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In addition, because of development-specific differences in pharmacoki-
netics (pk) and/or pharmacodynamics (pd), the relationships between drug 
action and drug exposure in children cannot be understood fully by simply 
extrapolating information from adult patients. For example, pk can differ con-
siderably between children and adults as a result of physiological differences, 
differences in the maturity of enzyme systems, and differences in clearance 
mechanisms16. Age-related differences in pk can lead to differences in the 
blood concentration of a drug even when the same dose is given to a child 
and an adult, or to a young child and an older child, as reported for methyl-
phenidate17. The brain-to-serum concentration ratio of a drug can also vary 
with age, potentially leading to age-dependent differences in concentration 
at the drug’s site of action. For example, children with bipolar disorder have 
been reported to have lower lithium brain-to-serum ratios than adults18. In 
addition, several aspects of drug therapy may be related to brain develop-
ment. Neural development in childhood and adolescence involves a highly 
coordinated sequence of events that is characterized by both progressive and 
regressive processes. As a result of this sequence of events, the development 
of gray matter, white matter, total brain volume, and neuronal connecti-
vity is age-dependent19, and perturbations in these developmental patterns 
may play a central role in the pathogenesis of several childhood neuropsy-
chiatric and neurodevelopmental disorders, including autism, adhd, fragile 
x syndrome, 22q11 deletion syndrome, Williams syndrome, Down syndrome, 
and Turner syndrome20. On the other hand, far less is known regarding the 
changes in brain function that result from these age-dependent and dis-
order-related changes in brain structure. However, a growing body of data 
suggests that healthy children have differential trends in the development 
of task performance in distinct functional areas of the central nervous sys-
tem (cns)21-24, and children with neuropsychiatric disorders may have 
impaired neuropsychological function in several domains, as reported for 
adhd25. Brain development can also affect drug efficacy and pharmacoresis-
tance13. For example, monoaminergic systems, the target for most cns drugs, 
undergo considerable plasticity and rearrangement during childhood and 

Until approximately 15 years ago, pharmaceutical companies rarely con-
sidered the needs of children when developing medicines, even though 
the majority of active substances licensed by the European Agency for the 
Evaluation of Medicinal Products (ema) were considered to be relevant for use 
in children. Thus, fewer than half of all licensed active substances considered 
relevant for use in children had a pediatric indication in at least a subset of 
the pediatric population1; moreover, the off-label or unlicensed use of drugs 
in pediatric pharmacotherapy was highly prevalent among many European 
countries2-4. Although off-label use does not necessarily reflect off-know ledge 
use5, off-label use can be a frequent cause of adverse events among hospital-
ized children6. In addition, the availability of several classes of medicines with 
a pediatric indication was limited, as pediatric medicines may not be age-ap-
propriate (for example, they may not be dose-applicable or come in a suitable 
formulation), even if their use is authorized7. These issues are pertinent to 
pediatric pharmacology in general8, but they may be even more pertinent to 
children and adolescents with a psychiatric9 or neurological disorder (such as 
epilepsy10 or pain11).

differences between children and adults with cns disease

The pharmacological treatment of children and adolescents with psychiatric 
disorders, as well as several neurological disorders, has traditionally followed 
the development program in adults, without cross-age validation or recogniz-
ing the inherent differences between children and adults with respect to their 
neuropsychopathology and neuropsychopharmacology12,13. For example, 
unlike in adulthood, the manifestation of schizophrenia in childhood and ado-
lescence carries a particularly poor prognosis, and this poor outcome may be 
due to the disease’s effect during a highly susceptible time in the development 
and neurobiological maturation of children and adolescents14. Moreover, 
in contrast to adults who experience seizures, many newborn infants and 
children who experience seizures remain refractory to therapy15. Finally, 
some disorders such as certain epilepsy syndromes are specific to children 
and have therefore been largely neglected, particularly with respect to drug 
development. 
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aspects of judgment and decision-making in children and adolescents with 
neuropsychiatric disorders such as cognitive immaturity and impaired cog-
nitive processing are also unique to pediatric neuropsychopharmacology 
research40. Unlike other fields within pediatric pharmacology (such as pedi-
atric oncology), child and adolescent psychiatry and pediatric neurology have 
not been tightly integrated into psychopharmacological networks, and profes-
sional societies for child and adolescent psychiatry have only recently begun 
to establish their own networks for psychopharmacology research41 ,42. 

The situation has been complicated even further by a decrease in the num-
ber of new drug registrations for psychiatric and neurological indications in 
adults. Such research is generally considered to be too risky, as the subjective 
nature of endpoints in psychiatry and neurology makes it difficult to determine 
whether a drug is effective, even using large-scale trials. As a result, the major 
changes in cns drugs over the years have focused primarily on pharmacolog-
ical modifications (such as improving the drug’s intrinsic efficacy, selectivity, 
and/or kinetic properties43) rather than developing novel treatments.

Despite the relative paucity of scientific data to support the safe and effi-
cacious use of cns drugs in children and adolescents, and despite a lack of 
novel treatments, the number of treated children and adolescents, as well as 
the duration of exposure to cns drugs, has increased substantially over the 
past few decades44-46. To close this gap, researchers need to acquire evidence 
regarding the adequate dosing, efficacy, and safety of these treatments47. 
Recent European legislation (the eu Pediatric Regulation) will likely drive an 
increase in pediatric trials and specific label changes, dosing recommenda-
tions, and age-appropriate formulations. Unless a specific waiver or deferral 
is granted, the Regulation requires the industry to plan clinical trials in chil-
dren early in the development of new medicines for treating adults or for line 
extensions for on-patent medications. Several challenges have emerged 
when working within the framework of this new legislation48. For example, 
performing randomized, controlled trials in children can raise specific tech-
nical, logistic, legal, and financial difficulties that are not usually associated 
with trials performed in adults. In addition, even studies that are performed 

adolescence26-28, and animal studies have revealed age-related differences in 
the drug responses of several psychostimulant drugs such as amphetamine29, 
cocaine30,31, and methylphenidate32,33. In addition, a-aminobutyric acid 
(gaba) – the activity of which is affected in many neurological and neurodeve-
lopmental disorders34  –  excites immature neurons but inhibits neurons in the 
normal adult brain35. As a result of these age-dependent differences in pk and 
pd, children may respond differently than adults to cns drugs. Unfortunately, 
our understanding of age-dependent differences in pk and pd is based almost 
entirely on animal models, and remarkably few clinical trials in humans have 
focused on understanding the age-dependent differences in response to cns 
drugs.

drug development for children with cns disease 

In addition, the registration of cns drugs for use in children and adolescents 
has lagged behind new developments in adults36. In particular, the steps 
involved in recognizing, classifying, and treating psychiatric disorders gener-
ally proceed much more slowly in children and adolescents than in adults12. 
In fact, the field of clinical psychopharmacology has only recently begun to 
include children and adolescents on a relatively large scale. This delay is the 
result of a combination of factors, including concerns regarding drug safety 
and tolerance in this vulnerable population, diagnostic uncertainties, and 
the pharmaceutical industry’s reluctance to seek pediatric registration and to 
perform labeling studies for diagnoses that are not traditionally considered to 
be predominant disorders of childhood and adolescence (for example schizo-
phrenia and bipolar disorder)37. In terms of clinical research, several areas 
within the field of pediatric neuropsychopharmacology have been neglected, 
including – but not limited to – eating disorders, early-onset schizophrenia, 
mental retardation38, and pediatric critical care settings39. With respect to 
epilepsy, the most prevalent severe neurological disease among children, 
extremely few trials have been performed in children compared to adults; 
moreover, most antiepileptic drug trials in children are performed only once, 
whereas the majority of adult trials are replicated13. The developmental 
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no clear functional relationship with psychosis, anxiety, or depression. It is very 
likely that a clear concentration-dependent effect of a highly specific com-
pound is mediated by the drug’s mechanism of action, even if the functional 
relationship itself is not clear43, thereby enabling researchers to compare dif-
ferent drug formulations and age-dependent differences in drug profiles. 

To relate drug-related changes in cns functional activity to changes in pk, 
drug concentrations must be measured. Traditional pk protocols – with mul-
tiple samples and indwelling catheters or multiple venipunctures – are 
undesirable in therapeutic pediatric drug research, and they are strictly 
unacceptable in non-therapeutic pediatric drug research. To overcome some 
of these limitations, other sample collection methods for determining drug 
concentration (for example, saliva sampling) have been developed and vali-
dated. Studies have reported that patients and parents prefer saliva sampling 
over venous blood drawing50, and some drugs can be detected in the saliva 
relatively soon after administration, enabling the researcher to compile a con-
centration-time profile. This method has the added benefit of allowing on-site 
testing without the need for medical personnel or complicated post-collec-
tion sample processing, thereby further decreasing the burden placed on the 
children. 

A drug’s secretion and distribution in the saliva is dependent upon its 
physico-chemical properties. Lipophilicity, degree of ionization, and protein 
binding are the major determinants of the saliva:plasma concentration (s/p) 
ratio51. For example, drugs that are heavily protein bound and drugs that are 
extremely hydrophilic and positively charged at physiological pH (for example, 
aminoglycosides) can be undetectable in saliva. The transition of drugs to the 
cns is favored by low molecular weight, a lack of ionization at physiological 
pH, and lipophilicity52, all of which theoretically favor the drug’s secretion into 
the saliva. In certain cases, saliva concentration may even be preferred over 
total plasma concentration, particularly for highly protein-bound drugs, as 
saliva concentration can reflect the free fraction of a non-ionized drug (and 
thus reflects the intracellular concentration in target tissues). For example, 
the concentration of phenytoin in cerebrospinal fluid correlates more closely 

successfully in children are not necessarily maximally informative, as many 
studies measure pk only or perform a single post-dose pd measurement. 
Because of these challenges – even in fields with extensive pediatric research 
such as adhd – it can be difficult to reach valuable and relevant conclusions 
regarding pharmacological profiles and/or dose-dependent effects based 
solely on currently available studies. 

need for non-invasive measurement methods 

Therefore, there is an urgent need for validated assessment tools that are 
suitable for evaluating the efficacy and safety of cns drugs in the pediatric 
population49. In addition, because clinical research in pediatric patients is 
generally hampered by interrelated logistic and ethical constraints (including 
the limited number, scope, and invasiveness of study-related interventions 
that can be performed if they fall outside the realm of routine clinical care), 
researchers should attempt to reduce the burden placed on participating 
children and adolescents by using non-invasive or minimally invasive mea-
surement methods. Changes to these methods that are designed to reduce 
patient burden (for example, implementing a change in the sampling pro-
cedure) have been reported to increase patient enrollment in studies of rare 
pediatric diseases48.

The most accessible and non-invasive means to measure drug activity 
in the brain is to measure drug-related cns functional activity using meth-
ods that provide sufficient sensitivity and specificity43. Although validated 
biomar kers are rare in neurology and psychiatry, many neuropsychiatric drugs 
affect a variety of cns functions in a dose-dependent and concentration-de-
pendent manner, particularly drugs that affect neurotransmitter activity. This 
provides the opportunity to quantify cns effects, even in situations in which 
the activity measured is not an essential step in the pathogenic cascade. 
The affected functions can often be roughly or partially linked to the specific 
pharmacological mechanism (for example, linking gabaa-ergic activation to 
reduced saccadic peak velocity). Thus, these physiological functions can be 
useful biomarkers for measuring a pharmacological effect, even if they have 
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non-invasively. We evaluated the feasibility of using saliva as an alternative 
to plasma for measuring drug concentration in two studies. For this purpose, 
caffeine was chosen as an example of a basic cns drug that is primarily 
non-ionized in human saliva, and methylphenidate was chosen as a typical 
basic cns drug that is primarily ionized in human saliva. This thesis concludes 
with the report of two clinical trials that were designed to develop age-appro-
priate formulations for potential use in children. 

In chapter 2, the impact of the Pediatric Regulation on the development of 
pediatric drugs – including cns drugs – is evaluated. In this study, we evaluated 
for which drug classes and therapeutic subgroups pediatric development was 
agreed by (or waived by) the Regulation. In addition, we evaluated whether the 
Regulation is likely to increase the development of drug classes for pediatric 
conditions for which there exists an unmet pediatric need based on usage and 
availability data.

The psychostimulant methylphenidate (mph) is the most commonly  
prescribed medication for treating pediatric attention-deficit/hyperactivity  
disorder (adhd). However, previously published studies investigating the 
effects of immediate-release methylphenidate (mph-ir) have yielded con-
tradictory results due to several sources of variability, including a lack of 
standardized biomarkers and drug-effect measurements. Despite its wide-
spread use, and despite extensive research, researchers still lack useful, 
validated biomarkers for studying the effect of mph in children with adhd. 
In chapter 3, we identified generally applicable, non-invasive biomarkers 
for monitoring the acute effects of mph-ir in children and adolescents with 
adhd. The presence of unexplained variations in the s/p ratio during the time 
course of both mph-ir and extended-release mph can interfere with the 
further exploration of saliva as an alternative method for determining mph 
concentration in children. Therefore, a liquid chromatography-tandem mass 
spectrometric method that uses a hydrophilic interaction liquid chromatogra-
phy column (hilic) was validated and is presented in chapter 4. This analytical 
tool provides an accurate and precise quantification of mph in both plasma 
and saliva samples. Chapter 5 describes a study in which we attempted to 

with the saliva concentration than the blood concentration53. Saliva sampling 
is also recommended over plasma sampling for the therapeutic monitoring 
of several other anti-epileptic drugs54. Unfortunately, however, the use-
fulness of determining the saliva concentration of several other drugs has 
been questioned because of variability in the s/p ratio. Interpreting the saliva 
drug concentration of neutral, weakly acidic (pKa > 8.5), or weakly basic (pKa 
< 5.5) drugs with negligible protein binding (such as ethanol, antipyrine, and 
paracetamol) is relatively easy, as the s/p ratio is approximately 1. In contrast, 
interpreting the saliva drug concentration of drugs with other properties can 
be challenging, as the s/p ratio can be low for acidic drugs (pKa < 8.5) and drugs 
with high protein binding (such as caffeine and phenobarbital), and the con-
centration can be influenced by active transport mechanisms (such as lithium) 
or the occurrence of an alkaline reaction in aqueous solutions, for example 
in the case of basic drugs (pKa > 5.5) with low protein binding (such as meth-
ylphenidate, procainamide, amphetamine, and lidocaine). Therefore, the use 
of saliva sampling for measuring concentration of several drug types has been 
limited. In addition, because many drugs are administered orally, buccal con-
tamination can affect the s/p ratio at early time points after administration. 
Nevertheless, if the sources of variability in the s/p ratio can be minimized or 
quantified, measuring the saliva drug concentration might be a meaningful 
alternative to measuring plasma drug concentration, particularly for the 
aforementioned drug types. 

scope of this thesis 

In this thesis, we explored non-invasive methods for monitoring the phar-
macokinetics and pharmacodynamics of commonly used cns stimulants 
(methylphenidate and caffeine) and depressants (ethanol and melatonin) 
in children and/or adolescents. Neuropsychological and neurophysiological 
functions were measured longitudinally using the NeuroCart, a battery of 
tests developed at the Centre for Human Drug Research that includes tests for 
alertness, visuomotor coordination, motor control, memory, and subjective 
drug effects. Drug concentrations in children and adolescents were measured 
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including the need to develop an age-appropriate sustained-release formula-
tion and the need to collect data regarding melatonin’s pk, efficacy, and safety 
in children with autism and a sleep disorder. The study described in chapter 8  
is part of a Pediatric Investigation Plan (pip) under the Pediatric Regulation 
and was a cross-over ascending dose study of Circadin (1 mg mini-tablets), a 
prolonged-release melatonin formulation. In this study, the pk profile, safety, 
and acceptability of Circadin mini-tablets were evaluated in 16 children and 
adolescents with autism and a sleep disorder. Whole-saliva samples were col-
lected non-invasively from passive drool, and melatonin concentration was 
measured.

Because of its rapid onset and rapid recovery profile, midazolam is the 
medication of choice for providing conscious sedation and management of 
epileptic seizures. Nasal delivery of midazolam is a patient-friendly alter-
native to parenteral delivery routes. Nasal delivery offers several practical 
advantages; for example, it allows for direct, easy, needle-free administration, 
and it can be administered safely without professional assistance. However, 
previous formulations for delivering midazolam nasally have not been very 
successful due to the lack of solvents that can dissolve midazolam at therapeu-
tic dosages without causing nasal mucosa damage. Therefore, in chapter 9,  
we evaluated the pk, efficacy, and tolerability of a new, highly concentrated 
aqueous midazolam formulation (Nazolam) in healthy adult volunteers. This 
new formulation has potential for use in providing conscious sedation and 
epilepsy management in children and adolescents.

In chapter 10, the feasibility and applicability of saliva sampling in pedia-
tric populations will be discussed based on data obtained from pediatric 
clinical studies of caffeine, methylphenidate, and melatonin described in this 
thesis. In addition, the (potential of) pharmacological profiling of pharmaco-
dynamics in children and adolescents will be discussed based on literature 
review and clinical studies of methylphenidate, caffeine, alcohol and mid-
azolam. This chapter concludes with potential practical applications of this 
approach and suggestions for future directions.

identify sources of variability in mph concentration and to determine the cor-
relation between mph concentration in the saliva and plasma in healthy adult 
volunteers using a population-based pk approach. 

Chapter 6 describes a study of the effect profile of low-dose caffeine in 
healthy adolescents. Caffeine concentration was measured non-invasively 
in saliva samples. Because saliva can be contaminated by residual caffeine 
after drinking a caffeinated beverage, a second study was performed in young 
adult subjects in order to measure contamination after drinking a caffeinated 
beverage compared to swallowing a caffeine capsule. In addition, previous 
studies in adults related caffeine effects to changes in plasma concentration; 
therefore, simultaneous saliva and plasma samples were collected, and the s/p 
ratio of caffeine was measured. Based on the data obtained from this kinet-
ics study, a population-based pk model was built in order to obtain estimated 
plasma drug levels in adolescents; this model could prove useful in the devel-
opment of a caffeine pharmacokinetics-pharmacodynamics (pk/pd) model in 
adolescents. 

Chapter 7 describes a study to measure the acute effects of low-dose 
alcohol on sensitive biomarkers for alcohol effects in healthy adolescents. To 
correlate the measured effects with concentration, alcohol concentration was 
measured non-invasively using end-expired breath sampling. A pk/pd model 
was then developed using data from this study with adolescents as well as 
data collected from previous alcohol studies performed in adults in order to 
characterize alcohol pk, the effects on objective and subjective biomarkers, 
and sources of variability in pk and pd, including age. 

Sleep problems are highly prevalent among children with neurodevelop-
mental disorders and can have a substantial impact on the child and the child’s 
family. Melatonin is effective for treating sleep problems in these children, 
and melatonin appears to have a favorable short-term and long-term risk 
profile, which has led to the increasingly widespread clinical use of melatonin 
as an off-label medicine. However, no commercially available, age-appro-
priate prolonged-release melatonin preparation is currently available. 
Melatonin was identified by the ema as having a pediatric therapeutic need, 
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