects at the start of study procedures. Subjects received a small 
financial compensation for their participation. Subjects were asked to refrain from using any 
psychotropic substances, including caffeinated products on assessment days.

This study was approved by the medical ethics committee of the Academic Medical 
Centre Amsterdam.

Procedure

Subjects were randomly chosen to receive either placebo or i.v. dAMPH. The placebo group 
was included for illustrative purposes only and therefore consisted of three subjects, leaving 
12 subjects that received dAMPH. All subjects were informed beforehand they would be 
receiving dAMPH and that they might experience an increased heart rate, a positive or 
negative emotional response, or that they would not experience anything different. Before 

entering the MRI scanner an indwelling cannula was inserted in the antecubital vein through 
which, after 10 minutes of baseline scanning, either placebo (0.9% NaCl saline solution) 
or dAMPH (0.3 mg/kg) was administered over a period of 2 minutes, followed by a 15 ml 
saline flush. Dexamphetamine sulphate was obtained from Spruyt Hillen b.v. (IJsselstein, the 
Netherlands) and prepared according to GMP criteria for infusion by the University Medical 
Center Utrecht’s pharmacy. MRI scanning was performed under ECG monitoring, using a 
4-lead MR-compatible ECG box. 
Subjects were instructed to let their mind wander, stay awake and keep their eyes open 
during MRI scanning. Subjects were presented with a visual analogue scale (VAS, explained 
below) before entering the MRI scanner and immediately after leaving the MRI scanner, 30 
minutes after dAMPH infusion. SPECT imaging took place 3.5 (± 0.6) months after MRI 
scanning in order to exclude a possible effect of dAMPH on d2/3 receptor availability. 
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Behavioral tests 

The VAS consists of a horizontal line on which subjects can give marks for positive and 
negative effects, such as euphoria, alertness, sweating, and irritability, with the extreme left 
(0) meaning absence of the feeling and the extreme right side (100) meaning the feeling 
was most intense. Scores were determined by measurement of the subject’s indication on 
the line in millimetres from the left. The VAS consisted of ten items and was based on 
several other studies measuring the subjective response to dAMPH (Laruelle et al., 1995; van 
Kammen and Murphy, 1975). Two scores were obtained: baseline (15 minutes before start 
infusion) and after dAMPH administration (30 minutes after start of infusion).

Mood and impulsivity were determined only at baseline, using validated 
questionnaires: the Beck depression Inventory (BdI), Behavioral Approach Scale (BAS) and 
Barratt Impulsivity Scale (BIS). The BdI measures depression severity, with higher scores 
indicating more severe depressive symptoms. The BAS evaluates the behavioral approach 
system, regulating an individual’s tendency to act on positive impulses. High scores on the 
BAS tend to correlate with impulsive personalities (Carver, 1994). The BIS rates motor 
impulsivity, cognitive impulsivity and nonplanning (Patton et al., 1995). 

Imaging

All MR imaging was performed with a 3.0 Tesla Philips MR scanner equipped with a 
SENSE 8-channel head coil and body coil transmission (Philips Medical Systems, Best, 
The Netherlands). The session protocol consisted of a high resolution 3dT1-weighted 
anatomical scan for registration and segmentation purposes. For the phMRI acquisition, we 
used a pseudo-continuous arterial spin labeling (PCASL) sequence (dai et al., 2008). ASL is 
a non-invasive perfusion imaging modality that uses magnetically spin-labeled blood water 
protons as an endogenous tracer of CBF. By subtracting labeled and unlabeled images, a 
CBF map is generated, which can be used for visualization and quantification of CBF (Golay 
et al., 2004). It has been shown to give a stable measurement with sufficient precision in 
repeated measurements experiments (Gevers et al., 2011). The ASL signal does not suffer 
from signal drifts in time, and it has been shown that ASL based phMRI gives a more precise 
measurement than BOLd of pharmacologically induced hemodynamic changes (Tjandra et 
al., 2005). 

phMRI imaging parameters were: TR/TE 4000/14 ms; FOV 240×240 mm2; matrix size 
80×80; 17 slices; thickness 7 mm; no gap; fast echo EPI; SENSE 2.5; labelling duration = 1650 
ms, post-labelling delay = 1525 ms; the labeling plane was positioned parallel to the imaging 
volume with a labeling gap between the centre of the imaging volume and the labeling plane 
of 25 mm. In total, 300 dynamics were acquired corresponding to approximately 40 minutes 
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of scanning time and dAMPH infusion was started on volume 75, i.e. after 10 minutes of 
baseline scanning.

MR Processing

FSL 4.1 (FMRIB-Software-Library, Functional Magnetic Resonance Imaging of the Brain 
Centre, University of Oxford, UK), the SPM8 toolbox and Matlab (The MathWorks Inc., 
Natick, USA) were used for offline data processing. 

Images were motion corrected by a rigid registration to a single baseline volume 
using FLIRT (Jenkinson et al., 2002) and non-brain structures were removed from 3dT1 
anatomical scans using the Brain Extraction Tool (Smith, 2002). Subtraction of labeled and 
control ASL images yielded whole brain perfusion weighted images. The mean equilibrium 
magnetization (M0) of arterial blood per subject was calculated, from which absolute CBF 
(ml/100g/min) was computed following methods previously described (Chalela et al., 2000). 
Normalized data (indexed to the baseline volumes) is represented in figure 1. 

Figure 1 Average group CBF (ml/100g/min) for total grey matter, the occipital cortex and striatum before and 
after dAMPH challenge (n =12). In addition, CBF in total grey matter and striatum are shown before and after 
saline challenge (n = 3). In order to correct for inter-subject CBF variability data was indexed to the baseline 
acquisition volumes (0-75). Error bars represent standard error of the mean. Note that both the striatum, which 
is rich in DAergic innervation, as well as the occipital cortex, which has a low DAergic innervation,  show a strong 
response to the i.v. dAMPH challenge administered in  volume 75. 
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In order to reduce noise a moving average of 25 volumes with 1 volume step 
increments was applied resulting in 275 averaged volumes, with infusion volumes averaged 
over volumes 50-115. Average CBF maps were transformed into anatomical space by 
affine registration to the segmented grey matter masks of the corresponding anatomical 
scans, which shows similar contrast and subsequently to standard space. Because earlier 
work showed effects of dAMPH on brain microvasculature which may interfere with the 
dopaminergic signal (Choi et al. 2006), we chose to use an internal reference to deconvolute 
the phMRI signal. As an internal reference we used the occipital cortex for the following 
number of reasons: First, it is common practice  in PET and SPECT studies investigating dA 
transporter and dA receptor availability to use the occipital cortex as an internal reference 
for non-specific binding, as this brain region (together with the cerebellum) has relatively 
few d2/3 receptors and dA transporters (Lidow et al., 1991). Second, although analysis of 
our un-normalized phMRI data demonstrates a generalized decrease in grey matter CBF, 
this decrease was smallest in the occipital cortex (voxel-based and ICA analysis shown in 
Supplementary Material as Figures S1 and S2). Finally, Jenkins and co-workers (2004) showed 
that the decrease in CBV in the occipital cortex in response to an i.v. challenge with dAMPH 
was small in comparison to the increases observed in dA-rich areas, such as the striatum. 

Figure 2 Average sCBF in the striatum of specific DAergic response to an i.v. administration of 0.3 mg/kg 
dAMPH (n = 12) and saline (n = 3). Specific response was calculated by normalizing average whole brain 
CBF to that in the occipital cortex.  Error bars represent standard error of the mean. Time-bins chosen for 
subsequent t-testing against baseline are indicated below the x-axis, the period during which dAMPH was 
administered (approximately 2 minutes) at the top of the graph.
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Furthermore, after MPTP lesioning, the decrease in CBV did not differ from before (-8.0%, 
Sd 2.8 before MPTP lesioning and -11.9 %, Sd 5.7 after lesioning). To this end the occipital 
cortex was chosen. An occipital mask was therefore applied to the data. data was normalized 
for specific DA effects (sCBF) by calculating the ratio of specific to non-specific CBF changes 
(CBFwholebrain - CBFoccipital cortex/CBFoccipital cortex * 100) for each volume and each voxel (Figure 2).  

Non-brain structures were removed from 3dT1 anatomical scans using the Brain 
Extraction Tool (Smith, 2002) and perfusion data was smoothed using a 5 mm FWHM kernel. 

SPECT

Striatal d2/3 receptor binding was measured using SPECT with the radioligand [123I]
iodobenzamide ([123I]IBZM). [123I]IBZM is a validated radiopharmaceutical for investigation of 
d2/3 receptor availability (Verhoeff et al., 1991). Potassium iodide was used to block thyroid 
uptake of free radioactive iodide. An [123I]IBZM dose (specific activity > 200 MBq/nmol and 
radiochemical purity >95%) was prepared as previously described, and administered using the 
sustained equilibrium/ constant infusion technique (Laruelle et al., 1995). After i.v. injection of 
a bolus of approximately 80 MBq [123I]IBZM was administered via an indwelling cannula in the 
antecubital vein [123I]IBZM (rate of infusion approximately 20 MBq per hour). Continuous 
infusion lasted a maximum of 180 minutes, with acquisition taking place in the last 60 minutes. 
SPECT images were acquired with a brain dedicated SPECT system (Neurofocus, an update 
of the Strichman Medical Equipment 810X, Strichman Medical Equipment Inc., Medfield, 
Mass., USA). This is a 12-detector single-slice scanner with a full width at half maximum 
resolution of 6-7 mm, a 64 × 64 matrix and energy window set at 135–190 keV. An average 
of 12 axial slices (thickness 5 mm) was acquired parallel to the orbitomeatal line, covering 
most of the cerebellum up to the entire striatum.

SPECT Processing

Reconstruction and attenuation correction of all images were performed as previously 
described (Booij et al., 1997a). ROIs for the left and right striatum were used, which were 
positioned on the three consecutive SPECT slices corresponding with the highest striatal 
activity. To correct for non-specific binding a predefined region of interest (ROI) was placed 

over the occipital cortex, as this brain region is relatively devoid of d2/3 receptors (Lidow 
et al., 1991). Finally, specific to non-specific binding ratios were calculated (ROI counts – 
occipital cortex counts/occipital cortex counts). 

Analysis

Continuous variables of group characteristics were analyzed using unpaired two-tailed 
Student’s t-tests (log transformed if necessary) and Wilcoxon matched pair tests for the 
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VAS scales. All demographic and behavioral data was analyzed in SPSS version 18.0 (SPSS 
Inc, Chicago, Ill) and are presented as mean ± standard deviation unless otherwise indicated. 
ECG data was processed using AcqKnowledge 4.0 software (BIOPAC Systems, Inc). Heart 
rate was calculated by the software and manually averaged per minute. 

For an ROI-based analysis the Harvard-Oxford standard brain atlas from FSL library 
was used to create a mask for the striatum. Average sCBF was calculated on the baseline 
volumes (volumes 0-50) and post-infusion (volumes 100-150 and 150-200) and a paired 
Student’s t-test was used to compare post-infusion to baseline data. These bins were chosen 
in accordance to the Waveform Analysis Protocol proposed by Bloom and co-investigators 
(Bloom et al., 1999) in combination with the results from studies in non-human primates 
receiving i.v. dAMPH (Jenkins et al., 2004) to test baseline volumes with two similar sized 
time-bins post-infusion at the times most likely to detect the peak of the pharmacological 
hemodynamic response and its subsequent decline to normal values. 

A voxel-based first level analysis on subject-level was performed on the sCBF 
comparing baseline volumes to post infusion volumes (volume 0-50 vs. 100-150 and volume 
0-50 vs. 150-200) with thresholding at Z > 2.3, p < 0.05 with cluster-correction. High pass 
filter was turned off to allow for the detection of the slow signal change caused by the 
pharmacological response. Higher-level group analysis was performed with thresholding at Z 
> 3.2, p < 0.05 with cluster-correction. 

In addition, to detect low-frequent pharmacological signal changes, an independent 
component analysis (ICA) was performed using MELOdIC 3.0 (Beckmann et al., 2005) on the 
sCBF. We used multi-session tensor analysis with the high-pass filter turned off. Background 
noise threshold was set at 40%, a smoothing kernel of 6 mm was chosen and the statistical 
threshold was set at 0.7 to avoid false-positives. Number of components was not limited.

Correlation analysis

Individual estimates of the main components from the ICA were calculated, as well as mean 
sCBF from the ROI analysis and the mean contrast of parameter estimates of the voxel-
based analysis for the striatum. Correlations with the d2/3 receptor binding ratios, VAS scales 
and behavioral questionnaires were calculated using a Pearson or Spearman correlation 
coefficient, depending on the distribution of the data. In order to correct for multiple 
comparisons a p-value < 0.01 was used as threshold for statistical significance.
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ResUlts

Demographics

Average age of the participating subjects receiving a challenge with dAMPH was 21.0 years 
(± 1.5). The number of completed years of education was 15.1 years (± 2.0). The three 
subjects that received a placebo challenge did not differ significantly from the main study 
group in age or education.

Behavioral data 

Average scores on behavioral questionnaires were all within normal ranges and did not 
differ significantly from that of the dAMPH recipients and the three subjects that received 
a placebo challenge. Total scores for BdI were 2.5 (± 2.5), BAS scores 25.6 (±4.2) and BIS 
scores 63.2 (± 6.7). The behavioral measures from the three subjects receiving a placebo 
challenge did not differ significantly from the dAMPH users. 

Before and 30 minutes after dAMPH VAS scales demonstrated significantly increased 
scores on the items “feeling happy” (z = -2, 54, p= 0.004, r = -0.57), “feeling good” (z = -2.79, 
p = 0.001, r = -0.62), “feeling energetic” (z = -3.06, p < 0.0001, r= -0.68) and “feeling light-
headed” (z = -3,01, p < 0.0001, r =0.67) following dAMPH. Within the three placebo subjects 
there were no significant changes in VAS-scores.  

Physiological data

Two ECG recordings appeared to contain too much noise after data filtering such that the 
heart rate measures were deemed unreliable. The response to the i.v. dAMPH challenge 
varied considerably between subjects (individual heart rate and CBF data can be found in 

the supplementary material). 

ROI-based analyses of normalized CBF

Our specific DA normalized data (sCBF) showed a significant increase in the striatum in 
response to the administration of dAMPH. Paired t-testing between the average baseline 
volumes (0-50, average normalized signal 5.3 ± 12.9) versus post-infusion volumes (100-150, 
average normalized signal 14.9 ± 19.6 and 150-200, average normalized signal 15.5 ± 23.0), 
showed significant increases in sCBF (+281%, p = 0.05 and +292%, p = 0.02, respectively). No 
such difference was observed in the three subjects that received a placebo infusion (signal 
averages of 7.8 ± 6.6 at baseline and 5.6 ± 3.2 and 6.7 ± 6.7 for post-infusion volumes, -71% 
p = 0.51 and -85% p = 0.70 respectively).
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Voxel-based analysis of CBF

When comparing whole brain sCBF on voxel-based level (baseline volumes (0-50) vs. first 
post-infusion volumes (100-150)) we observed significant increased sCBF in the ACC, insula, 
thalamus and cerebellum, with smaller clusters in the occipital cortex and post-central gyrus 

Figure 3: Voxel-based analysis of sCBF comparing baseline volumes (0-50) to the post-infusion volumes of 
expected increase in sCBF caused by i.v. dAMPH. The red-yellow spectrum shows Z-values for increased 
sCBF, the blue-light blue spectrum shows Z-values for decreased sCBF (cluster-corrected, Z > 3.2, p < 0.05). 
Volumes 100-150 (a) show increased CBF in ACC, insula, thalamus and cerebellum, with smaller clusters in 
the occipital cortex and post-central gyrus and decreased sCBF in posterior cingulate, paracingulate gyrus and 
insula in addition to other cortical areas. Volumes 150-200 (b) show increased sCBF in bilateral putamen, ACC, 
cerebellum and smaller clusters in the occipital cortex and again decreases in the posterior cingulate and 
paracingulate gyrus as well as other cortical areas.
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(figure 3a). For the second time window (volumes 0-50 vs. volumes 150-200) increased 
sCBF was seen in the putamen bilaterally, a smaller cluster in the ACC as in the first time-
window and again the cerebellum and small clusters in occipital cortex and post-central 
gyrus bilaterally show a significant increase (figure 3b). 
In this voxel-based analysis decreases in sCBF were also observed in several cortical areas, 
including the insula. In addition, in both time windows a considerable decrease in sCBF was 
observed in the posterior part of the cingulate and the anterior paracingulate.

Figure 4: Results of component 2, 5 and 10 of the ICA analysis with corresponding time courses. The arrow 
indicates the start of the dAMPH infusion and the color bars indicate the z-values for positive (red-yellow) or 
negative (blue-light blue) fit to the time course. 
SPECT data and correlations
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Independent Component Analyses of sCBF data

Results of the ICA showed 21 main components that together explained 97.0 % of the 
variability (see supplementary material to view all components). At least three components 
(component 2 representing 9.7% of the explained variance, component 5 representing 7.4% 
and component 10 representing 5.7%) were found to reflect a time series concurrent with 
our timeline of infusion (figure 4). The activation maps corresponding to these components 
showed increased sCBF in the cerebellum and ACC as well as striatum and thalamus, similar 
to the areas found in ROI-based and voxel-based analysis. In these components the signal 
fluctuation in the baseline volumes is distinctly different and after commencement of infusion 
an obvious and rather abrupt increase in signal is present.

Mean striatal d2/3 receptor binding ratio was 0.93 (± 0.17). Striatal d2/3 receptor binding 
correlated negatively with increases in sCBF in component 10 (including cerebellum, ACC 
and left caudate) (R = -0.8; p = 0.002) (figure 5), but not on ROI-based or voxel-based data 
No correlations were observed between d2/3-receptor binding ratios or sCBF increases on 
any of the analysis used, nor behavioral questionnaires or the VAS change scores. 

Figure 5, Scatterplot of striatal D2/3 binding ratios and the individual fit per subject to the time course of 
component 10 of the ICA.
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DIscUssIon

The purpose of the current study was to investigate the effects of a single i.v. administration 
of dAMPH (0.3 mg/kg) on the human dAergic neurotransmitter system using several 
readout measures: phMRI and a dA challenge with dAMPH, baseline d2/3 receptor availability 
and measures of affect relevant to the psychostimulant action of amphetamine. Our results 
indicate that an administration of i.v. dAMPH leads to a specific DAergic CBF increase in 
several areas, including the striatum, ACC and thalamus as detected by ASL-based phMRI 
in addition to CBF decreases in several cortical areas. In contrast to our hypothesis, the 
hemodynamic response evoked by dAMPH was only weakly linked to striatal d2/3 receptor 
availability (only correlated to one component in ICA, but not on ROI-based or voxel based 
analysis), and not to changes in subjective ratings induced by dAMPH at all.  

dAMPH and CBF

To our knowledge, there are no other studies determining the CBF response to an i.v. 
challenge with dAMPH in healthy human subjects, limiting our ability to compare the present 
findings to other studies. In humans, SPECT and phMRI have been used to determine the 
effects on CBF only with an oral dAMPH challenge (devous et al., 2001; Rose et al., 2006). 
devous and co-investigators found regional increases in CBF in dA rich brain regions 
using SPECT: prefrontal areas, thalamus, amygdala and ventral tegmental area as well as 
some decreases in the motor cortex, visual cortex, fusiform gyrus, and posterolateral 
temporal lobe. We did not observe increases in sCBF amygdala, ventral tegmental area or 
temporal cortex and the decreases were also localized in different cortical areas. Rose and 
co-investigators found increases in striatal areas as well as frontal, parietal and temporal 

increases using BOLd-based phMRI. It is likely that differences in study design (devous et 
al. used on average a higher dose of dAMPH and started imaging 45 minutes earlier after 
ingestion than Rose et al.), differences in technique used and statistical analysis, as well as 
the oral route of administration of dAMPH in these studies explain the discrepancy between 
these two studies and our own. Oral administration has a more protracted pharmacological 
response with more individual variation in pharmacokinetics. Also, percentage signal change 
or absolute CBF values were not provided in these studies, making further comparisons 
difficult. However, our results are in line with preclinical studies in which dAMPH was 
administered intravenously. One of the earliest BOLd-based phMRI studies was done in rats, 
demonstrating the largest signal increases in the PFC, cingulate cortex and striatum (Chen et 
al., 1997). Subsequent phMRI studies in rats using contrast agents showed increases in CBV 
in striatum, thalamus and several cortical structures ((Chen et al., 2005; Chen et al., 2010; 
Nguyen et al., 2000). In non-human primates i.v. dAMPH administration caused significant 
CBV changes in the thalamus, striatum, ventral tegmental area (VTA), precentral gyrus, ACC, 
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and insular cortex, quite similar to our own observations (Jenkins et al., 2004). The fact that 
we saw no signal change in the VTA is probably due to its anatomical location close to the 
basilar artery, causing faster passage of labeled blood through this area and faster decay of 
labeled protons. Technically, the most comparable study to our own is that of Bruns and 
co-investigators. This was an ASL-based phMRI study in rats with i.v. dAMPH challenges 
at different dosages in which changes in CBF and not BOLd or CBV were assessed. They 
observed increases in CBF in the striatum and thalamus and decreases in cortical areas as 
well as in the hippocampus (Bruns et al., 2009), which is very similar to our study. Taken 
together, our results suggest that ASL-based measurement of the CBF response to an i.v. 
dAMPH challenge in humans is likely to detect a specific regional hemodynamic response in 
dAergic areas such as the striatum and anterior cingulate cortex. 

phMRI and DA release

Studies in rats have shown that the percentage increase in CBV in response to a dAMPH 
challenge correlates with endogenous dA release as measured by microdialysis (Chen et 
al., 2005; Ren et al., 2009). In fact, lesioning of dAergic areas or pretreatment with dA 
receptor antagonists resulted in attenuation of this signal change (dixon et al., 2005; Nguyen 
et al., 2000). In an ASL-based study of CBF in rats, there was a dose-response relationship 
between the amount of dAMPH administered and the relative increase (Bruns et al., 2009). 
In non-human primates, similar results were obtained by Jenkins and co-investigators who 
observed an increase in CBV in the dA-rich striatum and substantia nigra, and in a lesser 
extent in the cingulate cortex in response to an i.v. dAMPH challenge (Jenkins et al., 2004). 
These studies support our hypothesis that the increase in CBF we found most likely reflects 
dAergic function.

Correlation to SPECT and VAS 

Because striatal d2/3 receptor availability has been shown to correlate to endogenous dA 
levels in rats (Alttoa et al., 2009) and to the size of the euphoric response to psychostimulants 
(Volkow et al., 1999), we also obtained d2/3 receptor measurements using [123I]IBZM SPECT. 
We hypothesized that d2/3 availability would be related to the size of the hemodynamic 

response as well as the size of the behavioral response as measured by VAS scales. However, 
d2/3 -receptor availability in the striatum did not significantly correlate with the change in 
CBF we detected in our ROI-based and voxel-based analysis. It did correlate to the estimates 
from one of the ICA components, however not to the component with the largest striatal 
area contributing to the time course profile. In this component the ACC and cerebellum, in 
addition to the left caudate, contributed in large part to the time course observed, so these 
findings should be interpreted with caution. As the CBF response we measured with phMRI 
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will encompass more than d2/3 receptor availability alone, contributing factors may have 
included d1 receptor effects or (indirect) influences from other neurotransmitters such as 
norepinephrine (NE). In line with this, VAS ratings on euphoric feelings also did not correlate 
to the size of the CBF response. However, because we collected resting-state data we were 
not able to obtain VAS scales until subjects left the scanner 30 minutes later, by which time 
the majority of the euphoric feelings had dissipated somewhat compared to immediately 
after administration. This in turn may have led to an incongruity between CBF response and 
behavioral ratings.

D1 vs. D2 receptor influences on phMRI signal change 

Using d1-type (d1,5) or d2-type (d2,3,4) receptor specific agonists or antagonists, phMRI 
studies in rats combined with microdialysis have demonstrated that the specific receptor 
types are probably responsible for different aspects of the hemodynamic response to 
dAMPH administration (Chen et al., 2005; Chen et al., 2010; dixon et al., 2005). Where the 
class of d1-like receptors are only present postsynaptically, the d2 receptors are expressed 
both pre- and postsynaptically and can inhibit dA release when located on the pre-synaptic 
neuron (also called the auto-receptor; for review (Missale et al., 1998)). The d2/3 response 
to synaptically located dA seems to be bimodal, with autoreceptor activation predominating 
at low interstitial dA concentrations, inhibiting the neurovascular response, whereas 
higher concentrations of dA cause a shift to postsynaptic activation and in turn a positive 
neurovascular effect. This shift in dAergic activation has been shown to be dependent on the 
size of the dAMPH challenge administered (Ren et al., 2009). It seems likely that the response 
we found was dominated by d1-type receptor mediated effects. This might also explain why 
we did not find a correlation to baseline D2/3 receptor availability measurement 

ICA exploration of ASL-based phMRI

Independent component analysis (ICA) has been proposed as the preferable method to 
analyze phMRI data, because i.v. administration of drugs gives temporally pluriform signal 
profiles (Marota et al., 2000; Schwarz et al., 2004). By using a data driven analysis method the 
temporal influence of the pharmaceutical agent on different brain regions can be observed 

and in this manner the functional connectivity between these regions can be deduced. This 
method has been applied in studies investigating, amongst others, the effects of the dA agonist 
L-dopa on a language task (Kim et al., 2010) and of the dA d2 antagonist olanzapine on the 
resting-state BOLd signal (Sambataro et al., 2010). However, ICA has to our knowledge not 
been used before to analyze ASL data. We identified several components that had a similar 
time course profile and localization to our ROI- and voxel-based analysis. Our observation 
thus supports the notion that ICA is very useful for the analysis of this type of data, giving 
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a robust time-course and localization of regions responding to a pharmacological challenge. 
Furthermore, a ROI-based approach involves the risk of averaging out local effects, whereas 
a voxel-based approach involves the difficulty in pre-selecting the correct temporal profile 
to design the GLM used to fit to the voxel-data. 

Limitations 

Administration of dAMPH induces an intense increase of extracellular dA, but also causes 
an increase in other monoamine transmitters, such as NE. For example, Kuczenski and 
co-investigators observed a marked increase in NE in the PFC using microdialysis in rats 
(Kuczenski et al., 1995) administered with dAMPH. In addition, microdialysis studies in mice 
have shown that NE depletion in the PFC leads to a diminished dA release in response to 
dAMPH in the accumbens, showing that indirect effects of other neurotransmitters can 
influence the DAergic response (Ventura et al., 2003). Nevertheless, in dopamine-rich brain 
areas such as the nucleus accumbens, NE levels are much lower than dA levels and even 
after dAMPH administration NE levels increase to a much lesser extent than dA (McKittrick 
and Abercrombie, 2007). Based on pre-clinical data, in which dA lesioning or administration 
of antagonists induced blunted phMRI responses, we assumed that what we assessed was 
predominantly the hemodynamic reaction to increased dAergic signaling (Chen et al., 2005; 
Chen et al., 2010; Choi et al., 2006; Jenkins et al., 2004). 

Challenges to drug-naïve persons have also been shown to lead to sensitization, 
which could have led to alterations in d2/3 availability, as shown by Boileau et al. (Boileau et al., 
2006). However, their regimen included escalating doses of oral dAMPH, not a single i.v. dose. 
Also, they did not observe any baseline differences in d2/3 availability in sensitized subjects 
when compared to controls. Therefore, we think it is unlikely that the single exposure to 
MPH in our study could have lead to sensitization or alterations in d2/3 availability.”

Another potential limitation of the current study is that the changes in CBF may 
reflect cardiovascular effects of dAMPH and thereby obscure neuronal hemodynamic 
coupling. Preclinical studies so far looking at the neurovascular response to an i.v. dAMPH 
administration did not correct for a generalized vascular effect. However, these studies were 
all performed in (anaesthetized) animals and were looking at CBV rather than CBF and these 
two measures may be uncoupled during a (dA) pharmacological challenge (Luo et al., 2009). 
Indeed, Bruns and co-investigators also normalized ASL-based CBF data in rats by calculating 
percentage deviation from whole brain perfusion in order to more clearly visualize network 
responses to drug administration, rather than physiological parameters (Bruns et al., 2009). 
In addition, Choi and co-investigators found that cerebral microvasculature is significantly 
influenced by DAergic agonists as well as antagonist and state that these effects should be 
taken into account when studying the hemodynamic response to dA release (Choi et al., 
2006). By scaling to whole brain perfusion data however, dAergic areas are also scaled to 
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their own signal, filtering out too many potentially interesting effects. Therefore, we decided 
to use an internal brain region relatively low in dopaminergic innervation as reference region 
for our study, as is common practice in the PET and SPECT literature (Booij et al., 1997a; 
Lidow et al., 1991). By doing so, however, we may have underestimated the specific DA 
effects induced by dAMPH as the occipital region is not completely devoid of dA. This may 
in turn explain the lack of association with d2/3 receptor availability. However, changes in HR 
caused by the dAMPH challenge may or may not correlate to changes in blood pressure and 
blood flow and we cannot be sure that in humans a microvascular response is responsible 
for changes in CBF or CBV. Also, we did not record end-tidal CO2 and respiratory rate. 
We can therefore not exclude respiratory effects on our CBF measures in the occipital 
cortex. Although we observed a significant effect in specific DAergic areas, this could also 
be attributed to expectation of a drug administration. However, onset of administration was 
not clearly specified to the subjects, but started upon 10 minutes of baseline scanning, after 
which expectation effects are expected to have subsided considerably. Also, we included 
three placebo scans to illustrate the absence of any CBF response to saline administration 
in the dA system.

In addition, the group that received a placebo challenge in this experiment was small 
and only selected to illustrate that expectation of drug-infusion or natural fluctuations were 
not responsible for the change in CBF we observed in the active drug group. However, in 
none of the three control subjects a specific increase in CBF was observed. This makes it 
very unlikely that results would have been different if more control subjects were included.

In conclusion

This study investigated the CBF response in healthy human volunteers receiving a dAergic 
challenge with i.v. dAMPH. Region specific increases in CBF were observed in the striatum, 
ACC, thalamus and cerebellum using several data analysis methods. These findings confirm 
that ASL-based phMRI is a promising technique to map the dAergic response in human 
subjects. Future studies should include dose-response profiles and patients with neurological 
or psychiatric diseases to determine the sensitivity for detecting dAergic function and 
dysfunction. This would lead to the further development of phMRI as a valuable tool in the 
investigation of the dAergic system.
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abstRact

The purpose of the current study was to investigate the effects of a dopaminergic (dAergic) 
challenge in the form of a single i.v. administration of dextroamphetamine (dAMPH)(0.3 
mg/kg) on resting state connectivity in healthy human subjects. We hypothesized that in 
response to the dAMPH administration signal changes would occur in anatomical regions 
known to be involved in dAergic signaling.

A total of twelve healthy male subjects aged 21.0 years (± 1.5) were recruited. MR 
imaging was performed on a 3.0 Tesla Philips MR scanner. After 5 minutes of baseline scanning 
dAMPH (0.3 mg/kg) was administered intravenously. Three analyses were performed on the 
data, an independent component analysis (ICA), a dual regression of the functional network 
components and a seed-based analysis. The ICA showed a decrease in the BOLd signal in 
the striatum and PFC, and dual regression analysis showed that functional connectivity in 
the right frontoparietal and the frontoexecutive networks changed significantly following 
dAMPH infusion. Finally, seed-based analysis showed that connectivity between the striatum 
and cortical areas, mainly PFC, was also significantly affected by the dAMPH challenge. 
These findings demonstrate that a pharmacological challenge combined with resting state 
connectivity analysis provides a new way to visualize the direct central effects of dAMPH 
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IntRoDUctIon

Pharmacological MRI (phMRI) is increasingly used to assess neurotransmitter function in a 
relatively non-invasive manner (Honey and Bullmore, 2004; Tracey, 2001). By administering 
a pharmacological challenge a neurotransmitter system is stimulated, and the associated 
changes in brain hemodynamics can be determined. These changes in hemodynamic 
parameters (alterations in oxygenated/deoxygenated haemoglobin and/or cerebral blood 
flow), are supposedly driven by underlying alterations in neural activity. For example, 
a challenge with i.v. dAMPH is expected to cause a positive hemodynamic response, by 
increased firing and metabolic need of dopaminergic (DA)ergic cells in brain regions rich in 
dA, such as the striatum, anterior cingulate cortex (ACC) and prefrontal cortex (PFC) (Choi 
et al., 2006). dA (dys)function has been previously investigated with phMRI in non-human 
primates by Jenkins et al. (2004), who measured an increase in cerebral blood volume (CBV) 
in response to an i.v. dAMPH challenge (Jenkins et al., 2004). The hemodynamic response 
correlated significantly with DA transporter (DAT) availability after 1-methyl-4-fenyl-
1,2,3,6-tetrahydropyridine (MPTP) lesioning, suggesting that this technique is an adequate 
tool for the assessment of average and dysfunctional dA brain circuitry. In rats, combined 
microdialysis and MRI studies showed that changes in CBV response measured by phMRI 
are tightly coupled to dA release in response to an i.v. dAMPH challenge (Chen et al., 2005).

Another way to assess dA function and dysfunction using phMRI is analysis of 
temporal correlations between dA related brain regions and other areas of the brain. 
Resting state fMRI (rs-fMRI) analysis of spontaneous BOLD signal fluctuations (i.e., when 
subjects are not performing a cognitive task) allows investigation of large-scale functional 
networks of spatially remote brain areas (for review Fox and Raichle (Fox and Raichle, 

2007). Several of these functional networks have been identified, including ones that relate 
to auditory, visual, and sensorimotor processing, as well as executive function (Smith et al., 
2009). Additionally, the effect of disease on functional connectivity within these networks 
can be studied. For example, Castellanos and colleagues have investigated the strength of 
the functional connectivity of the so-called default mode network (dMN) or task negative 
network in adult patients suffering from attention deficit hyperactivity disorder (ADHD). 
They suggested that impaired functional connectivity between the anterior and posterior 
cingulate cortex could play a role in AdHd pathophysiology (Castellanos et al., 2008).

Interestingly, it has recently been shown that analysis of rs-fMRI in the acute response 
to a pharmacological stimulus provides a detailed functional connectivity fingerprint of the 
drug’s central activity, consistent with their mechanism of action (Schwarz et al., 2007a). For 
instance, dAMPH induced a striking delineation of functionally co-varying regions coinciding 
with the mesolimbic dA pathway. It was suggested by the authors that this approach, which 
involves taking correlations between brain regions that co-vary in their drug response 
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amplitudes into account, would greatly enhance the information obtained from ‘regular’ 
phMRI studies. More localized networks of co-varying changes can be identified, as the 
phMRI signal changes following acute drug challenge are much slower than the hemodynamic 
response to a single neural ‘event ’and can affect many brain regions. Although a fingerprint 
of dAMPH’s central activity has been made for rat brain (Schwarz et al., 2007a), to our 
knowledge no such fingerprint has yet been investigated in the human brain.

Therefore, the purpose of the current study was to investigate the effects of a 
single i.v. administration of dAMPH (0.3 mg/kg) on rs-fMRI in healthy human subjects. We 
hypothesized that dAMPH would specifically affect the resting state BOLD signal obtained in 
dA rich brain regions, and also that dAMPH would enhance functional connectivity between 
dAergic areas. In addition, currently there is no consensus on the most reliable method 
for analyzing rs-fMRI data, especially in respect to the preferable method for correction of 
physiological noise (Khalili-Mahani et al., 2013; Saad et al., 2012). Therefore we used several 
different analysis techniques in order to fully explore the data and to present the different 
results from several methods of analysis. The results from this explorative study in healthy 
human subjects may be of value to gain further insight into neuropsychiatric disorders 
related to dA dysfunction.
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MetHoDs

Subjects

Twelve healthy male subjects were recruited by posting advertisements around the medical 
campus, on websites and in regional newspapers. Only males were included, as gender 
differences have been shown to increase variability in various dAergic outcome measures 
(Varrone et al., 2013). Written informed consent was obtained from all subjects. 

Exclusion criteria were: any neuropsychiatric diagnosis or history of brain disease 
or injury, history of substance abuse, current drug use, smoking more than 10 cigarettes 
per day, drinking more than an average of 4 units of alcohol per day, ECG abnormalities, 
a positive family history for sudden cardiac death, hypertension or any contra-indication 
to MRI such as metallic implants or claustrophobia. A baseline ECG was obtained from all 
participating subjects at the start of study procedures, which was evaluated  by a cardiologist 
to exclude underlying cardiac pathology.Subjects received a small financial compensation for 
their participation.Subjects were asked to refrain from using any psychotropic substances, 
including caffeinated products on assessment days.

This study was approved by the medical ethics committee of the Academic Medical 
Centre Amsterdam.

All subjects participated in  previous study in which dAMPH was administered i.v 
and the effects on brain cerebral blood flow en D2/D3 receptor availability evaluated, the 
results of which have been published elsewhere (Schouw et al, 2013).

Procedure

All subjects were informed beforehand that they might experience an increase in heart rate 

following dAMPH infusion, and a positive or negative emotional response, or not experience 
anything. This session was the second time subjects received i.v. dAMPH as subjects also 
participated in a previous ASL based phMRI session 3-5 months earlier, as published 
elsewhere (Schouw et al., 2013a). Before entering the MRI scanner a cannula was inserted 
in the antecubital vein through which after 5 minutes of baseline scanning dAMPH (0.3 mg/
kg) was administered during 2 minutes, followed by a 15 ml saline flush. Dexamphetamine 
sulphate was obtained from Spruyt Hillen b.v. (IJsselstein, the Netherlands) and prepared 
according to GMP criteria for infusion by the pharmacy of the University Medical Center in 
Utrecht. MRI scanning was performed under ECG monitoring, using a 4-lead MR-compatible 
ECG box. Subjects were instructed to keep their eyes open and relax during MRI scanning.
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Imaging

All MR imaging was performed on a 3.0 Tesla Philips MR scanner equipped with an SENSE 
8-channel head coil and body coil transmission (Philips Healthcare, Best, The Netherlands). 
The session protocol consisted of a high resolution 3dT1-weighted anatomical scan for 
registration and segmentation purposes and a fast single shot echo planar image (EPI) for 
the Blood Oxygenation Level derived (BOLd) signal. EPI imaging parameters were: TR/TE 
2300/30 ms; FOV 220×220 mm2; 40 slices; voxel size 3 x 3 x 3 mm; no gap; 80° flip angle, 
SENSE 2.0. In total, 500 dynamics were acquired, corresponding to approximately 20 minutes 
of scanning time. Infusion of dAMPH was started at volume 130, i.e. after approximately 5 
minutes of baseline scanning.

MR Image processing

FSL 4.1 (FMRIB-Software-Library, Functional Magnetic Resonance Imaging of the Brain 
Centre, University of Oxford, UK), was used for offline data processing. 

Non-brain matter was extracted from the anatomical and functional images using 
BET (Smith, 2002). Functional data were motion corrected and subsequently registered to 
the anatomical image and subsequently to a standard space atlas using FEAT (Beckmann et 
al., 2003). 

Data analysis

All demographic data was analyzed in SPSS version 18.0 (SPSS Inc, Chicago, Ill) and is 
presented as mean ± standard deviation unless otherwise indicated.ECG data was processed 
using AcqKnowledge 4.0 software (BIOPAC Systems, Inc). Heart rate was averaged per 
minute using self-written software.

Three different statistical analyses were performed on the phMRI data, as we 
expected that the choice of our data-analyses would much determine the outcome. First we 
determined whether the expected slow signal change caused by the pharmacological challenge 
could be observed in large-scale functional networks using independent component analysis 
(ICA). Second, using dual regression analysis we examined localized effects of the challenge 
on the spatial distribution of several relevant ICA derived functional networks, comparing 
these before and after dAMPH infusion. Third, we performed a hypothesis driven seed-based 
correlation analysis to test the difference in functional connectivity between baseline volumes 
and post dAMPH volumes to have an indication of how the pharmacological challenge might 
affect functional connectivity to the striatum, which is high in dA. We hypothesized that 
if in all three data-analyses the effects of the dAMPH infusion would correspond well to 
known dA pathways, this would further strengthen the idea that rs-fMRI with dAMPH is able 
reliably visualize the direct central effects of this drug. Furthermore, this enables us to point 
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out which data-analysis technique best corresponds to well to known dA pathways, in other 
words, is best suited in this setting.

To detect low-frequent signal changes induced by the pharmacological challenge 
with dAMPH, group ICA was performed on the entire length of the registered functional 
data using MELOdIC 3.09 (Beckmann et al., 2005). Two datasets had to be excluded from 
this analysis due to the fact that scanning was cut short by several minutes because of 
technical difficulties. We used multi-session tensor analysis, assuming similarity across 
participants in the temporal response pattern. High-pass filtering was turned off because 
of the very low frequency effect expected, and a smoothing kernel of 5 mm FWHM was 
applied. Background noise threshold was set at 10%, and the statistical threshold was set 
at 0.99 to avoid false-positives. The number of components was limited to 20. Components 
showing an obvious increase or decrease on or closely following start of infusion were 
selected by visual inspection.

For the dual regression analysis, we divided the original phMRI data in two separate 
datasets of equal length. We chose the 130 volumes of baseline scans before dAMPH infusion 
and 130 volumes following the end of the infusion period (volumes 170-300). These were 
entered in MELOdIC with the same parameters as above except that we used the multi-
session concatenated analysis to detect functional connectivity networks across participants 
and the two time points. Single subject spatial maps of the group components were calculated 
for each time point using the dual regression tool (Filippini et al., 2009; Veer et al., 2010).  
Paired t-tests were carried out on baseline and post-infusion functional connectivity maps 
using non-parametric statistics with 500 permutations. In order to limit the number of tests, 
we chose to only conduct paired t-tests of five networks which are generally found in ICA 
analysis and are high in dAergic innervation : fronto-executive system, default mode network 
(dMN), sensorimotor network and the left and right fronto-parietal systems (Smith et al., 

2009). 
Finally, a seed-based correlation analysis was performed. The mean BOLd signal 

was extracted from several dAergic ROIs in the baseline and post-infusion images: left and 
right putamen, caudate nucleus, nucleus accumbens and globus pallidus, resulting in eight 
seed regions. Earlier work in striatal analysis used 12 seed regions in the striatum, based on 
function (ventral and dorsal striatum was subdivided) (di Martino et al., 2008). For anatomical 
accuracy, we chose seed regions based on automated segmentation. Functional connectivity 
was explored by entering all the seed-specific signal fluctuations (both left and right 
hemispheric seeds) as a regressor in one general linear model using FEAT. In addition three 
motion parameters, white matter (WM) signal, cerebrospinal fluid (CSF) signal and global 
signal were entered as covariates to exclude confounding influences (similar to Margulies et 
al. 2007). In the higher-level analysis baseline and post-infusion scans were compared using 
paired t-tests with significance threshold set at Z < 1.8 with cluster correction. All ROIs as 
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well as WM and CSF signals were taken from the results from automated segmentation using 
FSL’s FAST software (Zhang et al., 2001).

ResUlts

Demographics

Average age of the participating subjects was 21.0 years (Sd ± 1.5, range 19-24). The number 
of completed years of education was 15.1 years (± 2.0). 

Physiological data

Two ECG recordings appeared to contain too much noise after data filtering such that the 
heart rate measures were deemed unreliable. The response to the i.v. dAMPH challenge 
varied considerably between subjects and did not correlate to the BOLd response.

Figure 1 Results for the first two components from the ICA analysis. The time course shows the mean signal 
in the activated voxel clusters, which are present mainly in the caudate nucleus (component 1) and prefrontal 
cortex (component 2). A sharp decrease in this signal is seen after approximately 375 seconds, which is 
approximately 1.3 minute after the start of the dAMPH infusion.
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Whole brain ICA 

Analysis of the grouped data revealed several functional networks that were described 
in earlier work, such as medial and lateral visual systems, auditory system, default mode 
network (dMN), frontoexecutive system and sensorimotor system (Smith et al., 2009)

Several of the twenty components examined, showed a decrease or an increase in 
BOLD signal concurrent with our dAMPH infusion. In Figure 1 the first two components 
that best fit the time course of dAMPH challenge are presented. The responses in these 
two components are mainly observed in the caudate nucleus, though extending into white 
matter (component 1) and the medial PFC (component 2) surrounded by (most likely) some 
motion artifacts (figure 1).

Whole brain Dual regression Analyses 

Dual regression of baseline and post-infusion datasets revealed significant differences in 
two of the fivefunctional connectivity networks we investigated. The first of these two, 
the fronto-executive system showed more activation after dAMPH infusion in the right 
pre-central gyrus. Conversely, in the second network (the right frontoparietal system) we 
observed decreased activation after dAMPH in the left PFC (figure 2).

Seed-based analysis of striatal connectivity 

Baseline scans of activity corresponding to the average signal in the nucleus accumbens 
showed activation predominantly in the medial prefrontal cortex, anterior and posterior 
cingulate as well as the occipital cortex (figure 3). The caudate seeds showed that mainly 
the left caudate time course was associated with activity in the medial PFC, insula, bilateral 

Figure 2 The red voxels indicate the locations where dual 
regression shows increased activation of the fronto-executive 
system (left) and decreased activation of the right fronto-
parietal system (right) in response to dAMPH infusion. Images 
are corrected for multiple comparisons by permutation testing 
with 500 permutations and thresholding with p < 0.05. Images 
are superimposed on a group mean anatomical template.
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amygdala, bilateral putamen and contralateral caudate. Right putamen activity corresponded 
to the left putamen and right caudate. The left putamen seed matched activation in the 
left sensorimotor area. Finally, left globus pallidus showed functional connectivity with the 
cerebellum and medial occipital cortex, whereas the right pallidus was associated with 
activation in the right caudate and the medial PFC (figure 3).

When comparing the connectivity maps of baseline scans to those of the post infusion scans 
(figure 4), connectivity maps are significantly increased and decreased in several areas. Left 
and right accumbens connectivity was increased in the occipital cortex and basal ganglia (left 
amygdala, thalamus and right putamen) and decreased in left temporal cortex and insula. Left 
and right caudate show mainly connectivity increases in cerebellum and occipital cortex 
although decreases seem to give rise to motion artifacts, in spite of correcting for motion 

Figure 3 Voxel based analysis of baseline 
striatal connectivity overlaid on axial views 
of a subject averaged brain in MNI space 
at Z-coordinates 25 through 55. Red-yellow 
clusters show statistically significant activation 
of areas to the average time course of the left 
nucleus accumbens (Ac), caudate (C), putamen 
(P) and globus pallidus (Pa), green clusters 
show the activation of areas to the average 
time course of the right hemispheric seeds. All 
data is cluster corrected (Z > 1.8, p < 0.05).
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in the lower level analyses. This may be explained by a small cluster of actual decreased 
connectivity in the anterior part of the PFC which appears connected to this area, thus 
surviving cluster correction due to the size of the cluster. This also is the case for clusters 
in the CSF connected to increased connectivity in the dorsal part of the caudate. The right 
putamen shows increased connectivity to the right caudate as well as lateral parts of the 
PFC, where left putamen seems to have decreased connectivity to the medial PFC. Finally left 
and right pallidum are mainly associated with decreases in connectivity in cerebellum, PFC 
and right caudate and putamen.

Figure 4 Voxel based analysis of changes in striatal connectivity in response to the i.v. dAMPH challenge (0.3 
mg/kg overlaid on axial views of a subject averaged brain in MNI space at Z-coordinates 25 through 55. 
Red-yellow clusters represent significant increases in connectivity to left and right nucleus accumbens (LAc 
and RAc), caudate (LC and RC), putamen (LP and RP) and globus pallidus (LPa and RPa) after infusion, where 
blue-lightblue clusters represent decreases in connectivity. Analyses were done with paired t-testing of baseline 
and post-infusion connectivity maps with cluster correction (Z > 1.8, p < 0.05).
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DIscUssIon

The main finding of this study is that, using three different resting state analysis techniques, 
the administration of an i.v. challenge with dAMPH (0.3 mg/kg) has an observable effect on 
BOLd signaling and functional connectivity in healthy human volunteers, which corresponds 
well to known dA pathways. ICA analyses showed that the administration of dAMPH 
induces a decrease in the BOLd signal in the striatum and PFC. With dual regression analysis, 
we found that dAMPH infusion induced significant effects (increases as well as decreases) 
in functional connectivity in the right frontoparietal and the frontoexecutive resting state 
networks. Finally, a seed-based analysis shows that connectivity between the striatum and 
cortical areas was significantly affected by the dAMPH challenge. Connectivity to the medial 
PFC was decreased, where connectivity to the lateral PFC was strengthened.

Previous studies have demonstrated that dAMPH infusion correlates with 
endogenous DA release as measured with microdialysis in rats and in turn influences the 
hemodynamic response in key dAergic areas (Chen et al., 2005; Ren et al., 2009). In non-
human primates, Jenkins and co-investigators observed an increase in CBV in the dA-rich 
striatum and substantia nigra, and in a lesser extent in the cingulate cortex in response 
to an i.v. dAMPH challenge (Jenkins et al., 2004). In fact, in the same study lesioning of the 
striatum, a key dAergic area, resulted in attenuation of this signal change. Finally, work by 
Schwarz and colleagues has suggested that dAergic manipulation affects dAergic areas in a 
temporal manner starting ventral tegmental area (VTA), which in turn attenuates neuronal 
firing through mesolimbical DAergic pathways (Schwarz et al., 2007b). This suggests that our 
current findings are indicative of the effects of altered DAerigic signaling on resting state 
functional connectivity caused by the i.v. dAMPH challenge.

ICA exploration of the phMRI signal

The main advantage of using ICA is that it is a data driven way of investigating the often 
heterogeneous hemodynamic response profile to the administration of a pharmacological 
challenge (Marota et al., 2000; Schwarz et al., 2004).Instead of making a general linear 
model based on a waveform protocol of the hypothesized response, the actual response 
can be extracted from the data and the spatial characteristics of this response can be fully 
explored (Bloom et al., 1999). Independent component analysis (ICA) has been applied in 
previous pharmacological studies investigating, for example the effects of the dA agonist 
L-dopa on a language task (Kim et al., 2010) and resting state connectivity (Cole et al., 
2012b). Also the effects of the dA d2 antagonist olanzapine on the resting-state BOLd signal 
were investigated (Sambataro et al., 2010). We identified several components that showed 
a waveform consistent with the time of infusion and included anatomical regions expected 
to respond to a dAMPH challenge, dA rich areas such as the striatum and medial PFC(Choi 
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et al., 2006; Jenkins et al., 2004).This suggests that ICA may be well suited to analyze the 
hemodynamic response to a challenge with dAMPH and may be used to investigate dAergic 
function in groups suffering from disorders linked to dAergic dysfunction, such as attention 
deficit hyperactivity disorder (ADHD), obesity and restless legs syndrome (Durston et al., 
2008; Earley et al., 2000; van de Giessen et al., 2012). 

Resting State Connectivity Networks

Another way of looking at brain activity is to determine the strength of connections 
between different regions of the brain, i.e. how the activation of spatially remote brain 
areas correlates to one another temporally (for a review see (Konrad and Eickhoff, 2010). 
Using dual regression analysis the connectivity maps obtained from an ICA analysis across 
two groups can be compared between groups (Filippini et al., 2009). The possibility of using 
dual regression to study the effects of pharmacological challenges on connectivity networks 
has also been previously demonstrated (Khalili-Mahani et al., 2012). We compared several 
known resting state connectivity networks (RSN) to determine the effect of the dAMPH 
administration on network activity. 

Previously it has been shown that connectivity patterns in networks of salience and 
executive control are linked to midbrain d3 receptor availability, especially in the orbitofrontal 
cortex (Cole et al., 2012a). In this light, the effects we observed in both frontal and parietal 
areas may reflect attenuation in functional connectivity to midbrain dopaminergic areas 
influenced by dAMPH. However, whereas we predicted only increases in RSN connectivity, 
as were observed in the frontoexecutive network, in addition we detected a decrease in the 
right frontoparietal network. Cole and colleagues also investigated dopaminergic responses 
in rs-fMRI. They used oral challenges with levodopa and haloperidol and showed an increased 

activation in response to levodopa in the right dorsal caudate within the right frontoparietal 
network and in the left ventral striatum within the executive RSN (Cole et al., 2012b). The 
difference in the drugs used and in the route of administration (oral vs. i.v.), most likely 
leading to distinct DAergic response profiles, may explain this difference in findings. Temporal 
dynamics of pharmacological challenges in particular cause difficulties in analyses, as it is 
difficult to determine the peak activation in response to the drug (Anderson et al., 2008). 
For example, The d2 receptors are expressed both pre- and postsynaptically and can inhibit 
dA release when located on the pre-synaptic neuron, usually when dA levels are lower 
(Ren et al., 2009). It could be that the down regulation of frontoparietal connectivity we 
observed is attributable to attenuation via the d2 autoreceptor in response to dA levels 
returning to baseline. In conclusion, it seems that a dAergic pharmacological manipulation 
can be used to visualize dAergic function and dysfunction, although further investigations 
are required to elucidate the specific actions of the DAergic system and how they are linked 
to the hemodynamic response.
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Lately, more and more evidence appears that suggests that neuropsychiatric 
disease processes can also influence this connectivity. For example, findings of decreased 
dMN connectivity in AdHd (Castellanos et al., 2008a; Wilson et al., 2011) and decreased 
connectivity between substantia nigra and the basal ganglia in Parkinson’s disease (Wu et 
al., 2012) have been linked to functional impairments. Interestingly, chronic cocaine use 
has been shown to lead to decreased connectivity between the ACC, thalamus, insula 
and midbrain (Verdejo-Garcia et al., 2012). Future work could provide new insights into 
whether a pharmacological challenge can be used to determine network responsiveness in 
dysfunctional monoamine systems to changes in neurotransmitter activity. Thereby we could 
gain more insight in the functional effects of processes of neurotoxicity and addiction.

Striatal connectivity

Combined MRI and microdialysis studies in rats have demonstrated that dAMPH 
administration gives a large dA emission in the striatum which can be linked to hemodynamic 
responses in the striatum (Chen et al., 1997; Choi et al., 2006). We therefore investigated 
the functional connectivity of the striatum to other brain regions to see whether this rise in 
extracellular dA concentrations and subsequent neuronal activity affects these connectivity 
patterns. Our baseline seed based activation maps were similar, although smaller and more 
diffuse, to findings of Di Martino and colleagues (Di Martino et al., 2008). However, they 
included more subjects and used smaller seeds resulting in smaller variation in their data. 

When comparing connectivity before and after the dAMPH challenge to several 
striatal ROIs, we observed mainly a decrease in connectivity to the medial PFC, increases 
to the lateral PFC and occipital cortex and lateralization of inter-striatal connectivity. This is 
partly in line with microdialysis studies showing increased dA release in response to dAMPH 
in the rat brain striatum and medial PFC (Ren et al., 2009; Shoblock et al., 2003) although it 
has also been suggested that norepinephrine (NE) plays a large role in the response in the 
medial PFC to dAMPH (Berridge and Stalnaker, 2002). Lateralization of dA release has also 
been reported previously (Maisonneuve et al., 1990), although findings in the occipital cortex 
are harder to explain.

Comparing analyses

This paper used three different methods in analyzing rs-fMRI data in order to explore the 
effects of dAMPH administration on functional connectivity. All three methods provide 
different types of information. ICA analysis appears to be the most insightful in demonstrating 
large hemodynamic effects connected to immediate effects from pharmacological stimulation 
of neuronal activity, as we demonstrated earlier using an arterial spin labeling technique 
(Schouw et al., 2013a). When investigating connectivity data however, we suggest that ICA 
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analysis is not specific enough to make out subtle changes in connectivity. Dual regression 
shows an impact on known functional networks. However, interpreting this data is subject 
to a great deal of speculation on how exactly functional connectivity is influenced by the 
pharmacological challenge. Finally seed-based analysis does seem to be of benefit, providing a 
hypothesis based exploration of connectivity between areas and how this may be affected by 
monoaminergic manipulation. An additional problem is that currently ther is no consensus 
on the methods for seed-based analysis. For example the global signal regression we used 
in our analysis is not advised by several studies that implied that this causes a bias in the 
interpretation of correlations between regions and may introduce false correlation patterns 
(Murphy et al., 2009a; Saad et al., 2012). However, in the methods of the papers we used as 
a template, this method was applied and therefore we included the global signal for reasons 
of comparability.

Limitations

Intravenous administration of dAMPH is known to also affect cardiovascular responses, 
including vascular responses to dA receptors on the microvasculature (Choi et al., 
2006). In previous work investigating the CBF response to dAMPH, we corrected for the 
cardiovascular response using an internal (occipital) reference (Schouw et al. 2013a). The 
BOLd signal, however, is not solely determined by the CBF, which makes interpretation 
more complex. For example, CBF and Cerebral Blood Volume (CBV) can be uncoupled 
during a pharmacological challenge, separately influencing the BOLD signal in the process 
(Luo et al., 2009). Yet we cannot exclude physiological effects on the data and others have 
recommended correcting for these parameters, especially in seed-based analyses (Khalili-
Mahani et al., 2012). By including parameters for CSF, white matter and global signal in this 
analysis we have eliminated these effects as much as possible.

Because our subjects had received a dAMPH i.v. on a previous occasion, sensitization 
may have occurred. Both in animals and humans, it is known that sensitization by dAMPH leads 
to a greater motor response and larger dopamine release (Boileau et al., 2006). However, it 
is not known whether sensitization changes can be detected by BOLd imaging and whether 
a single i.v. challenge with this drug is sufficient to induce sensitization. We therefore are 
not certain what the effects of the first dAMPH gift on our results may have been, and to 
what extent they may have affected the current findings. This should be examined in further 
studies into DAergic function and the influence of acute and chronic dAMPH administrations 
on the dAergic system.

Administration of dAMPH induces an intense increase of extracellular dA, but 
also causes an increase in other monoamine transmitters, such as norepinephrine (NE). 
For example, Kuczenski and co-workers observed a marked increase in NE in the PFC 
using microdialysis in rats (Kuczenski et al., 1995) administered with dAMPH. In addition, 
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microdialysis studies in mice have shown that NE depletion in the PFC leads to a diminished 
dA release in response to dAMPH in the accumbens, showing that indirect effects of other 
neurotransmitters can influence the DAergic response (Ventura et al., 2003). Based on pre-
clinical data, in which dA lesioning or administration of antagonists induced blunted phMRI 
responses, we assumed that what we assessedwas predominantly the hemodynamic reaction 
to increased dAergic signaling(Chen et al., 2005; Chen et al., 2010; Choi et al., 2006; Jenkins 
et al., 2004). However, a limitation of our study is that we cannot differentiate dA responses 
induced by dAMPH from responses induced by the release of other neurotransmitters, such 
as NA. Nevertheless, in dopamine-rich brain areas such as the nucleus accumbens, NE levels 
are much lower than dA levels and even after dAMPH administration NE levels increase to a 
much lesser extent than dA (McKittrick and Abercrombie, 2007). We therefore assume that 
our observations in dopamine-rich areas, such as the striatum and anterior cingulate cortex 
reflect predominantly DAergic signaling. 

Although we observed a significant effect in specific DAergic areas, this could 
also be attributed to expectation of a drug administration. We did not include a placebo 
condition, since our previous work showed no noticeable effects of placebo infusion in the 
CBF response of three control subjects (Schouw et al., 2013a). In addition, the moment 
of administration was not clearly specified to the subjects and started after 10 minutes of 
baseline scanning, after which expectation effects are expected to have subsided considerably. 

In conclusion

This study investigated the rs-MRI response to an intravenous challenge with dAMPH in 
healthy male volunteers. We observed a strong decrease in BOLd signal in the caudate 
nucleus and PFC in response to the challenge. In addition, we observed significant changes 
in resting state connectivity in both the frontoparietal and frontoexecutive systems, two 
systems involved in dAergic signaling. Finally, we observed attenuation of striatal connectivity 
in response to the challenge.

These findings demonstrate that a pharmacological challenge combined with 
resting state connectivity analysis provides a new way to visualize the direct central effects 
of dAMPH
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abstRact

Preclinical studies suggest that dexamphetamine (dAMPH) can lead to monoaminergic 
neurotoxicity. This exploratory study aimed to investigate effects of recreational dAMPH use 
on the dopamine (dA) and noradrenaline (NA) systems in humans. To that purpose, eight 
male abstinent dAMPH (26.0 ± 4.0 years) users and ten age- and IQ-matched male healthy 
control subjects (23.0 ± 3.8)  underwent neuropsychological testing sensitive to dAergic 
function and single photon emission computed tomography (SPECT) scanning with [123I]
FP-CIT to determine striatal dA transporter (dAT) binding. In addition, changes in cerebral 
blood flow (CBF) induced by the DA/NA reuptake inhibitor methylphenidate (MPH) were 
measured using pharmacological magnetic resonance imaging (phMRI). 

Performance of dAMPH users was significantly worse on executive function and 
verbal memory tasks. Striatal dAT binding ratios were on average lower in dAMPH users 
(near-significant, p=0.05). In addition, CBF in control subjects decreased significantly in 
response to MPH in grey matter and basal ganglia, among which the striatum, thalamus 
and hippocampus by 10 to 29%. However, in dAMPH users the CBF response was blunted 
in most brain areas studied, only decreasing in the hippocampus and orbitofrontal cortex. 
When comparing groups, CBF response was found to be significantly different in the thalamus 
with a decrease for healthy controls and a blunted response in dAMPH users. Collectively, 
our findings of a blunted hemodynamic response in monoaminergic regions, in combination 
with indications for lower striatal dAT binding and poorer behavioral measures are likely 
to represent dAergic dysfunction in dAMPH users, although NAergic dysfunction may also 
play a role. 
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IntRoDUctIon

The dopaminergic (dAergic) system plays a pivotal role in many different neurological and 
neuropsychiatric disorders, such as Parkinson’s disease, schizophrenia and attention deficit 
hyperactivity disorder (AdHd) (for review (Missale et al., 1998)). Consequently, many drugs 
have been developed, that act on the dopamine transporter (dAT) or dopamine receptors. 
Of these drugs, dexamphetamine (dAMPH) is prescribed for the treatment of AdHd, but 
is also frequently used in recreational settings. Preclinical studies in non-human primates 
however, have indicated that even clinically relevant doses of dAMPH can lead to damage of 
nerve terminals of dAergic neurons: the concentration of striatal dA, the dAT density and 
vesicular monoamine transporter (VMAT -2) sites were significantly reduced after dAMPH 
administration (Ricaurte et al., 2005). Although some positron emission tomography (PET) 
studies reported loss of striatal dAT in methamphetamine (METH) users (McCann et al., 
1998; McCann et al., 2008), little is known about the effects of recreational dAMPH use on 
the dA system in human users. To our knowledge, only one study has previously investigated 
the effects of dAMPH in the human brain. In this study reductions in striatal dAT binding 
were observed using single photon emission computed tomography (SPECT) (Reneman 
et al., 2002) in combined ecstasy and dAMPH users versus sole ecstasy users. Because 
dA is involved in many important neurobehavioral functions, such as executive and motor 
function, attention and inhibition, it is important to study the potential consequences of 
dAMPH-induced neurotoxicity (Van den Heuvel and Pasterkamp, 2008).

The purpose of the current study was to investigate the effects of recreational 
dAMPH use on the dAergic system using SPECT and a relatively novel MRI imaging technique, 
called pharmacological MRI (phMRI), to assess dA (dys)function. phMRI indirectly determines 
monoaminergic function by looking at the hemodynamic response to a pharmacological 
challenge (Ogawa et al., 1990). Neurotransmitter-specific drug challenges can evoke changes 
in synaptic activity, and resultant alterations in metabolic demand, requiring changes in 
cerebral blood flow (CBF) and/or cerebral blood volume (CBV) as a result of neurovascular 
coupling (Jueptner and Weiller, 1995). For instance, Jenkins and co-workers (Jenkins et al., 
2004) have shown that phMRI adequately assesses dA dysfunction, as dAMPH-induced 
hemodynamic changes correlated well with loss of dAT densities measured in 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned parkinsonian primates, using PET. 
Interestingly, a recent imaging study showed a reduced amphetamine-induced dA release 
in cocaine users (Martinez et al., 2007). In addition several behavioral studies have linked 
DAergic dysfunction to deficits in attention, memory and executive function (for review 
(Robbins and Arnsten, 2009)).

In this explorative study, we assessed brain monoamine function in dAMPH users 
and comparison subjects, by examining the hemodynamic response to an acute oral challenge 
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with methylphenidate (MPH). MPH is a dAT blocker causing increased levels of synaptic dA, 
although it also seems to have effects on norepinephrine (NE) levels, by blocking also the 
NE transporter (NET)  (Hannestad et al., 2010; Volkow et al., 1998b). We hypothesized that 
dAMPH users would have lower striatal dAT binding levels than controls and a blunted 
hemodynamic response to MPH. We also predicted that dAMPH users would show an 
altered performance on tests of attention, memory and executive function. 

MetHoDs

Study procedure

Participants underwent phMRI with an oral MPH challenge, followed by [123I]FP-CIT SPECT 
scanning (to measure dATs) 1-3 weeks later. In addition, neuropsychological tests and 
questionnaires were administered on the day of the SPECT scan. 

Subjects & study design

The medical ethics committee of the Academic Medical Centre in Amsterdam approved 
the study procedures. Participants were recruited by advertising on the medical campus, 
websites and in newspapers. They received a small financial compensation of 50 euros per 
assessment day. 

Eight male, recreational users of dAMPH and ten male, healthy control subjects 
(matched for age and IQ) participated. Written informed consent was obtained from all 
subjects. The eligibility criterion for the dAMPH group was previous use of dAMPH on more 
than 40 occasions. The cut-off point was based on previous studies from our group, where 
lower striatal dAT binding was found in ecstasy users with combined dAMPH use (Reneman 
et al., 2002). The control subjects were healthy subjects with no self-reported prior use of 
dAMPH. 

Subjects were asked to refrain from using caffeinated products on assessment 
days. In addition, both controls and dAMPH users agreed to abstain from all psychoactive 
drugs for at least 2 weeks before scanning sessions. They underwent urine drug screening 
on assessment days (with an enzyme-multiplied immunoassay for amphetamines, cocaine, 
cannabis, alcohol, opiates and benzodiazepines). Exclusion criteria were: self-report of 
neuropsychiatric diagnosis, history of brain disease or injury, use of medication influencing 
the dAergic system (e.g., methylphenidate), a positive urine-screen for amphetamines or any 
contra-indication to MRI. 
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Behavioral tests

The dutch Adult Reading Task (dART) was used to estimate IQ (Schmand et al., 1998). The 
dART is the dutch counterpart of the National Adult Reading Test (Nelson, 1982). It is 
relatively insensitive to cognitive deterioration due to neurologic disorders and was used to 
evaluate the premorbid IQ. 

We selected five domains sensitive to DAergic function: executive function, 
attention, memory, mood and impulsivity. Tests were administered in a mixed balanced order, 
with questionnaires presented during the recall part of the RAVLT, to ascertain that no other 
tasks of a verbal nature (e.g. dART) would interfere. 

Executive function was measured using the trail making test. Part A of this test 
(TMT-A), in which the subject draws lines connecting consecutive numbers spread randomly 
on the page, tests both visual scanning and motor speed (Reitan, 1956). Part B of this 
test (TMT-B) alternates numbers with letters, focusing more on executive function and 
visuomotor tracking. The ratio of times to complete both parts of the test (TMT-B/TMT-A) 
was calculated to assess executive function taking individual differences in visual scanning 
and motor speed into account.  

The sustained attention to response task (SART) displays numbers one through 
nine randomly, followed by a mask and cue. The subject needs to respond to the cue, except 
when the number three appears (Bellgrove et al., 2005). The mask insures that speed-
accuracy trade-offs are of no major influence on the outcome. Response variability was 
calculated (standard deviation go RT/ mean go RT) as well as the number of correct and 
incorrect responses. 

Verbal memory was assessed using the Rey Auditory Verbal Learning Task (RAVLT 
(Rey, 1964)), in which subjects memorize 15 words in five learning trials. Following a 

20-minute delay, the word list has to be recalled. Total scores were used for both direct and 
delayed recall. 

Mood and impulsivity were determined using validated questionnaires: the Beck 
depression Inventory (BdI, (Beck , 1961)), Behavioral Approach Scale (BAS, (Carver, 1994)) 
and Barratt Impulsivity Scale (BIS (Patton et al., 1995)). The BdI measures depression severity, 
with higher scores indicating more severe depressive symptoms. The BAS evaluates the 
behavioral approach system, regulating an individual’s tendency to act on positive impulses. 
High scores on the BAS tend to correlate with impulsive personalities(Carver, 1994). The 
BIS is aimed at motor impulsivity, cognitive impulsivity and non-planning (Patton et al., 1995). 

Finally, subjective emotional experience of  MPH were measured using simulated 
visual analogue rating scales (VAS) 5 min before each MRI scanning session. Subjects rated 
anxious feelings, tension, feeling comfortable or uncomfortable, lightheadedness, wakefulness, 
drowsiness and nausea on a scale of 1 to 10.
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SPECT

Striatal dAT binding was measured using SPECT with the radioligand [123I]N-w-fluoropropyl-
2b-carbomethoxy-3b-(4-iodophenyl)nortropane ([123I]FP-CIT). [123I]FP-CIT is a well-validated 
radiotracer for investigation of dAT availability, and was prepared as previously described 
(Booij et al., 1998). Potassium iodide was used to block thyroid uptake of free radioactive 
iodide. SPECT images were acquired with a brain-dedicated SPECT system (Neurofocus, 
an update of the Strichmann Medical Equipment 810X, Strichmann Medical Equipment Inc., 
Medfield, Mass., USA). This is a 12-detector single-slice scanner with a full width at half 
maximum resolution of 6-7 mm. SPECT images were acquired as previously described (de 
Win et al., 2005). Acquisition was commenced 3 h after i.v. injection of approximately 112 
MBq (3.02 mCi) [123I]FP-CIT, since at this time peak specific binding to DATs in the striatum 
has been reached (Booij et al., 1998).

SPECT processing 

Reconstruction and attenuation correction of all images were performed as previously 
described (Booij et al., 1997a). A striatum ROI and separate ROIs for putamen and 
caudate nucleus were used, which were positioned on the three consecutive SPECT slices 
corresponding with the highest striatal activity. To correct for background radioactivity (non-
specific binding) a predefined region of interest (ROI) was placed over the occipital cortex. 
Finally, specific to non-specific binding ratios were calculated (ROI counts – occipital cortex 
counts/occipital cortex counts). 

PhMRI 

MR imaging was performed using a 3.0 Tesla Philips MR scanner equipped with an SENSE 

8-channel head coil and body coil transmission (Philips Medical Systems, Best, The 
Netherlands). The protocol consisted of a high resolution 3dT1-weighted anatomical scan 
for registration and segmentation purposes and a phMRI sequence. 

For the phMRI acquisition, we used a pulsed arterial spin labeling (ASL) sequence, 
based on the PULSAR sequence (Golay et al., 2005). ASL is a non-invasive perfusion imaging 
modality, using magnetically labeled blood water protons as an endogenous tracer of CBF. 
Contrary to the more traditionally used BOLd signal, the ASL signal does not suffer from 
signal drifts in time, making it very suitable to investigate pharmacologically-induced CBF 
changes (Wang et al., 2002). 

phMRI imaging parameters were: TR/TE 3000/14 ms; FOV 240×240 mm2; matrix 
size 80×79; 17 slices; thickness 7 mm; no gap; gradient echo single shot EPI; SENSE 2.0; post-
labeling delay 1.2 to 2 s; the labeling plane was positioned parallel to the imaging volume with 
a labeling gap between the imaging volume and the labeling volume of 25 mm. We acquired 
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100 dynamics (approximately 10 minutes of scanning time) at baseline and 100 dynamics 1.5 
hours after administering 35 mg MPH, when it is assumed to be at its peak concentration 
in the brain (Volkow et al., 1998b). Methylphenidate was obtained from Sandoz BV (Weesp, 
the Netherlands). 

MR processing

FSL 4.1 (FMRIB-Software-Library, Functional Magnetic Resonance Imaging of the Brain 
Centre, University of Oxford, UK), the SPM8 toolbox and Matlab (The MathWorks Inc., 
Natick, USA) were used for offline data processing. 

Subtraction of labeled and control ASL images yielded whole brain perfusion 
weighted images. The mean equilibrium magnetization (M0) of arterial blood per subject was 
calculated, from which absolute CBF was computed following methods previously described 
(Chalela et al., 2000). The images were averaged over 100 volumes (10 minutes) to increase 
the signal-to-noise ratio (SNR), creating average CBF maps from the baseline and post-
challenge scans. One scan from the dAMPH group was excluded due to poor image quality. 
Average CBF maps were transformed into anatomical space by affine registration to the 
segmented grey matter masks of corresponding anatomical scans. 

3dT1 anatomical scans were segmented into grey and white matter using SPM8. 
The structural images were non-rigidly normalized to a population-based average using 
diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (dARTEL)  
(Ashburner, 2007), to allow for a voxel-based analysis. The non-rigid transformations 
were applied to the average CBF maps, such that all dynamics of all subjects resided in 
one common frame of reference. An isotropic resampling of 3.0 mm was chosen. Finally, a 
Gaussian smoothing with FWHM=6 mm was applied to all volumes. Mean perfusion was 
calculated for the following ROIs taken from the Harvard-Oxford brain atlas provided with 
FSL 4.1: striatum, prefrontal cortex (PFC), anterior cingulate cortex (ACC), hippocampus, 
thalamus and cerebellum. The voxel-based analysis was restricted to gray matter, where the 
CBF can be sufficiently precisely measured, by means of a mask. 

Statistical analysis

Continuous variables of group characteristics were analyzed using unpaired two-tailed 
Student’s t-tests (log transformed if necessary) and Mann-Whitney tests for drug history 
variables. Differences in behavioral measures between the two groups on the five cognitive 
domains were analyzed using multivariate analysis of variance (MANOVA). To limit the 
number of statistical comparisons per group, TMT and RAVLT were grouped and SART was 
analyzed in a separate MANOVA as well as results for mood and impulsivity questionnaires. 
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Striatal dAT binding ratios measured with SPECT for whole striatum and putamen and 
caudate nucleus separately were analyzed using the Mann-Whitney test. 

PhMRI data was analyzed by calculating the effect of challenge through paired 
t-testing between baseline and post-challenge scans for both groups separately. Both a ROI-
based and a voxel-based analysis were performed. Thus, in the ROI-based analysis we first 
compared group baseline differences in CBF, followed by comparing baseline with post-MPH 
scans using paired t-test for both groups separately, and finally unpaired t-tests to compare 
the percentage CBF change between the two groups. In the voxel-based analysis, a minimal 
cluster size of 100 voxels was maintained, besides a significance threshold of p=0.01. Also in 
the voxel based analysis, baseline differences and response to the challenge were examined, 
as well as an interaction analysis to determine any difference in response to MPH between 
groups.

Finally, correlations were calculated between dAT binding ratios and percentage 
CBF change in the striatum, and between significantly differing behavioral measurements and 
percentage CBF change.

All data were analyzed in SPSS version 18.0 (SPSS Inc, Chicago, Ill) and are presented 
as mean ± Sd unless otherwise indicated.

ResUlts

Characteristics of the sample and behavioral measures 

Group characteristics are presented in Table 1. Age, pre-morbid IQ and years of education 
were similar in both groups. Mean cumulative lifetime exposure to dAMPH was 353 grams 
(± 465, range of use 0.5-3 grams per occasion) and time since last dose on average 1.1 (± 
1.3) months. dAMPH users had on average used more other recreational drugs of abuse and 
tobacco than the control subjects.

The behavioral scores on the five DAergic domains (attention, executive control, 
memory, mood and impulsivity) are shown in table 2. A significant main effect was revealed 
on MANOVA of executive function and memory. dAMPH users were significantly slower 
on TMT-B/TMT-A when compared to controls. dAMPH users were also slower on TMT-A, 
but this did not reach statistical significance (p=0.06). Both on the immediate and delayed 
verbal learning task, dAMPH users recalled less words than the control subjects, reaching 
statistical significance only for the delayed recall. Mean group scores for attention, mood and 
impulsivity (SART, BdI, BAS and BIS scales) did not differ between groups.                                                                               

Before the MPH challenge, no differences were noted on the VAS scores between 
dAMPH users and healthy controls. However, after the challenge, control subjects felt 
significantly less sleepy (- 0.9 ± 1.0; p = 0.02) and more lightheaded (1.7 ± 1.7; p = 0.01), in 
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contrast to dAMPH users who did not show such an effect. When comparing the change in 
VAS scores, there was no significant difference on any of the subjective measures between 
the groups. 

No significant correlations were observed between the TMT-B/TMT-A ratio and 
percentage CBF change in the PFC (linked mainly to executive functions), nor between 
the delayed recall and the percentage CBF change in the hippocampus (linked mainly to 
memory).

Table 1 Demographics
Characteristics of drug exposure for dAMPH users and controls with (± SD) and p-values for t-test (Age, IQ and 
Years of education) or Mann-Whitney U test. 
Significant p-values (<.05) marked with *.

 dAMPH users Controls
 n=8 n=10** p-value

Age 26.0 (± 4.0) 23.0 (± 3.8) 0.1
dART-IQ 104.5 (± 3.0)  108.3 (± 6.4) 0.1
Years of education 15.1 (±3.6) 16.9 (± 2.9) 0.3

dAMPH
Average dAMPH use (occasions/year) 27.8 (± 17.1) 0 0.00*
duration of dAMPH use (years) 13.9 (± 8.7) NA NA
Usual dose (grams/occasion) 0.8 (± 1.2) NA NA
Total exposure (grams)  352.6 (± 465.3) 0 0.00*
Time since last exposure (months) 1.1 (± 1.3) NA NA

Other substances
Average tobacco use (cigarettes/month) 261.0 (± 279.8) 0.4 (± 1.3) 0.02*
Average alcohol use (units/month) 103.5 (± 146.6) 101.8 (± 78.6) 0.4
Average cannabis use (joints/year) 410.3 (± 480.5) 17.2 (± 30.4) 0.02*
Average MdMA use (pills/year) 3.8 (± 10.6) 0 0.3
Average cocaine use (occasions/year) 5.0 (± 5.2) 0.1 (± 0.3) 0.006*

**drug history questionnaire missing for 1 control subject
NA = Not applicable 
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Table 2. Behavioral measures
All measures reflected are averaged means (± standard deviation). p-values were obtained using MANOVA. NS 
= not significant; p = p-value; F = F-value; ES = Effect size (cohen’s d).

 Controls* dAMPH p F ES 
 n = 10 n = 8

MANOVA-group   0.02

executive function
TMT-A (seconds)  16.7 (±2.9) 23.4 (±9.5) 0.06 4.17 -1.08
Ratio TMT-B/TMT-A 1.91 (±0.2) 2.65 (±0.8) 0.04 4.82 -1.48

Memory function 
RAVLT immediate 52.8 (±8.4) 43.8 (±8.6) 0.10 3.07  1.06
RAVLT delayed 11.8 (±2.6) 9.5 (±2.7) 0.02 6.94  0.87

MANOVA-group   NS

attention
SART correct go RT (milliseconds) **  132.3 (±48.9)  174.3 (±35.6) -0.99
SART response variability 0.50 (±0.1) 0.39 (±0.07)  1.29
SART incorrect go (number of trials) 21.6 (±15.7) 10.0 (±10.2)  0.90
SART incorrect nogo (number of trials) 2.3 (±3.3) 2.6 (±3.0) -0.10

MANOVA-group   NS

Mood
BdI 1.6 (±2.7) 3.3 (±1.8) -0.76

Impulsivity
BIS 62.4 (±8.7) 66.3 (±8.4) -0.46
BAS 26.8 (±3.3) 30.0 (±5.3) -0.74

* neuropsychological data for one control subject was not available
** two control and one dAMPH data set from the SART had to be excluded due to poor performance (> 
25% missed go trials) 

SPECT

No differences in binding between left and right hemispheres were detected, therefore we 
present grouped data. Binding ratios did not differ significantly between dAMPH users and 
healthy controls. However, all ROIs studied (whole striatum, caudate nucleus and putamen) 
showed 8.4-10.4 % lower binding ratios (fig 1) in dAMPH users and a trend was seen for 
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the whole striatum and putamen (p = 0.06 and p = 0.05, respectively). When comparing only 
non-smoking subjects (healthy controls n = 8; dAMPH n = 3) no significant differences in 
striatal DAT binding ratios were observed between the groups. No significant correlations 
were observed between dAT binding ratios and the percentage CBF change in the striatum.

Figure 1 DAT binding ratios in the putamen, caudate nucleus and whole striatum of dAMPH users and healthy 
controls. Although dAMPH users showed lower binding ratios, no statistical significance was observed between 
groups. Error bars reflect standard deviation.

Pre MPH CBF measures: ROI and voxel based analysis 

ROI analysis did not show any significant differences in baseline CBF measurements between 
dAMPH users and healthy controls. Voxel-based analysis, however, showed that baseline CBF 
was higher in the left thalamus (peak level Z = 3.48, p < 0.0001, uncorrected) and insula 
(peak level Z = 3.61, p = 0.000, uncorrected) of dAMPH users compared to healthy controls 
(fig 2).

Figure 2 Statistical parametric map of baseline 
CBF differences between healthy controls and 
users of dAMPH. Color bars indicate z-scores 
of areas where CBF is larger in dAMPH users 
compared to controls. Lower CBF values were not 
observed. Statistic images were thresholded to a 
cluster significance threshold of p=0.01 with a 
minimum cluster size of 100.
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Post MPH CBF measures: ROI-based analysis

The oral challenge with MPH caused an overall reduction in grey matter CBF of -15.8% in 
control subjects (fig 3). In contrast, in dAMPH users MPH did not induce any changes in 
CBF: a non-significant increase of 1.0 % was observed. In several ROIs in control subjects we 
observed a significant reduction in CBF: the striatum -9.6%, hippocampus -28.1%, thalamus 
-28.1% and PFC -11.6%. In dAMPH users we observed a significant decrease of CBF in the 
hippocampus of -21.0%. The average CBF and p-values are represented in table 3.

We also examined the group difference in response to MPH using unpaired t-testing 
in the percentage CBF change. A significant interaction effect was observed in the thalamus: 
healthy controls showed a decrease of 28.1% where dAMPH users showed an increase in 
CBF of on average 34.9% (p = 0.03). 

Figure 3
Mean CBF (ml/100g/min) in the total grey matter and predefined ROIs before MPH (light grey bars on the 
left) and after ingestion of 35 mg of MPH (dark grey bars on the right) for control subjects (upper panel) and 
dAMPH users (lower panel) separately. Error bars reflect standard deviation. 
*: statistically significant differences between conditions
Post MPH CBF measures: Voxel-based analysis 
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When examining the data using a voxel-based approach, several brain areas in healthy 
controls showed statistically significant decreases in CBF (fig 4a). In agreement with the 
ROI based analysis, the striatum, thalamus, hippocampus and PFC showed a reduction in 
CBF following an acute challenge with MPH in control subjects with the most significant 
cluster located in the right striatum (peak level Z = 4.92, p= 0.000). The voxel-based analysis 
identified additional regions to the ROI based analysis in which MPH induced a reduction 
in CBF: the insula, the sensorimotor and visual cortex. In the group of dAMPH users we 
only observed a significant decrease in CBF in the hippocampus (similar to the ROI based 
analysis) and in the (orbitofrontal) PFC (fig 4b). In the healthy controls, a small area of the 
orbitofrontal cortex demonstrated an increase in CBF (fig 4c). In dAMPH users no increases 
in CBF were seen in response to the MPH challenge. When examining the interaction effect 
of group x challenge (fig 4d), the main difference in response between the groups is located 
in the (left) thalamus (peak level Z = 3.29, p = 0.000).

Figure 4
Statistical parametric map of CBF change induced by 35 mg MPH. (A) Decreased CBF in the striatum, thalamus, 
hippocampus, prefrontal cortex, insula, motor cortex and visual cortex of healthy controls in response to the 
challenge. (B) Decreased CBF in several areas of the PFC and a small part of the hippocampus in dAMPH users 
in response to the challenge. (C) Increased CBF in healthy controls in the orbitofrontal cortex. (D) Interaction 
effect. Clusters reflect the areas where the response to the MPH challenge differs between healthy controls and 
dAMPH users. Color bars indicate z-scores. Statistic images were thresholded to a cluster significance threshold 
of p=0.01 with a minimum cluster size of 100.
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DIscUssIon

The results of this study show that several indices of monoaminergic function in recreational 
dAMPH users differ from those in healthy controls. In addition to a blunted hemodynamic 
response to a challenge with MPH in dAergic brain regions, we found a trend towards 
reduced dAT binding in the striatum. Finally, dAMPH users showed impaired performance 
on executive function and memory. 

Baseline behavioral measures

dA function in the PFC in particular is linked to cognitive processes, where dA cells 
connecting the PFC to several limbic structures, including the amygdala, nucleus accumbens 
and hippocampus, have a regulatory role in several cognitive processes (de Almeida et al., 
2008). In view of our hypothesis on dA dysfunction in dAMPH it is therefore not surprising 
that we observed impaired functions in two cognitive domains mediated by the mesocortical 
pathways (dAergic projections from the ventral tegmental area to the cortex, particularly 
the PFC) and mesolimbic pathways (projections from the ventral tegmental area to the limbic 
system and PFC) of dAMPH users, namely: executive functioning and memory consolidation. 
Our findings of frontal-executive dysfunction in dAMPH users are in agreement with a study 
by Ornstein (Ornstein et al., 2000). Furthermore, previous studies have shown impaired 
memory function in users of this drug (Leventhal et al., 2010; Rapeli et al., 2005).

Post MPH behavioral measures 

Only control subjects showed a small increase in lightheadedness and decreased sleepiness 
in response to the MPH administration, although there was no interaction effect between 

the groups. Our findings are in line with other studies that show that even doses as small 
as 20 mg of MPH can elicit significant changes in measures of subjective drug effect, such 
as ratings for ‘feel an effect’ and ‘like the drug effect’ (Spencer et al., 2006). Interestingly, the 
absence of an effect of MPH on the VAS score in dAMPH users is in agreement with the 
decidedly blunted effect of MPH on CBF. This may reflect monoaminergic dysfunction in 
dAMPH users. 

Baseline imaging data: SPECT

Although we found no statistically significant difference in striatal DAT binding when 
comparing the groups, a trend towards a lower binding (approximately 10%) was observed in 
the putamen and striatum as a whole. Previous studies showed a relative high inter-individual 
variation in striatal dAT binding (Booij et al., 2007; Ziebell et al., 2010). Consequently, due 
to the small sample examined, we can not exclude that the trend for a lower striatal dAT 
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binding in our dAMPH users in fact reflects this variation. Also, although the radiotracer 
[123I]FP-CIT binds with high affinity to the DAT, it binds also with a lower, but still moderate, 
affinity to serotonin transporters (Booij et al., 1997a; Ziebell et al., 2010). Therefore, we 
cannot exclude that the lower striatal [123I]FP-CIT binding in dAMPH users reflects changes 
in serotonin transporter expression. However, in a previous study in healthy controls we 
showed that oral administration of the selective serotonin transporter inhibitor paroxetine 
did not induce a significant lower striatal [123I]FP-CIT binding (Booij et al, 1997). In addition, 
PET studies in dAMPH-treated vervet monkeys have shown reductions in striatal [18F]dOPA 
uptake (a marker of the integrity of, and synthesis of dA in, nigrostriatal dAergic neurons) 
(Melega et al., 1996b). Furthermore, studies in rodents, cats and non-human primates have 
shown that chronic dAMPH exposure results in neurotoxicity characterized by decreases 
in dA levels and dAT and dA receptor densities, swollen nerve terminals and degenerated 
axons (Ginovart et al., 2004; Ricaurte et al., 2005). Indeed, we have previously observed 20% 
lower striatal dAT binding in a group of combined MdMA (ecstasy) and dAMPH users that 
had used approximately twice the amount of dAMPH life-time (Reneman et al., 2002). Given 
the large body of evidence directly documenting the dA neurotoxic potential of dAMPH in 
rodents and nonhuman primates (reviewed in (Berman et al., 2008), in this explorative study 
we provide preliminary evidence that recreational use of dAMPH might lead to loss of dA 
neurons. Besides neurotoxicity, neuroplastic alterations of monoaminergic neurons related 
to associative drug conditioning or to non-associative drug sensitization have also been 
described (Singer et al., 2009). Indeed, neuroplasticity related to the formation of addiction 
can give rise to both an increase and decrease in dendritic spine formation (reviewed in 
(Nestler, 2001). Probably a combination of both neurotoxic and neuroplastic effects has led 
to the presently observed lower dAT binding ratios in this group of AMPH users.

Pre MPH CBF measures

Our voxel-based analysis showed a higher CBF in the left thalamus of dAMPH users. It has 
been previously demonstrated that higher dAT availability correlates with lower CBF values 
(da Silva N. et al., 2011). The higher CBF value we observed in dAMPH users may be linked 
to the lower DAT availability we observed. Because this increased CBF is a unilateral finding 
and results were not confirmed in the ROI-based analysis, this data should be interpreted 
with caution and needs to be replicated in larger groups. Also, the CBF measurements had 
considerable intra-subject variability. However, ASL has been found to be very consistent 
across time and scanners and our mean CBF values and variability are in accordance with 
previous studies (Gevers et al., 2011). 
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Post MPH Imaging data: In healthy subjects

After administering MPH to healthy subjects, we noted marked changes in CBF in several 
key dAergic signaling regions: striatum, thalamus, PFC and hippocampus, in addition to the 
visual and sensorimotor cortex. All these regions, apart from the visual cortex, are rich 
in dAergic neurons (Missale et al., 1998). In particular, the striatum and PFC are thought 
to be influenced by MPH’s effect on dopaminergic signaling. For example, Volkow and 
colleagues demonstrated a decrease in metabolism in the basal ganglia in response to MPH 
in all subjects and an increase in PFC metabolism, similar to our results, in subjects with 
high d2 receptor availability (Volkow et al., 1997). Several task related fMRI studies also 
demonstrated decreased activity in the striatum in response to MPH in healthy subjects, 
whereas it has been shown to increase brain activation in AdHd patients (Rohde et al., 
2003; Vaidya et al., 1998). 

Wang et al. found a more generalized decrease in CBF, including the striatum, using 
[15O]H2O PET, and attributed this to the vasoactive properties of MPH (Wang et al., 1994). 
However, a smaller i.v. dose (0.25 mg/kg) showed regional decreases in CBF, in the ACC, 
temporal poles and supplementary motor cortex, similar to our results (Udo de Haes et 
al., 2007). It has previously been demonstrated that the cardiovascular properties of MPH 
do not alter neuronal hemodynamic coupling. Rao and co-workers observed no effect of 
oral MPH on a finger tapping task, although heart-rate gradually increased following MPH 
challenge (Rao et al., 2000). This, taken together with our findings of CBF changes in brain 
regions commonly linked to DAergic function, strongly suggests that our findings are linked 
to DA neuronal function rather than reflecting a vascular response. 

Besides increasing levels of dA in the striatum, microdialysis studies have shown 
that MPH increases extracellular NE levels in the hippocampus (Kuczenski and Segal, 1997a). 
Indeed, MPH has been shown to be a very potent inhibitor of dAT and NET (KI = 0.06 μM 
and 0.10 μM), whereas it is not a potent inhibitor of SERT (KI = 132 μM)  (Han and Gu, 2006). 
We therefore cannot exclude that increased NE levels contributed to the decrease in CBF 
we observed in response to MPH in the thalamus and hippocampus, whereas this is unlikely 
to be the case for 5-HT levels. However, since striatal increases in NE are less pronounced 
in comparison to that of dA (Koda et al., 2010), the results we observed are likely mainly 
attributable to an attenuation of dAergic signaling. 

Post MPH Imaging data: In dAMPH users

It has been previously suggested that the hemodynamic response to increased metabolic 
demand caused by a pharmacological challenge can be an indirect measure of dA release: 
there is a tight correlation between hemodynamic changes induced by dAMPH and 
extracellular dA measurements obtained by microdialysis in rats (Chen et al., 1997; Chen 
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et al., 1999). In addition, in non-human primates the extent of the hemodynamic response 
correlated well with PET markers of dA cell loss (Jenkins 2004). Also, MPH-induced metabolic 
changes correlate with differences in dA d2 receptor binding and dAMPH has been found 
to significantly decrease D2 receptor availability in rats (Ginovart et al., 2004). It is therefore 
likely that the blunted response to the challenge with MPH in dAMPH users reflects DA 
dysfunction. dAMPH users only showed a decrease in CBF in a small area of the hippocampus 
and the medial PFC (mPFC). As mentioned before, Volkow and colleagues found a difference 
in response to MPH in the PFC depending on d2 receptor availability (Volkow et al., 1997). 
In line with this, Gulley and co-workers demonstrated with single cell recordings in rats that 
neuronal firing in the entire PFC increased after the first injection with dAMPH (Gulley and 
Stanis, 2010). This effect diminished after repeated dAMPH administrations, apart from the 
mPFC which increased its firing rate. Indeed, Volkow and colleagues (Volkow et al., 2005) 
saw a similar difference in metabolic rate in response to MPH in the mPFC of cocaine 
addicts compared to healthy controls. The fact that we observed a blunted response to 
MPH on a behavioral level (VAS scores), as well as in brain hemodynamics (CBF) in dAMPH 
users, coupled with the findings in the PFC, leads to the hypothesis that the mPFC may be 
particularly sensitive to repeated exposure to this drug. 

We also found a difference in baseline CBF and response to the challenge in the 
thalamus using both a ROI based and a voxel-based approach. Oral dAMPH has been shown 
to lead to increased CBF in the PFC and anterior thalamus in healthy controls (devous et al., 
2001) and subjects detoxified from METH use (a drug very similar to dAMPH), were found 
to have a lower metabolism located predominantly in the thalamus and to a lesser extent 
the striatum (Volkow et al., 2001b). What remains to be elucidated is whether these thalamic 
changes are an indirect effect of altered cortico-striato-thalamic signaling as suggested by 
Honey and colleagues (Honey et al., 2003) or whether repeated dAMPH exposure has a 

direct influence on thalamic function and integrity.

Limitations 

Here we show a blunted CBF response in dAMPH users to a monoaminergic challenge using 
several (imaging) techniques. However, there are several limitations to this study that should 
be mentioned. We designed the study as an explorative study, involving a limited number of 
subjects. Because interindividual differences may be considerable, this could have affected the 
reliability of our measurements. Also, although we tried to match groups as much as possible 
on both age and IQ, the matching was not perfect. Additional analysis of covariance including 
age and IQ measures, showed that DAT binding ratios were not influenced by these two 
factors (p = 0.07 overall effect of group; a scatterplot of DAT binding and age is provided 
as supplementary material). Interaction effects in the voxel-based analysis of CBF did not 
notably change when adding these covariates. dAT binding may be affected by including 
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smoking and cannabis use (Leroy et al., 2012), however again the voxel-based interaction 
showed similar activation patterns when including the covariates. Nevertheless, the data 
should be interpreted as such and needs to be confirmed in a larger sample. 

Also, the presently observed difference in response could be due to other drugs 
than dAMPH. However, because other drugs were used only occasionally, whereas dAMPH 
was used on a regular basis, it is unlikely that the findings of the present study should be 
attributed to substances other than dAMPH. In addition, the SPECT scan was performed 
after the first MPH challenge, which may have led to sensitization of the DAergic system. 
However, to our knowledge alterations in dAT binding ratios have not been described after 
a single dose of MPH.

Because subjects had to abstain for two weeks from psychoactive drugs, it is 
unlikely that results are influence by effects of dAMPH or other drugs (other than MPH 
that was administered during the study). Other than self-report and urine screening on 
testing days, we were not able to ensure abstention from dAMPH. However, a survey in The 
Netherlands investigated showed that in 93% of the cases (n=594) the reported drug use 
was in agreement with the drug-urine test (Addiction Research Institute 1998). In future 
studies, hair sample analysis would be a useful way to ascertain previous use of dAMPH.

As with all retrospective studies, there is a possibility that pre-existing differences 
between dAMPH users and controls underlie differences in dA functioning. Also, we cannot 
completely exclude the presence of psychiatric disease, such as AdHd, in our dAMPH group 
although we excluded participants with (a history of ) any psychiatric condition. Only a 
prospective study in users with a high risk of starting to use dAMPH, with an extensive 
psychiatric assessment, as we previously conducted for MdMA (de Win et al., 2008a), can 
solve this issue.

Conclusions 

The results of this study show that use of dAMPH at recreational doses leads to dA 
dysfunction, as evidenced by: a) functional impairments on neuropsychological measures 
sensitive to dA function b) a clear trend towards reductions in dATs in the striatum, and 
c) a blunted hemodynamic response to a challenge with MPH in several brain regions rich 
in dA. Future (prospective) studies in larger groups of dAMPH users should be conducted 
to confirm our preliminary findings. Our results also provide evidence that phMRI may be 
a sensitive tool in imaging dA dysfunction in humans non-invasively using an oral challenge. 
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abstRact

dopamine (dA) is involved in systems governing motor actions, motivational processes 
and cognitive functions. Response inhibition has been linked to dAergic and noradrenergic 
(NAergic) signaling and can be reliably measured with the Go/NoGo task. We compared 
an oral MPH and an i.v. dAMPH administration in healthy men to determine whether 
brain regions involved in response inhibition are affected differently by these two dAergic 
challenges. We therefore performed phMRI during response inhibition using two types of 
dAergic challenge. In experiment 1, eight healthy males, aged 22.0 years (± 3.0), received 35 
mg methylphenidate (MPH), in experiment 2 twelve healthy males, aged 21.0 years (± 1.5) 
received an i.v. with 0.3 mg/kg dextroamphetamine (dAMPH). Baseline and post-challenge 
imaging data was acquired and analyzed to determine the effect of dAergic manipulation 
on response inhibition, and their interacting effects. As expected, response inhibition was 
associated with significant activation in the right inferior frontal gyrus, anterior cingulate 
cortex and right inferior parietal cortex. MPH challenge decreased frontostriatal activation, 
where dAMPH increased sensorimotor activation. The interaction between these effects 
was largely dominated by the dAMPH response. These results demonstrate that the effects 
of dAergic drugs differ considerably when performing a task testing executive function. 
This is most likely attributable to the difference in pharmacological action and route of 
administration of both drugs.



CHAPTER 5 | OPPOsiTE EffECTs Of mETHylPHEnidATE And d-AmPHETAminE On REsPOnsE 
inHibiTiOn

87

IntRoDUctIon

Monoamine system deregulation is involved in several types of brain dysfunction, both 
neurological and psychiatric. dopamine (dA) for instance is believed to be involved in disease 
processes such as Parkinson’s disease, schizophrenia and attention deficit hyperactivity 
disorder (AdHd) (for a review, see (Sulzer et al., 2005). Therefore, imaging of the dAergic 
system is important to increase our understanding of pathologies and to subsequently 
increase the efficacy of (pharmacological) treatment strategies. The combination of a DA 
challenge with functional MRI (fMRI) is a relatively new technique called pharmacological 
MRI (phMRI). This imaging tool allows for a minimally invasive assessment of dAergic (dys)
function by depicting  region-specific neurovascular responses to a DAergic challenge 
(Knutson et al., 2004). 

Reponse inihibition is linked to dAergic and norardrenergic (NAergic) signaling (for 
review (Robbins and Arnsten, 2009) For example, children with AdHd, which is associated 
with impaired response inhibition as well as dAergic dysfunction, were found to have a 
higher frontal BOLd response during inhibition compared to controls (Vaidya et al., 1998). A 
reliable measure of response inhibition is the Go-NoGo task, where subjects are instructed 
to respond to a series of frequently presented stimuli and to inhibit their response in another 
category of infrequently presented stimuli. 

Challenging the dAergic system is usually accomplished by either MPH or 
dextroamphetamine (dAMPH) administration. Both drugs increase the amount of dA in 
the synaptic cleft, MPH mainly by blocking its reuptake, dAMPH also causes active dA 
release (Kahlig et al., 2005; Kuczenski and Segal, 1997b; Segal and Kuczenski, 1997; Volkow 
et al., 1999). The type of drug used and manner of administration can give rise to different 

dAergic response patterns. For example, i.v. administration of MPH causes a fast rise in 
dA transporter (dAT) occupancy of MPH causing a more rapid increase in dA levels than 
oral administration (Spencer et al., 2006; Swanson and Volkow, 2003). In previous work, 
we demonstrated that oral MPH leads to a decrease in cerebral blood flow in healthy 
volunteers, whereas i.v. dAMPH leads to an increase in cerebral blood flow (Schouw et al., 
2013a; Schouw et al., 2013b). Therefore different challenges may lead to different dAergic 
responses, which in turn may alter task activation in a different manner.

Oral MPH challenges have been used in several fMRI investigations involving both 
healthy and AdHd populations (Bush et al., 2008; Rubia et al., 2009; Schlosser et al., 2009; 
Shafritz et al., 2004). In a response inhibition study, MPH decreased activation in striatum 
of healthy controls after an oral MPH challenge, while increasing activation in children with 
AdHd, normalizing activation (Vaidya et al., 1998). Similar results were reported in reward-
related tasks (Rubia et al., 2009; Wilkison et al., 1995). In contrast, another study showed 
increased putaminal activation during response inhibition after MPH challenge in healthy 



88

III. IMAGING THE DOPAMINERGIC SYSTEM USING fMRI

volunteers (Costa et al., 2012). In addition, i.v. administration of methylphenidate (MPH), was 
found to increase the BOLd response during a stop-signal task in the striatum and thalamus 
of active cocaine users with an abstinence period of five days or more (Li et al., 2010). 

Intravenous dAMPH challenges combined with fMRI have not been previously 
reported to our knowledge. The effects of oral dAMPH have been investigated using auditory 
en sensorimotor tasks, showing increased activation in auditory and sensorimoter cortex 
after dAMPH administration (Uftring et al., 2001). Increased activation was also found during 
a memory load task using dAMPH challenge (Tipper et al., 2005). However, little information 
is available in the literature on the effects of dAMPH on fMRI activation patterns in response 
inhibition. 

In this study, we compared an oral MPH and an i.v. dAMPH administration in 
healthy men to determine whether brain regions involved in response inhibition are affected 
differently by these two dAergic challenges. As we administered MPH orally and dAMPH 
intravenously, we would expect a difference in hemodynamic response. In view of the fact 
that response inhibition is dependent on the integrity of the fronto-striatal circuitry, and that 
this region contains relatively high levels of dA, we expected that both drugs would modulate 
frontostriatal activity. due to the difference between the types of dAergic challenge, we 
expected a decrease in activation caused by oral MPH and an increase in activation by i.v. 
dAMPH.

MetHoDs

Subjects

Subjects were recruited by posting advertisements around the medical campus, on websites 
and in regional newspapers. For the oral MPH experiment eight male, healthy subjects were 
recruited; for the oral dAMPH experiment twelve male healthy subjects were recruited. 
Written informed consent was obtained from all subjects. 

Subjects were asked to refrain from using caffeinated products on assessment days 
and to abstain from all psychoactive drugs for at least 2 weeks before scanning. Exclusion 
criteria for all participants were: any neuropsychiatric diagnosis or history of brain disease 
or injury, use of medication with affinity for DA (e.g., MPH) or any contra-indication to MRI 
such as metallic implants or claustrophobia. Subjects received a small financial compensation 
for their participation. 

This study was approved by the medical ethics committee of the Academic Medical 
Centre Amsterdam.
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Procedure

Two study groups were compared. The first group involved eight healthy subjects performing 
an fMRI version of the go-nogo task before and after the administration of an oral challenge 
with MPH. The second group involved twelve healthy subjects who performed the task 
before and after the administration of an i.v. challenge with dAMPH.

For the first study, three tasks were presented in the same order for every subject; 
first the go-nogo task, then a reward task followed by an emotional face recognition task. 
Results of the reward task and the face recognition task will be reported elsewhere. data 
was also collected in a group of recreational dAMPH users. However, the aim of this paper 
is to investigate the difference in response to two different dAergic challenges in healthy 
subjects, we therefore decided to leave this subset of data out of the analyses presented. 

For the oral MPH study, subjects received 35 mg MPH (approximately 0.5 mg per kg 
body weight) after the first scanning session, to be taken orally with water. Subjects were then 
free to relax for 1 ½ hours until peak plasma levels were expected (Swanson and Volkow, 
2003) and then re-entered the MRI scanner for the second session which was ordered 
identically to the first. MPH was obtained from Sandoz B.V. (Weesp, the Netherlands). 
For the i.v. dAMPH study subjects performed the baseline task, after which a resting state 
sequence of approximately 20 minutes was started, during which (after 5 minutes) an i.v. of 
0.3 mg/kg dAMPH with a saline flush was administered over a two minute interval. After this 
resting state sequence (15 minutes after the dAMPH challenge, when the peak of subjective 
drug effect has just passed (Laruelle et al., 1995)) the second Go-NoGo task was performed. 

Imaging

All MR imaging was performed using a 3.0 Tesla Philips MR scanner equipped with an 
SENSE 8-channel head coil and body coil transmission (Philips Medical Systems, Best, The 
Netherlands). The session protocol consisted of a high resolution 3dT1-weighted anatomical 
scan for registration and segmentation purposes and a fast single shot echo planar image 
(EPI) sequence for BOLd analysis. For the BOLd acquisition imaging parameters were: TR/
TE 2300/30 ms; FOV 220×220 mm2; 40 slices; voxel size 3 x 3 x 3 mm; no gap; 80° flip angle, 
SENSE 2.0. 

fMRI

The Go-NoGo task was presented by a video projection system onto a white screen 
using E-prime software (Psychological Software Tools, USA). Subjects saw the screen via a 
mirror attached to the head coil. Responses were logged via a response box, instructing the 
individuals to press their right index finger as quickly as possible in favor of accuracy.
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All subjects performed a modified version of the Go-NoGo task (Durston et al., 
2003) with go and nogo stimuli presented for 999 ms and an inter-trial interval of 2777 
ms. The task consisted of three runs, with each run containing a total of 57 trials, with 75% 
go trials. One run lasted approximately 2 minutes and 9 seconds. Subjects were asked to 
respond as quickly as possible to go stimuli with their right index finger and not to respond 
to nogo stimuli. NoGo stimuli were presented in a pseudorandom order in between 2-5 go 
stimuli. Two versions of the task, as well as two practice versions of the task were available 
in order to minimize learning effects. The versions were administered in a mixed, balanced 
order. All subjects practiced a shortened version of the task before entering the MRI scanner.

Analysis

Continuous variables of group characteristics were analyzed using unpaired two-tailed 
student’s t-tests (log transformed if necessary). All demographic and behavioral data was 
analyzed in SPSS version 18.0 (SPSS Inc, Chicago, Ill) and are presented as mean ± standard 
deviation unless otherwise indicated. 

For the second experiment, one of the datasets was incomplete and therefore 
eleven complete datasets were included for analysis. MRI scans were analyzed using FSL 
5.0 (FMRIB-Software-Library, Functional Magnetic Resonance Imaging of the Brain Centre, 
dept. of Clinical Neurology, University of Oxford, Oxford, UK, http://www.fmrib.ox.ac.uk). 
Non-brain structures were removed from 3dT1 anatomical scans using the Brain Extraction 
Tool (Smith, 2002). Scans were analyzed using FEAT (Beckmann et al., 2003), with MCFLIRT 
motion correction (Jenkinson et al., 2002), BET brain extraction, spatial smoothing set at 
5 mm FWHM, high-pass filter cut-off at 100 sec. EPI scans were linearly registered to the 
subject’s corresponding high resolution structural image and subsequently nonlinearly to 
standard MNI space (MNI152_T1_2mm_brain from the FSL atlas library). 

The general linear model (GLM) used for first-level analysis modeled go and nogo 
trials and the nogo - go contrast to isolate brain regions involved in response inhibition. The 
obtained first-level analysis was entered into a second-level (group effect) analysis. Main task 
effect was determined by examining first level effects for all scans available, both baseline 
and post-challenge scans from both experiments were used for this analysis. To this end, we 
used a cluster correction to correct for multiple comparisons with Z > 2.3 and p < 0.05. 
For all other comparisons cluster correction threshold was set at Z > 1.6 and p < 0.05, as 
group sizes were relatively small. For both experiments a paired comparison of baseline and 
post-challenge scans was performed in order to determine the effects of drug challenge on 
task activation. In addition we examined the interaction effect between the two different 
types of challenge. 
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ResUlts 

Sample characteristics

Average age of the participating healthy subjects receiving a challenge with MPH was 22.0 
years (± 3.0), with completed years of education 16.4 (± 2.9). Average age of those receiving 
a challenge with dAMPH was 21.0 years (± 1.5). The number of completed years of education 
in this group was 15.1 years (± 2.0). 

Whole brain analysis of inhibition of response

The analysis of all scans (both studies, both drug conditions) showed activation in the right 
insula and inferior frontal gyrus (IFG), the dorsal anterior cingulate cortex (ACC) and 
parietal cortex (Figure 1 and Table 1). 

Figure 1 Activation clusters overlaid on a standard brain template representing activation for the NoGo – Go 
condition. Activation clusters are seen in the insula/inferior frontal gyrus, the anterior cingulate cortex and the 
inferior parietal cortex. Results are cluster corrected with Z > 2.3 and p < 0.05.
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Table 1 Activation clusters for response inhibition for both studies and for the paired results before and after 
challenge with MPH and dAMPH

subjects activation clusters x y z Max Z p-value

task effect
(noGo – Go) 1 + 2

Obritofrontal/Insula 32 24 -22 4.2 0.03

Anterior Cingulate 0 44 6 3.9 0.03

Inferior Parietal Lobe 66 -48 20 4.2 < 0.001

MPH effect
(pre > post) 1 Orbitofrontal PFC 2 24 -10 2.7 0.004

daMPH effect
(post > pre) 2 Somatosensory cortex -56 -26 52 3.8 < 0.001

Study 1: oral MPH challenge

When comparing baseline scans with those after the challenge with oral MPH we observed 
a decrease in activation during response inhibition (Figure 2). The observed cluster included 
the orbitofrontal cortex, mainly left putamen, bilateral thalamus, bilateral amygdala, bilateral 
hippocampus, ventral ACC and brainstem. The cluster maximum was located in the 
orbitofrontal cortex (Table 1).

Figure 2 Effect of oral MPH (35 mg) on task-activation for the NoGo-Go contrast in healthy subjects on brain 
areas that show decreased activation after the MPH challenge including  the orbitofrontal cortex, left putamen 
and left and right thalamus, left and right amygdale and hippocampus and ventral ACC, analyzed with paired 
t-testing with cluster-correction (Z > 1.6, p < 0.05). No increases in activation were observed (left panel). Right 
panel shows percentage signal change across activating voxels pre and post challenge.
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Study 2: Intravenous dAMPH challenge

Analysis of the baseline and post-infusion scans revealed that there was an increase 
in activation after infusion with dAMPH (Figure 3). This increase was located in the left 
sensorimotor cortex (Table 1).

Figure 3 Effect of i.v. dAMPH infusion (0.3 mg/kg) on task-activation of the NoGo-Go contrast in healthy 
subjects. In voxels in yellow-red color coding indicate the area of increased activation after infusion in the 
left somatosensory cortex, medial visual cortexes and cerebellum, analyzed with paired t-testing with cluster-
correction (Z > 1.6, p < 0.05). No decreases in activation were observed.

Interaction effect

In figure 4 the interaction between task and challenge is presented. The i.v. dAMPH infusion is 
the main contributor to the interaction effects that were observed. Again the sensorimotor 
cortex extending into the superior part of the temporal cortex, as well as several areas in the 
lateral visual cortexes and superior parts of the cerebellum (bilaterally) show a statistically 
significant difference between the two groups of scans. Results are more or less identical 
to that of the analysis of just the dAMPH effect and the effect of MPH, when compared to 
dAMPH, is much less pronounced.
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Figure 4 Effect of interaction between the MPH and dAMPH effects on task-activation of the NoGo-Go 
contrast in healthy subjects. Activating voxels indicate the area that is statistically different between the decrease 
in signal after MPH and increase in signal after dAMPH infusion. Again the left somatosensory cortex, medial 
visual cortexes and cerebellum are involved, as analyzed with paired t-testing with cluster-correction (Z > 1.6, 
p < 0.05). 

Figure 5 Cluster activation of the dAMPH effect from figure 2 with the 
interaction effect overlaid in blue, demonstrating the small difference between 
the interaction and dAMPH effects. The main difference is a small cluster in 
the sensorimotor cortex in addition to small differences in cluster size of the 
other activating areas. 
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DIscUssIon

Main findings 

In this study we showed that a pharmacological challenge with MPH or dAMPH affects brain 
function during response inhibition when performing a Go/NoGo task. We demonstrated 
that an oral challenge with MPH (35 mg) caused a decrease in frontostriatal activation, as 
previously reported in the literature. Interestingly, our second experiment showed that a 
challenge with i.v. dAMPH (0.3 mg/kg) induced a much stronger and opposite effect from 
MPH, in that it significantly increased the response to inhibition in the somatosensory cortex 
in healthy human subjects. 

Task activation

Response inhibition was associated with activation in the right IFG, right insula, the ACC 
and the right inferior parietal cortex (collapsed for baseline and post MPH/dAMPH scans). 
This is in agreement with earlier literature (Verbruggen et al., 2008; Pliszka et al., 2006). The 
supplementary motor cortex (SMC) has also been implicated in executive function, having 
a role in the alteration or suppression of an already initiated response (Nachev et al., 2008). 
By suppressing the Go response in a NoGo trial, the SMC activates in order to inhibit 
the button press. In our experiment, this response appears to be augmented after dAMPH 
infusion.

MPH and inhibition of response 

We found a decrease in activation after an oral MPH challenge during response inhibition in 
the orbitofrontal cortex, left putamen and left and right thalamus, ventral ACC and amygdala. 

Costa and co-investigators found increased activation in the putamen in detected failed 
inhibitions during a Go/NoGo task in healthy subjects receiving an oral dose of MPH. They 
interpreted this as an effect of striatal-mediated performance monitoring, part of involvement 
of the basal ganglia in the executive function network used during the task (Costa et al., 
2012). The effects of MPH on a stop-signal task have also been investigated, showing reduced 
activation in the IFG in response to an oral MPH challenge, but increased activation for failed 
inhibition, but only when controlling for attentional capture (Pauls et al., 2012). However, 
the stop-signal and Go/NoGo tasks seem to activate slightly different functional networks 
as the first is a purely reactive form of inhibition where the second can be proactive (Aron, 
2011). Error in inhibition during go-nogo tasks was also the object of a study by Hester and 
colleagues, showing decreased activation in the ACC and insula after MPH administration 
during unaware errors of inhibition and increased activation in aware errors (Hester et al., 
2004). In conclusion, MPH seems to diminish activation used during inhibition of response, 
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but to increase activation during error detection. This could tie in with a hypothesis that 
MPH decreases the amount of effort that is needed to inhibit the response and that more 
brain activity is allocated to error detection.

dAMPH and inhibition of response

To our knowledge dAMPH has not been previously used in fMRI investigations of 
response inhibition. Previous work in healthy human subjects has shown that oral dAMPH 
administration leads to quicker response times in a stop-signal task, with no improvement 
on other performance measures (Fillmore et al., 2005). Levodopa administration also did 
not affect performance in a Go/NoGo task, while reducing the magnitude of BOLd signal 
activation in the cerebellum and right parietal cortex (Hershey et al., 2004). In that light, our 
finding of increased activation in the sensorimotor area in reaction to i.v. administration of 
dAMPH could be explained to represent increased recruitment of this area in inhibitory 
processes. Poor motor response inhibition is observed in AdHd on the Go/NoGo and 
stop-signal tasks (Rubia et al., 2007; Willcutt et al., 2005). Therefore dAMPH might improve 
performance in these groups by increasing sensorimotor activation, in particular the 
supplementary motor cortex, which is involved in initiating inhibition in a planned motor 
response (Nachev 2008).

Differences between MPH and dAMPH

The main difference between the two drugs, when looking at the interaction effect, is 
dAMPH mediated. The effect of i.v. dAMPH administration is significantly larger than that of 
oral MPH, thereby overshadowing the MPH effect. Here we found that two drugs that both 
increase the levels of dA in the synaptic cleft (Fleckenstein et al., 2007; Swanson and Volkow, 
2002), seem to affect the same task in very different manners, most likely caused by the 
difference in rise of dA levels in regards of amount of dA and the timing of the release (a 
quick and large effect in i.v. dAMPH versus a slower and smaller rise in dA after oral MPH). 
Administration of levodopa, a dA precursor, was found to reduce the magnitude of BOLd 
signal activation in the cerebellum and right parietal cortex in both healthy controls and 
patients with tic disorders during inhibition of response, again providing a different result 
of increasing DA levels during inhibition (Hershey 2004). It would be beneficial to obtain 
data in large patient groups, preferably while objectifying monoaminergic modulation, for 
example by obtaining PET or SPECT data on dA release in the same group so that it can be 
determined how the timing and size of DA release influences task function.
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Response inhibition in DAergic dysfunction

Executive function is very vulnerable to neurotoxic damage and all drugs with abuse potential, 
excepting cannabis, have been linked to poorer executive functioning, inhibition in particular 
(for review (van Holst and Schilt, 2011). For example cocaine users (cocaine is a dAergic 
drug) have been shown to have a larger activation pattern during inhibition in comparison 
to control subjects (Connolly et al., 2012). When a memory component was added to the 
Go/NoGo paradigm, decreased activation in ACC and cerebellum were observed in cocaine 
users (Hester et al., 2004). Interestingly, adolescents with AdHd have also been shown to 
have a larger activation pattern during inhibitory processes (Schulz et al., 2004). This may 
lead to hypothesizing about similar DAergic deficits in patients suffering from ADHD and 
those (ab)using drugs acting on the dAergic system, and indeed similarities in the area of 
craving have been demonstrated before (Frodl, 2010) . Our results may be used to further 
investigate the effects of dAergic dysfunction on response inhibition.

Limitations

First, the number of participants in this study was rather small. The study was designed 
as explorative involving a limited number of subjects. However, even with this relatively 
small sample size, effects were considerable and significant even when using strict statistical 
thresholding. 

 Second, unfortunately we were unable to obtain behavioral data in this group, 
although performance was monitored during scanning to ensure compliance with the task 
administered. Therefore, we were not able to determine the effects of dAergic challenge on 
inhibitory performance and to tease out brain regions involved in successful and unsuccessful 
response inhibition. However, the general task effect was in agreement with the current 
literature (Verbruggen et al., 2008; Pliszka et al., 2006).

Finally, because we did not include a placebo challenge we cannot completely rule 
out the possibility that an expectation of drug effect, or a volume effect, may have affected 
our results. The two dAergic challenges did not modulate any overlapping brain region, 
however, which makes it unlikely that the observed effects are due to expectation only. 
Second, none of the groups had previous experience with MPH or dAMPH and did not know 
(exactly) what to expect. Finally, a previous study only found a small expectancy effect on 
brain hemodynamics with i.v. administration of MPH, whereas in the current study MPH was 
given orally (probably resulting in an even smaller expectancy effect) (Volkow et al., 2006). In 
addition, this expectancy effect during i.v. MPH administration was observed only on resting 
state MRI and not on task-related brain hemodynamics. These observations suggest that in 
the current study drug expectancy may have affected the results only minimally, if at all. 
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Conclusions

Challenging the dAergic system with either MPH or dAMPH, both increasing dA levels, 
affects activation during inhibition of response. However, where oral MPH (35 mg) caused 
decreases in activation in frontostriatal areas, i.v. dAMPH (0.3 mg/kg) caused an increase 
in activation in the sensorimotor area. This demonstrates that type of drug and route of 
administration can have profound effects on parameters of functional activation.
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abstRact

dopamine (dA) is involved in systems governing motor actions, motivational processes 
and cognitive functions. Preclinical studies have shown that even relatively low doses of 
d-amphetamine (dAMPH) (equivalent to doses used in clinical Practice) can lead to dA 
neurotoxicity in rodents and non-human primates (Ricaurte et al., 2005). Therefore, we 
investigated the dAergic function in eight male recreational users of dAMPH and eight 
male healthy controls using functional magnetic resonance imaging (fMRI). We compared 
brain activation between both groups during a monetary incentive delay task (Knutson et 
al., 2001) with and without an oral methylphenidate (MPH) challenge. All subjects were 
abstinent for at least 2 weeks during the baseline scan. The second scan was performed 
on the same day 1 ½ hours after receiving an oral dose of 35 mg MPH (approximately 0.5 
mg/kg) when peak MPH binding was assumed. When anticipating reward, dAMPH users 
showed lower striatal activation in comparison to control subjects. In addition MPH induced 
a reduction in the striatal activation during reward anticipation in healthy controls, whereas 
no such effect was observed in dAMPH users. The combination of these findings provides 
further evidence for frontostriatal dAergic dysfunction in recreational dAMPH users and 
is consistent with preclinical data suggesting neurotoxic effects of chronic dAMPH use. The 
findings of this explorative study could have important implications for humans in need for 
treatment with dAMPH, such as patients suffering from AdHd and therefore this study 
needs replication in a larger sample.
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IntRoDUctIon

dopamine (dA) is involved in several key physiological systems governing motor actions 
as well as motivational processes and cognitive functions. Subsequently, abnormalities of 
dopaminergic (DAergic) cells have been linked to Parkinson-like motor deficits, attenuated 
reward processing and impaired impulse control (Stoy et al., 2011; Vaidya et al., 1998; Van den 
Heuvel and Pasterkamp, 2008). 

In humans, dAergic dysfunction can occur as a consequence of endogenous disease 
processes (e.g. Parkinson’s disease, schizophrenia and attention deficit/hyperactivity disorder 
(AdHd)), resulting in alterations in frontostriatal dAergic signalling (Van den Heuvel and 
Pasterkamp, 2008). DAergic dysfunction can also be caused by exogenous influences on the 
brain, such as the use of dextro-amphetamine (dAMPH) or methamphetamine. Preclinical 
studies have shown that even relatively low doses of dAMPH (equivalent to the doses used 
in clinical practice) can lead to striatal dA neurotoxicity in rodents and non-human primates 
(Ricaurte et al., 2005), as evidenced for instance by reductions in striatal dA concentrations 
and dA transporter (dAT) binding sites. PET studies in dAMPH treated monkeys have 
shown reductions in striatal [18F]fluoro-L-dopa uptake in vervet monkeys (Melega et al. 1996, 
1997). In line with this, in humans, a study by Reneman and co-workers (Reneman et al., 
2002) has shown that recreational dAMPH use is linked to lower striatal dAT availability. 
Because the dAT is a structural component of the dA-axon, loss in dAT has been used 
as a marker for dAergic damage (Reneman et al., 2002). Because dAMPH is frequently 
prescribed in the treatment of AdHd it is a drug that is relatively easy to obtain for illicit 
purposes and in fact is misused by subjects both with and without AdHd (Wilens et al., 
2008). Therefore it is important to further investigate dA dysfunction in recreational users 
of dAMPH. Recreational users, i.e. subjects not being treated for substance abuse, tend to 
use less frequently and lower dosages than subjects with a substance use disorder. To the 
best of our knowledge, no other studies have yet investigated the dA system in recreational 
users of this drug.

Studies in abstinent dAMPH users have demonstrated sustained deficits in several 
behavioural paradigms, including decision-making (Ersche et al., 2005), memory (Rapeli et 
al., 2005) and set-shifting (Ornstein et al., 2000). Although functional MRI (fMRI) measures 
changes in blood oxygenation rather than neurochemistry, it has been suggested that striatal 
activation during anticipation of reward as measured with fMRI might partially index dAergic 
function (Schultz, 2002). In addition, fMRI can give region-specific neurovascular responses to 
a dAergic challenge (Knutson et al., 2004; Willson et al., 2004). In view of this, it is of interest 
to investigate anticipation of reward in recreational users of dAMPH and their reaction to a 
dA challenge. The combination of a dA challenge with fMRI (pharmacological MRI: phMRI) 
enables a more direct assessment of dA functions, because brain activity during striatal 
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activation is investigated in addition to the modulating effect of a dA agent (Honey and 
Bullmore, 2004). 

A drug that is well known to activate the dA system is methylphenidate (MPH), 
commonly used in the treatment of AdHd. MPH acts by blocking the dAT, which prevents 
the reuptake of dA by the presynaptic neuron and thus increases dA concentration in the 
synaptic cleft. Oral MPH challenges have been used in fMRI investigations involving both 
healthy and AdHd populations (Bush et al., 2008; Rubia et al., 2009; Schlosser et al., 2009; 
Shafritz et al., 2004), but not dAMPH users. MPH normalized brain responses in AdHd 
patients on inhibitory tasks (Liddle et al., 2011; Vaidya et al., 1998) as well as reward-related 
tasks (Rubia et al., 2009; Wilkison et al., 1995). 

In this study, we investigated dAergic function in recreational users of dAMPH and 
healthy controls using fMRI with and without a dA challenge to determine whether dAMPH 
use can be linked to dAergic dysfunction in humans. We set out to answer the following 
questions: 1) does striatal function differ between recreational dAMPH users and control 
subjects? 2) does a dAergic challenge modulate striatal function differently in recreational 
dAMPH users versus control subjects? To that purpose, we investigated the response to 
an oral MPH challenge during a dAergic task: anticipation of reward using a monetary 
incentive delay task (Knutson et al., 2001). In view of the fact that anticipation of reward is 
linked in a large part to striatal response systems, which may be disrupted in dAMPH users, 
we hypothesized that recreational dAMPH use is associated with impaired anticipation of 
reward and that this abnormality is (partially) restored by increased extracellular levels of 
dA following oral MPH. 
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MetHoDs

Subjects

Subjects were recruited by posting advertisements around the medical campus, on websites 
and in regional newspapers. A total of eight male, recreational amphetamine users and eight 
male, healthy control subjects were recruited. Written informed consent was obtained from 
all subjects. The eligibility criterion for the dAMPH group was previous use of dAMPH on 
more than 40 occasions. This threshold was chosen based on the work of Reneman and co-
workers (Reneman et al., 2002) who found lower dAT binding in ecstasy users with average 
dAMPH use on more than 45 occasions. The eight control subjects were healthy subjects 
with no self-reported use of amphetamines. 

Subjects were asked to refrain from using caffeinated products on assessment days. 
Both controls and dAMPH users agreed to abstain from all psychoactive drugs for at least 
two weeks before scanning and therefore dAMPH dependence was reason for exclusion. All 
subjects indicated being able to abstain without external help during this two week period 
and were asked to comply with urine drug screening on the day they were scanned (with 
an enzyme-multiplied immunoassay for amphetamines, cocaine, cannabis, alcohol, opiates 
and benzodiazepines). Exclusion criteria for all participants were: any neuropsychiatric 
diagnosis or history of brain disease or injury, use of medication with affinity for DA (e.g., 
MPH), a positive urine-screen for any dAergic drugs or any contra-indication to MRI such 
as metallic implants or claustrophobia. Subjects received a small financial compensation for 
their participation. 

This study was approved by the medical ethics committee of the Academic Medical 
Centre Amsterdam.

Procedure

The tasks were presented in the same order for every subject; first a go-nogo task, then the 
reward task and then an emotional face recognition task. Results of the gonogo task and the 
face recognition task will be reported elsewhere. To minimize learning effects, a practice run 
for each task was presented outside of the scanner. After the first scanning session, subjects 
received 35 mg MPH (approximately 0.5 mg per kg body weight) to be taken orally with 
water. Subjects were then free to relax for 1 ½ hours until peek plasma levels were expected 
(Swanson and Volkow, 2003) and then re-entered the MRI scanner for the second session 
that was identical to the first. MPH was obtained from Sandoz B.V. (Weesp, the Netherlands).
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Imaging

All MR imaging was performed using a 3.0 Tesla Philips MR scanner equipped with an 
SENSE 8-channel head coil and body coil transmission (Philips Medical Systems, Best, The 
Netherlands). The session protocol consisted of a high resolution 3dT1-weighted anatomical 
scan for registration and segmentation purposes and a fast single shot echo planar image 
(EPI) sequence for BOLd analysis. For the BOLd acquisition imaging parameters were: TR/
TE 2300/30 ms; FOV 220×220 mm2; 40 slices; voxel size 3 x 3 x 3 mm; no gap; 80° flip angle, 
SENSE 2.0. 

fMRI

The reward anticipation task was presented by a video projection system onto a white 
screen using E-prime software (Psychological Software Tools, USA). Subjects saw the screen 
via a mirror attached to the head coil. Responses were logged via a response box attached 
to the computer presenting the stimuli. Subjects were asked to imagine actually receiving 
the amounts displayed in the task, but did not receive any additional reward apart from 
their financial compensation for participation. We chose for this option, seeing as playing for 
points or real money has led to similar results in reward response (Cole et al., 2012c; Peters 
et al., 2011).

All subjects performed a modified version of the monetary incentive delay task 
as described in (Knutson et al., 2001). In the task the response to anticipation of gaining or 
losing money and a neutral condition was determined. Three graded positive cue stimuli 
signalled that, if the subjects responded on the subsequent target presentation, he would 
gain a monetary reward (36 trials), three graded negative stimuli signalled that, if the subject 
would not respond to the target presentation, he would loose money (36 trials). One 
neutral cue, finally, signalled no incentive outcome (18 trials). An indication on the stimulus 
signalled the size of the reward or loss (€0.00, €0.20, €1.00 or € 5.00). Stimuli (presented 
for 250 ms) were presented in a pseudorandom order. Each cue was replaced by a cross-
hair with variable delay during the anticipation period (2000-2500 ms). Thereafter, the target 
was presented for a variable length of time (160-260 ms) and subjects were instructed to 
respond as fast as possible to the target by pressing a button with their right index finger. 
Responding in time to the target would result in monetary gain or avoidance of loss. Next, 
again with a variable delay of 1240-1840 ms. after target presentation, feedback of the trial 
result and the accumulated result of all previous trials was provided for a fixed period of 
1750 msec. after which a new cue was presented 
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Analysis

Continuous variables of group characteristics were analyzed using unpaired two-tailed 
student’s t-tests (log transformed if necessary) and Mann-Whitney tests for drug history 
variables. All demographic and behavioral data was analyzed in SPSS version 18.0 (SPSS Inc, 
Chicago, Ill) and are presented as mean ± standard deviation unless otherwise indicated. 

Behavioral responses to the anticipation of reward task were analyzed for percentage 
correct response and mean response time with MANOVA for group and MPH interaction. 

MRI scans were analyzed using FSL 5.1 (FMRIB-Software-Library, Functional 
Magnetic Resonance Imaging of the Brain Centre, dept. of Clinical Neurology, University of 
Oxford, Oxford, UK, http://www.fmrib.ox.ac.uk). Non-brain structures were removed from 
3dT1 anatomical scans using the Brain Extraction Tool (BET) (Smith, 2002). Scans were 
analyzed using FSL’s fMRI Expert Analysis Tool (FEAT) (Beckmann et al., 2003) and Motion 
Correction using FMRIB’s Linear Image Registration Tool (MCFLIRT) (Jenkinson et al., 2002), 
BET brain extraction, spatial smoothing set at 5 mm FWHM, high-pass filter cut-off at 100 
sec. Scans were registered to the high resolution structural image and to standard MNI 
space (MNI152_T1_2mm_brain from the FSL atlas library). 

The general linear model (GLM) used for first-level analysis was adapted from 
(Knutson et al., 2001), with contrasts set to reward versus neutral, loss versus neutral, 
reward versus loss and large reward (€ 5.00) versus small reward (€ 0.20). The obtained 
first-level analysis was entered into a second-level (group effect) analysis. Main task effect 
was determined by examining first level effects for all scans available, both baseline and post-
challenge scans were used for this analysis. Next a mask of the corpus striatum based on 
the Harvard-Oxford brain atlas, including putamen, caudate, nucleus accumbens and globus 
pallidus, was applied to the data, to determine ROI specific activation. Because cocaine 

also influences the DA system and cocaine use was common in dAMPH we decided to 
incorporate cocaine in the analysis. Cocaine use in the last 12 months was demeaned and 
added as a covariate to the higher-level analysis. In order to keep covariate use as low as 
possible in this explorative study we decided against correcting for age and IQ, seeing as we 
do not consider these to have a significant influence on DAergic function in this relatively 
young population. 

For illustrative purposes we determined striatal task-activation for both groups and 
conditions separately, uncorrected with p < 0.01. Baseline group differences, in addition to 
the effect of the challenge per group were calculated. Finally, the interaction effect of group 
x drug challenge was calculated. For these comparisons (baseline effect, challenge effect 
and interaction) statistical threshold was set at p = 0.05, Z = 2.3, with cluster-correction to 
correct for multiple comparisons. Finally, voxels that showed a significant interaction effect 
were used to create a mask in order to determine mean percentage signal change in these 
voxels. 
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ResUlts

Sample characteristics

The dAMPH group used dAMPH for a mean of 13.9 (± 8.7) years on a mean of 27.8 (± 17.1) 
occasions/year and a usual dose of 0.8 (± 1.2) grams/occasion. The mean cumulative lifetime 
exposure to dAMPH was 352.6 (± 465.3) grams and mean time since the last dose was 1.1 
(± 1.3) months. Table 1 shows that the dAMPH group was slightly older and had a normal 
but slightly lower pre-morbid IQ than the control group although years of education did not 
differ significantly. In addition, dAMPH users had used significantly more tobacco, cannabis 
and cocaine. 

Table 1 Demographics for dAMPH users and controls with standard deviation (±) and p-values for t-test (Age, 
IQ and Years of education) or Mann-Whitney test.

  dAMPH Controls
 n=8 n=8 p-val

Age 26.0 (± 4.0) 22.0 (± 3.0) 0.04
dART-IQ 104.5 (± 3.0)  110.4 (± 4.2) 0.007
Years of education 15.1 (±3.6) 16.4 (±2.9) 0.46

dAMPH
Average dAMPH use (occasions/year) 27.8 (±17.1) 0 0.00
duration of dAMPH use (years) 13.9 (± 8.7) NA NA
Usual dose (grams/occasion) 0.8 (± 1.2) NA NA
Total exposure (grams)  352.6 (± 465.3) 0 0.00
Time since last exposure (months) 1.1 (± 1.3) NA NA

Other substances
Average tobacco use (cigarettes/month) 261.0 (±279.8) 0 0.01
Average alcohol use (units/month) 103.5 (±146.6) 104.5(±83.5) 0.49
Average cannabis use (joints/year) 410.3(±480.5) 19.4(±31.8) 0.02
Average MdMA use (pills/year) 3.8(±10.6) 0 0.32
Average cocaine use (occasions/year) 5.0(±5.2) 0.1(±0.4) 0.009

NA = Not applicable 

Behavioral effects of reward anticipation 

Hit rate for reward anticipation (i.e., proportion of successful button presses during target 
presentation) and response times for hits, did not significantly differ between controls and 
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dAMPH users at baseline (hit rate 56.5% ± 13.6 vs. 54.5% ± 7.4, p = 0.71; reaction time 197.4 
ms. ± 18.8 vs. 197.6  ms. ± 27.9, p = 0.99) or with MPH challenge (60.7% ± 15.0 vs. 59.5% ± 
10.1, p = 0.85; 202.8 ms. ± 17.9 vs. 193.1 ms. ± 26.1, p = 0.4), nor was there an interaction 
effect of group x challenge (hit rate p = 0.93; reaction time p = 0.75).

Analysis of reward anticipation 

Anticipation of reward vs. anticipation of the neutral condition showed activation in the 
ventral striatum, thalamus, parietal, frontal and occipital cortex, brainstem, cerebellum, 
anterior cingulate and the insular cortex (figure S1 available in supplementary material). 

When the two groups and drug conditions were analyzed separately for anticipation 
of reward vs. anticipation of the neutral condition in the corpus striatum ROI, significant 
activation was observed in both groups in either drug condition (without and with MPH) 
(Figure 1). For the control group, widespread and strong activation was seen in the corpus 
striatum before the MPH challenge After the MPH challenge this effect became weaker and 
more focal. In the dAMPH users, anticipation of reward was associated with a weak pattern 

Figure 1. Activation during anticipation of reward vs. anticipation of the neutral condition. The different panels 
show the activations during the anticipation of reward in an ROI of the corpus striatum in healthy controls at 
baseline (a), dAMPH users at baseline (b), healthy controls after challenge with 0.5 mg/kg oral MPH (c) and 
dAMPH users after challenge with MPH (d). Activated voxels are uncorrected at p < 0.
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of striatal activation at baseline that did not seem to be altered by the MPH challenge. 
Locations and maximum Z-scores for these and the following analysis are reported in Table 
2.

Table 2 Location of the Z-max cluster, with amount of voxels in the cluster, maximum Z-value, p-value and 
MNI coördinates for the maximum voxel. Analysis given for healthy controls (HC) and dAMPH users (dAMPH) 
both before (pre) and after (post) administration of 35 mg of MPH.

Region  Voxels Zmax p-val  Talairach
    x  y  z

Baseline
HC

Left caudate/accumbens 1244 5.37 <.000 -6 8 -2
Right caudate/accumbens 1015 5.64 <.000 10 12 0

dAMPH empty
HC > dAMPH

Left putamen 470 3.6 <.001 -22 2 8
Right putamen 455 3.43 <.001 24 4 12

dAMPH > HC empty

Post-MPH
HC empty
dAMPH empty 
HC > dAMPH 131 4.26 0.026 10 0 12
dAMPH > HC empty 

Interaction
HC pre > post

Left caudate 221 5.6 0.003 -14 16 6
Right putamen/pallidum 123 4.89 0.023 28 -10 -2
Right putamen/caudate 93 4.62 0.049 18 18 -4

dAMPH pre > post  empty
HC > dAMPH 

Left putamen/pallidum 105 4.88 0.036 -18 2 6
dAMPH > HC empty

Statistical comparison of the two groups at baseline (without MPH) confirmed that anticipation 
of reward vs. anticipation of the neutral condition induced a significantly weaker activation 
pattern across the striatum of recreational dAMPH users compared to healthy controls 
(Figure 2, panel A). Following the MPH challenge, anticipation of reward vs. anticipation of the 
neutral condition induced a statistically significant reduction in striatal activation (Figure 2, 
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panel B) only in control subjects. Significant clusters (Table 2) were found in the left caudate, 
right putamen and right pallidum. In the dAMPH group, no statistically significant effect of 
the MPH challenge was found.

No baseline activation or baseline differences were observed when analyzing loss 
versus neutral, reward versus loss or large reward versus small reward.

Figure 2. Interaction(group x challenge)during reward anticipation. 
Panel A: Axial, transverse and sagittal views of the difference in response to anticipation of reward between 
healthy controls and dAMPH users at baseline. Activated voxels indicate areas in which healthy controls had a 
significantly larger response to reward anticipation than dAMPH users corrected for cocaine use (Z > 2.3, p 
<0.05, cluster-corrected).
Panel B: Activated voxels represent the areas within the corpus striatum ROI where a significant decrease in 
activation during reward anticipation was observed in healthy controls after challenge with 0.5 mg/kg oral MPH 
(Z > 2.3, p <0.05, cluster-corrected). Recreational dAMPH users did not have a significant response to MPH 
(positive or negative).
Panel C: Activated voxels represent areas within the corpus striatum ROI where a significant interaction of group 
x challenge was observed (Z > 2.3, p <0.05, cluster-corrected).
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Interaction of group x challenge in striatum during reward anticipation 

A significant Group x Drug challenge interaction was found in the left putamen for the 
anticipation of reward vs. anticipation of a neutral condition contrast (Figure 2, panel C). 
The mean percentage signal change as shown for the striatum in Figure 3 during reward 
anticipation confirms the different effects induced by reward anticipation in both groups, 
and the effect of MPH thereupon:  under activation in the dAMPH users at baseline (without 
MPH) and reduced  brain activation after the MPH challenge in the controls. Moreover, in 
the dAMPH users, the left putamen became more strongly activated during anticipation of 
reward after the MPH challenge.

No interaction effects for the other contrasts (loss versus neutral, reward versus 
loss, large reward versus small reward) were observed.

Figure 3: Mean percentage signal change in Nucleus Accumbens, Striatum and the area of significant 
interaction (Activation Mask) during reward anticipation for controls and dAMPH users at baseline and after 
MPH challenge.
Bars represent the percentage signal change within the ROI from the Harvard-Oxford brain atlas and voxels 
that showed a significant interaction effect in the voxel-based analysis (Activation Mask) for both healthy 
controls and dAMPH users at baseline and after challenge with 0.5 mg/kg oral MPH. Error bars represent 
standard deviation.



CHAPTER 6 | DOPAMINERGIC DYSFUNCTION IN ABSTINENT DEXAMPHETAMINE USERS: RESULTS 
FROM A PHARMACOLOGICAL FMRI STUDY USING A REWARD ANTICIPATION TASK AND A 

METHYLPHENIDATE CHALLENGE

113

DIscUssIon

We observed a different striatal response following a monetary incentive delay task in 
recreational dAMPH users compared to healthy controls. This task has been found to 
robustly activate the nucleus accumbens and the caudate when anticipating reward, where 
receiving the actual reward mainly elicits a response in the medial PFC ((Knutson et al., 
2001), for review (Haber and Knutson, 2010)). When anticipating reward, dAMPH users 
showed diminished striatal activation in comparison to control subjects. We also observed 
a statistically different effect of a dA challenge in which MPH induced a decrease in striatal 
activation during reward anticipation in healthy controls, whereas no effect in dAMPH users 
was found. No effects of group or challenge were observed on anticipation of loss and size 
of the reward.

Group differences on anticipation of reward before MPH challenge

One of the explanations for the lower reward anticipation found in recreational dAMPH users 
may be an innate hypofunction of the DAergic system, which in turn may reflect increased 
sensitivity towards dAMPH (ab)use and or addiction. A leading theory about addiction states 
that reduced sensitivity for natural reinforcers underlies the development of addiction (also 
referred to as the reward deficiency hypothesis (Comings and Blum, 2000)). According to 
this theory, the dAMPH group, may have an innate dAergic hypofunction, which in turn has 
predisposed them to developing a penchant for stimulant use. Indeed, even after prolonged 
abstinence lower d2 receptor availability in a wide variety of addicted individuals has been 
reported (for review (Volkow et al., 2009)). In addition lower d2 receptor availability has 
been linked to increased impulsivity measures (Buckholtz et al., 2010), which in itself has 

been put forward as a component cause for the development of addiction (for review 
(Hommer et al., 2011)). Thus, it is possible that our findings may not relate to dAMPH use, 
but rather increased impulsivity due to low d2 receptor availability. However, we cannot 
exclude the possibility that selection bias or confounding by  factors that were not included 
in the current study are responsible for the observed differences in this explorative study. 
Only a large-scale prospective study, as we previously conducted for MdMA (de Win et al., 
2008a), will be able to show the causal nature of our findings, and exclude that pre-existing 
differences (such as low D2 receptor availability) underlie our findings.”

Addiction has also long been associated with aberrant reward-related responses 
(for a review see (Volkow et al., 2011)). It has been demonstrated that alcoholics show 
reduced ventral striatum activation during the anticipation of monetary gain (Wrase et 
al., 2007) and a correlation between this response and impulsivity measures has also been 
reported (Beck et al., 2009).  However, cocaine dependent were not different from healthy 
controls in the anticipation of reward (Asensio et al., 2010). Therefore addiction alone cannot 
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be held exclusively responsible for the changes in reward-related behaviour. Although we 
cannot exclude that the participants in our study were addicted, they clearly stated that they 
were recreational dAMPH users and not diagnosed with addiction or substance abuse in the 
past. Moreover, they used dAMPH “only” 28 times per year, which is about once every two 
weeks and this can hardly be called addictive use of dAMPH with loss of control. Therefore 
it is unlikely that addiction-related changes in the mesolimbic dA pathway involved in drug-
reward are the predominant mechanism underlying our results.

Another explanation for the reduced sensitivity for reward in the recreational 
dAMPH users is that this is caused by neurotoxic changes induced by chronic dAMPH use. 
This interpretation is based on a large body of preclinical studies, such as that from Ricaurte 
and co-workers who observed a reduction in the number of both dAT and vesicular 
monoamine transporter (VMAT) in non-human primates treated with a dAMPH in a regimen 
similar to the one used in the treatment of patients with AdHd (Ricaurte et al., 2005). In 
addition, PET studies in amphetamine treated vervet monkeys have shown reductions in 
striatal [18F]fluoro-L-dopa uptake (Melega et al., 1996; Melega et al., 1997) and reductions in 
dAT have been observed in combined dAMPH and MdMA users using [123I]β-CIT SPECT 
(Reneman et al., 2002). Furthermore, studies on the striatal dAergic system in rats have 
shown that chronic dAMPH exposure results in neurotoxicity characterized by decreases 
in dA levels and dAT densities, swollen nerve terminals and degenerated axons (Ricaurte 
et al., 1984). Given the large body of evidence directly documenting the dAergic neurotoxic 
potential of dAMPH in rodents and nonhuman primates, and because reward functions are 
strongly connected to the dA system, our data provide further evidence that recreational 
use of dAMPH is associated with dAergic dysfunction, as evidenced by a reduced activation 
during reward anticipation.

MPH challenge effect

Our findings of diminished brain activation of the ventral striatum of healthy controls 
following an acute challenge with MPH are in line with the literature. Knutson and co-
workers investigated the effects of 0.25 mg/kg oral dAMPH in healthy volunteers (Knutson 
et al., 2004), using a similar monetary incentive delay task to the one used here, and found 
that dAMPH blunted the response in the ventral striatum during reward anticipation. 
However, since dAMPH not only blocks the dAT (similar to MPH), but also enhances dA 
release, it is expected that higher synaptic dA concentrations were obtained in the study 
by Knutson than in the current study. It is thought that the magnitude of phasic dA release 
in the ventral striatum is reduced by a challenge with a dA agent such as dAMPH or MPH 
during anticipation of reward (Knutson et al., 2004), thereby diminishing brain activation. In 
dAMPH users we did not observe such a response, providing further evidence for striatal 
dysfunction. 
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This dysfunction may also be linked to the phenomenon of drug tolerance. It has 
been shown that repeated dosing with dAMPH leads to a greater behavioral response and 
can cause an increased dA release in response to a subsequent challenge which can still 
be observed one year later (Boileau et al., 2006; Strakowski et al., 1996). After continued 
exposure this increased sensitivity disappears and dA release is smaller in response to a 
similar dose (Jacobs et al., 1981; Segal and Kuczenski, 1997). One theory states that this 
is due to depleted dA stores or alterations in d2 auto-receptor function (Kuczenski and 
Segal, 1997a).  Using D1 or D2 receptor specific agonists or antagonists, phMRI studies 
in rats, combined with microdialysis have demonstrated that specific receptor types are 
responsible for different aspects of the hemodynamic response to a dAergic challenge 
((Chen et al., 2005; Chen et al., 2010; dixon et al., 2005). Where the d1 receptor is only 
present post-synaptically, the d2 receptor is expressed both pre- and post-synaptically and 
can inhibit dA release when located on the pre-synaptic neuron (for review (Missale et 
al., 1998)). A lower level of d2 expression may lead to a larger relative percentage of d2 
occupation by dA following a challenge, leading to a blunted hemodynamic response to the 
MPH administration. This mechanism could be responsible for the blunted response we 
observed in individuals that used dAMPH on a regular basis. In line with this, a reduction in 
d2 receptors has been found in non-human primates following chronic dAMPH treatment 
(Ginovart et al., 1999). Reduced levels of d2 expression may therefore also explain the 
blunted hemodynamic response observed and this may also be a result of the dAMPH use in 
our group of dAMPH users. However, a lower d2 expression (linked to increased impulsivity 
as stated above) could also have been pre-existent to the dAMPH use and causative for the 
start of psychostimulant use in these subjects.”

Another explanation for the blunted hemodynamic response could lie in the 
reduction in dAT availability noted previously in preclinical studies and possibly other parts 

of the dAergic system (Ricaurte et al., 2005). Interference with MPH’s ability to bind to dAT 
has been shown to fail to produce conditioned place preference behavior, which is related 
to reward processing (Tilley and Gu, 2008).

In line with this, recent studies revealed a lower response in the ventral striatum 
during anticipation of monetary rewards in adolescents (Scheres et al., 2008) and adults 
with AdHd ; (Plichta et al., 2009). This is of interest to the current study, because AdHd 
has also been associated with dAergic dysfunction and alterations in dAT availability have 
been observed previously (Spencer et al., 2005; Strohle et al., 2008). In fact MPH treatment 
at (pre)adolescence seems to reduce this risk of developing addictive disorders in individuals 
with AdHd (Katusic et al., 2005; Wilens, 2004). Several animal and behavioural studies have 
suggested that the increased risk for developing addiction may be due to aberrant reward 
sensitivity in individuals diagnosed with AdHd (Luman et al., 2005; Shiels et al., 2009; Wilkison 
et al., 1995). It would be interesting to use phMRI with a dAergic challenge to investigate 
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reward sensitivity individuals suffering from AdHd as well as evaluating effects of treatment 
on the hemodynamic response profile.

Limitations

First, the number of participants in this study was rather small. The study was designed as 
explorative involving a limited number of subjects, because predominant dAMPH users are 
very difficult to find in the Amsterdam region. However, even with this relatively small sample 
size, effects were considerable and significant even when using strict statistical thresholding. 

Second, it can not be excluded that the observed dAergic dysfunction is due to 
other drugs than dAMPH since AMPH users had more experience with tobacco, cannabis 
and cocaine then controls. However, other than cocaine, none of these drugs is known to 
affect the integrity of the dAergic system. For that reason we performed post-hoc analyses 
adjusting for cocaine use. It is therefore unlikely that the findings of the present study are 
caused by substances other than dAMPH. Furthermore, because subjects had to abstain for 2 
weeks from psychoactive drugs, it is unlikely that the present findings of DAergic dysfunction 
are due to the acute pharmacological effects of dAMPH or other drugs (other than MPH 
administered during the study). Urine screening was performed to detect concealed recent 
dAMPH use. Other than self-report, we were not able to ensure abstention from dAMPH 
in the two weeks before the scanning sessions. However, a survey in The Netherlands 
investigated the validity of the drug-history questionnaire that was used in this study. It was 
found that in 93% of the cases (n=594) the reported drug use was in agreement with the 
drug-urine test (Addiction Research Institute 1998). In future studies, hair sample analysis 
would be a useful way to ascertain previous use of dAMPH. 

Age and IQ also differed between the groups. Therefore, additional or supplementary 

statistical analyses to the analyses involving the primary objective of the study were 
conducted with age and IQ as covariates (Figures S2 and S3 of the supplementary material). 
However, these covariates did not substantially change our findings: we again observed larger 
activation in healthy controls when compared to dAMPH users at baseline, along with an 
interaction effect of the MPH challenge. This observation strengthens the hypothesis that 
our findings are related to stimulant use and not to mismatched characteristics.

Thirdly, because we did not include a placebo challenge we cannot completely rule 
out the possibility that differences between the groups in expectation of drug effect may 
have affected our results. However, none of the groups had previous experience with MPH 
and did not know (exactly) what to expect. Moreover, a previous study only found a small 
expectancy effect on brain hemodynamics with i.v. administration of MPH, whereas in the 
current study MPH was given orally (probably resulting in an even smaller expectancy effect) 
(Volkow et al., 2006). In addition, this expectancy effect during i.v. MPH administration was 
observed only on resting state MRI and not on task-related brain hemodynamics. These 
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observations suggest that in the current study drug expectancy may have affected the results 
only minimally, if at all. 

Fourth, we did not use an actual monetary reward. However, our results on whole 
brain activation to the anticipation of gain are very similar to earlier results obtained with 
this task. This task itself has been applied with modified rewards in previous studies as well 
(points with which subject could purchase snacks (Peters et al., 2011), monetary reward 
with a maximum thresholds or globally linking performance to size of compensation for 
study participation (Jia et al., 2011)). Hahn and co-workers and Stoy and co-workers do 
not specify whether or not actual money was used (Hahn et al., 2011; Stoy et al., 2011). 
Interestingly, similar results were obtained in all these modified reward studies. Because  the 
Knutson group who designed our task  found robust activation of reward related systems 
in the anticipation of interactive game playing, involving no other reward than playing the 
game itself (Cole et al., 2012c), we feel that our results are trustworthy even with only the 
fictitious winning of money. 

Conclusion

To our knowledge this is the first study investigating DAergic dysfunction in recreational 
users of dAMPH using a monetary incentive delay task with fMRI. We not only observed 
a blunted brain activation response during anticipation of reward in dAMPH users, but we 
also following a DAergic challenge with MPH. These findings provide further evidence for 
frontostriatal dA dysfunction in recreational dAMPH users and in our opinion are consistent 
with preclinical data suggesting neurotoxic effects of chronic dAMPH use. It should be noted, 
however, that no performance deficits were present in this relatively small study. Our findings 
should, therefore, be replicated in a larger sample. When replicated, our findings could also 
be used to further investigate the effects of chronic low dose dAMPH in a clinical setting, for 
example in the treatment of AdHd. 
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abstRact

Attention deficit hyperactivity disorder (ADHD) is hallmarked by dysregulation of the 
dopaminergic (dA) system. The use of d-Amphetamine (dAMPH) leads to dA dysfunction in 
non-human primates as damage to dA nerve terminals has been observed.

Links between dAergic functioning and emotional processing have also been made 
and it has been suggested that dAergic intervention can alter amygdala function. 

Therefore, we examined emotional function, focusing on the amygdala, in eight male 
recreational users of dAMPH and eight male healthy controls using functional magnetic 
resonance imaging (fMRI). We compared brain activation between both groups during an 
emotional face processing task (Hariri et al, 2002) with and without an oral methylphenidate 
(MPH) challenge. All subjects were abstinent for at least 2 weeks during the baseline scan. 
The second scan was performed on the same day 1 ½ hours after receiving an oral dose of 
35 mg MPH (approximately 0.5 mg/kg) when peak MPH binding was assumed.

We observed emotional dysfunction in the group of intermittent high-dose dAMPH 
users, which normalized following oral MPH administration. MPH thus restored amygdala 
hyperactivity in individuals with dA dysfunction, likewise in children with AdHd.
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IntRoDUctIon 

Attention Deficit Hyperactivity Disorder (ADHD) is the most prevalent psychiatric disorder 
of childhood, and affects 3 to 9% of school-age children and 1 to 5% of adults worldwide 
(Biederman and Faraone, 2004; Leung and Lemay, 2003; Wilens et al, 2004). For years now, 
stimulant drugs are the mainstay of AdHd treatment (Greenhill et al., 2002; (Fone and 
Nutt, 2005) and their use worldwide has increased substantially (Olfson et al, 2003; Robison 
et al, 2004). Side effects may consist of weight loss, and in adult patients dependence may 
develop, in addition to increased wakefulness and decreased fatigue.(Rapport et al, 2002) 
d- Amphetamine (dAMPH) and methylphenidate are the stimulants used in the treatment of 
AdHd. Both drugs act by blocking the dopamine (dA) transporter (dAT), which prevents 
the reuptake of dA presynaptically and thus increases dA concentration in the synaptic cleft. 
In addition, dAMPH also stimulates dA release. 

Recently, emotional dysregulation has been described in children with AdHd 
following stimulant treatment (Molina et al, 2009). In line with this, several preclinical studies 
have demonstrated that exposing preadolescent rats to a dAergic agent like methylphenidate 
(MPH) results in profound changes associated with a depression-like state later in life 
(Bolaños et al, 2003; Carlezon et al, 2003) It has been shown that these emotional deficits 
can be reversed by antidepressant treatment in adulthood with a serotonine reuptake 
inhibitor, such as fluoxetine (Bolaños et al, 2008). Bolanos et al. suggested that antidepressant 
treatment enhanced dA transmission in reward-related brain areas, resulting in a reverse of 
depression-like behaviour induced by early (preadolescent) MPH exposure. 

The amygdala is a brain structure critical for emotional processing and activates 
most strongly during the processing of emotional faces (Hariri et al, 2002). Amygdala function 

measured with functional Magnetic Resonance Imaging (fMRI) is now a well known biomarker 
of emotional dysregulation, i.e depression (Tao et al, 2012). For instance, increased amygdala 
activity assessed with fMRI  has been found in patients suffering from major depressive 
disorder (Mdd) which decreased after successful treatment with paroxetine (Ruhé et al, 
2011). 

Although emotional function is typically thought to involve the serotonergic system, 
recent experimental studies support the idea of a dA-ergic contribution to an emotional 
response, as suggested by biochemical, pharmacological and lesion experiments (for review 
see (Bolaños et al, 2003; Carlezon et al, 2003; Salgado-Pineda et al, 2005). Although much less 
studied, several clinical studies now also support dA disruption in emotional processing. For 
instance, in healthy controls it has been shown that dAMPH potentiated the response of the 
amygdala during the perceptual processing of angry and fearful facial expressions. (Hariri et 
al, 2002)  Nevertheless,  in adolescents with AdHd  increased activity of the right amygdala 
was normalised by MPH (Posner et al, 2011). 
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To further investigate the role of the dA system in emotional processing we 
examined emotional function in a group of dAMPH users, using task related fMRI before and 
after oral administration of MPH. We investigated dAMPH users, because there is preliminary 
evidence that users of this drug suffer from a dysfunctional dA system. We set out to answer 
the following questions: 1) does amygdala function differ between recreational dAMPH users 
and healthy control subjects? 2) does a dAergic challenge with MPH modulate amygdala 
function? 3) If so, does it affect amygdala function differently in recreational dAMPH users 
when compared to control subjects? If indeed dA plays an important role in emotional 
processing, as suggested in the (preclinical) literature described above, we hypothesized 
that in recreational dAMPH users we would observe an increased responsiveness of the 
amygdala to negative or fearful faces, which would normalize following a challenge with MPH, 
presumably due to enhanced dA transmission.

MetHoDs

This study was approved by the medical ethics committee of the Academic Medical Centre 
Amsterdam. Written informed consent was obtained from all subjects.

Subjects

Subjects were recruited by posting advertisements around the medical campus, on websites 
and in regional newspapers. A total of eight male, recreational amphetamine users and eight 
male, healthy control subjects were recruited. The eligibility criterion for the dAMPH group 
was previous use of dAMPH on more than 40 occasions. This threshold was chosen based 
on the work of Reneman and co-workers (Reneman et al., 2002) who found lower dAT 
binding in ecstasy users with an average dAMPH use on more than 45 occasions. The eight 
control subjects were healthy subjects with no self-reported use of amphetamines. 

Subjects were asked to refrain from using caffeinated products on assessment days. 
Both controls and dAMPH users agreed to abstain from all psychoactive drugs for at least 
two weeks before scanning and therefore dAMPH dependence was reason for exclusion. All 
subjects indicated being able to abstain without external help during this two week period 
and were asked to comply with urine drug screening on the day they were scanned (with 
an enzyme-multiplied immunoassay for amphetamines, cocaine, cannabis, alcohol, opiates 
and benzodiazepines). Exclusion criteria for all participants were: any neuropsychiatric 
diagnosis or history of brain disease or injury, use of medication with affinity for DA (e.g., 
MPH), a positive urine-screen for any dAergic drugs or any contra-indication to MRI such 
as metallic implants or claustrophobia. Subjects received a small financial compensation for 
their participation. 
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Procedure

The tasks were presented in the same order for every subject; first a go-nogo task, then a 
reward task and then the emotional face recognition task. Results of the go-nogo task (in 
preparation) and the reward task (Schouw et al, 2012) are reported elsewhere. To minimize 
learning effects, a practice run for each task was presented outside of the scanner. After 
the first scanning session, subjects received 35 mg MPH (approximately 0.5 mg per kg body 
weight) to be taken orally with water. Subjects were then free to relax for 1 ½ hours until 
peek plasma levels were expected (demenescu et al, 2011)and then re-entered the MRI 
scanner for the second session that was identical to the first. MPH was obtained from 
Sandoz B.V. (Weesp, the Netherlands).

Imaging

All MR imaging was performed using a 3.0 Tesla Philips MR scanner equipped with an 
SENSE 8-channel head coil and body coil transmission (Philips Medical Systems, Best, The 
Netherlands). The session protocol consisted of a high resolution 3dT1-weighted anatomical 
scan for registration and segmentation purposes and a fast single shot echo planar image 
(EPI) sequence for BOLd analysis. The BOLd acquisition imaging parameters were: TR/TE 
2300/30 ms; FOV 220×220 mm2; 40 slices; voxel size 3 x 3 x 3 mm; no gap; 80° flip angle, 
SENSE 2.0. 

Emotion processing task

The implicit emotion processing task was presented by a video projection system onto a 
white screen using E-prime software (Psychological Software Tools, USA). Subjects saw the 
screen via a mirror attached to the head coil. Responses were logged via a response box 

attached to the computer presenting the stimuli. 
All subjects performed a modified version of the event-related implicit emotion 

processing task used by (demenescu et al, 2011). Color photos of afraid, happy and neutral 
facial expressions were presented. The stimuli were selected from the Karolinska directed 
Emotional Faces (KdEF) stimulus set (Lundqvist, d., Flykt, A., & Öhman, A. (1998) and consisted 
of standardized facial expressions of emotions expressed by amateur actors. Twenty-four 
stimuli (twelve male and twelve female faces) were presented for each of the three facial 
expressions. In addition, 2 control stimuli consisting of an arrow pointing to the left or right, 
overlaid on a scrambled face, were presented. The control stimuli were presented 80 times 
(40 with an arrow pointing to the left, 40 with an arrow pointing to the right). Each stimulus 
type was not presented more than twice in a row. Each stimulus was shown on the screen for 
2.5 s with an interstimulus interval (black screen) varying between 0.5 and 1.5 s. Participants 
were instructed to indicate each face’s gender by pressing one of two buttons with the index 
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finger of the left or right hand on two button boxes (left for a male face and right for a female 
face). For the control stimuli, participants had to push a button according to the direction the 
arrow was pointing in (left button for left direction and right button for right direction), the 
direction of the arrows and correct faces were counterbalanced.

Analysis

Continuous variables of group characteristics were analyzed using unpaired two-tailed student’s 
t-tests (log transformed if necessary) and Mann-Whitney tests for drug history variables. All 
demographic and behavioral data were analyzed in SPSS version 18.0 (SPSS Inc, Chicago, Ill) 
and are presented as mean ± standard deviation unless indicated otherwise. Reaction times 
were entered into a mixed model ANOVA in SPSS with the factors Group (2 levels: healthy 
controls and dAMPH), drug challenge (2 levels: pre and post) and Stimulus type (4 levels: 
afraid, happy, neutral and baseline).MRI scans were analyzed using SPM8 (http://www.fil.ion.
ucl.ac.uk/spm/software/spm8) implemented in Matlab version 7.13. Images were first manually 
reoriented to the anterior commissure. Subsequently, fMRI images were realigned to the first 
volume, corrected for differences in slice acquisition time, co-registered to the anatomical 
scan, segmented into grey matter, white matter and cerebrospinal fluid, spatially (non-linearly) 
normalized to the Montreal Neurological Institute (MNI) T1 template, resampled into 2x2x2 
mm voxels and spatially smoothed using a 6 mm full width at half maximum Gaussian kernel. 
Statistical analysis was performed within the framework of the general linear model. To 
determine BOLd activation in response to different facial expressions, box-car regressors 
convolved with a canonical hemodynamic response function were used to model responses 
to each facial expression. Data were high-pass filtered at 128 s and temporal autocorrelation 
was modeled with an AR(1) process provided within SPM 8.. To assure that the faces paradigm 

elicited reliable activations, a whole brain second level fMRI analysis across groups and 
sessions was performed for each facial expression (random effects analysis). The resulting 
statistical parametric maps were initially thresholded at p < 0.001. Clusters significant at the 
p < 0.05 level family-wise error (FWE) corrected for multiple comparisons were considered 
statistically significant. Next, a region of interest (ROI) analysis was performed by extracting 
mean BOLd activation in the bilateral amygdala using a mask of the bilateral amygdala as 
defined by the Automated Anatomical Labeling atlas (Tzourio-Mazoyer et al, 2002). (figure 2) 
Because no statistically significant differences were found for the left and right amygdala the 
mean amygdala response across hemispheres was used. Mean amygdala activations for the 
left and right amygdala were analysed with mixed models in SPSS with the factors Group (2 
levels: healthy controls and dAMPH), Hemisphere (2 levels: left and right), drug challenge (2 
levels: pre and post) and Affective Valence (3 levels: afraid, happy and neutral). The association 
between the extent of dAMPH use and amygdala reactivity was studied with Pearson product-
moment correlation coefficient provided within SPSS (two-tailed). 
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Figure 1 Mask used to extract mean BOLD 
activation for region of interest (ROI) analysis (see 
text for details).

ResUlts

Sample characteristics

The dAMPH group used dAMPH for a mean of 13.9 (± 8.7) years on a mean of 27.8 (± 17.1) 
occasions/year and a usual dose of 0.8 (± 1.2) grams/occasion. The mean cumulative lifetime 
exposure to dAMPH was 352.6 (± 465.3) grams and mean time since the last dose was 1.1 
(± 1.3) months. Table 1 shows that the dAMPH group was slightly older and had a normal 
but slightly lower pre-morbid IQ than the control group although years of education did not 
differ significantly. In addition, dAMPH users had used significantly more tobacco, cannabis 
and cocaine. 

Task performance

Reaction times are shown in Table 2.
Subjects were faster after dAMPH than before dAMPH (F (1, 14) = 11.70, p < .01). 

Responses to control stimuli (scrambled faces that required a left/right response) were 

faster than to the emotional stimuli (requiring sex discrimination (F (3, 12) = 36.27, p < .001). 
No statistically significant effects were found involving the factor ‘Group’.

Whole brain analyses across groups and challenge

Whole brain fMRI analyses across groups (AMPH and HC) and challenge (pre and post MPH) 
were performed to verify whether the facial expressions elicited reliable activation (Table 3 
and Figure 2). Presentation of fearful faces was associated with activation of right amygdala 
extending into anterior hippocampus, left and right fusiform gyrus, right prefrontal cortex 
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and right middle temporal cortex. Activation of left amygdala did not survive correction for 
multiple comparisons. Presentation of happy and neutral faces was generally associated with 
the same pattern of activation, albeit to a weaker extent. Therefore, activation in most of the 
above mentioned areas did not survive correction for multiple comparisons.

Table 1 Demographics for dAMPH users and controls with standard deviation (±) and p-values for t-test (Age, 
IQ and Years of education) or Mann-Whitney test.

  dAMPH Controls
 n=8 n=8 p-val

Age 26.0 (± 4.0) 22.0 (± 3.0) 0.04
dART-IQ 104.5 (± 3.0)  110.4 (± 4.2) 0.007
Years of education 15.1 (±3.6) 16.4 (±2.9) 0.46

dAMPH
Average dAMPH use (occasions/year) 27.8 (±17.1) 0 0.00
duration of dAMPH use (years) 13.9 (± 8.7) NA NA
Usual dose (grams/occasion) 0.8 (± 1.2) NA NA
Total exposure (grams)  352.6 (± 465.3) 0 0.00
Time since last exposure (months) 1.1 (± 1.3) NA NA

Other substances
Average tobacco use (cigarettes/month) 261.0 (±279.8) 0 0.01
Average alcohol use (units/month) 103.5 (±146.6) 104.5(±83.5) 0.49
Average cannabis use (joints/year) 410.3(±480.5) 19.4(±31.8) 0.02
Average MdMA use (pills/year) 3.8(±10.6) 0 0.32
Average cocaine use (occasions/year) 5.0(±5.2) 0.1(±0.4) 0.009

NA = Not applicable 

Table 2 Mean RT (SD)

dAMPH pre dMAPH post Controls pre Controls post

Fear 798 (125) 726 (167) 710 (83) 651 (132)

Happy 749 (91) 654 (84) 686 (88) 659 (75)

Neutral 799 (129) 651 (66) 692 (81) 665 (165)

Baseline 599 (66) 531 (45) 607 (134) 526 (77)
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Figure 2 Sagittal view (MNI coordinate x = 27) of BOLD activation in right amygdala to presentation of fearful, 
happy and neutral faces across groups (AMPH and HC) and challenge (pre and post MPH). Data are shown 
at p < .005 for display purposes.

ROI analyses

Omnibus ANOVA at amygdala ROIs did not show significant differences between the left 
and right amygdala so this factor was dropped from the analyses. A significant Valence x 
Group interaction indicated that only for fearful faces, significant group differences were 
present (p = .037). A marginally significant Group x Session interaction (p = .073) was found 
for fearful faces (Figure 3).

Post-hoc analyses showed that before methylphenidate challenge, the two groups 
differed significantly in amygdala activation (p = .027). This difference disappeared after the 
challenge (p = .94).

Figure 3 A marginally significant Group x Session interaction (p = .073) was found for fearful faces, indicating 
that before methylphenidate challenge, the two groups differed significantly in amygdala activation (p = .027), 
whereas this difference disappeared after the challenge (p = .94).
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Correlation analysis

Before the challenge, duration of amphetamine use in years was positively correlated with 
amygdala reactivity in dAMPH (r = .76, p = .029, Figure 4). This correlation disappeared after 
the challenge (r = .07, ns). 

Figure 4 Correlation of years of 
amphetamine use with amygdala reactivity 
in dAMPH users. r = .76, p = .029 

DIscUssIon

In this study of amygdala activation before and after MPH challenge in dAMPH users 
and controls, in line with our hypothesis, we found that presentation of fearful faces was 
associated with abnormal, increased, activation of the amygdala in recreational dAMPH users, 
which normalized after acute administration of a dA challenge with MPH. Furthermore, the 
extent of dAMPH exposure was positively correlated with amygdala reactivity. 

Our findings of abnormal amygdala activation in recreational dAMPH users 
most likely reflect an abnormal DA transmission in this brain region, as dAMPH (in doses 
used in the treatment of AdHd) has been previously found to damage the dA system. 
Preclinical studies have shown that even relatively low doses of dAMPH (equivalent to the 
doses used in clinical practice) induce dA dysfunction in rodents and non-human primates 
(Ricaurte, 2005). dA dysfunction was -for instance- demonstrated by reductions in dA, the 
dA transporter (dAT), an increase in dA d1 receptor density and Vesicular Monoamine 
Transporter (VMAT) (Bonhomme et al, 1995). In line with this, in humans, Reneman and 
co-workers showed that recreational dAMPH use is linked to lower striatal dA transporter 
(dAT) availability (Reneman et al, 2001). Because the dAT is a structural component of the 
dA-axon, loss in dAT likely indicates dAergic dysfunction. In addition, in recreational users 
of dAMPH, a blunted hemodynamic response to a challenge with MPH (Schouw et al, 2010) 
has been reported. The dose-response correlation between lifetime exposure of dAMPH 
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use and amygdala activity in the present study further supports a relationship between 
dAMPH use and amygdala hyperactivity. 

We observed increased amygdala activation after fearful faces in dAMPH users 
when compared to healthy control subjects. These findings are in line with  previous studies 
which  investigated the effect of  dAMPH administration on amygdala response, although in 
healthy volunteers only, and observed similar findings: increased amygdala activity in healthy 
volunteers after dAMPH challenge (Hariri et al, 2002; Salgado-Pineda et al, 2005). It has 
recently been shown that dA in the basolateral amygdala is critical for fear-processing(Fadok 
et al, 2009). Additionally, some midbrain DA neurons increase their firing rates to aversive 
stimuli and predictive cues (Guarraci et al, 1999; Horvitz, 2000). dA levels in the ventral 
midbrain increase during aversive events and dA neurons of these brain areas project 
to limbic brain areas important for fear learning (Kalivas and duffy, 1995). In these areas, 
dA facilitates long term potentiation, an important neural correlate of memory (Lemon, 
2006). Therefore, DA dysfunction or deficiency most likely explain our observation of the 
abnormal fear processing in dAMPH users, particularly also because it normalized following 
MPH administration. Alternatively, our findings may be explained by an increased sensitivity 
to corticotropin-releasing factor, as chronic amphetamine treatment has been shown to 
enhance corticotropin-releasing factor-induced serotonin release in the amygdala of rats 
(Scholl et al, 2010). The corticotropin-releasing factor increases serotonin release in the 
central nucleus of the amygdala, and this neurochemical circuitry has been shown to mediate 
fear processing.

The first evidence in humans for a putative role of DA in modulating emotional 
response was a fMRI study exploring the neural basis of abnormal emotional behavior in 
Parkinson disease (Tessitore et al, 2002). Parkinsonian patients demonstrated an absent 
amygdala response without dopaminergic medication. dA repletion was shown to restore 

this response partially.  Interestingly, in rats treated with dAMPH, dAergic modulation of the 
medial PFC by the basolateral amygdala was disrupted, which was hypothesized to cause 
impairments in emotional processing as is found in stimulant users (Tse et al, 2011). 

What happens in case of dysfunctional dA system? The fact that we observed 
a significant group x challenge interaction suggests that MPH induced a different (largely 
opposite) effect in d-AMPH users as it did in healthy volunteers; MPH induced an increase 
in healthy controls and a non significant decrease in dAMPH users. Interestingly, a previous 
study also reported a blunted dA release in the amygdala (and hippocampus and striatum) 
of patients suffering from AdHd. Stimulants had a normalizing effect on the activity of the 
right amygdala (Posner et al, 2011; Volkow et al, 2007). In our study, we thus provide further 
evidence that dA plays an important role in emotional processing, as we observed abnormal 
emotional processing in recreational users of a drug that affects the dA system, and non 
significant decrease of amygdala activity following acute administration of a DAergic agent, 
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presumably due to enhanced dA transmission. This increase of amygdala activity in healthy 
controls after mph administration and the decrease in dAMPH users might find it’s origin 
in an inverted U shape of  dA-ergic mediated activity of the amygdala as is found in the 
prefrontal cortex (dreher et al., 2002) 

These findings may have important clinical implications. Our results suggest that 
in a dysfunctional dA system like in d-AMPH-users and AdHd, MPH (and likely also other 
dA-acting agents) will have a normalizing effect on amygdala activity. Other studies reported 
similar positive effects of dAergic agents in AdHd patients with respect to: cortical thickness 
(Shaw et al, 2006) and prefrontal functioning (Epstein et al, 2007). But what happens if dA-
acting agents are administered to a non-dysfunctional dA system, for instance in healthy 
subjects (e.g., to improve scholarly achievements), or in AdHd patients that have not been 
correctly diagnosed as suffering from AdHd? We would like to argue that in these cases, MPH 
administration has a detrimental effect, as in our study MPH induced an increase in amygdala 
activity in the healthy subjects. Indeed, in animal studies MPH has been shown to induce 
anxiety like behavior. Bolaños, for example, found in Wistar rats that prolonged treatment 
with MPH at adolescence (2.0 mg/kg, 16 days) anxiety related behavior increased, in which 
the animals were significantly more sensitive to stressful situations and had enhanced levels 
of corticosterone (Bolaños et al, 2003).

Several potential limitations of the current study should be mentioned. As with 
all retrospective studies, it is impossible to determine exactly what drug at what dose was 
taken. Urine screening, however, was performed to detect concealed recent dAMPH use. 
In future studies, more frequent urine screening previous tot the study is needed to assess 
more appropriately what drug was taken at what time and to ascertain previous use of 
dAMPH. Second, there is a possibility that pre-existing differences between dAMPH users 
and healthy controls underlie differences in amygdala function. People with a dysfunctional 

dA system with low response on an acute dAergic challenge, may be predisposed to use 
dAMPH. Our relatively small sample size in this explorative study most likely explains why 
we only observed a near significant treand in the group x session interact did not observe a 
significant.  Therefore, our data need be replicated in using larger sample sizes.

Conclusion

We observed increased amygdala activity in a group of intermittent high-dose dAMPH 
users, which normalized following oral MPH administration. MPH may thus restore amygdala 
dysfunction in individuals with dA dysfunction, such as the emotional dysfunction found in 
children with AdHd. 
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abstRact

3,4-methylenedioxymethamphetamine (MdMA or ecstasy) is a popular recreational drug that 
has been shown to induce loss of brain serotonin (5-HT) neurons. The purpose of this study 
was to determine the usefulness of pharmacological magnetic resonance imaging (phMRI) 
in assessing 5-HT dysfunction by examining the hemodynamic response evoked by infusion 
with the selective 5-HT reuptake inhibitor citalopram. We studied the effects of MdMA on 
brain hemodynamics using arterial spin labeling (ASL) based phMRI following a citalopram 
challenge (7.5 mg/kg, i.v.), combined with [123I]b -CIT SPECT imaging in ten male MdMA 
users and seven healthy non-users. Single photon emission computed tomography (SPECT) 
imaging was used to assess the availability of 5-HT transporters (SERT). Imaging results 
were compared with the results of behavioral measures and mood changes following drug 
administration, in both groups (using the Beck depression Inventory, Barratt Impulsiveness 
Scale and a visual analogue scale). Reductions in SERT binding were observed in the occipital 
cortex of MdMA users. In line with this, citalopram induced decreases in cerebral blood 
flow (CBF) in the occipital cortex of MDMA users. ASL based phMRI also detected a CBF 
decrease in the thalamus of MDMA users. In concordance with imaging findings, behavioral 
measures differed significantly between MDMA users and controls. MDMA users had higher 
impulsivity scores and felt more uncomfortable after citalopram infusion, compared with 
control subjects. Our findings indicate that phMRI is very well suited for in-vivo assessment 
of 5-HT dysfunction.
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IntRoDUctIon

disturbances of the serotonergic (5-HT-ergic) system have been linked to several 
neuropsychiatric disorders. The serotonin transporter (SERT) is located on the presynaptic 
membrane of 5-HT neurons and plays a crucial role in the reuptake of 5-HT and in modulating 
5-HT concentrations in the synaptic cleft. Typically, the central 5-HT system has been 
visualized by single photon emission computed tomography (SPECT) and positron emission 
tomography (PET), using ligands for SERT or 5-HT receptors. Several groups observed 
reduced SERT binding in recreational 3,4-methylenedioxymethamphetamine (MdMA) users, 
by using SPECT or PET imaging (de Win et al., 2008a; McCann et al., 2005; Reneman et al., 
2001). SPECT and PET imaging however, depend on the use of radioactive tracers, rendering 
them less suitable for pediatric studies or for repeated measurements.

A promising technique to investigate the 5-HT system is pharmacological magnetic 
resonance imaging (phMRI). In phMRI, a neurotransmitter specific pharmacological 
challenge is given, causing changes in neurovascular coupling and subsequent region specific 
hemodynamic changes. The selective serotonin reuptake inhibitor (SSRI) citalopram increases 
5-HT release by inhibiting the reuptake of 5-HT. It has been used previously in phMRI studies 
and has been proven an adequate probe of 5-HT function (Attenburrow et al., 2001; Seifritz 
et al., 1996; Anderson et al., 2007; McKie et al., 2005; Rose et al., 2006; Wingen et al., 2008). 
Whereas in previous studies, the blood oxygenation level dependent (BOLd) signal was used 
to visualize hemodynamic changes, nowadays perfusion MRI by arterial spin labeling (ASL) 
is also more frequently used (Chen et al, 2010;, Hagino et al., 1998; Ogawa et al., 1990; Rao 
et al., 2000; Khalili-Mahani et al. 2011). ASL is a non-invasive perfusion imaging modality that 
uses magnetically labeled blood water protons as an endogenous tracer of cerebral blood 

flow (CBF). By subtracting labeled and unlabeled images, a CBF map is generated, which 
can be used for visualization and quantification of CBF (Golay et al., 2004) with sufficient 
precision (Gevers et al., 2011). It has been shown that ASL based phMRI gives a more precise 
measurement of pharmacologically induced hemodynamic changes (Tjandra et al., 2005).

MdMA itself has already been used in phMRI to assess its effects on the 5-HT 
system (Brevard et al., 2006). Brevard et al. (2006) suggested in their discussion that MdMA-
induced 5-HT neurotoxicity would probably be an adequate model to test the applicability of 
phMRI in assessing 5-HT dysfunction. McKie et al. (2005) already investigated 5-HT function 
in healthy humans using BOLd based phMRI. The usefulness of phMRI in assessing 5-HT 
dysfunction in humans, however, has not yet been studied.

The purpose of this study was to determine whether ASL based phMRI is a useful 
method in assessing 5-HT dysfunction by examining hemodynamic responses evoked by 
citalopram infusion in MdMA users and healthy controls. The results of ASL based phMRI 
with an intravenous citalopram challenge were combined with SPECT imaging and behavioral 
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measures. Thus, comparisons could be made between imaging findings, measures of SERT 
binding and the behavioral consequences of MdMA-induced changes to the serotonergic 
system. We hypothesized that in MdMA users we would observe a reduction in hemodynamic 
response evoked by citalopram, in brain regions with reduced SERT densities, as citalopram 
binds highly selective to the SERT.

MetHoDs

Subject recruitment and study design

Subjects were recruited by advertisements and word of mouth. After written informed 
consent, 10 male MdMA users and 7 healthy male controls were included in the study. 
The eligibility criterion for the MdMA group was previous use of more than 50 tablets of 
MdMA. The cut off point of 50 tablets was based on previous studies (Reneman et al., 2001). 
The 7 control subjects were healthy subjects with no self-reported prior use of MdMA. 
Participants agreed to abstain from use of MdMA and other psychoactive drugs for at least 
2 weeks before the studies and were asked to undergo urine drug screening on the days of 
assessment (with an enzyme-multiplied immunoassay for amphetamines, including MdMA). 
Exclusion criteria were: a positive drug screen, any neuropsychiatric diagnosis or history of 
brain disease or injury, use of medication with affinity for SERT (e.g., SSRIs), or any contra-
indication to MRI such as metallic implants or claustrophobia. The local institutional Medical 
Ethics Committee approved the study.

Behavioral measures

We selected two widely used tests for assessment of mood and impulsivity, as 5-HT plays a 
central role in mood regulation and impulsivity: the Beck depression Inventory (BdI, (Beck, 
1961)) was administered as a self-report estimate of mood and the Barratt Impulsiveness 
Scale (BIS version 11, (Patton et al., 1995)) as a self-report estimate of impulsivity.

In addition, drug effects and mood changes following citalopram infusion were 
assessed using simulated visual analogue rating scales (VAS) 5 min before and 5 min after 
scanning, rating on a scale of 1 to 10 for anxious feelings, tension, feeling comfortable or 
uncomfortable, light-headedness, wakefulness, drowsiness and nausea.

Procedures

Subjects underwent phMRI followed by SERT SPECT after a two to four week interval (range 
17–31 days, mean 21.7 ± 5.2 days). For the phMRI scan, 7.5 mg citalopramhydrochloride 
obtained from Lundbeck GmbH (Hamburg, Germany), was diluted in 45 ml of saline solution. 
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The drug was infused after 7.5 minutes of baseline scanning over a period of 7.5 minutes in 
order to examine the effects of citalopram on the hemodynamic response. This timeframe 
was based upon previous studies investigating the hemodynamic effects of citalopram infusion 
(McKie et al 2005). Post-infusion imaging was performed during 22.5 minutes, resulting in a 
total scanning duration of 37.5 minutes.

MR imaging

All MR imaging was performed using a 3.0 Tesla Philips MR scanner equipped with a 
SENSE 8-channel head coil and body coil transmission (Philips Medical Systems, Best, 
The Netherlands). Each session protocol consisted of a high resolution 3dT1-weighted 
anatomical scan for registration and segmentation purposes and a phMRI sequence. For the 
phMRI sequence, a pulsed ASL sequence was used, that was based on the PULSAR sequence 
developed by Golay (Golay et al., 2005). phMRI imaging parameters were: TR/TE 3000/14 
ms; FOV 240×240 mm2; matrix size 80×79; 17 slices; thickness 7 mm; no gap; gradient echo 
single shot EPI; SENSE 2.0; post-labeling delay 1.2 to 2 s; number of dynamics 375. One 
dynamic consisted of a control and a labeled image. The labeling plane was positioned parallel 
to the imaging volume with a labeling gap between the centre of the imaging volume and the 
labeling volume of 90 mm. We acquired 75 dynamics at baseline, 75 dynamics during infusion 
and 225 dynamics post-infusion.

MR processing

FSL 4.1 (FMRIB-Software-Library, Functional Magnetic Resonance Imaging of the Brain 
Centre, dept. of Clinical Neurology, University of Oxford, Oxford, UK, http://www.fmrib.
ox.ac.uk), the SPM toolbox, Freesurfer image analysis suite, (http://surfer.nmr.mgh.harvard.
edu/) and Matlab (The MathWorks Inc., Natick, USA) were used for offline data processing.

Subtraction of labeled and control ASL images yielded whole brain perfusion 
weighted images. The mean equilibrium magnetization (M0) of arterial blood per subject was 
calculated, from which the absolute CBF was computed following the methods outlined by 
Chalela et al. (Chalela et al., 2000). The resulting ASL images were averaged over 25 volumes 
(2.5 minutes) to increase the signal-to-noise ratio (SNR). This resulted in 15 separate time 

bins.
3dT1 anatomical scans were segmented into grey and white matter. Perfusion 

weighted images were transformed into anatomical space by an affine registration of the 
mean volumes per time bin to the grey matter masks of corresponding anatomical scans. An 
isotropic resampling of 3.0 mm was chosen. 

The structural images were non-rigidly normalized to a population-based average 
using diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (dARTEL) 
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(Ashburner, 2007), to allow for a voxel-based analysis. The non-rigid transformations were 
applied to the ASL volumes that were previously registered to grey matter masks, such that 
all dynamics of all subjects resided in one common frame of reference. Finally, a Gaussian 
smoothing with FWHM=6 mm was applied to all volumes (Figure 1).

Fig. 1 (a) An axial slice of the perfusion measured with ASL, averaged over time in 375 dynamics (b) Averaged 
ASL-image over subjects after non-rigid normalization (see text).
Notice the preservation of anatomical detail, suggesting good alignment between subjects

SPECT imaging

The subjects were examined using SPECT with the SERT ligand 123I-labelled 2β- 
carbomethoxy-3 β -(4-iodophenyl)tropane ([123I] β -CIT). SPECT images were obtained in 
10 MdMA users and 7 healthy controls, however one SPECT scan had to be excluded due 
to poor image quality. 123I-labelled β -CIT was prepared as previously described (Reneman 
et al., 2001). Potassium iodide was used to block thyroid uptake of free radioactive iodide. 
SPECT images were acquired with a brain dedicated SPECT system (Neurofocus, an update 
of the Strichman Medical Equipment 810X, Strichman Medical Equipment Inc., Medfield, 
Mass., USA). This is a 12-detector single-slice scanner with a full width at half maximum 
resolution of 6-7 mm. The acquisition of SPECT images was the same as previously described 
(de Win et al., 2005) and was commenced 4 h after i.v. injection of approximately 112 MBq 
(3.02 mCi) [123I] β -CIT since at this time peak specific binding to SERTs has been reached 
(Pirker et al., 2000).

SPECT processing

Reconstruction and attenuation correction of all images were performed as previously 
described (Booij et al., 1997a). To be able to correct the image for background radioactivity 
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(non-specific binding) a predefined ROI was placed over the cerebellum. The ROI was placed 
on the three consecutive SPECT slices with the highest counts. For analysis, the Statistical 
Parametric Mapping software (SPM 8 Wellcome department of Imaging Neuroscience, 
Functional Imaging Laboratory, London, UK; http://www.fil.ion.ucl.ac.uk/spm) was used. All 
scans were realigned to an arbitrarily chosen subject, after which an average template was 
calculated. Subsequently, the scans were co-registered and normalized to this template. The 
registered scans were intensity-scaled to the corresponding mean cerebellar non-specific 
counts per voxel, obtained from the ROI analysis (de Win et al., 2008b).

Statistical analysis

All data were analyzed in SPSS version 17.0 (SPSS Inc, Chicago, Ill) and are presented as mean 
± Sd unless otherwise indicated.

Subject characteristics

differences in continuous variables were analyzed using unpaired 2-tailed student’s t-tests 
unless stated otherwise and ordinal data were compared using chi-square tests.

SPECT and phMRI studies

Analysis of SPECT and phMRI datasets was carried out using a voxel-based analysis.
Unpaired t-testing was used to compare differences between groups to evaluate 

the overall group effects ASL and SPECT datasets. The chance of a type I error was set at 
0.01 to correct for multiple comparisons. 

Paired t-testing was used to compare differences within groups, to analyze the 
effects of the citalopram challenge in the ASL datasets. Weights were chosen to represent 
a post-infusion increase [-1, 0, 1] or decrease [1, 0,-1]. By applying this statistical model to 
ASL phMRI data, the response to the challenge was determined for both healthy controls 
and MdMA users. In addition, the interaction between group and challenge effects was also 
calculated, to determine to what extent groups reacted differently to the challenge.

The SPECT datasets were analyzed as previously described (de Win et al., 2008a). A 
minimal cluster size of ten voxels was maintained, besides the significance threshold of 0.01, 
to correct for multiple comparisons.
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ResUlts

Group characteristics are presented in Table 1. Controls and users of MdMA differed slightly 
but statistically significantly in age (p = 0.02). Mean cumulative dose of MDMA was 281 
tablets and time since last dose 2.1 months. Although the MdMA users had used on average 
more recreational drugs such as alcohol, amphetamine and cocaine, this difference was not 
statistically significant.

Table 1 Characteristics of drug of abuse and alcohol exposure

 MdMA Controls
 n=10 n=7* p-value

Age 25.4 (± 2.1) 21.3 (± 3.9) 0.02
Last 3 month use of
Alcohol, no. times used    NS1

None 1 0
10-19 0 2
20-39 4 3
>40 5 1

Tabacco, no. cigarettes    NS1

None 5 6
1-5 cig./day 2 0
6-20 cig./day 2 0
>20 cig./day 1 0

Cannabis, no times used   NS1

None 4 5
1-5 3 0
10-39 2 1
>40 1 0

Amphetamine, gr 0.3±0.7 0±0 0.162 
Cocaine, no. lines 0.8±1.6 0±0 0.212

Characteristics of ecstasy use
duration of use (years) 6.5±3.1
Lifetime exposure (tot. no. tablets) 281±250.97 [range 50-900]
Usual dose (no. tablets/occasion) 3.65±3.08
Time since last tablet (months) 2.14±2.34 

*Drug history questionnaire missing for 1 control subject
1 Chi-square test
2 Log transformed
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Behavioral measures

BIS scores were significantly higher for users of MDMA than control subjects (74.0 ± 8.7 
vs.54.3 ± 9.1, p=0.02), but we did not observe a group difference in BDI scores (5.1 ± 5.6 
vs. 2.7 ± 2.5; n.s.). 

Overall, citalopram infusion was well tolerated, apart from one of the MdMA users 
experiencing an acute increase in light-headedness and nausea short after infusion.

VAS scores showed statistically significant decreases in tension in the control 
subjects (p < 0.01) as well as feeling less sweaty and clammy (p = 0.02 and p = 0.05) 
when comparing pre- to post-infusion (Table 2). MdMA users were more lightheaded 
before infusion (p = 0.03) when compared to control subjects, but other parameters did 
not statistically differ from controls before citalopram infusion. After infusion, MdMA users 
felt significantly more lightheaded (p = 0.02), uncomfortable (p= 0.02) and tense (p= 0.04) 
than controls.

Table 2. Behavioral measures

controls MDMa users

mean (Sd) mean (Sd) p-value

bDI 2.7 (± 2.5) 5.1 (±5.6) n.s.

bIs 54.3 (± 9.1) 74.0 (± 8.7) <0.01

Vas controls MDMa users
controls versus 
MDMa users

Δ post –  
pre (Sd)

p-value
Δ post – 
pre (Sd)

p-value
p-value 
pre

p-value 
post

Alert -1.1 (1.9) n.s. -0.8 (2.3) n.s. n.s. n.s.

Tense -2.3 (1.4) 0.005 -0.5 (1.9) n.s. n.s. n.s.

Calm 0.3 (1.4) n.s. -0.9 (1.6) n.s. n.s. n.s.

Clammy -0.7 (0.8) 0.05 -0.5 (2.0) n.s. n.s. n.s.

Comfortable 0.4 (1.0) n.s. -1.4 (2.9) n.s. n.s. 0.02

Nausea 0 (0) n.a. 0 (0.9) n.s. n.s. n.s.

Sleepiness 1.1 (1.6) n.s. 1.0 (1.8) n.s. n.s. n.s.

Light-headedness 0.7 (1.6) n.s. 1.6 (2.8) n.s. 0.03 0.02

Sweaty -2.1 (1.6) 0.02 -1.2 (2.6) n.s. n.s. n.s.

Uncomfortable -0.3 (0.8) n.s. 0.5 (2.7) n.s. n.s. 0.05
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SPECT imaging

SERT binding ratios were significantly reduced in the left anterior part of the occipital lobe 
of MdMA users when compared to controls (Figure 2).

Figure 2 Statistical parametric map of [123I]ß-CIT SPECT binding ratios. The yellow cluster represents 
statistically significant lower binding SPECT ratios in the left anterior occipital lobe of MDMA users when 
compared to controls in the axial (a) and sagittal (b) plane. The image is superimposed on a T1 anatomical 
atlas from SPM. Scale bar indicates z-scores.
Statistic images were thresholded with a cluster significance threshold of p=0.01.

ASL based phMRI: challenge effect

Administration of citalopram to control subjects did not result in marked CBF changes 
compared to baseline (with a p = 0.01 threshold). MDMA users showed a statistically 
significant CBF decrease in response to the 5-HT challenge that was most prominent in 
the left thalamus (Figure 3 panel A). In addition, a CBF decrease was observed in the right 
occipital cortex and in the right frontal cortex. Also, a significant CBF increase was noted in 
the left globus pallidus and left frontal cortex (Figure 3 panel B).
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Figure 3 Statistical parametric map of CBF change induced by 7.5 mg citalopram in MDMA users. Effect of 
the challenge: MDMA users show both a decrease (A) and increase (B) in CBF in response to the challenge. 
A decrease in CBF was noted in the thalamus, right frontal and right occipital cortex (panel A). The significant 
cluster of decreased CBF in the prefrontal cortex/cingulate gyrus is located close to the central sulcus and 
probably reflects remaining intravascular label and is not to be considered a true challenge effect. An increase 
in CBF was also observed in the thalamus, in addition to the left globus pallidus and frontal cortex (Panel B). 
Scale bar indicates z-scores.Statistic images were thresholded a cluster significance threshold of p=0.01

ASL based phMRI:  group effect

Basline mean whole brain CBF in MDMA users was significantly higher in MDMA users 
than in controls (mean users 49.4 ± 9.1 mL/100g/min vs. mean controls 44.1 ± 9.4 mL/100g/
min, p < 0.01, see figure 4). However, there was no whole brain response to the citalopram 
challenge on the CBF measurements. 

When comparing the changes in CBF before and after the challenge (ΔCBF) 
between groups, the ΔCBF in MDMA users in response to the 5-HT challenge differed 
statistically significantly from the ΔCBF in controls. This ΔCBF (a decrease) was present 
particularly in the left thalamus and several regions in the bilateral anterior occipital lobe 
of MdMA users (Figure 5). No CBF increases in response to the challenge were observed 
when comparing the two groups.
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Figure 4 Whole brain CBF data in MDMA users and healthy controls indicating statistically significant higher 
mean CBF values in users versus controls during the entire scanning period.

Figure 5 Statistical parametric map of CBF changes induced by 7.5 mg citalopram in MDMA users compared 
to control subjects. Group effect: Statistically significant lower CBF in the left thalamus, and bilateral occipital 
lobe in response to a citalopram injection in MDMA users when compared to healthy controls superimposed 
on the time- and subject-averaged CBF. Scale bar indicates z-scores. Statistic images were thresholded a cluster 
significance threshold of p=0.01



CHAPTER 8 | MAPPing sERoTonERgiC dysfunCTion in MdMA (ECsTAsy) usERs using 
PHARMACologiCAl MRi

147

DIscUssIon

The most important findings of our study are threefold. Firstly, we observed a statistically 
significant CBF decrease in the occipital cortex of male MDMA users in response to a 
5-HT challenge with the SSRI citalopram. SPECT imaging revealed statistically significant 
lower SERT binding ratios in the occipital cortex of male MdMA users when compared 
to control subjects. Secondly, ASL based phMRI showed significantly higher mean whole 
brain CBF in MDMA users than in controls. Also, ASL based phMRI showed a significant 
group effect in the left thalamus that was not observed in the SPECT study. Thirdly, MdMA 
users had higher impulsivity scores on a standardized impulsivity scale which correlated 
with SERT densities and hemodynamic changes in the occipital cortex. Furthermore, they 
felt significantly more uncomfortable after the citalopram infusion compared to the control 
subjects. The combination of imaging findings and behavioral measures suggests that MDMA-
induced changes to the serotonergic system can be visualized using phMRI.

Only one other study has exclusively studied male MdMA users with [123I]β-CIT 
SPECT (Semple et al., 1999). Similar to that study, we observed lower SERT binding in the 
occipital lobe of male MdMA users when compared to controls (Semple et al., 1999). The 
occipital cortex seems particularly sensitive to effects of MdMA because it shows the largest 
reductions in SERT densities in human and experimental studies (Kish et al., 2010; McCann 
et al., 2008; Szabo et al., 2002). In moderate users, reductions have only been observed in 
parieto-occipital and occipital cortex (Reneman 2001).

To support the SPECT findings of this study performed in a relatively small 
population, we reanalyzed [123I]β-CIT SPECT of 21 male MdMA users (mean age 26.6 
years) and 6 male controls (29.2 years), who participated in a previous study of our group 
(Reneman et al., 2001) using the same methods as described in the current study. MdMA 
users had used on average 487 tablets (+/- 679), whereas controls had never been exposed 
to MdMA. In this larger sample of male MdMA users with a (much) higher MdMA exposure, 
voxel-based analysis confirmed our present findings of reduced SERT binding ratios in the 
anterior occipital cortex (see Figure 6), in addition to the parieto-occipital cortex. Our 
current SPECT findings involving ‘only’ a specific brain region of MDMA users are thus 
in concordance with literature and previous data of male MdMA users. Other studies 
involving both male and female MdMA users observed reductions in SERT also in other 
brain regions (e.g., Reneman 2001; McCann et al. 1998; de Win et al., 2008a). Therefore, it has 
been suggested that women are more sensitive than men to MdMA-induced reductions in 
SERT binding (Buchert et al., 2004; Reneman et al., 2001).

We used the SSRI citalopram as a pharmacological challenge. One could argue on 
the choice for this SSRI, since it might also induce a general vascular response. However, 
McBean et al. (1999) demonstrated in rats that local CBF changes in response to a citalopram 



148

IV. IMAGING THE SEROTONERGIC SYSTEM USING phMRI

challenge are correlated to changes in glucose metabolism rather than reflecting a general 
vascular response. Furthermore, in higher doses citalopram does not alter cardiovascular 
parameters (Penttila et al., 2001; Seifritz et al., 1996). In the current study, citalopram evoked 
hemodynamic changes in a number of specific brain regions in MDMA users, but not in 
control subjects. The pattern of hemodynamic changes appeared to be related to the release 
of 5-HT, as the strongest hemodynamic changes were observed in cortical regions and 
subcortical grey matter (areas such as putamen and thalamus, with a high SERT density in 
healthy subjects), and not as much a general vascular response.

As hypothesized, we observed a reduced hemodynamic response in the occipital 
cortex of MdMA users with SERT reductions. We hypothesized that a reduction in 
hemodynamic response in brain regions with reduced SERT densities would reflect reduced 
5-HT transmission and thus reduced 5-HT mediated changes in neuronal activity. There is 
indeed accumulating evidence that reductions in hemodynamic responses reflect decreases 
in neuronal activity. Preece et al. (2009) have shown region specific increases in BOLD signal 

Figure 6 Statistical parametric map of [123I]ß-CIT SPECT binding ratios. The yellow cluster represents 
statistically significant lower binding SPECT ratios in the right parieto-occipital and anterior-occipital lobes of 
MDMA users when compared to controls in the sagittal (a) and axial (b) plane. The image is superimposed on 
the mean SPECT scan from all subjects.
Scale bar indicates z-scores. Statistic images were thresholded with a cluster significance threshold of p=0.001.
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evoked by the 5-HT releaser fenfluramine. Interestingly, pre-treatment with the inhibitor of 
5-HT synthesis p-chlorophenylalanine attenuated this BOLd response, suggesting that the 
BOLd signal is sensitive to increased availability of 5-HT. Jenkins et al (2004) performed 
an experiment similar to ours, investigating the dopaminergic system in 1-methyl-4-phenyl 
1,2,3,6-tetrahydropyridine (MPTP)-lesioned monkeys using phMRI. They observed a 
reduction in regional cerebral blood volume evoked by the dopamine releaser amphetamine.

This response correlated well with decreases in dopamine transporter availability. 
The fact that ASL based phMRI detected CBF changes in a brain region that was also 
identified by significant differences in SPECT binding and previously mentioned in literature, 
suggests that phMRI is a powerful tool for assessment of 5-HT dysfunction (Kish et al., 2010; 
McCann et al., 2008; Reneman 2001; Semple et al., 1999; Szabo et al., 2002).

Interestingly, we observed a 12% higher overall CBF in MdMA users. This 
observation is in line with previous studies, in which 5-HT has been described to modulate 
cerebral perfusion. It has been suggested that after the initial excessive release of 5-HT 
induced by MdMA, normalization or even depletion of 5-HT at a later time point results 
in an increase in CBF, due to MdMA-induced loss of 5-HT neurons (Chang et al., 2000; 
Reneman et al., 2000).

ASL based phMRI showed an additional brain region (the thalamus) in which a 
group difference was detected, unlike SPECT. Besides the occipital cortex, the thalamus is a 
brain region that is particularly sensitive to MdMA’s effects (de Win et al., 2008b; McCann 
et al., 2005, 2008). Therefore, ASL based phMRI seems very well suited for assessing 5-HT 
dysfunction. It has been reported that ASL is not hampered by signal drifts, as it measures 
one single physiological parameter (CBF) and has a greater inter-subject reliability compared 
to BOLd (Tjandra et al., 2005). If ASL phMRI is a better technique than BOLd phMRI in 
evaluating 5-HT dysfunction, remains to be assessed.

BIS impulsivity scores were higher in users of MdMA than in control subjects. This 
observation was described previously by our study group in a prospective study cohort 
(de Win et al., 2006). This indicates that the increase of impulsivity scores is at least partly 
due to MdMA use rather than a pre-existent personality trait in users, even after exposure 
to only a few tablets of MdMA. Interestingly, MdMA users also felt more uncomfortable 
after citalopram infusion when comparing to control subjects who felt more comfortable, 
providing further evidence that MdMA users and control subjects in this study not only 
differ in 5-HT mediated changes in neuronal activity, but also in behavior. The significant 
difference in impulsivity scores and the perception of drug effects and mood changes 
following citalopram infusion are in line with the challenge effects that were observed phMRI 
and reduced SERT density in users observed by SPECT.

Several limitations of this study should be recognized. First of all, the sample size 
of the control group is relatively small. The results from the SPECT data however, are in 
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accordance with previous findings. For this reason, the phMRI results should be replicated 
in larger groups to confirm our findings. Secondly, the groups we studied differed slightly 
but significantly in age. In literature, different values for the variability of 5-HT receptor and 
transporter availability with age have been reported. Generally, it seems that the availability of 5-HT 
transporters differs greatly between subjects. This difference exceeds the difference that would 
be introduced by the mean age difference present in our study population (Buchert et al. 2006, 
Parsey et al. 2002, Ryding et al. 2004). In line with this, we did not observe a significant effect of 
age on SERT binding (p=0.87), and the results of our study were not affected by introducing 
age as a covariate: the effect of group remained significant (p=0.03). Thirdly, in this cross 
sectional study design, we had to rely upon the self-reported use of drugs of abuse and 
alcohol. Theoretically, the present findings could be due to other drugs than MDMA, since 
MdMA users had more experience with other recreational drugs. However, there was no 
significant difference in the use of other recreational drugs between groups. Fourthly, one 
might ascribe reductions in occipital SERT to direct pharmacological effects. This is unlikely 
however, since participants had to abstain from psychoactive drugs for at least two weeks 
before data acquisition. The latter was screened for by urine drug screening at the day 
of examination. Thirdly, it is possible, that pre-existing differences between MdMA users 
and controls underlie differences in SERT densities and brain activity evoked by citalopram. 
However, previous longitudinal neuroimaging studies only observed changes in the thalamus 
of incidental MdMA users (de Win et al., 2008b). Finally, the fact that ASL phMRI did not 
reveal any citalopram response in our controls could be attributable to the spatial resolution 
with which ASL data were acquired. We did however observe clear responses to citalopram 
in MdMA users, indicating that responses in this group were large enough to overcome 
possible resolution issues. Moreover, imaging alterations in users were in concordance with 
behavioral measures in this group. Therefore, we believe that the results of the current study 

clearly show the effects of MdMA on the brain and that these effects can be imaged by ASL 
based phMRI.

In conclusion, this study provides evidence that citalopram phMRI is a powerful 
new and non-invasive tool for assessment of 5-HT dysfunction. We observed a reduction in 
hemodynamic response in a brain region with reduced SERT densities, presumably reflecting 
5-HT mediated changes in neuronal activity. MdMA users and control subjects differed in 
5-HT mediated changes in neuronal activity, a finding that was confirmed by the difference 
in behavioral measures between both groups.
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abstRact

Various studies have shown that ecstasy (3,4-methylenedioxymethamphetamine) users 
display significant memory impairments, whereas their performance on other cognitive tests 
is generally normal. The hippocampus plays an essential role in short-term memory. There 
are, however, no structural human data on the effects of ecstasy on the hippocampus. The 
objective of this study was to investigate whether the hippocampal volume of chronic ecstasy 
users is reduced when compared with healthy polydrug-using controls, as an indicator of 
hippocampal damage. The hippocampus was manually outlined in volumetric MRI scans in 10 
male ecstasy users (mean age 25.4 years) and seven healthy age- and gender-matched control 
subjects (21.3 years). Other than the use of ecstasy, there were no statistically significant 
differences between both groups in exposure to other drugs of abuse and alcohol. The 
ecstasy users were on average drug-free for more than 2 months and had used on average 
281 tablets over the past six and a half years. The hippocampal volume in the ecstasy using 
group was on average 10.5% smaller than the hippocampal volume in the control group 
(p=0.032). These data provide preliminary evidence that ecstasy users may be prone to 
incurring hippocampal damage, in line with previous reports of acute hippocampal sclerosis 
and subsequent atrophy in chronic users of this drug. 
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Recently, two cases of acute hippocampal toxicity were reported following chronic use 
of the popular recreational drug ecstasy (3,4-methylenedioxymethamphetamine (MdMA)) 
(Gardner et al., 2009). Where initial scans on admission following brief tonic–clonic seizures 
showed swelling and high signal in the hippocampus, 3 months later, right hippocampal 
atrophy was evident. Although an infectious encephalitic cause could not be ruled out, the 
authors postulated that ecstasy ingestion caused an acute toxic insult to the hippocampus, 
leading to the atrophy observed on the MRI images. Although various studies, including 
longitudinal studies, have reported memory impairments, even in moderate users of this 
drug, there are no structural human data (such as volume measurements) on the effects 
of ecstasy on the hippocampus. The objective of this study was to investigate whether the 
hippocampal volume of chronic ecstasy users was reduced when compared with healthy 
polydrug-using controls, as an indicator of hippocampal damage. 

We used previously acquired volumetric MRI scans to compare hippocampal 
volume in 10 male ecstasy users (mean age 25.4 years, Sd 2.1) with seven healthy age- 
and gender-matched control subjects (21.3 years, Sd 3.9). The eligibility criterion for the 
ecstasy group was previous use of at least 50 tablets of ecstasy lifetime. The seven controls 
were healthy male subjects with no self-reported prior use of ecstasy. Because, in the 
acute phase, hippocampal swelling has been noted following ecstasy ingestion (Gardner 
et al., 2009), participants agreed to abstain from use of all psychoactive drugs for at least 
2 weeks before the study and were asked to undergo urine drug screening (with an enzyme 
multiplied immunoassay for amphetamines, barbiturates, benzodiazepine metabolites, 
cocaine metabolite, opiates and marijuana) before enrolment. Beyond urine drug screening, 
exclusion criteria included a severe medical or neuropsychiatric illness that precluded 
informed consent and use of serotonin (5-HT) acting medications. MRI scans were acquired 
at 3 T (Philips Intera; Philps Medical Systems, Best, The Netherlands) with a phased array 

six-channel receiver head coil with parallel imaging. A sagittal 3d spoiled gradient echo T1W, 
TR/TE=9/53 ms, FOV 232×256 mm, 170 slices voxel size 0.9×1.0×1.0 mm3 was acquired. The 
measurement of hippocampal atrophy was done using a region-of-interest (ROI) analysis 
technique, with excellent interobserver agreement (COV <5%), as previously described (van 
de Pol et al., 2007). An experienced operator, blinded to the clinical status, manually outlined 

the hippocampus in a series of contiguous sections. Left and right hippocampal volumes 
were averaged. 

differences in age and continuous variables of other drug exposure (log-transformed 
if necessary) were analyzed using the Student t test. Categorical variables were analyzed 
using the χ2 test. differences in hippocampal volume were analysed using the univariate 
analysis of variance (ANOVA) with one between-group factor (group) and one covariate 
(age). 
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The ecstasy users were somewhat, but statistically significantly, older (p=0.016) 
compared with control subjects. Although the ecstasy users had used more amphetamine 
and cocaine, there were no significant differences between both groups in recreational 
drug exposure, other than ecstasy. The ecstasy users were on average drug-free for more 
than 2 months and had used on average 281 tablets over the past years (Table 1). The 
hippocampal volume in the ecstasy-using group was on average 10.5% smaller than the 
hippocampal volume in the control group (3.8 ml±1.6 vs 3.4 ml±4.4, p=0.032, Figure 1). 
There were no significant differences between left or right hippocampal volume, or between 
total brain volumes within each group. After correcting for total brain volume, there were 
no differences in the proportion of total white-matter volume, but the proportion of overall 
grey-matter volume was on average 4.6% lower in the ecstasy-using group (51.5%±1% vs 
49.1%±2.4%, p=0.022), analysed using voxel-based morphometry (VBM). 

Figure 1
Hippocampal volume in ecstasy users and control subjects. Lower hippocampal volume in ecstasy users 
compared with control subjects (3.8 ml±1.6 vs 3.4 ml±4.4, p=0.032) as derived by manual delineation. Box 
plot: median (dark line), 25th percentile (bottom of the box), 75th percentile (top of the box), minimum and 
maximum (T-bars). There were no outliers.
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Table 1 Characteristics of drug of abuse and alcohol exposure

 MdMA Controls
 n=10 n=7* p-val

Age 25.4 (± 2.1) 21.3 (± 3.9) 0.02
Last 3 month use of
Alcohol, no. times used    NS1

None 1 0
10-19 0 2
20-39 4 3
>40 5 1

Tabacco, no. cigarettes    NS1

None 5 6
1-5 cig./day 2 0
6-20 cig./day 2 0
>20 cig./day 1 0

Cannabis, no times used   NS1

None 4 5
1-5 3 0
10-39 2 1
>40 1 0

Amphetamine, gr 0.3±0.7 0±0 0.162

Cocaine, no. lines 0.8±1.6 0±0 0.212

Characteristics of ecstasy use
duration of use (years) 6.5±3.1
Lifetime exposure (tot. no. tablets) 281±250.97 [range 50-900]
Usual dose (no. tablets/occasion) 3.65±3.08
Time since last tablet (months) 2.14±2.34 

*Drug history questionnaire missing for 1 control subject
1 Chi-square test
2 Log transformed

Taken together, these data provide preliminary evidence suggesting that ecstasy users may 
be prone to incurring hippocampal damage, following chronic use of this drug. This finding 
is in line with previous reports of acute hippocampal sclerosis and subsequent atrophy 
in chronic users of this drug (Gardner et al., 2009). Furthermore, studies in non-human 
primates treated with MdMA have shown reductions in 5-HT immunoreactive axons by 
20–66% in the hippocampus up to 7 years after treatment (Hatzidimitriou et al., 1999). In 
fact, MdMA is a 5-HT neurotoxin in rodents, as demonstrated by reductions in various 
markers unique to 5-HT axons, including 5-HT, 5-hydroxyindolacetic acid and the density 
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of serotonin-reuptake inhibitor (SERT)s (Ricaurte and McCann 2001). In line with this, we 
and others observed reductions in SERT densities in 5-HT-rich brain regions in animals, but 
also recreational users of this drug using single phonton emission CT with a radioligand that 
binds to the 5-HT transporter (SERT) (Reneman et al., 2001; de Win et al., 2008). We also 
observed memory deficits in these ecstasy users but unfortunately could not visualise SERT 
in the hippocampus owing to the low spatial resolution of SPECT (Reneman et al., 2001). 
However, positron emission tomography (PET) studies with the SERT ligand [11C]McN5652 
have found reductions in SERT density in the order of 39% in ecstasy users (McCann et al. 
2005). There is thus accumulating evidence suggesting that MdMA is toxic towards brain 
5-HT axons and axon terminals in animals and humans, including the hippocampus. 

The fact that we observed reductions in overall grey-matter volume, albeit less 
extensive than in the hippocampus, suggests that the effects of ecstasy on grey-matter volume 
may not be specific for the hippocampus. The current observations are probably applicable 
to other 5-HT-rich brain regions as well. Indeed, a previous study reported multiple regions 
of grey-matter reduction in ecstasy users (Cowan et al., 2003), including the occipital cortex, 
temporal cortex and frontal cortex. However, the grey matter in the hippocampus was not 
affected in that study in which regional grey- and white-matter volumes were analyzed using 
VBM. This is probably explained by different analysis techniques in both studies. Up to now, 
however, ROI analysis constitutes the gold standard in brain-atrophy measurements (Jack et 
al. 1992). The statistical power is higher in ROI-based analyses than a voxel-based analysis 
technique such as VBM, in which one has to correct for multiple comparisons. Furthermore, 
the linear (typically AFFINE) transformation used in most VBM studies is less accurate in 
outlining medial-temporal-lobe structures, thus masquerading hippocampal changes even 
further. 

In view of the small brain mass occupied by the 5-HT axon terminals in the 

hippocampus (e.g., much less than 1%), it is not likely that the present observation of 
reduced hippocampal volume can be fully ascribed to MdMA-induced loss of 5-HT axons 
and terminals in the hippocampus. Additional explanations are: indirect changes induced 
by ecstasy, such as changed neuronal and glial structures owing to a decrease in growth 
factors (serotonin mediates trophic effects), vasospastic ischaemia, pre-existing differences 
in hippocampal volume that leads to ecstasy use and toxic effects of drugs other than 
ecstasy. Although none of the control subjects had used amphetamine or speed, the effect 
of this difference was not statistically significant. An additional ANOVA analysis also found 
no significant effect of amphetamine (p=0.52) or cocaine (p=0.10) on hippocampal volume. 
To rule out pre-existing differences in hippocampal volume, or effects of other drugs of 
abuse and alcohol, a prospective study in which the effects of ecstasy on hippocampal 
volume are studied and compared with neurocognitive performance is needed. However, 
the following observations most likely point towards the direction of direct and/or indirect 
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toxic effects of ecstasy on the hippocampus: (1) hippocampal swelling and subsequently 
atrophy in two patients following ecstasy ingestion (Gardner et al., 2009); (2) documented 
memory impairments in ecstasy users (Parrott 2000); (3) a decline in memory performance 
in prospective studies even following low exposure (Schilt et al., 2007); (4) animal and human 
studies demonstrating 5-HT neurotoxic effects of MdMA in the hippocampus; and (5) 
correlations between memory impairment and hippocampal volume in users of the related 
amphetamine derivative methamphetamine (Thompson et al., 2004).

In conclusion, chronic users of ecstasy may be prone to incurring hippocampal 
damage. Since the hippocampus plays an essential role in long-term memory, the present 
findings are of particular interest in view of the various studies showing that ecstasy users 
display significant memory impairments, whereas their performance on other cognitive tests 
is generally normal (Parrott 2000). All but one study failed to find any relationship between 
a decrease in SERT densities and memory impairment in ecstasy users (McCann et al., 2008). 
In that study, the strength of the relationship between verbal memory function and SERT was 
also greater in controls than in ecstasy users. Hippocampal atrophy is a hallmark for diseases 
of progressive cognitive impairment in older patients, such as Alzheimer’s disease. The 
current findings of hippocampal damage may better explain the memory deficits observed 
in ecstasy users than previous PET and SPECT studies on SERT densities, and call for further 
investigations in prospective studies. 
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abstRact

Animal studies have shown that methylphenidate (MPH) and fluoxetine (FLX) have different 
effects on dopamine and serotonin in the developing brain compared to the developed brain.  
The effects of Psychotropic drugs On developing brain (ePOd) study is a combination of 
different approaches to determine whether there are related findings in humans. Animal 
studies were carried out to observe age-related effects of psychotropic drugs and to validate 
different new neuroimaging techniques. We have set up two double-blind placebo controlled 
clinical trials with MPH in 50 boys (10-12 years) and 50 young men (23-30 years) suffering 
from AdHd (ePOd-MPH) and with FLX in 40 girls (12-14 years) and 40 young women 
(23-30 years) suffering from depression and anxiety disorders (ePOd-SSRI) next to a cross-
sectional study on age-related effects of these psychotropic medications in patients who 
were treated previously with MPH or FLX (ePOd-Pharmo).  The effects of psychotropic 
drugs on the developing brain are studied using neuroimaging techniques together with 
neuropsychological and psychiatric assessments of cognition, behavior and emotion. All 
assessments take place before, during (only in case of MPH) and after chronic treatment.  
The combined results of the three different approaches will provide new insight into the 
modulating effect of MPH and FLX and age-at-treatment during brain development.
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IntRoDUctIon

Brain development during adolescence is a vulnerable and critical process (i.e. synaptogenesis, 
(Swaab and Boer, 2001), and therefore sensitive to pharmacological interventions. Treating 
children and adolescents during this period with serotonergic (5-HTergic) or dopaminergic 
(DAergic) drugs like fluoxetine (FLX) and methylphenidate (MPH), is likely to have influence 
on maturation of the brain. For instance, FLX (a selective serotonin reuptake inhibitor (SSRI) 
is known to increase extracellular levels of 5-HT by blocking the serotonin transporter 
(SERT) and animal studies have demonstrated that periadolescent 5-HT pharmacological 
manipulations can lead to abnormal outgrowth of the 5-HT system (Iñiguez et al., 2010; 
Karanges et al., 2011). Recently, pilot experiments by our group have shown that chronic 
treatment with FLX results in a significant increase in prefrontal and hypothalamic SERT 
(+30%, p< 0.01) in juvenile-treated rats, but not in adult treated rats (Bouet et al., 2012). 
These findings are in accordance with Wegerer et al. and Bock et al., who have also shown 
that this effect persists into adulthood, long after discontinuation of treatment with SSRIs 
(Bock et al., 2005; Wegerer et al., 1999). These studies suggest that 5-HT manipulations may 
have an impact on the regulation of 5-HT outgrowth which is dependent on the age of 
exposure. 

Also for the dAergic system, recent animal studies with MPH have demonstrated 
that the effect on dAergic functioning in the brain differs between children and adults, 
suggesting an age effect of treatment. In rats for instance, early treatment with MPH led to 
a considerable (-50%) reduction of dopamine transport density (dAT) in the striatum and 
other dA-rich brain regions when compared to non-treated animals, whereas no effects 
have been observed in adult animals (Grund et al., 2006; Kirchheiner et al., 2001). These 

alterations in the dA system have been shown to relate to behavioral abnormalities. For 
example, young rats treated with MPH show after long-term follow-up, more anxiety- and 
depression-related behavior than adult rats treated with MPH (Bolanos et al., 2003). There is 
some clinical evidence for related findings in humans, for example in the NIMH Collaborative 
Multisite Multimodal Treatment Study of Children With Attention-Deficit/Hyperactivity 
disorder (MTA) where children who received behavioral therapy had a lower rate of 
diagnoses of anxiety or depression (4.3%) after treatment than the children who were 
treated with methylphenidate (19.1%) thus indicating an increase of emotional disorders six 
to eight years after treatment with methylphenidate (Molina et al., 2009). differences have 
also been found between adolescent and adult patients treated with MPH on 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 
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(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 three studies: two randomized 
controlled trials (RCTs) 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. 

obJectIVes

Primary objective:

The primary objectives of the ePOd randomized clinical trials (RCTs) are to report on the 
short-term age-dependency of the effect(s) of MPH treatment on the developing dA system 
and on the age-dependency of the effect(s) of FLX on the developing 5-HTergic system, using 
pharmacological MRI (phMRI) Furthermore, we aim to study the long-term effects of these 
drugs in a cohort study based on medical prescription data.

Secondary objectives:

1. To report on the age-dependency of MPH and FLX on the outgrowth of the dA system 
and the 5-HT system using functional outcome measures (dTI, fMRI, rs-fMRI and 
neuropsychological assessments (NPA)). 

2. To report on the age-dependency of the effects of FLX on 5-HT driven HPA axis activity 
using cortisol measures. 

3. To report on the role of the 5-HTTLPR polymorphism upon the age-dependency of FLX 
on the outgrowth of the 5-HT-ergic system

4. To report on the effects of MPH on restless legs (RLS) symptoms and insomnia.
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MetHoDs

General design of the ePOD project

As only a long-term prospective study in patients randomly assigned to MPH or SSRIs and 
placebo conditions can determine unequivocally whether the (adverse) effects of these 
medications on the neurotransmitter systems interact with the age when these drugs are 
prescribed. 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 4-5 months, we investigate the long-term effects in a cohort study based on medical 
prescription (the Pharmo study). The three sub-studies of the ePOd project include:
· ePOD-MPH: The first RCT with medication naïve ADHD patients will involve three 

NPA and MRI scanning sessions: before starting with the study medication (baseline 
session), during treatment with MPH or placebo (week 8) and after trial end following a 
1-week washout period (week 17) . 

· ePOd-SSRI: The second RCT involving medication naïve Mdd and anxiety disorder 
(Ad) patients receive NPA and MRI sessions: before starting with the study medication 
(baseline session) and after treatment with FLX (week 19)  including a 3-week washout 
period. 

· ePOd-Pharmo: This will be a cross-sectional study with a cohort of subjects suffering 
from AdHd or Mdd or Ad now or in the past. They will receive the same assessments 
as in the first two sub-studies but only once.  

The outcome measures in the ePOd-MPH, ePOd-SSRI and ePOd-Pharmo studies. In 
addition, currently known potential confounders like age in months, ratings of symptom 
severity and in the SSRI trial, the 5-HTTLPR polymorphism, are registered. Both clinical trials 

are approved by the Central Committee on Human Research in the Netherlands (CCMO).

Randomized Controlled Trial design and study samples

The RCTs consist of a 16-week multicenter randomized, double blind, placebo-controlled 
trial with a washout period of one week (MPH) or three weeks (FLX).  Subjects are stratified 
into two age categories: children (MPH), 10-12 years/adolescents (FLX), 12-14 years and 
adults (MPH and FLX), 23-30 years. These two groups are randomly assigned to either 
placebo or active treatment. NeuroPsychologicalAssesment (NPA) and Magnetic Resonance 
Imaging (MRI) assessment days will take place before treatment (baseline), during treatment 
(only in the MPH trial) and following the washout period (see Figure 1 for the timeline for 
ePOd-SSRI). Baseline measurements are compared with the results during the trial and at 
endpoint. differences in treatment-effect are compared between the two age categories 
(children vs. adult) and with healthy controls. In view of our hypothesis that the active 
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treatment results in long lasting or even permanent changes in the developing monoamine 
system, we expect no differences between the two age-groups during treatment (due to the 
presence of active treatment: MPH trial only), but only after stopping the treatment (because 
the effect of active treatment has subsided in adults, but enduring changes in the pediatric 
brain have taken place). Washout periods were chosen based on chemical properties (rate of 
elimination based on five half–live times) and ethical considerations (time without treatment).

A total of 100 children (10-12 years of age) and adult (23-30 years of age) male 
outpatients diagnosed with AdHd (all subtypes) and in need of pharmacological therapy will 
be included in ePOd-MPH and total of 80 adolescent (12-14 years of age) and adult (23-25 
years of age) female outpatients with moderate to severe Mdd or an anxiety disorder in 
need of pharmacological treatment will be included in ePOd-SSRI. Patients that have used 
medications or drugs that influence the monoamine systems involved before age 23 will not 
be eligible.Patients are being 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), and from PsyQ mental health facility in The 
Hague. The diagnosis will be 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, (Shaffer et al., 2000)), dutch translation Ferdinand RF, van der 
Ende J, 1998, Rotterdam, the Netherlands), in children or in parents and diagnostic Interview 
for Adult AdHd (dIVA), (Kooij, 2012), in the MPH trial and the diagnostic Interview Schedule 
for Children in children and the Composite International diagnostic Interview (CIdI; lifetime 
version 2.1 (World Health Organization, 1990), dutch translation by Smitten, Smeets and 
van den Brink, Amsterdam 1998) and Hamilton Anxiety Scale (HAM-A) (Hamilton, 1969) 

in adults.  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) 
(Willshire et al., 1991), dutch translation (Schmand et al., 1991) and Mdd patients with 
current risk of suicide attempt are excluded. 

We chose to include male patients in ePOd-MPH to limit subject variation and 
because AdHd is most prevalent in males (Boyle et al., 2011). The cut-off point of 10-12 
years of age is 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 (Ben 
et al., 2005), whereas the rate of increase of neuronal growth and pruning reduces after 10 
years of age. The age range of the adults is chosen in line with previous studies involving 
a comparison between matured versus immature brain (Sowell et al., 1999). Only female 
subjects were chosen in ePOd-SSRI based on the higher prevalence of Mdd and Ad in this 
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population (Hasin et al., 2005). For the adolescent group we chose a cut-off point of 12-14 
years of age because the risk of Mdd and Ad onset increases approximately 8 fold at this 
age compared to children younger than 10 years of age (Birmaher et al., 1996; Merikangas 
et al., 2010).

Figure 1. Timeline study procedures SSRI trial; *only in adolescents.

Cohort study design and study sample

In the ePOd-Pharmo study, early-and late SSRI-and MPH exposed subjects are recruited 
through the Pharmo database, in addition to unexposed subjects. The PHARMO Institute 
(Utrecht, the Netherlands) collects, maintains and performs research on patient-centric data 
to derive real-life insights for tailoring of medicines, in order to improve the effectiveness 
and risk management of drugs as used in daily practice. A major characteristic of the 
PHARMO Institute is that it focuses on geographically and demographically defined areas 
where complete coverage of the population is established (denominator). This results in a 
unique database with a large quantity of anonymized patients enabling follow-up of exposure 
and medical events for more than 20 years. In the ePOd-Pharmo project subjects will be 
invited to participate in a single assessment day (cross-sectional design) with similar NPA 
and MRI investigations as in the ePOd RCTs. The outcome measures will be compared 
to adult controls that have not been previously treated with these drugs and with healthy 
controls (not part of the current trial).

Study sample of the ePOD-Pharmo trial

Subjects eligible for study participation are 23-30 years of age and preferably diagnosed 
with ADHD or MDD/anxiety disorder. The first two groups will have a history of MPH or 
SSRI (preferably FLX) treatment before the age of 16. Groups three and four are defined 
as with a history of treatment only in adulthood (between 23 and 30 years of age). Age-and 
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sex matched control groups will be formed consisting of medication naive subjects suffering 
from AdHd or Mdd/anxiety disorder. All six groups will contain 25 subjects. 

Clinical rating scales

For both RCTs we use one set of clinical rating scales to assess symptom severity and 
functioning at baseline and after treatment. For each study separately we have some additional, 
disorder-specific rating scales. The basic set includes the Clinical Global Impression scale 
(CGI), (Guy, 1976), the Clinical Global Assessment Scale (CGAS) (Shaffer et al., 1983) in 
children and the Global Assessment of Function (Endicott et al., 1976) in adults. In both 
groups the Children’s depression Inventory (CdI) (Saylor et al., 1984) and an anxiety scale, 
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. To measure disorder 
specific symptoms, a translation of the Disruptive Behavior Disorders Rating Scale (DBD-
RS) (Pelham, Jr. et al., 1992) is used in children and the AdHd-SR (Rosler et al., 2006) in 
adults in the ePOd-MPH study. To measure depressive symptoms in children the Childhood 
depression Rating Scale (CdRS) (Poznanski et al., 1979) will be completed in the ePOd-
SSRI study.

Imaging parameters

during the ePOd-MPH study two scanning sessions will take place at baseline and after 
the washout period. Imaging parameters are directed towards the dAergic and 5-HTergic 
system: dAergic and 5-HTergic brain activity will be assessed using phMRI, which is the 
primary outcome measure of the study. dA and 5-HT connectivity will be assessed using 
rs-fMRI and dTI, and task related brain activity during 5-HT (emotional processing) and dA 
(motor inhibition) fMRI tasks. 

phMRI

With phMRI, a neurotransmitter specific pharmacological challenge is given, causing changes 
in neurovascular coupling and subsequent region-specific hemodynamic changes. DAergic 

(dys)function has been previously assessed by imaging changes in cerebral hemodynamics 
following a dAergic challenge (Jenkins et al., 2004). Based on the literature and experiments 
from our own group (in submission), we expect in the MPH study an increased CBF in 
specific brain areas (e.g. thalamus and frontal cortex) evoked by the DA challenge with MPH 
in treated children when compared to pre-treatment baseline scans and untreated subjects, 
reflecting changes in DA neuronal activity (Andersen and Teicher, 2008).
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After the baseline session 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) for the phMRI scan. Subjects 
will be put back into the scanner after 90 minutes and the same sequences will be repeated, 
now under the influence of MPH. This 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). 

In the ePOd-SSRI study, an intravenous (i.v.) challenge with citalopram (5 mg in 
adolescents and 7.5 mg in adults) will be administered during a single scanning session. 
This 5-HT challenge is subject to more variability and therefore needs to enter the brain 
in a rapid and consistent manner over the time course of a single scan session which 
requires intravenous administration (Anderson et al., 2008). Citalopram is currently the 
only SSRI registered for i.v. administration. When used for therapeutic purposes, intravenous 
citalopram is given at the same dose as the oral route of administration and it is well within 
the therapeutic range even for children (Guelfi et al., 2000). Although posing an extra burden, 
especially to the adolescent group, i.v. administration of the challenge is necessary to ensure 
reliable data collection. Citalopram increases 5-HT release by inhibiting the reuptake of 
5-HT by SERT. It has been used previously in phMRI studies and has been proven an adequate 
probe of 5-HT function (Anderson et al., 2008; McKie et al., 2005), as well the interaction 
effect of age by SSRI treatment in rats(Klomp et al., 2012). We expect an increased signal in 
5-HT rich brain areas (e.g. prefrontal cortex, hippocampus and hypothalamus) after 5-HT 
challenge only in FLX treated adolescents when compared to pretreatment baseline scans, 
due to increased SERT densities (Bouet et al., 2012) and based upon previous phMRI results 
in rats (Klomp et al., 2012).

rs-fMRI

A relatively new fMRI approach (i.e., resting-state fMRI (rs-fMRI)) allows extensive assessment 
of changes in organization of whole functional networks. Rs-fMRI aims to detect 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). In adult AdHd a decreased functional connectivity between anterior 
cingulated cortex and precuneus has been found using this technique (Castellanos et al., 
2008). However, the effect of MPH or SSRI treatment on functional connectivity either in 
adults or children is unknown. 
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DTI

With diffusion tensor imaging (dTI), the micro-structural organization of white matter (WM) 
can be imaged. 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 
unit 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 decrease in FA (de Win et al., 2007; Moeller et al., 2005; Reneman 
et al., 2001). A previous study with MPH observed an increase, or rather normalization, 
of white matter volume in AdHd medicated children compared to unmedicated children 
(Castellanos and Tannock, 2002). 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). Therefore we expect an increase in FA in MPH treated children when compared 
to pre-treatment baseline scans and when compared to non-treated subjects. 

Considering the 5-HTergic system we have previously shown that alterations in 
axonal integrity linked to the 5-HTergic system can be adequately assessed using dTI (de 
Win et al., 2007). We hypothesize that chronic treatment with SSRIs leads to increased 
outgrowth of the 5-HT system, since 5-HT acts as a growth factor in the maturing brain 
(Whitaker-Azmitia et al., 1996). Therefore we expect an increase in FA (reflecting 5-HT 
neuronal growth) in 5-HT rich brain areas only in FLX treated adolescents when compared 
to pretreatment baseline scans. No effect of treatment on these scan parameters are 
expected in adults. 

fMRI  

We have selected two task-related fMRI scans either based upon their involvement of the 
dA system and/or the 5-HT system and the known interaction with MPH or FLX and 
treatment response in anxiety and depressive disorders. 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:  

Emotional processing (MPH and SSRI trials): 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. Emotional processing 
is known to be regulated by 5-HT and to be affected in mood disorder (Surguladze et al., 
2004).
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Mdd patients are believed to express a heightened responsiveness to negative 
emotional stimuli and a reduced detection of positive affect (Anderson et al., 2011b; Harmer 
et al., 2009), which is explained by hyperactivity of the affective neurocircuitry, including 
the amygdala (drevets et al., 2008). SSRIs have been found to decrease amygdala activity 
in response to negative affect in both healthy subjects and Mdd patients, which might 
(partially) symptom remission following antidepressant treatment in Mdd (Anderson et al., 
2011a; delaveau et al., 2011; Murphy et al., 2009b). 

Motor inhibition (only MPH trial): Frontal–striatal function and its modulation by 
MPH will be assed 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 tests

A neuropsychological test battery (Standard Reaction Time Task, Rey Auditory Verbal 
Learning Task, 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 behavioral 
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 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 
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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 study using questionnaires (the 
Holland Sleep diagnostic List (HSdL) (Kerkhof et al., 2012) 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 of monitoring 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. 

Cortisol measurements

In the ePOd-SSRI study salivary cortisol levels will be determined in salivary samples taken 
at home on a ‘normal’ weekday in the week before baseline and washout assessment days 
in order to determine the cortical awakenings response (CAR) and the diurnal cortisol 
cycle. Samples will be collected at 5 different moments: 1) directly after waking up, 2) 30 
minutes after waking up, 3) 4 hours after waking up, 4) 8 hours after waking up, and 5) and 
12 hours after waking up. To determine the peak after a 5-HT challenge, one salivary sample 
will be collected before the MRI scan session (baseline measure) and a second sample 30 
minutes after the 5-HT challenge (directly after the MRI scan) on the day of both the MRI 
scan sessions.

Potential confounders:

The study is designed to limit several important possible confounding parameters, such as 
gender effects (only women are included in the FLX trial and only men in the MPH trial) 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. Because of the design of the study, we have limited power and can correct for 
a maximum of 2 or 3 confounders. Therefore, first age in months and ratings of symptom 
severity will be taken into account as covariates. In addition in the ePOd-SSRI study, the 
5-HTTLPR polymorphism will be determined. The long allele of this SERT polymorphism in 
the promoter region (5-HTTLPR) has an activity twice that of the short allele (Lesch et al., 
1996), resulting in higher densities of SERT. It is expected to be an important confounder to 
take into account when measuring SERT functioning. Also, significant associations between 
the long variant and a favorable treatment response have been repeatedly reported (Serretti 
et al., 2007). 
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Power analysis

Since these trials are the first to examine 5-HT and DA functioning following FLX and 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 FLX and MPH on the outgrowth of the dA-ergic 
and 5-HT-ergic system if these differences are in the magnitude of a standardized effect size of 
1.25. From pilot experiments in rats and humans 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. This paired data will reduce the between subject variability. This 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 and FLX. To account for an expected drop-out of 25%, we 
will include 20 patients in each group for the FLX trial. Because the expected drop-out in 
the MPH trial is probably higher, due to motion artifacts in MRI scanning, we will include 25 
patients in each treatment-by-age group. Because of slightly higher subject variability 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 and FLX on the outgrowth of the 
dA-ergic and 5-HT-ergic system, the change in our primary outcome measures (CBF) from 
baseline to post-treatment will be determined for each patient (Δi). These individual changes 
(Δi) will be used to estimate the treatment effect in adolescents (mean Δ in treated patients 
minus mean Δ 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 intension-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 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 and FLX 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 cortisol response for the FLX trial and sleep-log actigraph for the MPH trial.
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Figure 2. Comparison of mean ∆ in treated patients minus mean ∆ in placebo treated patients.

Ethical considerations

Evidently, there are important ethical considerations that need to be taken into account 
with 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 Research in the Netherlands (CCMO). In the MPH study 
we overcome the treatment delay by including patients from the waiting list and offering 
psycho-education when necessary. In addition, in the ePOd-SSRI trial we give at least 18 
sessions Cognitive Behavioral Therapy (CBT) to all adolescent participants. Therapy will 
be in accordance with the ‘doepressie’ protocol, a psychotherapeutic program which is a 
dutch translation of the internationally well-used program ‘Coping with depression Course 
for Adolescents’ (Clarke and Lewinsohn, 1989). CBT is not part of standard clinical practice 
in the adult Mdd population and will therefore not be provided to the adult patients. Adult 
Mdd patients, who already receive some form of behavioral therapy at the start of the study, 
may continue this if they wish, but adult Mdd patients cannot start a new therapy. Moreover, 
studies with SSRI’s, especially in children have shown a placebo response up to 40 % making 
treatment with placebo more ethically acceptable [Kennard 2009.  

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 
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travel expenses). Written and informed consent from both patients and legal caregivers will 
be obtained in all cases.

DIscUssIon

In the ePOd studies we propose a set of neuroimaging studies and neuropsychological 
assessments in which we examine the neural circuitry in adolescents with depression or 
anxiety and 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 neuropathophysiology, let alone the treatment, 
that underlie these disorders could be distinct. Slowly emerging evidence suggests that 
the long-term effects of drug exposure are delayed and 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. 
Thus, understanding the persistent effects critically depends on the window of observation. 
Therefore, ePOd is a unique clinical study in children and (young) 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).

As the safety of antidepressants to children still is a subject of concern, particularly 

since FLX is now licensed for the treatment of Mdd in children of 8 years and older, 
information about the safety of FLX in treating childhood depression is needed. Especially 
the potential for an increased suicide risk in association with SSRIs in general  has led 
to much debate, as has also been pointed out by the Medicines Evaluation Board of the 
Netherlands (Wohlfarth et al., 2006) and several comments in the Lancet in response to an 
article by Ebmeier and colleagues (Ebmeier et al., 2006). 

The neurotransmitter 5-HT plays a crucial role in axonal outgrowth of 5-HT 
projections during brain development (Whitaker-Azmitia et al., 1996). Earlier animal work 
demonstrated that postnatal 5-HT pharmacological manipulations can lead to abnormal 
outgrowth of the 5-HT system (Azmitia et al., 1990; Shemer et al., 1991; Won et al., 2002). 
As an SSRI, FLX increases extracellular 5-HT concentrations by blocking SERT. Recently, 
pilot experiments of our group have shown that chronic treatment with FLX results in a 
significant increase in prefrontal and hypothalamic SERT (+30%, p< 0.01) in juvenile-treated 
rats, but not in adult-treated rats. These findings are in line with findings of Wegerer et al. 
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and Bock et al., which also have shown that this effect persists into adulthood, long after 
discontinuation of treatment with SSRIs (Bock et al., 2005; Wegerer et al., 1999).  Also, we 
showed with phMRI that juvenile-treated rats respond more strongly to a 5-HT challenge 
than same-age untreated rats, while adult-treated rats show a diminished response after 
previous chronic treatment (Klomp et al., 2012). The phMRI technique is very well suited to 
address the primary objective of the ePOd-MPH studies: investigating whether the effect(s) 
of FLX on serotonin depend upon age. As may be expected, on a behavioural level, results 
are less consistent, although age-dependent responses to SSRIs on depression-like behaviour 
are described in both rats and mice (Homberg et al., 2011; Iñiguez et al., 2010; Mason et al., 
2009). All these findings most likely reflect the earlier described neuronal imprinting effects.

MPH is being prescribed to increasingly younger children (van dijk et al., 2008; 
Zito et al., 2002). 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 in 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 (Bolanos 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. 

As recently indicated by Tao and colleagues, 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 (Tao et al., 2012).  
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 
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and adolescents, which provide new insights into the effects of psychotropic drugs on the 
developing brain.  The use of phMRI in assessing dAergic and 5-HTergic 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 depression, anxiety and 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 neuropsycho-
logical assessments in which we examine the neural circuitry in adolescents with depression 
or anxiety and adolescents with AdHd before and after treatment. The combination of 
prospective studies with a cross-sectional cohort, using the same outcome measures, will 
increase our understanding not only of the working mechanisms of both FLX and MPH 
in children and adolescents, but also provide more information about the safety of these 
substances in the maturing brain. 
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sUMMaRY

The goal of this thesis is to assess whether phMRI is able to detect monoamine (dys)function 
in humans. To achieve this, we performed several imaging studies, both in healthy subjects and 
in individuals that intermittently use psychotropic drugs in a recreational setting. Previously, 
SPECT and MRI studies demonstrated that the recreational use of MdMA presumably leads 
to damage of the 5-HT system (de Win et al., 2004; de Win et al., 2008b; Reneman et al., 2000; 
Reneman et al., 2001; Reneman et al., 2002), as evidenced by reduction in SERT availability. 
Evidence for similar damage to the dA system in users of dAMPH also exists, in addition to 
preclinical work showing dAergic damage even after clinical dosages of dAMPH (Reneman 
et al., 2002; Ricaurte et al., 2005). Therefore, by comparing healthy individuals to individuals 
frequently exposed to psychotropic drugs, we were able to determine whether ASL-based 
phMRI is a useful tool to detect the changes in neurotransmitter function we expected to 
be present in these specific groups of drug users.

First, we examined whether the administration of i.v. dAMPH would lead to a 
significant hemodynamic response in healthy individuals (chapter 2). We hypothesised that 
such a response is linked to dAergic function, as dAMPH causes a considerable rise in 
intrasynaptic dA levels (Kahlig et al., 2005; Kuczenski et al., 1995; Laruelle et al., 1995.). We 
also hypothesised that the size of the response would be related to d2/3 receptor availability, 
as the amplitude of d2/3 binding also correlates to the subjective response to dAMPH 
(Abi-dargham et al., 2003). After dAMPH administration, we observed a large decrease in 
CBF in the entire brain in response to the infusion of dAMPH. due to the fact that brain 
microvasculature also contains a significant amount of D2 receptors, we assumed that this 
response was mainly attributable to vascular effects. To date, no generally approved method 
of correction for ASL-based phMRI exists (Khalili-Mahani et al., 2012; Saad et al., 2012). We 
therefore corrected for this vascular effect, using an internal reference relatively low in d2 
(the occipital cortex) as is common practice in PET/SPECT imaging (Booij et al., 1997a; 
Lidow et al., 1991). We found a relative increase in CBF in several key dAergic areas such 
as putamen bilaterally, ACC and cerebellum. However, part from one ICA component, no 
correlations were found with sCBF changes and d2/3 receptor availability and behavioural 
measures. This study demonstrates that phMRI with an i.v. dAMPH challenge elicits a 
hemodynamic response that is most likely attributable to an increase in dAergic signalling.

These results are expanded upon in chapter 3, where we collected BOLd based 
resting state data using an i.v. dAMPH challenge and used several data analysis techniques 
to further substantiate our hypothesis that phMRI is able to detect alterations in 
monoaminergic function. Also using BOLd, we observed an increase in brain hemodynamics 
using independent component analysis (ICA), providing additional proof using a data-driven 
rather than a hypothesis-driven technique, that dAMPH causes an increase in the BOLd 
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signal. Furthermore, using a seed-based analysis we first replicated a functional connectivity 
pattern as reported in previous work by diMartino and colleagues and subsequently showed 
that this pattern is affected by dAMPH (di Martino et al., 2008). We also showed that two 
known functional connectivity networks (one of the frontoparietal networks and the fronto-
executive network) are affected by dAMPH. Taken together, these findings provide further 
proof that dAMPH alters dAergic signalling and that this can be detected using different, 
relatively non-invasive MRI techniques.

In order to assess the dAergic system in a fully non-invasive manner (without 
venous puncture), we performed a series of experiments, the first discussed in chapter 
4, involving an oral challenge with a commonly available dAT-blocking psychotropic drug: 
MPH. In order to detect alterations in the dAergic system, we compared healthy subjects 
with subjects that used dAMPH recreationally. Preclinical and clinical studies indicate that 
dAMPH users are likely to have less available dAT than healthy controls. Unfortunately, we 
were not able to replicate these results with our FP-CIT SPECT study. Although we showed 
that dAT binding ratios were on average lower in dAMPH users, this result was only trend 
significant, most likely due to sample size issues. However, ASL-based phMRI with an oral 
MPH challenge demonstrated a significant difference between controls and dAMPH users 
(chapter 4). Healthy controls showed a significant decrease in CBF in key DAergic areas 
such as striatum, thalamus and hippocampus in response to an oral MPH challenge, in line 
with earlier research. However, in dAMPH users this response was (severely) blunted, only 
showing a slight decrease in the orbitofrontal PFC and hippocampus. We interpreted this to 
be the effect of repeated exposure to dAMPH, causing neurotoxic damage to the dAergic 
system, although alternative hypotheses involving drug addiction theories and sensitisation 
mechanisms may also be involved.

The results were confirmed in a second series of experiments (chapters 5, 6 and 7) 

involving fMRI imaging. For the first task we looked at all the healthy subjects from the studies 
described in chapters 2,3 and 4. These subjects performing a dAergic task that addressed 
executive function, the Go/NoGo task both before and after respectively oral MPH or i.v. 
dAMPH administration (chapter 5). Interestingly, oral MPH decreased task activation in the 
frontostriatal system, where dAMPH increased task activation in the sensorimotor cortex. 
The explanation for this apparently counterintuitive result must be sought in the type of 
challenge used, where oral MPH causes a relatively slow rise in dA by blocking dAT and 
i.v. dAMPH causes a quick increase in dA by both blocking dAT and actively releasing dA. 

The second experiment, examining both healthy subjects and dAMPH users, 
involved a task targeting anticipation of reward (chapter 6), which mainly induces ventral 
striatal activation, which is thought to be dependent on dAergic signalling (Knutson et al., 
2001). At baseline, dAMPH users showed less activation in the ventral striatum, a key area 
in reward processing, compared to control subjects. After MPH challenge healthy controls 
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again showed a decreased activation in the striatum, whereas in dAMPH users no such 
response was observed. Indeed, when investigating larger groups it would be likely that 
the reward processing is normalised by MPH, moving activation from the dorsal to the 
ventral striatum. This is substantiated by the fact that in the emotional faces task (chapter 
7), again dAMPH users showed lower activation levels compared to healthy controls, which 
normalised after MPH administration. This is an indication that the effects of MPH may also 
be indirect, as the emotional faces task has been found to activate 5-HT-ergic areas, rather 
than the dAergic areas (Hariri et al., 2002). 

We performed similar, though much less extensive work on the role of phMRI 
in assessing 5-HT (dys)function, again comparing an altered 5-HT system to a normally 
functioning one (chapter 8). This was an elaboration on previous work in users of MdMA, a 
substance which is known to affect the 5-HT system, as reflected for instance by a reduction 
in SERT binding ratios. We replicated this earlier work, using the validated SERT label 
β-CIT, demonstrating that the 5-HT system in the occipital cortex of our MDMA users 
was indeed affected, as this brain region contained lower SERT binding ratios compared 
to healthy controls. We examined the usefulness of phMRI in detecting similar dysfunction, 
using an i.v. SSRI challenge using a slightly different ASL-based phMRI sequence. MdMA 
users responded significantly different to this challenge than healthy controls, mainly in the 
thalamus and occipital cortex, suggesting that phMRI may be even more sensitive in assessing 
5-HT dysfunction than SPECT. Arguing against this, is the fact that our healthy controls 
showed no significant response to the challenge, where other studies did show such an 
effect (del-Ben et al., 2005; McKie et al., 2005). This may be explained by the fact that the 
acquisition method we used was less sensitive to signal changes than the one used in the 
studies involving dAMPH and MPH challenges. An added finding in the same group of MDMA 
users (chapter 9) was that they were found to have smaller hippocampal volumes compared 

to healthy controls, although this finding needs to be replicated in larger samples in order to 
draw definite conclusions.

These studies taken together suggest that ASL-based phMRI is able to differentiate 
between monoamine systems in healthy subjects and those whose monoamine systems are 
affected by psychotropic drugs. Thus, this technique may be applied to groups of subjects 
whose monoamine systems are expected to be altered either by disease, such as AdHd and 
Parkinson’s, or by the use of psychotropic medications. The findings of the present thesis 
paved the way for the studies we describe in chapter 10 of this thesis, which are currently 
being executed. We designed two randomized controlled trials to investigate the effects of 
psychotropic medications on the developing brain. Children and adults with AdHd and Mdd 
are recruited to determine the age dependency of the effects of MPH and SSRI treatment on 
the developing brain. This is based on the hypothesis that the treatment with psychotropic 
drugs during brain development may lead to a different outgrowth of monoamine systems 
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causing lasting effects of treatment, whereas the developed brain will only be temporarily 
affected during the use of these medications. This is combined with a cross-sectional medical 
prescription cohort based study in which we determine whether long-term effects of early 
treatment with psychotropic drugs on the developing brain are still detectable in adulthood. 
This will provide a wealth of knowledge in order that both medical professionals and parents 
are able to make a more informed decision regarding medical treatment of children suffering 
from these disorders.

In conclusion, we demonstrated that both users of dAMPH and users of MdMA 
have detectable differences in monoaminergic function when compared to healthy controls. 
The fact that differences in monoaminergic systems were found using several imaging 
techniques and behavioural tests, shows that phMRI is a valuable added tool in the imaging 
of monoaminergic function. This gives a clear basis for the further use of ASL-based and 
fMRI-based phMRI in the assessment of dysfunctioning monoamine systems both in patients 
suffering from neuropsychiatric disorders, as groups being treated for those disorders with 
psychotropic medications.

dEVELOPING BRAIN ASSESSMENT

Research in younger populations is pivotal to understanding the effects of psychotropic 
drugs on brain development. For example, 5-HT seems to be a promoter of the growth of 
5-HTergic neurons (Azmitia et al., 1990; Shemer et al., 1991; Won et al., 2002). Consequently, 
treatment with SSRI’s would be expected to raise 5-HT levels en thereby influence the 
development and possibly function of the system which may lead to distinct differences 
in adult outcome. Much less is known on the development and outgrowth of the dAergic 
and NAergic systems and the influences psychotropic drugs can have on these processes. 
However, treatment of AdHd with the dAT blocker MPH seems to lead to a reduced chance 
of developing a substance use disorder and conduct disorder, though possibly increasing 
chances of developing depression and anxiety disorders (Andersen et al., 2002; Molina et al., 
2009). The mechanisms behind these possible behavioural adjustments induced by a dAergic 
treatment remain to be investigated.

PROSPECTIVE RESEARCH

An important potential limitation of above mentioned studies is the causality of the 
findings, as the reported studies in this thesis all were cross-sectional studies. Clearly, 
prospective studies are the best way to investigate the effects of psychotropic drugs on 
brain development. The information they yield can be combined with existing knowledge 
to create a more comprehensive picture of the effects of drug treatments, such as has 
been done in MdMA research (de Win et al., 2006; Reneman et al., 2001; Reneman et al., 
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2002). Information from behavioural, anatomical and functional brain imaging together may 
shed light on the differences in development and the effects on functional outcome. Ideally, 
one would design an experiment whereby drug-naive children and adults, both with and 
without AdHd are treated randomly with either MPH or placebo for several years, with 
extensive neuropsychological testing and MRI scanning before, during and after treatment, 
with regular follow-up intervals (for example one year, three years and eight years after 
medical treatment). However, this is logistically and financially next to impossible. 

The next best option would be to combine a short randomized controlled trial 
with cross-sectional retrospective studies involving subjects that have received psychotropic 
medications during a similar period of brain development. Recently databases have 
been developed, registering all manner of patient data. When an objectifiable source of 
pharmacological medical history exists, this facilitates generating research into the long-term 
effects of drug treatments, especially in the developing brain. Hopefully, future work in this 
field will allow us to make more founded statements regarding the effects of psychotropic 
treatments on the development of neurotransmitter systems, allowing for both physicians 
and parents to make more informed choices for their patients and children.

A STEP INTO THE FUTURE OF MONOAMINERGIC IMAGING

One of the exciting new directions in assessment of neurotransmitter function comes from 
the fields of neurosurgery and psychiatry. Deep brain stimulation (DBS) uses a surgically 
placed electrode in the brain to manipulate neurotransmitter release and is used in the 
treatment of Parkinson’s disease, obsessive compulsive disorder and depression (for review 
(Figee et al., 2013)). Recently, preclinical work has led to the development of electrodes that 
can not only stimulate brain tissue, but also measure neurotransmitter levels (diczfalusy 
et al., 2012). This allows the detection of effects of neurostimulation on neurotransmitter 
levels in the brain tissue that is targeted. MRI investigation of patients who have received a 
dBS implant could shed more light on the working mechanisms behind neurostimulation. 
However, as implants induce artefacts in the MR images and are accompanied with extra 
safety requirements the technical challenges in setting up such studies may prove to be 
insurmountable. If successful, further research combining these techniques with phMRI may 
lead to more knowledge on both dBS as neurotransmitter function in general. However, due 
to the invasive nature of the surgical procedure, it will be a long time before this preclinical 
work will lead to results in a human population.  

Another recent development in the field of neuroscientific research which 
allows for the measurement of neuronal function is known as optogenetics (deisseroth, 
2011; deisseroth, 2012). Hereby, genetic material from light-sensitive micro-organisms is 
introduced into particular cell populations. By shining light of a specific frequency on the 
brain tissue, activity of the affected cells can be controlled. Validation of this technique has 
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shown that specific neuronal activity can be achieved (Deisseroth, 2011; Deisseroth, 2012) 
. This technique has been used to demonstrate the release of dA from the striatum (Bass 
et al., 2010). By pharmacological manipulation one can register in vivo what the effect is of 
the administered drug on the light-induced dA release in the striatum. If concurrent ASL-
based phMRI is added, the hemodynamic response can be directly related to activity of 
neurotransmitter specific functional architecture such as the striatum.

CONCLUdING REMARKS

The results of this thesis demonstrate that phMRI is a valuable added tool in the imaging 
of monoaminergic function. I have shown that the i.v. administration of dAMPH leads to a 
significant hemodynamic response in DAergic areas, most likely reflecting attenuation of 
dAergic signalling. In addition, resting state studies demonstrated alterations in functional 
connectivity networks involved in dAergic signalling. Moreover, altered dAergic responses 
were also demonstrated using fMRI involving a dAergic task.

A second series of experiments showed that MPH, although giving a different 
response than i.v. dAMPH, also influences the hemodynamic response in monoaminergically 
relevant areas. Also with BOLd based fMRI, MPH was shown to greatly affect dAergic 
function studied using fMRI shows that MPH has a great influence on signalling in adult 
humans. The assessment of alterations of monoaminergic functions caused by psychotropic 
drugs has been sufficiently demonstrated in adult populations by comparing healthy adults 
to dAMPH users. The chronic use of dAMPH demonstrably alters responses to an oral MPH 
challenge. 

Finally, we showed that chronic use of MdMA leads to a difference in the 
hemodynamic response to a challenge with the SSRI citalopram, which overlapped with the 

SPECT findings. These experiments taken together implicate that these techniques can be 
applied in research performed in children in order to safely assess neurodevelopment of 
monoaminergic systems and variations in this development either physiological or induced 
by external interventions. In addition, it provides further evidence that dAMPH use alters 
dAergic function and may indeed lead to neurotoxic alterations of the dAergic system.





191

CHAPTER 12

NEdERLANdSTALIGE SAMENVATTING 



192

VI. DISCUSSION

saMenVattInG

Het doel van dit proefschrift is om te onderzoeken of phMRI een goede techniek is om 
monoamine (dys)functie in mensen vast te stellen, waarbij de nadruk ligt op het dAerge 
systeem. Om dit te doel te bereiken, hebben wij verschillende beeldvormende studies 
uitgevoerd, zowel in gezonde proefpersonen als in een groep die op recreatieve basis 
psychotrope drugs gebruikt. In het verleden hebben SPECT en MRI studies laten zien dat 
het recreatieve gebruik van MdMA vermoedelijk leidt tot schade van het 5-HT systeem (de 
Win et al., 2004; de Win et al., 2008b; Reneman et al., 2000; Reneman et al., 2001; Reneman 
et al., 2002). Er zijn vergelijkbare aanwijzingen voor schade van het dAerge systeem in 
gebruikers van dAMPH, bovendien laten preclinische studies in ratten ook dAerge schade 
zien, zelfs na klinische doseringen van dAMPH (Reneman et al., 2002; Ricaurte et al., 2005). 
Op basis hiervan hebben wij gezonde individuen vergeleken met gebruikers van drugs om 
op deze wijze te bepalen of ASL-phMRI een goede techniek is om de veranderingen in 
neurotransmitter-functie die verwacht worden in deze specifieke groep in beeld te brengen. 

Allereerst hebben we onderzocht of de i.v. toediening van dAMPH zou leiden tot 
een significante hemodynamische reactie in gezonde proefpersonen (hoofdstuk 2). Onze 
hypothese luidde dat deze respons gerelateerd is aan dAerge functie, gezien het feit dat 
dAMPH zorgt voor een aanzienlijke toename in de intrasynaptische dA concentratie (Kahlig 
et al., 2005; Kuczenski et al., 1995; Laruelle et al., 1995). Hiernaast voorspelden wij dat 
de omvang van de respons gerelateerd zou zijn aan de d2/3 receptor binding, gezien het 
feit dat de verandering in d2/3 receptor binding na dAMPH toediening correleert met de 
subjectieve ervaringen na toediening (Abi-dargham et al., 2003). Na toediening van dAMPH 
observeerden we een grote daling in CBF in het gehele brein. Aangezien de microvasculatuur 
van het brein ook een significante hoeveelheid D2 receptoren bevat, hebben wij een correctie 
toegepast om de vasculaire effecten weg te filteren. Op het moment is er nog geen algemeen 
geaccepteerde manier om een correctie toe te passen op ASL-gebaseerde phMRI (Khalili-
Mahani et al., 2012). Wij hebben ervoor gekozen om een vasculaire correctie toe te passen 
door een interne referentie regio aan te houden, de occipitale cortex (welke relatief weinig 
dA bevat), zoals ook gebruikelijk is in PET/SPECT beeldvorming (Booij et al., 1997a; Lidow et 
al., 1991). Na correctie was een relatieve toename van CBF te zien in een aantal belangrijke 
dAerge gebieden, zoals het putamen (beiderzijds), de ACC en het cerebellum. Echter, op één 
component uit een ICA analyse na vonden we geen correlaties tussen gecorrigeerde CBF 
veranderingen en d2/3 receptor binding, of tussen CBF en gedragsmaten. deze studie laat 
zien dat phMRI met een i.v. dAMPH toediening een hemodynamische reactie veroorzaakt die 
meest waarschijnlijk te wijten is aan een toename van dAerge signalering. 

Er wordt voortgebouwd op deze resultaten in hoofdstuk 3, waarin we BOLd 
resting state date presenteren, ook gebruik makend van een i.v. dAMPH toediening. 
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Hierbij gebruiken we verschillende data analyse technieken om onze hypothese verder te 
onderbouwen, namelijk dat phMRI in staat is om veranderingen in monaminerge functie 
te detecteren. Na analyse van de BOLd data met independent component analysis (ICA) 
observeerden we een positieve hemodynamische reactie na dAMPH toediening. Vervolgens, 
gebruik makend van een seed-based analyse methode, repliceerden we een patroon van 
functionele connectiviteit van het striatum zoals eerder gerapporteerd door diMartino 
en collega’s, om vervolgens te laten zien dat dAMPH dit patroon significant verandert (Di 
Martino et al., 2008). Hiernaast hebben we ook laten zien dat twee bekende connectiviteits 
netwerken (één van de frontoparietale netwerken en het fronto-executieve netwerk) ook 
beïnvloed worden door dAMPH. deze resultaten samen leveren verder bewijs dat dAMPH 
de dAerige signalering beïnvloedt en dat dit geobserveerd kan worden met verschillende 
relatief weinig invasieve phMRI technieken.

 Om het dAerge systeem te kunnen onderzoeken op een volledig niet-invasieve 
manier (zonder venapunctie), hebben we ook een serie experimenten uitgevoerd met de 
orale toediening van een algemeen verkrijgbaar dAT-blokkerend psychotroop medicijn: 
MPH (hoofdstuk 4). Om veranderingen in het dA systeem te kunnen detecteren, vergeleken 
we gezonde proefpersonen met een groep die op recreatieve basis dAMPH gebruikt. 
Preklinische en klinische studies lieten aanwijzingen zien dat dAMPH gebruikers vermoedelijk 
lagere hoeveelheden dAT beschikbaar hebben dan gezonde controles (Reneman et al., 2002; 
Ricaurte et al., 2005). Helaas is het niet gelukt om deze bevindingen te repliceren middels 
FP-CIT SPECT onderzoek. Alhoewel dAMPH gebruikers gemiddeld lagere bindingsratio’s 
hadden dan gezonde controles was dit niet significant, waarschijnlijk als gevolg van de relatief 
kleine groepsgrootte. Echter, ASL-gebaseerde phMRI met een orale MPH challenge liet wel 
een significant verschil zien tussen controles en dAMPH gebruikers (hoofdstuk 4). Gezonde 
controles lieten na toediening van dAMPH een significante daling in CBF zien in belangrijke 

dAerge gebieden, zoals striatum, thalamus en de hippocampus, zoals ook eerder beschreven 
(Volkow 1997). In dAMPH gebruikers was deze reactie in grote mate afwezig, waarbij slechts 
een kleine afname van CBF te zien was in de orbitofrontale PFC en de hippocampus. We 
hebben deze resultaten geduid als zijnde het gevolg van de herhaalde blootstelling aan 
dAMPH, waardoor neurotoxische schade van het dAerge system is ontstaan, alhoewel 
alternatieve hypothesen gebaseerd op theorieën rondom drugsverslaving en sensitisatie 
mechanismen ook besproken worden.  

de resultaten worden verder onderbouwd door een tweede serie experimenten 
(hoofdstuk 5, 6 en 7), waarbij gebruik werd gemaakt van fMRI. In de studie beschreven 
in hoofdstuk 6 werden alle gezonde proefpersonen beschreven in hoofdstuk 2, 3 en 4 
geïncludeerd. deze proefpersonen voerden een dA gerelateerde taak uit gericht op de 
executieve functies, de Go/NoGo taak. deze taak werd verricht zowel voor als na toediening 
van respectievelijk orale MPH of i.v. dAMPH. Interessant genoeg zorgde orale MPH voor een 
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afname van taakactivatie in het frontostriatale systeem, terwijl i.v. dAMPH toediening zorgde 
voor een toename van taakactivatie in de sensorimotor cortex. de uitleg voor dit schijnbaar 
tegenstrijdige resultaat moet gezocht worden in het type medicatie dat werd toegediend. 
MPH blokkeert slechts de dAT waardoor een relatief langzame toename van dA in de 
synaps ontstaat, terwijl dAMPH zowel de dAT blokkeert als zorgt voor een actieve uitstoot 
van dA, wat resulteert in een snelle stijging van dA. 

Bij het tweede experiment werden gezonde controles wederom vergeleken 
met recreatieve gebruikers van dAMPH (hoofdstuk 6). de gebruikte taak kijkt naar de 
anticipatie van beloning, wat vooral het ventrale striatum activeert waarbij dA een grote 
rol speelt (Knutson et al., 2001). Voor toediening van MPH lieten gebruikers van dAMPH 
minder activiteit van het ventrale striatum zien in vergelijking met gezonde controles. Na 
toediening van MPH lieten gezonde controles, net als bij de Go/NoGo taak, een afname 
zien van activiteit in het striatum, terwijl dAMPH gebruikers nauwelijks verschil lieten zien. 
Kijkend naar de ruwe data zou men zelfs verwachten dat bij herhalen van deze studie in 
grotere groepen er een normalisatie zou kunnen optreden in de groep dAMPH gebruikers, 
doordat activatie van het dorsale striatum zich verplaatst naar het ventrale striatum. dit 
wordt verder onderbouwd door een vergelijkbaar resultaat in de derde taak, de emotionele 
gezichten taak (hoofdstuk 7). Wederom lieten dAMPH gebruikers lagere activiteit zien in de 
amygdala in vergelijking met gezonde controles, en normaliseerde deze activiteit (significant) 
na toediening van MPH. dit resultaat suggereert ook dat MPH ook indirect invloed uitoefent 
op de hersenactiviteit, gezien het feit dat de emotionele gezichtentaak vooral 5-HTerge 
gebieden activeert, in plaats van dAerge gebieden (Hariri et al., 2002). 

We hebben vergelijkbaar maar minder uitgebreid werk verricht om het gebruik 
van phMRI voor de beoordeling van het functioneren van het 5-HT systeem verder in kaart 
te brengen. Hiervoor hebben we wederom een groep gezonde proefpersonen vergeleken 

met een groep met een afwijkende 5-HT systeem (hoofdstuk 8). dit werk borduurt voort 
op eerdere bevindingen in recreatief gebruikers van MdMA, een stof die bewezen het 5-HT 
systeem aantast (de Win et al., 2004; Reneman et al., 2002). We hebben dit vroegere werk 
gerepliceerd met het gevalideerde SERT ligand β-CIT, waarbij we hebben aangetoond dat 
het 5-HT systeem in de occipitale cortex van onze groep MdMA gebruikers inderdaad 
aangedaan was. Vervolgens hebben we de toepasbaarheid van phMRI voor het aantonen 
van deze dysfunctie onderzocht met behulp van de toediening van een i.v. SSRI en een 
vergelijkbare ASL-sequentie als beschreven in de eerdere hoofdstukken. MdMA gebruikers 
reageerden significant afwijkend op deze toediening in vergelijking met gezonde controles, 
vooral in de thalamus en de occipitale cortex, wat suggereert dat phMRI wellicht nog 
sensitiever is dan SPECT in het aantonen van 5-HT dysfunctie. deze suggestie kan niet 
verder worden hardgemaakt doordat onze gezonde controles geen reactie lieten zien op 
de toediening, terwijl dit eerder wel beschreven is (del-Ben et al., 2005; McKie et al., 2005). 
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Echter dit kan verklaard worden doordat de gebruikte acquisitie methode minder sensitief 
is gebleken dan de methode gebruikt in de studies met de dAMPH gebruikers (Gevers et 
al., 2011). Een toegevoegde bevinding in de groep MdMA gebruikers was dat deze groep 
kleinere hippocampale volumina had in vergelijking met gezonde controles (hoofdstuk 9), 
alhoewel deze bevinding moet worden gerepliceerd in grotere groepen. 

de voorgenoemde studies samen lijken het bewijs te vormen dat ASL-gebaseerde 
phMRI in staat is om het verschil te detecteren tussen monoamine systemen in gezonde 
controles en groepen personen van wie het monoamine systeem aangetast is door het 
gebruik van drugs. dit leidt tot de conclusie dat deze techniek toegepast kan worden in 
andere groepen waarvan het monoaminesysteem dysfunctioneert, zowel door ziekte (b.v. 
AHdH of de ziekte van Parkinson) als door het gebruik van psychotrope medicatie. de 
bevindingen van dit proefschrift hebben de weg vereffend voor de studies die beschreven 
worden in hoofdstuk 10 en die op dit moment uitgevoerd worden. We hebben twee 
gerandomiseerde, gecontroleerde trials ontworpen die erop gericht zijn om de effecten van 
psychotrope medicatie op het ontwikkelende brein te onderzoeken. Kinderen en volwassenen 
met AdHd en Mdd worden gerecruteerd om de leeftijdsafhankelijke effecten van MPH 
en SSRI behandeling op het ontwikkelende brein te onderzoeken. deze onderzoeksvraag 
is gebaseerd op de hypothese dat de behandeling met psychotrope medicatie tijdens de 
hersenontwikkeling kan leiden tot een afwijkende uitgroei van de monoaminesystemen. dit 
resulteert in blijvende gevolgen van behandeling, terwijl de verwachting is dat het ontwikkelde 
brein slechts tijdelijke effecten van behandeling zal ervaren. deze studie wordt gecombineerd 
met een cross-sectioneel cohort uit een medische recepturen database, waarbij volwassenen 
gekeken wordt of lange-termijn effecten van het voorschrijven van psychotrope medicatie 
op de kinderleeftijd zichtbaar zijn. dit resulteert in een schat aan kennis, zodat zowel 
zorgprofessionals als ouders in staat zullen zijn om een meer geïnformeerde beslissing te 

nemen omtrent de behandeling van kinderen die lijden aan de voorgenoemde stoornissen. 
Concluderend hebben we laten zien dat zowel recreatieve gebruikers van dAMPH 

als die van MdMA observeerbare verschillen hebben in het monaminerge fucntioneren 
in vergelijking met gezonde controles.  Het feit dat deze verschillen werden gevonden 
met verschillende beeldvormende technieken en gedragsmaten laat zien dat phMRI een 
belangrijke toevoeging is aan ons arsenaal van technieken, zeker gezien de weinig invasieve 
methodiek. dit geeft een duidelijke basis voor het verdere gebruik van ASL-gebaseerde en 
fMRI-gebaseerde phMRI in de beoordeling van dysfunctionerende monoaminesystemen, 
zowel in patiënten die lijden aan neuropscyhiatrische aandoeningen als in patiëntengroepen 
die behandeld worden voor deze en andere aandoeningen. 
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DanKWooRD

Ten slotte kom ik tot het meest belangrijke deel van dit proefschrift: het dankwoord. 
Wetenschap bedrijf je nooit in je eentje en zoals voor mij al vaker in een proefschrift is 
genoteerd: vele mensen hebben een bijdrage geleverd aan het tot stand komen van dit werk. 

Allereerst wil ik mijn welgemeende dank uitspreken aan alle deelnemers aan de studies 
die hier beschreven staan. Zonder deze vrijwilligers, die hun in hun vrije tijd mee hebben 
gedaan aan deze studie en waarvan enkelen letterlijk door weer en wind naar het AMC zijn 
gekomen of hun angst voor naalden of medicijnen opzij hebben moeten zetten om mee te 
doen, was dit wetenschappelijke werk nooit tot stand gekomen.

de persoon die aan de basis staat van mijn proefschrift, mijn co-promoter Liesbeth. Mijn 
welgemeende dank voor al je harde werk. Je hebt ePOd bedacht, opgezet, geleid en als 
belangrijkste, je hebt de verstandige beslissing genomen om mij aan te nemen om aan dit 
project te werken. Bedankt voor deze mooie kans om mee te doen aan onderzoek dat zowel 
waardevol is voor patiënten als voor onze fundamentele kennis over het brein. door de 
jaren heb ik veel kunnen leren en je was altijd bereid om ons te faciliteren en ondersteunen 
waar dat nodig was. Hartelijk dank ook dat je me de kans hebt geboden om in Baltimore in 
het lab van Susumo Mori verdere kennis op te doen. Je hebt me zien groeien door de jaren 
heen en ik heb met bewondering naar je doorzettingsvermogen gekeken. Heel veel succes 
met het afronden van ePOd en de projecten die hieruit voortgevloeid zijn. 
Mijn andere co-promotor Aart wil ik ook bedanken voor alle ondersteuning. Je hebt een 
enthousiaste, bijzonder slimme groep mensen om je heen weten te verzamelen en biedt 

ruimte voor een gedreven, maar toch gezellige werkomgeving. Mijn beide promoteren, Frits 
en Charles, hartelijk dank voor jullie tijd en adviezen tijdens mijn promotie. In het bijzonder 
Frits, voor zijn blijvende steun en zeer prettige samenwerking. 

Mijn dank gaat ook uit naar de leden van mijn promotiecomissie, Prof. dr. Serge Rombouts, 
Prof. dr. Lieuwe de Haan, Prof. dr. Sarah durston en dr. Anneke Goudriaan. Hartelijk dank 
voor het lezen van mijn proefschrift en ongetwijfeld voor het voorbereiden van kritische en 
inzichtelijke vragen voor de oppositie.

Bijzondere dank voor Jan, die paniekerende promovendi helpt, ook als ze niet zijn eigen 
promovendi zijn. Anne en ik zijn dankbare gasten geweest op je kamer in Z0 en daarnaast 
heb je zonder enige terughoudendheid meegedacht en -gewerkt aan vele projecten. Ik heb 
veel gehad aan je kennis en zeker aan het feit dat je gul bent in het delen van je ervaringen 
en je tijd. Ik werk in de toekomst graag nog eens met je samen. 
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Hilde, Wim en Ben bedankt voor het meeschrijven en meedenken over verslaving, 
neurotoxiciteit en hoe die twee verwoven zijn. Ook zou ik graag Han Laméris, als hoofd van 
de afdeling Radiologie, bedanken voor alle faciliteiten waar ik gebruik van heb kunnen maken 
en voor de bijdrage aan de drukkosten van dit proefschrift. 

Anne en Elsmarieke, met jullie heb ik vier jaar lief en leed kunnen delen, samen met Cleo 
en later ook Martin hadden wij de vet meest supergezellige kamer van Z0. Als ik even niet 
meer wist hoe ik mijn statistiek moest aanpakken, als ik weer eens een hobbel (of berg) 
tegenkwam tijdens het schrijven of me afvroeg hoe ik mijn proefpersonen gescand moest 
krijgen terwijl ik in het buitenland zat: jullie waren er om de pieken te beklimmen (tot de 
achtste verdieping) en de dalen zo snel mogelijk door te komen. We hebben zo nu en dan 
keihard kunnen lachen, zeker als er onverwacht eens iemand langs kwam. Anne, je gaat de 
beste paranimf ever zijn. Te gek dat de olijke tweeling weer een dagje compleet is.

dan nu mijn dank voor iedereen die aan de ePOd studies heeft meegewerkt. Bedankt 
Matthan voor al je advies en harde werk aan het aan de praat krijgen van de analyses. 
Regelmatig stond ik in je kantoor met een vraag en altijd was je bereid mee te denken, ook 
als je het antwoord niet wist. Zonder jouw kennis over regestraties, had mijn brein zeker 
dubbel gezien. Michiel jij ook bedankt voor het meedenken en meeschrijven aan een aantal 
studies. Jouw ervaring is onmisbaar geweest bij een aantal projecten. dennis, ik weet niet hoe 
je het doet, maar je krijgt echt alles voor elkaar. Het was ontzettend leuk om samen aan een 
artikel te kunnen werken en ik ben heel blij dat je tijdens mijn verdediging naast me staat. 
Hyke, je was de redding in drukke tijden. Op het moment dat ik overspoeld werd door werk, 
was jij er ineens. Je dook midden in de ePOd jungle en met een kapmes in je ene hand en 
een kompas in je andere, zorgde je ervoor dat alles op rolletjes bleef lopen en ik met gerust 

gemoed verder kon werken aan andere projecten die ook mijn aandacht vroegen. Hilde, 
bedankt dat je Hyke hebt gevonden en ook Laura. Je hebt een oog voor goede werkers. 
Bedankt voor je tijd, tips en talenten. In het bijzonder heb ik genoten van je oratie, een 
inspiratie voor alle vrouwen in de wetenschap. 
Anne Marije, je was de ideale student. Je was slim, leergierig, ijverig en gezellig om mee 
samen te werken. Ik ben blij dat je de kans hebt gekregen om je ook te bewijzen in een 
promotietraject en ik wens je heel veel succes. 
Anouk en Chaima, twee zeer enthousiaste opvolgsters. Heel veel succes bij het afronden 
van de projecten. Ik ben zo benieuwd naar wat er uit gaat komen en jaloers op het feit dat 
jullie nog dicht bij het vuur zitten. Heel veel succes met het harde werk van de komende tijd.
Marco, altijd druk in de weer al schipperend tussen je verschillende functies. Bedankt voor 
de fijne samenwerking en voor het feit dat je ondanks je drukte tijd had om met mij na te 
denken over mijn toekomstige vak. Heel veel succes bij het afronden van jouw promotie.
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Kajo, bedankt voor je tips en programmeerwerk en Ilya, heel erg bedankt voor je tijd om mij 
te instrueren in resting state analyses.
Sanna, jij was er bij aanvang. Bedankt voor de prettige samenwerking en je geduld met een 
zenuwachtige, beginnende promovenda.
Bedankt Joena voor alle ondersteuning. Een half woord is voor jou genoeg om alles te regelen 
en dan vaak nog beter dan je gehoopt had. Ik hoop dat je bereikt waar je van droomt. Guido 
bedankt voor de brainstormsessies en het meedenken over analyses. Sandra en Raschel, het 
was een hectische start, maar we zijn goed verder gegaan. Bedankt voor het delen van jullie 
kennis en alle ondersteuning op momenten dat ik die hard nodig had.

de afdeling nucleaire geneeskunde en dan in het bijzonder Cora, Bas, Matthijs en Rianne: 
bedankt. Hartelijk dank Cora voor de prettige samenwerking tijdens minder prettige 
bezigheden, bedankt Bas voor het scanwerk in de avonduren en je praktische ondersteuning 
tijdens Apple’s mindere momenten. Matthijs en Rianne bedankt voor alle ondersteuning, het 
meedenken en meehelpen. Met mensen zoals jullie, krijg je een studie aan het lopen.

Bedankt Z0 voor alle vrijdagavondborrels en de woensdagavondborrels en vooruit, ook 
de maandagavondborrels. Ontzettend bedankt Pim, Martijn, André, dennis, Martin, Wouter, 
Joena, Bram, Anouk, Anne Marije, Kevin, adoptief Z0-er Tanja en de rest voor alle gezelligheid 
op de afdeling. Alle grappen, grollen, feestjes en klimpartijen tijdens de lunch zorgden voor 
de nodige ontspanning bij inspanning. Bedankt Celia, Cornell, Evelien, Femke, Linda, Judith, 
Juno, Marianne, Marieke en Marieke voor alle gezelligheid in de weekends. dat we maar lang 
vrienden mogen blijven.

Matt en Pieter, jullie hebben aan het begin van mijn wetenschappelijke carrière gestaan. 

Zonder jullie geestdrift voor de wetenschap was ik nooit aan deze promotie begonnen. Jullie 
hebben me het belangrijkste geleerd: dat wetenschap leuk is. Celia, jij hebt ervoor gezorgd 
dat ik tijdens mijn promotie herinnerd werd aan dit feit. 

Bedankt dries en dokter Haalboom. Jullie hebben me laten zien wat voor arts ik wil worden. 
Het is niet jullie vak geworden, maar wel jullie passie voor mensen. Bedankt Charles voor 
je steun tijdens mijn geneeskunde studie, altijd fijn om een vakgenoot achter je te hebben 
die je aanmoedigt. Jaap, bedankt dat je me hebt aangenomen. Volgens mij weet je nog steeds 
niet helemaal wat ik in ’s-Hertogenbosch kom doen, maar ik heb het er enorm naar mijn zin.

Als laatste de allerbelangrijkste mensen, mijn familie. Jullie hebben mij zowel door nature 
als door nurture gevormd tot de persoon wie ik ben: een enthousiaste, leergierige, lastige, 
gezellige, harde werker. Oma, u heeft gezorgd voor een gezin van gezellige, harde werkers 
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en ik vermoed dat ik een groot deel van mijn talenten aan u te danken heb. Hetzelfde geldt 
voor de opa’s en oma die er helaas niet meer zijn.

Eelke, bedankt voor je steun, geduld en liefde. Ik heb je nooit horen klagen, ook als ik wéér 
een weekend moest werken of even niet meer wist waar ik het moest zoeken. de laatste 
maanden van mijn promotie waren een stuk zwaarder geweest als ik jou niet had gehad. 
Ragnhild, bedankt dat je ervoor hebt gezorgd dat wij elkaar ontmoet hebben.

 Mijn lieve broer Ruud, jouw talenten zijn een kostbaar iets en ik heb altijd met bewondering 
gekeken naar je creativiteit. Bedankt dat je je kleine zusje altijd beschermd en gesteund hebt. 

Mam, je bent de liefste vrouw van de hele wereld en hebt gezorgd voor een veilige en warme 
basis. Pa, je was altijd aanwezig met adviezen en tips en hebt me altijd aangemoedigd om 
dingen te proberen. Jullie beiden hebben mij opgevoed tot een zelfstandige vrouw, die weet 
wat ze wil en die niet bang is om aan te pakken. deze promotie is voor jullie.
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cURRIcUlUM VItae

Marieke Schouw was born on October 9th in Zierikzee. She attended the st. Willibrord 
college in Goes, were she received her athanaeum diploma in 1998. She started out studying 
Cognitive Artificial Intelligence in Utrecht and finished her propedeuse one year later. She 
then switched to Medicine, also at the University of Utrecht. during her studies, she spent 
time abroad in Salamanca, Spain, helping on a project on the influence of growth factor 
gene deficiencies on retinal development. Afterwards she travelled through South America, 
spending one month in the local hospital in Muñani, Peru. 

Her final research project was performed in the lab of Pieter Roelfsema at the 
Netherlands Institute for Neuroscience, were she investigated visual attention in relation to 
dichoptic viewing. She chose elective internships in radiology and child psychiatry, with a final 
internship with a general practicioner. 

During her studies she was active in organising a symposium on artificial intelligence, 
writing and editing for the medical facilty’s student magazine ‘Arts & Fiets’ and working as 
student assistant for Professor Schijvers of the Social Medicine department. Socially, she 
has always been involved in several drama clubs; she was president of the student drama 
association ‘USTV’ and performed in several plays.

After finishing her degree she started her PhD in 2009 at the Radiology Department 
of the Amsterdam Medical Center in Amsterdam. She studied the role of medication and 
drugs on the brain and brain development, focusing on the dopaminergic system and AdHd 
as a model for dopaminergic dysfunction. during this time she attended several international 
conferences for poster presentations on the studies performed. In addition she was involved 
in the works council of the AMC Medical Research BV, which she also presided for some 

time.
Following a decided interest in psychiatric disease, she subsequently started work 

as a psychiatric resident at the Reinier van Arkel groep in ‘s-Hertogenbosch.


