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Chapter 1
General introduction and thesis outline

Chapter 1
Background
According to the Diagnostic and Statistical Manual (DSM 5th Edition)1, a
psychiatric or mental disorder comprises a syndrome characterized by clinically
significant disturbances in an individual's cognition, emotion regulation or
behavior. These disorders may result from the dysfunction of specific domains
related to several psychological, biological or developmental processes in the brain.
Psychotropic medication is commonly prescribed to treat these psychiatric
disorders, that are generally thought to act, at least in part, by adjusting
neurochemical imbalances in the brain, thereby normalizing for example
perception, mood, consciousness or specific behaviors. In this thesis, two common
psychiatric disorders will be discussed, i.e. Attention-Deficit/Hyperactivity
Disorder (ADHD) and Major Depressive Disorder (MDD), as well as their
pharmacological treatments. Specifically, we will focus on the lasting effects of
psychotropic medication in relation to age. It is thought, that when these drugs are
given at relatively young ages, e.g. during stages of ongoing brain development,
that they interfere with, or may alter, the process of development of the brain or of
specific transmitter systems, and thereby exert long-lasting effects into adulthood,
a concept known as neurochemical imprinting2.

Attention-Deficit/Hyperactivity Disorder (ADHD)
ADHD is a neurodevelopmental disorder characterized by symptoms of
hyperactivity, impulsivity, poor behavioral control and attention deficits 1. ADHD
has a world-wide prevalence of 7.2%3, and is diagnosed three times more often in
boys than in girls4. Symptoms often emerge around the age of 10 to 12 years and
cause a substantial impairment in daily functioning at school or work 5. In about 3050% of the children the disorder continues into adulthood but there may be adultspecific forms of ADHD as well4,6,7. According to the DSM (5th Edition), ADHD
occurs in three subtypes: predominantly inattentive, predominantly hyperactiveimpulsive, or a combined type1,8. In addition to, or as a result of, the hyperactive,
impulsive and attention symptoms, children with ADHD frequently suffer from
learning disabilities, restless legs syndrome, sleep problems and a range of other,
associated disorders, such as autism9,10.
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The dopamine system
The neurobiological pathways that may underlie ADHD symptoms are
generally thought to involve the dopamine (DA) system. The neurotransmitter DA
is produced by neurons located in the substantia nigra and in the ventral tegmental
area (VTA). From there, DAergic fibers project into various parts of the brain and
play an important role in a wide variety of cognitive functions and behavioral
processes, including reward, motor control, attention and executive functions.
Alterations in the DA system have further been implicated in a range of
neurological and psychiatric disorders, such as ADHD, Parkinson’s disease and
schizophrenia.
There are four major DAergic pathways within the brain: 1) the
mesolimbic pathway, which transmits DA from the VTA to the ventral striatum,
and is involved in aspects of reward, 2) the mesocortical pathway, which extends
from the VTA to the prefrontal cortex, and is involved in executive functioning, 3)
the nigrostriatal pathway, which runs from the substantia nigra pars compacta to
the caudate nucleus and putamen, and is involved in motor function, reward and
associated learning, and 4) the tuberoinfundibular pathway, which transmits DA
to the pituitary gland, and results in the release of the hormone prolactin from the
anterior pituitary gland11.
The neurotransmitter DA is synthesized from the precursor molecule LDOPA, after which it is stored in secretory vesicles before its release into the
synaptic cleft. Once released in the synapse, DA can bind to, and activate DA
receptors, that can either be located post-synaptically, e.g. on the dendrites, or presynaptically, where so called auto-receptors are located on the axon terminal of the
releasing neuron. After DA receptors have been activated, DA is reabsorbed into
the presynaptic neuron by a DA reuptake transporter (DAT). Excess DA can
further be metabolized by the enzymes monoamine oxidase (MAO) and catechol-omethyl transferase (COMT). Additionally, DA beta hydroxylase can convert DA
into norepinephrine. Binding of DA to the presynaptic DA auto-receptors further
influences DA neurotransmission by reducing neuronal firing. Binding of DA to
the postsynaptic receptors can either excite or inhibit the neuronal firing pattern,
which further depends on the receptor type(s) that DA binds to.
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Figure 1. Schematic drawing of a dopaminergic synapse in which key elements of the dopaminergic
metabolic pathway are illustrated.

Methylphenidate (MPH)
Although the etiology and exact pathophysiology of ADHD is still unclear,
most medication currently used to treat ADHD, targets the DA system.
Methylphenidate (MPH) is the most commonly prescribed stimulant medications
for ADHD in Europe5. MPH blocks the DA and norepinephrine reuptake
transporters, thereby preventing DA and norepinephrine from being taken up
again into the presynaptic cell. This results in an increase and prolonged presence
of DA and norepinephrine levels in the synaptic cleft. It is thought that such
increases decrease ADHD symptoms.
Indeed, ADHD is generally considered to involve a dysregulated DA
For instance, studies using single photon emission computed
tomography (SPECT) or positron emission tomography (PET), have reported a
large decrease in DAT density in the striatum of stimulant treatment-naive ADHD
patients, whereas chronic stimulant use increases DAT14. An acute dose of MPH
increases extracellular DA levels in the striatum15, while in children with ADHD,
MPH normalizes attentional deficits as well as reward processing, processes
known to be modulated by DA16. Together, these results illustrate that
abnormalities in the DAergic system are involved in ADHD and that MPH
selectively targets these abnormalities.
system12,13.
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Major Depressive Disorder (MDD)
Major Depressive Disorder (MDD), in short; depression, is one of the most
common mental disorders. Current estimates indicate that MDD burdens more
than 350 million people worldwide17. MDD often co-occurs with other psychiatric
problems, e.g. anxiety disorder (AD)18. According to DSM (5th Edition) criteria,
MDD is characterized by feelings of worthlessness, excessive guilt, depressed
moods, recurrent thoughts about death, insomnia, anhedonia, apathy and loss of
energy or fatigue1. Most people suffering from depression experience their first
symptoms between the age of 20-30 years. MDD is diagnosed twice as often in
females than in males1. The symptoms generally affect work and/or school life
severely, as well as one’s personal relationships, sleeping habits and general
health.

The serotonin system
One of the neurobiological systems that has been implicated in the
pathophysiology of MDD, is the monoaminergic neurotransmitter system,
especially the serotonin (5HT) system. The 5HT system is involved in mood,
memory processing, sleep and cognition. The core nuclei of the 5HT system in the
brain lie within the raphe nuclei. From here, 5HT neurotransmitter pathways
spread throughout the whole brain. There are two major groups of 5HT pathways:
the rostral and caudal 5HT groups. The rostral group of pathways project from the
raphe nuclei towards cortical and subcortical brain structures, whereas the caudal
pathways project from the raphe nuclei towards to brainstem.
In MDD, levels of 5HT are generally thought to be decreased. Selective
depletion of tryptophan, e.g. a precursor protein for 5HT production, can induce a
depressed mood in patients who are in remission, or in relatives of MDD
patients19,20. Also, genetic factors contribute to the risk to develop MDD and a clear
link exists between depression and polymorphisms in the 5HTTLPR gene, the gene
that encodes the serotonin transporter (SERT)21. Lastly, an increased activity of
MAO, one of the enzymes that degrades monoamines, has been associated with
MDD22. Together with an extensive literature23–25, these studies point towards
involvement of the 5HT system in MDD etiology.
5HT is synthesized from tryptophan, after which it is stored in vesicles
until it is released into the synaptic cleft. Upon release in the synaptic cleft, 5HT
can bind to postsynaptic 5HT receptors, of which 7 different subtypes exist. Of
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these 7 subtypes, the 5HT1 and 5HT2 receptors can be further subdivided, resulting
in 13 subtypes in total. Animal studies have shown an involvement of the 5HT 1a,
5HT1b, 5HT2a, 5HT2c, 5HT3, 5HT4, 5HT6 and 5HT7 receptor subtypes in MDD26.
Depending on the specific subtype, receptor binding of 5HT can activate several
intracellular second messenger cascades. In addition, 5HT can be taken up by the
presynaptic neuron via the SERT, after which it is either stored in vesicles for new
release, or will be degraded by the intracellular enzyme MAO.

Figure 2. Schematic drawing of a serotonergic synapse in which key elements of the serotonergic
metabolic pathway are illustrated.

Selective Serotonin Reuptake Inhibitors (SSRIs)
Selective Serotonin Reuptake Inhibitors (SSRIs) are the most widely
prescribed antidepressants to treat MDD25. SSRIs generally block the SERT and
thereby prevent the reuptake of extracellular 5HT and as such, SSRIs cause 5HT to
remain longer present in the synapse. This increase in 5HT is thought to alleviate at
least some of the symptoms of MDD. A meta-analysis that compared SSRI
treatment with placebo treatment reported a response rate of about 60% for SSRIs
compared to 47% for placebo treatment, and concluded that SSRIs are effective as a
treatment for MDD27. In addition, animal studies have reported acute increases in
extracellular 5HT levels following citalopram (SSRI) treatment, which activate 5HT
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auto-receptors and increase 5HTergic neurotransmission28–30, parallel
improvements in specific behaviors resembling aspects of human depression.

to

The vulnerability of brain development
Human brain development is a process that already starts during the third
gestational week31 and continues at least into late adolescence32. The process of
development is initiated and coordinated by specific and complex spatiotemporal
patterns of gene expression and tightly controlled cellular events. In addition,
environmental inputs and local activity during these periods play a substantial role
in the development of different brain regions and circuits. For instance, Gogtay et
al. has dynamically mapped cortical development of the human brain from
childhood into early adulthood33 and reported that the first regions of the brain
that are fully developed, belong to the lower-order somatosensory and visual
cortices, whereas the higher-order association cortices mainly mature during
adolescence.
Brain development involves a very dynamic period during which massive
structural and functional plasticity is ongoing. As large numbers of cells divide,
migrate, differentiate and establish first (functional) networks, this period is at the
same time, very sensitive to disturbances, e.g. due to hormonal or environmental
factors, but also by the presence of (psychotropic) medication. The use of drugs or
medication by the mother, or by the young child, can thus be considered an
environmental factor that can potentially influence the development of the brain.
While early preclinical studies have primarily focused on prenatal
also exposure to drugs during the sensitive periods of postnatal brain
development can induce effects that outlast the treatment period itself. Such
treatments may thus have influenced aspects of development36, a concept known
as neurochemical imprinting: i.e. the process in which drug effects outlast exposure
to the drug itself. This is of particular relevance when drugs are used to treat
younger individuals suffering from brain disorders, as brain development in these
patients is, to a considerable extent, still ongoing2.
effects34,35,
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Neurochemical imprinting
With respect to DA and 5HT-related medication, the concept of
neurochemical imprinting has been studied extensively before in animals. Andersen
et al. e.g. reported that rats treated with MPH before puberty display permanent
changes in cerebral blood flow responses to later MPH treatment, which was
mediated by reductions in cortical D3 receptors37. Wegerer et al. treated juvenile
rats with fluoxetine, and reported persistently increased SERT levels in the frontal
cortex long after treatment cessation38. Moll et al. further found decreased DAT
densities rat the striatum after early, but not late, MPH administration, and this
decrease was even larger when measured in adulthood 39. In juvenile monkeys,
Shrestha et al. found that fluoxetine upregulated SERT in young adulthood 40, while
Klomp et al. reported age-dependent effects of SSRI treatment on brain activation
in juvenile rats: an opposite effect of fluoxetine treatment was found in the
developing brain compared to the mature brain41. These preclinical studies suggest
that the effects of psychotropic drugs depend on the age of first exposure, and are
thus in agreement with the concept of neurochemical imprinting.
These preclinical findings clearly highlight the need for clinical studies, as
we do not know whether neurochemical imprinting also occurs in the human
brain. This is particularly relevant since prescription rates for psychotropic
medication to treat MDD and ADHD also in younger individuals and adolescents
have increased tremendously over the last years, although the rate of increase in
stabilizing for MPH. For instance, SSRI prescription rates in children and
adolescents have increased with 17.6% from 2005 to 2012 in the Netherlands 42. For
MPH, 85.000 children in the Netherlands, aged between five to fifteen years old,
used MPH, which corresponds to 4.3% of all children in the Netherlands within
this age-range43. Although the safety and efficacy of these psychotropic
medications has been extensively documented44,45, surprisingly little is known
about the long-term effects of these two medications on the developing human
brain. This was the reason to start the randomized clinical trial (RCT), called ‘The
effects of Psychotropic drugs On the Developing brain (ePOD)’ programme46 in
2008. The first results of that RCT were recently published by Schrantee et al.,
reporting enduring changes in cerebral perfusion in response to an acute challenge
with MPH in children, but not adults with ADHD, reflecting an increased
reactivity and sensitivity of the DAergic system in children, in line with the
concept of neurochemical imprinting47.
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Thesis outline
The goal of this thesis was to further investigate whether MPH and SSRIs
induce age-dependent, lasting effects, also in the developing human brain. Part I
focuses on MPH within the context of ADHD, while Part II focuses on treatment
with SSRIs in MDD and/or AD. For both parts of this thesis, our aim was to
investigate whether the effects of treatment during a period of ongoing brain
development outlast drug-exposure itself, and whether this is modulated by age of
treatment. Chapter 1 introduces different aspects of ADHD and MDD/AD and
elaborates on the underlying neurological pathways and common psychotropic
medication.

Part I Attention-Deficit/Hyperactivity Disorder
In Chapter 2, we investigated the lasting and age-dependent effects of
MPH on the gamma-aminobutyric acid (GABA) system. Both preclinical and
clinical studies have indicated that in addition to DA, also considerable alterations
in GABA occur in ADHD48–53. Stimulant treatment can increase these GABA levels,
but possible lasting, or age-dependent effects on GABA levels had not been
studied. In this chapter, we used proton magnetic resonance (MR) spectroscopy
(1H-MRS), a technique that allows the measurement of specific metabolites within
a voxel in the brain, to measure GABA concentrations in a cross-sectional cohort on
MPH prescription rates.
In Chapter 3, we focused on two key behavioral aspects of ADHD, i.e.
emotion regulation and response inhibition, and investigated whether these two
aspects are consequences of stimulant medication use, or rather intrinsic features of
ADHD. Additionally, we investigated whether these two factors, and the effect of
stimulant medication, are modulated by age. We used functional MR Imaging
(fMRI) to measure effects of MPH on response inhibition and emotion regulation
(measured using amygdala and paracingulate reactivity), at three time-points
within the ePOD trial. Furthermore, we report in this chapter on the differences in
emotion regulation and response inhibition between children and adults.
As part of the ePOD trial, the children also participated in a sleep study
since possible side effects of ADHD medications on sleep are a major concern for
parents and psychiatrists. Effects of MPH on sleep problems were so far
insufficiently studied, only in previously medicated children. Therefore, in
Chapter 4, we studied the effects of MPH treatment on several sleep variables in
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medication-naive children with ADHD. As only children were included in this
chapter, we can not report on any specific, age-dependent effects of MPH on sleep.

Part II Major Depressive Disorder
A MRI technique that allows to study neurotransmitter systems in vivo is
pharmacological MRI (phMRI). With phMRI, the function and responsivity of a
specific neurotransmitter system is (indirectly) investigated using the
hemodynamic response induced by a drug that specifically activates a particular
neurotransmitter system of interest.
As SPECT is often used to measure receptor and transporter occupancies in
adults, but is less suitable for children due to its radioactive nature, we first
investigated in Chapter 5 whether phMRI can detect dose-dependent occupancies
of the SERT by detection of dose-related changes in the hemodynamic response of
the 5HT system to SSRIs. We compared these results with our gold-standard
SPECT.
In Chapter 6, we set out to investigate the long-term, age-dependent effects
of SSRI treatment on the developing brain, focusing on the 5HT system using this
phMRI technique. We applied phMRI in a cross-sectional cohort study based on
medical prescription data, in order to investigate whether the long-term effects of
SSRI treatment on the 5HT system depend on age.
Finally, in Chapter 7, we provide a summary and general discussion of the
main findings in this thesis in relation to recent literature, while including future
perspectives.
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Abstract
Stimulants are the main pharmacological treatment for patients with
Attention-Deficit/Hyperactivity Disorder (ADHD). Their current prescription rates
are rising, both in children, adolescents and adults. Related to the impulse control
phenotype, both preclinical and clinical studies have demonstrated lower γ-amino
butyric acid (GABA) levels in prefrontal brain regions in ADHD. Whereas
stimulant treatment increases GABA levels, preclinical studies have suggested that
stimulant treatment effects may be age-dependent.
As the long-term consequences of stimulant use in ADHD children and
adolescents have so far been poorly studied, we used magnetic resonance
spectroscopy to assess GABA+ and glutamate + glutamine (Glx) levels in the
medial prefrontal cortex (mPFC) of adult ADHD patients, both before and after an
oral methylphenidate (MPH) challenge. Three groups were studied: 1) ADHD
patients who were first treated with stimulants before 16 years of age, i.e. during
periods of ongoing brain development (early-stimulant-treated, EST); 2) patients
first treated with stimulants in adulthood (i.e. >23y)(late-stimulant-treated, LST),
and 3) stimulant-treatment-naive (STN) ADHD patients.
Reduced basal GABA+ levels were found in EST compared to LST patients
(p=0.04), while after an MPH challenge, only the EST patients showed significant
increases in GABA+ (p=0.01). For Glx, no differences were found at baseline, nor
after an MPH challenge.
First stimulant exposure at a young age is thus associated with lower
baseline levels of GABA+ and increased responsivity in adulthood. This effect
could not be found in patients that started treatment at an adult age. Hence, while
adult stimulant treatment seems to exert no major effects on GABA+ levels in the
mPFC, MPH may induce long-lasting alterations in the adult mPFC GABAergic
system when treatment was started at a young age.
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Introduction
Attention-Deficit/Hyperactivity Disorder (ADHD) has an estimated
worldwide prevalence of 7.2%1 and is defined by symptoms of hyperactivity,
inattentiveness, difficulty in controlling one's actions and impulsivity. These
symptoms cause substantial impairment in daily functioning and while they often
emerge at pre-school age, they can persist into adulthood2. The most common
pharmacotherapy for ADHD is stimulant medication with e.g. methylphenidate
(MPH), which targets dopamine (DA) imbalances3 and is highly effective in
alleviating ADHD symptoms4.
Nowadays, parallel to the increased prevalence of ADHD over the past
decade, stimulant medication prescription rates have risen strongly5. Although the
efficacy and safety of stimulants prescribed to children diagnosed with ADHD has
been extensively documented6, it is currently unclear whether these drugs induce
long-term effects, especially when they are first given during sensitive periods of
ongoing human brain development, as is the case for children and adolescents.
In addition to the DA neurotransmitter system, the γ-amino butyric acid
(GABA) system has also been implicated in ADHD pathophysiology. Various
measures of inhibitory control, one of the main problems of children with ADHD 7,
have e.g. been correlated with brain GABA levels in healthy adults 8–10. In fact,
recent preclinical studies support a link between alterations in GABA and
behavioral changes relevant for ADHD; e.g. micro-infusions of a GABA receptor
antagonist in the rat medial prefrontal cortex (mPFC) cause attentional deficits 11,
while reductions in extracellular GABA levels have been found in a rodent ADHD
model12.
These findings are supported by human studies, in which behavioral
impulsivity is correlated with decreases in prefrontal GABA levels in healthy
volunteers9. In addition, school-age children diagnosed with ADHD show reduced
short inter-cortical inhibition in a paired-pulse transcranial magnetic stimulation
protocol, a process known to be mediated by GABAergic cortical neurons 13,14.
Moreover, reduced cortical GABA levels are found in children with ADHD15, and
also in adult ADHD patients, subcortical GABA levels are increased 16–18.
Whereas these alterations suggest a role for the GABAergic system in
ADHD symptomatology, effects of concurrent stimulant treatment could confound
these findings. ADHD medication increases GABA in animal models19–21 and
Bollmann et al. have demonstrated that age is a factor that needs to be considered
as the GABAergic system continues to develop throughout childhood and
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adolescence22,23. Hence, an aberration from the normal development of the
GABAergic system could result in a later imbalance between excitatory and
inhibitory neurotransmission, that could play a role in the pathophysiology and
persistence of ADHD23,24.
Age-dependent and long-lasting effects of stimulant treatment have
already been reported in rodents; compared to rats that started MPH treatment in
adulthood, juvenile rats that were MPH-treated showed a diminished cocaine
sensitivity in adulthood25, notably parallel to reductions in DA transporter
density26 and in extracellular DA levels27,28.
In summary, whereas both preclinical and clinical data suggest a role for
the GABAergic system in ADHD (symptoms), the influence and interaction of age
and stimulant treatment on GABA levels in the human PFC was poorly studied.
We therefore used edited magnetic resonance spectroscopy (MRS) to investigate
GABA+ levels in adult ADHD patients before and after an MPH challenge. In
order to study the age-dependent effects of stimulant treatment on the GABAergic
system we investigated ADHD patients who; 1) either started with stimulant
treatment at a young age (i.e. <16 years), 2) who were first treated only later in life
(>23 years), or 3) who had never received stimulant treatment.

Methods
Participants
A group of 44 male ADHD patients between 23 and 40 years of age were
included (mean age 29.11 ± 4.90 years). Participants were recruited via outpatient
clinics, newspaper advertisement and databases containing prescription data
(Pharmo Institute Utrecht). All patients had an established clinical diagnosis of
ADHD (all subtypes) made by a specialized physician using the Diagnostic and
Statistical Manual of Mental Disorders (DSM-IV) Fourth Edition29. Exclusion
criteria were; 1) an IQ < 80, 2) a history of brain trauma or neurological disease, 3)
magnetic resonance imaging (MRI) contra-indications, 4) alcohol and/or drug
dependence according to DSM-IV criteria as assessed using the MINI30, 5) contraindications for MPH treatment (e.g. use of mono-amine oxidase (MAO) inhibitors
or antipsychotics), 6) current or previous treatment with related DAergic
medication before the age of 23, such as neuroleptics, D2/D3 agonists or
antipsychotics, and current or previous DA-system-related drug dependence (e.g.
amphetamine), and 7) prenatal use of MPH by the mother of the patient.
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Patients were stratified in three groups: 1) an early stimulant treated group
(EST): i.e. patients who were treated for the first time with stimulants starting
before the age of 16; 2) a late stimulant treated group (LST): i.e. patients were treated
first with stimulants after 23 years of age and 3) a stimulant treatment-naive group
(STN): ADHD patients with no history of stimulant medication. Prescription
history was based on self-report and verified with available prescription data from
pharmacies and treating physicians. Current ADHD symptom severity was
measured with the ADHD rating scale31. Education was determined based on a
rating scale32. All participants signed written informed consent. The study was
carried out in accordance with the Declaration of Helsinki (2012) and was
approved by the Medical Ethical Committee of the Amsterdam Medical Center.

Procedures
All participants underwent an MRS scan session, in which GABA levels
were assessed in a single voxel in the mPFC. This region was chosen because the
mPFC plays an important role in behavioral inhibition, which is a prominent
symptom in ADHD33. For a subgroup of the participants (N = 38), the MRS scan
session was followed by an oral MPH challenge of 0.5 mg/kg MPH (with a
maximum dose of 40 mg), 5 minutes after the MRS scan. MPH (0.5 mg/kg) has
been administered as an oral bolus in previous MRI studies up to 50 mg, which
was well tolerated34,35. This subgroup underwent a second MRS scan 90 minutes
after MPH administration, which is when the maximum uptake of MPH in the
striatum is reached36.
During the first scan session, a T1-weighted MRI scan was obtained to
assess tissue composition differences in the voxels between the different groups.
Participants classified as being on stimulant medication, were medication-free for
at least one week before the scan, in order to prevent acute effects of stimulant
treatment on our GABA measurements. Participants were further instructed to
abstain from nicotine and caffeine on the study day, alcohol at least 24 hours before
the study, and other drugs of abuse for at least one week before the study.

MRI acquisition
Data were acquired using a 3.0 T Philips Achieva MR Scanner (Philips
Medical Systems, Best, The Netherlands), using a SENSE 8-channel receive-only
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head coil and body coil transmission. The anatomical 3D-fast field echo T1weighted scan was obtained with the following scan parameters: TR/TE = 9.8/4.6
milliseconds, FOV = 256 x 256 x 120 mm, voxel size = 0.875 x 0.875 x 1.2 mm in
each session. J-difference edited MRS spectra were acquired using a MEGA-PRESS
sequence37 from a 2.5 x 3.5 x 2.5 cm3 voxel in the mPFC with the following
parameters: TR/TE = 2000/68 milliseconds, number of signal averages = 2,
dynamic scans = 160, 14 ms editing pulses placed at 1.9 ppm (ON) and 7.46 ppm
(OFF) with 1024 data points and 2 kHz spectral width, for an approximately 10 min
acquisition. The voxel was placed manually and anterior of the genu of the corpus
callosum. It was oriented along the anterior-posterior commissure and centered on
the interhemispheric fissure (see Figure 1C).

Image analysis
Edited MRS spectra were analyzed using the Gannet GABA analysis
toolbox38 (see Figure 1A and B). Coil-combination, phasing, apodization and
frequency correction were performed automatically in this toolbox. Water-scaled
GABA concentrations were calculated according to standard procedures, as
described in detail elsewhere39. In short, the time-domain data is processed into a
frequency-domain GABA-edited spectrum. Using a nonlinear, least-squares fitting,
the GABA concentration at 3 ppm is estimated38. The assessment of GABA using
MEGA-PRESS however results in co-editing of macro-molecules such as proteins,
which contribute to the edited GABA peak at 3.0 ppm. GABA levels are quantified
against the unsuppressed water signal from the same region with estimated
relaxation values for water and GABA38. As the editing pulse at 1.9 ppm is known
to co-edit macromolecule signals at 1.7 ppm39, the water-scaled GABA findings
described in this paper represent GABA and related macromolecules and are
therefore referred to as GABA+ levels. GABA+ fit errors were calculated with the
Gannet GABA analysis toolbox to assess the data quality of the spectra.
The SPM8 toolbox was used with MATLAB (The Mathworks, Natick, MA)
to co-register the T1-weighted scan to the MRS scan in the Gannet toolbox. Coregistration of the T1-weighted image to the MRS spectrum allowed for a
calculation of both the grey and white matter and CSF fraction within the voxel.
For the subjects that underwent MRS scans before and after MPH, a low-resolution
T1 obtained at the second scan session that was registered, together with the MRS
voxel, to the high resolution T1 from the first session, in order to estimate the
overlap between the voxels during both scans. In addition to water-scaled GABA+,
the co-edited water-scaled glutamate + glutamine (Glx) signal was assessed to
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investigate differences in baseline level and after administration of the MPH
challenge.
Exclusion criteria for bad data quality were based on visual inspection of
the GABA+ edited difference spectrum, frequency drifts of the residual water
spectrum, the creatine signal before and after frequency and phase correction, and
the fit of the GABA+, the water and creatine signal, in addition to quantitative
measurements of the provided fit error and expected full-width/half-maximum of
the signal peaks, and on visual inspection of the voxel position.

Statistical analyses
The IBM SPSS Statistics package Version 20 (SPSS, Chicago, IL) was used
to conduct statistical tests for all data. Data were checked for normality and
equality-of-variance. Due to missing values for some of the subjects after the MPH
challenge, linear mixed model analyses were used to assess the main effect of
group and time-point, and an interaction between group and time-point on the
GABA+ and Glx levels. An unstructured covariance matrix was assumed and a
fixed intercept was used and the model was estimated using maximum likelihood.
P-values < 0.05 were considered statistically significant and follow-up pairwise
comparisons were corrected for multiple testing using Tukey corrections. Pearson
correlations were used to assess correlations between GABA+ and Glx levels as
well as age, symptom severity and time since last stimulant exposure to check for
possible confounding effects.

Results
Sample characteristics
As shown in Table I, mean age and educational level did not differ
significantly between the three groups (age: F(2,41)=1.47, p=0.24; education:
F(2,40)=2.54, p=0.09). Symptom severity did differ significantly between the three
groups (F(2,40)=3.44, p=0.04) with higher scores indicating a more severe
symptomatology, although post-hoc Tukey test showed no differences between the
individual groups. Inherent to the study design, mean age of first stimulant
exposure was significantly lower in the EST subjects compared to the LST subjects
(t=-10.52, p<0.01).
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Figure 1. Spectrum, segmentation data and position of the voxel.
a) Representative example of a typical MEGA-PRESS difference spectrum. The GABA+ peak is around
3.0 ppm, the glutamate (Glx) peak is around 3.7 ppm. b) Illustration of the curve fitting of the GABA+
peak using Gannet. The red line represents the result of the curve-fitting, the blue line shows the postphase and frequency aligned GABA+ data, the black line is the residual difference between the data and
the curve-fit. c) Illustration of the position of the voxel in the mPFC in a sagittal and transverse T1weighted image of a representative subject.

Treatment duration differed significantly between the EST and LST group
(t=3.89, p<0.01), as well as time since last stimulant exposure (t=6.83, p<0.01; Table
I). 44 subjects completed the first scan session, of which 38 subjects received the
MPH challenge and underwent the second scan session. For the GABA+ analyses,
3 participants were excluded from both scan sessions due to bad data quality or
voxel misplacement. In addition, 2 participants were excluded from the second
MRS scan session due to bad data quality. This resulted in a final group for the
GABA+ analyses of 41 subjects at baseline and 33 subjects who completed the
second MRS scan session.
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For the additional Glx analyses, 6 subjects were excluded due to bad data
quality or voxel misplacement from both scan sessions. In addition, 3 subjects were
excluded from the Glx measurements from the second MRS scan. This resulted in a
final group for the Glx analyses of 38 subjects at baseline and 29 subjects after the
MPH challenge.

Table I. Sample characteristics at baseline.
STN
N = 19

Age (y)

mean

SD

29.71

5.02

range
2339

Educational
5.79
0.86 4-7
level31
ADHD symptom
29.63 9.62 9-44
severity32
Age of diagnosis
2229.63 5.02
(y)
39
Age of first
stimulant
exposure (y)
Treatment
duration (m)
Time since last
stimulant
exposure (m)
* p < 0.05 for EST versus STN and LST subjects
**p < 0.05 for EST versus LST subjects
SD = standard deviation, y = years, m = months

Exposed
N = 25
EST (N = 14)
mean SD
27.32

3.28

5.15

0.56

23.64

range
2335

LST (N = 11)
mean SD

range
2440

30.36

6.08

4-6

5.73

1.01

8.42

9-35

21.40

7.73

8.85

3.60

3-14

29.06

5.25

9.92

2.99

4-14

28.64

5.22

2339

**

90.92

59.74

18228

14.62

34.95

4120

**

96.04

52.13

0168

0.77

1.73

0-6

**

4-7
1039
2439

*

Morphological differences in mPFC voxel
No significant differences were found in grey matter, white matter or
cerebrospinal fluid (CSF) fraction in the MRS voxel between the groups when
studied at baseline (Table II). Comparison of the voxel position during the first and
second MRS scan resulted in a mean overlap of 86.77% for all participants who
underwent the second MRS scan session.
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Table II. Differences in mPFC voxel morphology at baseline.
STN
N = 17

Grey matter fraction
White matter fraction
CSF fraction
CSF = cerebrospinal fluid
mPFC = medial prefrontal cortex
SD = standard deviation

Exposed
N = 24

mean

SD

EST (N = 13)
mean
SD

LST (N = 11)
mean
SD

0.65
0.18
0.17

0.02
0.04
0.04

0.64
0.20
0.17

0.63
0.18
0.18

0.03
0.03
0.03

0.03
0.03
0.03

GABA+ levels
Linear mixed model analyses showed a trend significant interaction
between group and time-point (F(2,38)=2.55, p=0.09) and a significant main effect
of group on GABA+ levels (F(2,36)=5.43, p=0.01). Addition of possible covariates
such as age, ADHD symptom severity or age of diagnosis did not affect these
results, nor did the covariates showed a significant main effect. Post-hoc analyses
revealed differences at baseline in the estimated GABA+ levels between the STN,
EST and LST subjects (F(2,0.70)=3.75, p=0.03; Figure 2 and Supplemental Figure 1).
Statistically significant lower estimated GABA+ levels were found in EST when
compared to LST subjects (p=0.04). In addition, trend significant differences in
GABA+ levels were found after the MPH challenge (F(2,0.32)=3.16, p=0.057).
Furthermore, estimated GABA+ levels increased significantly after the MPH
challenge only in the EST group (t=-3.20, p=0.01), whereas the STN and LST
subjects did not show such a change in estimated GABA+ levels after the MPH
challenge (Figure 2 and Supplemental Figure 1). There were no significant
differences in GABA+ fit errors between the three groups (F(2,38)=2.58, p=0.09).
At baseline, no correlation was present between age and estimated GABA+
levels (r=0.26, p=0.10). Also, ADHD symptom severity did not correlate with
estimated GABA+ levels (r=0.14, p=0.40) in all subjects, nor in the unexposed
subjects (r=0.37, p=0.16) or previously exposed subjects (r=-0.21, p=0.35).
Additionally, treatment duration was not correlated to GABA+ levels in any of the
previously exposed subjects (r=-0.02, p=0.93). However, time since last stimulant
exposure correlated significantly with estimated GABA+ levels in the previously
exposed subjects (r=-0.50, p=0.01).
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Glx levels
No significant interaction between group and time-point was found on Glx
levels (F(2,30.00)=0.10, p=0.91) in the linear mixed models, nor was there a main
effect of group (F(2,34.04)=1.47, p=0.24) or time-point (F(1,30.00)=0.69, p=0.41
(Supplemental Figure 2).

Figure 2. Estimated GABA+ levels before and after an MPH challenge for the three groups.
Representative water-scaled estimated GABA+ levels in non-, early and late exposed subjects, before
and after MPH challenge. Data are represented as mean, error bars represent the standard error of the
mean. * p < 0.05. Before the MPH challenge, the EST and LST subjects differed significantly (p = 0.04),
whereas only the EST subjects showed increased estimated GABA+ levels after the MPH challenge (p =
0.01).

Discussion
In this study, estimated GABA+ levels, and changes in GABA+ levels in
response to MPH, were compared between 3 groups of ADHD patients. One group
was exposed to stimulants for the first time during a period of ongoing brain
development (EST), another during a period when brain maturation is nearly
completed (LST), and one was treatment naive. Estimated GABA+ levels differed
significantly at baseline between the three groups with the EST group showing
significantly lower mPFC estimated GABA+ levels relative to LST subjects.
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Moreover, a significant increase in GABA+ levels was found after an acute MPH
challenge only in the EST, but not LST, subjects. Together, this indicates that
alterations have occurred in the mPFC GABAergic sytem, selectively in those
ADHD patients who were first exposed to stimulant treatment early in their lives,
i.e. during childhood/adolescence.
The current increase in estimated GABA+ levels found after an MPH
challenge in EST subjects is in accordance with studies in healthy rats 19,20. In these
studies, a challenge with MPH increased the mRNA levels of glutamic acid
decarboxylase (GAD) that encodes the protein converting glutamate into GABA 20.
Also, a single administration of MPH increased GABAergic neurotransmission in
healthy mice19.
In stimulant treatment-naive ADHD subjects, such increases in estimated
GABA+ levels were not observed after an acute MPH challenge. A possible
explanation could be that the animal studies mentioned above were conducted in
wild-type animals and are therefore difficult to extrapolate to a disease state like
human ADHD, aside from the translation of ADHD-like animal models to human
disease states in general, which is complicated in itself40. Alternatively, speciesspecific differences in the GABAergic system have been reported, e.g. in the subregional distribution of GABA receptors and in their subunit compositions 41, that
could possibly underlie the discrepancy between our current findings and the
preclinical studies.
In our study, the mPFC was chosen as region of interest since dysfunction
of the prefrontal-striatal circuitry is thought to underlie at least some of the
executive deficits in ADHD42. Hence, down-regulation of GABA in the mPFC
could contribute to alterations in ADHD related functions like inhibition,
behavioral impulsivity, decision making and working memory 9,43. A related study
by Bollmann et al. did not find differences in GABA levels in a frontal voxel, but
this voxel was positioned more laterally than our current voxel. Nevertheless,
these authors found differences in GABA levels between adult ADHD patients and
controls in the basal ganglia, which is also part of the prefrontal-striatal circuitry.
Future studies, e.g. using chemical shift imaging (CSI), could help shed light on the
regional differences in GABA and on whether modulation occurs by disease
and/or pharmacotherapy.
The results from our study suggest that stimulants have different effects
when acting on the developing or the mature brain. Drug treatment during periods
of ongoing brain development has been hypothesized to induce long-lasting
changes in later neurotransmitter sensitivity, also known as chemical
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programming44. In this respect, the chronic increase in GABA+ levels present
during MPH treatment in childhood could have caused a lasting down-regulation
of endogenous GABA+ levels as an adaptive response.
Alternatively, MPH treatment was shown before to increase DA levels 45
that could subsequently affect DAergic neurotransmission. In turn, as proposed
recently, this could have increased GABA release from dopaminergic axons (e.g.
20,46). Chronic MPH treatment may therefore have led to lasting increases in DA
and GABA levels, and could eventually have resulted in a down-regulation of their
respective receptors. While speculative, this could have decreased the sensitivity
and thereby lower the overall activity of both the DA and GABA systems. Changes
in receptor down-regulation could be long-lasting, especially when MPH treatment
occurs in an immature brain, but this possibility remains to be tested in detail.
We further show that only the EST subjects displayed an increased GABA+
response after an MPH challenge. This suggests that compensatory effects may
have occurred in response to e.g. reductions in basal GABA+ levels, also temporal
aspects could explain the differences between EST and LST subjects. Although the
wash-out period lasted one week, the differences in GABA+ levels may also have
resulted from a differential sensitivity to recent stimulant treatments. However, no
differences were present in baseline GABA+ levels between the LST and STN
subjects, which argues against this explanation. Thus, as only EST subjects showed
an increase in estimated GABA+ levels after the MPH challenge, this indicates the
differences we observed between EST and LST subjects, is most likely explained by
the age at first exposure.
Previous literature has shown that, next to GABA, also glutamate may be
altered in ADHD, although some studies could not be confirmed later 16,24,47,48. In
our current study, we did not find differences in baseline Glx levels, nor did we
find any changes in Glx after an MPH challenge. This suggests that in contrast to
GABA+, the prefrontal glutamatergic system does not seem to be affected by early
stimulant exposure, nor by a single MPH challenge, which further adds specificity
to the current GABA+ effects.
Our current study has several strengths and limitations. It is the first to
investigate the influence of age of first stimulant treatment on later GABA+ and
Glx levels and responses in adult ADHD patients. As stimulants are currently
prescribed to many children diagnosed with ADHD, and in view of its putative
imprinting effects49, our results provide relevant data to the timely discussion on
this topic in both science and society. Although the early MPH treatment improves
ADHD symptoms, lasting changes in the GABAergic system could have been
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induced that could e.g. underlie later changes in impulsivity, that in turn, could
make patients more vulnerable for risk-taking behavior and/or later drug (ab)use.
As such, these data may help to better evaluate decisions regarding treatment of
children and adults with ADHD.
The current addition of an MPH challenge in our study provided useful
information about the responsiveness of the GABAergic system. The sample
studied here is unique, as it also contained ADHD patients who were stimulant
treatment-naive, which allowed us to compare the specific actions of stimulant
treatment in relation to first age of treatment. However, no healthy control group
was included, and we can thus not draw any conclusions about possible
‘normalizing’ effects of acute MPH on GABA+ levels now. Additionally, this study
did not include an additional control group with patients diagnosed with ADHD
at young age but who did not receive any treatment, which would have extended
the interpretation of our results with age of diagnosis next to age of first treatment.
MRS is currently the only technique that allows to reliably measure brain
metabolites in the human brain in vivo. Due to technical limitations, a large voxel
is needed to obtain a sufficiently high signal-to-noise ratio to fit and estimate
GABA levels accurately. Whereas current GABA measurements do not have a high
spatial resolution, recent advancements in 7T protocols, as well as in CSI for an
increased coverage at 3T, should allow to draw more firm conclusions in the near
future50.
A final potential limitation of our study is that the subjects diagnosed early
or late in life with ADHD could possibly represent different subgroups. A very
recent longitudinal study in New Zealand indicated that adults with ADHD do not
always meet childhood criteria for ADHD51. Additionally, the variance of the
GABA+ levels in the LST group was large, indicating that the LST group might be
quite heterogeneous. Hence, a subset of our ADHD patients could in principle
have a different neurobiological profile, which may relate to different GABA+ or
Glx levels. While we did not find changes in basal levels of the latter, further
research is warranted to investigate this alternative hypothesis.
Second, although our study is the first to investigate effects of age of first
stimulant treatment on GABA+ levels in adult ADHD patients, our sample,
inherent to the retrospective nature of our design, was quite heterogeneous in
terms of symptom severity, treatment duration and time since last exposure.
Nevertheless, while we focused on effects of ADHD medication, neither current
ADHD symptom severity, nor treatment duration, nor age at diagnosis, nor time
since last exposure significantly affected our results. Moreover, a prospective study
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design that would overcome such issues would have been very difficult, if not
impossible, to execute. Additionally, exploratory analyses revealed no relations
between baseline mPFC GABA+ levels and ADHD symptom severity. Our results
do therefore not report on the relation between GABA+ levels and ADHD
symptomatology.

Conclusion
In conclusion, our results demonstrate that MPH effects on GABA+ levels
in ADHD patients are influenced by whether a subject had first started stimulant
treatment in childhood or in adulthood. Our data thus suggest that long-lasting
alterations may have occurred in GABAergic neurotransmission in the mPFC,
selectively in subjects who had been first exposed to stimulant treatment early
during childhood, but not in those who started medication only from later in their
lives onward. Future studies are therefore warranted to assess the underlying
mechanisms as well as the consequences of these lower GABA+ levels on cognitive
and behavioral problems in ADHD.
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Age-dependent effect of MPH on GABA
Supplemental Figure 1. Estimated GABA+ levels before and after an MPH challenge for the three
groups.
Representative water-scaled estimated GABA+ levels in non-, early and late exposed subjects, before
and after MPH challenge. Data are represented as individual data points, bars represent mean, error
bars represent the standard error of the mean. * p < 0.05. Before the MPH challenge, the EST and LST
subjects differed significantly (p = 0.04), whereas only the EST subjects showed increased estimated
GABA+ levels after the MPH challenge (p = 0.01).

Supplemental Figure 2. Estimated Glx levels before and after an MPH challenge for the three groups.
Representative water-scaled estimated Glx levels in non-, early and late exposed subjects, before and
after MPH challenge. Data are represented as mean, error bars represent the standard error of the mean.
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Chapter 3
Abstract
Background: Emotion dysregulation and impulsivity are key features of AttentionDeficit/Hyperactivity Disorder (ADHD), that significantly impair daily
functioning of patients. However, it is unknown to what extent these features are
affected by medications like methylphenidate (MPH), and whether they are
modulated by age.
Methods: In a randomized controlled trial (ePOD-MPH), 99 stimulant treatmentnaive patients (50 children, 49 adults) with ADHD (DSM-IV, all subtypes) were
randomly assigned to either MPH or matched placebo for 16 weeks. Changes in
activity and connectivity of the amygdala during emotion regulation, and in
(para)cingulate gyrus during response inhibition, were assessed with functional
Magnetic Resonance Imaging (fMRI) before, during and one week after trial end.
Data were analyzed as intention-to-treat.
Findings: In children, MPH improved emotion dysregulation during the trial,
whereas it negatively affected right amygdala reactivity one week after trial end. In
contrast, in adults, MPH had no effect over placebo on behavioral measures, nor on
amygdala reactivity. MPH treatment decreased amygdala-cortico functional
connectivity, but less so in adults at trial end, than in children. As for response
inhibition, MPH did not affect (para)cingulate reactivity in children nor adults, but
did induce paracingulate-cortical hyperconnectivity at trial end in adults.
Interpretation: Four months of treatment with MPH affected right amygdala
reactivity and connectivity, as well as paracingulate connectivity and emotion
dysregulation in an age-dependent manner. These prolonged, positive effects of
MPH on emotion dysregulation should reassure parents and clinicians when
considering MPH prescription for ADHD in children, at least on the short term.
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Introduction
Attention-Deficit/Hyperactivity Disorder (ADHD) is one of the most
common neurodevelopmental disorders with a lifetime prevalence of 7.2%
worldwide1. First symptoms often appear at a pre-school age and can persist
throughout adulthood. The main pharmacological treatment for ADHD in both
children and adults is treatment with stimulants like methylphenidate (MPH), that
effectively alleviate symptoms of inattention and hyperactivity. Two other
important symptom clusters in ADHD are emotional dysregulation and
impulsivity. In ADHD, emotional dysregulation is typically defined as being easily
angered and easily annoyed. Impulsivity as psychological construct, encompasses
domains of delay impulsivity, reflection impulsivity and response inhibition 2. Both
clusters of symptoms often seriously impair daily life functioning for children and
adults with ADHD3.
The amygdala has been associated with aberrant emotional processing in
various affective disorders4 and evidence is accumulating that it plays an
important role in emotional dysregulation in ADHD as well. For instance, a recent
mega-analysis in 3242 subjects found that of many brain regions studied, the
largest volume reduction in ADHD patients was present in the amygdala 5. Also,
ADHD patients often show a heightened amygdala reactivity to negative
emotional stimuli6. These deficits are thought to involve a dysfunctional striatoamygdalo-medial prefrontal cortical network6.
Studies on amygdala connectivity in relation to emotion are only
beginning to emerge. Hulvershorn et al. e.g. showed that a higher emotional
dysregulation was associated with hyper-connectivity of a cortico-amygdalar
network, including the anterior cingulate cortex, in children aged 6-13, who were
mostly treatment naive7. The authors concluded that amygdala-prefrontal cortex
hyper-connectivity is associated with difficulty in regulating the expression of
negative emotions. Furthermore, in adolescents with ADHD (aged 11-16 years), a
hyper-connectivity of the amygdala with the lateral prefrontal cortex was reported
in response to fearful faces. This was aggravated after MPH abstinence, along with
a hyper-reactivity of the amygdala8. Thus, amygdala-prefrontal cortex connectivity
appears to be altered in ADHD patients, specifically in relation to aspects of
negative affect and fearful stimuli.
As for impulsivity, patients with ADHD in particular show abnormalities
in response inhibition9,10, which has been associated with an aberrant activity and
connectivity in fronto-striatal circuits11. A combined magnetoencephalography and
functional Magnetic Resonance Imaging (fMRI) study has shown a prefrontal
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underactivation during an inhibition task in adults with persistent ADHD, relative
to adults with remitted ADHD12. Single doses of stimulants have been found to
normalize fronto-striatal activity and connectivity during response inhibition11,13–15,
and a recent meta-regression analysis reported moderate and consistent treatment
effects of the stimulant methylphenidate (MPH) on executive function, including
response inhibition16. However, to our knowledge, there are so far no studies that
investigated effects of treatment with stimulants on fronto-striatal activity.
Also, most studies had been conducted in previously medicated patients,
but it remains unknown to what extent the above mentioned observations are
affected by stimulant medication, or whether they represent an intrinsic feature of
ADHD. This is highly relevant, as treatment with stimulants, such as MPH,
effectively reduce symptoms of inattention and hyperactivity in ADHD patients17.
Preclinical data however, suggest that MPH can induce anxiety and depressive-like
behavior18 and also in a rat model for ADHD, stimulant treatment during
adolescence increased impulsivity during adulthood 19. Furthermore, the most
comprehensive study on long-term effects of ADHD medication to date, i.e. the
Multimodal Treatment Study of ADHD (MTA), found that children treated with
ADHD medication had higher rates of anxiety and depression (19.1%) than
children receiving behavioral therapy (4.3%), as measured six years after
treatment20.
Increasing evidence now suggests that effects of ADHD medication may
depend on the age of first exposure. For instance, young rats treated with MPH
showed more anxiety and depression-related behavior in adulthood than rats that
were first treated with MPH as adult18. These differences might be explained by
age-dependent effects of stimulants on the dopamine (DA) system, as e.g. early
treatment with MPH led to a 50% reduction in DA transporter (DAT) density in the
rat striatum when compared to non-treated animals, whereas no such effects were
observed in adult animals21. Furthermore, in a randomized clinical trial (RCT) in
medication-naive patients with ADHD, we found that four months of MPH
treatment resulted in increased DA reactivity only in children, but not in adult
patients22, further supporting the concept that effects of MPH on the human brain
may be modulated by age.
Therefore, the aims of the current study were twofold: a) to investigate
whether treatment with MPH influences emotional processing and response
inhibition in stimulant-naive patients with ADHD, and b) whether this effect is
modulated by age. Based on the above mentioned literature, we expected that
MPH would increase fMRI brain activity in the amygdala during emotion
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recognition and fronto-striatal circuitry during response inhibition in children, but
not-, or less so, in adults. We also hypothesized that an increase would be found in
amygdala and fronto-striatal connectivity with prefrontal regions in children, but
not -, or less so, in adults.

Methods
The ‘effects of Psychotropic drugs On Developing brain-MPH’ (‘ePODMPH’) RCT was a 16-week double-blind, randomized, placebo-controlled,
multicenter trial with MPH and a blinded end point evaluation in stimulant
treatment-naive patients with ADHD23. The primary objective of the ePOD-MPH
RCT was to study the age-dependency of the effects of MPH on the outgrowth of
the DA system, the results of which are published elsewhere22. Our secondary
outcome measures are functional measures underlying these changes: emotional
processing and impulsivity. The reward processing task turned out to be too long
for the children and was eventually omitted from our scan protocol. We measured
fMRI activity on emotion recognition and response inhibition tasks at three times
points (baseline (BL), 8 weeks during treatment (DT) and 1 week after trial end
(post treatment (PT). Furthermore, functional connectivity was assessed, as well as
behavioral measures of anxiety, depression, emotional dysregulation and
inhibition. The trial started on June 1, 2011 and ended on June 15, 2015, and was
monitored by the Clinical Research Unit of the Academic Medical Center,
University of Amsterdam, Amsterdam, the Netherlands. The ePOD-MPH RCT was
registered by the Dutch National Competent Authority on March 28 2011
(NL34509.000.10) and subsequently at the Netherlands Trial Register on October 13
2011 (NTR3103).

Participants
Participants were 50 stimulant treatment-naive boys (10-12 years of age)
and 49 stimulant-treatment naive men (23-40 years of age), that participated in the
ePOD-MPH trial and were diagnosed with ADHD and recruited through clinical
programs at the Child and Adolescent Psychiatry Center Triversum (Alkmaar), the
department of Child and Adolescent Psychiatry at the Bascule/AMC
(Amsterdam), and the PsyQ Mental Health Facility (The Hague).
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All children and adults were diagnosed by an experienced psychiatrist and
met strict criteria for ADHD according to the Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV, 4th edition), as confirmed by a structured interview,
i.e. the Diagnostic Interview Schedule for Children (NIMH-DISC-IV: authorized
Dutch translation24 and the Diagnostic Interview for ADHD (DIVA) for adults25.
Patients with co-morbid axis I psychiatric disorders requiring treatment with
medication at study entry, a history of major neurological or medical illness as well
as clinical treatment with drugs influencing the DA system (for adults before 23
years of age), such as stimulants, neuroleptics, antipsychotics, and D2/3 agonists
were excluded. More detailed inclusion and exclusion criteria are listed in the
study protocol23. All patients and parents or legal representatives of the children
provided written informed consent after receiving a complete description of the
study.

Intervention, randomization and blinding
After baseline assessments, patients were stratified by age and randomized
to either placebo or MPH treatment (1:1) using a permuted block randomization
scheme generated by the local Clinical Research Unit. The treating physician
prescribed the study medication under double-blind conditions on clinical
guidance (reduction of ADHD symptoms) in accordance with Dutch treatment
guidelines. Participants as well as care providers and research personnel were
blinded23. The hospital pharmacy of the Medical Centre Alkmaar assigned
participants to a specific allocation, using sequentially numbered containers. The
placebo tablet was identical to the MPH tablet with respect to appearance and was
manufactured and labelled according to GMP guidelines (2003/94/EG).
Adherence to the study medication was monitored at each of the control visits.

fMRI
Subjects performed an emotion recognition and response inhibition fMRI
paradigm at 3 different time points during the trial (Figure 1). To further minimize
learning effects, a practice run was presented prior to the first MRI scan. Two
versions of the tasks were used to overcome learning effects. The emotion
recognition paradigm consisted of a blocked design and was adapted from a task
previously used to assess drug effects on amygdala reactivity26. The emotional
stimuli consisted of angry and fearful faces whereas the neutral stimuli consisted
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of ellipses assembled from scrambled faces. The response inhibition paradigm
consisted of an event-related design and was adapted from a go-no/go task
previously used in ADHD patients27. For a detailed description of the task, please
see the Supplementary Material.
The MRI study was performed on a 3.0 T Philips scanner (Philips
Healthcare, Best, The Netherlands) using an 8-channel receive-only head coil. A
high-resolution 3D T1-weighted anatomical scan was acquired for registration
purposes and fMRI data were acquired using a single shot echo planar imaging
sequence (parameters in Supplementary Material). Data were preprocessed and
analyzed using in-house MATLAB scripts (Massachusetts: The Matworks Inc.) and
FSL 5.0 (FMRIB’s Software Library)(for details see Supplementary Materials).
For our regions of interest (ROI) analyses for the emotion recognition task,
mean signal intensity for the left and right amygdala was extracted from the first
level contrasts using masks from the Harvard-Oxford atlas. For the response
inhibition task, we used the (para)cingulate gyrus as a ROI, based on previous
literature showing acute effects of stimulants on this brain region 11,14,15. Because the
striatum was not activated during response inhibition, we omitted this ROI from
our analyses. Mean signal intensities were extracted from a seed in the
(para)cingulate gyrus using mean activation values of all subjects during correct
response inhibition.

Figure 1. Timeline ePOD study.
Stimulant treatment-naive patients with ADHD were randomized to treatment condition (MPH) or
placebo condition. After 16 weeks treatment was discontinued and followed by a wash out period of
one week. fMRI scans were made at baseline (BL), after 8 weeks of treatment (DT), and one week after
discontinuation (PT).
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Connectivity
For the functional connectivity analyses, ROI time courses for each
respective task were extracted. For the ER paradigm, left and right amygdala timecourse were separately entered into two first-level models. Connectivity of the
ROIs with other brain regions was obtained and entered into subsequent randomeffects analyses to assess changes in connectivity over time. Statistical parametric
maps were masked with a gray matter mask, thresholded at a Z-value > 2.3 with a
cluster-based FWE correction at p<0.05 and a minimum cluster size of 100 voxels.

Clinical and behavioral variables
In children, we assessed anxiety and depressive symptoms using the Child
Depression Inventory (CDI)28 and the Screen for Child Anxiety Related Disorders
(SCARED)29. In adults, we used the Beck’s Depression Inventory (BDI) 30 and Beck’s
Anxiety Inventory (BAI)31. All clinical scales were assessed at BL, DT and PT.
Emotional dysregulation was measured by distracting the items ‘is often angry and
resentful’, ‘often loses temper’ and ‘is often touchy or easily annoyed by others’
from the DBD-RS in children, in accordance to the items Sobanski et al. 32 distilled
from the Child Behavior Checklist (CBCL), and the items ‘overly active and
compelled to do things’, ‘difficulty unwinding’ and ‘restless and fidgety’ from the
ADHD-SR33 assessing emotional dysregulation in adults.
Behavioral measures of impulsivity were assessed using the buttonresponses on the response inhibition task. The number of commission errors was
used to reflect impulse control.

Statistical analysis
Data were processed using SPSS v22 (IBM Corp., Armonk, USA). fMRI
activity and clinical and behavioral variables were analyzed based on intention-totreat, with the significance level set at p<0.05 (2-sided). A linear mixed model was
used for fMRI activity and clinical and behavioral variables to investigate the main
effect of time point, medication and age group, and its corresponding interaction
effects. An unstructured covariance matrix was assumed, with a fixed intercept
and the model was estimated using maximum likelihood. Follow-up pairwise
comparisons were corrected for multiple testing using a Sidak correction.
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Behavioral response data of the fMRI task were extracted from E-prime. Whole
brain connectivity analyses were analyzed per protocol.

Results
Clinical characteristics and randomization
Between June 1, 2011, and February 6, 2015, a total of 99 patients with
ADHD were randomized to MPH or placebo. No serious adverse events were
reported in any of the subjects. Treatment groups did not differ in age, clinical
impairment nor in ADHD severity (Table I). Children diagnosed with ADHD had
predominantly the inattentive subtype of ADHD (60 % inattentive, 40 % combined
type), while in the adult ADHD group, the combined type was more prominent
(65.2% combined type, 34.8 % inattentive type).

Table I. Characteristics of the study groups
Children
MPH
n=25
Mean (SD)
11.4 (0.8)
104.8 (21.0)

placebo
n=25
Mean (SD)
11.3 (0.9)
103.4 (15.1)

Adults
MPH
n=24
Mean (SD)
28.6 (4.6)
107.9 (8.8)

placebo
n=24
Mean (SD)
29.0 (4.9)
107.9 (6.4)

Age (y)
Estimated IQ1
ADHD subtype
Inattentive
14
14
11
5
Hyperactive/impulsive
0
1
0
2
Combined
11
10
13
19
ADHD symptoms
DBD-RS Inattention
21.7 (3.2)
22.8 (3.4)
DBD-RS Hyperactivity
15.0 (5.0)
16.4 (6.3)
ADHD-SR
31.8 (9.9)
31.1 (9.7)
Adherence
84% (15%)
80% (18%)
90% (8%)
86 (8%)
1For children: Wechsler Intelligence Scale for Children (WISC); for adults: National Adults Reading Test
(NART); DBD-RS=disruptive behavior disorder rating scale; ADHD-SR=AttentionDeficit/Hyperactivity Disorder-Self Report

Treatment assignment
In Supplementary Figure 1, treatment allocation and drop-out rates are
reported according to CONSORT standards. One adult was excluded from the
analysis due to undisclosed prior stimulant treatment. Eight adults underwent the
PT scan at 8 weeks instead of at 17 weeks of the trial, due to significant technical
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changes (scanner upgrade) to the MRI scanner. The mean treatment duration did
not differ between both treatment groups in adults (p=0.68) nor children (p=0.73).
From the total of 294 MRI scans, the following were missing: for the ER paradigm,
37 were missing due to dropout, missing a session, motion artifacts in MRI data or
incomplete understanding of the task (12.6%); for the RI paradigm, 50 scans were
missing due to dropout, missing a session, or missing behavioral data, motion
artifacts in MRI data or incomplete understanding of the task (17.0%).

fMRI results
Emotion Recognition paradigm
Linear mixed model analyses did not show a significant age x medication x
time interaction, neither for left nor for right amygdala reactivity (left: F(2,89)=0.21,
p=0.81; right: F(2,91)=0.08, p=0.92), nor a significant time x medication interaction
in children (F(2,43)=0.50, p=0.61) or adults (F(2,43)=0.68, p=0.51). However, a twoway interaction between time and age was observed in the right amygdala
(F(2,91)=4.82, p=0.01), but no significant main effect (time: F(1,89)=0.38, p=0.69).
No such effect was observed in the left amygdala (time x age: F(2,89)=2.35, p=0.10)
(Figure 2). Post-hoc tests revealed decreased right amygdala reactivity in children
in the placebo condition from 8 weeks of treatment (DT) to 1 week post treatment
(PT) (F(2,1,24)=7.72 p=0.01) that was absent in the MPH group. In contrast, no
significant change over time was found in adults (all p>0.05).

Response Inhibition paradigm
Linear mixed model analysis did not show a significant age x medication x
time interaction for the paracingulate ROI reactivity (F(2,87)=2.15, p=0.12), nor
significant time x medication interactions in the children (F(2,44)=1.56, p=0.22) or
adults (F(2,47)=1.13, p=0.33). No significant two-way interaction effects were
observed for time and age (F(2,87)=0.28, p=0.756), nor for time and medication
(F(2,87)=0.79, p=0.46). A main effect of age was observed (F(1,87)=4.13, p=0.045),
indicating lower reactivity in adults compared to children (Figure 2). Post-hoc tests
revealed a non-significant lower paracingulate reactivity in adults PT in the MPH
group compared to the adult placebo condition (t(41)=-1.9, p=0.06). No significant
change over time was found for adults nor children (all p>0.05).
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Connectivity
Emotion Recognition paradigm
Longitudinal analyses per group indicated that MPH decreased
connectivity between the amygdala and various brain regions in both age groups
in the period from BL to 8 weeks of treatment (DT) (Figure 3 and Supplementary
Table I). In children, this reduction in connectivity at DT was widespread including
cortical and subcortical areas, whereas in adults, MPH decreased the connectivity
mainly in various frontal regions. Subsequent analysis showed that at PT, children
treated with MPH showed a return to BL connectivity patterns, whereas MPHtreated adults, connectivity was more widespread and stronger at PT than at BL.
Remarkably, children in the placebo group showed an increase in connectivity
during treatment that returned to baseline 1 week after discontinuation of the 16
weeks trial.

Figure 2. Activity values for the left and right amygdala during emotion recognition and paracingulate
gyrus during response inhibition, for each time point. Top row shows data for the children and bottom
row for the adults. BL = baseline; DT = during treatment; PT post-treatment. Data are expressed as
mean and standard error of the mean. *p<0.05.
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Direct statistical comparisons within the two age groups confirmed these
observations: children treated with MPH showed a greater reduction in
connectivity in the cortical and subcortical regions compared to children in the
placebo group and compared to BL. After discontinuation, children treated with
MPH showed a greater increase of connectivity (indicating a return to BL levels)
than children treated with placebo. Similarly, adults treated with MPH showed a
greater reduction in cortical (and some subcortical) regions compared to placebo
and compared to BL. After discontinuation, adults treated with MPH showed a
greater increase of connectivity (reaching a return to BL levels) than adults treated
with placebo. Additionally, in MPH-treated adults, connectivity was stronger at PT
compared to placebo and BL. Finally, direct comparisons between children and
adults treated with MPH confirmed that the pattern of amygdala connectivity with
other brain regions differed for children and adults with more subcortical regions
being involved in MPH-induced connectivity changes in children than adults.

Response Inhibition paradigm
From BL to PT, longitudinal analyses per group indicated an increased
connectivity between the (para)cingulate cortex and the right lateral occipital
cortex in adults in the MPH, but not placebo condition, nor children (Figure 4 and
Supplementary Table I). In children, the interaction between treatment and DT<BL
was significant, reflecting a non-significant decrease in (para)cingulate-right
insular cortex and (para)cingulate-cortical connectivity in the MPH group, whereas
a non-significant increase was present in the placebo condition. In addition, a
significant interaction between treatment and DT>PT was observed, due to a nonsignificant decrease in paracingulate-right putamen and paracingulate-right
insular cortex connectivity in the MPH condition, whereas a non-significant
increase in connectivity was present in the placebo condition (Figure 4). These
effects were not present in adults.

Behavioral symptoms
Linear mixed model analyses failed to reveal a significant age x medication
x time interaction for anxiety (F(2,93)=0.67, p=0.52) or depressive symptoms
(F(2,92)=2.64, p=0.08), nor for emotional dysregulation symptoms (F(2,89)=0.58,
p=0.08). Moreover, no medication x time effects were found for either children or
adults for any of the clinical outcomes. However, we found a main effect of time
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for the CDI (F(2,49)=20.62, p<0.001), SCARED (F(2,49)=12.73, p<0.001) and for
emotion dysregulation (F(2,44)=5.53, p<0.007) in children, and for the BDI
(F(2,44)=5.44, p<0.008) and emotion dysregulation (F(2,45)=13.18, p<0.001) in
adults (Figure 5). For emotion dysregulation, this effect was mainly driven by a
decrease in the MPH-treated children from baseline to post-treatment (F(1,22)=
12.83, p=0.002), but not in the placebo condition (F(1,23)=1.36, p=0.26). In adults,
both medication conditions showed a decline from BL to one week PT (MPH
F(1,21)=8.76, p=0.007; placebo F(1,21)=6.71, p=0.02). For symptoms of depression
and anxiety, both the MPH and placebo conditions in children showed
improvement from BL to one week PT (for depression: MPH F(1,24)=14.89,
p=0.001; placebo F(1,24)=25.19, p<0.001; for anxiety: MPH F(1,25)=5.92, p=0.02;
placebo F(1,24)=17.21, p<0.001). However, in adults, no treatment effects were
found for depressive symptoms (MPH F(1,21)=3.61, p=0.07; placebo F(1,22)=0.16,
p=0.69) nor for anxiety symptoms (MPH F(1,20)=1.19, p=0.29; placebo F(1,20)=0.48,
p=0.50) from BL to PT (Figure 5). Also, no association between amygdala reactivity
and clinical symptoms was found in children nor adults in any of the treatment
conditions.
No significant age x medication x time interaction was found for the
number of commission errors during the response inhibition paradigm
(F(2,89)=1.64, p=0.200). Furthermore, no medication x time effects were found for
either children (F(2,45)=2.25, p=0.117) or adults (F(2,43)=0.02, p=0.977). However, a
main effect of time was found in both the children (F(2,45)=4.03, p=0.024) and
adults (F(2,43)=30.03), p<0.001). Main effect of medication in the adults was nonsignificant (F(1,48)=3.20, p=0.080) (Figure 6). Post-hoc tests revealed a significant
decrease in commission errors in the children treated with MPH from BL to DT
(p=0.014), but not in the placebo children. In addition, a non-significant increase in
commission errors was found for MPH treated children from DT to PT (p=0.058).
In both the adult treatment groups, the commission errors reduced from BL to DT
(both p<0.001), but increased from DT to PT (MPH p=0.005, placebo p=0.003).
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Figure 3. Whole-brain connectivity with left and right amygdala.
Maps were thresholded at z=2.3, gray matter masked and cluster with voxel sizes > 100 are displayed.
BL = baseline; DT = during treatment; PT post-treatment.
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Figure 4. Whole-brain connectivity with the paracingulate gyrus.
Maps were thresholded at z=2.3, gray matter masked and cluster with voxel sizes > 100 are displayed.
BL = baseline; DT = during treatment; PT post-treatment.

Figure 5. Symptom scores on clinical rating scales for each timepoint.
Top row shows data for the children and bottom row for the adults. BL = baseline; DT = during
treatment; PT post-treatment. Data are expressed as mean and standard error of the mean. *p<0.05
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Figure 6. Number of commission errors during the response inhibition paradigm for both the children
and adults. BL = baseline; DT = during treatment; PT post-treatment. Data are expressed as mean and
standard error of the mean. *p<0.05

Discussion
In this 4 month RCT in stimulant treatment-naive children and adults with
ADHD, treatment with MPH affected right amygdala reactivity and connectivity,
as well as paracingulate connectivity and emotion dysregulation, in an agedependent manner.
The significant decrease in amygdala reactivity during emotional
processing from 8 weeks of treatment to end of treatment, only in the placebo
condition, indicates that MPH treatment might result in lasting increases in
amygdala reactivity in children with ADHD. This could be a concern, as a
heightened amygdala activation has previously been associated with emotion
dysregulation and increased symptoms of anxiety and depression 34,35. Also,
increased connectivity of the amygdala with prefrontal regions has been associated
with higher levels of emotion dysregulation34. The transient reductions we
observed in children and adults therefore suggest positive effects of MPH on
functional connectivity during treatment, that disappear after treatment cessation
in children. In adults, however, these positive effects persisted at least one week
after trial end. Overall, these neurobiological data suggest potentially long-lasting,
negative effects of MPH on amygdala reactivity in children, as well as on
functional connectivity in adults.
MPH treatment did not affect (para)cingulate reactivity in children nor
adults. The literature reports reduced fronto-striatal functional activity in children
with ADHD during response inhibition, which normalizes following an acute dose
of MPH11,14,15. Only one study investigated the effect of MPH on fronto-striatal
functional connectivity14. In line with this, we also found that four months of
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treatment with MPH increased functional connectivity during response inhibition,
only in adults. In children, on the other hand, we observed a transient reduction in
functional connectivity during MPH treatment, in addition to a reduction in
commission errors in week 8. The most likely explanation for the discrepancy, is
that in this trial we treated patients, whereas in these prior studies, MRI scans were
made 1-2.5 hours after the MPH administration. In a recent meta-regression
analysis we also did not find an effect of MPH on executive functioning (during
neuropsychological assessment) in studies with medication-naive participants16.
The effects of MPH on behavioral measures were rather modest: MPH
reduced emotion dysregulation in children at trial end, which was absent in the
placebo condition and in both adult conditions. Most behavioral assessments
improved during the trial when compared to baseline in children, and to a lesser
extent also in adults. While this is in line with previous studies on children and
adolescents with ADHD7,8, the fact that both the MPH and placebo condition
showed improvement on most of these behavioral measures suggests that this
effect is more related with being in treatment per se and not drug dependent.
At first sight, our post-treatment findings in children may seem
inconsistent (i.e. an enduring positive effect on emotional dysregulation, and
increases in right amygdala reactivity). However, as recently shown in subjects at
risk, or after stressful early life events, a heightened amygdala reactivity emerges
during adolescence, and generally prior to the emergence of clinical depressive
symptoms35. Thus, although MPH treatment improved emotional dysregulation,
the increase in right amygdala reactivity could be a predictor for long term effects.
Indeed, in the MTA trial, an increased occurrence of anxiety and depression was
not observed until 6 years after enrolment, but not earlier20.
Our findings bear considerable clinical relevance, because clinicians tend
to delay the prescription of MPH, or hesitate to titrate an adequate dose, as they
may fear that MPH may induce depressive symptoms 36. Here, we show that there
is no reason to withhold treatment for this reason, at least on the short-term, as
MPH does not exert negative effects on symptoms of emotion regulation, anxiety
and depression after 4 months of treatment, neither in children nor in adults. Our
findings provide further evidence that the effects of MPH on the human brain are
modulated by age: in addition to age-dependent effects of MPH on the
dopaminergic system22, we found that the effects of MPH on functional readouts
are also modulated by age. However, it remains to be established what the longterm effects of MPH treatment are on children regarding the development of
emotional behavior and impulsivity. Follow up studies of this RCT will have to
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point out whether unwanted side-effects of MPH treatment on emotional behavior
on the long-term are indeed more pronounced in children than adults, which the
amygdala reactivity fMRI data predict37.
A strength of the current study is its design. To rule out the influence of
earlier medication, we only included stimulant treatment-naive patients. For
ethical reasons, we could not extend the follow-up period to more than 4 months.
Another limitation of our RCT is that we did not include healthy controls, and it is
e.g. unknown whether the amygdala reactivity we found at baseline, was
heightened in our sample compared to the general population. Other limitations of
our study are that the results cannot be extrapolated to all children and adults with
ADHD, because we only studied male subjects within a restricted age range. In
addition, the (ratio between the) subtypes of ADHD differed slightly between our
cohorts of children and adults, which might be due to the developmental
trajectories in ADHD and the current age of inclusion; children with ADHD are
usually diagnosed and treated at a younger age, and this may bias towards a
selection of more inattentive types of ADHD at the age of 10-12 years, i.e. the age
we selected for inclusion. The increased prevalence of the combined type of ADHD
in adults may possibly reflect a selection bias, as adult patients could refer
themselves to the clinic instead of being referred by their general practitioner, as is
often the case for children; this is a normal procedure in the Netherlands.
Nevertheless, by comparing amygdala reactivity between children and adult
patients with ADHD, the differences in subtype might be a confounding factor,
which cannot be ruled out. On the other hand, studies of clinical childhood ADHD
samples have not yielded many participants who met adult ADHD criteria, and
evidence is emerging to suggest that also adults presenting with ADHD symptoms
do not suffer from a childhood onset neurodevelopmental disorder, but may rather
represent a different subtype of the disorder 37. This could be accounted for in
future studies.

Conclusion
Four months of treatment with MPH affected right amygdala reactivity,
amygdala and paracingulate connectivity and emotion dysregulation in an agedependent manner. Longer follow up studies are needed to investigate whether
unwanted side-effects of MPH treatment on emotional behavior will persist in
children, and to a lesser extent also in adults. Such studies should also investigate
in adults whether the lasting positive effects of MPH treatment on functional
connectivity during response inhibition persist. The lasting positive effects of MPH
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on emotion dysregulation scores should reassure parents and clinicians when
discussing the prescription of MPH to children, at least on the short term.
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Supplementary Material
fMRI paradigm
Subjects performed an emotion recognition and response inhibition fMRI
paradigm at 3 different time points during the trial (Figure 1). To further minimize
learning effects, a practice run was presented prior to the first MRI scan. Two
versions of the tasks were used to overcome learning effects.
The emotion recognition paradigm consisted of a blocked design and was
adapted from a task previously used to assess drug effects on amygdala reactivity.
The emotional stimuli consisted of angry and fearful faces whereas the neutral
stimuli consisted of ellipses assembled from scrambled faces. Two blocks of
emotional stimuli were interleaved with three neutral blocks, each 30-s block
containing six 5 s trials. For each emotional trial, three stimuli were presented
simultaneously, and subjects had to decide which one of the lower two stimuli
expressed the same emotion as the target stimuli presented above. Similarly, for
each neutral trial, three stimuli were presented, but subjects had to decide which of
the bottom two ellipses was identically oriented to the target ellipse.
The response inhibition paradigm consisted of an event-related design and
was adapted from a go-no/go task previously used in ADHD patients. In each run,
57 trials were presented of which 25% no-go trials in a pseudo-random order.
Stimulus duration was 500 ms with an interstimulus interval of 3500 ms. Patients
were asked to respond as fast as possible to visual stimuli using a button-press, but
to withhold their response to a specific stimulus. Characters of the Pokémon
cartoon series were used as stimuli in order to make the task more accessible for
children. The task consisted of 3 runs, each lasting 3 min and 56 s.

MRI acquisition
The MRI study was performed on a 3.0 T Philips scanner (Philips
Healthcare, Best, The Netherlands) using an 8-channel receive-only head coil. A
high-resolution 3D T1-weighted anatomical scan was acquired for registration
purposes and fMRI data were acquired using a single shot echo planar imaging
sequence Parameters were: TR/TE=2300/30 ms, resolution=2.3×2.3×3 mm, 39
sequential slices, FOV=220x220x117 mm, GE-EPI read-out, no gap, 80° flip angle.
For the emotion recognition task, 70 dynamics were used, and for the response
inhibition task, 263 dynamics were used.
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MRI preprocessing
Data were preprocessed and analyzed using in-house MATLAB scripts
(Massachusetts: The Matworks Inc.) and FSL 5.0 (FMRIB’s Software Library) The
first volume of the fMRI series was discarded to allow for T1 equilibration. Images
were skull stripped, motion-corrected, spatially smoothed with a FWHM Gaussian
kernel of 5 mm and spatially normalized and resampled to Montreal Neurological
Institute (MNI) 2mm template. fMRI time series were high-pass filtered with a
cutoff of 0.01 Hz. First-level analyses were performed by modeling the signal
changes using the stimulation paradigm (faces versus shapes), convolved with a
canonical hemodynamic response function. The six-standard rigid-body motion
parameters and a confound matrix of volumes that were corrupted by large motion
were added to the model. Confounded time points were determined using a net
displacement vector according to Euclidian root mean square (RMS). Data from
subjects with extreme motion (frame wise displacement > mean +/- 2*standard
deviation using both the method by Power and van Dijk 38,39) were removed from
the analysis.

Supplementary Figure 1. Consortium figure.
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Supplementary Table I.

seed

brain area

EMOTION RECOGNITION
BL > DT
children MPH
left amygdala

adults MPH

precentral gyrus
caudate nucleus
occipital pole
superior frontal gyrus
planum temporale
inferior frontal gyrus
putamen
thalamus
right amygdala superior frontal gyrus
left amygdala
frontal pole
anterior cingulate cortex
right amygdala superior temporal gyrus

DT > BL
children placebo left amygdala

TT > PT
children placebo left amygdala

PT > TT
children MPH

adults MPH

64

left amygdala

max
# of voxels Z-value MNI coordinates
X
Y
Z

3643
1782
957
804
670
549
219
167
581
135
101
312

4.59
4.31
4.11
4.56
4.4
3.91
3.97
3.55
3.6
3.4
3.55
3.76

-32
20
20
20
66
-52
-24
-10
-24
-14
-10
60

-10
16
-90
2
-6
22
-2
-4
8
64
36
-14

66
10
-4
56
4
12
12
10
56
-12
12
-8

insular cortex
paracingulate gyrus

487
130

3.4
3.62

44
14

6
45

-6
2

central opercular cortex
subcallosal cortex
putamen
thalamus
frontal orbital cortex
precuneus cortex
subcallosal cortex
putamen

1399
573
512
408
211
164
615
252

4.18
3.9
4.36
3.89
3.42
3.07
3.82
3.21

50
-4
-24
8
22
22
-4
-24

-2
22
18
-2
20
-58
22
20

2
-6
0
2
-10
24
-6
0

4876
1069
503
299
2391
649
4413
1805
700
352
292
291
188

4.66
3.84
4.08
3.39
4.89
4.04
4.6
3.82
4.36
3.55
4.18
4.41
3.24

20
28
-54
14
-4
44
50
2
-38
-46
-14
-38
42

0
-90
20
20
12
-6
-56
-2
-10
-54
-62
60
0

54
8
22
22
46
60
8
34
-8
44
-6
4
4

superior frontal gyrus
occipital pole
inferior frontal gyrus
caudate nucleus
right amygdala paracingulate gyrus
precentral gyrus
left amygdala
middle temporal gyrus
anterior cingulate cortex
insular cortex
angular gyrus
lingual gyrus
frontal pole
precentral gyrus
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Supplementary Table I (continued).

PT > BL
adults MPH

brain area

right amygdala

occipital fusiform gyrus 8650
lateral occipital cortex
7791

5.04
4.94

frontal pole
temporal pole
posterior cingulate
cortex
frontal medial cortex
superior frontal gyrus

897
490

4.91
3.83

MNI coordinates
X
Y
Z
-32
-72 -12
-6
-66 64
-10
-40
46
-56
12 -10

241
217
161

3.92
3.49
3.91

10
12
-24

-42
46
8

28
-10
68

central opercular cortex
superior parietal lobe
middle temporal gyrus
lateral occipital cortex
middle frontal gyrus
lateral occipital cortex
precentral gyrus
frontal pole
occipital fusiform gyrus
lateral occipital cortex
frontal pole
temporal pole
posterior cingulate
cortex
frontal medial cortex
superior frontal gyrus

746
382
365
299
296
286
204
169
8650
7791
897
490

4.43
3.45
4.07
3.91
3.87
4.06
3.77
3.43
5.04
4.94
4.91
3.83

62
32
52
14
30
42
28
52
-32
-6
-40
-56

2
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Abstract
Importance: Whether or not medication for Attention-Deficit/Hyperactivity
Disorder (ADHD) affects sleep is a serious concern for parents and psychiatrists.
So far, however, sleep effects of methylphenidate (MPH), the most commonly
prescribed drug for ADHD, have only been studied in previously medicated
children, or only for a brief period. Here, we assessed whether the prolonged use
of MPH affects sleep. As it is comorbid with ADHD and also associated with sleep
problems, we further investigated MPH effects on restless legs syndrome (RLS).
Methods: A 16 week double blind, placebo controlled, multicenter clinical trial
with MPH in children (ePOD-MPH trial). 75 boys were screened for eligibility
using DSM-IV criteria for ADHD (all subtypes). Additional inclusion criteria were;
male sex, age 10-12 years and a medication-naive status. Sleep was assessed using
actigraphy, diaries and questionnaires both prior to randomization, during the trial
(week 8), and 1 week after trial end. RLS was assessed using a diagnostic interview
and rating scales.
Results: 50 boys (mean age 11.4y, SD 0.9) were randomized to MPH or matching
placebo. MPH (+4.94%; 95%CI, 1.18-8.70; p=0.005), but not placebo (+0.97%; 95%CI
-2.40-4.33; p=0.868), significantly increased post-treatment sleep efficiency (timeby-treatment interaction effect F(2,240)=5.07, p=0.007). In addition, MPH promoted
an earlier and faster sleep onset and increased the duration of sleep. No effects
were found on RLS measures.
Conclusions: We found a positive effect of a 16 week MPH treatment on the
efficiency, onset, and duration of sleep, but not on RLS, in boys with ADHD.
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Introduction
Attention-Deficit/Hyperactivity
Disorder
(ADHD)
is
a
neurodevelopmental disorder characterized by hyperactivity, impulsivity and
poor concentration1. Methylphenidate (MPH) is the most prescribed stimulant
medication for ADHD treatment, and is very effective in alleviating ADHD
symptoms. MPH blocks the dopamine (DA) transporter, thereby increasing
extracellular DA levels, which is thought to underlie the changes in behavioral
symptoms2. Previous studies suggest a five-fold prevalence of sleep problems in
children with ADHD compared to healthy children 3,4. These problems include;
high bedtime resistance, delayed sleep onset, frequent nocturnal awakenings and
excessive daytime sleepiness5–7. However, it is poorly understood whether these
sleep problems are a result of intrinsic ADHD symptoms, or the consequence of
ADHD medication, and what neurobiological mechanisms underlie the sleep
problems8.
Although the possibility that sleep problems could be induced by ADHD
medication forms a serious concern for parents and psychiatrists when considering
pharmacotherapy9,10, studies about effects of ADHD medications on sleep are
scarce, and their results inconsistent. A recent meta-analysis on actigraphic sleep
estimates in children with ADHD, concluded that MPH treatment delayed sleep
onset, reduced total sleep time and lowered sleep efficiency when compared to
placebo-treated patients11. However, an actigraphic study in adults with ADHD 12
rather suggested favorable effects of MPH whereas a polysomnographic sleep
study in children with ADHD failed to find effects of MPH on sleep 13. A lack of
effect has also been reported in studies that used parental reports to compare sleep
between stimulant-treated and untreated children with ADHD14,15. One possibility
is that these conflicting findings may result from differences in treatment regimens,
as treatment duration was typically short (e.g., 1-7 weeks), or from differences
between the methods to measure sleep (actigraphy, polysomnography or
questionnaires). Importantly, however, all prior studies included previously
medicated patients, which makes it difficult, if not impossible to disentangle effects
of ADHD per se from effects of previous medication on the sleep changes reported.
Next to sleep problems, restless legs syndrome (RLS) has a greater
incidence in ADHD children and adolescents than in the general population 16. RLS
is a chronic neurological disorder that is often comorbid with ADHD, and may
share a common dopamine deficit. RLS has further been found to be associated
with sleep disorders such as insomnia and shares a common genetic
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polymorphism with ADHD17. So far, effects of MPH on RLS in children with
ADHD have never been investigated.
Therefore, we here investigated effects of MPH on sleep and RLS in a
cohort of medication-naive ADHD children during a relatively long treatment
period, on and off medication. These data were obtained from the ePOD-MPH trial
(Effect of Psychotropic Drugs on the Developing brain) in which medication-naive
children with ADHD were randomly assigned to treatment with either MPH or
placebo for a period of 16 weeks18. Because sleep and RLS have been proposed to
involve dopaminergic function19, and as we found before prolonged increases in
dopaminergic activity in these children20, we hypothesized that lasting positive
effects on sleep as well as on RLS may occur due to a reduced dopamine turnover
rate. This is supported by a growing body of evidence from preclinical studies,
reporting effects of early (peri-adolescent) MPH treatment on measures for
dopamine turnover, like reductions in D3 receptor autoregulation21 and altered
dopamine transporter densities22.

Methods
Trial design
The ePOD-MPH trial was a 16-week double-blind, randomized, placebocontrolled, multicenter trial with MPH in medication-naive children with ADHD
with a blinded end-point evaluation23. The primary outcome measure of the ePODMPH trial was to report on the modification by age of MPH treatment on the
outgrowth of the DA system using state-of-the-art Magnetic Resonance Imaging
(MRI) techniques (pharmacological MRI, diffusion tensor imaging and resting state
fMRI).
Our two secondary outcome measures were: a) to report on the
modification by age of MPH on the outgrowth of the DA system, using several
functional outcome measures (functional MRI (fMRI), neuropsychological test
battery); which have already23 and will be published elsewhere; and b) to report on
the effects of MPH on RLS symptoms and sleep, which we report here. The current
study was powered on the primary objective. Because the sleep data was often
incomplete in the adults, only the children were included in this study, of whom
complete data sets were available.
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The trial protocol was registered by the Central Committee on Research
Involving Human Subjects (an independent registry) on March 24, 2011 (identifier
NL34509.000.10) and subsequently at The Netherlands National Trial Register
(identifier NTR3103), with enrollment of the first patient on October 13, 2011. The
institutional review board of the Academic Medical Center (AMC) approved the
study. The trial ended on June 15, 2015, and was monitored by the Clinical
Research Unit of the AMC. Written informed consent was obtained from the legal
representatives of all participants.

Participants
Participants were 50 medication-naive boys (10-12 years old) recruited
through clinical programs at the Departments of Child and Adolescent Psychiatry
at Triversum (Alkmaar, the Netherlands) and De Bascule Academic Center for
Child and Adolescent Psychiatry (Amsterdam, the Netherlands). All participants
were diagnosed with ADHD according to the DSM-IV24 by an experienced
psychiatrist. The Diagnostic Interview Schedule for Children (authorized Dutch
translation)25 was used to confirm the diagnosis. Subjects with comorbid Axis-I
psychiatric disorders requiring medication treatment, a history of major
neurological or medical illness, or a history of clinical treatment with drugs
influencing the dopaminergic system (e.g. stimulants, neuroleptics, antipsychotics,
and DA receptor type 2 and 3 agonists) were excluded.

Intervention, randomization and blinding
Participants were randomly assigned to either MPH or placebo (PLAC)
treatment for 16 weeks26. Their treating physician prescribed the medication
(maximum dose of 60 mg in 1-2 doses daily) under double-blind conditions on
clinical guidance (reduction in ADHD symptoms), in accordance with Dutch
treatment guidelines. Parents of the children received psycho-education.
Adherence to the study medication was monitored at 5 control visits (in week 1, 2,
3, 8, and 12).
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Outcomes
Our main outcome measure was estimated sleep efficiency (SE) prior to-,
during-, and one week after treatment discontinuation, assessed using actigraphy.
SE best summarizes the quality, composition, continuity and consolidation of
sleep27. Secondary sleep outcome measures were; sleep onset latency (SOL), total
sleep time (TST), total in-bed time (TIB), objective and subjective sleep start time
(SST and SST-SUBJ), objective and subjective final wake time (Wake time and
Wake-subj), wake after sleep onset (WASO), number of wake bouts (WBnumber),
mean wake bout time (WBmean), interdaily stability (IS), intradaily variability (IV),
the amount of activity during the 5 hours with the lowest activity (L5) and during
the 10 hours with the highest activity (M10), the amplitude of the sleep-wake
rhythm (AMP) (Table 1).
To obtain these data, subjects wore an Actiwatch AW4 (CamNtech Ltd.,
Cambridge, UK) on the non-dominant wrist for 24 hours/day for five consecutive
nights at three time-points during the 16-week treatment: one week before
randomization (baseline, BL), during the eighth week of treatment (during
treatment, DT) and during the week after treatment, i.e. in week 17 (posttreatment, PT) (Figure 1). Actiwatch Sleep Analysis 5.0 Software (CNT, UK) was
used to calibrate the actiwatches. Epoch length was set to 30 seconds. In addition,
subjects were instructed to fill in a sleep-diary for five days during each actigraphy
period. Data were analyzed using an in-house scripted algorithm (Supplementary
Material).
In addition to actigraphic sleep estimates, multiple self-reported
questionnaires were administered (Supplementary Material): the Holland Sleep
Disorder Questionnaire (HSDQ), used to screen for sleep disorders at baseline and
the Johns Hopkins telephone diagnostic interview for RLS (RLS-HTDI) to screen
for RLS diagnosis at baseline. The Epworth Sleepiness Scale (ESS) and the
Evaluation List Insomnia Therapy (ELIT) were assessed at all three time points as
subjective sleep questionnaires. Severity of RLS during the trial was measured with
the Johns Hopkins RLS severity scale (JHRLSS). ADHD symptom severity was
assessed using the Disruptive Behavior Disorder Rating Scale (DBD-RS).
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Table I. Sleep variable definitions
Variable
Actigraph-based sleep estimates
Sleep efficiency (SE)
Sleep onset latency (SOL)

Total sleep time (TST)
Total in-bed time (TIB)
Sleep start time (SST)
Final wake time (Wake time)
Wake after sleep onset (WASO)

Number of wake bouts (WBnumber)

Mean wake bout time (WBmean)
Subjective diary-based sleep estimates
Subjective sleep start time (SST-SUBJ)
Subjective final wake time (Wake-SUBJ)

Actigraphic rest-activity rhythm variables
Interdaily stability (IS)
Intradaily variability (IV)
Activity during 5 hours with lowest activity (L5)
Onset time of L5 (L5 onset)
Activity during 10 hours with highest activity
(M10)
Onset time of M10 (M10 onset)
Amplitude of the sleep-wake rhythm (AMP)

Definition
The objective total sleep time divided by the
objective time in bed, multiplied by 100 (%)
The time it took the subject to fall asleep: time
between lights off time (diary) and objective sleep
start time (min)
The total time period scored as ‘sleep’ between
objective sleep start time and objective final wake
time (min)
Time between in bed time (diary) and out of bed
time (diary) (min)
The objective time when the subject fell asleep
(time)
Objective time when the subject woke up in the
morning (time)
The total time period scored as ‘wake’ between the
objective sleep start time and the objective final
wake time (min)
Number of continuous blocks, one or more ‘wake’
epochs in duration, between the objective sleep
start time and the objective final wake time
(number)
‘Wake after sleep onset (WASO)’ divided by the
‘number of wake bouts (WBnumber) (min)
The subjective time when the subject turned off
the lights to go to sleep (time)
The subjective time when the subject woke up in
the morning (time)
The predictability of the 24-h rest-activity pattern
The fragmentation of the activity profile into brief
periods of rest and activity
The amount of activity in the 5 hours with the
lowest activity
The objective time when the 5 hours with the
lowest amount of activity started
The amount of activity in the 10 hours with the
highest activity
The objective time when the 10 hours with the
highest amount of activity started
Amplitude of the sleep-wake rhythm, calculated
non-parametrically by subtracting L5 from M10
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Figure 1. Study design
Timeline of the study. Blue bar represents treatment period. Red bars represent sleep measurement
periods using the actigraph.

Statistical analysis
All analyses were intention-to-treat, with significance level set at p<0.05 (2sided). A linear mixed model (using SPSS 22.0 (IBM, 2013)) was used to estimate
the time-by-treatment interaction effect. An autoregressive covariance matrix was
assumed, with a fixed intercept and the model was estimated using maximum
likelihood. The targeted sample size for the ePOD RCT was based on the primary
outcome measure of the RCT26. Follow-up pairwise comparisons were corrected
for multiple testing using Sidak’s correction. As some subjects used melatonin (BL,
DT and PT n=9) and/or wore the actigraph during holiday periods (BL n=5, DT
n=10, PT n=8), these variables were added to the model as dummy-coded
covariates. Furthermore, JHRLSS scores were added as covariate. Missing values
for this covariate (18.80% at BL, 22.90% DT and 20.80% PT) were replaced using
logistic regression imputation based on condition, age and JHRLSS score at the two
other time-points.
For the sleep variables that were calculated per day (SE, SOL, TST, SST,
SST-SUBJ, TIB, Wake time, Wake-SUBJ, WASO, WBnumber, WBmean), days were
added as a secondary repeated variable to the model. The ESS and ELIT subscore
variables were not normally distributed and therefore log-transformed.
Exploratory analyses were performed to assess possible correlations between the
sleep variables and to distinguish between- from within-subject effects
(Supplementary Material).

74

Prolonged effects of MPH on sleep
Results
Randomization and baseline characteristics
75 children were screened for study inclusion. 50 subjects met the inclusion
criteria and were randomly assigned (1:1) to receive either MPH or placebo
treatment (Figure 2). Baseline characteristics of the two groups are reported in
Table 2. DBD-RS scores of attention and hyperactivity did not differ between the
two randomization groups at baseline (attention p=0.20, hyperactivity p=0.61). No
differences were found in baseline RLS diagnosis between the two groups (chisquare p=0.19). According to the HSDQ, severe sleep problems were absent from
our sample at baseline. Adherence to the trial medication did not differ between
the two randomization groups (mean MPH 84.89%, PLAC 79.68%, p=0.31). The
final titrated dose in the placebo group was higher than the one prescribed in the
PLAC group, but this difference was not statistically different (mean MPH 29.13
mg, mean PLAC 34.40 mg, p=0.07).

Figure 2. Consolidated Standards of Reporting Trials Flow Diagram
MPH, methylphenidate condition; PLAC, placebo condition
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Main outcome measure SE
Due to logistical problems, sleep data was missing from 2 patients. Linear
mixed model analysis showed a significant time-by-treatment interaction effect on
our primary outcome variable SE (F(2,240)=5.07, p=0.007). MPH induced an
increase in SE after trial-end when compared to baseline (mean difference 4.94%;
95%CI, 1.18-8.70; p=0.005). Also, the MPH condition had higher SE values than the
placebo condition (mean difference 5.84%; 95%CI, 2.79-8.88; p<0.01). At baseline
and during treatment (week 8), no differences were found in SE between the MPH
and placebo condition (BL, mean difference 0.07%, 95%CI -2.88-2.74, p=0.962; DT,
mean difference 0.11%, 95%CI -2.81-3.03, p=0.94)(Figure 3 and Supplementary
Table I). Addition of the covariates holiday, melatonin and RLS to the model did
not affect our results, although both holiday and melatonin had a main negative
effect (holiday F(1,219)=4.47, p=0.04, melatonin F(1,145)=17.68, p<0.01).

Table II. Baseline demographics and characteristics of the study subjects

Variable
Demographics
Age (y), mean (SD)
Estimated IQ, mean (SD)
ADHD symptom score, mean (SD)
DBD-RS Attention
DBD-RS Hyperactivity
RLS
RLS-HTDI diagnosis, No.
Definite RLS
Possible RLS
Probable RLS
No RLS

MPH
n=23

placebo
n=25

11.44 (0.80)
103.22 (21.01)

11.29 (0.93)
103.35 (15.05)

21.48 (3.29)
15.13 (5.08)

22.72 (3.31)
16.00 (6.49)

1
3
2
17

0
0
2
23

Sleep problems
HSDQa, No.
Insomnia
0
1
Hypersomnia
0
0
Parasomnia
0
2
SBD
0
0
CRSD
0
0
RLS
2
3
Abbreviations: ADHD, attention-deficit/hyperactivity disorder; CRSD, circadian rhythm sleep
disorder; DBD-RS, disruptive behavior disorder rating scale; HSDQ, Holland sleep disorder
questionnaire; IQ, Intelligence quotient, measured using the Wechsler Intelligence Scale for Children;
RLS-HTDI, John Hopkins telephone diagnostic interview for RLS; SBD, sleep-related breathing disorder
a 5 missing values for HSDQ (MPH n=4 and placebo n=1)
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Secondary outcome measures
Significant time-by-treatment interaction effects, or main effects of time or
treatment, were found for our secondary outcome variables SOL, TST, SST, Wake
time, Wake-SUBJ, M10 onset and L5. Significance values and post-hoc comparisons
for these sleep variables are presented in Figure 3 and Supplementary Table I and
II. All these variables demonstrated positive effects in the MPH condition at trial
end when compared to baseline values as well as to the placebo condition. The
addition of the covariates did not affect these results, although a time-by-treatment
interaction effect for WASO was apparent after addition of the covariates, and not
before (Figure 3 and Supplementary Table I and II).
For the ELIT sleep subscore as well as for the ELIT wake subscore, we
observed a main effect of time, indicating reduced sleep complaints during the trial
in both treatment conditions. For ESS, we only observed a main effect of treatment,
which was the result of a decreased excessive daytime sleepiness induced by MPH
when compared to the placebo condition (Supplementary Table III and
Supplementary Figure 1).

RLS and ADHD symptom severity
For RLS severity scores, we did not find a time-by-treatment interaction
term (Wald chi-square=0.11, p=0.95), nor a main effect of time (Wald chisquare=0.16, p=0.93) or treatment (Wald chi-square=0.32, p=0.57). Additional
analyses for the three individual timepoint failed to show significant differences in
RLS severity scores between the two groups (BL chi-square p=0.92, DT chi-square
p=0.88, PT chi-square p=0.88).
We further observed a significant time-by-treatment interaction
(F(2,87)=3.33, p=0.04) on attention symptom severity, indicative of lower
symptoms scores in the MPH condition compared to placebo during and after
treatment (mean difference DT 4.64, 95%CI 2.14-7.15, p<0.01, mean difference PT
4.61, 95%CI 2.23-6.98, p<0.01). Additionally, in both conditions, the attention
symptom severity was lower during treatment and at trial-end compared to
baseline (DT vs. BL; MPH, mean difference 8.62, 95%CI 6.19-11.06, p<0.01; PLAC,
mean difference 5.29, 95%CI 2.98-7.60, p<0.01; PT vs. BL; MPH, mean difference
8.5, 95%CI 6.42-10.58, p<0.01; PLAC, mean difference 5.14, 95%CI 3.15-7.13,
p<0.01). For hyperactivity scores, only a main effect of time was found
(F(2,82)=23.09, p<0.01), indicating decreased hyperactivity scores in both
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conditions during treatment and post-treatment when compared to baseline (DT
vs. BL; mean difference 4.7, 95%CI 2.98-6.43, p<0.01; PT vs. BL; mean difference
4.62, 95%CI 2.48-6.76, p<0.01).

Figure 3. Results sleep variables
Graphical representation of the sleep variable outcomes for the two conditions on three timepoints (BL,
baseline; DT, during treatment; PT, post-treatment). Asterisks indicate a significant difference between
the two conditions (p<0.05). Values represent means per condition for each time point, bars represent
the standard error of the mean. Black lines indicate the MPH treated subjects, grey lines the placebo
treated subjects.
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Discussion
In this RCT, we investigated the effects of 16 weeks of MPH treatment on
various sleep measures in medication-naive boys diagnosed with ADHD. MPH
was found to significantly improve objective sleep quality one week after trial end;
the children slept more efficiently, had a shorter sleep onset latency and slept
longer as compared to both the placebo condition and baseline. Participants in both
the placebo and MPH condition also answered more positively on the subjective
sleep questionnaires. Additionally, MPH improved the ADHD symptom severity
attention subscores, next to an improvement on the hyperactivity subscores in both
the MPH and placebo conditions. In line with our hypothesis, the positive effects of
MPH on sleep outlasted drug clearance as they were measured one week after
treatment cessation. However, no effect of MPH on RLS was noted, neither in
children nor in the adults.
Our findings of a strong, positive effect of prolonged MPH treatment on
several sleep variables in boys with ADHD, differ from previous studies reporting
that MPH worsens sleep, based on increases in SOL, decreases in SE and increased
number of wake bouts5,7. Most of these studies, however, involved children that
were prior medicated. The inclusion of medication-naive subjects in our current
study is a crucial element in its design, as this excludes any possibly interacting
effects of prior medication, that could have influenced the sleep measures in
previous studies. The current positive effects were present one week after
treatment cessation, indicating that MPH effects on sleep outlast the acute effects of
the drug. This finding is consistent with preclinical literature 21,22 and with changes
we found earlier in DA function, that also outlasted MPH treatment in humans 28.
The current enduring effects of MPH treatment on sleep may reflect neurochemical
imprinting, that could result from MPH-induced changes in the developing DA
system.
Also different from our current design, most prior studies on MPH
treatment and sleep had a relatively short treatment duration (i.e., 1 to maximum 7
weeks). Interestingly, in a recent meta-analysis, the negative effects of stimulant
exposure on SE decreased when ADHD medication was used for a longer period
of time (max 7 weeks)29. In line with this, we also failed to find an effect of MPH on
SE during treatment (in week 8). It is thus possible that at that time, the MPH dose
was either not yet optimally titrated30 and/or effects on sleep develop relatively
slow. An additional explanation for our current findings is that the positive MPH
effects on ADHD symptoms (e.g. the reduction in attentional problems during the
day) might also have affected sleep indirectly. The increased ability to concentrate
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during the day and the decreased day-time sleepiness, could have resulted in an
increased build-up of ‘sleep pressure’ which would be expected to improve sleep
quality at night.
When considering sleep quality in ADHD, the current positive effects of
MPH can be interpreted within the framework of the sleep/wake cycle model of
Borbély31 and Schwartz and Roth8. This model proposes two processes, i.e. a
process S (sleep) and a process C (circadian), that interact to regulate sleep. Process
S is defined as the sleep pressure8, while process C is defined based on a circadian
rhythm31. As sleep problems in children with ADHD have been previously
attributed to changes in either process S32 or C33, an increase in SE could be due to
changes in either process. However, based on our significant effects of MPH on SE,
SOL, TST, SST and wake time, and due to a lack of effects on the M10 and L5
circadian rhythm sleep variables, it is more likely that particularly process S is
involved in the current effects of MPH on sleep quality in ADHD.
Sleep regulation is modulated by dopaminergic projections that promote
wakefulness during the day by suppressing inhibitory projections to wakepromoting regions. Sustained wakefulness leads to a build-up of adenosine-related
sleep pressure during day time, which subsequently promotes sleep 8,31. As we
have previously demonstrated that MPH treatment induces a lasting increase in
dopamine function in the same ADHD boys as investigated here 28, it is tempting to
suggest that sleep improvements may be related to a reduced dopamine turnover
rate. This is consistent with preclinical studies reporting (age-dependent)
reductions in dopamine turnover rate (e.g., reductions in D3 receptor
autoregulation21 as well as dopamine transporter densities22).
We did not find an effect of MPH on RLS and a possible explanation for
this could be that there were not enough subjects with an RLS diagnosis in our
sample at baseline: only 17% according to the RLS-HTDI. In a study done by
Picchietti et al (2009), 64% of children with ADHD were estimated to suffer from
RLS as judged by their nocturnal periodic limb movement16. The use of an RLS
questionnaire in our study instead of polysomnography as used in the Picchietti
study might have led to an RLS underdiagnosis in our cohort. Future studies
focusing on the effect of MPH on RLS should take this into consideration.
The positive results of our RCT are of considerable clinical relevance, as
effects on sleep are an important concern for parents and psychiatrists when
discussing the prescription of MPH to children10,34. In view of the shorter treatment
periods in prior studies, our findings suggest that when sleep problems occur
shortly after treatment onset, it might be better to continue treatment at least until
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several weeks, i.e. when an optimal drug titration has been established. Additional
studies are needed to further establish the optimal time frame for sleep-related
effects of MPH. Indeed, adaptations of DA function in response to MPH treatment
may take multiple weeks35, and therefore the (positive) effects of MPH on sleep
may also require a substantial period of time before they become evident.
There are also some limitations to our study. First, we only included boys
of around 11 years old and it remains to be demonstrated whether our findings can
be generalized to females and other age groups. Secondly, some subjects received
melatonin during the measurement periods (n=9 for all three timepoints). As
melatonin is known to positively affect sleep33, it is a potential confounder.
However, we found a negative main effect of melatonin on SE, SOL, WASO,
WBmean, and IV, while addition of melatonin as a covariate to our statistical
model did not affect the main results and is therefore unlikely to have influenced
our conclusion. Another limitation is despite the randomization, baseline and
follow-up wake time differed between the two conditions. Since wake time was
significantly longer during a holiday than during a school-week (p=0.009), we
evaluated whether treatment groups were differentially measured during
holidays. This was however not the case (at baseline: MPH n=2, placebo n=3; at
follow-up: MPH, n=4, placebo n=4) and adding holiday to the model also did not
alter our findings. A third limitation is that, according to the HSDQ, no severe
sleep problems were present in our sample. Future studies are needed to
investigate whether the current positive effects of MPH on sleep can also be
generalized to children with ADHD suffering from severe, DSM-IV-related, sleep
problems.

Conclusion
16 weeks of MPH increased the efficiency and duration of sleep and
facilitated an earlier and faster sleep onset in ADHD boys of around 11 years of age
when compared to the placebo condition. Hence, in line with our hypothesis, these
findings indicate that MPH treatment in children has no negative effects on sleep
but rather improves it. We did not detect an effect of MPH on RLS. As MPHrelated sleep problems are an important concern for parents and treating
physicians when discussing pharmacotherapy, the positive effects of MPH on sleep
are of considerable clinical relevance to this field.
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Supplementary Material
Randomization
Randomization occurred using an in-house developed randomization
program (Clinical Research Unit, Academic Medical Center Amsterdam). Patients
were randomly assigned to either treatment (1:1) using a permuted block
randomization scheme. Allocation was concealed for all parties. Placebo and MPH
tablets were similar in appearance and were manufactured according to Good
Manufacturing Practice criteria. After study end, blinding was checked with the
patient and his psychiatrist as well as the study investigators.

Actimetry methods
The actimetry sensor of the ActiWatch measures the gross motor activity of
the wrist, with high sensitivity to a palmar-dorsal movement (z-axis). Raw
ActiWatch data were extracted and transformed into raw 3-dimensional
accelerometry data in the unit of counts and were analyzed using MATLAB 1 using
the Oakley algorithm2. In short, a 3-11 Hz band-pass filter was applied prior to
sampling at 50 Hz and the data were converted to 128 bins between 0 and 5 with a
resolution of approximately 25 counts/g. Any negative values were set to zero and
residual baseline noise was removed. The signal was then converted to unit counts
by taking the peak value of each second and summing across the epoch length (i.e.
30 sec). For identifying immobile-mobile (or sleep-wake) pattern, the threshold for
MOBILE was set to a medium sensitivity for a window period of 10 minutes so
that the algorithm scores any first 10-minute period with more than 1 mobile epoch
with activity counts exceeding threshold as MOBILE (or wake). Therefore, the
algorithm accommodates only 1 mobile epoch for the given time window during
the estimation of sleep onset time and latency. The sleep logs were entered into the
program to obtain the subjective sleep parameters for analysis.

Questionnaires
The Holland Sleep Disorder Questionnaire (HSDQ) was used only before
start of the treatment as a screening instrument for sleep disorders (insomnia,
sleep-related breathing disorder, hypersomnia, circadian rhythm sleep disorder,
parasomnia and sleep-related movement disorders).3 The John Hopkins telephone
diagnostic interview for restless legs syndrome (RLS-HTDI) was used only before
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start of the treatment as a screening instrument for RLS diagnosis 4. The Johns
Hopkins RLS severity scale was used to measure RLS severity during the trial 5. The
Epworth Sleepiness Scale (ESS) was used at all three time points as an assessment
of measuring daytime sleepiness6. The ESS is a self-administered questionnaire
with 8 items on a 4-point scale (0-3). A score of 11 or higher represents increasing
levels of excessive daytime sleepiness. The Evaluation List Insomnia Therapy
(ELIT) was conducted at all three time points to assess mood changes, and sleep
and wake complaints7. The ELIT is also a self-administered questionnaire with 19
items on a 5-point scale (0-4). Three factor scores can be calculated: mood loss,
sleep complaints and wake complaints. The Disruptive Behavior Disorder Rating
Scale (DBD-RS) was used to assess disruptive behavior disorders8.

Exploratory correlations
Exploratory correlation analyses for several of the sleep variables that were
calculated for each day separate were performed in order to distinguish between
within and between subject effects9.
On all time points, a negative correlation was found between SE and SOL
for within subject effects, indicating that subjects with mean lower SOL also show a
mean higher SE (baseline β=-0.461, p<0.001, during treatment β=-0.540, p=<0.001,
post treatment β=-0.615, p<0.001). In addition, between subjects effects on SOL
were also negatively correlated to SE, showing that a lower SOL itself also
correlates with a higher SE (baseline β=-0.486, p=<0.001, during treatment β=0.416, p<0.001, post treatment β=-0.472, p<0.001). Addition of group and holiday to
this model did not affect these results.
Second, a positive correlation was found on both the within and between
subjects effects of TST on SE on all time points (Within subject effects: baseline
β=0.542, p<0.001, during treatment β=0.570, p<0.001, post treatment β=0.642,
p<0.001. Between subject effects: baseline β=0.386, p<0.001, during treatment
β=0.343, p<0.001, post treatment β=0.462, p<0.001). A mean increase in TST
correlates with a mean increase in SE (between subjects effect), and an increase in
TST correlates with an increase in SE (within subject effect). Addition of group and
holiday did not affect these results.
Third, on baseline and after treatment, an increase in SST was associated
with an increase in SE (within subjects effect, baseline β=0.224, p=0.002, post
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treatment β=0.245, p=0.001). Addition of group and holiday did not affect these
results.
Lastly, on all time points, an increase in final wake time correlates with an
increase in SE (within subjects effect, baseline β=0.316, p<0.001, during treatment
β=0.347, p<0.001, post treatment β=0.338, p<0.001). Addition of group and holiday
did not affect these results.

Supplementary Figure 1. Results Sleep Questionnaires
Graphical representation of the sleep questionnaire outcomes for the two groups on three time points
(BL, baseline; DT, during treatment; PT, post-treatment). Only sleep questionnaire variables with
significant post-hoc tests are shown. Values represent means per group for each time-point, bars
represent the standard error of the mean. Black lines indicate the MPH treated subjects, grey lines the
placebo treated subjects.
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Supplementary Table I. Mean and standard deviations per group per time-point for all sleep- and
ADHD-related variables.
Variable

BL
MPH

PLAC

DT
MPH

PLAC

PT
MPH

PLAC

SE (SD), %

76.33 (8.38)

76.15 (6.28)

78.49 (7.80)

78.59 (7.23)

80.59 (7.55)

75.17 (10.48)

SOL (SD), min

39.71 (41.14)

42.83 (35.02)

48.34 (36.10)

35.88 (29.78)

31.98 (34.79)

52.14 (52.95)

TST (SD), min

467.52 (59.73)

466.68 (53.88)

481.33 (50.02)

470.06 (54.11)

495.91 (56.34)

465.09 (77.30)

TIB (SD), min

612.63 (55.78)

613.67 (57.80)

614.43 (42.26)

599.08 (59.99)

616.89 (49.32)

618.96 (61.64)

SST (SD), time

21:03 (3:45)

20:47 (5:02)

21:48 (2:35)

21:48 (3:04)

21:27 (2:37)

19:44 (6:33)

Wake-time (SD), time

6:43 (0:50)

7:10 (0:49)

7:09 (0:50)

7:13 (0:48)

7:03 (0:42)

7:26 (1:14)

WASO (SD), min

68.99 (27.22)

71.78 (19.81)

62.27 (21.69)

68.39 (27.69)

61.41 (26.16)

69.30 (26.73)

WBnumber (SD), #

43.66 (12.11)

46.19 (11.73)

41.94 (12.78)

44.28 (15.94)

44.10 (12.80)

44.76 (14.37)

WBmean (SD), min

1.59 (0.51)

1.60 (0.45)

1.50 (0.51)

1.52 (0.56)

1.39 (0.50)

1.56 (0.55)

SST-SUBJ (SD), time

21:03 (0:44)

20:32 (4:05)

21:17 (0:42)

21:25 (2:16)

21:15 (0:51)

20:02 (4:58)

Wake-SUBJ (SD), time

7:08 (0:53)

7:35 (0:48)

7:23 (0:49)

7:33 (0:47)

7:21 (0:42)

7:54 (1:10)

IS (SD)

0.75 (0.15)

0.74 (0.16)

0.76 (0.11)

0.76 (0.13)

0.76 (0.16)

0.73 (0.15)

IV (SD)

0.38 (0.07)

0.36 (0.09)

0.40 (0.09)

0.37 (0.06)

0.38 (0.08)

0.35 (0.06)

L5 (SD), #

9.48 (2.04)

9.55 (1.90)

8.21 (1.54)

9.11 (2.20)

8.92 (2.30)

9.38 (1.79)

L5 onset (SD), time

14:18 (10:40)

17:38 (9:21)

17:26 (9:43)

16:26 (10:01)

18:31 (8:40)

16:43 (9:44)

M10 (SD), #

53.76 (4.43)

53.25 (5.62)

54.33 (4.06)

54.44 (4.48)

53.37 (5.65)

53.96 (4.89)

M10 onset (SD), time

8:56 (1:37)

9:29 (2:05)

8:25 (1:25)

8:25 (1:36)

9:11 (2:43)

9:52 (2:15)

AMP (SD)

44.29 (4.71)

43.70 (5.85)

46.11 (4.18)

45.32 (4.37)

44.46 (5.09)

44.58 (4.64)

ELIT mood (SD), score

1.49 (0.30)

1.40 (0.40)

1.35 (0.29)

1.31 (0.35)

1.37 (0.41)

1.26 (0.26)

ELIT sleep (SD), score

1.17 (0.54)

1.13 (0.53)

0.72 (0.35)

0.95 (0.41)

0.81 (0.44)

0.85 (0.62)

ELIT wake (SD), score

0.53 (0.47)

0.40 (0.60)

0.17 (0.52)

0.42 (0.68)

0.20 (0.79)

0.13 (0.65)

ESS (SD), score

2.61 (2.48)

3.75 (3.69)

2.79 (2.90)

4.30 (2.78)

3.06 (4.44)

4.10 (3.31)

21.48 (3.29)

22.72 (3.31)

12.48 (5.49)

17.48 (3.08)

12.95 (4.85)

17.57 (4.67)

15.13 (5.08)

16.00 (6.49)

9.42 (4.38)

12.57 (6.40)

9.71 (4.44)

12.52 (6.19)

0.68 (1.095)

0.49 (0.972)

0.70 (1.066)

0.60 (1.043)

0.68 (1.053)

0.58 (1.015)

DBD-RS Attention (SD),
score
DBD-RS Hyperactivity
(SD), score
JHRLSS (SD), score

Abbreviations: AMP, amplitude of the sleep-wake rhythm; BL, baseline; DBD-RS, disruptive behavior
disorder rating scale; DT, during treatment; ELIT, evaluation list insomnia therapy; ESS, Epworth
sleepiness scale; IS, interdaily stability; IV, intradaily variability; JHRLSS, Johns Hopkins restless leg
syndrome severity scale; L5, activity during 5 hours with lowest activity; L5 onset, onset time of L5;
M10, activity during 10 hours with highest activity; M10 onset, onset time of M10; PT, post-treatment;
SD, standard deviation; SE, sleep efficiency; SOL, sleep onset latency; SST, sleep start time; SST-SUBJ,
subjective sleep start time; TIB, total in-bed time; TST, total sleep time; Wake-SUBJ, subjective final
wake time; Wake-time, final wake time; WASO, wake after sleep onset; WBmean, mean wake bout time;
WBnumber, number of wake bouts
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Interaction
effect
Main effects
Time *
Variable
Treatment
Treatment
Time
Holiday
RLS
F(2,228)=3.02
SOL
P=0.003
F(2,224)=7.05
F(1,207)=1.62
F(1,174)=0.63
SOL + covariates
P=0.001
P=0.204
P=0.430
F(2,237)=2.41
F(1,157)=5.29
F(2,237)=1.57
TST
P=0.092
P=0.023
P=0.210
F(2,235)=2.63
F(1,161)=5.76
F(2,235)=1.94
F(1,222)=0.47
F(1,192)=4.44
TST + covariates
P=0.074
P=0.018
P=0.174
P=0.493
P=0.036
F(2,254)=1.27
F(1,128)=0.38
F(2,255)=1.46
TIB
P=0.282
P=0.541
P=0.234
F(2,252)=1.65
F(1,131)=0.15
F(2,253)=1.61
F(1,232)=1.24
F(1,187)=0.84
TIB + covariates
P=0.194
P=0.697
P=0.202
P=0.266
P=0.362
F(2,288)=0.13
F(1,114)=2.76
F(2,291)=2.22
WASO
P=0.882
P=0.099
P=0.110
WASO +
F(2,278)=0.06
F(1,116)=4.04
F(2,281)=2.95
F(1,257)=1.16
F(1,195)=0.18
covariates
P=0.940
P=0.047
P=0.053
P=0.283
P=0.676
F(2,272)=2.15
F(1,104)=10.07
F(2,275)=1.13
SST
P=0.118
P=0.002
P=0.324
F(2,257)=3.12
F(1,236)=28.69
F(1,177)=1.06
SST + covariates
P=0.046
P<0.001
P=0.304
F(2,240)=1.31
F(1,128)=1.99
F(2,242)=2.25
SST-SUBJ
P=0.271
P=0.160
P=0.107
SST-SUBJ +
F(2,240)=1.25
F(1,129)=1.61
F(2,241)=2.17
F(1,221)=0.75
F(1,180)=1.39
covariates
P=0.289
P=0.207
P=0.117
P=0.386
P=0.239
F(2,261)=1.69
F(1,133)=8.02
F(2,263)=3.91
Wake time
P=0.186
P=0.005
P=0.021
Wake time +
F(2,250)=2.82
F(1,141)=6.33
F(2,252)=3.21
F(1,233)=46.11
F(1,190)=1.02
covariates
P=0.061
P=0.013
P=0.042
P<0.001
P=0.315
F(2,273)=1,48
F(1,119)=11.76
F(2,275)=2.46
Wake-SUBJ
P=0.230
P=0.001
P=0.087
Wake-SUBJ +
F(2,256)=2.68
F(1,124)=10.57
F(2,259)=3.01
F(1,237)=45.46
F(1,186)=0.61
covariates
P=0.070
P=0.001
P=0.051
P<0.001
P=0.437
F(2,284)=0.73
F(1,117)=1.08
F(2,286)=0.82
WBnumber
P=0.483
P=0.302
P=0.443
Abbreviations: BL, baseline; DT, during treatment; MPH, methylphenidate; PLAC, placebo; PT, post-treatment
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F(1,121)=0.29
P=0.590

F(1,137)=1.24
P=0.268

F(1,128)=0.63
P=0.428

F(1,104)=0.23
P=0.635

F(1,114)=7.38
P=0.008

F(1,128)=3.81
P=0.053

F(1,157)=3.59
P=0.060

F(1,133)=9.13
P=0.003

Melatonin

BL: MPH < PLAC; PT: MPH <
PLAC; MPH: DT > BL
BL: MPH < PLAC; PT: MPH <
PLAC; PLAC: PT > DT
BL: MPH < PLAC; PT: MPH <
PLAC
BL: MPH < PLAC; PT: MPH <
PLAC; PLAC: PT > DT

PT: MPH < PLAC; PLAC: PT <
DT
PT: MPH < PLAC; PLAC: PT <
DT

PT: MPH > PLAC; MPH: PT <
DT; PLAC: PT > DT
PT: MPH < PLAC; MPH: PT <
DT; PLAC: PT > DT
PT: MPH > PLAC; MPH: PT >
BL
PT: MPH > PLAC; MPH: PT >
BL

Significant post-hoc effectsA
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Supplementary Table II. Linear mixed model results for the secondary sleep variables (fixed effects)

Interaction
Main effects
effect
Time *
RLS
Holiday
Time
Treatment
Treatment
Variable
F(1,198)=1.29
F(1,261)=0.01
F(2,284)=0.80
F(1,118)=1.01
F(2,282)=0.75
WBnumber +
P=0.257
P=0.929
P=0.450
P=0.317
P=0.472
covariates
F(1,265)=2.64
F(1,122)=1.12
F(2,263)=0.58
WBmean
P=0.073
P=0.291
P=0.559
F(1,182)=0.89
F(1,227)=1.96
F(2,248)=3.69
F(1,127)=2.23
F(2,246)=0.93
WBmean +
P=0.347
P=0.163
P=0.026
P=0.138
P=0.396
covariates
F(1,81)=0.38
F(1,56)=3.85
F(2,82)=0.14
IV
P=0.384
P=0.055
P=0.866
F(1,114)=2.45
F(1,113)=12.13
F(2,84)=0.44
F(1,59)=3.90
F(2,84)=0.32
IV + covariates
P=0.120
P=0.001
P=0.647
P=0.053
P=0.728
F(2,91)=1.21
F(1,59)=0.26
F(2,91)=0.07
AMP
P=0.303
P=0.612
P=0.935
F(1,98)=0.90
F(1,111)=10.76
F(2,90)=2.20
F(1,59)=0.05
F(2,90)=0.06
AMP +
P=0.345
P=0.001
P=0.116
P=0.823
P=0.941
covariates
F(2,84)=0.29
F(1,55)=0.11
F(2,85)=0.10
IS
P=0.752
P=0.746
P=0.905
F(1,102)=2.44
F(1,114)=6.38
F(2,85)=0.55
F(1,55)=0.01
F(2,85)=0.22
IS + covariates
P=0.122
P=0.013
P=0.582
P=0.930
P=0.801
F(2,87)=0.36
F(1,56)=0.001
F(2,87)=0.13
M10
P=0.697
P=0.971
P=0.879
F(1,104)=1.34
F(1,114)=7.63
F(2,84)=0.80
F(1,55)=0.14
F(2,84)=0.17
M10 + covariates
P=0.250
P=0.007
P=0.455
P=0.706
P=0.844
F(2,81)=3.50
F(1,49)=1.28
F(2,83)=0.33
M10 onset
P=0.035
P=0.264
P=0.718
F(1,113)=0.05
F(1,113)=15.90
F(2,78)=6.21
F(1,52)=0.49
F(2,79)=0.53
M10 onset +
P=0.829
P<0.001
P=0.003
P=0.486
P=0.593
covariates
F(2,70)=4.13
F(1,48)=0.81
F(2,71)=0.99
L5
P=0.020
P=0.373
P=0.377
F(1,99)=0.004
F(1,87)=0.53
F(2,71)=4.47
F(1,49)=0.98
F(2,70)=0.86
L5 + covariates
P=0.951
P=0.469
P=0.015
P=0.327
P=0.430
F(2,86)=0.25
F(1,58)=0.04
F(2,88)=0.81
L5 onset
P=0.779
P=0.837
P=0.449
F(1,109)=0.05
F(1,115)=1.36
F(2,87)=0.31
F(1,60)=0.12
F(2,87)=0.78
L5 onset +
P=0.828
P=0.245
P=0.733
P=0.730
P=0.461
covariates
Abbreviations: BL, baseline; DT, during treatment; MPH, methylphenidate; PLAC, placebo; PT, post-treatment
F(1,55)=0.08
P=0.775

F(1,46)=1.30
P=0.261

F(1,48)=0.62
P=0.435

F(1,50)=0.12
P=0.731

F(1,49)=1.21
P=0.277

F(1,54)=1.05
P=0.310

F(1,54)=9.29
P=0.004

F(1,124)=15.4
P<0.001

Melatonin
F(1,115)=0.38
P=0.541

MPH: BL > DT

MPH: BL > DT

PLAC: BL > DT; PLAC: PT >
DT

PT: MPH < PLAC; MPH: PT <
BL

Significant post-hoc effectsA

Prolonged effects of MPH on sleep

Supplementary Table II (continued).
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Supplementary Table III. Linear mixed model results for the subjective sleep questionnaires
Main effects
Significant post-hoc effectsA
Treatment
Time
F(1,51)=0.19
F(2,90)=2.14
ELIT mood F(2,91)=0.08 P=0.923
P=0.663
P=.123
F(2,93)=1.01
F(1,54)=0.471 F(2,93)=7.54
ELIT sleep
BL > DT > PT
P=0.369
P=0.496
P=0.001
F(2,92)=2.04
F(1,53)=0.07
F(2,92)=4.07
ELIT wake
BL > PT
P=0.135
P=0.797
P=0.020
F(2,87)=0.08
F(1,49)=5.21
F(2,87)=1.57
ESS
PLAC > MPH
P=0.920
P=0.027
P=0.214
Abbreviations: BL, baseline; DT, during treatment; MPH, methylphenidate; PLAC, placebo; PT, posttreatment
A Sidak post-hoc test P<0.05
Variable

Interaction effect
Time * Treatment
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Abstract
Purpose: To assess whether pharmacological magnetic resonance imaging (phMRI)
can detect dose-dependent hemodynamic responses to selective serotonin reuptake
inhibitors (SSRIs) and to investigate the association between the phMRI response
and serotonin transporter (SERT) occupancy, as assessed by single photon
emission computed tomography (SPECT) measurements.
Methods: The study was approved by the local Institutional Review Board and 45
healthy female participants provided written informed consent. After baseline
thalamic SERT [123I]FP-CIT SPECT measurements, participants were randomized
to pre-treatment with placebo (N=15), a low (4 mg, N=15) or a clinically standard
(16 mg, N=15) oral citalopram dose. After 3 hours, [123I]FP-CIT displacement
(representing SERT occupancy) by citalopram was assessed. Subsequently, a
phMRI scan was obtained, during which 7.5 mg citalopram was administered
intravenously to assess the thalamic cerebral blood flow (CBF) response to
different levels of SERT occupancy. Repeated measures ANOVA was used to
assess time x group interactions and correlational analyses were used to determine
associations between SPECT and phMRI measurements.
Result: Citalopram displaced thalamic [123I]FP-CIT binding in the low and high
citalopram group compared to placebo (F=11.22; p<0.001). SERT occupancy also
affected the phMRI response to intravenous citalopram (F=3.46; p=0.04). The
percentage change in thalamic binding showed a non-significant correlation with
percentage change in CBF (r=-0.28 p=0.07).
Conclusion: In addition to replicating dose-dependent effects of SERT occupancy
with SPECT, we here demonstrate that also phMRI can detect such differences. The
phMRI signal changes do not strongly correlate with SPECT as these techniques
likely assess different functional aspects of the serotonergic synapse.
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Introduction
The serotonin transporter (SERT) plays a key role in regulating
extracellular levels of serotonin. It has been implicated in a number of psychiatric
disorders and is an important target for many antidepressants and psychotropic
medications, such as selective serotonin reuptake inhibitors (SSRIs) 1. Molecular
imaging techniques, such as positron emission tomography (PET) and single
photon emission computed tomography (SPECT) are invaluable imaging tools to
assess the occupancy of the SERT by SSRIs, thereby blocking reuptake of serotonin
from the synapse and increasing extracellular serotonin levels2. In addition, PET
and SPECT studies have demonstrated that the treatment response to SSRIs in
depressed patients is associated with SERT occupancy. For instance, a minimum
therapeutic dose of SSRIs coincided with approximately 80% SERT occupancy. For
SSRIs like paroxetine or citalopram, a curve-linear relationship was observed, with
subclinical doses showing less SERT occupancy, whereas higher doses quickly
reached a plateau3,4.
PET and SPECT imaging techniques are not ideal, however, to monitor
changes in the serotonergic system repeatedly, particularly in children, or over
longer periods of time, due to their use of radioactivity. Yet, longitudinal and
prospective measurements and drug response monitoring are important to
facilitate personalized treatment strategies for patients with neuropsychiatric
disorders like major depressive disorder. These considerations have prompted
researchers to develop non-ionizing alternatives to study neurotransmitters in
vivo. One such alternative, that can be used repeatedly and is easily accessible, is
pharmacological magnetic resonance imaging (phMRI). PhMRI is thought to
provide an index of neurotransmitter function based on changes in brain cerebral
hemodynamics after administration of a specific pharmacological challenge. This
approach takes advantage of a neurotransmitter-specific response to drugs that
elicits a specific pattern of neural activation and alterations in cerebral
hemodynamics, such as the blood oxygen level-dependent (BOLD) signal or
cerebral blood flow (CBF)5.
A number of preclinical and clinical studies have demonstrated the
potential of phMRI to examine the serotonin system in living brain6. For instance, a
preclinical study has shown that an increase in serotonin release induced by the
serotonin-releaser fenfluramine, evokes region-specific changes in the BOLD
response in rats7. Conversely, a depletion of the serotonin pool with pchlorophenylalanine attenuated the phMRI response to fenfluramine 7, showing the
sensitivity of phMRI to detect extracellular serotonin fluctuations in the brain.
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PhMRI signal changes following a serotonin challenge also corresponded with
results from autoradiographic measures of CBF and glucose metabolism 8 and c-fos
mapping9. Finally, persistent changes in serotonergic function could be assessed
following prolonged SSRI exposure with phMRI in rodents10. A few research
groups have further observed similar region-specific changes in humans either
using BOLD11 or arterial spin labeling (ASL)12,13.
These findings suggest that phMRI can be used as a non-invasive tool to
study serotonin function. This novel technique may also yield a wealth of
information on how serotonin-related drugs, like SSRIs, modulate brain function,
and how drug responses are altered in neuropsychiatric or developmental
disorders. So far however, the relationship between neurovascular responses and
SERT occupancy has not been studied in humans. The ability to measure
differences in serotonin function with phMRI is of particular interest, as it enables
us to non-invasively monitor treatment effects of serotonergic medication in
patients. This is highly relevant, because treatment efficacy of SSRIs in e.g. major
depressive disorder is dependent on the percentage of SERT occupancy. However,
the required dose is also dependent on interindividual differences in available
SERT (e.g., SERT gene polymorphism), as well as interpatient pharmacokinetic
differences14. A non-invasive tool to monitor treatment effects would thus enable
to optimize dose regimens on an individual basis and in doing so also reduce side
effects. Thus, in the present study we set out to assess whether phMRI is sensitive
enough to detect a dose-related hemodynamic response to SSRIs.
To this purpose, we measured both the hemodynamic response with
phMRI and acute SERT occupancy with SPECT, to different doses of the SSRI
citalopram. In view of literature, we expected that phMRI could detect dosedependent changes in hemodynamic response. More specifically, we expected that
the phMRI response would be greatest when SERT is unoccupied by citalopram,
and increased SERT binding by citalopram would be associated with decreased
phMRI signal.

Methods
Participants
The study was approved by the local Institutional Review Board and all
participants had provided written informed consent. Forty-five healthy female
volunteers (mean age = 21.6 years, age range 18-28) were included. Exclusion
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criteria for all participants were a history of a chronic neurological or psychiatric
disorder, family history of sudden heart failure, current use of psychostimulant
medication, abnormal electrocardiogram (ECG), excessive consumption of alcohol
(>21 units/week), caffeine (more than eight cups of coffee per day) or nicotine
(more than 15 cigarettes per day), and standard contra-indications for the MRI or
SPECT exam. The absence of psychiatric disorders and drug abuse was checked
with the Mini-International Neuropsychiatric Interview (M.I.N.I) Plus15. All
participants were required to be on hormonal contraceptives to minimize
confounding effects of hormonal cycle. An ECG was made prior to study inclusion
to preclude cardiac abnormalities (as SSRI use has been associated with QT
prolongation16).

Study design and procedures
To study the dose-dependent effects of citalopram on phMRI response and
SPECT occupancy, a double-blind, dose-response design was used. Participants
received potassium iodide tablets prior to the [123I]FP-CIT administration to block
thyroid uptake of free radioactive iodide. The first SPECT scan was conducted 2 h
post-injection to assess baseline SERT availability. Following the first SPECT scan,
participants were randomized into one of the three groups: those receiving placebo
(‘placebo’ N=15), those receiving a low dose (4 mg; ‘low group’ N=15) and those
receiving a clinical dose (16 mg; ‘high group’ N=15) of oral citalopram (solution, 16
mg equivalent to 20 mg in tablet form, Lundbeck). These doses have been shown to
correspond to 0%, ~40% and ~80% SERT occupancy, respectively 17. The citalopram
was dissolved in lemonade and administered immediately after the first SPECT
scan. The placebo condition consisted of lemonade only. After three hours,
participants underwent a second SPECT scan. Then, a MRI scan was made in
which all participants received a 7.5 mg intravenous challenge with citalopram in
line with previous studies11,13. Blood samples were obtained at baseline, 3 h after
citalopram administration, and following the MRI scan. For a schematic illustration
of the study design, please see Figure 1.

SPECT acquisition and analysis
Subjects underwent SPECT imaging 2 h and 6 h after intravenous
administration of approximately 110 MBq [123I]N-ω-fluoropropyl-2βcarbomethoxy-3β-(4iodophenyl)nortropane ([123I]FP-CIT, specific activity > 750
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MBq/nmol; radiochemical purity > 98%, produced according to GMP criteria at
GE Healthcare, Eindhoven, the Netherlands). The radioligand [123I]FP-CIT binds
with high affinity to the dopamine transporter (DAT) primarily in the striatum,
and to the SERT primarily in extrastriatal brain areas, such as the thalamus and
midbrain18. In a previous study, we showed that 2 h after injection is the ideal
time-point to assess SERT binding with this radioligand19. SPECT scans were
acquired using a brain-dedicated InSPira-HD SPECT camera (Neurologica, Boston,
USA) with the following parameters: matrix = 121x121; slice thickness = 4 mm;
acquisition time per slice = 180 s; energy window = 159 keV (with 20% lower and
upper boundaries). 3D images were reconstructed (using an iterative expectation
maximization algorithm, correction using a CT template and spatial smoothing
(3mm)). SPECT images were co-registered with the individual 3D T1-weighted
(T1w) MR image using SPM12 (Wellcome Trust Centre for Neuroimaging, London,
UK). A region of interest (ROI) analysis was performed to determine SERT binding
in the thalamus. Thalamic masks were extracted from individual T1w scans using
Freesurfer. The cerebellum was used as a reference region to assess non-specific
binding. Specific relative to non-specific binding ratios (binding potential: BPND)
were calculated as follows: (mean thalamic binding - mean cerebellum binding /
mean cerebellum binding). The reduction in BPND following citalopram
administration (representing occupancy) was expressed normalized to the placebo
group.

Figure 1. Study day outline.
Two hours after the radioligand [123I]FP-CIT was administered, the first SPECT scan was made.
Subsequently, the subjects randomly received 0, 4 or 16 mg oral citalopram (dissolved in a drink) and
were thereby assigned to the placebo, low or high group, respectively. Then, 3 hours after the oral
citalopram (at peak plasma levels), the second SPECT scan was made, followed by the phMRI scan.
After 37 baseline volumes (5 min), all subjects received 7.5 mg citalopram intravenously (diluted in 45
mL of saline, injected over 7.5 minutes of infusion and flushed with
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MRI acquisition and analysis
MRI data were acquired using a 3.0T Ingenia (Philips, Best, the
Netherlands) with a 32-channel receive-only head coil. A 3D anatomical MRI was
obtained using a T1-weighted sequence. Pseudo-continuous arterial spin labeling
(pCASL) data were acquired with a 2D echo-planar imaging readout and the
following parameters: TR/TE = 4100/14 ms; post-label delay = 1525 ms; label
duration = 1650 ms; FOV = 240x240 mm; 17 7 mm slices, voxel size= 3x3x7 mm;
dynamics = 183. In addition, an M0 scan was obtained for quantification purposes.
Citalopram was administered as a bolus injection after 5 minutes of baseline
imaging (37 dynamics). The bolus of 7.5 mg (dissolved in 45 ml saline) was infused
over 7.5 minutes, followed by 15 ml saline flush (2.5 minutes). The first and last 37
dynamics were averaged to obtain the pre- and post-citalopram CBF map
respectively. ASL post-processing was performed with the ExploreASL toolbox 20.
In short, T1w images were segmented into gray matter (pGM) and white matter
(pWM) probability maps. Motion was estimated and motion spikes were
excluded21. Perfusion-weighted images were rigid-body registered to the pGM
images. CBF was quantified using a single compartment model22. The pGM and
pWM maps were spatially normalized using DARTEL23, and all transformations
were mathematically combined into a single interpolation to transform the CBF
maps to Montreal Neurological Institute (MNI) space. Individual thalamic masks
used in the SPECT analyses were transformed to MNI space and used to extract
mean CBF in this ROI. In addition, GM CBF was obtained to assess the global effect
of citalopram. Heart rate (HR) was measured during the scan using a peripheral
pulse unit and phase-contrast MRI was used to obtain blood flow (2D-flow) to the
brain both before and after intravenous (iv) citalopram administration.

Statistical analysis
All data were analyzed with SPSS version 22 (IBM Corp., Armonk, USA),
with the significance level set at p<0.05 (2-sided). Baseline differences between
groups were assessed using univariate analysis of variance (ANOVA). Repeated
measures ANOVA were used for the dependent variables thalamic binding ratio,
thalamic CBF, blood plasma, HR and 2D-flow, with time as within-subjects
variable and citalopram dose as a between-subjects variable. Post-hoc tests are
reported with a Sidak’s correction. Linear contrasts were used to assess the dosedependency of this effect. In addition, Spearman’s correlation analyses were used
to assess the association between the change in SPECT, change in phMRI and
blood plasma levels.
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Sample size estimation
A previous [123I]β-CIT SPECT study observed statistically significant
reductions in thalamic SERT binding of about 72% following an oral pre-treatment
with 20 mg citalopram even in 6 subjects 24. Furthermore, statistically significant
citalopram-induced changes were detected using ASL-based phMRI in 10 MDMA
users when compared to 7 control subjects 13. Furthermore, the sample size needed
to detect a reproducible effect of 16 mg oral citalopram with phMRI in the
thalamus (which is also the region of interest in this study) was 11 subjects 25. In the
current study, we also want to assess smaller effects of 40% SERT occupancy.
Therefore, we have set our sample size to N = 15 per group.

Results
Citalopram plasma levels
The oral dosage of citalopram was well tolerated by all subjects, and
positively associated with blood plasma levels of citalopram (Figure 2). Three
hours after oral citalopram, a Kruskall-Wallis test showed a difference between the
groups (H=33.03; p<0.001) and post-hoc Mann-Whitney-U tests showed that all
groups differed from each other (p<0.001). A Kruskall-Wallis test showed no
difference between groups in citalopram plasma levels after iv citalopram (H=1.48;
p=0.48).

SPECT
SPECT data were missing for three subjects (N=2 from the low group and
N=1 from the high group) due to technical problems (data could not be
reconstructed). At baseline, no significant differences in thalamic binding between
the groups was observed (F(2,39)=0.42; p=0.66). We observed a significant time x
group interaction (F(2,39)=11.22; p<0.001) (Figure 3) as a result of SERT
displacement by citalopram. The post-hoc tests showed that the high group
showed significantly higher displacement (representing SERT occupancy)
compared to the placebo group (-40.5% p<0.001), as well as a clear trend for a
significant displacement in the low group compared to the placebo group (-24.5%
p=0.05). No difference was found between the low and high condition (p=0.12), but
the dose-dependent effect was confirmed by a linear contrast (p<0.001).
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Figure 2. Blood plasma levels.
Blood samples were collected before the second SPECT scan and after the phMRI scan. Citalopram
plasma levels (μg/L) were determined using mass spectrometry. A) Citalopram plasma levels prior to
the second SPECT scan at 3 hours post-oral-citalopram. B) Citalopram plasma levels after the phMRI
scan at 30 min post-iv-citalopram. * ANOVA: p<0.05

phMRI
For one subject ASL data were missing due to nausea (N=1 from the
placebo group). Before the intravenous citalopram challenge, pre-treatment
conditions did not affect thalamic CBF (F(2,41)=2.57; p=0.09). However, pretreatment conditions did significantly affect the phMRI response to the intravenous
citalopram (time x group interaction: F(2,41)=3.46; p=0.04). Post-hoc tests showed
non-significant differences between the groups (high vs placebo: p=0.05; high vs
low: p=0.15, low vs placebo=0.95). Compared to baseline (i.e. prior to the
intravenous citalopram challenge), the high group did not show a significant
decrease in thalamic CBF (+4.1% p=0.67), but CBF was reduced in the low group (6.71% p=0.03) and in the placebo group (-11.92% p=0.005) and this dose-dependent
effect was confirmed by a linear contrast (p=0.02).

Cardiovascular effects
No differences in HR were observed prior to the ASL scan (i.e. before the
iv citalopram, but after the oral citalopram) (F(2,36)=0.41; p=0.66). A main effect of
citalopram on HR was found (F(1,36)=11.47; p=0.002), but no interaction was found
with group (F(2,36=0.23; p=0.80) (Figure 5a). There was no baseline effect of group
on 2D-flow (F(2,41)=1.31; p=0.28), nor a main effect of citalopram on 2D-flow
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(F(1,39)=0.15; p=0.70), nor an interaction with group was observed (F(2,39)=1.01;
p=0.37) (Figure 5b). Likewise, no main effect or interaction effect was found on GM
CBF (main effect of time: F(1,41)=0.01; p=0.91, interaction effect F(2,41)=1.14;
p=0.33).

Correlational analyses
Citalopram plasma levels prior to the second SPECT scan correlated
significantly with the percent change in thalamic BPND (r=-0.48 p=0.002) and nonsignificantly with thalamic CBF (r=0.32 p=0.052). The percentage displacement in
thalamic BPND also showed a non-significant correlation with percentage change
in CBF (r=-0.28 p=0.07).

Figure 3. SPECT results.
A) Representative T1w image with coregistered SPECT data (red/yellow) and the individual thalamic
mask (green) superimposed. B) Scatter-dot plot of individual data points from the second SPECT scan
and C) the percentage change in BP, normalized to the placebo group, from pre- to post oral citalopram.
* ANOVA: p<0.05
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Figure 4. ASL results.
A) Representative CBF image masked by the individual gray matter mask with the individual thalamic
mask (blue) superimposed. B) Spaghetti plot of the individual change in CBF and C) scatter-dot plot of
the percentage change from pre to post intravenous citalopram. * ANOVA: p<0.05

Figure 5. Cardiovascular effects
A) Heart rate was measured during the ASL scan session. Pre and post intravenous citalopram averages
(over the same 5 minutes over which the CBF was calculated) are shown in beats per minute. B) 2Dflow was measured just before and straight after the ASL scan. Pre and post blood flow to the brain in
the intracranial arteries is shown in mL/s. Data represent mean ± standard error of the mean

103

Chapter 5
Discussion
We investigated whether phMRI was sensitive enough to detect doserelated hemodynamic responses to the SSRI citalopram. In addition to replicating
dose-dependent occupancy of the SERT using SPECT, we now demonstrate that
also the phMRI response is dependent on SERT occupancy; the higher citalopram
plasma levels and higher SERT occupancy were associated with reduced phMRI
signal following an intravenous citalopram challenge. The fact that phMRI signal
changes did not strongly correlate with changes in SPECT measurements, indicates
that these techniques, at least partially, assess different functional aspects of the
serotonergic neurotransmission.

SPECT
Previous PET and SPECT studies using the selective SERT radiotracers
[11C]DASB and [123I]ADAM have shown dose-dependent associations of SERT
occupancy with both dose and plasma levels of SSRIs4,17,26. Our results are
comparable to these studies, because we also observed a time x group interaction
and found an association between plasma levels and SERT occupancy. However,
although typical therapeutic doses (16-32 mg for citalopram in liquid drops) are
associated with an ~80% SERT occupancy, we only found a ~50% displacement of
the [123I]FP-CIT radioligand at a citalopram dose of 16 mg. This could be due to
various reasons, the most likely one being our administration of citalopram after
the [123I]FP-CIT injection, implying that citalopram is required to displace the
radioligand. As in-vivo [123I]FP-CIT binding showed a slow Koff27, this probably
resulted in lower than expected differences between the placebo and high dose
groups. However, Ziebell et al.28 also administered citalopram after [123I]FP-CIT
and did obtain a 63% displacement, but they used a higher dose which was
administered intravenously. Additionally, [123I]FP-CIT does not selectively bind
to the SERT, but also binds to the DAT, and therefore at least some of the binding
in the thalamus could result from DAT binding, which then cannot be displaced by
citalopram. Nevertheless, when comparing plasma concentrations to a previous
study4, our mean citalopram concentration of 15.1 µg/L does correspond with an
approximately 50% SERT occupancy. Although we found, similar to previous
studies, a positive relationship between plasma levels and SERT displacement,
there is much variability within the oral dosing groups. This could be a result of
individual physiological variation in metabolism and SERT availability, as was
also apparent in the baseline SERT measurements and has been shown previously
for this radioligand29.
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phMRI
In this study, we assessed for the first time whether the phMRI response is
dependent on different doses of SERT blockade. We found a non-significant
relation between plasma concentrations and CBF response. The phMRI literature
has shown both in animal models and human studies that SSRI administration
induced a hemodynamic response. For example, administration of both the SSRIs
fluoxetine10,30 and citalopram 31 elicited increased BOLD responses in rats. In
humans, intravenous citalopram increased the BOLD response in the striatum,
amygdala, hippocampus and thalamus11. Using ASL, both oral and iv
administration of citalopram was assessed. Chen et al.12 demonstrated decreased
CBF in the amygdala, fusiform gyrus, insula, and orbitofrontal cortex after oral
dosing, whereas Schouw et al.13 showed decreased thalamic CBF in MDMA users
(with presumed serotonergic depletion32) following an intravenous challenge. In
this study, after oral dosing, i.e. at the baseline phMRI scan, we could not detect
significant differences with the placebo group in the thalamus. However,
significant group differences were found in the phMRI response to the intravenous
citalopram challenge. As hypothesized, the group with the highest pre-dose of
citalopram showed no change in CBF, whereas the placebo group showed the
largest change. This indicates that phMRI can indeed detect a therapeutically
relevant blockade of SERT. However, the subclinical dose (low group) did not
result in a different phMRI response compared to placebo, although CBF was
statistically significantly reduced from baseline. This either implies that such small
changes in SERT binding do not influence the serotonin neurotransmission to a
large extent, or that sensitivity of phMRI needs to be improved. In addition, we
found a significant relation between plasma concentrations and CBF response,
again confirming that phMRI can detect changes in SERT occupancy.

Comparison between SPECT and phMRI
Interestingly, we did not find a strong correlation between our SPECT and
phMRI measurements. This a presumably because both techniques measure
different aspects of the serotonergic system: SPECT measures transporter binding
directly, whereas phMRI is an indirect measure. PhMRI measures the
hemodynamic response in the whole synapse, including both pre- and
postsynaptic transporters and receptors as well as serotonin release. The SPECT
displacement explained a small portion of the variance of the phMRI response,
implying that part of the response is indeed regulated by the SERT response. Some
preclinical studies have shown that the phMRI response is indeed linked to
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neurotransmitter release 33 while pre- and post-synaptic processes were shown to
make up the lion’s share of the synapse energy expenditure, therefore likely
inducing the strongest changes in CBF.
Thus, the phMRI response is probably a sum of the intravenous citalopram
binding to the SERT, which increases serotonin in the synaptic cleft, which can
then bind to post-synaptic receptors and transmit the neuronal signal. Another
explanation for the low correlation is that [123I]FP-CIT is not a selective SERT
tracer and our measurements could have also included some DAT binding.

Methodological and clinical considerations
One of the limitations of our current study is that we only included female
volunteers, and our results can thus not be extrapolated to males. Nevertheless,
previous studies have shown considerable sex effects of [123I]FP-CIT on thalamic
binding29 and by only including women, variability in the current study was
reduced. In addition, we chose to focus on the thalamus, as this area is rich in SERT
(with 20 times more SERT than DAT29), making this ROI the ideal candidate to
address our research question with the [123I]FP-CIT tracer. However, more SERTselective PET and SPECT radiotracers, such as [11C]DASB and [123I]ADAM, may
assess the raphe nuclei and a number of different serotonergic projections 34. With
regards to the phMRI, CBF was chosen as an outcome measure for drug-induced
perfusion changes. As previous studies have also assessed the BOLD response to
citalopram, it would be interesting for future research to apply a dual-echo ASL
sequence to obtain both changes in CBF and BOLD. This could improve phMRI
signal sensitivity and possibly provide a non-ionizing alternative to PET/SPECT
for use in trials for treatment monitoring or drug development. However, with its
current sensitivity ASL phMRI is not yet suitable to for patient-specific predictions.

Conclusion
This study demonstrated that SPECT and phMRI can detect changes in
SERT occupancy. The phMRI response can only partially be explained by SERT
occupancy. We show that phMRI is a promising technique, as it allows to study
biologically relevant variations and abnormalities in the serotonergic system, e.g.
in response to SSRI treatment. It can thereby complement common molecular
imaging approaches like PET and SPECT.
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Abstract
Although studies in young animals have shown lasting effects of early
antidepressant treatment on the development of the serotonin system, it is still
unknown whether similar changes occur in humans. In this first exploratory study,
we investigated in female depressed patients, whether the responsiveness of the
human serotonin system to a selective serotonin reuptake inhibitor (SSRI) is
modulated by the age of first SSRI treatment.
To this end, we used pharmacological Magnetic Resonance Imaging
(phMRI) to measure cerebral blood flow (CBF) response to an acute citalopram
challenge. Fifty-two females were stratified into three groups of patients: one for
whom the first SSRI treatment took place before the age of 23, one with first SSRI
treatment after age 23 and one with subjects who were never treated with SSRIs.
Results were compared to a group of 14 healthy control subjects.
The citalopram challenge resulted in a significant overall decrease in
median CBF in three regions studied: amygdala, hippocampus and orbitofrontal
cortex. However, linear mixed model analyses failed to reveal any age-dependent
effects of SSRI exposure on the CBF response.
While these first human data are in contrast to earlier preclinical studies
that suggested chemical imprinting effects occur after early SSRI treatment, we
conclude it is too early to assume that similar effects do not occur in the developing
human serotonergic system. This awaits follow-up studies with a longitudinal
design and larger, more homogeneous groups. Such studies are still lacking but
urgently needed, given the earlier concerns, raised by the FDA a.o, regarding
potential adverse, lasting effects of SSRI administration to children.
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Introduction
Major Depressive Disorder (MDD) is a highly prevalent and severe
psychiatric disorder that is characterized by feelings of worthlessness or excessive
guilt, a depressed mood, fatigue and anhedonia 1 and affects more than 350 million
people worldwide2. Selective serotonin (5HT) reuptake inhibitors (SSRIs) are
commonly prescribed to treat MDD and/or anxiety disorder (AD) patients.
Although it is still unclear how exactly SSRIs alleviate depressive symptoms3, these
drugs are thought to bind the serotonin transporter (SERT) and thereby reverse the
reductions in serotonin (5HT) levels in the synaptic cleft in MDD patients 4,5. Also
drugs or approaches that deplete or reduce 5HT can trigger depressive symptoms 6
or alter emotional processing7,8.
With a well-characterized safety profile9 and a response rate of about 60%
(compared to 47% in placebo)10, SSRIs are currently the first line of treatment for
adult MDD patients in many countries. Recently, however, SSRIs are increasingly
prescribed to children and adolescents suffering from mood problems and MDD.
While MDD prevalence is low in prepubertal children (1-2%), it ranges from 10 to
17% in the adolescent population11. It is important to note that although SSRIs
decrease symptoms in childhood depression12, they are often given at an age when
the brain is still developing. Whether these drugs also affect brain development per
se, or the serotonin system in particular, is still unknown.
Despite this lack of knowledge, prescription rates of antidepressants in
children and adolescents have increased with 17.6% in the Netherlands alone in the
period from 2005 to 201213. Current evidence suggests that antidepressant
exposure in adulthood is safe and does not induce long-term consequences14, and it
is therefore generally assumed that the same applies for children and adolescents.
However, this assumption has recently been challenged as evidence accumulated
that the developing brain responds differently to psychotropic drugs than the
adult brain15. Also, the US Food and Drug Administration (FDA) issued a warning
on SSRI treatment in children, because an increased risk for suicide was found after
SSRI use in this age group16.
Several preclinical studies have investigated effects of long-term SSRI
treatment on the developing brain. For instance, Klomp et al. used
pharmacological magnetic resonance imaging (phMRI) in juvenile rats and found
that treatment with the SSRI fluoxetine resulted in an increased brain response to
an acute SSRI challenge, whereas adult rats showed opposite effects 17.
Additionally, exposure to SSRIs in rats at a young age resulted in an increased 5HT
transporter density when adulthood was reached 18. Shrestha et al. further showed
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that the SERT is upregulated in young adulthood when monkeys were treated
with SSRIs during their juvenile period19. Moreover, Homberg et al. reported that
fluoxetine treatment in rats exerts adverse, age-dependent effects on depressive
behavior and wakefulness20. Finally, administration of a single injection of
fluoxetine in juvenile rats was found to impact dendritic length and spine
density21. Taken together, this raises the possibility that SSRI treatments at an early
age may exert lasting effects and alter brain structure and function in the ‘mature’
brain.
So far, it is unknown whether the effects of SSRIs are also modulated by
age in humans. Therefore, we here used phMRI to investigate in a first exploratory
study in humans whether the acute response of the 5HT system to citalopram, a
commonly prescribed SSRI, is modulated by the age of first SSRI exposure. PhMRI
is a non-invasive imaging technique that is used as a proxy for 5HT function 22 and
is as such ideally suited to study the age-dependent effects of SSRIs in the brain, at
least in rats17. To this purpose, here we stratified young adult females with a lifetime diagnosis of MDD and/or AD into three groups: 1) patients who were
unexposed (UN) and had never received antidepressant treatment; 2) early
exposed (EARLY) patients, who received their first SSRI treatment before the age
of 23 years; and 3) late exposed (LATE) patients, who received their first
antidepressant treatment after the age of 23 years. In addition, a group of healthy
young females without a MDD diagnosis (HC) was added in order to compare the
phMRI response to citalopram in patients and healthy controls.

Methods
Participants
Fifty-two female participants were recruited through online advertisement
and via collaborations with general practitioners and pharmacies, the Triversum
Center for Child and Adolescent Psychiatry (Alkmaar, The Netherlands) and the
PHARMO Institute for Drug Outcomes research (Utrecht, The Netherlands). After
a complete description of the study, written informed consent was obtained from
the participants. The Medical Ethical Committee of the Academic Medical Center
Amsterdam approved the study procedures.
Inclusion criteria for the participants were; a life-time diagnosis of MDD
and/or anxiety disorder (AD). Participants were stratified into groups based on
their age of first SSRI exposure (EARLY: before 23 years of age, LATE: after 23
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years of age, and UN: no SSRI received). The cut-off criteria of these ages are based
upon the fact that overall human brain maturation is considered to be incomplete
until 18-20 years of age23. To exclude acute pharmacological effects, a medicationfree interval of at least 3 weeks before scanning was maintained. In addition, 14
healthy female volunteers were included, whom were recruited through online
advertisement and participated in a different study24.
All subjects were screened for current Axis-I psychiatric disorders using a
shortened version of the Mini International Neuropsychiatric Interview 6.0 Plus
(M.I.N.I. Plus)25. Exclusion criteria were current psychotropic medication use, a
history of chronic or neurological disorder, family history of sudden heart failure
or epileptic attacks, pregnancy (tested via urine sampling prior to the assessment),
breast feeding, alcohol dependence and contra-indications for an MRI scan (e.g.,
ferromagnetic fragments). Participants agreed to abstain from smoking, caffeine
and alcohol use for 24 hours prior to the assessments.

Procedure and behavioral measures
Participants first completed a neuropsychological test battery and
subjective questionnaires, including the Inventory of Depressive Symptomatology
(IDS, patients)26, the Beck Depression Inventory (BDI, control subjects) 27, the Beck
Anxiety Inventory (BAI)28 and the Dutch Adult Reading Test29. Additionally,
M.I.N.I. Plus25 was used to determine whether the subjects were currently suffering
or had suffered from depression and/or anxiety in the past.
Prior to the phMRI scan, salivary samples were collected from the
previously depressed subjects for DNA analyses to determine the triallelic
5HTTLPR polymorphism, i.e. the gene that encodes for the SERT, and that is
associated with MDD30. Genotyping of the 5HTTLPR polymorphism was
performed using a simple sequence length analysis in a polymerase chain reaction,
comparable to the methods in Van Strien et al.31. 5HTTLPR genotypes were coded
as s/s, s/l and l/l genotypes.
Following these procedures, an intravenous line was placed and all
subjects underwent the phMRI scan. During the phMRI ASL scan, a bolus of 7.5
mg (dissolved in 45 ml saline) was infused over 7.5 minutes, followed by 15 ml
saline flush over 2.5 minutes, similar to a previous study32.
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Data acquisition
We assed changes in cerebral blood flow (CBF) induced by citalopram
using pseudo continuous ASL (pCASL). pCASL was acquired on a 3.0T Philips
Ingenia MR scanner (Philips Medical Systems, Best, the Netherlands) using a 16channel receive-only head coil with the following parameters: 2D EPI readout;
TR/TE=4000/14 ms; post-label delay=1525 ms; label duration =1650 ms;
FOV=240x240 mm; 17 7 mm slices; voxel size=3x3x7 mm; number of
dynamics=183. Citalopram was administered as a bolus injection after 5 minutes of
baseline imaging (37 dynamics). In addition, M0 and 3D-TFE T1 scans were
obtained, and a phase-contrast scan was used to obtain 2D-flow to the brain preand post-citalopram.
ASL post-processing was performed with the ExploreASL toolbox 33, to
obtain pre- and post-citalopram cerebral blood flow (CBF) images. In short, T1w
images were segmented into gray matter (pGM) and white matter (pWM)
probability maps. Motion was estimated and motion spikes were excluded.
Perfusion-weighted images were rigid-body registered to the pGM images. CBF
was quantified using a single compartment model34. The pGM and pWM maps
were spatially normalized using DARTEL35, and all transformations were
combined into a single interpolation to transform the CBF maps to the Montreal
Neurological Institute (MNI) template (see Figure 1 for an example of a
representative perfusion-weighted image). The first and last 37 dynamics were
averaged to obtain the pre- and post-citalopram CBF map respectively. Mean CBF
values were calculated for our four regions of interest (ROIs): orbitofrontal cortex
(OFC), thalamus, amygdala and hippocampus (Figure 2), in addition to overall
gray matter (GM) CBF. We chose these ROIs as they demonstrated the strongest
age-dependent effects in our earlier preclinical study by Klomp et al. 17. Heart-rate
was recorded during the scan using a photoplethysmogram.

Figure 1. CBF image
Representative CBF image masked by the individual gray matter mask
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Figure 2. Masks
Masks of the ROIs superimposed on a standard MNI152 brain. Green represents the orbitofrontal
cortex; red represents the amygdala; blue represents the hippocampus; purple represents the thalamus.

Statistical analyses
SPSS version 22.0 (IBM) was used for statistical testing. Data were first
assessed for normality and outliers and log-transformed when non-normally
distributed. To assess the interaction of age-of-first-exposure (group) with the CBF
response to the citalopram challenge (session), linear mixed models were
performed for the four ROIs separately. A compound symmetry covariance matrix
was assumed, with a fixed intercept and the model was estimated using maximum
likelihood. Significance for the linear mixed models was set at p=0.0125 after
Bonferroni correction for the 4 ROIs. Follow-up pairwise comparisons were
corrected for multiple testing using Sidak’s correction. The variables motion, heartrate, current depressive score, age, 5HTTLPR genotype and GM CBF were tested as
possible confounders and if necessary, added to the mixed model analysis for
correction.

115

Chapter 6
Results
Sample characteristics
Sixty-six subjects were included in the study; N=14 in the UN group, N=19
in the EARLY, N=19 in the LATE group and N=14 in the control group (HC). One
subject was not included in the analysis because she used sedative medication
prior to the assessment and therefore could not receive the challenge medication.
For 3 subjects, the scan protocol could not be completed and they were removed
from the analyses. This resulted in 62 subjects who could be included in the
statistical analyses (UN N=14, EARLY N=17, LATE N=17, HC N=14). According to
the M.I.N.I. Plus25, 15 subjects were diagnosed with only MDD, 3 with only AD
and 22 with both MDD and AD (8 subjects did not receive a diagnosis due to
incomplete M.I.N.I. Plus assessment). According to the M.I.N.I. Plus, none of the
HC subjects were ever diagnosed with MDD or AD.
As shown in Table I, age differed significantly between the four groups
(F(3,58)=38.96, p<0.001). Current depressive score as measured with IDS differed
between the three patient groups (F(2,45)=5.70, p=0.006). As a result of the
stratification, patient groups differed significantly in their age of first symptoms
(F(2,43)=30.32, p<0.001), age of first medication (F(2,31)=58.27, p<0.001), as well as
their total duration of medication use (F(2,43)=7.55, p=0.002), but also on time since
last medication (F(1,30)=11.29, p=0.002). Furthermore, based on cut-off scores that
were calculated for the IDS (score of 18 or above) 36 and BDI (score of 10 or above)37,
the patient groups had a significantly higher number of current depressive subjects
compared to the healthy control group (χ2=13.06, p<0.001).

CBF
Baseline CBF values did not differ between the three patient groups in any
of the four ROIs: amygdala (F(2,45)=1.39, p=0.260), thalamus (F(2,45)=0.80,
p=0.454), hippocampus (F(2,45)=0.98, p=0.382) and OFC (F(2,45)=0.83, p=0.442)
(Table II), nor was there a difference in median total GM CBF between the three
patient groups (F(2,45)=1.01, p=0.374). Also no baseline differences were found
between the patient groups for motion (F(2,45)=0.27, p=0.765) or genotype (5HTtransporter-linked polymorphic region (5HTTLPR) (chi-square p=0.338, Table I).
Heart-rate, GM CBF and age had either a high correlation with CBF in the ROIs, or
a significant difference between the groups. They were therefore added as possible

116

Age-dependent effects of citalopram on CBF
Table I. Sample characteristics at baseline
UN

EARLY

LATE

N=14

N=17

N=17

26.71 (2.64)
21.67 (2.01)
107.64
(4.60)
30.00
(12.37)
13.69 (8.42)

27.24 (2.95)
24.72 (5.90)
103.94
(7.12)
19.53
(10.81)
9.67 (9.91)

33.76 (4.79)
25.35 (4.71)
107.00
(8.89)
11.18 (9.98)

4.54 (4.82)

0.062

Age first symptoms (SD), y
Age first medication (SD), y
Time since last medication (SD),
m

19.00 (4.95)
NA

<0.001d
<0.001e

0.00 (0.00)

28.24 (5.23)
28.59 (1.26)
39.24
(37.93)
22.88
(17.21)

NA
NA
NA

Total length of treatment (SD), m

16.94 (2.99)
17.31 (2.87)
84.80
(38.67)
32.00
(35.46)

Age (SD), y
BMI (SD)
IQ (SD)
IDS (SD), score
BAI (SD), score

NA

17.71 (9.12)

HC
N=14
20.93 (1.73)
22.22 (2.97)
113.00
(8.05)
NA

NA

pvalue
<0.001a
0.084
0.015b
0.006c

0.002f
0.002g

5HTTLPR genotype
0.338h
SS
3
1
3
NA
SL
9
8
9
NA
LL
2
8
5
NA
Abbreviations: BAI, Beck Anxiety Inventory; BMI, Body Mass Index; IDS, Inventory for Depressive
Symptomatology; IQ, Intelligence Quotient; m, months; NA, not available; SD, standard deviation; y,
years
UN versus LATE, EARLY versus LATE, UN vs HC, EARLY vs HC, LATE vs HC p<0.001
EARLY versus HC p=0.009
c UN versus EARLY p=0.029, UN versus LATE p=0.008
d LATE versus UN and LATE versus EARLY p<0.001
e EARLY versus LATE p<0.001
f EARLY versus LATE p=0.002
g EARLY versus UN p=0.001
h Pearson Chi-Square
a

b

Table II. CBF (mL/100g/min) pre- and post-citalopram challenges for the three patient groups. Due to
scan parameter differences between the patient groups and the healthy control group, absolute CBF
values could not be compared between patients and controls.
UN
EARLY
pre
post
pre
post
56.82
50.94
52.05
49.40
OFC (SD)
(22.20)
(16.60)
(18.97)
(16.66)
42.86
36.48
39.54
37.37
Amygdala (SD)
(18.56)
(14.49)
(14.66)
(13.89)
57.61
59.76
61.62
61.24
Thalamus (SD)
(21.61)
(19.26)
(22.72)
(21.38)
Hippocampus
55.17
48.71
55.53
52.49
(SD)
(19.75)
(17.86)
(20.43)
(18.49)
Abbreviations: OFC, orbitofrontal cortex; SD, standard deviation

LATE
pre
61.15
(20.74)
49.00
(17.16)
67.47
(21.14)
64.01
(20.97)

post
62.39
(23.74)
48.60
(17.53)
68.45
(22.28)
62.04
(21.72)
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confounders to the mixed model analysis to correct for their possible confounding
influences.
Linear mixed model analysis showed a main effect of session for median
CBF in the amygdala (F(1,62)=13.33, p=0.001), but no significant interaction effect
of session x group (F(3,62)=1.87, p=0.145). Addition of the covariates heart-rate,
GM CBF and age did not alter this main effect of session (F(1,76)=14.24, p<0.001),
although GM CBF also had a significant main effect (F(1,73)=498.11, p<0.001). Posthoc tests indicated a significant decrease in mean CBF in all the groups after the
citalopram challenge (p<0.001) (Figure 3).
For thalamus CBF, no interaction of group x session was found
(F(3,62)=2.67, p=0.055), nor was there a main effect of group (F(3,62)=1.35, p=0.265)
or session (F(1,62)=0.17, p=0.682). When the covariates were included in the model,
a significant main effect of group was found (F(3,60)=12.93, p<0.001) (Figure 3). In
addition, GM CBF showed a main effect (F(1,65)=490.18, p<0.001). Post-hoc tests
showed significant differences between the HC group and the three patient groups
in overall CBF of both sessions (HC vs. UN p<0.001, HC vs. EARLY p<0.001, HC
vs. LATE p=0.009).
In the hippocampus, no interaction was found for group x session on
median CBF (F(3,62)=1.11, p=0.353), nor a main effect of group (F(3,62)=1.73,
p=0.170). A main effect of session was present for median hippocampus CBF
(F(1,62)=14.17, p<0.001). After addition of the covariates to the model, the main
effect of session on median hippocampus CBF remained significant (F(1,76)=13.82,
p<0.001), in addition to a main effect of group (F(3,62)=6.03, p=0.001) (Figure 3).
Also, a main effect of GM CBF (F(1,73)=350.62, p<0.001) was found. Post-hoc tests
revealed a decrease in median CBF in all groups post citalopram challenge
(p<0.001). Additionally, a difference in median CBF (mean of both sessions) was
found between the HC subjects and the two of the three patients groups (HC vs.
UN p=0.006, HC vs. EARLY p=0.001).
In the OFC, no interaction of group x session (F(3,62)=2.02, p=0.121) was
found, but a significant main effect of group (F(3,62)=3.79, p=0.015) and session
(F(1,62)=8.53, p=0.005) was found. After the covariates were added to the model,
these main effect of sessions (F(1,75)=6.86, p=0.011) and group (F(3,61)=4.29,
p=0.008) remained present. Furthermore, a significant main effect of GM CBF was
found as well (F(1,72)=705.70, p<0.001). Again, post-hoc tests showed a significant
decrease in median CBF over all subjects post citalopram (p=0.011). Furthermore,
the HC groups differed in median CBF (mean of two sessions) from the EARLY
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Figure 3. Results
CBF changes after the intravenous citalopram challenge. Median CBF values are depicted for the four
groups (UN (dashed), EARLY (light gray), LATE (dark gray) and HC (dotted)). Bars represent mean
values, while the error bars represent the standard error of the mean. A) Amygdala, B) Thalamus, C)
Hippocampus, D) Orbitofrontal cortex (OFC). * Indicates a significant reduction in CBF between preand post-citalopram, regardless of group (Sidak’s post-hoc p<0.05).

patient group (p=0.005), but not from the UN (p=0.306) or LATE (p=0.220) group
(Figure 3).

Cardiovascular effects
As SERTs are also present outside the brain, and they are known to have
vasoconstrictive properties, heart-rate and intracranial blood-flow (2D-flow) were
additionally measured, as this may have influenced our results. ANOVA showed a
baseline difference in heart-rate between the four groups (F(3,57)=3.02, p=0.037,
although post-hoc tests did not show any differences in this parameter between the

119

Chapter 6
groups. Linear mixed models showed no interaction effect of group and session on
heart-rate (F(3,61)=1.27, p=0.294). However, a main effect of session on heart-rate
was observed (F(1,61)=36.92, p<0.001), indicative of an overall increase of heartrate after the citalopram challenge (p<0.001) (Supplementary Figure 1).
There was no baseline effect of group on 2D-flow (F(3,58)=1.60, p=0.200),
nor was there an interaction of group and session on 2D-flow (F(3,60)=1.16,
p=0.332), nor a main effect of group (F(3,61)=1.82, p=0.154) or session (F(1,60)=0.00,
p=0.984) (Supplementary Figure 1). Lastly, no interaction effect was found for GM
CBF (F(3,62)=1.03, p=0.386), nor was a main effect of group (F(3,62)=2.17, p=0.100)
or session (F(1,62)=0.48, p=0.493) on GM CBF observed (Supplementary Figure 1).

Discussion
To our knowledge, this is the first study that investigated possible
modulatory effects of age of first SSRI treatment on the responsiveness of the
human serotonin system. We compared the CBF responses to an acute citalopram
challenge in young adult females with a life-time MDD and/or AD diagnosis, who
were stratified into three groups: never treated with SSRIs (UN), first SSRI
exposure before 23 (EARLY), and first treatment after 23 years of age (LATE), who
were compared to an additional group of healthy female control subjects.
Administration of the citalopram challenge resulted in a significant overall
decrease in median CBF in three ROIs: amygdala, hippocampus and OFC. This
result is generally in line with previous literature; also Chen et al. reported a
decrease in CBF in the amygdala and OFC, in addition to the fusiform gyrus and
insula, in healthy adult subjects following a single oral dose of citalopram, as
measured with ASL based phMRI22. In addition, also using ASL based-phMRI, we
found a decrease in thalamic CBF in healthy female subjects after an intravenous
citalopram injection24, while Klomp et al. reported a decrease in the frontal gyrus
and thalamus after an oral citalopram challenge in healthy females 38. Six weeks of
escitalopram treatment decreased CBF in the left interior temporal gyrus and in the
middle- and interior frontal gyri of MDD patients39. Also, ten days of citalopram
treatment in healthy subjects reduced the blood-oxygen level dependent (BOLD)
response in the amygdala40.
Most preclinical studies, however, and one clinical study that also
measured BOLD signal, reported an increased activation following an SSRI
challenge17,32,41,42. This is interesting, as typically a positive linear correlation
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between CBF and BOLD signal is found, mainly during functional MRI task
activation43,44. However, when assessing drugs that affect both the vasculature and
neural activity, interpretation of the BOLD signal is more difficult, as it depends on
neurovascular coupling and changes in cerebral blood flow, which is influenced by
oxygen or glucose consumption and neurotransmitter release45. The change in MRI
signal in response to a 5HT challenge is known to be modified directly by the
extracellular 5HT levels46, and indirectly by the binding of 5HT to its receptors 47.
Also interactions of these receptors48 and neurotransmitter release per se may
modify this signal45. Together, this may explain the reported increases in BOLD
signal following SSRI treatment17,32,41,42, whereas decreases in ASL signal are
reported in other studies22,38–40. Future research would benefit from more specific
measures that can distinguish between neuronal activation and vascular effects.
We did not find significant interaction effects between group and session,
indicating that there are no age-dependent effects of SSRI exposure on the CBF
response to citalopram, at least in the ROIs studied here. This is not in line with our
earlier preclinical phMRI study in which we found a diminished BOLD response to
an acute 5HT challenge, in several cortical and subcortical areas including the
amygdala, in rats that were first treated with SSRIs at an adult age; whereas in rats
first treated with SSRIs at an adolescent age, this response was increased 17.
Furthermore, other preclinical studies done by Wegerer et al. and Shrestha et
al.18,19, did also find age-dependent effects of SSRI treatment on the 5HT system,
opposite to our results.
In the current study on age-dependent effects of SSRI exposure on the CBF
response to citalopram, we did not find a significant effect of age of first SSRI
exposure on this response (Figure 3). However, all studies in which significant agedependent effects of SSRI exposure were reported before, were conducted in
animals. Furthermore, these preclinical studies used the SSRI fluoxetine, whereas
we used the SSRI citalopram. This response is here investigated for the first time in
humans and perhaps differences in type of antidepressant and dosage (i.e.
typically 5 mg/kg fluoxetine in rats versus in total 7.5 mg citalopram in humans),
route of administration, and differences in type of prior SSRI exposure (all types of
SSRI exposure in the patient subjects versus solemnly fluoxetine exposure in rats),
may thus have contributed to the differences between studies. Furthermore, in our
preclinical study, the chronic treatment with fluoxetine was followed by a one
week washout period, whereas in our human cohort, the wash-out period varied
strongly, on average 3.3 years, which could be compared to around one month in a
rat’s life49. An alternative explanation for these contradictions could be that in our

121

Chapter 6
current study, depressed patients were included, whereas in preclinical studies,
effects of SSRI exposure were investigated in healthy animals.
There are several limitations to our study. First, the retrospective design of
this first exploratory approach, could have led to a recall bias. The inclusion of
both healthy subjects and life-time depressed patients in our study could have
resulted in a more heterogeneous sample, which could have decreased the power
of the group variable in the linear mixed models. Additionally, in the three patient
groups, differences on several variables were present, such as time since last
treatment and total length of treatment, that could not be controlled for in this
retrospective design. Furthermore, the numbers of patients that were currently still
depressed (based on IDS cut-off) differed between our three patient groups (Table
I), resulting in unequal distribution of remitted and currently depressed patients
between the groups. Also, age differed significantly between our four groups,
which was mainly the result of the inclusion of our HC group from a different
study sample, although this addition allowed us to compare the CBF response in
the patient groups to a healthy control sample. However, in our analysis we tested
these variables for their potential confounding effects and appropriate corrections
were done where necessary. Lastly, both subjects with MDD and/or AD were
included in this study. There were 3 subjects who suffered only from AD based on
the M.I.N.I. Plus, but all other subjects either suffered from MDD or from both
conditions. Although these two disorders are often comorbid and may share
similar mechanisms and/or brain changes, this might in theory have contributed
to our results. Hence, while this is to our knowledge the first study in humans,
which shows discrepancies with earlier rodent work, it is too early to conclude that
SSRIs do not affect development of the human serotonergic system, as future
studies of a longitudinal nature, with a more homogeneous group need to be done
to address this.

Conclusion
In conclusion, stimulation of the 5HT system using an acute citalopram
challenge induced a general decrease in CBF in the amygdala, hippocampus and
OFC. We did not find an age-dependent effect of first time SSRI exposure on this
CBF response in depressed female patients, suggesting that the human serotonin
system has not undergone major alterations after an early first exposure to SSRI
treatment. Although these first human data differ from earlier preclinical studies,
we find it too early to conclude that SSRIS do not affect the development of the
human serotonergic system. For that, future follow-up studies with a longitudinal
122
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design and a larger and more homogeneous group are needed. Such knowledge is
still lacking but urgently needed, particularly given earlier concerns regarding
potential adverse effects of SSRIs administered to children (e.g., black box warning
issued by the FDA in 200451).

123

Chapter 6

References
1.
2.
3.

4.
5.
6.

7.
8.

9.
10.
11.

12.
13.

14.
15.

16.
17.

18.

19.
20.

21.

124

American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders 5th
Edition. 5th ed. Arlington; 2013. 947 p.
Marcus M, Yasamy MT, Van Ommeren M, Chisholm D, Saxena S. Depression, a global public
health concern. 2012.
Linde K, Kriston L, Rücker G, Jamil S, Schumann I, Meissner K, et al. Efficacy and Acceptability of
Pharmacological Treatments for Depressive Disorders in Primary Care: Systematic Review and
Network Meta-Analysis. Ann Fam Med. 2015;13(1):69–79.
Pirker W, Asenbaum S, Kasper S, Walter H, Angelberger P, Koch G, et al. beta-CIT SPECT
demonstrates blockade of 5HT-uptake sites by citalopram in the human brain in vivo. J Neural
Transm Gen Sect. 1995;100(3):247–56.
Krishnan V, Nestler EJ. The molecular neurobiology of depression. Nature. 2008 Oct
16;455(7215):894–902.
Ruhé HG, Mason NS, Schene AH. Mood is indirectly related to serotonin, norepinephrine and
dopamine levels in humans: a meta-analysis of monoamine depletion studies. Mol Psychiatry.
2007;12(4):331–59.
Neumeister A, Hu X-Z, Luckenbaugh DA, Schwarz M, Nugent AC, Bonne O, et al. Differential
effects of 5-HTTLPR genotypes on the behavioral and neural responses to tryptophan depletion in
patients with major depression and controls. Arch Gen Psychiatry. 2006 Sep;63(9):978–86.
Roiser JP, Levy J, Fromm SJ, Nugent AC, Talagala SL, Hasler G, et al. The Effects of Tryptophan
Depletion on Neural Responses to Emotional Words in Remitted Depression. Biol Psychiatry.
2009;66(5):441–50.
Racagni G, Popoli M. Cellular and molecular mechanisms in the long-term action of
antidepressants. Dialogues Clin Neurosci. 2008;10(4):385–400.
Arrol, B. Macgillivray, S. Ogston SREA. Antidepressants and SSRIs Compared With Placebo for
Treatment of Depression. Ann Fam Med. 2005;3:449–56.
Moffitt TE, Caspi A, Taylor A, Kokaua J, Milne BJ, Polanczyk G, et al. How common are common
mental disorders? Evidence that lifetime prevalence rates are doubled by prospective versus
retrospective ascertainment. Psychol Med. 2010 Jun;40(6):899–909.
Ryan ND. Child and adolescent depression: short-term treatment effectiveness and long-term
opportunities. Int J Methods Psychiatr Res. 2003;12(1):44–53.
Bachmann CJ, Aagaard L, Burcu M, Glaeske G, Kalverdijk LJ, Petersen I, et al. Trends and
patterns of antidepressant use in children and adolescents from five western countries, 2005-2012.
Eur Neuropsychopharmacol. 2016;26(3):411–9.
Mourilhe P, Stokes PE. Risks and benefits of selective serotonin reuptake inhibitors in the
treatment of depression. Drug Saf. 1998 Jan;18(1):57–82.
Andersen SL, Navalta CP. Altering the course of neurodevelopment: A framework for
understanding the enduring effects of psychotropic drugs. Vol. 22, International Journal of
Developmental Neuroscience. 2004. p. 423–40.
Hammad TA, Laughren T, Racoosin J. Suicidality in Pediatric Patients Treated With
Antidepressant Drugs. Arch Gen Psychiatry. 2006;63:332–9.
Klomp A, Tremoleda JL, Wylezinska M, Nederveen AJ, Feenstra M, Gsell W, et al. Lasting effects
of chronic fluoxetine treatment on the late developing rat brain: Age-dependent changes in the
serotonergic neurotransmitter system assessed by pharmacological MRI. Neuroimage.
2012;59:218–26.
Wegerer V, Moll GH, Bagli M, Rothenberger A, Rüther E, Huether G. Persistently increased
density of serotonin transporters in the frontal cortex of rats treated with fluoxetine during early
juvenile life. J Child Adolesc Psychopharmacol. 1999;9(1):13–24.
Shrestha SS, Nelson EE, Liow JS, Gladding R, Lyoo CH, Noble PL, et al. Fluoxetine administered
to juvenile monkeys: Effects on the serotonin transporter and behavior. Am J Psychiatry.
2014;171(3):323–31.
Homberg JR, Olivier JDA, Blom T, Arentsen T, van Brunschot C, Schipper P, et al. Fluoxetine
exerts age-dependent effects on behavior and amygdala neuroplasticity in the rat. PLoS One.
2011;6(1):1–10.
Norrholm SD, Ouimet CC. Chronic fluoxetine administration to juvenile rats prevents age-

Age-dependent effects of citalopram on CBF

22.

23.
24.
25.

26.
27.
28.
29.
30.

31.
32.
33.

34.

35.
36.
37.
38.

39.

40.

41.
42.
43.
44.

associated dendritic spine proliferation in hippocampus. Brain Res. 2000;883(2):205–15.
Chen Y, Wan HI, O’Reardon JP, Wang DJJ, Wang Z, Korczykowski M, et al. Quantification of
Cerebral Blood Flow as Biomarker of Drug Effect: Arterial Spin Labeling phMRI After a Single
Dose of Oral Citalopram. Clin Pharmacol Ther. 2011 Feb 29;89(2):251–8.
Paus T, Zijdenbos A, Worsley K, Collins DL, Blumenthal J, Giedd JN, et al. Structural maturation
of neural pathways in children and adolescents: in vivo study. Science. 1999;283:1908–11.
Schrantee A, Solleveld MM, Schwantje H, Bruin WB, Mutaserts HJM, Adriaanse SM, et al. Noninvasive MR assessment of serotonin function: dose-dependent effects of the SSRI citalopram.
submitted.
Sheehan D V., Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E, et al. The MiniInternational Neuropsychiatric Interview (M.I.N.I.): The development and validation of a
structured diagnostic psychiatric interview for DSM-IV and ICD-10. In: Journal of Clinical
Psychiatry. 1998. p. 22–33.
Rush AJ, Giles DE, Schlesser MA, Fulton CL, Weissenburger J, Burns C. The Inventory for
Depressive Symptomatology (IDS): preliminary findings. Psychiatry Res. 1986 May;18(1):65–87.
Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J. An inventory for measuring depression.
Arch Gen Psychiatry. 1961 Jun;4:561–71.
Beck A, Epstein N, Brown G, Steer R. An inventory for measuring clinical anxiety: psychometric
properties. J Consult Clin Psychol. 1988 Dec;56(6):893–7.
Schmand B, Bakker D, Saan R, Louman J. The Dutch Reading Test for Adults: a measure of
premorbid intelligence level. Tijdschr Gerontol Geriatr. 1991;22(1):15–9.
Young KA, Bonkale WL, Holcomb LA, Hicks PB, German DC. Major depression, 5HTTLPR
genotype, suicide and antidepressant influences on thalamic volume. Br J Psychiatry.
2008;192(4):285–9.
van Strien T, Konttinen H, Homberg JR, Engels RCME, Winkens LHH. Emotional eating as a
mediator between depression and weight gain. Appetite [Internet]. 2016;100:216–24.
McKie S, Del-Ben C, Elliott R, Williams S, Del Vai N, Anderson I, et al. Neuronal effects of acute
citalopram detected by pharmacoMRI. Psychopharmacology (Berl). 2005;180:680–6.
Mutsaerts H, Thomas D, Petr J, de Vita E, Cash D, van Osch M, et al. Addressing multi-centre
image registration of 3T arterial spin labeling images from the GENetic Frontotemporal dementia
Initiative (GENFI). In: Int Soc Magn Reson Med. 2016.
Alsop DC, Detre JA, Golay X, Günther M, Hendrikse J, Hernandez-Garcia L, et al. Recommended
implementation of arterial spin-labeled perfusion MRI for clinical applications: A consensus of the
ISMRM perfusion study group and the European consortium for ASL in dementia. Magn Reson
Med. 2015 Jan;73(1):102–16.
Ashburner J. A fast diffeomorphic image registration algorithm. Neuroimage. 2007;38(1):95–113.
Rush AJ, Gullion CM, Basco MR, Jarrett RB, Trivedi MH. The Inventory of Depressive
Symptomatology (IDS): psychometric properties. Psychol Med. 1996;26(3):477–86.
Beck AT, Steer RA, Garbin MG. Psychometric properties of the Beck Depression Inventory:
Twenty-five years of evaluation. Clin Psychol Rev. 1988;8:77–100.
Klomp A, Caan MWA, Denys D, Nederveen AJ, Reneman L. Feasibility of ASL-based phMRI with
a single dose of oral citalopram for repeated assessment of serotonin function. Neuroimage.
2012;63(3):1695–700.
Kaichi Y, Okada G, Takamura M, Toki S, Akiyama Y, Higaki T, et al. Changes in the regional
cerebral blood flow detected by arterial spin labeling after 6-week escitalopram treatment for
major depressive disorder. J Affect Disord. 2016;194:135–43.
Windischberger C, Lanzenberger R, Holik A, Spindelegger C, Stein P, Moser U, et al. Areaspecific modulation of neural activation comparing escitalopram and citalopram revealed by
pharmaco-fMRI: A randomized cross-over study. Neuroimage. 2010;49(2):1161–70.
Bouet V, Klomp A, Freret T, Wylezinska-Arridge M, Lopez-Tremoleda J, Dauphin F, et al. Agedependent effects of chronic fluoxetine treatment on the serotonergic system one week following
treatment. Psychopharmacology (Berl). 2012;221(2):329–39.
Schwarz AJ, Gozzi A, Reese T, Bifone A. In vivo mapping of functional connectivity in
neurotransmitter systems using pharmacological MRI. Neuroimage. 2007;34(4):1627–36.
Sokoloff L. Relationships among local functional activity, energy metabolism, and blood flow in
the central nervous system. Fed Proc. 1981 Jun;40(8):2311–6.
Raichle ME, Grubb RL, Gado MH, Eichling JO, Ter-Pogossian MM. Correlation between regional

125

Chapter 6

45.
46.

47.
48.
49.
50.
51.

126

cerebral blood flow and oxidative metabolism. In vivo studies in man. Arch Neurol. 1976
Aug;33(8):523–6.
Logothetis NK, Wandell BA. Interpreting the BOLD Signal. Annu Rev Physiol. 2004;66(1):735–69.
Preece MA, Taylor MJ, Raley J, Blamire A, Sharp T, Sibson NR. Evidence That Increased 5-HT
Release Evokes Region-Specific Effects on Blood-Oxygenation Level-Dependent Functional
Magnetic Resonance Imaging Responses in the Rat Brain. Neuroscience. 2009;159(2):751–9.
Sekar S, Verhoye M, Van Audekerke J, Vanhoutte G, Lowe AS, Blamire AM, et al. Neuroadaptive
responses to citalopram in rats using pharmacological magnetic resonance imaging.
Psychopharmacology (Berl). 2011;213(2-3):521–31.
Martin GR. Vascular receptors for 5-hydroxytryptamine: Distribution, function and classification.
Pharmacol Ther. 1994;62(3):283–324.
Sengupta P. The Laboratory Rat: Relating Its Age With Human’s. Int J Prev Med. 2013
Jun;4(6):624–30.
Banerjee A, Tsiatis AA. Adaptive two-stage designs in phase II clinical trials. Stat Med [Internet].
2006 Oct 15;25(19):3382–95.
Friedman RA. Antidepressants’ black-box warning--10 years later. N Engl J Med [Internet]. 2014
Oct 30;371(18):1666–8.

Age-dependent effects of citalopram on CBF
Supplementary Figure 1. Cardiovascular effects
Changes in cardiovascular variables after the intravenous citalopram challenge. Median values are
depicted for the four groups (UN (dashed), EARLY (light gray), LATE (dark gray) and HC (dotted)).
Bars represent mean values, error bars represent standard error of the mean. A) heart-rate, B) 2D-flow,
C) GM CBF. * Indicates a significant difference between pre- and post-citalopram (Sidak’s post-hoc
p<0.05).
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Chapter 7
English summary and general discussion
Recent preclinical studies have highlighted the importance and urgent
need to conduct clinical studies on the age-dependent, and possibly long-term,
effects of psychotropic medication. This is particularly relevant as they are often
prescribed to children and adolescents, whose brains are very plastic and, to a
considerable extent, still undergo development. Moreover, in the past decades,
these medications are prescribed in large numbers and increasingly so to children
and adolescents suffering from Major Depressive Disorder (MDD) or AttentionDeficit/Hyperactivity Disorder (ADHD).
When drugs target a neurotransmitter system during its developmental
phase, this may alter the normal developmental trajectory. As such, effects of a
drug can outlast the drug’s presence and induce long-lasting changes. This concept
is known as neurochemical imprinting and predicts that neurotransmitter systems,
like the dopamine (DA), gamma-aminobutyric acid (GABA) and serotonin (5HT)
systems, may incorporate the effects of an early exposure to drugs targeting these
systems. As such, drug exposure at an early age may lead to a different state or
responsivity of the neurotransmitter system long after treatment has stopped, e.g.
in adulthood1.
The neurochemical imprinting theory has until now only been studied in
preclinical studies, mainly rats, and it is thus so far unknown whether this
phenomenon also occurs in the human brain. The main aim of this thesis was
therefore to investigate whether the psychotropic medications methylphenidate
(MPH) and selective serotonin reuptake inhibitors (SSRIs) induce age-dependent,
and possibly long-lasting effects also in the developing human brain.
In this thesis, we focused on two commonly prescribed medications in
children and adolescents: MPH for the treatment of ADHD (Part I) and SSRIs for
the treatment of MDD and Anxiety Disorder (AD) (Part II). The main results of my
thesis indicate that there is an age-dependent sensitivity of the human DA- and
GABAergic system to MPH, but apparently not of the 5HTergic system to SSRI
exposure. This final chapter summarizes the general results obtained in these two
parts of this thesis, discusses the choices made in the designs, details limitations of
our studies, and, based on relevant literature, provides future perspectives for
further clinical research.
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Part I – Attention-Deficit/Hyperactivity Disorder
Part I of this thesis addressed age-dependent, and possibly lasting, effects
of MPH exposure on the brains of ADHD patients of different ages of first
exposure. Even though the DAergic system has received the most attention as a
major neurotransmitter system involved in ADHD, also the GABAergic system
plays an important role in the pathophysiology of ADHD. Therefore, in Chapter 2,
we investigated potential age-dependent effects of MPH exposure on the
GABAergic system in three different groups that allowed us to study long-term
effects of MPH exposure on the human GABA system. Patients were stratified into
three groups: one group of patients whose first MPH exposure had occurred at an
age at which the brain still undergoes considerable plasticity (i.e. during a period
of ongoing brain development during childhood and adolescence 2,3), one group of
patients whose first MPH exposure had occurred at an age at which their brain has
already further matured and can be considered mature (adult exposure), and one
group of patients who were never exposed to MPH treatment.
In Chapter 2, we found that baseline GABA levels were lower in subjects
first exposed to MPH during brain development, compared to subjects first
exposed in adulthood. An acute challenge with MPH induced a significant increase
in GABA levels only in subjects who were first exposed early in life, whereas this
was not the case in the unexposed subjects or in the subjects first exposed at an
adult age. From these results, we concluded that treatment with MPH during brain
development alters the human GABAergic system and induces long-lasting
alterations, i.e. a hyperactive GABA response to a DAergic stimulus.
Chapters 3 and 4 describe the results from a randomized clinical trial
(RCT), entitled the ‘Effects of Psychotropic drugs On the Developing brain’ (ePOD)
program. The aim of this study was to investigate the possible persisting, agedependent effects of 16 weeks of MPH treatment on the DAergic system and
function. In this RCT, children (10-12 years of age) and adults (23-40 years of age),
all medication-naive patients diagnosed with ADHD, were randomly treated with
either MPH or placebo for a period of 16 weeks. The participants underwent a
neuropsychological test battery and an MRI scan session, including a functional
MRI (fMRI) assessment of emotional dysregulation and attention, and they also
participated in a sleep study. All measurements were done at three time-points
during the trial: prior to treatment, during treatment and following a one-week
washout after treatment end. In Chapter 3, the outcomes of the two fMRI tasks are
reported. The first fMRI task measured emotion recognition, whereas the second
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fMRI task measured response inhibition, two key cognitive processes that are
impaired in ADHD.
For the emotion recognition paradigm, MPH increased amygdala
reactivity in children one week after trial end compared to during treatment,
whereas the reactivity decreased in the placebo treated children one week after
trial end. However, MPH improved emotion dysregulation in the children during
the trial. In contrast, in the adults, no effects were found of MPH over placebo on
amygdala reactivity and emotion dysregulation. Furthermore, MPH treatment
decreased amygdala-cortical functional connectivity in both age groups, but this
connectivity was found to be stronger in adults than in children at trial end. For the
response inhibition paradigm, MPH did not affect paracingulate reactivity, neither
in children nor in adults, but did induce paracingulate-cortical hyperconnectivity
in adults at trial end.
Our findings suggest that 16 weeks of treatment with MPH affected right
amygdala activity, amygdala and paracingulate connectivity and emotion
dysregulation in an age-dependent manner, as different results were reported for
children compared to adults. The emotion recognition findings indicate that MPH
treatment might result in a lasting increase in amygdala reactivity in children,
which is a potential concern as heightened amygdala activation has been linked to
emotion dysregulation4. Other clinical studies have shown an increased risk for
anxiety or depression later in life after such heightened activity in adolescence 4-6.
However, these findings are in contrast with self-reported emotion dysregulation,
which was positively influenced by MPH treatment during the trial in children
(only). A possible explanation for this could be that depressive or anxiety
symptomatology, as a possible result of heightened amygdala activity, was not
observed until six years after MPH treatment in another large clinical trial 6.
Although we have not done a longer follow-up, we do show that on the shortterm, there are no obvious negative effects of MPH on symptoms of emotion
dysregulation, anxiety or depression, either in children or adults.
In Chapter 4, we investigated whether 16 weeks of MPH treatment affects
sleep and whether these effects persisted after treatment cessation. Sleep was
assessed using actigraphy, a sleep diary and questionnaires, at three time-points
during the ePOD trial: baseline, during and post-treatment. Our results show that
MPH treatment has a positive effect on sleep: sleep efficiency was significantly
higher in the subjects treated with MPH compared to placebo treatment.
Additional positive effects were found on sleep onset latency, total sleep time and
mean wake bout time. No differences were found between MPH and placebo
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treatment during the trial, indicating that MPH treatment did not negatively affect
sleep during treatment. Furthermore, we did find a significant increase in sleep
efficiency in the MPH treated subjects when baseline values were compared to
post-treatment values. This was absent in the placebo treated subjects. We further
investigated the effects of MPH on restless legs syndrome (RLS), but failed to find
any effects of MPH on this readout. From these results, we conclude that there is a
positive effect of MPH on sleep that outlasts the treatment period.
Collectively, the results in Chapter 2 and 3 support the hypothesis that
effects of chronic MPH exposure may depend on the age of first exposure, also in
the human brain. When combining the results in Chapter 2, 3 and 4, the effects of
MPH exposure also outlast the treatment period, consistent with the neurochemical
imprinting hypothesis.
The persisting effects of early MPH exposure on later imbalances in the
DAergic neurotransmitter system were not only investigated in this thesis, but
have also been studied in the same subjects as studied here by Schrantee et al., who
used a different technique to study imbalances in the DAergic system. ADHD
patients that were first exposed early, but not later (i.e. in adulthood) showed
lower cerebral blood flow (CBF) in DA innervated brain areas 7,8. A 16 week MPH
treatment induced age-dependent effects on the CBF response to MPH in the DA
striatal-thalamic circuitry8,9. These age-dependent, lasting effects of ADHD
medications on the DAergic neurotransmitter system are in line with the agedependent effects of MPH on the emotional reactivity paradigm 10–12 we report in
Chapter 3, and the persisting effects of MPH on sleep we report in Chapter 4, in
which the DA system is also thought to play a role13,14.
We furthermore report persisting changes in the GABAergic system in
Chapter 2, in which we found lower GABA levels in those ADHD patients who
were first exposed to MPH at a young age, but not in those for whom first drug
treatment had started only later in life. The GABAergic system has been implicated
in ADHD pathophysiology15,16 and levels of behavioral impulsivity, i.e. a key
feature of inhibitory control in ADHD, are found to be negatively correlated with
brain GABA levels17–19. Indeed, it is thought that aberrations in the normal
development of both the GABAergic and DAergic neurotransmitter systems might
result in later imbalances and possible dysfunction of these systems, which could
play a role in the behavioral symptomatology and persistence of ADHD20,21.
When combining the results from Schrantee et al.8,9 and those reported in
this thesis, together with the growing body of evidence from preclinical studies, we
conclude that treatment with MPH during brain development seems to induce age133
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dependent and lasting effects on the DAergic and GABAergic neurotransmitter
systems. The next step would be to focus on the consequences of these medicationinduced neurobiological changes on cognition and behavior, and to investigate e.g.
whether the lasting effects remain present when the time since treatment cessation
increases. A meta-regression analysis that focused on response inhibition, working
memory and sustained attention in ADHD patients investigated whether MPH
had an age-dependent effect on these cognitive measures22. However, they did not
observe age-dependent effects of MPH on executive functions in children and
adults with ADHD, but concluded that medication-naive adolescent studies are
needed before this conclusion can be confirmed. Moreover, they suggest that it is
of interest to determine how these cognitive effects relate to behavioral
impairment, but studies done so far on this topic used only small sample sizes.
Hopefully, future studies with increased sample sizes and inclusion of medicationnaive adolescent subjects will provide more insight in the age-dependent effects of
MPH on cognitive and behavioral measures.

Part II – Major Depressive Disorder
Part II of this thesis focused on the 5HT system, particularly on agedependent, possibly lasting effects of antidepressant (mainly SSRI) exposure on the
(developing) brain of patients with MDD and/or AD. In Chapter 5, we first
assessed whether phMRI can detect dose-related hemodynamic responses to SSRIs
and whether this technique can be compared to single photon emission computer
tomography (SPECT) in terms of its ability to detect with sufficient sensitivity
serotonin transport (SERT) occupancy in a group of healthy female volunteers. Our
results show that (after an acute oral dosage of citalopram) phMRI can indeed
detect differential effects of SERT occupancy in a dose-dependent manner. This
suggests that phMRI can serve as a (non-ionizing) alternative for SPECT or
Positron Emission Tomography (PET) for studies that aim to measure the 5HT
system in vivo.
In Chapter 6, phMRI was used as a proxy measure for 5HT function and
applied to a clinical study. Here, the age-dependent effect of SSRI exposure on the
5HT system was investigated in patients with a life-time MDD and/or AD
diagnosis. Again, comparable to Chapter 2, three patient groups were investigated:
subjects first exposed to SSRI treatment before the age of 23 (i.e. during a period of
ongoing brain development), patients first exposed after the age of 23 years (i.e.
after their brain had matured and are considered adult), and patients that were
never exposed to SSRIs. In addition, a group of healthy female subjects was
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included to compare the functioning of the 5HT system between healthy subjects,
and subjects with a life-time MDD and/or AD diagnosis. We found an overall
decline in the CBF of the amygdala, hippocampus and orbitofrontal cortex (OFC),
in response to an acute 5HT challenge with citalopram, regardless of group.
The lack of group differences in this human study was in contrast with
earlier preclinical phMRI studies, showing that e.g. rats that were exposed to SSRIs
during development, displayed an altered response to an acute SSRI challenge,
compared to rats that were first exposed to SSRIs only in adulthood23. However,
despite the current lack of difference in our human study, it is still too early to
conclude that SSRIs do not affect the development of the human 5HTergic system.
One reason would be that either the young/adolescent human brain is differently
sensitive to SSRIs, e.g. due to differences in metabolism or blood-brain-barrier
function between rodents and humans, such that the changes reported in rodents
do not happen in humans at all (although this may be different for MPH, see Part
I). Alternatively, our current study design (i.e. its retrospective nature and a
heterogeneous study population) may not have allowed to properly study these
aspects. We studied four regions of interest (ROIs) in Chapter 6; i.e. the OFC,
hippocampus, amygdala and thalamus, but possibly a whole brain analysis might
have uncovered CBF changes in different brain regions. Furthermore, we included
both healthy controls subjects and subjects with a life-time MDD diagnosis,
whereas the preclinical studies only included healthy animals, which could have
contributed to differences in results. To address these aspects, future, longitudinal
studies with a more homogeneous (patient)group are needed. In sum, based on the
work reported in Part II of this thesis, we conclude that although phMRI is a
reliable technique to investigate SSRI-induced changes of the human 5HTergic
system, longitudinal studies are needed to fully understand the age-dependent
effects of SSRIs on the 5HTergic system.

Methodological considerations
Measurement techniques
There are several limitations worth mentioning with respect to the
techniques and designs we used here. In Chapter 2, proton magnetic resonance
spectroscopy (1H-MRS) was used to quantify GABA levels in the prefrontal cortex.
Although MRS is currently the only available technique to reliably measure human
brain metabolites in vivo, a large voxel is needed in order to obtain a sufficiently
high signal-to-noise ratio (SNR) as well as to reliably fit and estimate GABA levels.
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Direct quantification of metabolite concentrations using MRS is very complicated
and therefore ratios are used to express relative metabolite concentrations to a
reference metabolite. We have chosen the unsuppressed water peak as a reference
signal, as it has a high SNR and clear spectral separation from the GABA signals.
Also creatine could be used as a reference metabolite, and is indeed often chosen
for that reason by others, due to its relative stability and the lack of a chemical shift
with respect to GABA24. Nonetheless, creatine has a lower SNR compared to water,
and the form of the creatine signal could in principle differ between the ON and
OFF scans in the MEGA-PRESS sequence we used here. This would be due to
changes in the underlying GABA signal that has a shared location of origin with
creatine. For future studies, possible improvements would be to make use of the
recent advancements in 7T protocols (resulting in increased SNR and better
chemical shift dispersion25), or to use chemical shift imaging for an increased
coverage, instead of single voxel spectroscopy26.
In Chapter 3, fMRI was used as a technique to assess effects of MPH
exposure on amygdala activity and connectivity during an emotion recognition
paradigm. FMRI measures the blood-oxygen-level dependent (BOLD) signal that is
based on the principle that changes in brain activity are associated with changes in
blood flow. However, the BOLD signal can be further affected by several factors,
including medication, which can e.g. via cardiovascular actions, affect blood flow
in the brain directly, hereby altering the BOLD signal. Furthermore, the BOLD
signal is a sum of both inhibitory and excitatory input to a neuron or neuronal
networks, which could cancel each other out when they receive both inputs at the
same time.
For our sleep measurements in Chapter 4, we used actigraphy. The
actigraph is a small unit, worn for several nights in order to measure the human
rest and activity cycles during day and night, and uses movement as a proxy to
measure the sleep pattern of the subject. Another technique that more directly
measures sleep is polysomnography. With polysomnography, the subject stays in
the lab overnight to record the bio-physiological changes that occur during sleep.
However, the use of polysomnography is very costly, impractical and it does not
represent the sleeping pattern of the subject, a child in our case, in its natural
environment. In our study, actigraphy was therefore preferred over
polysomnography. Moreover, a recent study compared actigraphy and
polysomnography in ADHD patients and healthy controls. They reported that for
some sleep variables, like sleep onset latency and sleep duration, an acceptable
correlation between polysomnography and actigraphy was present in ADHD
patients treated with MPH or placebo. However, in placebo-treated ADHD
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patients, actigraphy tended to overestimate sleep efficiency with 9.3% compared to
polysomnography, which was estimated to be 8.5% in MPH-treated ADHD
patients, and 5.6% in healthy control subjects. As our trial only included ADHD
patients and no control subjects, this overestimation should not raise a concern
about the use of actigraphy in our study, according to their conclusions 27. In view
of our study design in this particular age group and setting, we choose to use
actigraphy in the ePOD trial, also for practical reasons. As we also compared both
groups the same way, we consider it unlikely that major differences have been
introduced between the groups as a result of our use of actigraphy for measuring
sleep variables.
In Chapter 5 and 6, phMRI was used. PhMRI measures brain
hemodynamics after administration of a drug or pharmacological challenge, and
allows to measure the activity and responsivity of a given neurotransmitter
system, in this case the 5HT system. PET and SPECT are two widely applied
techniques that can be used to measure the 5HTergic system as well, but due to
their use of radio ligands, they are not suitable for use in children, nor do they
allow to measure changes in the 5HT system repeatedly, or over a longer period of
time. In our studies in Chapter 5, we therefore included an additional SPECT
measurement, which allowed for a comparison of the phMRI response with the
5HT transporter occupancy in the same subject, as measured with SPECT. From
the results, we conclude that phMRI can detect dose-dependent changes in
baseline CBF. The phMRI signal, however, did not correlate with changes in
SPECT measurements, possibly due to the fact that SPECT measures transporter
binding directly, although both techniques did correlate with SSRI plasma levels
separately. PhMRI is an indirect measure of the SERT, as it namely measures the
hemodynamic response in the whole synapse, which includes both presynaptic
transporters and pre- and postsynaptic receptors, in addition to neurotransmitter
release28. Our results in Chapter 6 differ from studies that used BOLD or arterial
spin labeling (ASL) based phMRI, and that measured age-dependent changes after
an SSRI challenge29–31. As we discussed in Chapter 6, these differences are likely
explained by the fact that both measurements are influenced by different direct
and indirect processes following an SSRI challenge, in addition to the
heterogeneous sample. This can involve direct 5HT release, but also (de)activation
of 5HT receptors. Although phMRI is a promising technique that allows to noninvasively measure biological variations and abnormalities in the 5HT system, e.g.
in response to SSRI treatment, future studies would benefit from additional
measures that can distinguish between neuronal activation and vascular effects per
se. One possibility would be to use a dual-echo ASL sequence that obtains both
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changes in CBF and BOLD, which should improve phMRI signal sensitivity
considerably32.
For the phMRI and fMRI studies reported in this thesis, we chose to
perform ROI-based analyses instead of whole-brain analyses for our primary
outcomes. This decision was based on the fact that we wanted to directly translate
preclinical work on neurochemical imprinting to human research, with a priori
selected ROIs based on the available (preclinical) literature. In addition, whole
brain analyses suffer from the multiple comparison problem, thereby lowering the
statistical power to detect small effects. As we could only include relatively small
samples, ROI-based analyses were preferred due to increased statistical power.
Nevertheless, ROI analysis averages over multiple voxels, which implies that if
different voxels respond differently to the stimulus, this effect is averaged out.
Furthermore, it is possible that our findings in preclinical models do not directly
translate to the same regions in humans, and therefore future studies with more
statistical power should consider other brain areas as well.

Study designs
In Chapter 2, 5 and 6, we used a retrospective, cross-sectional approach to
study effects of psychotropic medication on the brain at different ages of treatment
onset. The potential limitations of this design are well known and include recall
bias, a.o., and the fact that the directions of relationships are difficult to determine,
since all conditions are measured simultaneously. In an attempt to overcome at
least some of these limitations, we organized a randomized controlled trial, as
reported on in Chapter 3 and 4. This ePOD RCT was unique in multiple aspects: it
was the first clinical trial that directly compared medication-naive children and
adults with ADHD while using the same imaging and cognitive measures in both
groups. Furthermore, a placebo group was included, that allowed us to study the
specific effects of MPH treatment in patients with ADHD, with no other
differences between our groups. However, as only children were included in
Chapter 4, we cannot report on any specific, age-dependent effects of MPH on
sleep and it is thus not known whether similar changes would occur in adults.
The ePOD trial included only boys and men of a narrow and specific age
range (boys 10-12 years, men 23-40 years). This makes it difficult to extrapolate our
results from this trial to the general population (including women, very young
children or elderly). The current age ranges were chosen since a) the peak
prevalence of ADHD is around 10 years of age 33, and b) the brain is considered to
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be fully matured after the age of 2334. Furthermore, due to ethical considerations,
we were only allowed to study the age-dependent effects of MPH treatment on the
brain for up to four months. As the waiting list to see a psychiatrist in the
Netherlands took this long at the start of our study, this allowed a maximum
treatment duration of four months without causing a delay in treatment for the
patients.
Ideally, one would like to compare MPH treatment with placebo treatment
for a longer period of time. Another research group also performed an RCT35, and
reported that 14 months of pharmacological treatment did not influence outcome
six to eight years later6. However, this study did not include a placebo group in
their design, but only compared different therapies (medication management,
behavioral treatment, combination of the former two and routine community
care)35. Inclusion of a placebo group in their study, or implementing a longer
treatment period in our RCT was however, due to medical ethical considerations,
not possible. Because of this, a retrospective, cross-sectional study design was used
in Chapter 2 for MPH and in Chapter 6 for citalopram. Despite the shortcomings
of this retrospective design mentioned before, this did allow us to investigate the
age-dependent effects of MPH, or of SSRI exposure, over a much longer time
period (on average four to seven years after last medication exposure).
Furthermore, a naturalistic follow-up study of the ePOD trial has recently started:
ePOD 2.0, in which we will investigate effects of MPH on brain development three
years after trial exposure. Nearly all subjects started medication treatment for their
ADHD diagnosis, and we will therefore use a cumulative dosage to study the
effects of exposure to different dosages of MPH on the development of the brain.
With the results from ePOD 2.0, we expect to gain more insight into the structural
and functional consequences of the effects we so far reported in the original ePOD
RCT8,9.

Clinical implications
In Part I of this thesis, we concluded that MPH treatment in patients with
ADHD who were first exposed at an early age, i.e. during a period of ongoing
brain development, may have induced possible lasting effects on their DAergic
and GABAergic systems. Using both a clinical trial (Chapter 3 and 4) and a crosssectional study (Chapter 2) reported in this thesis, it is unlikely that pre-existing
differences between the subject groups, such as age, medication history, or
comorbid disorder, could explain the results. In addition, different methodologies
were used in this thesis (MRS in Chapter 2, fMRI in Chapter 3 and actigraphy in
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Chapter 4), while also preclinical studies support the conclusions from Part I of
this thesis.
These conclusions are of considerable clinical relevance. First, they
underpin the need for a correct diagnosis of ADHD at the initiation of
pharmacotherapy36. Ideally, diagnosis should be made by an experienced
psychiatrist, or by a specialized ADHD center. Given the effects of MPH on the
developing brain, misdiagnosis of ADHD in children is an important concern for
both the community and professionals37. Our findings will increase the available
evidence on treatment of ADHD with MPH, not only in children but adults as well.
Caregivers and parents need to be able to make an informed decision on whether
or not to treat a child with MPH, and whether it will do more harm or good. Such
knowledge is essential for a better understanding of ADHD and its proper
management36. Although we do not know, and will most likely never know for
sure whether MPH also affects the DAergic and GABAergic system in children
without an ADHD diagnosis, preclinical studies on MPH effects were, in absence
of a reliable animal model for ADHD, all performed in healthy animals.
Based on this, and on the increased prescription rates of MPH among
children and young adolescents38, future studies are necessary to investigate
whether the current effects on the DAergic and GABAergic neurotransmitter
system persist throughout the rest of the subjects’ life. If this is indeed the case, the
diagnostic process of ADHD might need to be reevaluated in order to prevent
misdiagnosis of ADHD and thereby avoid a situation where children are exposed
to medication that do not fulfill the ADHD criteria.
The results in Chapter 2 further highlight the role of the GABAergic
neurotransmitter system in ADHD, and the effects of MPH has on this system
outlasting treatment duration. Although the role of GABA in ADHD was already
investigated by other studies15,16,39,40, and GABAergic and glutamatergic gene sets
are found to be involved in ADHD41, it is currently not considered as a potential
drug target in the treatment of ADHD. Benzodiazepines, e.g., a class of
psychoactive drugs that enhance the effects of GABA, were not effective in
treatment of ADHD42, also because of their addictive properties. As the GABAergic
system continues to develop throughout childhood and adolescence, age is a factor
that needs to be taken into account also here 3,43, which makes it difficult to include
also the GABAergic system as drug target for both children, adolescents and adults
with ADHD. Although no other studies have looked into the possibility of GABA
as a potential drug target in ADHD, it would however be interesting to consider
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GABA as an additional or secondary drug target for the treatment of ADHD in the
future, especially in view of the upcoming personalized medicine era 44.
The possibly lasting effects of MPH on the GABAergic and DAergic
neurotransmitter system are expected to be positive in theory, as ADHD is linked
to decreased levels of these two neurotransmitters15,35,39,40,45. However, longitudinal
follow-up studies are necessary to examine whether these changes in the DAergic
and GABAergic neurotransmitter systems persist longer after treatment cessation,
and whether these alterations are associated with positive changes on behavioral
level and symptomatology as well. Furthermore, our results from Chapter 3 point
towards a possible long term negative effect of MPH, as a heightened amygdala
activation, as we observed after early MPH treatment, has been linked to emotion
dysregulation4 and a possible increase in the risk to develop depression, six years
after treatment onset6. The ePOD 2.0 follow-up study will report on the three-year
follow up of this heightened amygdala activation. Only after those results, or
perhaps after an additional follow-up study (ePOD 3.0, six years after the initial
trial) have been obtained and completed, will we learn whether the direct benefits
of early MPH treatment outweigh the possible lasting effects of MPH treatment on
depressive symptoms and possible other, unknown, lasting effects. Obviously,
such follow-up studies should include results on the behavioral impact and disease
symptomatology.

Conclusions
The preclinical studies supporting the concept of neurochemical imprinting
have highlighted the need for clinical studies to investigate whether there longterm alterations occur also in human brain after early treatment with psychotropic
medication. Although the safety and efficacy of these psychotropic medications are
extensively documented, surprisingly little is known about the possible long-term
effects of these medications on the developing brain.
In this thesis, we have shown, using several imaging approaches and
methodologies, that treatment with MPH induces age-dependent effects on the
DAergic and GABAergic neurotransmitter systems in human subjects, that may
possibly be lasting. Early treatment with SSRIs, however, did not induce such
lasting, age-dependent effects on the 5HTergic neurotransmitter system.
Considering the amount of recent prescriptions issued of these medications,
together with the preclinical studies highlighting the possible neurochemical
imprinting effects, our results are of considerable clinical relevance. This thesis will
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contribute to a better understanding of the impact of psychotropic medications on
the developing brain, and may hopefully initiate more longitudinal follow-up
studies into the effects of psychotropic medications on the human brain, as the
neurochemical imprinting theory likely applies also to other medications prescribed
to children and adolescents.
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Chapter 8
Achtergrond
Psychotrope medicatie is medicatie die gebruikt wordt om psychiatrische
ziektes te behandelen door het functioneren van het brein aan te passen, waardoor
bijvoorbeeld gedrag, perceptie en emoties worden aangepast. In dit proefschrift
wordt er gefocust op psychotrope medicatie welke gebruikt wordt voor het
behandelen van twee veelvoorkomende psychiatrische ziektes: aandachtstekorthyperactiviteitstoornis (ADHD) en depressie. ADHD wordt veelal behandeld met
methylfenidaat (MPH), ook wel bekend onder de naam Ritalin, en depressie met
antidepressiva, zoals citalopram, een selectieve serotonine heropname remmer
(SSRI).
De werking van MPH en SSRIs is vergelijkbaar: beide medicijnen
blokkeren de heropname transporters van de neurotransmitters die een rol spelen
in de pathofysiologie van ADHD of depressie, waardoor deze concentraties
verhogen in de synaptische spleet. Voor ADHD betreft dit dopamine (DA), voor
depressie serotonine (5HT). Door een verhoging van deze neurotransmitters in de
synaptische spleet, kunnen deze beter binden aan de desbetreffende receptoren op
de post-synaptische cel. Hierdoor kunnen deze neurotransmitter systemen beter
functioneren, wat leidt tot een verlaging van de symptomen van ADHD, zoals
hyperactiviteit, onoplettendheid en concentratie problemen, en depressie, zoals
schuldgevoelens, gevoelens van waardeloosheid, weinig energie en lusteloosheid.
De prevalentie van deze ziektes is zeer hoog: in 2015 is een wereldwijde
prevalentie van 7.2% is vastgesteld voor ADHD, naast het feit dat wereldwijd 350
miljoen mensen de diagnose depressie hebben. Naast dat deze twee psychiatrische
ziektes veel voorkomen bij volwassenen, wordt ADHD ook veelal
gediagnosticeerd rond de leeftijd van 10 tot 12 jaar, en komt ook depressie steeds
vaker voor bij kinderen. Voor beide psychiatrische ziektes wordt, door deze
toegenomen prevalentie, steeds meer psychotrope medicatie voorgeschreven bij
kinderen, terwijl niet duidelijk is wat de eventuele lange-termijn effecten van deze
medicatie op de ontwikkeling van de hersenen is.
Dierstudies laten echter zien dat wanneer je bijvoorbeeld ratten met een
vergelijkbare leeftijd als dat van een kind van 10 jaar, behandeld met MPH of een
SSRI, dit blijvende effecten kan hebben in de hersenen wanneer de rat volwassen is
geworden. Wanneer de ratten voor het eerst werden behandeld op een volwassen
leeftijd, was dit niet het geval. Dit fenomeen wordt ook wel neurochemische
imprinting genoemd: door een ontwikkelend brein te behandelen met medicatie,
kan dit tot blijvende veranderingen in het brein leiden wat zelfs aanwezig kan
blijven nadat behandeling met het medicijn is gestopt. Ondanks de resultaten van
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deze dierstudies, is dit fenomeen in mensen nog niet goed onderzocht, en wordt de
medicatie voor de behandeling van ADHD en depressie steeds vaker
voorgeschreven aan kinderen. Dit heeft er toe geleid dat een aantal jaar geleden
een klinische studie is gestart, genaamd ‘The effects of Psychotropic drugs On the
Developing brain (ePOD)’, waarbij gekeken wordt wat de leeftijdsafhankelijke,
lange-termijn effecten van MPH zijn op de ontwikkeling van het brein van de
mens. Uit deze studie is recent gebleken dat er een leeftijdsafhankelijk effect van
MPH is op de doorbloeding in het brein van ADHD patiënten, wat in lijn is met de
neurochemische imprinting hypothese. Daarnaast is er ook een retrospectieve studie
gestart door dezelfde onderzoeksgroep, waarin de leeftijdsafhankelijke langetermijn effecten van MPH en SSRIs op de ontwikkeling van het brein zal worden
onderzocht.

Doel proefschrift
Het doel van dit proefschrift was om te onderzoeken of vroege
behandeling met psychotrope medicatie langdurige en blijvende effecten laat zien
op verschillende neurotransmitter systemen in het humane brein. Hiervoor
onderzochten wij MPH bij ADHD patiënten in het eerste deel van dit proefschrift,
en daarnaast ook naar SSRIs bij patiënten met een depressie, wat in het tweede
deel van dit proefschrift wordt behandeld. Om dit te kunnen onderzoeken, wordt
er in dit proefschrift gebruik gemaakt van verschillende magnetische resonantie
imaging (MRI) technieken en slaaponderzoek.

Deel I – ADHD
In Deel I van dit proefschrift hebben we gefocust op de mogelijke,
leeftijdsafhankelijke, langdurige effecten van MPH in patiënten met ADHD. In
Hoofdstuk 2 hebben we hiervoor gebruik gemaakt van een magnetische resonantie
(MR) techniek, genaamd MR spectroscopie, om de concentraties van een bepaalde
neurotransmitter, GABA, te meten. Naast dat DA een belangrijke rol speelt bij
ADHD, blijkt uit eerder onderzoek ook het GABAerge systeem een rol te spelen in
ADHD. In dit hoofdstuk vonden we dat volwassen ADHD patiënten die waren
behandeld voor de leeftijd van 16 jaar, dus tijdens een periode van relatief sterke
brein ontwikkeling, lagere GABA levels hadden dan patiënten die voor het eerst
werden behandeld na de leeftijd van 23 jaar, dus wanneer het brein nagenoeg is
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uitontwikkeld. Dit was onderzocht door middel van een retrospectieve
studieopzet.
Vervolgens, in Hoofdstuk 3, onderzochten we in de ePOD trial het effect
van 16 weken behandeling met MPH of placebo op emotionele reactiviteit en
response inhibitie. In dit hoofdstuk rapporteren we dat 16 weken behandeling met
MPH leidt tot een verandering in rechter amygdala en paracingulate activiteit,
amygdala en paracingulate connectiviteit en emotie regulatie op een
leeftijdsafhankelijke manier.
Als laatste onderdeel in dit deel van het proefschrift bestudeerden we in
Hoofdstuk 4 het langdurige effect van 16 weken behandeling met MPH op slaap,
gemeten middels actigrafie, bij kinderen met ADHD. In dit hoofdstuk rapporteren
wij een blijvend, positief effect van MPH op slaap: na 16 weken MPH maten wij
een verhoogde slaap efficiëntie, toegenomen totale slaap tijd en een verlaagde
slaap latentie vergeleken met start-waardes en/of placebo behandeling.

Deel II – Depressie
In Deel II van dit proefschrift onderzochten wij de mogelijke langdurige,
leeftijdsafhankelijke effecten van SSRI behandeling op het brein in patiënten met
een depressie. In Hoofdstuk 5 hebben we hiervoor eerst onderzocht of de MRI
techniek genaamd farmacologische MRI (phMRI) in staat is om een dosisgerelateerde hemodynamische respons op een SSRI te detecteren, en of deze
techniek vergelijkbaar is met de gouden standaard: een single photon emission
computed tomography (SPECT) scan. PhMRI maakt gebruikt van een
farmacologische challenge, waarbij het effect van een challenge medicijn op het
functioneren van het betrokken neurotransmitter systeem onderzocht kan worden,
zonder gebruik te maken van een radioligand, wat het geval is bij SPECT. In dit
hoofdstuk rapporteren wij dat inderdaad phMRI gebruikt kan worden als techniek
om in vivo het functioneren van het 5HT systeem te meten.
Vervolgens hebben we deze phMRI techniek in Hoofdstuk 6 toegepast in
een klinische populatie met vrouwen wie allen de diagnose depressie hebben
gekregen tijdens hun leven, om zo te kwantificeren of er een leeftijdsafhankelijke
effect is van behandeling met SSRIs op het 5HT in het brein. Echter vinden we in
dit hoofdstuk geen verschillen tussen de proefpersonen die voor het eerst met een
SSRI waren behandeld voor de leeftijd van 23 jaar, vergeleken met patiënten voor
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het eerst behandeld na de leeftijd van 23 jaar, en vergeleken met patiënten die
nooit zijn behandeld met een SSRI en gezonde controles.

Conclusies
In dit proefschrift laten wij zien dat behandeling met MPH mogelijk
blijvende, leeftijdsafhankelijke effecten geeft op de DA en GABAerge
neurotransmitter systemen. Tevens laten wij zien dat vroege behandeling met een
SSRI niet resulteert in blijvende effecten op het 5HT neurotransmitter systeem,
gemeten met phMRI. Alle resultaten uit dit proefschrift hebben een hoge klinische
relevantie, aangezien steeds meer psychotrope medicatie wordt voorgeschreven,
zonder dat de mogelijk langdurige effecten bekend zijn. Dit proefschrift draagt
daarom bij aan een beter begrip van de impact van psychotrope medicatie op het
ontwikkelende brein en geeft aan dat meer longitudinale studies nodig zijn om het
belang van de neurochemische imprinting theorie in mensen goed te kunnen
onderzoeken.
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It is kind of fun to do the impossible –
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