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Abstract 

Congenital adrenal hyperplasia (CAH) is a rare form of adrenal insufficiency causing deficiency of the 

highly regulated hormone cortisol and accumulation of its precursors such as 17α-hydroxyprogesterone 

(17-OHP) and subsequent androgen overproduction. Symptoms associated with CAH are premature 

pseudo puberty, earlier ending of longitudinal growth, and in female patients, virilisation and hirsutism. 

CAH patients require life-long cortisol replacement therapy, and dose optimisation through therapy 

monitoring is crucial to avoid potentially serious adverse events due to cortisol over- or underexposure. 

Paediatric CAH patients receive hydrocortisone (HC, synthetic cortisol) for cortisol replacement due to 

its lower risk for adverse effects whereas adult patients receive more potent glucocorticoids, e.g., 

dexamethasone (Dex). Especially in paediatrics, dried blood spot (DBS) sampling represents a highly 

advantageous alternative to plasma sampling. The major advantages include minimal invasiveness, low 

required blood volumes, stability of the analyte and easy storage of the matrix. Thus, DBS sampling 

has a high potential for facilitating CAH therapy monitoring routine. However, target concentrations of 

CAH biomarkers such as 17-OHP indicating a successful cortisol replacement are still unknown in 

DBS.  

To prevent in utero virilisation of female foetuses with CAH, prenatal therapy with Dex, administered 

to the pregnant women, has been conducted for decades. Yet, prenatal CAH therapy is still considered 

experimental since the traditionally administered Dex dose of 20 μg/kg/day is not based on a scientific 

rationale and is assumed to be too high, causing potential harm to the mother and foetus. In this regard, 

quantitative approaches such as pharmacometric modelling and simulation are powerful tools to provide 

a better understanding on pharmacokinetic (PK) and pharmacodynamic (PD) processes and to 

contribute to the optimisation of drug therapies. 

This work aimed at paving the way towards an optimised CAH therapy in paediatric and foetal 

populations by (1) providing insights into the quantitative relationship between cortisol concentrations 

measured in plasma and in DBS, (2) identifying paediatric target DBS concentrations for the commonly 

used biomarker 17-OHP and (3) suggesting a rational Dex dose in prenatal CAH therapy. 

To quantitatively link plasma and DBS cortisol concentrations, a semi-mechanistic nonlinear mixed-

effects (NLME) PK model was developed based on data from paediatric CAH patients. The model 

characterised a nonlinear relationship between cortisol in plasma and DBS with plasma/DBS 

concentration ratios decreasing from approximately 8 to 2 with increasing DBS cortisol concentrations 

up to 800 nmol/L. These ratios decreased due to saturation of cortisol binding to corticosteroid-binding 

globulin and thus higher cortisol fraction associated with red blood cells. In future, more data from 

neonates and infants can be used to investigate a possible age effect, on the nonlinearity between plasma 

and DBS cortisol, in addition to the observed concentration effect. 
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For the first time, a target morning DBS 17-OHP concentration range was determined for monitoring 

paediatric CAH patients. The DBS target range of 2.1-8.3 nmol/L was derived from simulations by 

applying a developed PK/PD model linking cortisol in plasma to 17-OHP in DBS and by leveraging 

healthy paediatric cortisol profiles. By extending the PK/PD model, and using the same simulation 

approach, circadian target concentration profiles, providing DBS biomarker targets for any time of the 

day, can be derived in future. Furthermore, in Bland-Altman and Passing-Bablok analyses, it was shown 

that capillary and venous DBS concentrations, which are both commonly obtained in clinical practice, 

are comparable to each other for cortisol and 17-OHP in paediatric CAH patients. 

For determining a reduced Dex dose which simultaneously decreases the risk for adverse events in 

prenatal CAH therapy and still shows sufficient efficacy in the foetus, a target Dex concentration range 

was identified from literature and a NLME model describing maternal Dex PK was developed. The Dex 

PK model was used to simulate maternal Dex concentration-time profiles following traditional or 

reduced Dex doses and to evaluate the tested dosing regimens with regard to the lowest effective dose. 

Based on the simulation results, a Dex dose of 7.5 μg/kg/day was suggested as a rational dose for 

prenatal CAH therapy, representing approximately a third of the traditional Dex dose. The suggested 

rational Dex dose should be evaluated in future clinical trials. 

In summary, this work provides quantitative insights into DBS measurements for CAH therapy 

monitoring, presents first target DBS concentrations for the biomarker 17-OHP in paediatrics, and 

suggests a first model-based dose rationale for Dex in prenatal CAH therapy. Ultimately, this work can 

help to improve CAH treatment with HC and Dex and therapy monitoring in the highly vulnerable 

paediatric and foetal populations. 
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Zusammenfassung 

Das Adrenogenitale Syndrom (AGS) ist eine seltene Form der Nebenniereninsuffizienz, die sich durch 

einen Mangel an dem stark regulierten Hormon Cortisol und einer Anhäufung seiner Vorstufen wie 

17α-Hydroxyprogesteron (17-OHP) sowie eine daraus resultierende Androgenüberproduktion 

auszeichnet. Zu den mit AGS einhergehenden Symptomen gehören eine vorzeitige Pseudopubertät, ein 

frühes Ende des Längenwachstums und bei weiblichen Patienten Virilisierung und Hirsutismus. AGS-

Patienten benötigen eine lebenslange Cortisol-Ersatztherapie und die Optimierung der Dosis durch 

Therapieüberwachung ist von entscheidender Bedeutung, um potenziell schwerwiegende unerwünschte 

Ereignisse aufgrund einer Über- oder Unterexposition mit Cortisol zu vermeiden. Pädiatrische AGS-

Patienten erhalten Hydrocortison (HC, synthetisches Cortisol) als Cortisolersatz, da es ein geringeres 

Risiko für unerwünschte Wirkungen hat, während erwachsene Patienten stärkere Glucocorticoide, z. B. 

Dexamethason (Dex) erhalten. Insbesondere in der Pädiatrie stellt die Entnahme von „Dried Blood 

Spots“ (DBS), bei der Blut auf Filterpapier getropft und getrocknet wird, eine äußerst vorteilhafte 

Alternative zur Plasmaentnahme dar. Zu den wichtigsten Vorteilen gehören die minimale Invasivität, 

das geringe erforderliche Blutvolumen, die Stabilität der Analyten und die einfache Lagerung der 

Matrix, wodurch die Routineüberwachung der AGS-Therapie erheblich erleichtert werden kann. 

Allerdings sind die Zielkonzentrationen von AGS-Biomarkern, die einen erfolgreichen Cortisolersatz 

anzeigen, in DBS noch nicht bekannt.  

Um die Virilisierung von weiblichen Föten mit AGS in utero zu verhindern, wird seit Jahrzehnten eine 

pränatale Therapie mit Dex durchgeführt, das den schwangeren Frauen verabreicht wird. Die pränatale 

AGS-Therapie gilt heute noch als experimentell, da die üblicherweise verabreichte Dex-Dosis von 

20 μg/kg/Tag nicht evidenzbasiert ist und zunehmend als zu hoch sowie potenziell schädlich für Mutter 

und Fötus angesehen wird. Quantitative Ansätze wie pharmakometrische Modellierung und 

Simulationen sind hilfreiche Instrumente, um ein besseres Verständnis über pharmakokinetische (PK) 

und pharmakodynamische (PD) Prozesse zu ermöglichen und zur Optimierung von 

Arzneimitteltherapien beizutragen. 

Diese Arbeit hatte zum Ziel, den Weg zu einer optimierten AGS-Therapie in pädiatrischen und fötalen 

Populationen zu ebnen, indem sie (1) Erkenntnisse über die quantitative Beziehung zwischen in Plasma 

und DBS gemessenen Cortisolkonzentrationen erzielt, (2) pädiatrische DBS-Zielkonzentrationen für 

den häufig verwendeten Biomarker 17-OHP ermittelt und (3) eine evidenzbasierte Dex-Dosis für die 

pränatale AGS-Therapie empfiehlt. 

Um einen quantitativen Zusammenhang zwischen Plasma- und DBS-Cortisol Konzentrationen 

herzustellen, wurde ein semi-mechanistisches „nonlinear mixed-effects“ (NLME) PK Modell auf der 

Grundlage von pädiatrischen AGS-Patientendaten entwickelt. Das Modell beschreibt eine nichtlineare 
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Beziehung zwischen Cortisol in Plasma und in DBS, wobei das Verhältnis zwischen Plasma- und DBS-

Konzentrationen mit zunehmenden DBS-Cortisolkonzentrationen bis zu 800 nmol/L von etwa 8 auf 2 

abnahm. Das Cortisol-Verhältnis zwischen Plasma und DBS verringerte sich aufgrund einer Sättigung 

der Cortisolbindung an das Corticosteroid-bindende Globulin und damit einer höheren Cortisol-

Assoziation an Erythrozyten. In Zukunft können zusätzliche Daten von Neugeborenen und 

Kleinkindern verwendet werden, um einen möglichen Alterseffekt auf die beobachtete Nichtlinearität 

zwischen Plasma- und DBS-Cortisol zu untersuchen. 

Zum ersten Mal wurde für DBS ein Zielbereich für die morgendliche 17-OHP-Konzentration zur 

Überwachung pädiatrischer AGS-Patienten ermittelt. Der DBS-Zielbereich von 2-8 nmol/L wurde aus 

Simulationen abgeleitet, indem ein PK/PD-Modell angewandt wurde, das Plasma-Cortisol mit 17-OHP 

in DBS verknüpft, und gesunde pädiatrische Cortisolprofile genutzt wurden. Durch die Erweiterung des 

PK/PD-Modells und die Anwendung desselben Simulationsansatzes können in Zukunft z. B. zirkadiane 

Zielkonzentrationsprofile abgeleitet werden, um DBS-Biomarker-Zielwerte für jede Tageszeit zur 

Verfügung zu stellen. Darüber hinaus wurde in Bland-Altman- und Passing-Bablok-Analysen gezeigt, 

dass kapilläre und venöse DBS-Konzentrationen, die beide in der klinischen Praxis üblicherweise 

gewonnen werden, von Cortisol und 17-OHP bei pädiatrischen AGS-Patienten miteinander 

vergleichbar sind. 

Zur Bestimmung einer reduzierten Dex-Dosis, die gleichzeitig das Risiko für unerwünschte Ereignisse 

bei der pränatalen AGS-Therapie verringert und eine ausreichende Wirksamkeit im Fötus aufweist, 

wurde aus der Literatur ein Zielbereich für Dex-Konzentrationen ermittelt und ein NLME-Modell zur 

Beschreibung der mütterlichen Dex-PK entwickelt. Das Dex-PK-Modell wurde für Simulationen von 

mütterlichen Dex-Konzentrationsprofilen infolge der herkömmlichen oder reduzierter Dex-Dosen 

verwendet, um die getesteten Dosierungsschemata im Hinblick auf die niedrigste wirksame Dosis zu 

bewerten. Auf der Grundlage der Simulationsergebnisse wurde eine Dex-Dosis von 7,5 μg/kg/Tag als 

rationale Dosis für die pränatale AGS-Therapie vorgeschlagen, die etwa einem Drittel der 

herkömmlichen Dex-Dosis entspricht. Die vorgeschlagene rationale Dex-Dosis sollte in zukünftigen 

klinischen Studien erprobt werden. 

Zusammengefasst bietet diese Arbeit quantitative Einblicke in DBS-Messungen für die AGS-

Therapieüberwachung, stellt erste DBS-Zielkonzentrationen für den Biomarker 17-OHP in der 

Pädiatrie vor und schlägt eine erste modellgestützte, evidenzbasierte Dosis für Dex in der pränatalen 

AGS-Therapie vor. Letztendlich kann diese Arbeit dazu beitragen, die AGS-Behandlung mit HC und 

Dex sowie die Therapieüberwachung in der hochgefährdeten pädiatrischen und fötalen Population zu 

optimieren. 
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1  Introduction 

1.1 Pharmacokinetics and pharmacotherapy in paediatric and foetal 

patients 

Paediatric patients are defined as children and adolescents from 0-18 years and can be further classified  

according to their age [1,2]. The age groups relevant for this work are defined as neonates (<28 days), 

infants (≥28 days-2 years), and young children (≥2-6 years), according to the classification in the 

clinical study in Paper I and Paper II (see section 2.1.3.1). Paediatric patients are viewed as a vulnerable 

population due to differences in their maturing physiology compared to adults as well as their 

underrepresentation in drug research, development and available medicines on the market.  

Pharmacokinetics (PK) is describing ‘what the body does to the drug’ and comprises the absorption, 

distribution, metabolism and excretion processes of the drug. Especially in neonates and young infants, 

these processes differ relevantly from the better studied PK processes in adults [3]. For instance, the 

higher stomach pH in neonates can lead to altered absorption of perorally administered drugs, the 

different body composition in young children due to a higher body water proportion can affect the 

distribution of certain drugs or the not fully developed glomerular function in the neonatal kidneys can 

limit drug excretion. Most importantly, numerous drug metabolism processes underlie maturation 

processes [4]. Although it was often stated that children cannot be simply viewed as ‘small adults’, 

Anderson and Holford concluded that ‘children are small adults, neonates are immature children’ [4]. 

Since growth and maturation are no linear processes, predicting paediatric PK and adequate drug dosing 

is challenging. In drug research and development, allometric scaling using mathematical power 

relations with empirical exponents is often applied to translate PK parameters such as volume of 

distribution or clearance, i.e., metabolism and excretion, from adults to children [5,6]. Also, for 

pharmacodynamics (PD), i.e., ‘what the drug does to the body’ or the drug effect, children show 

different responses which are however less well studied in paediatrics.  

The vast majority of pharmacotherapeutic treatments are off-label in children, especially in neonates, 

due to a lack of available drugs licensed for paediatric use and pharmaceutical forms specifically 

tailored to the needs of paediatric patients [1,7,8]. Initiatives by the U.S. Food and Drug Administration 

(FDA) and the European Medicines Agency (EMA), e.g., the Paediatric Regulation by the European 

Commission [9], were introduced to improve the development and availability of such drugs.  

Prenatal pharmacotherapies aiming at treating the unborn child face similar challenges with not only 

immature physiology of the foetus but also pregnancy-related PK changes in the mother [10,11] making 

therapy outcomes difficult to predict. Since pregnant women are usually not enrolled in clinical studies, 

knowledge on PK and PD during pregnancy is scattered [11]. Moreover, information on PK processes 

in the human foetus is rare due to limited possibilities for investigation. 
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1.2 Congenital adrenal hyperplasia 

To understand the pathophysiology (1.2.2) of congenital adrenal hyperplasia (CAH), it is important to 

know the physiological role as well as biosynthesis of the endogenous cortisol. The healthy physiology 

is shortly described in section 1.2.1. 

1.2.1 Healthy physiology of cortisol and 17α-hydroxyprogesterone 

Cortisol is an endogenous glucocorticoid and plays a relevant role in numerous physiological processes 

such as metabolism, growth and the immune system [12]. The cortisol biosynthesis is centrally 

regulated via the hypothalamus-pituitary-adrenal (HPA) axis where corticotropin releasing hormone 

(CRH) is released from the hypothalamus and promotes the release of adrenocorticotropic hormone 

(ACTH) from the pituitary gland (Figure 1.1).  

 

 

Figure 1.1 Regulation of cortisol biosynthesis via the hypothalamic-pituitary-adrenal axis. 

Corticotropin releasing hormone (CRH), adrenocorticotropic hormone (ACTH). 

ACTH then stimulates the synthesis of glucocorticoids, mineralocorticoids and androgens in the adrenal 

glands. The biosynthesis pathways of these three groups of steroids are shown in detail in Figure 1.2.A. 

Cortisol, among other glucocorticoids, exerts negative feedback on the CRH and ACTH release, thereby 

regulating its own biosynthesis through inhibition of the HPA axis [13-16]. Moreover, the cortisol 

biosynthesis shows a circadian rhythm, where the cortisol concentration reaches its maximum in the 

morning and decreases over the course of the day (Figure 1.3) [13]. 
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Figure 1.2.A Biosynthesis pathways of mineralocorticoids, glucocorticoids and androgens in the 

adrenal glands of healthy individuals. Boxes indicate enzymes. This image was adapted from J.S.E. 

Melin. Pharmacometric approaches to assess hydrocortisone therapy in paediatric patients with adrenal 

insufficiency. Freie Universität Berlin. (2017) [17]. 

Figure 1.3 Circadian cortisol concentration-time profiles of 14 healthy adults in the clinical study 

described in 2.1.1, before suppression of the hypothalamic-pituitary-adrenal axis with dexamethasone. 
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This image was taken from J.S.E. Melin. Pharmacometric approaches to assess hydrocortisone therapy 

in paediatric patients with adrenal insufficiency. Freie Universität Berlin. (2017) [17]. 

 

1.2.2 Pathophysiology of congenital adrenal hyperplasia 

CAH is the most common primary adrenal insufficiency (AI) in paediatric patients with a prevalence 

of 1:15000-16000 in Europe and in the USA [18]. In brief, it is a group of rare autosomal recessively 

inherited metabolic diseases characterised by a largely decreased or absent cortisol biosynthesis. In 

90%-95% of cases, the disorder of adrenal steroidogenesis is due to a deficiency of the enzyme steroid 

21-hydroxylase, also known as cytochrome P450c21 (see Figure 1.2.B) [19,20]. A major complication 

of CAH is adrenal crisis which can be lethal [13]. Due to the cortisol deficiency and thus a lacking 

feedback mechanism on the steroidogenesis, the hypothalamic‐pituitary‐adrenal (HPA) axis is 

activated, leading to an accumulation of cortisol precursors such as progesterone and 17α-

hydroxyprogesterone. As these steroids are also androgen precursors, the cortisol biosynthesis pathway 

is shifted towards androgen production [21] (Figure 1.2.B). The overproduction of androgens, e.g., of 

testosterone, is leading to corresponding symptoms such as premature pseudo puberty and ending of 

longitudinal growth, and virilisation and hirsutism in female patients [13,14,20]. The accumulating 

cortisol and androgen precursors as well as androgens are therefore useful biomarkers to assess the 

disease progression and treatment success.  

Figure 1.2.B Biosynthesis pathways of mineralocorticoids, glucocorticoids and androgens. Boxes 

indicate enzymes. The bold black and red arrows indicate the pathophysiological steroid concentration 

changes due to 21-hydroxylase deficiency in untreated CAH patients. This image was adapted from 
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J.S.E. Melin. Pharmacometric approaches to assess hydrocortisone therapy in paediatric patients with 

adrenal insufficiency. Freie Universität Berlin. (2017) [17]. 

CAH can occur in a non-classical form which is less severe and, in many cases, asymptomatic, whereas 

classical form patients can be distinguished into salt wasters and simple virilisers. The simple virilisers 

require a lifelong replacement of cortisol. The salt wasters make up 75% of the classical patients, 

showing an aldosterone deficiency, in addition to the cortisol deficiency. These patients face a possible 

life-threatening electrolyte imbalance due to the underproduction of mineralocorticoids [21] and need 

an additional aldosterone replacement which is given by fludrocortisone. The work in this thesis focuses 

on cortisol replacement therapy (see 1.2.3.1). 

Furthermore, the adrenal excess is already taking place in foetal CAH patients resulting in female 

patients born with virilised external genitalia who, in certain severe cases, undergo reconstructive 

surgery [21]. The prenatal CAH therapy to prevent this virilisation is addressed in section 1.2.3.2. 

 

1.2.3 Congenital adrenal hyperplasia pharmacotherapy 

1.2.3.1 Cortisol replacement therapy in paediatric patients 

CAH patients require a life-long cortisol replacement therapy. For paediatric patients, hydrocortisone 

(HC), a synthetic drug substance identical to cortisol, is the recommended glucocorticoid since its short 

half-life of 1.5 hours and low potency decrease the risk for adverse events related to cortisol 

overexposure [21,22]. Compared to cortisol, dexamethasone (Dex) is assumed to have a 50-80 fold 

higher potency [23] and is given to adult CAH patients. Typical adverse events of cortisol replacement 

therapy can be Cushing’s syndrome, reduced final height, hypertension, dyslipidaemia, obesity, 

decreased glucose tolerance or osteoporosis [13]. Moreover, too low cortisol exposure can result in 

disease progression and adrenal crisis [21]. Therefore, dosing of HC requires special consideration to 

result in drug concentrations mimicking the physiological conditions and the circadian rhythm of 

cortisol [13] which represents a challenge in CAH therapy. The recommended daily HC dose for 

children is 10-15 mg/m2 given three times per day, with the highest dose in the morning [21,24,25]. The 

single doses are adjusted according to the patients’ individual needs, laboratory parameters and 

symptoms evaluation [26].  

Since no paediatric HC formulation was available for decades, either manually broken or crushed HC 

tablets approved for adults or capsules containing paediatric doses manufactured in pharmacies were 

administered to children with CAH. These off-label administrations had the risk of inaccurate doses as 

well as adherence concerns due to the bitter taste of cortisol [27,28]. Also HC suspensions represent a 

suboptimal pharmaceutical formulation due to an inhomogeneous distribution of the drug and a short 

shelf-life [29]. Therefore, Alkindi®, a formulation of oral HC granules with taste masking, was 

developed and licensed for use in the EU for children from birth to 18 years in 2018 [28,30,31]. Data 
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from Alkindi® clinical trials was used in this work and is introduced in section 2.1. Moreover, sustained-

release oral HC formulations [32,33] as well as formulations for subcutaneous use [34,35] are currently 

in development.  

1.2.3.2 Prenatal therapy with dexamethasone 

To prevent the virilisation of female CAH patients in utero, Dex is used in prenatal CAH 

pharmacotherapy as it has the ability to cross the placenta and suppress the foetal HPA axis. Since the 

first description of prenatal CAH therapy with Dex in 1984 [36,37], a Dex dose of 20 µg/kg/d, to a 

maximum of 1.5 mg/d given in 2-3 daily doses, is administered to pregnant women expecting a child 

with CAH. There is evidence from case studies that prenatal therapy with Dex significantly reduces 

virilisation in female foetuses with CAH, given the therapy was started before the window of sexual 

differentiation, i.e., week 7 to 12 post conception [38,39]. Prenatal CAH therapy with Dex is considered 

experimental due to a lack of clinical evidence for the Dex dose [23,40-42]. This experimental Dex 

dose which has been traditionally given for decades is assumed to be associated to safety risks for both 

the mother and the unborn child. Prenatal glucocorticoid overexposure was found to result in postnatal 

hypertension, impact on glucose homeostasis, decreased glomerular filtration, fatty liver disease and 

multiple negative effects on brain development [23,43]. Additionally, clinical studies showed 

potentially negative impacts on neuropsychological and behavioural outcome in foetuses at risk for 

CAH who were treated prenatally with Dex [42-51]. These studies however showed conflicting results 

and included very low numbers of patients. Furthermore, in animal studies, high Dex doses showed 

teratogenic effects [43]. In treated mothers, possible adverse events included oedema, increased mean 

weight gain, mood swings, and a slightly increased occurrence of hypertension, pre-eclampsia and 

gestational diabetes [23,39,41]. Since Dex is assumed to be 50-80 times more potent than cortisol, 

Miller concluded in his review that the traditional prenatal Dex therapy provides the mother with about 

6-fold her physiological need for glucocorticoids, i.e., the traditional Dex dose is approximately 6-fold 

too high [23]. 

 

1.3 Pharmacokinetics of hydrocortisone and dexamethasone 

HC, or its endogenous equivalent cortisol, is known to show complex PK as it binds to corticosteroid-

binding globulin (CBG, also known as transcortin) with high affinity and to albumin and erythrocytes 

with a lower affinity [54]. The binding to CBG is saturated within therapeutic drug concentrations 

causing nonlinear cortisol PK [55,56]. Poor solubility at higher oral HC doses can lead to a saturable 

absorption [57,58]. Cortisol is transformed into numerous metabolites which are renally excreted. The 

enzymes 5α-reductase, 5β-reductase and 3α-hydroxysteroid dehydrogenase sequentially metabolise 

cortisol to allo-tetrahydrocortisol, tetrahydrocortisol and tetrahydrocortisone, respectively. 

Furthermore, approximately 1% of cortisol is metabolised to 6β-hydroxycortisol by the enzyme 6β-
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hydroxylase, also known as cytochrome P450(CYP)3A4 [59]. In the kidney, cortisol is transformed via 

the enzyme 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) to the biologically less active 

cortisone, which has the same binding partners as cortisol [60]. This process is bidirectional with 11β-

hydroxysteroid dehydrogenase type 1 (11β-HSD1) transforming cortisone back to cortisol in the liver 

and adipose tissue.  

Several PK processes for cortisol undergo maturation in early childhood. In neonates and in infants 5α-

reductase activity was observed to be lower and higher compared to adults, respectively, with an activity 

peak at 3 months [61]. The activity then declined until the age of 12 months [62]. Moreover, 11β-HSD1 

was found to have undetectable activity during the first 3 months of life, and reached adult activity at 

12 months [63]. Also for CBG maturation was observed during the first year of life [64]. 

Pharmacokinetic analyses concluded that HC PK including binding kinetics can be assumed to be 

similar in adolescents (12-18 years) and in adults [65].  

Dex is known as a highly potent glucocorticoid and its PK has been studied for many decades. Dex 

binds to albumin and shows little or no binding to CBG [66]. Dex PK was found to be dose-dependent, 

i.e., Dex exposure did not increase linearly with oral doses [67]. Moreover, PK parameters often showed 

a high variability in pre-clinical as well as clinical populations [66-68]. Dex PK was often described 

with a two-compartment model, a first-order absorption and a fast elimination [69,70]. In contrast to 

cortisol, Dex is only minimally inactivated by placental 11β-HSD2 [71]. Despite the broad use of Dex 

in adults and children [68], only little is known about Dex PK in pregnant women. In near-term pregnant 

women, the terminal half-life of Dex and plasma protein binding to Dex was not affected by pregnancy 

[72,73]. No Dex target concentrations are known for CAH therapy in the foetus due to a lack of 

knowledge on foetal Dex PK. 

 

1.4 Pharmacodynamics of hydrocortisone and dexamethasone 

The administration of glucocorticoids, such as HC and Dex, leads to a downregulation of CRH and 

ACTH via negative feedback on the HPA axis [12-14]. Consequently, concentrations of cortisol 

precursors which are accumulating in CAH decrease. Among them is 17-OHP which is the most 

conventionally used biomarker in CAH monitoring as it is the precursor of cortisol as well as of 

androgens. Other important biomarkers include androstenedione, testosterone, progesterone, cortisone 

and the 17-OHP metabolite 21-deoxycortisol [13,21] (see Figure 1.2 B). As previously mentioned, Dex 

has a 50-80 times higher potency compared to HC, i.e., cortisol [23]. 
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1.5 Dried blood spot sampling 

Dried blood spot (DBS) sampling is a minimally invasive sampling technique where whole blood 

volumes of 20-100 µL are obtained via a prick in the fingertip or heel and dropped on cellulose-based 

sampling paper. Dropping whole blood on these sampling cards allows storage at room temperature as 

well as easy transportation [74,75]. Discs of a certain diameter, representing a fixed volume, are 

subsequently punched out of the DBS spots, extracted and subjected to bioanalysis (see Figure 1.4) [74-

76].  

Figure 1.4 Collection card with dried blood spots of blood volumes from 50 µL to 70 µL and punches 

of commonly used disc sizes shown on the first three spots. This image was taken from T.A. Jacobson 

et al., J. Expo. Sci. Environ. (2022) [77]. 

The low blood volumes required for DBS sampling pose an advantage for the vulnerable paediatric 

population, compared to traditional plasma sampling [76]. Therefore, DBS have been used since the 

1960s to perform newborn screenings for diseases such as phenylketonuria [78,79] and are also 

commonly used for neonatal CAH screening [18]. Long-term stability at room temperature and 

feasibility of quantification following DBS sampling has been widely investigated for CAH-relevant 

steroids [78-80]. In paediatric CAH therapy monitoring, besides DBS sampling of capillary blood from 

the fingertip, also venous blood from an existing venous access is commonly used. The quantitative 

relationship between concentrations obtained by DBS and plasma sampling is specific to the analyte 

[75] and had not been fully investigated for cortisol or CAH biomarkers yet. Since DBS sampling 

involves whole blood and cortisol is known to be associated to red blood cells (RBCs) [54], 

understanding the relationship between plasma and DBS cortisol is crucial for a correct interpretation 

of DBS measurements. The target morning concentration for the biomarker 17-OHP has been suggested 

to be 12-36 nmol/L in plasma [13], but is still unknown for concentrations collected by DBS sampling. 
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1.6 Pharmacometrics 

Pharmacometrics is a young, interdisciplinary science field where the interplay between the drug 

behaviour and (patho-)physiology is quantitatively characterised in mathematical models which are 

developed to be applied to answer specific research questions [83]. Such models are then often used in 

simulations to, e.g., further elucidate processes in drug behaviour or therapy or to investigate drug 

dosing scenarios [84,85]. Thus, pharmacometrics represents a powerful approach to close knowledge 

gaps in drug development and therapy and has therefore gained growing recognition and relevance in 

the past few decades. Commonly used so-called ‘bottom-up approaches’ are physiologically-based 

pharmacokinetic (PBPK) and quantitative systems pharmacology (QSP) modelling, where PK, PD and 

disease processes are mechanistically described on the physiological organ and cell level, respectively. 

In this thesis, population PK/PD modelling [84-86], more specifically nonlinear mixed-effects (NLME) 

modelling (see section 1.6.1), was applied as a ‘top-down approach’, i.e., modelling based on, e.g., 

clinical data. 

1.6.1 Nonlinear mixed-effects modelling 

In population modelling approaches such as NLME modelling [85,89], individual data of populations 

is leveraged to build models where e.g., drug PK is characterised by concentration data over time and 

addition of biomarker data enables the development of PK/PD models describing drug effect over time. 

Population models usually consist of so-called compartments, in which the drug is homogeneously 

distributed and shows a distinct uniform PK behaviour, e.g., a central and a peripheral compartment, 

lumping organs which are well and poorly perfused, respectively. In NLME modelling, all available 

data is analysed at the same time which enables the estimation of fixed effects, i.e., model parameters 

of a typical individual within the population, as well as of random effects, i.e., model parameters 

quantifying interindividual and residual variabilities. These variabilities can be explained by 

quantitatively linking them to so-called covariates which can be patient-, disease- or treatment-specific 

characteristics, e.g., age, body weight, disease severity or drug dose. More details on the applied NLME 

modelling methods are covered in section 2.2.  

1.6.2 Use of pharmacometrics in drug development and drug therapy 

Pharmacometrics has become an established part of drug research and development [90] and is 

encouraged and regulated by authorities such as the EMA and the FDA [82,91-94]. The use of 

pharmacometric analyses increases efficiency in drug development by reducing cost and time resources. 

Pharmacometric models are e.g., applied to translate drug PK and PD from animals to humans, to 

extrapolate PK and PD to specific populations such as paediatrics or to predict and suggest dosing 

regimens for clinical studies. Moreover, pharmacometrics is widely used in academic and clinical 

research to foster the rational use of licensed drugs by e.g., identifying individualised doses for special 
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populations and optimising therapeutic drug monitoring [95]. Especially in the field of paediatrics 

where data is often scarce, pharmacometrics modelling offers a great potential for answering drug 

dosing and therapy monitoring related questions [96,97]. 

Whereas no pharmacometric analyses have been applied to suggest a rational Dex dose for prenatal 

CAH therapy, several modelling analyses on CAH therapy in paediatric patients have been published: 

A semi-mechanistic PK model capturing the complex cortisol PK including binding to CBG and 

albumin has been previously developed at our department, based on adult phase 1 study data for the 

paediatric HC formulation Alkindi®. The model was used to predict Alkindi® PK in paediatrics, finding 

a high variability in drug exposure related to body weight, especially in younger children (<20 kg) 

which confirmed the high need for dose optimisation in these patients [58]. In a subsequent analysis, 

phase 3 Alkindi® data was leveraged together with the adult data to develop a paediatric HC PK model 

which was then applied to simulate dosing regimens for paediatric CAH patients [98]. The outcome 

was that with none of the tested dosing regimens, administering an immediate release HC formulation, 

it is possible to capture the physiological circadian cortisol time-profiles, highlighting the importance 

of developing sustained-release formulations. In addition to PK models, PK/PD models were developed 

describing the relationship between cortisol and the biomarkers 17-OHP and androstenedione in plasma 

[99,100]. Moreover, the circadian rhythm of CBG [101,102] was modelled and found not to have a 

clinical relevance for HC dosing in paediatric CAH patients [103]. As shortly discussed in section 1.5, 

no pharmacometrics models have been developed based on DBS data to further quantitatively 

investigate DBS steroid measurements, and no biomarker target concentrations have been identified for 

monitoring CAH patients with DBS sampling. 
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1.7  Objectives 

Cortisol replacement therapy for treating CAH, a rare form of adrenal insufficiency, requires special 

monitoring due to the risk of adverse effects such as Cushing’s syndrome or disease progression caused 

by cortisol over- or underexposure, respectively. Especially paediatric patients can highly profit from 

the minimally invasive DBS sampling technique during therapy monitoring. However, there is little 

knowledge on cortisol concentrations in whole blood samples such as DBS compared to traditionally 

sampled blood plasma. Thus, there are no known DBS target concentrations for cortisol or CAH 

biomarkers and the feasibility of DBS sampling for CAH therapy monitoring needs to be evaluated. 

Furthermore, DBS sampling is usually conducted with either capillary or venous blood and the 

comparability of cortisol and CAH biomarker concentrations in these two matrices is still to be 

investigated. To prevent in utero virilisation of female foetuses with CAH, prenatal CAH therapy has 

been conducted since decades by orally administering Dex to the pregnant mother. The traditionally 

used dose of 20 µg/kg/d is however assumed to be too high and to potentially cause adverse effects for 

both the mother and the foetus. No alternative evidence-based Dex dose has been established or 

suggested to this day. 

The overall objective of this doctoral work was to generate new insights into the PK and PD 

characteristics of the CAH compounds hydrocortisone and dexamethasone by applying pharmacometric 

methods, and thereby to contribute to the optimisation of CAH therapy and therapy monitoring in the 

vulnerable paediatric and foetal patient population.  

The specific objectives of the three projects presented in this dissertation were: 

Paper I 

− Quantitative exploration and interpretation of DBS cortisol concentrations in paediatric CAH 

patients and characterising association of cortisol with red blood cells 

Paper II 

− Derivation of a target morning concentration range in DBS for the important disease biomarker 

17-OHP in paediatric CAH patients by performance of PK/PD modelling and simulation  

− Assessment of the comparability of capillary and venous DBS concentrations for cortisol and 

17-OHP in paediatric CAH patients  

Paper III 

− Determining a model-based rationale of a lower, efficacious dexamethasone dose to reduce 

adverse effects in prenatal CAH therapy  
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2 Methods 

2.1 Clinical data 

A comprehensive overview of all clinical data used in this work is presented in Table 2.1. The different datasets are described in more detail in the following 

subsections of 2.1. 

Table 2.1 Overview of all clinical data analysed in this work with details given in the specified subsections of 2.1 in the table header row. 

Study 

characteristic 

2.1.1 Healthy adult data 2.1.2 Healthy 

paediatric plasma 

cortisol data 

2.1.3 Paediatric AI patient data 

 2.1.1.1 Plasma 

cortisol data 

2.1.1.2 Plasma Dex 

data 

 2.1.3.1 Plasma 

cortisol data 

2.1.3.2 DBS cortisol 

and 17-OHP data 

2.1.3.3 Capillary 

and venous DBS 

cortisol and 17-

OHP data 

Paper  I III II I, II I, II II 

Study type Phase 1 clinical 

study (two crossover 

studies) 

Part of a clinical 

bioavailability 

study 

Part of a 

randomised 

controlled study 

Phase 3 clinical 

study 

Clinical routine 

monitoring 

Clinical routine 

monitoring 

Population Healthy male adults Healthy adults, 

female and male 

Healthy children, 

5-9 years 

Paediatric AI patients (CAH, 1 hypopituitarism 

patient), 0-6 years 

Paediatric CAH 

patients, 2 months–

11 years 

Number of 

individuals 

n=30 

 

n=24 

 

n=28 

 

n=24 in Paper I 

Young children, ≥2–6 years, n=12 

Infants, ≥28 days–2 years, n=6 

Neonates, <28 days, n=6 

n=18 in Paper II 

(Young children and infants) 

n=15 
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Drug dosing  0.5, 2, 5, 10 or 20 mg 

single morning dose 

of Alkindi® (HC) p.o. 

2 mg Dex p.o., 

immediate-release 

tablet in the 

morning 

NA 1-4 mg individual single morning dose of 

Alkindi® (HC) p.o. 

0.5-7 mg individual 

doses of HC 

Sampling 

times 

Crossover study 1:  

0.5, 1, 1.5, 2.5, 3, 

3.5, 4, 4.5, 5, 5.5, 6, 

6.5, 7, 7.5, 8, 9, 10, 

11 and 12 h post-

dose 

 

Crossover study 2: 

pre-dose, 0.25, 0.5, 

0.75, 1, 1.25, 1.5, 2, 

2.5, 3, 4, 5, 6, 8, 10 

and 12 h post-dose 

 

Pre-dose and 0.25, 

0.5, 0.75, 1, 1.25, 

1.5, 1.75, 2, 2.5, 3, 

4, 5, 6, 8, 12, 16, 

and 24 h post-dose 

20-min intervals 

over 24 h 

All patients: 

Pre-dose, 1 and 4 h post-dosing 

Young children: 

Three additional sampling points each  

(two between 30, 45, 90, 120, 150 and/or 

180 min post-dose, one at time of Cmin) 

 

1-9 h after last HC 

administration 

Number of 

samples 

n=1482 n=432 n=2016 n=106 

(88 in Paper II, excluding neonates) 

n=15 

Sampling 

matrix 

Total plasma Total plasma Total plasma Total plasma Total DBS Total DBS 

Analyte(s) Cortisol Dex Cortisol Cortisol 

 

Cortisol 

17-OHP 

Cortisol 

17-OHP 

17-OHP: 17α-hydroxyprogesterone, AI: Adrenal insufficiency, CAH: Congenital adrenal hyperplasia, DBS: Dried blood spots, Dex: Dexamethasone, HC: 

Hydrocortisone, NA: Not applicable.
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2.1.1 Healthy adult data 

2.1.1.1 Plasma cortisol data 

In Paper I, data from a clinical phase 1 trial on the paediatric HC formulation Alkindi® (hydrocortisone 

granules in capsules, Diurnal Europe B.V., Netherlands) was leveraged. The trial consisted of two 

independent crossover studies (ClinialTrials. gov identifiers: NCT02777268, NCT01960530) [104] and 

were conducted at the Institute of Experimental Paediatric Endocrinology at Charité-

Universitätsmedizin Berlin, CVK, Berlin. A single oral Alkindi® morning dose of 0.5-20 mg was 

administered to 30 healthy male volunteers in total after they received a single dose of Dex to suppress 

the endogenous cortisol biosynthesis. Total cortisol was densely sampled pre-dose and from 0.5 to 

12 hours post-dose, resulting in a total of 1482 PK samples. Bioanalysis was performed at Simbec 

Research Ltd (Merthyr Tydfil, UK) by a validated liquid chromatography with tandem mass 

spectrometry detection (LC-MS/MS). 

2.1.1.2 Plasma dexamethasone data 

In Paper III, data from the reference treatment arm of a published bioavailability study in 24 healthy 

individuals receiving Dex (EudraCT number: 2008-001389-10) [68] was leveraged to develop a Dex 

PK model describing maternal Dex concentrations during prenatal CAH therapy (see 2.5). The study 

individuals were 15 female and 9 male healthy subjects receiving a single dose of 2 mg of Dex as an 

orally administered immediate-release tablet. More detailed population characteristics are shown in 

Table 2.2. Plasma was sampled 18 times per individual, up to 24 h post-dose, resulting in a total of 432 

plasma samples. Total plasma Dex concentrations were quantified in plasma using a high-performance 

liquid chromatography with ultraviolet detection (HPLC-UV) assay.  

Table 2.2 Population characteristics of the healthy adult plasma dexamethasone data (median 

(range)). 

Characteristic Unit Female (n=15) Male (n=9) Total (n=24) 

Age [years] 30.0  

(22.0-54.0) 

38.0  

(25.0-54.0) 

32.0  

(22.0-54.0) 

Body weight [kg] 65.0  

(60.0-77.5) 

79.0  

(73.0-90.0) 

70.0  

(60.0-90.0) 

Height [m] 1.66  

(1.63-1.76) 

1.84  

(1.72-1.88) 

1.71  

(1.63-1.88) 

Body mass index [kg/m2] 23.2  

(21.0-26.9) 

25.5  

(20.7-27.0) 

23.7  

(20.7-27.0) 
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Dexamethasone 

concentrations* 

[nmol/L] 15.4  

(1.12-39.0) 

10.1 

(1.9-29.3) 

12.61 

(1.12-39.0) 

*After peroral administration of a 2 mg dexamethasone immediate release tablet  

2.1.2 Healthy paediatric plasma cortisol data  

In Paper II, physiological (=healthy) plasma cortisol concentration-time profiles from non-CAH 

children were leveraged for simulations [105,106]. The study was approved by the University College 

London Hospitals Committee on Ethics in Human Research [106]. Plasma samples were taken from 28 

non-CAH children, aged from 5 to 9 years, at 20-minute intervals over 24 hours through an in-dwelling 

cannula. This dense sampling resulted in 2016 total plasma cortisol concentrations. The cortisol 

concentrations were measured using the Coat-A-Count radioimmunoassay (Coat-A-Count, DPC, Los 

Angeles, CA, USA).  

2.1.3 Paediatric adrenal insufficiency patient data 

2.1.3.1 Plasma cortisol data 

In Paper I and II, data from the phase 3 trial (EudraCT number: 2014-002265-30, ClinicalTrials.gov 

Identifier: NCT02720952) [28], following the phase 1 trial described in 2.1.1.1, was used. The study 

was conducted at the Institute of Experimental Paediatric Endocrinology at Charité-Universitätsmedizin 

Berlin, CVK, Berlin, with 24 paediatric AI patients (23 patients with CAH, 1 patient with 

hypopituitarism) receiving an individualised oral Alkindi® morning dose of 1-4 mg. The patients were 

divided into three cohorts according to their age group (12 young children of ≥2-6 years, 6 infants of 

≥28 days-2 years, neonates of <28 days). A total of 106 plasma samples were collected pre-dose, 1 and 

4 hours post-dose, and at 3 additional time points in young children (see Table 2.1). All measured total 

plasma cortisol concentrations (n=106) were used in Paper I whereas only data from the young children 

and infant cohorts (n=88 cortisol concentrations) was used in Paper II. Bioanalysis was conducted as 

described in 2.1.1.1. 

2.1.3.2 Dried blood spot cortisol and 17α-hydroxyprogesterone data 

Besides the plasma samples described in 2.1.3.1, DBS samples were taken from the venous access in 

the same 24 paediatric AI patients and at the same sampling times. The DBS sampling was conducted 

as routine clinical sampling in accordance with the study protocol (ClinicalTrials.gov Identifier: 

NCT02720952). A multi-steroid analysis was then conducted in which cortisol and 17-OHP were 

measured by LC-MS/MS. Linearity, accuracy, and precision were tested for DBS steroid quantification 

with the respective acceptance criteria being met according to the guideline on bioanalytical method 

validation of the European Medicines Agency (European Medicines Agency, 2012) [107]. The DBS 

sampling as well as the bioanalysis were conducted at Charité-Universitätsmedizin Berlin, CVK, Berlin. 
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Analogously to the plasma cortisol data from the Alkindi® phase 3 study, 106 and 88 simultaneously 

sampled DBS cortisol concentrations of the three and two age cohorts were used for the PK model 

development in Paper I and Paper II, respectively. Additionally, 88 DBS 17-OHP concentrations were 

used in the model analysis in Paper II. 

2.1.3.3 Capillary and venous dried blood spot cortisol and 17α-hydroxyprogesterone data  

A dataset containing venous and capillary DBS concentrations was created during clinical routine 

sampling for CAH therapy monitoring at Charité-Universitätsmedizin Berlin and was used in Paper II. 

One venous and one capillary DBS sample each was obtained in parallel from 15 paediatric CAH 

patients, aged from 2 months to 11 years (median: 8 years). The multi-steroid analysis described in 

2.1.3.2 was conducted, quantifying concentrations for cortisol and for 17-OHP. Sampling times were 

between the morning and late afternoon, and between one to nine hours after the last HC administration. 
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2.2 Nonlinear mixed-effects modelling and simulation 

2.2.1 General workflow of a pharmacometric analysis 

All pharmacometric analyses presented in this dissertation followed a general workflow which is 

depicted in Figure 2.1.  

Figure 2.1 General workflow of a pharmacometric analysis 

 

First, PK and/or biomarker data relevant to the research questions of the projects was collected. Sources 

of data were e.g., clinical studies and clinical routine monitoring performed by project collaboration 

partners or literature research. 

The collected data, also referred to as ‘raw data’ was then formatted to obtain datasets compatible with 

the NLME parameter estimation software NONMEM® (Icon Development Solutions, Ellicott City, 

MD, USA) [108] which was used throughout all modelling activities as well as for simulations. For this 

purpose, datasets in a comma separated values (csv) format were built in R/RStudio, containing table 

columns required for NONMEM®, such as subject identifier (ID), TIME, administered amount of the 

drug (AMT), dependent variable (DV), missing dependent variable (MDV), event (EVID) and event 

compartment (CMT). The dataset building was followed by a dataset checkout in which the datasets 

were controlled and if needed adjusted for the desired NONMEM-compatible structure, dataset 

management errors, inconsistencies and missing data. 

In all projects, the final datasets were graphically and statistically analysed prior to be used for 

modelling and simulation. The graphical investigation of the data commonly comprised the exploration 

of PK concentration-time profiles as well as PK/PD relationships, PK/covariate relationships and 

correlations between covariates. 

The quality-checked and appropriately formatted datasets were finally used to develop NLME PK or 

PK/PD models (see 2.2.2–2.2.5). The models were continuously evaluated during their development in 

order to assess if the data was adequately described (see 2.2.6). The final models which were judged as 

appropriate were then applied in simulations to address the research questions.  
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2.2.2 Nonlinear mixed-effects model components 

After the graphical analysis of the formatted datasets, the NLME models were developed. The NLME 

model development consisted of three main steps: (1) The development of a structural submodel 

describing the behaviour of the PK or PD data originating from a typical individual, using population 

parameters, i.e., the fixed effects, (2) the addition of a statistical submodel including interindividual 

variability (IIV) and residual unexplained variability (RUV), i.e., the random effects, and finally, (3) 

the addition of a covariate submodel to explain parts of the random effects using individual 

characteristics [89].  

2.2.2.1 Structural submodel 

The structural submodel described the typical individual within the population, with their typical 

population parameters.  

𝑌𝑖𝑗 = 𝑓(𝜙𝑖 , 𝑥𝑖𝑗)         (Eq. 2.1) 

In Eq. 2.1, 𝑌𝑖𝑗 was the observed dependent variable of the ith individual corresponding at the jth 

observation. The structural submodel was represented by the function (𝑓), 𝜙𝑖 was the vector of model 

parameters (e.g., clearance) and 𝑥𝑖𝑗 describes known independent study design variables such as time or 

the administered dose.   

2.2.2.2 Statistical submodel 

The statistical submodel characterised different levels of variability around the typical model 

parameters.  

Interindividual variability 

IIV quantified the deviations of the best-fitting individual parameter values (i.e., empirical Bayes 

estimates EBEs) from the typical population parameter value. IIV was implemented using an 

exponential relationship (Eq. 2.2), assuming the model parameters to follow a log-normal distribution 

and thereby preventing them from taking negative, i.e., physiologically implausible values [89]. Eq. 2.2 

shows 𝛩𝑖,𝑘, which is the kth model parameter of the ith individual. 𝜃𝑘 denotes the typical population 

value of the kth parameter and 𝜂𝑖𝑘 is the individual random-effect parameter value which was assumed 

to follow a normal distribution with a mean of zero and the variance 𝜔𝑘
2 of the random-effects 

parameter. 

𝜃𝑖𝑘 = 𝜃𝑘 ∙ 𝑒𝜂𝑖𝑘    𝜂𝑖𝑘~𝑁(0, 𝜔𝑘
2)    (Eq. 2.2) 

For an easier interpretation, the interindividual variability was converted to the coefficient of variation 

(CV%), as shown in Eq. 2.3 [85,89].  
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𝐶𝑉, % =  √𝑒𝜔𝑘
2

− 1 ∙ 100     (Eq. 2.3) 

Residual unexplained variability 

RUV describes the deviation of the observed dependent variable from the individual model predictions 

and can originate from e.g., (1) imprecision of the bioanalytical assay used to measure the dependent 

variable, (2) erroneous documentation of the independent variable (e.g., sampling time points) or (3) 

model misspecification.  

The RUV models implemented in this work included the additive (Paper I and II) and the proportional 

(Paper III) model, depicted in Eq. 2.4 and Eq. 2.5, respectively.  

𝑌𝑖𝑗 = 𝑓(𝜙𝑖, 𝑥𝑖𝑗) +  𝜀𝑎𝑑𝑑,𝑖𝑗    𝜀 ~𝑁(0, 𝜎2)  (Eq. 2.4) 

 

𝑌𝑖𝑗 = 𝑓(𝜙𝑖, 𝑥𝑖𝑗) ∙ (1 +  𝜀𝑝𝑟𝑜𝑝,𝑖𝑗)    𝜀 ~𝑁(0, 𝜎2)  (Eq. 2.5) 

 
In both equations, 𝜀𝑖𝑗 describes the discrepancy between the jth observation of the ith individual (𝑌𝑖𝑗) 

and the model prediction 𝑓(𝜙𝑖, 𝑥𝑖𝑗). 𝜀𝑖𝑗 is assumed to be normally distributed, with a mean of zero and 

variance 𝜎2. In the additive RUV model (Eq. 2.4) the variance is assumed to be constant over the full 

range of model predictions. The proportional RUV model (Eq. 2.5) assumes a variance which is 

proportional to the magnitude of the model prediction, i.e., the variance increases with higher model 

predictions.  

 

Covariate submodel 

As the final main step of the NLME model development, patient-, disease- or treatment-specific 

characteristics influencing the model parameters were assessed. First, correlations between individual 

parameters and covariates of interest were graphically evaluated. After the graphical evaluation, 

different relationships between the characteristics and PK parameters were tested and kept in the model 

as covariates if they led to a substantial reduction of unexplained IIV [89]. Tested covariates were 

continuous covariates, such as body weight (all papers), age, CBG and albumin (Paper I and Paper II) 

as well as age group as a dichotomous categorical covariate (Paper I).  

For the continuous covariates, a power relationship between the covariate effect and the parameter was 

assessed, as depicted in Eq. 2.6. 𝜃𝑘,𝑐𝑜𝑣 describes the value for parameter 𝑘 for a specific value of the 

continuous covariate 𝑐𝑜𝑛𝑡_𝑐𝑜𝑣. The relative impact was centred to the median covariate value 

𝑐𝑜𝑛𝑡_𝑐𝑜𝑣𝑚𝑒𝑑, and the power exponent 𝜃𝑐𝑜𝑣. The power exponent was either estimated or fixed to 0.75 

and 1 for quantifying the body weight effect on clearance and on volume of distribution parameters, 
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respectively. These fixed power exponents are commonly applied in theory-based allometric scaling 

which aims at relating body function (here: model parameter) to body size [5]. 

Another covariate relationship evaluated for continuous covariates was a fractional change of the 

parameter in question from the median covariate value (Eq. 2.7).  

For the two values of the dichotomous categorical covariate (𝑐𝑎𝑡_𝑐𝑜𝑣1 and 𝑐𝑎𝑡_𝑐𝑜𝑣2) two different 

parameter values 𝜃𝑘,𝑐𝑜𝑣  were estimated (Eq. 2.8 and Eq. 2.9).  

𝜃𝑘,𝑐𝑜𝑣 = 𝜃𝑘 ∙  (
𝑐𝑜𝑛𝑡_𝑐𝑜𝑣

𝑐𝑜𝑛𝑡_𝑐𝑜𝑣𝑚𝑒𝑑
)

𝜃𝑐𝑜𝑣
    (Eq. 2.6) 

𝜃𝑘,𝑐𝑜𝑣 =  𝜃𝑘 ∙ (1 + 𝜃𝑐𝑜𝑣 ∙ (𝑐𝑜𝑛𝑡_𝑐𝑜𝑣 − 𝑐𝑜𝑛𝑡_𝑐𝑜𝑣𝑚𝑒𝑑)) (Eq. 2.7) 

𝜃𝑘,𝑐𝑜𝑣1 = 𝜃𝑘,𝑐𝑎𝑡_𝑐𝑜𝑣1     (Eq. 2.8) 

𝜃𝑘,𝑐𝑜𝑣2 = 𝜃𝑘,𝑐𝑎𝑡_𝑐𝑜𝑣2     (Eq. 2.9) 

2.2.3 Parameter estimation 

For all NLME models developed in this work, maximum likelihood estimation was used to estimate the 

most likely set of model parameters (θ, 𝜔2, 𝜎2), both on the population and individual level, given the 

observed data 𝑌𝑜𝑏𝑠,𝑖𝑗  (Eq. 2.10). The variable 𝑝 denotes the corresponding probability density function. 

The objective function value (OFV) is defined as minus twice the natural logarithm of the likelihood ℒ 

(Eq. 2.11). During the estimation process the parameters were changed towards a maximised log-

likelihood and thus a minimised OFV. A lower OFV therefore served as one of the criteria to determine 

the most adequate models. 

 

ℒ (θ, 𝜔2, 𝜎2|𝑌𝑜𝑏𝑠,𝑖𝑗) = 𝑝(𝑌𝑜𝑏𝑠,𝑖𝑗|θ, 𝜔2, 𝜎2)  (Eq. 2.10) 

𝑂𝐹𝑉 = −2ℒℒ = −2 ∙  log(ℒ(θ, 𝜔2, 𝜎2|Y))  (Eq. 2.11) 

Since the analytical computation of the likelihood is not possible for most NLME models, the OFV is 

approximated using numerical methods. NONMEM® offers various estimation methods for this purpose 

[109,110]. One commonly used method is the first-order conditional estimation with interaction 

(FOCE-I) which was applied in Paper I and Paper III. FOCE-I uses first-order Taylor series 

approximation to linearise the model by conditioning on 𝜂, and delivers population parameter estimates 

as well as individual parameter estimates, also referred to as EBEs, in a single step [89]. The interaction 

in FOCE-I accounts for dependencies between interindividual random-effects (𝜂) and residual random-

effects (𝜀) which usually occur when proportional RUV models are applied [111,112]. 
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The Laplacian method is another conditional estimation method which uses second derivatives with 

respect to 𝜂 [109,113,114]. Since this estimation method can be used for categorical data [115], it was 

evaluated in Paper II to consider observations below the LLOQ (see section 2.2.4).  

Furthermore, so-called expectation-maximisation (EM) algorithms, such as stochastic approximation 

expectation maximisation (SAEM) or importance sampling (IMP), can be applied for complex PK/PD 

models [113,116]. EM methods are characterised by exact likelihood maximisation achieved by 

calculating the expected likelihood given the current parameter estimates (E-step) and a subsequent 

computation of new parameter estimates maximising the likelihood, given the expected likelihood from 

the E-step (M-step). These two steps are repeated until a stable OFV is obtained [113]. In the E-step of 

the IMP method, the conditional mean and variance of 𝜂 are evaluated by Monte Carlo sampling. The 

parameter estimates are then updated from the individuals' conditional parameters by a single iteration 

in the M-step [113]. In Paper II, the importance sampling assisted by mode a posteriori (IMPMAP) 

estimation was evaluated. Here, conditional modes and conditional first order variances were evaluated, 

as in the FOCE-I method, called mode a posteriori (MAP) estimation [109]. These were then used as 

parameters to the proposal density for the Monte Carlo IMP sampling step [109,116].  

2.2.4 Modelling data below the lower limit of quantification 

For handling observations below the lower limit of quantification (LLOQ), two commonly applied 

approaches were used: The so-called M1 method used in Paper I and in Paper III and the M3 method 

in Paper II.  

Using the M1 method, all observations below the LLOQ (BLQ) are censored, i.e., they are not included 

in the maximum likelihood estimation [117,118]. This simple approach is usually applied when a low 

fraction of observations is below the LLOQ. The disadvantage of the M1 method is an overprediction 

of concentrations close to or below the LLOQ and a potential bias of parameter estimates [119]. It is 

therefore recommended to choose an approach which also considers BLQ concentrations if the BLQ 

fraction exceeds 10%.  

By applying the M3 method, all observations, including the ones below the LLOQ, are considered in 

the estimation process, with the likelihood for the BLQ observations being assessed [117]. Therefore, 

using the M3 method results in more accurate parameter estimation, compared to M1.  

2.2.5 Modelling baseline data 

In Paper I, a cortisol PK model was developed. To account for the endogenous cortisol baseline 

concentrations before and after the hydrocortisone administration, a baseline modelling approach was 

applied. In Paper II, baseline models were evaluated to account for the endogenous concentrations of 
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the biomarker 17-OHP. In Dansirikul et al. [120], four different baseline modelling approaches (B1-

B4) are presented of which the B1 and the B2 method were evaluated in both papers.  

𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒𝑖 = 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ∙ 𝑒𝜂𝑖    (Eq. 2.12) 

𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒𝑖 = 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒𝑖,𝑜𝑏𝑠 ∙ 𝑒𝜂𝑖,𝑅𝑈𝑉   (Eq. 2.13) 

Using the B1 method, which is considered the gold standard, a population baseline (𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒, Eq. 2.12) 

was estimated. The individual baseline (𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒𝑖) was then derived considering IIV (𝜂𝑖) in an 

exponential IIV model, thereby assuming a log-normal distribution of the baseline [120]. 

In the B2 method, the individual 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒𝑖 is informed by the individual baseline observations 

(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒𝑖,𝑜𝑏𝑠) and the IIV corresponding to the RUV (𝜂𝑖 , 𝑅𝑈𝑉, Eq. 2.13). An initialisation of the 

cortisol and 17-OHP compartments with 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒𝑖 was evaluated [120].  

2.2.6 Model evaluation 

The model evaluation was iteratively performed during model development to identify the model best 

describing the data. The main diagnostic criteria used in this work were OFV (for nested models) or 

Akaike Information Criterion (AIC), parameter plausibility and parameter precision, determined by 

relative standard errors (RSE) or confidence intervals (CI). In Paper I, the CIs were obtained by 

performing sampling importance resampling (SIR), an evaluation technique which, opposed to the ‘gold 

standard’ bootstrapping technique [121], does not require time-consuming estimation and is suitable for 

models based on heterogeneous, unbalanced or small datasets [122,123].  

Applied graphical model evaluations were goodness-of-fit (GOF) plots and visual predictive checks 

(VPCs). In the basic GOF [85,89] plots, population predictions as well as individual predictions were 

graphically compared to the observations and conditional weighted residuals were investigated versus 

time and population predictions to evaluate the models for biases hinting at e.g., an inadequate number 

of compartments or an inappropriate RUV model. The VPCs [124] were based on stochastic simulations 

(n=1000) of the model predictions which were, together with the observations, plotted versus time. The 

simulated predictions and the observations were then compared by investigating their lower (e.g., 5th), 

median and upper (e.g., 95th) percentiles as well as the 95% CIs around the simulated percentiles. 
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2.3 Relationship between plasma and dried blood spot cortisol 

concentrations (Paper I)  

In Paper I, the aim was to understand the quantitative relationship between cortisol concentrations in 

plasma and in DBS as DBS sampling represents a promising alternative to plasma sampling in CAH 

monitoring. Thus, this relationship was graphically explored and subsequently leveraged in a NLME 

modelling and simulation analysis to fully characterise the binding behaviour of cortisol, including 

association with RBCs. 

Graphical exploration of plasma versus DBS cortisol concentrations 

The relationship between plasma cortisol concentrations (n=106) obtained during the phase III Alkindi® 

study (see 2.1.3.1) and simultaneously sampled DBS cortisol concentrations (see 2.1.3.2) was 

graphically explored. Concentration–time profiles of the data, plasma versus DBS cortisol 

concentrations, and the plasma/DBS concentration ratio as a function of the cortisol concentrations were 

evaluated. 

Cortisol PK model development 

A co-authoured, previously published semi-mechanistic cortisol PK model [98], based on healthy adult 

(cortisol biosynthesis suppressed by Dex) and paediatric patient data from the Alkindi® studies and 

describing saturable cortisol binding to CBG and linear binding to albumin, was used as a starting point 

for the modelling analysis. The published model included a constant cortisol baseline estimate for the 

adult data, whereas for the paediatric cortisol data, the B2 method for modelling baseline data was 

applied (see 2.2.5) using the individual measured pre-dose concentration [98]. Body weight was 

included as a covariate using theory-based allometric scaling with fixed exponents of 0.75 and 1 on the 

clearance parameters (CL and Q) and on the volumes of distribution (Vc and Vp), respectively, to 

account for body size differences within the dataset pooling adults and paediatrics. The dataset of this 

published model was then further extended with the DBS cortisol concentrations corresponding to the 

already included plasma cortisol concentrations. The implemented cortisol binding processes were 

extended by an assumed linear association of cortisol with RBCs. 

Simulations of cortisol binding in whole blood 

The extended cortisol PK model, characterising the binding behaviour of cortisol in full blood, was then 

applied in deterministic simulations, i.e., simulations excluding the IIV estimated in the model [84]. 

The aim of these simulations was to determine the typical fractions of free cortisol as well as of all 

cortisol binding species, i.e., fraction bound to CBG, to albumin and associated with RBCs, in paediatric 

CAH patients. The fractions were simulated separately for the two age groups of young children/infants 
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and neonates, over the respective total cortisol blood concentration ranges which were observed in the 

Alkindi® study. The typical simulated individuals representing the two age groups were virtually dosed 

with 7 mg HC and the concentrations of the cortisol binding species and whole blood cortisol 

concentrations were simulated over 6 h. 

 

2.4 Target morning dried blood spot 17α-hydroxyprogesterone 

concentrations for paediatric congenital adrenal hyperplasia patients 

(Paper II) 

The aim of Paper II was to derive a target morning DBS 17-OHP concentration range for paediatric 

CAH patients by developing a PK/PD model linking plasma cortisol concentrations to DBS 17-OHP 

concentrations and applying the model in simulations. The different steps of the modelling and 

simulation analysis framework are depicted in Figure 2.2 and described in the sections below. 

 

 

Figure 2.2 Modelling and simulation framework to derive target morning concentration range for the 

biomarker 17α-hydroxyprogesterone (17-OHP) sampled from dried blood spots (DBS) in paediatric 

congenital adrenal hyperplasia (CAH) patients, in clinical routine.  

For the goal of this analysis, the derivation of the target range (dark blue box C1), a 

pharmacokinetic/pharmacodynamic (PK/PD) model, quantitatively linking plasma cortisol and venous 

DBS 17-OHP, was developed (A). The applicability of the derived target range, which was based on 
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venous DBS data, to capillary DBS sampling was shown in a Bland-Altman analysis and Passing-

Bablok regression (B). To check for plausibility (C3), the derived target range was compared to a 

calculated expected target range (C2). 

Exploratory graphical analysis and PK/PD model development 

To determine the relationship between paediatric plasma cortisol and venous DBS 17-OHP 

concentrations (Figure 2.2 A), young children and infant data from the phase 3 trial for the paediatric 

hydrocortisone formulation Alkindi® (see 2.1.3.1) was used as well as the additionally sampled venous 

DBS cortisol and 17-OHP concentrations of the same patients (see 2.1.3.2). The DBS 17-OHP 

concentrations were evaluated as a function of time and of plasma cortisol concentrations.  

The PK/PD model development was based on the paediatric cortisol PK model developed in Paper I 

and was performed with a so-called sequential approach [125,126], i.e., the individual PK model 

parameters of the PK model were included into the model dataset and only the PD parameters were 

estimated. Since 22 (25%; 22.5% in young children and 35.3% in infants) out of 88 venous DBS 17-

OHP concentrations were below the LLOQ (1.3 nmol/L), the M3 method (see 2.2.4) was applied.  

Deriving target morning DBS 17-OHP concentrations in simulations  

Stochastic simulations (n = 1000), i.e., simulations including the IIV [84], were performed applying the 

developed PK/PD model (Figure 2.2 C1). Physiological, i.e., healthy, circadian cortisol concentration-

time profiles from 28 children (see 2.1.2) were thereby used as the PK input in the model dataset to 

simulate corresponding physiological DBS 17-OHP concentrations over 48 hours. The simulation 

output of interest was the physiological DBS 17-OHP concentrations simulated between 6 and 8 a.m. 

in the morning, representing the monitoring time range of interest, corresponding to the time before the 

morning dose. The 17-OHP compartment was initialised with the median 17-OHP baseline, i.e., 

morning concentrations observed in the young children and infants from the Alkindi® trial.  

In general, target 17-OHP concentrations are recommended to be approximately 3-5 times higher than 

physiological 17-OHP concentrations since the suppression of 17-OHP down to physiological 

concentrations leads to an increased risk for adverse events caused by the administered glucocorticoid 

[14,21]. Thus, as a next step, the simulated physiological morning concentrations of 17-OHP in DBS 

were multiplied by 3 to 5 to approximate a DBS 17-OHP target morning concentration range. 

Plausibility check of the derived target morning DBS 17-OHP concentration range 

The plausibility of the simulation-derived DBS 17-OHP target morning concentration range was 

assessed (Figure 2.2 C3) by a simple calculation of an expected DBS 17-OHP target morning range 

(Figure 2.2 C2). Apart from DBS 17-OHP concentrations in young children and infants (see 2.1.3.2), 

also plasma 17-OHP concentrations at baseline (n=12) were quantified in parallel. The plasma/DBS 

ratio from these 17-OHP samples, together with the plasma 17-OHP target morning concentration range 
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known from literature [13], was used for the calculation of the expected morning DBS 17-OHP target 

range, to which the simulation-derived target was then compared. 

Investigating the agreement between capillary and venous DBS measurements 

During CAH therapy monitoring, either venous or capillary DBS samples can be obtained in paediatric 

patients, whereas the DBS data used for the PK/PD analysis was venous DBS data only. Therefore, the 

comparability between capillary and venous cortisol and 17-OHP DBS concentrations, obtained in 

clinical routine at the Charité-Universitätsmedizin Berlin (see 2.1.3.3), was assessed in two kinds of 

analyses which are commonly applied to investigate the agreement between two measurement methods, 

i.e., in a (1) Bland-Altman analysis [127] and (2) Passing-Bablok regression analysis [128] (Figure 2.2 

B). 

In the Bland-Altman analysis, the differences between the capillary and venous concentrations were 

plotted versus the concentration mean of the two measurement methods. Since the concentrations in the 

investigated dataset showed a large range, the relative method differences, i.e., differences divided by 

mean in %, were presented. The relative difference range, in which agreement between the two methods 

is determined, was defined as the mean difference ± 1.96*standard deviation (SD) [127,129]. 

In the Passing-Bablok regression, venous versus capillary DBS concentrations were visualised in scatter 

plots, which included a regression line, a 95% confidence interval (CI) of its intercept and slope as well 

as a regression function. If the intercept and slope of the line of identity lay within the CI of the 

regression, no relevant constant and proportional difference was concluded between the two examined 

methods, respectively [128,130]. 

 

2.5 Rational dexamethasone dose in prenatal congenital adrenal 

hyperplasia therapy (Paper III) 

The aim of the modelling and simulation analysis in Paper III was to suggest a lower, rational Dex dose 

in prenatal CAH therapy which reduces the risk for adverse events for the pregnant women as well as 

their unborn children with CAH, while maintaining efficacy. The different steps of the modelling and 

simulation analysis workflow are depicted in Figure 2.3. 
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Figure 2.3 Modelling and simulation analysis workflow in Paper III. PK: Pharmacokinetic(s), Dex: 

Dexamethasone. 

Data selection and Dex PK model development 

First, data for the development of a PK model needed to be selected. Literature research was conducted 

to find a matching clinical study with perorally administrated Dex. Selection criteria were Dex doses in 

a similar range as administered in prenatal CAH therapy, a healthy adult study population, preferably 

including women, within an age range which is realistic for pregnancy as well as the availability of data 

on an individual level. Next, a NLME model including IIV, RUV and covariates was developed and 

evaluated based on the selected data. 

Identification of target Dex concentration threshold 

Moreover, an extensive literature search was performed to identify the foetal target Dex concentration 

threshold leading to suppression of the foetal HPA axis. Since no such target was known, the 

concentration threshold was calculated from physiological foetal cortisol concentrations and the 

Dex/cortisol potency ratio retrieved in literature. The modelled Dex PK concentrations were assumed 

to correspond to maternal Dex concentrations during prenatal CAH therapy. Thus, literature was 

searched for foetal-to-maternal plasma Dex concentration ratios to calculate the corresponding maternal 

target Dex concentration threshold.  
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Simulation of Dex dosing regimens 

Finally, the developed Dex PK model and the results from the literature search on the target threshold 

were applied in stochastic simulations (n=1000), including the estimated IIV, of maternal Dex dosing 

regimens. A typical study population representing pregnant women (n=124) was generated, including 

a ‘light’ weight group of 50-72 kg and a ‘heavy’ weight group of 73-95 kg. In the simulations, half of 

both weight groups received the traditional dose of 20 μg/kg/day whereas the other half received 

reduced doses of 5, 6, 7.5, 9 or 10 μg/kg/day, divided into three single doses every 8 h. The subjects 

were dosed according to the group’s median body weight (61 and 84 kg, respectively). The dosing 

regimen with the lowest Dex dose and with the 10th percentile of the maternal concentration-time 

profiles exceeding the maternal target threshold at steady state was judged as rational and effective. 

Furthermore, a sensitivity analysis was conducted to assess the impact of the assumed foetal-to-maternal 

plasma Dex concentration ratio. 

 

2.6 Software 

Throughout all projects R (version 3.6.0 in Paper I and Paper III and version 4.0.2 in Paper II) and 

RStudio (version 1.3.1056) were used for dataset formatting, graphical analysis, generation of model 

diagnostic plots (GOF, VPC) and for generating figures presenting modelling and simulation results. 

Moreover, the deterministic simulation in Paper I was conducted in R. The NLME model development 

in all projects as well as the stochastic simulations in Paper II and Paper III were conducted with 

NONMEM® (version 7.4.3), using Perl speaks NONMEM (Uppsala University, Sweden, version 3.4.2 

in Paper I and Paper III and version 4.7.0 in Paper II) [131] and the workbench Pirana (version 2.9.6) 

[132]. Parts of the model estimations, evaluations and simulations in all projects were performed on the 

high-performance computing cluster ‘Curta’ [133]. 
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3 Research articles 

3.1 Paper I: Exploring dried blood spot cortisol concentrations as an 

alternative for monitoring pediatric adrenal insufficiency patients: A 

model-based analysis 
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Exploring Dried Blood Spot Cortisol
Concentrations as an Alternative for
Monitoring Pediatric Adrenal
Insufficiency Patients: A Model-Based
Analysis
Viktoria Stachanow1,2, Uta Neumann3, Oliver Blankenstein3,4, Davide Bindellini 1,2,
Johanna Melin1,2, Richard Ross5, Martin J. Whitaker5, Wilhelm Huisinga6, Robin Michelet1*†

and Charlotte Kloft 1†
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Congenital adrenal hyperplasia (CAH) is the most common form of adrenal insufficiency in
childhood; it requires cortisol replacement therapy with hydrocortisone (HC, synthetic
cortisol) from birth and therapy monitoring for successful treatment. In children, the less
invasive dried blood spot (DBS) sampling with whole blood including red blood cells
(RBCs) provides an advantageous alternative to plasma sampling. Potential differences in
binding/association processes between plasma and DBS however need to be considered
to correctly interpret DBS measurements for therapy monitoring. While capillary DBS
samples would be used in clinical practice, venous cortisol DBS samples from children with
adrenal insufficiency were analyzed due to data availability and to directly compare and
thus understand potential differences between venous DBS and plasma. A previously
published HC plasma pharmacokinetic (PK) model was extended by leveraging these DBS
concentrations. In addition to previously characterized binding of cortisol to albumin (linear
process) and corticosteroid-binding globulin (CBG; saturable process), DBS data enabled
the characterization of a linear cortisol association with RBCs, and thereby providing a
quantitative link between DBS and plasma cortisol concentrations. The ratio between the
observed cortisol plasma and DBS concentrations varies highly from 2 to 8. Deterministic
simulations of the different cortisol binding/association fractions demonstrated that with
higher blood cortisol concentrations, saturation of cortisol binding to CBG was observed,
leading to an increase in all other cortisol binding fractions. In conclusion, a mathematical
PK model was developed which links DBS measurements to plasma exposure and thus
allows for quantitative interpretation of measurements of DBS samples.
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blood cells

Edited by:
Catherine M. T Sherwin,

Wright State University, United States

Reviewed by:
Gregory Thomas Knipp,

Purdue University, United States
Kit Wun Kathy Cheung,

Genentech, Inc., United States

*Correspondence:
Robin Michelet

robin.michelet@fu-berlin.de

†These authors share senior
authorship

Specialty section:
This article was submitted to

Obstetric and Pediatric Pharmacology,
a section of the journal

Frontiers in Pharmacology

Received: 21 November 2021
Accepted: 26 January 2022
Published: 17 March 2022

Citation:
Stachanow V, Neumann U,

Blankenstein O, Bindellini D, Melin J,
Ross R, Whitaker MJ, Huisinga W,

Michelet R and Kloft C (2022) Exploring
Dried Blood Spot Cortisol

Concentrations as an Alternative for
Monitoring Pediatric Adrenal

Insufficiency Patients: A Model-
Based Analysis.

Front. Pharmacol. 13:819590.
doi: 10.3389/fphar.2022.819590

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 8195901

BRIEF RESEARCH REPORT
published: 17 March 2022

doi: 10.3389/fphar.2022.819590

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.819590&domain=pdf&date_stamp=2022-03-17
https://www.frontiersin.org/articles/10.3389/fphar.2022.819590/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.819590/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.819590/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.819590/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.819590/full
http://creativecommons.org/licenses/by/4.0/
mailto:robin.michelet@fu-berlin.de
https://doi.org/10.3389/fphar.2022.819590
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.819590


INTRODUCTION

Congenital adrenal hyperplasia (CAH) is a group of rare
autosomal recessive diseases, which are characterized by
largely decreased or absent cortisol biosynthesis. In 90–95% of
cases, a deficiency of the 21-hydroxylase enzyme is the cause for
CAH (Podgórski et al., 2018; Balsamo et al., 2020). A major
complication in patients is an adrenal crisis which may even lead
to death. Other symptoms of CAH include virilization, hirsutism,
premature adrenarche, and premature ending of longitudinal
growth due to an overproduction of androgens and possible
life-threatening electrolyte imbalance due to the
underproduction of mineralocorticoids (Merke and Bornstein,
2005).

The treatment of CAH requires life-long cortisol replacement
therapy. The recommended glucocorticoid for pediatric CAH
patients is hydrocortisone (HC, name of synthetic cortisol) due to
its short half-life and lower risk for adverse events (Oprea et al.,
2019). To mimic the circadian rhythm of cortisol biosynthesis,
oral administration of 10–15 mg/m2 hydrocortisone daily is
recommended, divided into two to three doses, and with the
highest dose in the morning (Kamoun et al., 2013; Khattab and
Marshall, 2019; Dabas et al., 2020). It is essential to monitor
cortisol replacement in CAH patients frequently and adjust
dosages according to the patients’ individual needs, based on
the body surface area, laboratory parameters, and symptoms
evaluation (Bornstein et al., 2016) as too high or too low
cortisol exposure can cause adverse events, such as Cushing’s
syndrome, and or lead to an adrenal crisis (Merke and Bornstein,
2005).

Dried blood spot (DBS) samples have been used since the
1960s to perform newborn screenings for diseases such as
phenylketonuria (Moat et al., 2020). Currently, because of
technological development allowing for more specific and
sensitive specimen analysis, DBS has been exploited to
monitor CAH patients (Moat et al., 2020). DBS sampling
consists of dropping small volumes of whole blood drops
(approximately 20 µl) collected via a fingerpick on a cellulose-
based sampling paper. Therefore, this sampling procedure is
simpler and less invasive than traditional plasma sampling. It
is thus of great advantage for the pediatric population because of
their vulnerability and limited blood volume (Qasrawi et al.,
2021). DBS sampling provides additional benefits such as higher
analyte stability, allowing storage at room temperature, and easy
transportation (Edelbroek et al., 2009; Wilhelm et al., 2014).

To evaluate the applicability of DBS sampling, it is essential to
understand the relationship between cortisol DBS concentrations,
and plasma concentrations. Cortisol has complex PK with
saturable binding to corticosteroid-binding globulin (CBG)
and linear binding to albumin which previously has been
identified using a nonlinear mixed-effects (NLME) HC PK
model [(Melin et al., 2017; Michelet et al., 2020)]. Moreover,
cortisol is known to associate with RBCs (Lentjes and Romijn,
1999). This is of special interest for interpreting DBS samples as
these are whole blood samples containing RBCs. The aim of this
analysis was to explore and quantify the relationship between
venous DBS cortisol concentrations and plasma cortisol

concentrations by characterizing the association of cortisol
with RBCs; which is the first step towards the use and
interpretation of DBS samples for monitoring pediatric CAH
patients.

METHODS

Data
A previously published NLME HC PK model based on cortisol
plasma data from healthy adults and pediatric patients (Melin
et al., 2017; Michelet et al., 2020) served as the starting point for
our analysis. The model leveraged data from 1) rich plasma
sampling (n = 1,482 total cortisol concentrations) in a phase 1
study (Whitaker et al., 2015) with 30 healthy adult subjects, whose
cortisol biosynthesis was suppressed with dexamethasone, and
who received a single dose of 0.5 mg up to 20 mg of the pediatric
HC formulation Alkindi® (hydrocortisone granules in capsules
for opening) (Diurnal Europe B.V., Netherlands).

Additionally, the model leveraged 2) sparse phase 3 cortisol
plasma data from 24 pediatric adrenal insufficiency (AI) patients
receiving their regular HC-morning dose of Alkindi®, ranging
from 1 to 4 mg (Neumann et al., 2018; Melin et al., 2020; Michelet
et al., 2020). The pediatric patients were divided into three
different cohorts according to their age groups: Young
children (n = 12, 2–6 years), infants (n = 6, 28 days-2 years),
and term neonates (n = 6: 0–28 days). The pediatric total cortisol
plasma concentrations were measured prior to dose and 1 and 4 h
post-dose in all cohorts. In neonates and infants, the sampling
was ethically limited to these 3 times due to the lower total blood
volume, whereas in the children cohort, blood sampling at 2
additional times between 30 and 90 h post-dose was allowed as
well as at time to Cmin (tmin).

To expand this model, simultaneously collected venous total
cortisol DBS samples, obtained from the pediatric patients in the
phase 3 study, were included. Both total cortisol concentrations in
plasma (Whitaker et al., 2015; Melin et al., 2017; Michelet et al.,
2020) and in DBS (n = 106 each) were quantified by liquid
chromatography with tandem mass spectrometry detection (LC-
MS/MS). Linearity, accuracy, and precision were tested for DBS
cortisol quantification with the respective acceptance criteria
being met according to the guideline on bioanalytical method
validation of the European Medicines Agency (European
Medicines Agency, 2012).

Graphical Evaluation of Plasma Versus DBS
Cortisol Concentrations
The relationship between the pediatric total cortisol
concentrations in plasma and DBS was graphically evaluated
based on concentration–time profiles, plotting plasma versus
DBS cortisol concentrations and graphically investigating the
plasma/DBS ratio as a function of the cortisol concentration,
and the cortisol concentration dependency of the plasma/DBS
cortisol concentration ratio. The graphical analysis was
performed using R (3.6.0) and R Studio (1.3.1056) (R Core
Team, 2019; RStudio Team, 2020).
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Pharmacokinetic Model Development and
Evaluation
The previously published NLME HC PK model, based on adult and
pediatric plasma cortisol data, was a two-compartment PK model
describing saturable absorption (Michaelis–Menten type) and a
plasma protein binding model considering both nonlinear binding
to CBG and linear binding to albumin. An underlying constant
cortisol baseline was estimated for the adult data, whereas for the
pediatric cortisol data, the baseline was modeled using the individual
measured pre-dose concentration. For baseline cortisol
concentrations below the lower limit of quantification (LLOQ), a
baseline concentration was estimated with the same interindividual
variability as the observed pre-dose concentrations above LLOQ
(Melin et al., 2020; Michelet et al., 2020).

Body weight was included as an influential factor using theory-
based allometric scaling with fixed exponents of 0.75 and 1 on the
clearance parameters (CL and Q) and on the volumes of
distribution (Vc and Vp), respectively, to account for
differences in the body size within the pooled dataset. No
other covariates besides body weight were evaluated in the
structural plasma PK model. Interindividual variability (IIV)
was modeled, assuming the structural model parameters to
follow a log-normal distribution, and residual unexplained
variability (RUV) was modeled following a proportional
residual error model (Melin et al., 2020; Michelet et al., 2020).

Based on this PK model structure and modeling approach, the
published HC PK model was further developed by extending the
underlying data with the pediatric DBS cortisol concentrations.
Implemented cortisol binding processes were extended by the
association of cortisol with RBCs which were all assumed to
contain hemoglobin. For the model development, NONMEM
(7.4.3, ICON, Dublin, Ireland, Development Solutions, Ellicott
City, MD, United States) and Perl-speaks-NONMEM (3.4.2,
Uppsala University, Uppsala, Sweden), embedded in the
workbench Pirana (version 2.9.6), were used (Bauer, 2010; Keizer
et al., 2013). The appropriateness of the PK model was evaluated
based on standard model diagnostics, for example, the difference of
the objective function value (dOFV, best fit = maximum likelihood =
minimum OFV) and goodness-of-fit (GOF) plots (Mould and
Upton, 2012, 2013). Model performance was evaluated using
visual predictive checks (VPCs, n = 1,000 simulations)
(Bergstrand et al., 2011) (see the Supplementary Material) and
sampling importance resampling (SIR, with 1,000, 1,000, 1,000,
2,000, and 2,000 samples and 200, 400, 500, 1,000, and 1,000
resamples) (Dosne et al., 2017).

Simulation of Cortisol Binding Species
The final and evaluated PKmodel allowed simulating the fractions of
the three different binding/association species of cortisol (specific
binding to CBG, non-specific binding to albumin, and non-specific
association with RBCs) and the unbound cortisol fraction. One
individual representing the children/infants age group and one
individual representing neonates were virtually dosed with 7mg
HC each; the concentrations of the binding species and cortisol
whole blood concentrations were simulated over 6 h [deterministic
simulations using NONMEM (7.4.3)].

RESULTS

Data
Of the pediatric plasma and DBS concentrations, 17.9% (n = 19 of
106, LLOQ = 14.1 nmol/L) and 0.94% (n = 1 of 106, LLOQ =
1.8 nmol/L) were below the LLOQ, respectively. All adult total
cortisol plasma concentrations were above the LLOQ. As in the
previously published model, all BLQ observations were discarded so
that 87 pediatric plasma samples and 105 pediatric DBS samples
remained for the subsequent graphical analysis, modeling, and
simulation analysis.

Graphical Evaluation of Plasma Versus DBS
Cortisol Concentrations
Measured plasma cortisol concentrations were considerably higher
than DBS cortisol concentrations with ratios with a very high
variability, ranging from approximately 2 to 8 (Figure 1A). The
relationship between total cortisol concentrations in plasma and DBS
was nonlinear (Figure 1B), where the plasma/DBS cortisol
concentration ratio decreased with higher cortisol concentrations,
reaching the lowest ratio at the highest concentrations. Regarding the
ratio and slope, the data shown in Figure 1B could be divided into 2
groups, with DBS concentrations ranging from 0 to 200 nmol/L and
from 200 to 800 nmol/L. When observing cortisol DBS
concentrations from 0 to 200 nmol/L (n = 83, Figure 1A), the
plasma/DBS cortisol concentration ratio ranges widely from 1.62
up to 8.01, with amedian of 5.17.With higher concentrations (n = 4),
which were only observed in the neonatal age group, the
concentration ratio decreases to a median value of 2.41 (range
1.88–3.51). The comparison of DBS concentration ranges from 0
to 100 nmol/L and from 100 to 200 nmol/L showed no significant
difference in plasma/DBS cortisol concentration ratios.

Pharmacokinetic Model Development and
Evaluation
Since the association of cortisol with RBCs is described as a linear
process in the literature (Lentjes and Romijn, 1999), a linear
association constant KaRBC was estimated. An additional
compartment describing cortisol bound to RBCs was
implemented, and an additional apparent volume (Vdelta) was
estimated, with the whole blood volume being defined as the sum
of Vc and Vdelta. Similarly, to the pediatric plasma cortisol baseline
(BASEchild, pla), a pediatric DBS cortisol baseline (BASEchild, DBS) was
implemented, and based on pre-dose observations or was estimated if
no observation was present. BASEchild, pla was used as an initial value
of the central plasma concentration, whereas BASEchild, RBC represented
cortisol bound to RBCs at baseline and was described in amounts
(nmol) as ABASERBC = ABASEchild, DBS–ABASEchild, pla (Figure 2). The
underlying model equations can be found in the Supplementary
Material.
Since higher cortisol concentrations, leading to relatively higher
cortisol DBS concentrations, were only observed in the neonatal
cohort, “age group” was evaluated as a dichotomous categorical
covariate, that is, the influential factor (“children/infants” and
“neonates”) on the estimated Vdelta. The inclusion of this
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covariate resulted in −47.06 dOFV and explained more than
two-thirds (69.1%) of the interindividual variability (IIV) of
Vdelta (before: 196% CV, after: 60.6% CV). Age was tested as a
covariate on Vdelta, with exponential and fractional changes
from the median age, and resulted in an OFV drop of −23.0
and of −6.3, explaining 20 and 27% of the Vdelta IIV,
respectively. Given the higher reduction of IIV and the
limited neonatal data, the two age groups were chosen and

kept in the model as the simplest and thus most appropriate
covariate.

Table 1 shows the parameter estimates and the SIR medians and
95% confidence intervals (CI) of the final PK model including adult
plasma cortisol data and pediatric plasma and DBS cortisol data. The
resulting Vdelta for children/infants was 11.1 L compared to 1.05 L in
neonates, corresponding to 0.82 L/kg and 0.29 L/kg for children +
infants and for neonates, respectively. The linear binding/association

FIGURE 1 | (A) Boxplot of plasma/dried blood spot (DBS) cortisol concentration ratio versus cortisol DBS concentration ranges of 0–200 nmol/L (n = 83) and
200–800 nmol/L (n = 4). (B) Total cortisol concentration in plasma versus total cortisol concentration in dried blood spots (DBS). Red: children, green: infants, blue:
neonates.

FIGURE 2 |Schematic representation of developed cortisol PKmodel including adult plasma data and pediatric plasma and dried blood spot (DBS) data, blue: new
DBS-related compartments/parameters/data. Bioavailability (F), amount in depot compartment (Adepot), maximum absorption rate (Vmax), amount in depot compartment
resulting in half of Vmax (Km), amount bound (Ab), amount bound to albumin (Ab:Alb), amount associated to red blood cells (Ab:RBC), unbound amount (Au), amount
bound to corticosteroid-binding globulin (Ab:CBG), linear non-specific parameter for albumin binding (NSAlb) and association to red blood cells (kaRBC), maximum
binding capacity (Bmax), equilibrium dissociation constant (Kd), intercompartmental clearance (Q), peripheral volume of distribution (Vp), cortisol plama baseline of
dexamethasone suppressed healthy adults (BASEadult, pla), cortisol plasma baseline of children (BASEchild, pla), cortisol DBS baseline of children (BASEchild, DBS), cortisol
associated to red blood cells at baseline in children (BASEchild, RBC). The dashed line divides the central compartment into the Ab and Au subcompartments, respectively.
Eyes next to equations indicate observed concentrations: Pediatric plasma (Cpla, child) and DBS (CDBS) concentrations, adult plasma concentrations (Cpla, adult), volume of
red blood cell compartment (Vdelta).
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parameters of cortisol to albumin (NSAlb) and RBCs (KaRBC) resulted
in 4.15 and 6.62, respectively. The predominant binding partner was
CBG, with a fixed Kd of 9.71 nmol/L, indicating the unbound cortisol
concentration at 50% of Bmax. The estimates for the pediatric plasma
and DBS cortisol baselines were 9.41 nmol/L and 4.22 nmol/L,
respectively.

The 95% CIs for the parameter estimates resulting from the
SIR show good precision of the parameter estimates. Standard
model evaluations, that is, GOF plots and VPCs showed that the
adult and pediatric plasma and the pediatric DBS concentrations
were adequately described by the final PK model (see the
Supplementary Material).

Simulation of Cortisol Binding Species
Simulated whole blood cortisol concentrations of children/infants
(Figure 3A) and of neonates (Figure 3B) were based on the PK
model with the two different Vdeltas of the respective age groups based
on a dose of 7mg HC. The fractions of the simulated cortisol species
(%) against the whole blood concentration demonstrated the
substantial decrease in the cortisol fraction bound to CBG with

higher total cortisol concentrations due to the saturation of the
binding process. The fraction bound to CBG decreased from
approximately 90% at 1.8 nmol/L (LLOQ; i.e., shortly after drug
intake) to 45 and 22% at the highest simulated whole blood cortisol
concentrations for children/infants (180 nmol/L = Cmax, maximum
concentration) and neonates (820 nmol/L = Cmax), respectively.
Consequently, a substantial increase was observed for the fraction
unbound (children/infants: from 1.7 to 9.0%; neonates: from 1.6 to
13%), the fraction bound to albumin (children/infants: from 7.0 to
37%; neonates: from 6.8 to 53%), and the fraction associated with
RBCs (children/infants: from 1.9 to 8.3%; neonates: from 1.9 to 12%).

DISCUSSION

Leveraging cortisol concentrations from adult plasma data and
pediatric plasma and DBS data, we successfully established a
quantitative link between pediatric total plasma cortisol
concentrations and pediatric total DBS cortisol concentrations by
extending a published NLME HC PK model based on adult and
pediatric plasma cortisol data with pediatric DBS concentrations.

The inclusion of the whole blood DBS cortisol data into the
model allowed to quantitatively characterize cortisol association
with RBCs by a linear, non-specific association process, in
addition to cortisol binding to CBG, and to albumin. Since the
linear association of cortisol with RBCs was only described in
adults (Lentjes and Romijn, 1999) and generally a saturation of
this process should not be expected due to the abundance of RBCs
in all age groups, we assumed that these findings also apply to
children. A corresponding RBC-associated cortisol compartment
was added to the PK model and RBC volumes were successfully
estimated for the neonatal age group and for children/infants.
With the age group implemented as a covariate on Vdelta, the
Vdelta estimate (1.05 L) for neonates was considerably lower than
the estimated Vdelta for children/infants (11.1 L) (Table 1) and
thereby, as an apparent volume of distribution, accounting for the
lower plasma/DBS concentration ratio which was observed for
neonates.

The estimates for the pediatric baselines in plasma and DBS
were reasonably low and close to respective LLOQs. Overall, the
inclusion of the pediatric cortisol DBS data barely changed the
plasma-related parameter estimates, which were taken from the
previous model, whereas the additional DBS-related parameters
resulted in plausible estimates.

For a better comparison of KaRBC (6.62) with the other two
binding parameters Kd (9.71 nmol/L) and NSAlb (4.15), the PK
model was applied to simulate the fractions of cortisol bound to
CBG, to albumin, and associated with RBCs. As already expected
from the graphical analysis, with increasing cortisol
concentrations the ratio between cortisol plasma and DBS
concentrations decreased. The simulation results supported
this finding, due to the saturation of the nonlinear binding
between cortisol and CBG and thus higher availability of
unbound cortisol to be associated with RBCs. The simulated
fraction of cortisol bound to CBG decreased by 75% in neonates
(from 90 to 22%) compared to a decrease of 50% in children/
infants (from 90 to 45%). Consequently, a considerably higher

TABLE 1 | Parameter estimates with sampling importance resampling (SIR)
median and 95% confidence intervals (CI) of developed cortisol
pharmacokinetic (PK) model including adult plasma data and pediatric plasma and
dried blood spot (DBS) data.

Parameter SIR median [95% CI]

Structural model
CL [L/h] 400 [289–549]
Vc [L] 10.6 [7.99–14.0]
Q [L/h] 160 [90.4–268]
Vp [L] 124 [80.7–178]
Km [nmol] 4,810*
Vmax [nmol/h] 21,388 [13,888–31,463]
F [−] 1*
Kd [nM] 9.71*
NSAlb [−] 4.15*
KaRBC [−] 6.62 [1.95–13.4]
Vdelta, children+infants [L] 11.1 [7.05–18.8]
Vdelta, neonates [L] 1.05 [0.50–1.80]
BASEadult, pla [nM] 15.2 [11.1–20.7]
BASEchild, pla [nM] 9.41 [3.32–16.7]
BASEchild, DBS [nM] 4.22 [1.10–7.60]

Interindividual variability
ωCL, %CV 25.8 [14.9–35.8]
ωKm, %CV 55.7 [31.1–75.5]
ωVmax, %CV 46.5 [30.1–65.5]
ωF, %CV 36.1 [20.4–49.4]
ωVdelta, %CV 43.4 [27.5–62.2]
ωBASEadult,pla, %CV 35.3 [23.5–47.4]
ωBASEchild,pla and DBS, %CV 131.1*

Residual variability
σexp [CV%] 14.4 [13.2–16.0]

Clearance (CL), central volume of distribution (Vc), intercompartmental clearance (Q),
peripheral volume of distribution (Vp), amount in depot compartment resulting in half of
Vmax (Km), maximum absorption rate (Vmax), bioavailability (F), equilibrium dissociation
constant (Kd), linear non-specific parameter for albumin binding and association to red
blood cells (NSAlb and kaRBC), volume of red blood cell compartment (Vdelta), plasma
cortisol baseline in adults (BASEadult, pla), plasma cortisol baseline in children (BASEchild, pla),
dried blood spot cortisol baseline in children (BASEchild, DBS). For BASEchild, pla and
BASEchild, DBS a common interindividual variability was fixed, residual variability was
estimated as an additive error on a logarithmic scale.
*fixed parameter.
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amount of free cortisol became available for binding to albumin
or association with RBCs. At the highest simulated whole blood
cortisol concentrations, 45% more cortisol is associated with
RBCs in neonates (12% at 820 nmol/L Cmax) compared to
children/infants (8.3% at 180 nmol/L Cmax). These
considerably different simulated fractions of cortisol associated
with RBCs could partly explain the highly variable plasma/DBS
concentration ratios which were observed in the graphical
analysis for the two age groups. The higher cortisol
concentrations were only observed in neonates due to a higher
dose relative to body weight in the phase 3 trial, which was
mimicked in the simulations by dosing both age groups with the
same HC dose. Since the simulations were deterministic, that is,
did not include interindividual variability, simulations with 4 mg
(Supplementary Figure S3), which was the maximum single dose
given in the phase 3 study, resulted in maximum concentrations
lower than the ones observed in the phase 3 study (767.5 nmol/L
and 141 nmol/L for neonates and children + infants, respectively).
Thus, to ensure simulated total blood cortisol concentrations
representing the full range of observed concentrations, the
simulation dose was increased to 7mg. It was assumed that the
plasma/DBS concentration ratio depends on the overall cortisol
concentration. The high cortisol concentrations observed in
neonates were the result of a relatively higher HC dose given in
the phase 3 study to avoid underdosing in this highly vulnerable
cohort. To further explain the high variability observed in the plasma/
DBS concentration ratio, more data are required to investigate
whether, besides the concentration dependency, there is also, for
example, an age dependency for the ratio.

The graphical investigation of the plasma/DBS cortisol
concentration ratio leads to the conclusion that with the
observed DBS cortisol concentrations ranging from 0 to

200 nmol/L and from 200 to 800 nmol/L, the corresponding
plasma cortisol concentrations are higher than DBS
concentrations by a factor of 5 and 2.5, respectively. However,
this finding should be confirmed with a richer dataset, especially
in the higher concentration range where only four neonatal
samples were available, before being considered as a rule of
thumb when DBS cortisol sampling is used for clinical
monitoring in pediatric adrenal insufficiency patients.

As the cortisol concentration data from the pediatric population
were sparse in general, the PK model should be re-evaluated with
more plasma and DBS cortisol data to confirm the conclusions of
our current analysis. A regression equation based on simulations
from the updated PK model could then be identified to enable the
calculation of plasma cortisol concentrations from measured DBS
cortisol concentrations, opening the opportunity to routinely use
and interpret DBS sampling for monitoring this vulnerable patient
population. As this analysis is based on data from patients aged
from 0 to 6 years, the applicability of the PK model to children
older than 6 years can be investigated in future with respective
available data. The PK in adolescents aged 12 to 18 years can be
assumed to be similar to adult HCPK and binding kinetics as it was
found in published pharmacokinetic analyses (Bonner et al., 2021).

Furthermore, the DBS data used in this analysis were venous
whole blood concentrations, whereas in clinical practice capillary
whole blood is obtained for DBS sampling. It is therefore
important to re-evaluate the comparability of venous and
capillary whole blood cortisol concentrations. Moreover, the
underlying mechanism behind cortisol being associated with
RBCs is still unknown, and it should be investigated if cortisol
associated with RBCs is biologically active due to its low affinity
to RBCs (Lentjes and Romijn, 1999). Thus, further in vitro
studies are needed to elucidate the underlying mechanisms of

FIGURE 3 | Simulated cortisol concentration fractions (%) as unbound (pale blue), with nonspecific linear binding to albumin (light blue), nonspecific linear binding to
red blood cells (middle blue) or specific nonlinear binding (dark blue) to corticosteroid binding globulin, over total whole blood (dried blood spot) concentration (LLOQ =
1.8 nmol/L to Cmax) in infants and children (A) and neonates (B).
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the RBC-associated processes (e.g., adsorption and uptake)
qualitatively and quantitatively.
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Supplementary Material 

1 Supplementary Data 

 

Final model structure: 

Initial conditions 

𝐴𝑑𝑒𝑝𝑜𝑡,0 = 𝐹 ∗ 𝐷𝑂𝑆𝐸 

𝐴𝑝𝑙𝑎,0,𝑎𝑑𝑢𝑙𝑡 = 0 

𝐴𝑝𝑙𝑎,0,𝑐ℎ𝑖𝑙𝑑 = 𝐵𝐴𝑆𝐸𝑐ℎ𝑖𝑙𝑑,𝑝𝑙𝑎 ∗ 𝑉𝑐 

𝐴𝐷𝐵𝑆,0,𝑐ℎ𝑖𝑙𝑑 = 0 

𝐴𝑝,0 = 0 

State variables and outputs 

𝐴𝑝𝑙𝑎,𝑎𝑑𝑢𝑙𝑡(𝑡) = 𝐴𝑝𝑙𝑎(𝑡) + 𝐵𝐴𝑆𝐸𝑎𝑑𝑢𝑙𝑡 ∗ 𝑉𝑐 

𝐴𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑,𝑝𝑙𝑎(𝑡) = 𝐴𝑝𝑙𝑎(𝑡)  

𝐴𝐴𝐵𝐴𝑆𝐸𝑅𝐵𝐶 = 𝐴𝐴𝐵𝐴𝑆𝐸𝑐ℎ𝑖𝑙𝑑,𝐷𝐵𝑆 − 𝐴𝐴𝐵𝐴𝑆𝐸𝑐ℎ𝑖𝑙𝑑,𝑝𝑙𝑎 

𝐴𝐷𝐵𝑆,𝑐ℎ𝑖𝑙𝑑(𝑡) = 𝐴𝑝𝑙𝑎(𝑡) + 𝐴𝑅𝐵𝐶(𝑡)  + 𝐴𝐴𝐵𝐴𝑆𝐸𝑅𝐵𝐶 

𝐾𝑑𝐴 = 𝐾𝑑 ∗ 𝑉𝑐 

𝐴𝑚𝑎𝑥 = 𝐵𝑚𝑎𝑥 ∗ 𝑉𝑐  

𝐴𝑢

=

𝐴𝑝𝑙𝑎 − 𝐾𝑑𝐴 ∙ (1 + 𝑁𝑆𝐴𝑙𝑏) − 𝐴𝑚𝑎𝑥 + √(𝐴𝑝𝑙𝑎 − 𝐾𝑑𝐴 ∙ (1 + 𝑁𝑆𝐴𝑙𝑏) − 𝐴𝑚𝑎𝑥)2 + 4 ∙ 𝐴𝑝𝑙𝑎 ∙ 𝐾𝑑𝐴 ∙ (1 + 𝑁𝑆𝐴𝑙𝑏)

2 ∙ (1 + 𝑁𝑆𝐴𝑙𝑏)
 

𝐴𝑝(𝑡) = 𝐴𝑝(𝑡) 

𝐶(𝑡) =
𝐴𝑝𝑙𝑎(𝑡)

𝑉𝑐
⁄  

𝑉𝑤ℎ𝑜𝑙𝑒𝑏𝑙𝑜𝑜𝑑 = 𝑉𝑐 + 𝑉𝑑𝑒𝑙𝑡𝑎 

𝐶𝐷𝐵𝑆,𝑐ℎ𝑖𝑙𝑑(𝑡) =
(𝐴𝑝𝑙𝑎(𝑡) + 𝐴𝑅𝐵𝐶(𝑡)  + 𝐴𝐴𝐵𝐴𝑆𝐸𝑅𝐵𝐶)

𝑉𝑤ℎ𝑜𝑙𝑒𝑏𝑙𝑜𝑜𝑑
⁄  
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Differential equations 

𝑑𝐴𝑑𝑒𝑝𝑜𝑡
𝑑𝑡

⁄ = −
𝑉𝑎𝑏𝑠,𝑚𝑎𝑥 ∙ 𝐴𝑑𝑒𝑝𝑜𝑡

𝐾𝑎𝑏𝑠,50 + 𝐴𝑑𝑒𝑝𝑜𝑡
 

𝑑𝐴𝑝𝑙𝑎
𝑑𝑡

⁄ =
𝑉𝑎𝑏𝑠,𝑚𝑎𝑥 ∙ 𝐴𝑑𝑒𝑝𝑜𝑡

𝐾𝑎𝑏𝑠,50 + 𝐴𝑑𝑒𝑝𝑜𝑡
− 𝐶𝐿

𝑉𝑐
⁄ ∙ 𝐴𝑢 −

𝑄
𝑉𝑐

⁄ ∙ 𝐴𝑢 +
𝑄

𝑉𝑝
⁄ ∙ 𝐴𝑝 

𝑑𝐴𝑝
𝑑𝑡

⁄ =
𝑄

𝑉𝑐
⁄ ∙ 𝐴𝑢 −

𝑄
𝑉𝑝

⁄ ∙ 𝐴𝑝 

𝑑𝐴𝑅𝐵𝐶
𝑑𝑡

⁄ = 𝐾𝑎𝑅𝐵𝐶 ∙ 𝐴𝑢 − 𝐾𝑎𝑅𝐵𝐶 ∙ 𝐴𝑅𝐵𝐶  

Estimated model parameters 

𝐶𝐿𝑖𝑛𝑑 =  𝐶𝐿𝑝𝑜𝑝 ∙ (𝐵𝑊
70⁄ )

0.75
∙ 𝑒𝜂𝐶𝐿,𝑖𝑛𝑑     𝜂𝐶𝐿  ~ 𝑁(0, 𝜔𝐶𝐿) 

𝑉𝑐,𝑖𝑛𝑑 =  𝑉𝑐,𝑝𝑜𝑝 ∙ (𝐵𝑊
70⁄ )  

𝑄𝑖𝑛𝑑 =  𝑄𝑝𝑜𝑝 ∙ (𝐵𝑊
70⁄ )

0.75
 

𝑉𝑝,𝑖𝑛𝑑 =  𝑉𝑝,𝑝𝑜𝑝 ∙ (𝐵𝑊
70⁄ )   

𝑉𝑎𝑏𝑠,𝑚𝑎𝑥 =  𝑉𝑎𝑏𝑠,𝑚𝑎𝑥,𝑝𝑜𝑝 ∙ 𝑒
𝜂𝑉𝑎𝑏𝑠,𝑚𝑎𝑥,𝑖𝑛𝑑     𝜂𝑉𝑎𝑏𝑠,𝑚𝑎𝑥

 ~ 𝑁(0, 𝜔𝑉𝑎𝑏𝑠,𝑚𝑎𝑥
) 

𝐹𝑖𝑛𝑑 =  𝐹𝑝𝑜𝑝 ∙ 𝑒𝜂𝐹,𝑖𝑛𝑑        𝜂𝐹,𝑖𝑛𝑑  ~ 𝑁(0, 𝜔𝐹) 

𝐾𝑎𝑅𝐵𝐶,𝑖𝑛𝑑 =  𝐾𝑎𝑅𝐵𝐶,𝑝𝑜𝑝 ∙ 𝑒𝜂𝐾𝑎𝑅𝐵𝐶,𝑖𝑛𝑑    𝜂𝐾𝑎𝑅𝐵𝐶,𝑖𝑛𝑑  ~ 𝑁(0, 𝜔𝐾𝑎𝑅𝐵𝐶) 

𝑉𝑑𝑒𝑙𝑡𝑎,𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛+𝑖𝑛𝑓𝑎𝑛𝑡𝑠,𝑖𝑛𝑑 =  𝑉𝑑𝑒𝑙𝑡𝑎,𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛+𝑖𝑛𝑓𝑎𝑛𝑡𝑠,𝑝𝑜𝑝 ∙ 𝑒𝜂𝑉𝑑𝑒𝑙𝑡𝑎,𝑖𝑛𝑑    

𝑉𝑑𝑒𝑙𝑡𝑎,𝑛𝑒𝑜𝑛𝑎𝑡𝑒𝑠,𝑖𝑛𝑑 =  𝑉𝑑𝑒𝑙𝑡𝑎,𝑛𝑒𝑜𝑛𝑎𝑡𝑒𝑠,𝑝𝑜𝑝 ∙ 𝑒𝜂𝑉𝑑𝑒𝑙𝑡𝑎,𝑖𝑛𝑑  𝜂𝑉𝑑𝑒𝑙𝑡𝑎,𝑖𝑛𝑑  ~ 𝑁(0, 𝜔𝑉𝑑𝑒𝑙𝑡𝑎) 

𝐵𝐴𝑆𝐸𝑎𝑑𝑢𝑙𝑡,𝑖𝑛𝑑 =  𝐵𝐴𝑆𝐸𝑎𝑑𝑢𝑙𝑡,𝑝𝑜𝑝 ∙ 𝑒𝜂𝐵𝐴𝑆𝐸𝑎𝑑𝑢𝑙𝑡,𝑖𝑛𝑑   𝜂𝐵𝐴𝑆𝐸𝑎𝑑𝑢𝑙𝑡
 ~ 𝑁(0, 𝜔𝐵𝐴𝑆𝐸,𝑎𝑑𝑢𝑙𝑡) 

for 𝐵𝐴𝑆𝐸𝑐ℎ𝑖𝑙𝑑,𝑝𝑙𝑎 𝑎𝑛𝑑 𝐵𝐴𝑆𝐸𝑐ℎ𝑖𝑙𝑑,𝐷𝐵𝑆 : 

𝐵𝐴𝑆𝐸𝑐ℎ𝑖𝑙𝑑,𝑝𝑜𝑝 = 𝐵𝐴𝑆𝐸𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  𝑂𝑅 𝐵𝐴𝑆𝐸𝑝𝑜𝑝,𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 

𝐵𝐴𝑆𝐸𝑐ℎ𝑖𝑙𝑑,𝑖𝑛𝑑 =  𝐵𝐴𝑆𝐸𝑐ℎ𝑖𝑙𝑑,𝑝𝑜𝑝 ∙ 𝑒𝜖𝑖𝑛𝑑    𝜖𝑖𝑛𝑑  ~ 𝑁(0, 𝜎2)   

Fixed model parameters 

𝐾𝑎𝑏𝑠,50 =  4810 𝑛𝑚𝑜𝑙/𝐿  

𝐹𝑝𝑜𝑝 = 1 (−) 

𝐾𝑑 =  9.71 𝑛𝑚𝑜𝑙/𝐿 

𝑁𝑆𝐴𝑙𝑏 =  4.15 (−) 



𝐵𝑚𝑎𝑥 =  𝐶𝐵𝐺 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  [𝑛𝑚𝑜𝑙
𝐿⁄ ] = 22.4

𝑢𝑔

𝑚𝐿
∗

1000

52
𝑔

𝑛𝑚𝑜𝑙

 [𝑛𝑚𝑜𝑙
𝐿⁄ ] 𝑤ℎ𝑒𝑛 𝑛𝑜𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

 

 

NONMEM model code 

 
$PROBLEM     

pediatric plasma and DBS cortisol PK model 

 

$INPUT       

ID COHORT DROP=DAT2 DROP=TIME2 TIME AMT DROP=RATE DROP=DVX DROP=LDVX 

DROP=DV2 DROP=LDV2 DROP=DV3 DV ODV DROP=MDVX DROP=MDV2 MDV EVID BLQ CMT 

FLAG FLAGM FLAGB HCT HCTF AGE BW HT BMI BSA SEX CBG ALB DOSE TAFO 

$DATA dataset.csv IGNORE=@ IGNORE(BLQ.EQ.1)  

$SUBROUTINE ADVAN13 TOL=9 

 

$MODEL       

COMP = (DEPOT DEFDOSE)   ;dose compartment 

COMP = (CENTRAL DEFOBSERVATION)  ;central plasma compartment 

COMP = (PERIPH)     ;peripheral plasma compartment 

COMP = (OUTPUT1)    ;compartment with cortisol associated to RBCs 

 

$PK   

 

;allometric scaling applied to CL and Q (exponent 0.75) and to V1 andV2 (exponent 1),  

;referring to 70 kg as normal adult BW 

 

TVCL = THETA(1)*((BW/70)**0.75) 

CL = TVCL*EXP(ETA(1)) 

 

TVV1 = THETA(2)*(BW/70)   

V1 = TVV1*EXP(ETA(2)) 

 

TVQ = THETA(3)*(BW/70)**0.75 

Q = TVQ*EXP(ETA(3)) 

 

TVV2 = THETA(4)*(BW/70)  

V2 = TVV2*EXP(ETA(4)) 

 

TVKM = THETA(5) 

KM = TVKM*EXP(ETA(5)) 

 

;number of CBG binding sites fixed to 1 

TVBS = THETA(6)                    

BS = TVBS*EXP(ETA(6)) 

 

TVKD = THETA(7) 

KD = TVKD*EXP(ETA(7)) 

 

;converting concentration to amount 

KDa = KD*V1                          
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TVNSALB = THETA(8) 

NSALB = TVNSALB*EXP(ETA(8))  

 

TVVM = THETA(9) 

VM = TVVM*EXP(ETA(9)) 

 

;CBG given in dataset for adult study 2 and for pediatric data 

CBG2 = CBG                         

IF(CBG.EQ.-99) THEN 

CBG2 = THETA(15)  

ENDIF 

 

;converting CBG from ug/mL to nmol/L. MW=52000g/mol 

CBGmol = CBG2*1000/52                 

               

BMAX = CBGmol*BS    

;converting concentration to amount                                                    

AMAX = BMAX*V1                       

 

TVF1 = THETA(10) 

F1 = TVF1*EXP(ETA(10)) 

 

TVKaRBC = THETA(11)                   

KaRBC = TVKaRBC*EXP(ETA(11))  

 

;adult (COHORT 4) baseline  

IF (COHORT.EQ.4) THEN 

TVABASE = THETA(12)  

ABASE = TVABASE*EXP(ETA(12))  

ELSE 

ABASE = 0 

ENDIF 

 

;Vdelta for neonates (COHORT 3) and children+infants (COHORT 1+2) 

IF(COHORT.LT.3) THEN 

TVV3 = THETA(13) 

ENDIF 

IF(COHORT.EQ.3) THEN 

TVV3 = THETA(16) 

ENDIF 

V3 = TVV3*EXP(ETA(14))        

 

IF(COHORT.EQ.4) THEN 

IBASE =0 

IBASEB = 0 

ENDIF 

 

;pediatric baseline observations in plasma (FLAGM=0)                                                      

IF(COHORT.LT.4.AND.FLAGM.EQ.0) THEN 

OBASE = ODV 

ENDIF 

;pediatric baseline observations in DBS (FLAGM=1)  



IF(COHORT.LT.4.AND.FLAGM.EQ.1) THEN 

OBASEB = ODV 

ENDIF 

                                                       

;pediatric baseline in plasma if no baseline observation given                          

IF(OBASE.EQ.0) THEN 

IBASE = THETA(17)*EXP(ETA(13)*THETA(14))  

ENDIF 

 

;pediatric baseline in plasma if baseline observation given     

IF(OBASE.GT.0) THEN 

IBASE = OBASE*EXP(ETA(13)*THETA(14)) 

ENDIF 

 

IF(COHORT.EQ.4) THEN 

IBASE = 0 

ENDIF 

 

;pediatric baseline in DBS if no baseline observation given        

IF(OBASEB.EQ.0) THEN 

IBASEB = THETA(18)*EXP(ETA(13)*THETA(14))  

ENDIF 

;pediatric baseline in DBS if baseline observation given   

IF(OBASEB.GT.0) THEN 

IBASEB = OBASEB*EXP(ETA(13)*THETA(14))   

ENDIF 

 

IF(COHORT.EQ.4) THEN 

IBASEB = 0 

ENDIF 

 

; Time after dose 

TAD = 0 

IF (AMT.GT.0) THEN 

TDOS = TIME 

TAD = 0.0 

ENDIF 

IF (AMT.EQ.0) TAD = TIME-TDOS 

IF (TAD.LT.0) TAD = 0 

 

S1 = V1 

k10 = CL/V1 

k12 = Q/V1 

k21 = Q/V2 

 

;amount at timepoint 0 in central plasma compartment, IBASE is 0 for adults 

A_0(2) = IBASE*V1 

 

;baseline amounts 

AIBASE = IBASE*V1 

AIBASEB = IBASEB*(V1+V3) 

 

ABASERBC = AIBASEB-AIBASE 



  Supplementary Material 

IF(ABASERBC.LT.0) THEN 

ABASERBC = 0.1 

ENDIF 

 

$DES  

;calculating unbound amount in plasma with binding model from Melin et al., 2017 

AUP = (A(2)-KDa*(1+NSALB)-AMAX+SQRT(((A(2)-KDa*(1+NSALB)-

AMAX)**2)+4*KDa*A(2)*(1+NSALB)))/(2*(1+NSALB)) 

 

DADT(1) = -(VM*A(1)/(KM+A(1)))           ;saturable absorption from dose compartment 

DADT(2) =  (VM*A(1)/(KM+A(1))) - k10*AUP - k12*AUP + k21*A(3) ;central compartment  

DADT(3) = -k21*A(3)+k12*AUP               ;peripheral compartment 

DADT(4) = AUP*KaRBC-A(4)*KaRBC           ;compartment with cortisol associated to RBCs 

 

  

$ERROR  

 

A1 = A(1) 

A2 = A(2) 

AUP2 = (A(2)-KDa*(1+NSALB)-AMAX+SQRT(((A(2)-KDa*(1+NSALB)-

AMAX)**2)+4*KDa*A(2)*(1+NSALB)))/(2*(1+NSALB))  

A3 = A(3) 

A4 = A(4) 

C1 = A1/V1 

C2 = A2/V1 

 

BASEB = 0 

BASEP = 0 

IPRED = 0 

 

;TAFO = time at baseline observation 

IF(TAFO.EQ.0) THEN 

BASEB = IBASEB 

BASEP = IBASE 

ENDIF 

 

;pediatric DBS concentrations 

IF (FLAGM.EQ.1.AND.COHORT.LT.4) THEN 

IPRED = (A2+A4+ABASERBC)/(V1+V3) 

ENDIF 

 

;pediatric plasma concentrations 

IF (FLAGM.EQ.0.AND.COHORT.LT.4) THEN 

IPRED = A2/V1  

ENDIF 

 

;adult plasma concentrations 

IF(COHORT.EQ.4) THEN 

IPRED = A2/V1 + ABASE 

ENDIF  

                   

IF(IPRED.GT.0) THEN  



IPRED = LOG(IPRED) 

ELSE 

IPRED = LOG(IPRED+0.01) 

ENDIF 

W = THETA(14) 

Y = IPRED+W*EPS(1) 

IRES = DV-IPRED 

IWRES = IRES/W 

 

 

$THETA   

(0.001,478.556342893741)  ; 1. CL [L/h] 

(0.001,10.7708078998368)   ; 2. V1 [L] 

(0.001,297.932200383505)   ; 3. Q [L/h] 

(0.001,154.39641074985)   ; 4. V2 [L] 

4810 FIX     ; 5. Km [nmol] fixed to final model estimate from Michelet et al., 

2020 

1 FIX     ; 6. BS [-], from binding model in Melin et al., 2017 

9.71 FIX     ; 7. KD [nmol/L], from binding model in Melin et al., 2017 

4.15 FIX     ; 8. NSALB [-], from binding model in Melin et al., 2017 

(0.001,18048.2801258582)   ; 9. Vmax [nmol/h] 

1 FIX     ; 10. Bioavailability [-] 

(0.001,3.36024393996957)   ; 11. KaRBC [-], association constant for red blood cells 

(0.001,14.1273301672484,100)  ; 12. adult baseline [nmol/L] 

(0.001,0.518880215219603)   ; 13. Vdelta children+infants [L] 

(0.001,0.143723649120103)   ; 14. additive error on a logarithmic scale [sd]  

22.4 FIX     ; 15. CBG Baseline [ug/mL] 

(0.001,0.547320889482403)   ; 16. Vdelta neonates [L] 

(0.001,14.2481176260859)   ; 17. pediatric plasma baseline [nmol/L] 

(0.001,20.2496941719316)   ; 18. pediatric DBS baseline [nmol/L] 

 

$OMEGA   

0.0564712567464341   ;1. CL 

0  FIX     ;2. V1 

0  FIX     ;3. Q 

0  FIX     ;4. V2 

0.208     ;5. KM   

0.049  FIX    ;6. BS 

0  FIX     ;7. KD 

0  FIX     ;8. NSALB 

0.351586646476232   ;9. Vmax 

0.149665511339003   ;10. Bioavailability 

0  FIX     ;11. KaRBC 

0.115109316120945   ;12. adult baseline 

1  FIX     ;13. pediatric baselines 

0.183683503993367   ;14. Vdelta 

 

$SIGMA  1  FIX 

 

$ESTIMATION MAXEVAL=10000 METHOD=1 INTER SIG=2 NOABORT 

$COVARIANCE UNCONDITIONAl PRINT=E 
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$TABLE ID TIME TAD TAFO DV PRED IPRED WRES IWRES CWRES COHORT MDV A1 A2 A3 A4 

AUP C1 C2 FLAGM FLAGB ONEHEADER NOPRINT FILE=sdtab230 

 

$TABLE ID TIME DV CL V1 Q V2 V3 KaRBC IBASE IBASEB BMAX KD NSALB VM KM OBASE 

OBASE ABASE COHORT F1 CBG BW HT ALB AGE ODV FLAGM FLAGB ETA1 ETA2 ETA3 ETA4 

ETA5 ETA6 ETA7 ETA8 ETA9 ETA10 ETA11 ETA12 ETA13 ETA14 NOAPPEND ONEHEADER 

NOPRINT FILE=patab230 

 

$TABLE DV PRED IPRED WRES IWRES CWRES MDV NPDE ESAMPLE=1000 SEED=1234567 

ONEHEADER NOPRINT FILE=NPDEtab_230 

 

2 Supplementary Figures  

 

Supplementary Figure 1. Goodness-of-fit plots of the developed cortisol pharmacokinetic (PK) model.  

(A) Population-predicted cortisol concentrations versus observed cortisol concentrations, (B) Individual 

cortisol predictions versus observed cortisol concentrations, (C) Conditional weighted residuals versus 

population-predicted cortisol concentrations, (D) Conditional weighted residuals versus time. Red: children, 

green: infants, blue: neonates, gray: adult observations, filled circles: plasma concentrations, diamonds: dried 

blood spot concentrations, red line: line of identity (A, B), line y=0 (C, D). 

 

 



 

Supplementary Figure 2. Visual predictive check (n=1000 simulations) for developed cortisol PK model. 

Adult total cortisol plasma concentrations (A), pediatric total cortisol plasma concentrations (B), pediatric total 

cortisol dried blood spot (DBS) concentrations (C).  

Circles: cortisol observations, black/gray solid line: 50th percentile of observed/simulated concentrations, 

black/gray dashed lines: 10th and 90th percentiles of observed/simulated concentrations, gray shaded areas: 95 

% confidence intervals for the percentiles of the simulated data. 

 

 

Supplementary Figure 3. Simulated cortisol concentration fractions (%) after dosing with 4 mg 

hydrocortisone over total whole blood (dried blood spot) concentration (LLOQ=1.8 nmol/L to Cmax) in 

infants and children (A) and neonates (B). Unbound (pale blue), with nonspecific linear binding to albumin 

(light blue), nonspecific linear binding to red blood cells (middle blue) and specific nonlinear binding (dark 

blue) to corticosteroid binding globulin. 
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7 Institute of Mathematics, Universität Potsdam, 14476 Potsdam, Germany; huisinga@uni-potsdam.de
* Correspondence: robin.michelet@fu-berlin.de

Abstract: Monitoring cortisol replacement therapy in congenital adrenal hyperplasia (CAH) patients
is vital to avoid serious adverse events such as adrenal crises due to cortisol underexposure or
metabolic consequences due to cortisol overexposure. The less invasive dried blood spot (DBS) sam-
pling is an advantageous alternative to traditional plasma sampling, especially in pediatric patients.
However, target concentrations for important disease biomarkers such as 17α-hydroxyprogesterone
(17-OHP) are unknown using DBS. Therefore, a modeling and simulation framework, including a
pharmacokinetic/pharmacodynamic model linking plasma cortisol concentrations to DBS 17-OHP
concentrations, was used to derive a target morning DBS 17-OHP concentration range of 2–8 nmol/L
in pediatric CAH patients. Since either capillary or venous DBS sampling is becoming more common
in the clinics, the clinical applicability of this work was shown by demonstrating the comparability of
capillary and venous cortisol and 17-OHP concentrations collected by DBS sampling, using a Bland-
Altman and Passing-Bablok analysis. The derived target morning DBS 17-OHP concentration range
is a first step towards providing improved therapy monitoring using DBS sampling and adjusting
hydrocortisone (synthetic cortisol) dosing in children with CAH. In the future, this framework can be
used to assess further research questions, e.g., target replacement ranges for the entire day.

Keywords: congenital adrenal hyperplasia; 17α-hydroxyprogesterone; dried blood spots; target
concentration range; pediatrics; pharmacometrics

1. Introduction

Congenital adrenal hyperplasia (CAH) is a form of adrenal insufficiency most com-
monly leading to a lack of the enzyme P450c21 and, therefore, to cortisol deficiency. The
accumulation of cortisol precursors, including dehydroepiandrosterone and androstene-
dione (adrenal androgens), often results in clinical signs of virilization or hirsutism in
female patients and acceleration of skeletal age in both sexes [1–3]. Cortisol deficiency in
CAH requires life-long hormone replacement therapy with hydrocortisone (synthetic corti-
sol) in a daily dose of 10–15 mg/m2 given three times per day to the growing patient [4].
Cortisol replacement needs to be carefully monitored to avoid adverse events such as
adrenal crisis (cortisol underexposure) or Cushing’s syndrome (cortisol overexposure) [2,4].
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Dried blood spot (DBS) sampling, when compared to plasma blood sampling, is a
less invasive option to monitor cortisol and further steroid marker concentrations. DBS
sampling only requires full blood volumes of approximately 20 µL, obtained via a finger
prick and dropped on filter paper [5–7]. The feasibility of DBS sampling, as well as long-
term stability at room temperature, was investigated and confirmed for CAH-relevant
steroids in DBS in previous literature [8–10]. Therefore, DBS sampling can facilitate ther-
apeutic monitoring for pediatric CAH patients. However, therapeutic monitoring using
DBS measurements remains a challenge since no target blood biomarker concentrations
are currently established for the DBS methodology. Analyte concentrations collected by
DBS relate linearly to plasma or serum concentrations, differing by a factor specific to the
analyte [7] or nonlinearly, as is observed for cortisol [11].

Knowing target morning biomarker concentrations is vital for successful CAH ther-
apy monitoring. A key biomarker for guiding replacement therapy in CAH is 17α-
hydroxyprogesterone (17-OHP), a precursor of cortisol and adrenal androgens, which
accumulates in CAH patients. The administration of hydrocortisone downregulates adreno-
corticotropic hormone (ACTH) and sequentially the 17-OHP concentration by negative
feedback [1,2,12]. The target morning 17-OHP concentration range in traditionally mea-
sured plasma has been suggested to be 12–36 nmol/L (dependent on body surface area) in
CAH patients [2] but is still unknown for concentrations collected by DBS sampling. The
aim of this analysis was to derive a DBS 17-OHP morning target concentration range using
nonlinear mixed effects (NLME) modeling, a pharmacometric modeling and simulation
approach. In contrast to classical regression methods, NLME modeling enables the quantifi-
cation of the relationship between, e.g., plasma and DBS concentrations by considering all
available data simultaneously, thereby quantifying within- and between-subject-variability
and explaining this variability using subject-specific characteristics [13]. The modeling
and simulation-derived target range can pave the way for guidance for clinicians when
investigating biomarker concentrations using DBS sampling and could have the potential
to improve therapy monitoring in pediatric CAH patients.

2. Methods

To derive a target morning 17-OHP concentration range using DBS sampling, a mod-
eling and simulation framework was developed, leveraging different sources of drug
pharmacokinetics (PK, i.e., cortisol concentrations) and biomarker pharmacodynamics (PD,
i.e., 17-OHP concentrations), and exploring their relationships. This framework approach
was chosen because of the limited availability of data from clinical studies or routine
clinical data collection, i.e., clinical study data including plasma cortisol concentrations
in pediatric CAH patients, venous 17-OHP concentrations from simultaneous DBS mea-
surements, endogenous plasma cortisol concentrations in healthy children and 17-OHP
target morning concentrations only known in plasma (Figure 1). An overview of the pop-
ulation characteristics in all used datasets can be found in the Supplementary Material
(Supplementary Table S1).

The following sections describe the different steps of this framework in detail, namely:
(A) the development of a PK/PD model linking plasma cortisol concentrations and venous
DBS 17-OHP concentrations based on a pediatric CAH patient study, (B) a Bland-Altman
and Passing-Bablok regression analysis to investigate the comparability of simultaneously
measured venous and capillary 17-OHP concentrations, because in clinical practice both
matrices can be used for DBS sampling in pediatric CAH patients; and finally, (C1) the
derivation of a DBS 17-OHP target morning range by leveraging the developed PK/PD
model and plasma cortisol data of non-CAH children and (C2 and C3) assessing the
plausibility of the derived 17-OHP target morning concentration from DBS sampling by
comparing to an expected target range, based on 17-OHP target morning concentration
range in plasma, known from the literature.
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Figure 1. Modeling and simulation framework to derive target morning concentration range for the 
biomarker 17α-hydroxyprogesterone (17-OHP) sampled from dried blood spots (DBS) in pediatric 
congenital adrenal hyperplasia (CAH) patients in clinical routine.For the goal of this analysis, the 
derivation of the target range (dark blue box C1), a pharmacokinetic/pharmacodynamic (PK/PD) 
model, quantitatively linking plasma cortisol and venous DBS 17-OHP, was developed (A). The 
applicability of the derived target range, which was based on venous DBS data, to capillary DBS 
sampling was shown in a Bland–Altman analysis and Passing–Bablok regression (B). To check for 
plausibility (C3), the derived target range was compared to a calculated expected DBS 17-OHP 
target range (C2). 

The following sections describe the different steps of this framework in detail, 
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and venous DBS 17-OHP concentrations based on a pediatric CAH patient study, (B) a 
Bland-Altman and Passing-Bablok regression analysis to investigate the comparability of 
simultaneously measured venous and capillary 17-OHP concentrations, because in 
clinical practice both matrices can be used for DBS sampling in pediatric CAH patients; 
and finally, (C1) the derivation of a DBS 17-OHP target morning range by leveraging the 
developed PK/PD model and plasma cortisol data of non-CAH children and (C2 and C3) 
assessing the plausibility of the derived 17-OHP target morning concentration from DBS 
sampling by comparing to an expected target range, based on 17-OHP target morning 
concentration range in plasma, known from the literature. 

2.1. Step A: Establishing a Quantitative Relationship between Plasma Cortisol (PK) and Venous 
DBS 17-OHP (PD) Concentrations in Pediatric CAH Patients: PK/PD Clinical Trial Data and 
Model Development 
2.1.1. Data and Graphical Evaluation 

To determine a relationship between pediatric plasma cortisol and venous DBS 17-
OHP concentrations, data from a phase 3 trial for the pediatric hydrocortisone formulation 
Alkindi® (Cardiff Medicentre, Cardiff, UK) (ClinicalTrials.gov Identifier: NCT02720952) 
[14,15] was used (Figure 1, Box A). In this study, 24 pediatric adrenal insufficiency patients 
(23 CAH patients, 1 hypopituitarism patient) received an individualized morning dose of 

Figure 1. Modeling and simulation framework to derive target morning concentration range for the
biomarker 17α-hydroxyprogesterone (17-OHP) sampled from dried blood spots (DBS) in pediatric
congenital adrenal hyperplasia (CAH) patients in clinical routine.For the goal of this analysis, the
derivation of the target range (dark blue box C1), a pharmacokinetic/pharmacodynamic (PK/PD)
model, quantitatively linking plasma cortisol and venous DBS 17-OHP, was developed (A). The
applicability of the derived target range, which was based on venous DBS data, to capillary DBS
sampling was shown in a Bland–Altman analysis and Passing–Bablok regression (B). To check for
plausibility (C3), the derived target range was compared to a calculated expected DBS 17-OHP target
range (C2).

2.1. Step A: Establishing a Quantitative Relationship between Plasma Cortisol (PK) and Venous
DBS 17-OHP (PD) Concentrations in Pediatric CAH Patients: PK/PD Clinical Trial Data and
Model Development
2.1.1. Data and Graphical Evaluation

To determine a relationship between pediatric plasma cortisol and venous DBS 17-OHP
concentrations, data from a phase 3 trial for the pediatric hydrocortisone formulation Alkindi®

(Cardiff Medicentre, Cardiff, UK) (ClinicalTrials.gov Identifier: NCT02720952) [14,15] was
used (Figure 1, Box A). In this study, 24 pediatric adrenal insufficiency patients (23 CAH
patients, 1 hypopituitarism patient) received an individualized morning dose of Alkindi®

(Cardiff Medicentre, Cardiff, UK). For the PK/PD model development, the data of 12 young
children, aged 2–6 years and of 6 infants, aged 28 days-2 years old, was used. Total plasma
cortisol concentrations were available prior to dosing, 1 h and 4 h post-dose and in the
young children cohort at 2 additional time points. Further details on the clinical trial
data are described in Michelet et al. [16]. Additionally, venous DBS cortisol and 17-OHP
concentrations were measured in the same patients [11]. The data used for PK/PD modeling
were graphically analyzed, investigating the DBS 17-OHP concentrations as a function of
time and of plasma cortisol concentrations (R (4.0.2) and R Studio (1.3.1056) [17,18]).

2.1.2. PK/PD Modeling

For the development of the PK/PD model characterizing the relationship between
cortisol in plasma and 17-OHP in venous DBS, NLME modeling was applied [13]. The
model development was based on a previously published pediatric hydrocortisone PK
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model [11,16]. A sequential approach was used [19] in which the individual PK model
parameters from this previously published PK model [11] were included in the model
dataset, and the PD parameters were estimated.

Since 22 (25%) out of 88 venous DBS 17-OHP concentrations were below the lower
limit of quantification (LLOQ, <1.3 nmol/L: 22.5% in young children and 35.3% in infants),
the so-called M3 method [20] was applied (for more details see Supplementary Material).

For the PK/PD model development, the software packages NONMEM (7.4.3, ICON,
Dublin, Ireland) and Perl speaks NONMEM 4.7.0 (Uppsala University, Uppsala, Sweden)
were used, embedded in the workbench Pirana (version 2.9.6) [21,22]. Model evaluation
and selection were performed using standard diagnostics such as the objective function
value (OFV), parameter plausibility, relative standard errors (RSE), goodness-of-fit (GOF)
plots and visual predictive checks (VPC, n = 1000).

2.2. Step B: Comparison of Capillary and Venous DBS Cortisol and 17-OHP Concentrations
from Routine Monitoring in Pediatric CAH Patients: Bland-Altman and Passing-Bablok
Regression Analysis

In clinical practice, either venous or capillary DBS samples are usually obtained in
pediatric CAH patients. However, the trial data used for the PK model [11] and PK/PD
model development in step (A) included, besides plasma cortisol concentrations, venous
(not capillary) DBS cortisol and 17-OHP concentrations only. To assess the comparability
between capillary and venous DBS cortisol and 17-OHP concentrations, a Bland–Altman
analysis as well as a Passing–Bablok regression were conducted (Figure 1, Box B) [23,24].
CAH monitoring data obtained from routine clinical sampling at the Charité-University
Hospital Berlin was used for the analysis, including DBS cortisol and 17-OHP concentra-
tions from venous and capillary blood, simultaneously measured in 15 pediatric patients
aged from 2 months to 11 years (median: 8 years). One parallel venous and capillary
DBS sample was obtained from each patient between the morning and late afternoon and
between 1–9 h after the last HC administration.

In the Bland-Altman analysis, the differences in the measurements in the two matrices
were plotted versus the mean of the capillary and venous concentrations. Due to the
large concentration range, the relative method differences were presented. The agreement
interval was defined as within the mean difference ± 1.96*standard deviation (SD) [23,25].

For the Passing-Bablok regression, scatter plots of venous versus capillary DBS con-
centrations were generated, including a regression line, a 95% confidence interval (CI) of
its intercept and slope, as well as a regression function. The intercept and slope of the line
of identity laying within the CI of the regression were used to demonstrate whether there
was no constant and proportional difference between the two examined methods [24,26].

2.3. Step C: Derivation and Evaluation of Venous and Capillary DBS 17-OHP Target Morning
Concentration Range for Pediatric CAH Patients: PK/PD Model Predictions

The developed PK/PD model (Figure 1, Box A) was applied to derive a DBS 17-
OHP target morning concentration range in simulations (n = 1000; Figure 1, Box C1).
To predict physiological (=healthy) DBS 17-OHP concentrations, physiological plasma
cortisol concentrations, densely sampled over 24 h from 28 non-CAH children aged from
5 to 9 years (Figure 2) [27,28], were used as the PK (plasma cortisol) input, inhibiting the
synthesis of 17-OHP. The 17-OHP compartment was initialized with the median 17-OHP
baseline, i.e., morning concentrations observed in the young children and infants in the
Alkindi® (Cardiff Medicentre, Cardiff, UK) trial (=14.4 nmol/L). The prediction focused on
physiological DBS 17-OHP concentrations simulated between 6 and 8 a.m. in order to cover
the monitoring time range of interest, corresponding to the time before the morning dose.
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Figure 2. Individual plasma cortisol concentration-time profiles (gray) and median plasma cortisol
concentration-time profiles (blue) obtained over 24 h from 28 healthy children aged 5–9 years.

To avoid a higher risk for adverse events, it is advised not to let the 17-OHP concentra-
tions decrease to physiological ranges in CAH therapy [1]. Indeed, among clinical experts,
the target 17-OHP concentrations are assumed to be approximately 3–5 times higher than
physiological 17-OHP concentrations. Thus, the simulated physiological DBS 17-OHP
morning concentrations were multiplied by 3 and by 5 to approximate the DBS 17-OHP
target morning concentration range.

To assess the plausibility of the simulation-derived DBS 17-OHP target morning
concentration range, a simple calculation of an expected DBS 17-OHP target morning range
was performed (Figure 1, Box C2). The calculation of the expected range was based on
baseline 17-OHP concentrations which were simultaneously measured in plasma and in
DBS in the same young children and infants who were investigated during the Alkindi®

(Cardiff Medicentre, Cardiff, UK) study. The ratio of these plasma and DBS 17-OHP baseline
concentrations observed in the two age groups as well as the (adult) plasma 17-OHP target
morning concentration range known from the literature [2], were used for determining the
expected target morning range to which the model-based derived target morning range
was then compared (Figure 1, Box C3).

3. Results
3.1. Step A: Establishing a Quantitative Relationship between Plasma Cortisol (PK) and Venous
DBS 17-OHP (PD) Concentrations in Pediatric CAH Patients: PK/PD Clinical Trial Data and
Model Development
3.1.1. Data and Graphical Evaluation

The observed concentration-time profiles of DBS 17-OHP (Figure 3A) indicated a
trend towards a u-shape relationship, which was more pronounced in the young children
patient cohort due to the longer sampling interval. This u-shape trend indicated an initial
decrease of 17-OHP, likely due to the hydrocortisone treatment-mediated inhibition of
17-OHP synthesis, followed by a subsequent increase of 17-OHP due to decreasing plasma
cortisol concentrations after hydrocortisone administration. The result of these mecha-
nisms/processes was also visible in DBS 17-OHP versus plasma cortisol concentrations
(Figure 3B), revealing 17-OHP decreasing with increasing cortisol concentrations, except
the highest cortisol concentrations measured right after hydrocortisone administration, i.e.,
before the feedback mechanism set in (gray box in Figure 3B). The DBS 17-OHP concentra-
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tions, including the concentrations at baseline, had similar ranges in young children and
infants.
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Figure 3. 17α-hydroxyprogesterone (17-OHP) concentrations measured in venous dried blood spots
(DBS) over time after first (baseline) observation, semi-log scale (A) and versus plasma cortisol
concentration, log scales (B), in pediatric CAH patients receiving hydrocortisone single morning dose.
Red: young children, blue: infants, dashed line: lower limit of quantification = 1.3 nmol/L, gray box:
highest plasma cortisol concentrations directly after hydrocortisone administration.

3.1.2. PK/PD Modeling

Based on the exploratory graphical analysis, the PK/PD model was developed to
describe a cortisol-mediated inhibition of the 17-OHP synthesis, concretely on its syn-
thesis rate ksyn (indirect response model; Figure 4). The full PK/PD model scheme
(Supplementary Figure S1), information on the estimated pediatric individual parame-
ters from Stachanow et al. [11], which were part of the dataset, corresponding model
equations and the NONMEM model code can be found in Supplementary Materials.
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Figure 4. Simplified schematic representation of developed pharmacokinetic/pharmacodynamic
(PK/PD) model for cortisol (top box)-mediated inhibition of synthesis of 17α-hydroxyprogesterone
(17-OHP; bottom box). Pediatric cortisol concentration in plasma (Cpla, child), pediatric cortisol amount
(Apla), central volume of distribution (Vcen), 17-OHP concentration in dried blood spots (C17-OHP, DBS),
synthesis rate constant of 17-OHP (ksyn), and first-order degradation rate constant of 17-OHP (kdeg).
For the full model scheme of the developed PK/PD model, see Supplementary Material.
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The maximum inhibitory effect (Imax) was pre-defined as 1 (=100% inhibition), and the
Hill Factor (Hill) was fixed to 1 after obtaining estimates close to 1 (Table 1). The synthesis
rate constant ksyn was defined as the product of the estimated first-order degradation rate
constant (kdeg) and the DBS 17-OHP concentration at baseline (17-OHPBASE). The cortisol
concentration inhibiting 50% of the maximum inhibitory effect (IC50) was estimated to
be 21 nmol/L with a high estimated interindividual variability (IIV on IC50 = 104 %CV),
which was not explained by any covariate present in the dataset, such as body weight,
corticosteroid-binding globulin (CBG) or albumin. Relative standard errors of the estimated
model parameters were low, except for IIV on IC50 (53%).

Table 1. Parameter estimates of developed pharmacokinetic/pharmacodynamic (PK/PD) model
for cortisol (drug) and 17α-hydroxyprogesterone (biomarker) concentrations in young children
and infants.

Parameter Estimate (RSE, %)

Structural model
kdeg [1/h] 1.22 (7.0)
IC50 [nmol/L]
Imax [-]
Hill [-]

21.0 (27)
1 *
1 *

Interindividual variability (IIV)
IIV on kdeg, %CV 5.0*
IIV on IC50, %CV 104 (53)
IIV on 17-OHPBASE, %CV 131 *
Residual unexplained variability (RUV)
RUV [%CV] 38.1 (15)

* Fixed parameter. Residual variability was estimated by an additive model on a logarithmic scale. 17-OHPBASE:
17α-hydroxyprogesterone (17-OHP) dried blood spot concentration at baseline, Hill: Hill coefficient, IC50: Cortisol
concentration inhibiting 50% of the maximum inhibitory effect Imax, kdeg: first-order degradation rate constant of
17-OHP, RSE: Relative standard error.

The GOF plots and the VPC indicated that the venous DBS 17-OHP observations were
appropriately described by the PK/PD model (Supplementary Materials, Figures S2 and S3).

3.2. Step B: Comparison of Capillary and Venous DBS Cortisol and 17-OHP Concentrations
from Routine Monitoring in Pediatric CAH Patients: Bland-Altman and Passing-Bablok
Regression Analysis

To investigate whether venous DBS concentrations (as in step (A)) are comparable to
capillary DBS concentrations, which can be obtained in clinical practice as well, the Bland-
Altman and Passing-Bablok regression analyses were conducted (Figure 1, Box B). The
Bland-Altman analysis (Figure 5A,B) did not show any substantial bias between capillary
and venous DBS measurements for the drug (cortisol mean difference: +3.13%) and 17-OHP
(mean difference: +3.73%). Almost all data points except one each (93% of both cortisol and
17-OHP measurements) were within the range of the mean difference ± 1.96*SD. Moreover,
the Passing–Bablok regression also showed an agreement between the venous and capillary
DBS concentrations since, for both cortisol and 17-OHP, the lines of identity lay within the
CIs of the regression lines (Figure 5C,D). The slopes of the regression lines for cortisol and
17-OHP were close to 1 (1.0 and 0.7, respectively), and the y-intercept for cortisol was close
to 0 (0.8), indicating a high similarity between capillary and venous DBS concentrations.

Thus, the capillary and venous DBS concentrations were considered comparable for
cortisol and 17-OHP. This finding allowed us to use the developed PK/PD model for
deriving a 17-OHP target morning range for DBS sampling, which is applicable for both
venous and capillary DBS 17-OHP concentrations (Figure 1, Box C1).
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Figure 5. Comparison between capillary and venous cortisol (A,C) and 17α-hydroxyprogesterone
(17-OHP, A,D) dried blood spot (DBS) concentrations, obtained from 15 pediatric congenital adrenal
hyperplasia (CAH) patients. (A,B): Bland–Altman analysis. Capillary-venous/mean of differ-
ence [%] versus the mean of capillary venous cortisol and DBS 17-OHP concentrations. Red
line: Mean difference [%], black lines: Mean difference—1.96*SD (standard deviation) and mean
difference + 1.96*SD [%]. (C,D): Passing–Bablok regression. Red line: line of identity, blue line:
regression line, gray area: 95% confidence interval for the regression line.

3.3. Step C: Derivation and Evaluation of Venous and Capillary DBS 17-OHP Target Morning
Concentration Range for Pediatric CAH Patients: PK/PD Model Predictions

The PK/PD model-based derivation of the DBS 17-OHP morning target concentration
range for pediatric CAH patients resulted in a range of 2.1–8.3 nmol/L (Figure 6, median:
4.4 nmol/L) after multiplying simulated physiological (=healthy) concentrations by factors
3 and 5 as assumed ratios for the target-to-physiological 17-OHP concentrations (see
Section 2.3). The derived target range (interquartile range) excluded 25% of the lowest and
25% of the highest concentrations of all simulated physiological DBS 17-OHP morning
(6–8 a.m.) concentrations due to the very high variability in the prediction.

To assess the plausibility of the derived target range (Figure 1, box C3), an ap-
proximately expected DBS 17-OHP target morning range was calculated (Figure 1, box
C2) based on the known (adult) 17-OHP target morning concentration range in plasma
(12–36 nmol/L) [2], divided by the median plasma/DBS 17-OHP morning concentration
ratio of 9.29 which was observed in young children and infants (n = 18) during the Alkindi®

(Cardiff Medicentre, Cardiff, UK) trial (Supplementary Materials, Figure S4).
Since the DBS 17-OHP target morning range (2.1–8.3 nmol/L), derived from the

modeling and simulation framework analysis, was in the same order of magnitude as
the approximately expected range (1.3–3.9 nmol/L), indicated by the red horizontal lines
(Figure 6), the results were judged as plausible.
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Figure 6. Derived dried blood spot (DBS) 17α-hydroxyprogesterone (17-OHP) target morning
concentration range (=model-predicted physiological range multiplied by 3 to 5). Interquartile range
(gray box) and median (black line) of the derived DBS 17-OHP target morning concentrations (see
step (C1) in text). Red lines: Calculated expected target DBS 17-OHP concentration range in the
morning (see step (C2) in text).

4. Discussion

We developed a modeling and simulation framework based on data from different
matrices (i.e., plasma, venous and capillary DBS samples) and different sources (i.e., clinical
trials, clinical routine and literature data) due to the limited availability of data. The
framework included a PK/PD model which successfully linked DBS 17-OHP to plasma
cortisol concentrations in pediatric CAH patients. By leveraging this framework, we were
able to derive a plausible target morning concentration range for the clinically important
biomarker 17-OHP, for DBS sampling in pediatric CAH patients, in the range of 2–8 nmol/L,
which is applicable for both venous or capillary DBS samples.

The PK/PD model captured the known mechanism of administered hydrocortisone
inhibiting 17-OHP biosynthesis via the suppression of the HPA-axis by a negative feedback
mechanism [1,2,12]. This mechanism was implemented in an indirect response model
with 17-OHP synthesis inhibition, well characterizing the u-shape trend observed in the
17-OHP concentration-time profiles. A main limitation of in silico approaches such as
PK/PD modeling is that the purpose and validity of the model depend on the data it is
based on. The development of the PK/PD model was based on sparse pediatric clinical
trial data and therefore did not allow for a more complex model structure, e.g., including
covariate relationships. Despite the limited available data, as typical for trials in this
vulnerable patient population, the model resulted in plausible parameter estimates with
satisfactory precision. The estimated IC50 of 21.0 nmol/L (=plasma cortisol concentration
leading to 50% of maximum inhibitory effect Imax on 17-OHP synthesis) was in the same
order of magnitude as previously determined IC50 values, e.g., 40.3 nmol/L by Al-Kofahi
et al. [29] and 48.6 nmol/L by Melin et al. [30]. The current lower estimate of IC50 can be
explained by the difference in matrices between the former studies and our analysis. As
in the current study, plasma cortisol PK was linked to PD in full blood obtained via DBS,
where DBS cortisol concentrations are substantially lower than plasma concentrations, an
approximately 2-fold lower IC50 value, in line with reported plasma/DBS cortisol ratio
ranges [11], was expected.

For the derivation of a DBS 17-OHP target morning concentration range, published
physiological plasma cortisol concentrations from healthy children aged between 5 and



Pharmaceuticals 2023, 16, 464 10 of 13

9 were applied [27,28]. This age range was also covered in the young children cohort
in the Alkindi® (Cardiff Medicentre, Cardiff, UK) trial (2–6 years). Besides the young
children data, infant data (28 days-2 years) was also included due to the very similar
17-OHP concentrations between these two age groups in the current study. To support
this inclusion, we also developed a PK/PD model based on young children only. No
significant differences were found in the estimated model parameters, their imprecisions,
and the derived DBS 17-OHP concentrations using this further reduced model dataset. The
presented model for infants and young children can serve as a basis to obtain DBS 17-OHP
target concentrations in, e.g., neonates or older children in the future when corresponding
data becomes available.

Bland-Altman and Passing-Bablok regression analyses were conducted to translate the
modeling and simulation results which are based on venous DBS 17-OHP concentrations
to clinical routine where, besides venous, also capillary DBS 17-OHP concentrations can
be sampled. The analyses demonstrated that capillary and venous DBS measurements of
cortisol and 17-OHP are comparable. Thus, the results from our previously published PK
model [11], as well as from this PK/PD analysis (both based on venous DBS data), can be
applied to capillary DBS samples.

The plausibility of the derived DBS 17-OHP morning concentration range was as-
sessed by comparing the results to an expected concentration range which was based on
the 17-OHP target morning concentration range in plasma, reported in Merke et al. [2].
This expected target range is to be viewed as a simple plausibility check only since the
underlying plasma 17-OHP target range applies to adults. To the best of our knowledge,
no further 17-OHP target concentrations have been reported.

Whereas a target range is established for plasma 17-OHP concentrations [2], there
are no cortisol target concentrations suggested except for mimicking the physiological
circadian rhythm [1]. 17-OHP is a commonly used biomarker as it is a precursor of cortisol
and androgens, of which elevated concentrations are closely linked to the clinical signs
of CAH. DBS sampling can facilitate regular and less invasive measurement of cortisol
and numerous biomarkers [5]. Therefore, besides in plasma, it is also needed to identify
biomarker target concentrations in DBS.

Despite its advantages and high potential, especially for pediatric patients, DBS
sampling is not fully established yet in drug and biomarker monitoring. The techniques
used for DBS sampling and measurements can vary between laboratories [6,31,32], and
therefore further research, the establishment of standardization of DBS sampling and of
the corresponding bioanalysis is needed. Furthermore, taking the patients’ hematocrit
values into consideration is vital to ensure accurate quantification of the analyte, as the
hematocrit influences the spreading of the sampled blood on the DBS filter paper [5,7,33].
Since hematocrit values are known to be higher in neonates [33], these are potentially
valuable covariates to be investigated in future analyses, once available. Target biomarker
concentrations for alternative child-friendly sampling techniques, such as mouth swabs to
measure steroids in saliva, are to be investigated in the future, for which the developed
modeling and simulation framework could serve as a starting point.

Since the cortisol-mediated inhibition of the 17-OHP synthesis, which is incorporated
into the PK/PD model, does not suffice to characterize the circadian rhythm of 17-OHP
during the day, we focused on the most relevant target concentrations in the morning only.
Circadian rhythms of 17-OHP and other CAH-relevant analytes, e.g., corticosteroid-binding
globulin, have already been quantified within PK model analyses [30,34]. In the future,
the presented PK/PD model can be expanded with the impact of ACTH on the circadian
rhythm of 17-OHP to suggest target DBS 17-OHP concentration-time profiles indicating the
target ranges for any time of the day.

5. Conclusions

Within the modeling and simulation framework described here, we obtained a plausi-
ble 17-OHP concentrations target range to be measured before the morning hydrocortisone
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dose for the first time using DBS sampling methodology. This derived target morning range
has the potential to develop further and could provide guidance for monitoring young
children suffering from CAH in the future.

Further model development is suggested to derive circadian DBS-derived target 17-
OHP concentration-time profiles over 24 h to contribute meaningful target concentrations
which clinicians can refer to for the treatment of CAH in children.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ph16030464/s1. Figure S1. Schematic representation of developed pharma-
cokinetic/pharmacodynamic (PK/PD) model. PK parameters of which the pediatric individual
estimates from the previous PK model (Stachanow et al.) [2] were used as part of the dataset are
marked in orange. Pharmacokinetics: Bioavailability (F), amount in depot compartment (Adepot),
maximum absorption rate (Vmax), amount in depot compartment resulting in half of Vmax (Km),
amount bound (Ab), amount bound to albumin (Ab:Alb), amount associated to red blood cells
(Ab:RBC), unbound amount (Au), amount bound to corticosteroid-binding globulin (Ab:CBG), linear
non-specific parameter for albumin binding (NSAlb) and association to red blood cells (kaRBC),
maximum binding capacity (Bmax), equilibrium dissociation constant (Kd), intercompartmental
clearance (Q), central volume of distribution (Vcen), peripheral volume of distribution (Vper), cortisol
plasma baseline of children (BASEchild, pla). The dashed line divides the central compartment into
the Ab and Au subcompartments, respectively. Pharmacodynamics: 17-α-hydroxyprogesterone
(17-OHP) concentration in dried blood spots (C17-OHP, DBS), synthesis rate constant of 17-OHP
(ksyn), first-order elimination rate constant of 17-OHP (kdeg). Figure S2. Goodness-of-fit plots for
developed pharmacokinetic/pharmacodynamic (PK/PD) model. A: Population-predicted dried
blood spot (DBS) 17-α-hydroxyprogesterone (17-OHP) concentrations versus observed DBS 17-OHP
concentrations, B: Individual DBS 17-OHP predictions versus observed DBS 17-OHP concentrations,
C: Conditional weighted residuals versus population-predicted DBS 17-OHP concentrations, D:
Conditional weighted residuals versus time. Red dots: children (cohort 1, age: 2–6 years), green
dots: infants (cohort 2, age: 28 days–2 years), red line: line of identity (A, B), line y = 0 (C, D),
vertical dashed line: lower limit of quantification (LLOQ) = 1.3 nmol/L. Figure S3. Visual predictive
check (n = 1000) for developed pharmacokinetic/pharmaco-dynamic (PK/PD) model. A: Circles:
17-α-hydroxyprogesterone (17-OHP) dried blood spot (DBS) observations, solid line: 50th percentile
of observed (black) and simulated (gray) DBS 17-OHP concentrations, dashed lines: 10th and 90th
percentiles of observed (black) and simulated (gray) DBS 17-OHP concentrations, shaded areas: 95%
confidence intervals for the percentiles of the simulated data. B: Black line: Observed probability of
DBS 17-OHP concentrations below lower limit of quantification (LLOQ), gray area: 95% confidence
interval for simulated probability of 17-OHP concentrations below LLOQ. Figure S4. Plasma to dried
blood spot (DBS) 17-α-hydroxyprogesterone (17-OHP) concentration ratio, measured at baseline in
the morning, in young children and infants. Table S1. Summary of population characteristics in
all datasets leveraged in the modeling and simulation analysis, by framework step as described in
Figure 1.
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1 Pharmacokinetic/Pharmacodynamic model structure  

 

Differential equations 

𝑑𝐴𝑑𝑒𝑝𝑜𝑡
𝑑𝑡

⁄ = −
𝑉𝑎𝑏𝑠,𝑚𝑎𝑥 ∙ 𝐴𝑑𝑒𝑝𝑜𝑡

𝐾𝑎𝑏𝑠,50 + 𝐴𝑑𝑒𝑝𝑜𝑡
 

𝑑𝐴𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑
𝑑𝑡

⁄ =
𝑉𝑎𝑏𝑠,𝑚𝑎𝑥 ∙ 𝐴𝑑𝑒𝑝𝑜𝑡

𝐾𝑎𝑏𝑠,50 + 𝐴𝑑𝑒𝑝𝑜𝑡
− 𝐶𝐿

𝑉𝑐𝑒𝑛
⁄ ∙ 𝐴𝑢 − 𝑄

𝑉𝑐𝑒𝑛
⁄ ∙ 𝐴𝑢 + 𝑄

𝑉𝑝𝑒𝑟
⁄ ∙ 𝐴𝑝𝑒𝑟 

𝑑𝐴𝑝𝑒𝑟
𝑑𝑡

⁄ = 𝑄
𝑉𝑐𝑒𝑛

⁄ ∙ 𝐴𝑢 − 𝑄
𝑉𝑝𝑒𝑟

⁄ ∙ 𝐴𝑝𝑒𝑟 

𝑑𝐴𝑅𝐵𝐶
𝑑𝑡

⁄ = 𝐾𝑎𝑅𝐵𝐶 ∙ 𝐴𝑢 − 𝐾𝑎𝑅𝐵𝐶 ∙ 𝐴𝑅𝐵𝐶        

𝑑𝐶17−𝑂𝐻𝑃,𝐷𝐵𝑆
𝑑𝑡

⁄ = ksyn ∙ I − kdeg ∙ 𝐶17−𝑂𝐻𝑃,𝐷𝐵𝑆        

Initial conditions  

𝐴𝑑𝑒𝑝𝑜𝑡,0 = 𝐹 ∗ 𝐷𝑂𝑆𝐸 

𝐴𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑,0 = 𝐵𝐴𝑆𝐸𝑐ℎ𝑖𝑙𝑑,𝑝𝑙𝑎 ∗ 𝑉𝑐𝑒𝑛 
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𝐴𝑝𝑒𝑟,0 = 0 

𝐴𝑅𝐵𝐶,0 = 0 

𝐶17−𝑂𝐻𝑃,𝐷𝐵𝑆,0 = 𝑂𝐻𝑃𝐵𝐴𝑆𝐸 

State variables and outputs 

ksyn = 𝑂𝐻𝑃𝐵𝐴𝑆𝐸  ∙ kdeg        

I = 1 −
𝐼𝑚𝑎𝑥 ∙ 𝐶𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑

𝐻𝑖𝑙𝑙

𝐼𝐶50
𝐻𝑖𝑙𝑙 + 𝐶𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑

𝐻𝑖𝑙𝑙  

𝐾𝑑𝐴 = 𝐾𝑑 ∗ 𝑉𝑐𝑒𝑛 

𝐴𝑚𝑎𝑥 = 𝐵𝑚𝑎𝑥 ∗ 𝑉𝑐𝑒𝑛 

𝐴𝑢

=
𝐴𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑 − 𝐾𝑑𝐴 ∙ (1 + 𝑁𝑆𝐴𝑙𝑏) − 𝐴𝑚𝑎𝑥 + √(𝐴𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑 −  𝐾𝑑𝐴 ∙ (1 + 𝑁𝑆𝐴𝑙𝑏) − 𝐴𝑚𝑎𝑥)2 + 4 ∙ 𝐴𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑 ∙ 𝐾𝑑𝐴 ∙ (1 + 𝑁𝑆𝐴𝑙𝑏)

2 ∙ (1 + 𝑁𝑆𝐴𝑙𝑏)
 

𝐶𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑(𝑡) =
𝐴𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑(𝑡)

𝑉𝑐𝑒𝑛
⁄  

Estimated model parameters 

k𝑑𝑒𝑔,𝑖𝑛𝑑 =  k𝑑𝑒𝑔,𝑝𝑜𝑝 ∙ 𝑒𝜂𝑘𝑑𝑒𝑔,𝑖𝑛𝑑     𝜂𝑘𝑑𝑒𝑔 ~ 𝑁(0, 𝜔𝑘𝑑𝑒𝑔) 

IC50,𝑖𝑛𝑑 =  IC50,𝑝𝑜𝑝 ∙ 𝑒𝜂𝐼𝐶50,𝑖𝑛𝑑      𝜂𝐼𝐶50 ~ 𝑁(0, 𝜔𝐼𝐶50)  

Fixed model parameters* 

𝐻𝑖𝑙𝑙 =  1  

𝑂𝐻𝑃𝐵𝐴𝑆𝐸,𝑝𝑜𝑝 = 𝑂𝐻𝑃𝐵𝐴𝑆𝐸,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  𝑂𝑅 1
2⁄ 𝐿𝐿𝑂𝑄 

𝑂𝐻𝑃𝐵𝐴𝑆𝐸,𝑖𝑛𝑑 =  𝑂𝐻𝑃𝐵𝐴𝑆𝐸,𝑝𝑜𝑝 ∙ 𝑒𝜂𝑂𝐻𝑃𝐵𝐴𝑆𝐸,𝑖𝑛𝑑  ∙ 𝑅𝑈𝑉    𝜂𝑂𝐻𝑃𝐵𝐴𝑆𝐸  ~ 𝑁(0, 𝜔𝑂𝐻𝑃𝐵𝐴𝑆𝐸) 

𝜂𝑂𝐻𝑃𝐵𝐴𝑆𝐸 =  1  

 

*2 out of 18 17-OHP baseline DBS observations were below the lower limit of quantification (LLOQ) 

and were replaced by the LLOQ divided by two (= 1.3/2 nmol/L). 

 



Handling data below the lower limit of quantification 

25% (22/88) of all venous DBS 17-OHP concentrations were below the LLOQ (22.5% in young children 

and 35.3% in infants). Thus, the M3 method [1] was applied where all observations were fitted to the 

model, including the concentrations below the LLOQ which were treated as censored observations 

for which the likelihood of an observation being below the LLOQ given the model parameters is 

maximized. 

 

2 NONMEM model code 

 

$PROBLEM  

PKPD indirect response model, cortisol plasma and 17-OHP in DBS, pediatric model 

 

$INPUT      

ID TIME AMT DROP=RATE MDV ODV EVID BLQ CMT FLAG ICL IV1 IQ IV2 IKaRBC IIBASE 

IBMAX IKD INSALB IVM IKM IF1  

 

$DATA  Data_PKPD.csv IGNORE=@  

$SUBROUTINE  ADVAN13 TOL=15 

 

$MODEL  

NCOMPARTMENTS=5 NPARAMETERS=3                                                    

COMP = (DEPOT DEFDOSE)               ;dose compartment 

COMP = (CENTRAL DEFOBSERVATION)     ;central plasma concentration 

COMP = (PERIPH)                     ;peripheral plasma compartment  

COMP = (OUTPUT1)                    ;compartment with cortisol bound to erythrocytes 

COMP = (EFFECT)                     ;compartment with indirect response, inhibition of synthesis 

 

$PK  

;; individual PK parameter estimates from previous PK model (Stachanow et al., 2022) [2] 

 

CL = ICL   ;clearance (CL)                                                          

V1 = IV1   ;central volume of distribution (Vcen) 

Q = IQ   ;intercompartmental clearance (Q) 

V2 = IV2   ;peripheral volume of distribution (Vper) 

KaRBC = IKaRBC  ;association constant for red blood cells (kaRBC)   

IBASE = IIBASE  ;pediatric plasma cortisol baseline (BASEchild,pla)   

BMAX = IBMAX  ;maximum binding capacity for CBG binding (Bmax) 

KD = IKD  ;equilibrium dissociation constant for CBG binding (Kd) 

NSALB = INSALB  ;linear non-specific parameter for albumin binding (NSAlb) 

VM = IVM  ;maximum absorption rate (Vmax) 

KM = IKM  ;amount in depot compartment resulting in half of Vmax (Km) 

F1 = IF1   ;bioavailability (F) 
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;; PD Parameters 

IMAX  = 1  ;maximum inhibitory effect (Imax) 

GAM   = 1  ;Hill coefficient (Hill) 

 

TVKDEG  = THETA(1) ;first-order degradation rate constant of 17-OHP (kdeg) 

TVIC50  = THETA(2) ;cortisol conc. leading to 50% of the maximum inhibitory effect (IC50) 

MU_1  = TVKDEG 

MU_2  = TVIC50 

 

KDEG  = EXP(MU_1 + ETA(1))  

IC50  = EXP(MU_2 + ETA(2))  

 

;17-OHP baseline observations in DBS 

BASEDV = ODV 

;17-OHP baseline observations in DBS if no baseline observation given                          

IF(ODV.LT.1.3) THEN 

BASEDV = 0.65   ;BLQ baselines replaced by 1/2 LLOQ  

ENDIF 

 

OHPBASE = BASEDV*EXP(ETA(3)*THETA(3))   

KSYN = OHPBASE*KDEG   ;17-OHP synthesis rate (ksyn)                                                        

                                                                                                                                                         

;converting concentrations to amounts 

KDa = KD*V1                          

AMAX = BMAX*V1 

                        

;amount at timepoint 0 in central plasma compartment and in 17-OHP DBS compartment 

A_0(2) = IBASE*V1 

A_0(5) = OHPBASE     

 

IF(IC50.EQ.0) THEN 

IC50 = 0.001 

ENDIF 

IF(IC50.LT.0) THEN 

IC50 = 0.001 

ENDIF 

 

k10 = CL/V1 

k12 = Q/V1 

k21 = Q/V2 

 

; Time after dose 

TAD = 0 

IF (AMT.GT.0) THEN 



TDOS = TIME 

TAD = 0.0 

ENDIF 

IF (AMT.EQ.0) TAD = TIME-TDOS 

IF (TAD.LT.0) TAD = 0 

 

;;LLOQ of 17-OHP in DBS 

LLOQ = LOG(1.3)      

 

$DES 

;;calculating unbound amount in plasma with binding model of previous model(s) 

AUP = (A(2)-KDa*(1+NSALB) – AMAX + SQRT(((A(2) - KDa*(1 + NSALB) -AMAX)**2) + 

4*KDa*A(2)*(1 + NSALB)))/(2*(1 + NSALB)) 

 

DADT(1) = -(VM*A(1)/(KM+A(1)))     ;saturable absorption 

DADT(2) =  (VM*A(1)/(KM+A(1))) - k10*AUP - k12*AUP + k21*A(3) ;central compartment  

DADT(3) = -k21*A(3)+k12*AUP     ;peripheral compartment 

DADT(4) = AUP* KaRBC -A(4)* KaRBC   ;red blood cell compartment 

 

CP = A(2)/V1   

IF(CP.LT.0) THEN 

CP=0.001 

ENDIF 

 

INH = 1-(IMAX*CP**GAM/(IC50**GAM+CP**GAM))    

DADT(5) = KSYN*INH-KDEG*A(5)                                               ;17-OHP compartment 

 

$ERROR 

IPRED = A(5)                                                                                                                            

 

IF(IPRED.GT.0) THEN  

IPRED = IPRED 

ELSE 

IPRED = IPRED+0.0001 

ENDIF 

 

IPRED = LOG(IPRED) 

W = THETA(3) 

IRES= DV-IPRED 

IWRES = IRES/W 

  

IF(BLQ.EQ.0) THEN 

F_FLAG = 0 

Y = IPRED+W*EPS(1) 
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ELSE 

F_FLAG = 1  

DUM = (LLOQ-IPRED)/W 

CUMD = PHI(DUM) 

Y = CUMD 

MDVRES = 1 

ENDIF 

$THETAI 

THETA(1:2 )= DLOG(THETAI(1:2)) 

 

$THETAR 

THETAR(1:2) = EXP(THETA(1:2)) 

 

$THETA 

(0, 1.22)  ;1. KDEG [1/h]   

(0, 20)  ;2. IC50 [nmol/L]] 

(0, 0.2)  ;3. RUV 

                                                              

$OMEGA                                                                             

0.0025 FIX ;KDEG                                                                       

(0.0025, 0.5) ;IC50 

1 FIX  ;OHPBASE 

 

$SIGMA 1 FIX  

 

$ESTIMATION METHOD=IMPMAP LAPLACE INTERACTION NITER=2000 ISAMPLE=300 

SEED=987213 NOABORT NSIG=3 PRINT=1 NOABORT FILE=psn.ext 

SIGL=9 GRD=DDDS 

$ESTIMATION METHOD=IMPMAP LAPLACE INTERACTION NITER=200 ISAMPLE=3000 

SEED=987213 NOABORT NSIG=3 PRINT=1 NOABORT FILE=psn.ext 

SIGL=15 EONLY=1 GRD=DDDS 

$COVARIANCE PRINT=E UNCONDITIONAL SIGL=9 

 

$TABLE ID TIME TAD DV PRED IPRED WRES IWRES CWRES MDV BLQ AUP CP FLAG 

ONEHEADER NOPRINT FILE=sdtab313_1_2 

 

$TABLE ID TIME TAD DV CL V1 Q V2 KaRBC IBASE BMAX KD NSALB VM KM F1 ODV 

FLAG ETA1 ETA2 ETA3 KSYN KDEG OHPBASE IMAX IC50 GAM NOAPPEND ONEHEADER 

NOPRINT FILE=patab313_1_2 

 

$TABLE ID TIME TAD DV FLAG NOAPPEND ONEHEADER NOPRINT FILE=catab313_1_2 

$TABLE ID TIME TAD DV ODV FLAG NOAPPEND ONEHEADER NOPRINT FILE=cotab313_1_2 

  



3 Supplementary Tables and Figures  

Supplementary Table 1. Summary of population characteristics in all datasets leveraged in the modeling and 

simulation analysis, by framework step as described in Figure 1. 

 Step A:  

PK/PD modeling 

Step B:  

Bland-Altman and 

Passing-Bablok analysis 

Step C:  

Simulation of target 

range 

Population  Pediatric CAH patients 

(n=18), clinical study 

Pediatric CAH patients 

(n=15), clinical routine 

monitoring 

Non-CAH children 

(n=28) 

Analyte and 

matrix 

Cortisol in plasma 

17-OHP in venous DBS 

Cortisol and 17-OHP in 

capillary and venous DBS  

Cortisol in plasma 

Number of 

samples 

88 (per matrix) 15 2016 

Age,  

median (range) 

2.5 years 

(4 months – 5 years) 

8 years  

(2 months – 11 years) 

(5-9) years 

Weight, 

median (range)  

15 (7-21) kg - - 

Congenital adrenal hyperplasia (CAH), 17α-hydroxyprogesterone (17-OHP), dried blood spots (DBS) 
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Supplementary Figure 1. Schematic representation of developed pharmacokinetic/pharmacodynamic 

(PK/PD) model. PK parameters of which the pediatric individual estimates from the previous PK model 

(Stachanow et al.) [2] were used as part of the dataset are marked in orange. 

Pharmacokinetics: Bioavailability (F), amount in depot compartment (Adepot), maximum absorption rate (Vmax), 

amount in depot compartment resulting in half of Vmax (Km), amount bound (Ab), amount bound to albumin 

(Ab:Alb), amount associated to red blood cells (Ab:RBC), unbound amount (Au), amount bound to 

corticosteroid-binding globulin (Ab:CBG), linear non-specific parameter for albumin binding (NSAlb) and 

association to red blood cells (kaRBC), maximum binding capacity (Bmax), equilibrium dissociation constant (Kd), 

intercompartmental clearance (Q), central volume of distribution (Vcen), peripheral volume of distribution 

(Vper), cortisol plasma baseline of children (BASEchild, pla). The dashed line divides the central compartment into 

the Ab and Au subcompartments, respectively.  

Pharmacodynamics: 17α-hydroxyprogesterone (17-OHP) concentration in dried blood spots (C17-OHP, DBS), 

synthesis rate constant of 17-OHP (ksyn), first-order elimination rate constant of 17-OHP (kdeg). 

 

   

Supplementary Figure 2. Goodness-of-fit plots for developed pharmacokinetic/pharmacodynamic (PK/PD) 

model.  

A: Population-predicted dried blood spot (DBS) 17α-hydroxyprogesterone (17-OHP) concentrations versus 

observed DBS 17-OHP concentrations, B: Individual DBS 17-OHP predictions versus observed DBS 17-OHP 

concentrations, C: Conditional weighted residuals versus population-predicted DBS 17-OHP concentrations, 

D: Conditional weighted residuals versus time. Red dots: children (cohort 1, age: 2-6 years), green dots: infants 

(cohort 2, age: 28 days-2 years), red line: line of identity (A, B), line y=0 (C, D), vertical dashed line: lower limit 

of quantification (LLOQ) = 1.3 nmol/L.  

 



    

Supplementary Figure 3. Visual predictive check (n=1000) for developed pharmacokinetic/pharmacodynamic 

(PK/PD) model.  

A: Circles: 17α-hydroxyprogesterone (17-OHP) dried blood spot (DBS) observations, solid line: 50th percentile 

of observed (black) and simulated (gray) DBS 17-OHP concentrations, dashed lines: 10th and 90th percentiles of 

observed (black) and simulated (gray) DBS 17-OHP concentrations, shaded areas: 95 % confidence intervals 

for the percentiles of the simulated data. 

B: Black line: Observed probability of DBS 17-OHP concentrations below lower limit of quantification (LLOQ), 

gray area: 95 % confidence interval for simulated probability of 17-OHP concentrations below LLOQ.  

 

Supplementary Figure 4. Plasma to dried blood spot (DBS) 17α-hydroxyprogesterone (17-OHP) concentration 

ratio, measured at baseline in the morning, in young children and infants. 
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Rationale of a lower dexamethasone dose in 
prenatal congenital adrenal hyperplasia 
therapy based on pharmacokinetic modelling
Viktoria Stachanow 1,2, Uta Neumann3, Oliver Blankenstein3, Uwe Fuhr4, Wilhelm Huisinga5,  
Robin Michelet 1, Nicole Reisch6 and Charlotte Kloft1

1Department of Clinical Pharmacy and Biochemistry, Institute of Pharmacy, Freie Universitaet Berlin, Berlin, Germany,  
2Graduate Research Training Program PharMetrX, Berlin, Germany, 3Institute for Experimental Paediatric 
Endocrinology, Charité-Universitätsmedizin, Berlin, Germany, 4Department I of Pharmacology, Center for 
Pharmacology, University of Cologne, Faculty of Medicine and University Hospital Cologne, Cologne, Germany, and 
5Institute of Mathematics, Universität Potsdam, Golm, Germany, and 6Medizinische Klinik und Poliklinik IV, Klinikum 
der Universität München, Munich, Germany 

*(N Reisch and C Kloft contributed equally as senior authors)

Abstract

Context: Prenatal dexamethasone therapy is used in female foetuses with congenital adrenal hyperplasia to suppress 
androgen excess and prevent virilisation of the external genitalia. The traditional dexamethasone dose of 20 µg/kg/day 
has been used since decades without examination in clinical trials and is thus still considered experimental.
Objective: As the traditional dexamethasone dose potentially causes adverse effects in treated mothers and foetuses, 
we aimed to provide a rationale of a reduced dexamethasone dose in prenatal congenital adrenal hyperplasia therapy 
based on a pharmacokinetics-based modelling and simulation framework.
Methods: Based on a published dexamethasone dataset, a nonlinear mixed-effects model was developed describing 
maternal dexamethasone pharmacokinetics. In stochastic simulations (n = 1000), a typical pregnant population  
(n = 124) was split into two dosing arms receiving either the traditional 20 µg/kg/day dexamethasone dose or reduced 
doses between 5 and 10 µg/kg/day. Target maternal dexamethasone concentrations, identified from the literature, 
served as a threshold to be exceeded by 90% of mothers at a steady state to ensure foetal hypothalamic-pituitary-
adrenal axis suppression.
Results: A two-compartment dexamethasone pharmacokinetic model was developed and subsequently evaluated to be 
fit for purpose. The simulations, including a sensitivity analysis regarding the assumed foetal:maternal dexamethasone 
concentration ratio, resulted in 7.5 µg/kg/day to be the minimum effective dose and thus our suggested dose.
Conclusions: We conclude that the traditional dexamethasone dose is three-fold higher than needed, possibly causing 
harm in treated foetuses and mothers. The clinical relevance and appropriateness of our recommended dose should 
be tested in a prospective clinical trial.

Introduction

Congenital adrenal hyperplasia (CAH) due to 
21-hydroxylase deficiency is a recessively inherited 
disorder of adrenal steroidogenesis resulting in cortisol 
deficiency and, due to the activation of the hypothalamic-

pituitary-adrenal (HPA) axis, in adrenal androgen excess 
(1). The latter is already present during foetal development 
resulting in virilisation of female foetuses and the current 
practice of urogenital reconstructive surgery in severe 
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cases (1). Prenatal therapy with dexamethasone (Dex) has 
been used since its first description by David and Forest 
in 1984 (2, 3) at risk pregnancies for classic CAH due to 
21-hydroxylase deficiency. Dex is a potent glucocorticoid 
(GC) with a long half-life and the ability to traverse the 
placenta and suppress the foetal hypothalamic-pituitary-
adrenal axis and thus can prevent virilisation of the 
external genitalia caused by foetal adrenal androgen excess. 
If started before the window of sexual differentiation (7–12 
week post conception), there is evidence that prenatal Dex 
can significantly reduce virilisation in female foetuses with 
CAH (4, 5).

Dex therapy during pregnancy, however, is still 
considered an experimental therapy (6) and current 
guidelines do not recommend a specific treatment protocol 
(1). Its use is highly controversial for several reasons (6, 
7, 8). One main reason is its unclear safety for treated 
mothers and foetuses. High doses of Dex administered 
to pregnant animals have teratogenic effects (9), and 
prenatal GC overexposure in animals has resulted in 
postnatal hypertension, programming effects on glucose 
homeostasis, decreased glomerular filtration, fatty liver 
disease and multiple negative effects on brain development 
(6, 9). Clinical outcome studies of foetuses treated with 
prenatal Dex at risk pregnancies for CAH show conflicting 
results with potentially negative neuropsychological 
and behavioural outcomes in Dex-treated children for 
CAH (10, 11, 12, 13, 14, 15, 16, 17, 18, 19). All studies, 
however, included very low numbers of patients and 
thus low power. Possible adverse effects described in 
treated mothers are more striae, oedema, increased 
mean weight gain, mood swings, and a slightly increased  
occurrence of hypertension, pre-eclampsia and gestational 
diabetes (4, 5, 6).

Since its first description, the same experimental 
(traditional) Dex dose of 20 µg/kg/day (pre-pregnancy 
maternal body weight), to a maximum of 1.5 mg/day 
given in 2–3 daily doses, is used (2). As Dex is 50–80 times 
more potent than cortisol, the traditional prenatal Dex 
treatment provides already the mother with about six-fold 
her physiologic GC, that is, cortisol, need (6). Additionally, 
Dex is minimal if at all inactivated by placental 
11β-hydroxysteroid dehydrogenase (20). Investigations in 
non-CAH affected and untreated pregnancies showed that 
physiological foetal cortisol concentrations are low in early 
gestation and reach only a small fraction (approximately 
10%) of maternal cortisol concentrations in midgestation 
(21). Consequently, the currently used Dex treatment 
during pregnancy bears the risk of a massively increased 
foetal exposure with Dex (6). As potential adverse effects 

are dose-related, we asked ourselves if the currently used 
Dex dose can be reduced to minimise potential adverse 
events but still be efficacious with regard to the prevention 
of genital virilisation in female foetuses.

To investigate a rational dose recommendation, we 
developed a pharmacokinetic (PK)-based modelling and 
simulation framework. A key component is the availability 
of a PK model for Dex in prenatal CAH treatment. For 
its development, the nonlinear mixed-effects (NLME) 
modelling approach was applied. NLME modelling is a 
widely used and well-established gold standard approach 
for population PK analysis (22) and allows for simultaneous 
analysis of PK on the population as well as individual 
level. Characterising the PK of all individuals enables ,for 
example, the determination of dosages that are adequate 
for the large majority of the population. Additionally, 
patient factors that can explain interindividual variability 
(IIV) in the PK can be identified. NLME modelling has 
been previously applied to assess CAH treatment with 
hydrocortisone in paediatric patients (23, 24, 25). 
PK models are structured in so-called compartments, 
representing kinetically homogenous regions of the body, 
such as well-perfused and poorly perfused organs (26). 
Finally, we applied the developed PK model to generate a 
rationale for the lowest possible but still effective Dex dose 
for successful HPA axis suppression in the foetus, with 
the ultimate aim to suggest a reduced dosing regimen for 
prenatal CAH therapy.

Methods

A graphical overview of the stepwise pharmacokinetics-
based modelling and simulation framework is depicted  
in Fig. 1.

Selection of pharmacokinetic dexamethasone 
data base

The development of a PK model requires an underlying 
dataset including a population that is representative of the 
target population to be treated with DEX and thus is 'fit 
for purpose'. Therefore, literature research was conducted 
to identify clinical studies investigating Dex PK that could 
serve as a suitable database for the development of a Dex 
PK model. Criteria to be met were a study population that 
well-matched the pregnant target population with respect 
to health status, age, weight and sex. Further criteria 
were a well-matched Dex dose, administration of an oral-
immediate release formulation and access to individual 
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dosing and sampling data as well as PK and demographic 
data. The database preparation, the graphical analysis of 
the identified dataset and the plotting of the PK modelling 
and simulation results were performed using R (3.6.0) (27) 
and R Studio 1.3.1056 (28).

Population pharmacokinetic dexamethasone 
model development

This data base retrieved from literature was used for the 
development of a comprehensive PK model by applying 
NLME modelling. Models were developed in NONMEM 
(7.4.3, ICON, Dublin, Ireland) Development Solutions, 
Ellicott City, MD, USA) (29) using Perl speaks Nonmem 
(3.4.2, Uppsala University, Uppsala, Sweden) (30) embedded 
in the workbench Pirana (version 2.9.6) (31). One-, two- and 
three-compartment models were tested on the PK dataset 
and compared using the likelihood ratio test and the Akaike 
Information Criterion (AIC). Subsequently, interindividual 
variabilities (IIV) and covariate-parameter relations were 
investigated using the forward inclusion (P = 0.05, df = 1)/
backwards deletion (P = 0.01, df = 1) approach (32). The 
reliability of the models was evaluated using objective 
function value (OFV), a quality criterion defined as minus 
twice the natural logarithm of the likelihood of observing 
the data given the model indicating how well the model 
can predict the data (26), and standard model evaluation 
techniques such as goodness-of-fit (GOF) plots (33) and 
visual predictive checks (VPC, n(simulations) = 1000) (34).

Identification of target maternal Dex 
concentration suppressing foetal HPA axis

A literature search was performed to determine the 
minimum maternal Dex threshold concentration that 
leads to successful suppression of the foetal HPA axis as 
a decision criterion for an appropriate Dex dose. To this 
end and since no foetal Dex target concentrations for HPA 
axis suppression were found for prenatal CAH therapy, 
as a proxy, physiological foetal cortisol concentrations 
were identified first. Taking into account the higher 
potency of Dex compared to cortisol (hydrocortisone), the 
required foetal Dex target concentration was calculated. 
Finally, to obtain a maternal Dex target concentration,  
literature was searched for maternal-foetal Dex blood 
concentration ratios.

Simulation of maternal dexamethasone dosing 
regimens reaching target

The developed PK model was then applied for identifying 
rational dosing regimens that suppress the foetal HPA axis by 
conducting stochastic simulations (n = 1000) in NONMEM 
7.4.3, randomly sampling individual PK parameters 
based on the estimated interindividual variability of the 
developed PK model. With these stochastic simulations, 
not only the Dex concentration-time profiles for typical 
patients were obtained but also variability in these profiles 
between patients was taken into account. First, a virtual but 
typical target population was generated with uniformly 
distributed body weights ranging from 50 to 95 kg. This 
virtual target population (n = 124) was divided into a 'light' 
(50–72 kg) and 'heavy' (73–95 kg) group and the individuals 
were dosed according to the group’s median body weight 
(61 and 84 kg, respectively). These two weight groups 
enabled the simulation of a realistic scenario for a clinical 
study in which pharmacies would only need to compound 
one dose strength per study arm. Two dosing arms were 
simulated with half of the patients receiving the traditional 
dose of 20 μg/kg/day and the other half receiving reduced 
doses of 5, 6, 7.5, 9 or 10 μg/kg/day, divided into three 
single doses given every 8 h. Regimens with reduced doses 
where the 10th percentiles of the maternal concentration-
time profiles, that is, 90% of the patients, exceeded the 
minimum maternal target threshold at steady state (after 
the 5th Dex administration), were judged as rational and 
effective Dex dosings. We assume that for the remaining 
10% of the patients, having the minimum below the 
assumed threshold for only several minutes, a successful 
suppression of the foetal HPA axis might be anticipated.

Figure 1
Pharmacokinetics-based modelling and simulation framework. 
PK, pharmacokinetic; Dex, dexamethasone.
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Furthermore, in order to assess the impact of the assumed 
foetal-maternal Dex concentration ratio, a sensitivity 
analysis was conducted by simulating the administration of 
the reduced doses with lower than reported foetal-maternal 
Dex concentration ratios as ‘worst-case scenarios’.

Results

Selection of pharmacokinetic dexamethasone 
data base

The retrieved clinical study best matching the pre-
set criteria was a bioavailability study with 24 healthy 
volunteers receiving a dose of 2 mg Dex as an orally 
administered immediate-release tablet (EudraCT number: 
2008-001389-10) (35). The study population had a median 
age of 32 years and 15 of 24 volunteers (63%) of the healthy 
volunteers were female. Body weights ranged from 60 to 90 
kg and were overlapping between sexes (Table 1). Plasma 
was sampled up to 24 h post-dose, resulting in a total of 
432 plasma samples and 18 samples per individual. Total 
Dex concentrations were determined in plasma using 
a HPLC-UV assay. Method validation was performed in 
accordance with current International Conference on 
Harmonisation Guideline recommendations (Center for 
Drug Evaluation and Research, Guidance for Industry: 
Bioanalytical Method Validation, 2001) and the conference 
report of Shah et al. (36). The lower limit of quantification 
(LLOQ) was 0.7 ng/mL (1.78 nmol/L). Dex concentrations 
reported below the LLOQ were discarded for the graphical 
analysis and the subsequent model development; thus, the 
Dex PK database comprised 349 Dex concentrations.

The individual Dex concentration-time profiles 
revealed a bi-phasic decline, that is, an initial phase with 
a steep concentration decline over time, followed by a 
phase with a less steep slope, in a semilogarithmic plot 
(Fig. 2), suggesting a two-compartment PK model structure 
(32). Moreover, the individual profiles suggested high 
interindividual variability between healthy volunteers.

Population pharmacokinetic dexamethasone 
model development

PK models with two compartments were superior to one 
and three-compartmental models according to all model 
diagnostics, for example, the OFV was 55.1 points better 
than for the one-compartment models, whereas a third 
compartment did not result in any significant model 
improvement (OFV non-significantly better (2.20 points); 
AICs: 1558.489, 1507.399, 1509.197 with one, two, three 
compartments, respectively). The final PK model contained 
the first-order absorption of Dex with an estimated lag-time 
of 12 min and a first-order elimination process (schematic 
depiction: Fig. 3). Residual variability was small (14.6% 
CV; proportional model). All PK parameter estimates were 
plausible and in line with the literature. IIV (assuming 
a log-normal distribution of individual parameters) 
was moderate to high: on clearance (33.1% CV), central 
volume of distribution (36.0% CV), intercompartmental 
clearance (98.7% CV), peripheral volume of distribution 
(42.9% CV), and absorption rate constant (116% CV). The 
identified effect of body weight on clearance and volume 
of distribution parameters was implemented using theory-
based allometric scaling (37). Standard model evaluation 
techniques, such as GOF plot and VPCs, showed that 
the PK model adequately predicted the measured Dex 
concentrations and that standard criteria for a suitable 
and reliable model were fulfilled. More details about the 
model development and evaluation are presented in the 
Supplementary material (see section on supplementary 
materials given at the end of this article).

Identification of target maternal Dex 
concentration suppressing foetal HPA axis

The minimum maternal Dex threshold concentration was 
derived as a target concentration to suppress the foetal 
HPA axis based on the following knowledge obtained in 
the literature research: in Goto et al. (38), a physiological 
foetal cortisol concentration of around 4 pmol/mg was 

Table 1 Study characteristics (median (range)).

Characteristics Female (n = 15) Male (n = 9) Total (n = 24)

Age, years 30.0 (22.0–54.0) 38.0 (25.0–54.0) 32.0 (22.0–54.0)
Body weight, kg 65.0 (60.0–77.5) 79.0 (73.0–90.0) 70.0 (60.0–90.0)
Height, m 1.66 (1.63–1.76) 1.84 (1.72–1.88) 1.71 (1.63–1.88)
BMI, kg/m2 23.2 (21.0–26.9) 25.5 (20.7–27.0) 23.7 (20.7–27.0)
Dexa*, nmol/L 15.4 (1.12–39.0) 10.1 (1.9–29.3) 12.61 (1.12–39.0)

*After peroral administration of a 2 mg dexamethasone immediate release tablet.
Dexa, dexamethasone concentration.
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determined in adrenal tissue at 8 weeks post conception. 
Assuming a tissue density of 1 g/cm3, the foetal target 
cortisol concentration was 4 pmol/mL or 4 nmol/L. 
Since Dex is reported to be between 50 and 80 times 
more potent than cortisol (39), the corresponding foetal 
target Dex concentration was derived to be 0.05–0.08 
nmol/L. Considering the reported ratio of 0.45 for the 
foetal:maternal Dex concentration (40), the identified 
maternal plasma Dex threshold concentration was thereby 
calculated to be between 0.11 and 0.18 nmol/L.

Simulation of maternal dexamethasone 
dosing regimens

The developed PK Dex model combined with the derived 
target maternal Dex concentration was employed to 
evaluate maternal Dex concentration-time profiles of 
the traditional compared to reduced maternal Dex doses 
(62 individuals per dose group). All reduced doses of 5, 6, 
7.5, 9 and 10 µg/kg/day met the pre-set decision criterion 
of being above the target 0.05–0.08 nmol/L maternal 
Dex threshold concentration to successfully suppress the 
foetal HPA axis at steady state (Supplementary Fig. 3). As 
shown in Fig. 4A, with maternal Dex concentrations for 
the reduced dose of 7.5 µg/kg/day, in 90% of the patients 

Figure 2
Individual profiles (n = 24) of dexamethasone concentrations 
(nmol/L) over time (h) after administration of a 2 mg 
immediate-release tablet. Dashed line: Lower limit of 
quantification. Top: Percentage of concentrations below the 
lower limit of quantification at 0.25, 12, 16 and 24 h post-dose.

Figure 3
Left: structure of the developed two-compartment dexamethasone (Dex) pharmacokinetic (PK) model describing maternal Dex PK 
after intake of a 2 mg Dex immediate-release tablet. Solid line boxes: central and peripheral PK model compartments. Dashed line 
box: Dex dosing compartment. Right: calculated foetal Dex and cortisol concentrations (dashed line boxes), based on foetal-to-
maternal Dex plasma concentration ratio and Dex-cortisol potency ratio retrieved from literature. Pharmacokinetic parameters: 
bioavailability (F, fixed to 1), absorption rate constant (ka), absorption lag time (tlag), clearance (CL), volume of distribution of central 
maternal compartment (Vc), intercompartmental clearance (Q), volume of distribution of central maternal compartment (Vp).
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(i.e. 10th percentile), all Dex concentrations, including the 
minimum Dex concentration at a steady state (see grey 
box), were above the maternal Dex thresholds. Due to 
the dosing according to the group’s median body weight, 
almost no difference was visible in the profiles of the light 
and heavy body weight group, with the concentrations of 
the lightweight group being slightly lower which was also 
the case for further analyses. Compared to the traditional 
dose of 20 µg/kg/day, the Dex exposure of the 7.5 µg/kg/day 
dose was considerably reduced over the entire time period 
with 63.1 % lower maximum (dashed box) and 62.7% 
lower minimum (grey box) Dex concentrations at steady 
state (Fig. 4B: 10th percentile concentration-time profiles).

Sensitivity analysis

To test the sensitivity of our results to the assumed value of 
the foetal-to-maternal Dex plasma concentration ratio of 
0.45 reported in the literature (40), the ratio was decreased 
to 0.3 and 0.25; For these decreased Dex transplacental 
transfer values, when 9 or 10 µg/kg/day was administered 
as a reduced dose respectively, for 90% of patients (10th 

percentile) the Dex concentration-time profiles entirely 
exceeded the two maternal threshold Dex concentrations 
(Supplementary Fig. 4). With reduced doses of 5 or 6 µg/kg/
day, and with both lower ratios and Dex being 50 times as 
potent as cortisol, the minimum concentrations of the 10th 
percentile (90% of patients) Dex profiles were not exceeding 
the upper maternal target threshold. Thus, these doses 
were considered too low for successful suppression of the 
foetal HPA axis (Fig. 5). After administration of 7.5 µg/kg/
day with a ratio of 0.3, the 10th percentile Dex profiles were 
exceeding the upper maternal target threshold entirely. 
However, with a ratio of 0.25, the minimum concentrations 
of the 10th percentile Dex profiles were slightly below the 
upper maternal target threshold (Fig. 5C). Taking into 
account that in this ‘worst-case-scenario’ only 0.47% or 
1.47% (with Dex being 80 or 50 times as potent as cortisol) 
of the total simulated Dex concentrations were below the 
target thresholds at steady state, we nevertheless selected 
7.5 µg/kg/day as the lowest maternal dosage resulting in 
sufficient HPA axis suppression in the foetus.

Discussion

This study presents a scientific rationale for Dex dosing 
in prenatal CAH therapy. We successfully developed 
a pharmacokinetic NLME modelling and simulation 
framework in order to investigate different reduced Dex 
dosing regimens for prenatal therapy in CAH. Using 
simulations and sensitivity analysis, a suggested dose of 7.5 
µg/kg/day was determined, which represents about a third 
of the traditional dose and judged as effective according to 
the identified target threshold for successful suppression 
of foetal HPA axis and thus prevention of foetal female 
virilisation.

The chosen PK database for the PK model development 
well-matched with the target population. As opposed 
to typical healthy volunteers, the majority (63%) of the 
subjects enrolled in the clinical study were female. The 
body weight range (60–90 kg) well-matched the expected 
weight of women in their early pregnancy and could be 
incorporated as a covariate on clearance and volume of 
distribution parameters. Moreover, with a median age of 32 
(interquartile range: 27–46), the subjects had a well-matched 
age for representing pregnant women. The administered 
Dex dose of 2 mg in the model development dataset is 
approximately four times higher than the traditional dose 
in prenatal CAH therapy for a pregnant patient weighing 70 
kg. Cummings et al. (41) observed a linear binding within 
a Dex concentration range of around 0.02–2 µg/L which is 

Figure 4
Dexamethasone (Dex) concentration–time profiles after 
administration of (A) 7.5 µg/kg/day as reduced dose for light 
(50–72 kg, dashed lines) and heavy (73–95 kg, solid lines) body 
weight groups (n = 62 patients per group with n  = 1000 
simulations each) with 10th percentile (black lines), median 
(dark grey lines) and 90th percentile (light grey lines), (B) 7.5 µg/
kg/day as reduced dose (black solid line of A) and traditional 
dose (20 µg/kg/day, grey line) of 10 percentiles and light body 
weight group only. Dashed horizontal lines: Dex threshold 
concentration if Dex is 50- (upper line) or 80-fold (lower line) 
more potent than cortisol, light grey filled boxes: minimum 
Dex concentration at steady state, dashed non-filled box: 
maximum Dex concentration at steady state. Arrows: Dex 
dose administrations before (dashed arrows) and after (solid 
line arrows) steady state.
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corresponding to the Dex concentrations in our analysis. 
Another publication described a nonlinear binding of Dex 
to albumin (42). However, the binding was investigated 
for substantially higher Dex concentrations up to 2 mg/L. 
Moreover, Loew et al. estimated very similar PK parameters 
after oral administration of 0.5, 0.75 and 1.5 mg Dex in 
healthy females (43), which are well in line with the doses 
investigated in our simulations. Given these findings, the 
PK of Dex was assumed to be linear within the range of the 
simulated doses and the dose administered in the retrieved 
clinical study.

One limitation of the database is the absence of 
pregnant individuals. In near-term pregnant women, 
Tsuei et  al. stated that the Dex clearance is higher than 
in non-pregnant women whereas pregnancy did not 
affect the terminal half-life or plasma protein binding of 
Dex (40). Similar findings were described by Ke et al. in a 
physiologically based pharmacokinetic model (PBPK) for 
Dex in late pregnancy (44). Since sexual differentiation 
takes place at 7 to 12 weeks post conception (38), efficacy 
of the prenatal Dex administration is most important in 
this time period. Dex PK in early stage of pregnancy has not 
been characterised in a PK model yet as, in general, only few 
PK models exist for the first trimester of pregnancy (45). In 
pregnancy PBPK models, organ volumes are assumed to 
steadily increase with relatively little changes within the 
first trimester (46). It was, therefore, assumed that in this 
early period of pregnancy, being the sensitive phase of 
genital development, changes of Dex PK were negligible for 

the analysis. Most important, from the retrieved clinical 
study, all relevant individual-level data were available.

The resulting parameter estimates from the final 
structural PK model were well in line with the knowledge 
on the PK of the well-studied drug Dex. The estimated 
typical clearance of 40.4 L/h was in accordance with the 
area under the curve (AUC) which was calculated in the 
publication presenting the PK model database (geometric 
mean of 48.1 ng/mL/h, corresponding to clearance of 41.6 
L/h) (35). Moreover, the literature reports high variability in 
the PK of Dex (43) similar to the estimated interindividual 
variability parameters, as well as Dex PK models with a two-
compartment structure and rapid first-order absorption 
(47, 48). In addition, the PK model adequately predicted 
the measured Dex concentrations (Supplementary Figs 
1 and 2). The developed PK model was, therefore, judged 
well suitable for application in the subsequent stochastic 
simulations. These simulations showed that all reduced 
doses were effective according to the determined maternal 
Dex thresholds and underlying assumptions.

As the retrieved foetal-to-maternal Dex plasma 
concentration ratio was determined in near-term pregnant 
women (40), this ratio was identified as the most critical 
assumption. Thus, a sensitivity analysis was conducted 
by altering the ratio of 0.45 to 0.3 and, as a ‘worst-case-
scenario’, to 0.25. In these investigated scenarios, 7.5 µg/kg/
day met the pre-defined criterion to be the lowest effective 
dose, with around 90% of pregnant women exceeding 
the pre-defined upper maternal Dex concentration 

Figure 5
Sensitivity analysis for foetal:maternal 
dexamethasone concentration ratio. 
Simulated 10th percentile dexamethasone 
concentration-time profiles of light (50–72 
kg) body weight group (n = 62 patients) 
after administration of reduced doses 
with 5 (A), 6 (B) and 7.5 (C) µg/kg/day, if 
foetal:maternal dexamethasone 
concentration ratio = 0.3 (top) or 0.25 
(bottom) instead of 0.45 (ratio retrieved 
from literature). Dashed horizontal lines: 
dexamethasone threshold concentration 
if dexamethasone is 50- (upper line) or 
80-fold (lower line) more potent than 
cortisol, light grey boxes: minimum 
dexamethasone concentration at steady 
state. Arrows: Dex dose administrations 
before (dashed arrows) and after (solid 
line arrows) steady state.
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threshold at a steady state. For the assumed physiological 
foetal cortisol concentration, the cortisol concentration 
which was measured in adrenal tissue of human foetuses 
8 weeks post-conception (38) was chosen as the only and, 
therefore, best information on human foetal cortisol 
concentrations during early pregnancy that could be 
found in the literature. Regarding the difference in potency 
between cortisol and Dex, the two factors of 50 and 80 (39) 
were used throughout the simulation-based evaluations, 
thereby assuming that the difference in potency between 
cortisol and Dex translates from adults and children to the 
foetus. By using both factors, the uncertainty on the target 
concentration was taken into account in the simulation 
study, as a difference in potency directly leads to required 
differences in target concentration. The recommended 
dose of 7.5 µg/kg/day corresponds to less than 1 mg/
day (for body weights up to 130 kg), which is commonly 
regarded as a threshold Dex dose for iatrogenic Cushing’s 
syndrome (49) and would thus substantially decrease the 
mother’s risk for GC-related adverse events. In conclusion, 
a considerably, that is, about three-fold reduced 
recommended Dex dose for prenatal CAH therapy was 
identified based on NLME modelling and simulation and 
thereby based on a scientific rationale. These calculations 
can be the basis of a prospective research protocol which 
has been recommended for years (1, 4, 50, 51) to investigate 
the success of prenatal Dex therapy in CAH with regard 
to the prevention of virilisation in female foetuses and to 
prospectively monitor the adverse effects for the treated 
mother and child.

Supplementary materials
This is linked to the online version of the paper at https://doi.org/10.1530/
EJE-21-0395.
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Results: Final population pharmacokinetic model structure 

For notation: see Figure 3 and Supplementary Table 1   

Initial conditions: 

𝐴𝑐,0  = 0 

𝐴𝑝,0 = 0 

State variables and outputs: 

𝐴𝑐(𝑡) = 𝐴𝑐(𝑡) 

𝐴𝑝(𝑡) = 𝐴𝑝(𝑡) 

𝐶(𝑡) =
𝐴𝑐(𝑡)

𝑉𝑐
⁄  

System of ordinary differential equations: 

𝑑𝐴𝑔𝑢𝑡
𝑑𝑡

⁄ = −𝑘𝑎 ∙ 𝐴𝑔𝑢𝑡 

𝑑𝐴𝑐
𝑑𝑡

⁄ = 𝑘𝑎 ∙ 𝐴𝑔𝑢𝑡 − 𝐶𝐿
𝑉𝑐

⁄ ∙ 𝐴𝑐 − 𝑄
𝑉𝑐

⁄ ∙ 𝐴𝑐 + 𝑄
𝑉𝑝

⁄ ∙ 𝐴𝑝 

𝑑𝐴𝑝
𝑑𝑡

⁄ = 𝑄
𝑉𝑐

⁄ ∙ 𝐴𝑐 − 𝑄
𝑉𝑝

⁄ ∙ 𝐴𝑝 

 

Estimated model parameters: 

For individual (“ind.”) parameters 

𝑘𝑎,𝑖𝑛𝑑 =  𝑘𝑎 ∙ 𝑒𝜂𝑘𝑎,𝑖𝑛𝑑       𝜂𝑘𝑎
 ~ 𝑁(0, 𝜔𝑘𝑎

) 

𝐶𝐿𝑖𝑛𝑑 =  𝐶𝐿 ∙ (𝐵𝑊
70⁄ )

expBW,  CL
∙ 𝑒𝜂𝐶𝐿,𝑖𝑛𝑑     𝜂𝐶𝐿  ~ 𝑁(0, 𝜔𝐶𝐿) 

𝑉𝑐,𝑖𝑛𝑑 =  𝑉𝑐 ∙ (𝐵𝑊
70⁄ )

expBW,  Vc
 ∙ 𝑒𝜂𝑉𝑐,𝑖𝑛𝑑     𝜂𝑉𝑐  ~ 𝑁(0, 𝜔𝑉𝑐) 

𝑄𝑖𝑛𝑑 =  𝑄 ∙ (𝐵𝑊
70⁄ )

expBW, Q
∙ 𝑒𝜂𝑄,𝑖𝑛𝑑      𝜂𝑄  ~ 𝑁(0, 𝜔𝑄) 



𝑉𝑝,𝑖𝑛𝑑 =  𝑉𝑝 ∙ (𝐵𝑊
70⁄ )

expBW,  Vp
 ∙ 𝑒𝜂𝑉𝑝,𝑖𝑛𝑑     𝜂𝑉𝑝 ~ 𝑁(0, 𝜔𝑉𝑝) 

 

PK model evaluation: 

Goodness-of-fit plots  

The PK model was evaluated with standard goodness-of-fit (GOF) plots indicating that the PK model 

structure captured the measured Dex concentrations well (Supplementary Figure 1). Figure S1A 

contained the population-predicted Dex concentrations and revealed the suitability of the structural PK 

model on the population level, whereas Figure S1B took the interindividual variabilities into account. 

As the model-predicted and the measured concentrations were close to the line of identity and randomly 

distributed on both sides of the line, the PK model well predicted the measured Dex concentrations of 

each individual. In Figure S1C and S1D the conditional weighted residuals (CWRES) were depicted 

over the Dex concentration range and over time, respectively. In these plots the good model fit was 

indicated by a symmetric distribution of points around CWRES=0. 

 

Visual predictive check  

From the 1000 stochastic simulations performed with the PK model, the 5th, 50th, and 95th percentiles of 

the simulated Dex concentrations, as well as the 95% confidence intervals around the percentiles, were 

graphically compared with the measured Dex concentrations and corresponding measured percentiles 

in a visual predictive check (VPC, Supplementary Figure 2). The VPC revealed an adequate 

representation of the measured Dex data by the PK model and its predictive performance. 

  



Supplementary Tables and Figures 

Supplementary Table 1. Pharmacokinetic parameter estimates of developed dexamethasone model. 

Parameter Estimate (RSE, %)# 

Structural model  
F [-] 
ka [h

-1
] 

1* 
2.95 (20.6) 

tlag [h] 
Vc [L] 

0.20 (4.10) 
148 (8.70) 

expBW,  Vc  [-] 
Q [L/h] 

1* 
75.5 (26.6) 

expBW, Q [-] 
Vp [L] 
expBW,  Vp  [-] 
CL [L/h] 
expBW, CL [-] 

0.75* 
88.9 (15.9) 

1* 
40.4 (6.80) 

0.75* 
Interindividual variability   
ωka, %CV 110 (19.6) 
ωVc, %CV 37.4 (14.2) 
ωQ, %CV 129 (17.5) 
ωVp, %CV 29.9 (61.3) 
ωCL, %CV 33.6 (15.3) 
Residual variability  

σprop, %CV 14.6 (9.1) 

Bioavailability (F), absorption rate constant (ka), absorption lag time (tlag), central volume of distribution 

(Vc), body weight (BW), allometric scaling exponent for body weight (expBW), intercompartmental 

clearance (Q), peripheral volume of distribution (Vp), clearance (CL), interindividual (ω) and residual 

(σ) variability (proportional residual variability), *: fixed parameters. 
#Relative standard error (RSE, %): Standard error (SE) divided by the final parameter estimate times 

100. SEs of the model parameters were derived by taking the square root of the diagonal elements of the 

variance-covariance matrix of the estimates. 

 



 

Supplementary Figure 1. Goodness-of-fit plots of the developed dexamethasone (Dex) 

pharmacokinetic model. A: Population-predicted Dex concentrations versus measured Dex 

concentrations, B: Individual Dex predictions versus measured Dex concentrations, C: Conditional 

weighted residuals (CWRES) versus population-predicted Dex concentrations, D: Conditional weighted 

residuals versus time. Solid line: Line of identity (A and B), CWRES=0 (C and D). 

 

Supplementary Figure 2. Visual predictive check (n=1000 simulations) for the dexamethasone (Dex) 

pharmacokinetic model. Lines: the 5th (upper dashed), 50th (solid) and 95th (lower dashed) percentiles of 

measured (black) and simulated (grey) Dex concentrations; grey shaded areas: 95% confidence interval 

around the simulated percentiles. Circles: Measured Dex concentrations. Horizontal line: Lower limit 

of quantification. 



 

Supplementary Figure 3. Dexamethasone (Dex) concentration–time profiles after administration of 

reduced doses with 5 (A), 6 (B), 9 (C) and 10 (D) µg/kg/d for light (n=62, 50-72 kg) body weight group 

with n=1000 simulations. 10th percentiles (black lines), medians (dark grey lines) and 90th percentiles 

(light grey lines). Dashed horizontal lines: Dex threshold concentration if Dex is 50- (upper line) or 80-

fold (lower line) more potent than cortisol, light grey boxes: Minimum Dex concentration at steady state. 

Arrows: Dex dose administrations before (dashed arrows) and after (solid line arrows) steady state. 



 

Supplementary Figure 4. Sensitivity analysis for foetal:maternal dexamethasone concentration ratio. 

Simulated 10th percentile dexamethasone (Dex) profiles of light (n=62, 50-72 kg) body weight group 

after administration of reduced doses with 9 (A) and 10 (B) µg/kg/d, if foetal:maternal Dex concentration 

ratio was 0.3 (top) or 0.25 (bottom) instead of 0.45. Dashed horizontal lines: Dex threshold concentration 

if Dex is 50- (upper line) or 80-fold (lower line) more potent than cortisol, light grey boxes: Minimum 

Dex concentration at steady state. Arrows: Dex dose administrations before (dashed arrows) and after 

(solid line arrows) steady state. 
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4 Results and discussion 

Pharmacometric analyses are a powerful tool to close knowledge gaps on drug PK and PD and therefore 

have a great potential to deepen the understanding on CAH therapeutics and to optimise CAH drug 

therapy with HC and Dex as well as the challenging CAH treatment monitoring in the most vulnerable 

patient populations. Throughout the work presented in this thesis, NLME modelling was applied to 

provide new quantitative insights into (1) DBS concentrations as a promising alternative for CAH 

monitoring in children, (3) a possible paediatric target morning 17-OHP concentration range in DBS 

and (2) a Dex dose suggestion for prenatal CAH therapy based on a scientific rationale. 

 

4.1 Relationship between plasma and dried blood spot cortisol 

concentrations (Paper I) 

In the project of Paper I, a quantitative link between plasma and DBS cortisol concentrations was 

successfully established by capitalising on DBS cortisol data to extend a published semi-mechanistic 

plasma cortisol PK model. The association of cortisol with RBCs was characterised in addition to CBG 

and albumin binding. The cortisol binding behaviour described in whole blood by the developed HC 

PK model was then further explored in simulations. 

Graphical exploration of plasma versus DBS cortisol concentrations 

In total, 19/106 (17.9%, LLOQ =14.1 nmol/L) of the plasma concentrations and 0.94% (n = 1 of 106, 

LLOQ =1.8 nmol/L) of the DBS concentrations from the paediatric CAH patients were below the 

LLOQ. All adult total cortisol plasma concentrations were above the LLOQ. The majority of paediatric 

plasma observations below LLOQ were pre-dose concentrations (13/18 in total, 6/6 in neonates, 3/6 in 

infants) which was expected as the circadian rhythm of cortisol becomes evident after an age of 2-3 

months [134]. Therefore, and since only 6 out of 82 post-dose concentrations were below LLOQ (7.3%), 

all BLQ observations were discarded according to the M1 method (see 2.2.4) [15]. Thus, 87 paediatric 

plasma samples and 105 paediatric DBS samples remained for analysis. 

The graphical analysis of the paediatric cortisol data revealed that plasma cortisol concentrations were 

considerably higher than DBS cortisol concentrations with highly variable ratios, ranging from 

approximately 2 to 8 (Figure 4.1 A). The relationship between total cortisol concentrations in plasma 

and DBS was nonlinear, as the plasma/DBS cortisol concentration ratio decreased with higher cortisol 

concentrations (Figure 4.1 B): Within DBS cortisol concentrations from 0 to 200 nmol/L (n = 83, Figure 

4.1 A), the plasma/DBS cortisol concentration ratio ranges widely from 1.62 up to 8.01 (median 5.17) 

whereas with higher concentrations (n = 4), which were only observed in the neonatal age group, the 
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concentration ratio decreased to values of 1.88–3.51 (median: 2.41). Especially due to the limited 

number of observations in the higher concentration range, these ratios should be confirmed with a richer 

dataset, before they can be considered for interpreting DBS cortisol concentrations during clinical 

monitoring in paediatric adrenal insufficiency patients. 

 

Figure 4.1 (A) Boxplot of plasma to dried blood spot (DBS) cortisol concentration ratio versus cortisol 

DBS concentration ranges of 0-200 nmol/L (n=83) and 200-800 nmol/L (n=4). (B) Total cortisol 

concentration in plasma versus total cortisol concentration in DBS. Red: young children, green: infants, 

blue: neonates.  

Cortisol PK model development 

By leveraging cortisol concentrations from adult plasma data (n=1482) and paediatric plasma and DBS 

data (n=106 each) a quantitative link between paediatric total plasma cortisol concentrations and 

paediatric total DBS cortisol concentrations was successfully established. This was achieved by 

extending a published NLME cortisol PK model [98], which was based on plasma cortisol data from 

healthy adults (cortisol biosynthesis suppressed by Dex) and paediatric CAH patients, with DBS 

concentrations from paediatric patients. As indicated in the model scheme in blue (Figure 4.2), the 

published cortisol PK model (black) [98] was extended by an additional compartment describing 

cortisol bound to RBCs with a linear first-order rate constant (kaRBC) describing cortisol association with 

RBCs, as well as with a corresponding estimated apparent volume (Vdelta) and a paediatric DBS cortisol 

baseline (BASEchild, DBS).  
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Figure 4.2 Schematic representation of developed cortisol PK model including adult plasma data and 

paediatric plasma and dried blood spot (DBS) data, blue: new DBS-related 

compartments/parameters/data.  

Bioavailability (F), amount in depot compartment (Adepot), maximum absorption rate (Vmax), amount in 

depot compartment resulting in half of Vmax (Km), amount bound (Ab), amount bound to albumin 

(Ab:Alb), amount associated with red blood cells (Ab:RBC), unbound amount (Au), amount bound to 

corticosteroid-binding globulin (Ab:CBG), linear non-specific parameter for albumin binding (NSAlb) 

and linear association constant for association with red blood cells (kaRBC), maximum binding capacity 

(Bmax), equilibrium dissociation constant (kd), clearance (CL), intercompartmental clearance (Q), central 

volume of distribution (Vc), peripheral volume of distribution (Vp), cortisol plasma baseline of 

dexamethasone-suppressed healthy adults (BASEadult, pla), cortisol plasma baseline of children 

(BASEchild, pla), cortisol DBS baseline of children (BASEchild, DBS), cortisol associated with red blood cells 

at baseline in children (BASEchild, RBC). The dashed line divides the central compartment into the 

subcompartments of bound and unbound cortisol amount (Ab and Au), respectively.  

 

Equations 4.1-4.3 show how the three different kinds of observations in the dataset (paediatric plasma 

cortisol, paediatric DBS cortisol and adult plasma cortisol concentrations) were determined by the PK 

model. 

𝐶𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑 =
𝐴𝑝𝑙𝑎

𝑉𝑐
⁄      (Eq. 4.1) 

𝐶𝐷𝐵𝑆,𝑐ℎ𝑖𝑙𝑑 =
(𝐴𝑝𝑙𝑎 + 𝐴𝑏: 𝑅𝐵𝐶 + 𝐵𝐴𝑆𝐸𝑐ℎ𝑖𝑙𝑑,𝑅𝐵𝐶)

(𝑉𝑐 + 𝑉𝑑𝑒𝑙𝑡𝑎)
⁄   (Eq. 4.2) 

𝐶𝑝𝑙𝑎,𝑎𝑑𝑢𝑙𝑡 =
(𝐴𝑝𝑙𝑎  + 𝐵𝐴𝑆𝐸𝑎𝑑𝑢𝑙𝑡,𝑝𝑙𝑎)

𝑉𝑐
⁄     (Eq. 4.3) 
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The paediatric plasma cortisol concentration (𝐶𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑) was defined as the total amount of cortisol in 

plasma (𝐴𝑝𝑙𝑎) divided by the central volume of distribution (𝑉𝑐) (Eq. 4.1). The paediatric DBS cortisol 

concentration was the sum of 𝐴𝑝𝑙𝑎, the amount of cortisol associated with RBCs (𝐴𝑏: 𝑅𝐵𝐶) and the 

amount of cortisol associated with RBCs at baseline (𝐵𝐴𝑆𝐸𝑐ℎ𝑖𝑙𝑑,𝑅𝐵𝐶), divided by the whole blood 

volume which was the sum of 𝑉𝑐 and the volume of the RBC compartment (𝑉𝑑𝑒𝑙𝑡𝑎) (Eq. 4.2). 

𝐵𝐴𝑆𝐸𝑐ℎ𝑖𝑙𝑑,𝑅𝐵𝐶  was thereby defined as the difference between the two parameter values of the paediatric 

plasma and DBS baselines (BASEchild,pla and BASEchild,DBS). These two baselines were modelled 

according to the B2 method by using the baseline observations or were estimated (B1 method) if no 

observation was available (see 2.2.5). The central plasma compartment in paediatrics was initialised 

with the concentration value of BASEchild,pla, whereas the adult plasma baseline concentration was 

estimated as a constant value and was added to the adult cortisol amount (Eq. 4.3). Since the PK 

parameters were estimated using log-transformed data, the RUV was estimated by an additive model 

on a logarithmic scale, which approximated a proportional RUV model on a linear scale. GOF plots and 

VPCs indicated a good fit of the PK model to both the paediatric and adult data (Figures 4.3 and 4.4). 

 

Figure 4.3 Goodness-of-fit plots of the developed cortisol pharmacokinetic model including adult 

plasma data and paediatric plasma and dried blood spot data. 
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(A) Population-predicted cortisol concentrations versus observed cortisol concentrations, (B) Individual 

cortisol predictions versus observed cortisol concentrations, (C) Conditional weighted residuals versus 

population-predicted cortisol concentrations, (D) Conditional weighted residuals versus time. Red: 

young children, green: infants, blue: neonates, grey: adult observations, filled circles: plasma 

concentrations, diamonds: dried blood spot concentrations, red line: line of identity (A, B), line y=0 (C, 

D). 

 

Figure 4.4 Visual predictive check (n=1000 simulations) for developed cortisol pharmacokinetic model 

including adult plasma data and paediatric plasma and dried blood spot (DBS) data. 

Adult total cortisol plasma concentrations (A), paediatric total cortisol plasma concentrations (B), 

paediatric total cortisol DBS concentrations (C). Circles: cortisol observations, black/grey solid line: 

50th percentile of observed/simulated concentrations, black/grey dashed lines: 10th and 90th percentiles 

of observed/simulated concentrations, grey shaded areas: 95 % confidence intervals for the percentiles 

of the simulated data. 

 

The higher cortisol concentrations, which were leading to relatively higher cortisol DBS concentrations 

compared to cortisol concentrations in plasma, were for the most part observed in neonates. Therefore, 

‘age group’, i.e., ‘children/infants’ and ‘neonates’, was evaluated as a dichotomous categorical 

covariate on Vdelta. The age group explained more than two-thirds (69.1%) of the Vdelta IIV (before: 

196% CV, after: 60.6% CV). Moreover, age was tested as a continuous covariate on Vdelta, with 

exponential and fractional changes from the median age (see 2.2.2), but explained only 20 and 27% of 

the Vdelta IIV, respectively. The inclusion of the paediatric cortisol DBS data changed the plasma-related 

parameter estimates only minimally, compared to the estimates from the previous model, whereas the 

additional DBS-related parameter estimates were plausible. The estimated typical Vdelta for 

children/infants was 11.1 L compared to 1.05 L in neonates, corresponding to 0.82 L/kg and 0.29 L/kg 

for children + infants and for neonates, respectively, and was thereby, as an apparent volume of 

distribution, accounting for the lower plasma/DBS concentration ratio observed in neonates (see Table 

4.1). It was however assumed that these differences in plasma/DBS concentration ratios were observed 

due to the cortisol concentration, not due to an age effect. The high cortisol concentrations observed in 

neonates were the result of a relatively higher HC dose which was given to avoid underexposure in this 

highly vulnerable cohort.  
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Table 4.1. Parameter estimates with sampling importance resampling (SIR) median and 95% 

confidence intervals (CI) of developed cortisol pharmacokinetic (PK) model including adult plasma 

data and paediatric plasma and dried blood spot (DBS) data. 

Parameter SIR median [95% CI] 

Structural model   

CL [L/h] 400 [289-549] 

Vc [L] 10.6 [7.99-14.0] 

Q [L/h] 160 [90.4-268] 

Vp [L] 124 [80.7-178] 

Km [nmol] 4810* 

Vmax [nmol/h] 21388 [13888-31463] 

F [-] 1* 

kd  [nM] 9.71* 

NSAlb [-] 4.15* 

kaRBC [-] 6.62 [1.95-13.4] 

Vdelta, children+infants [L] 11.1 [7.05-18.8] 

Vdelta, neonates [L] 1.05 [0.50-1.80] 

BASEadult, pla [nM] 15.2 [11.1-20.7] 

BASEchild, pla [nM] 9.41 [3.32-16.7] 

BASEchild, DBS [nM] 4.22 [1.10-7.60] 

  

Interindividual variability  

  

ωCL, %CV 25.8 [14.9-35.8] 

ωKm, %CV 55.7 [31.1-75.5] 

ωVmax, %CV 46.5 [30.1-65.5] 

ωF, %CV 36.1 [20.4-49.4] 

ωVdelta, %CV 43.4 [27.5-62.2] 

ωBASEadult,pla, %CV 35.3 [23.5-47.4] 

ωBASEchild ,pla and DBS, %CV 131.1* 

  

Residual variability 

  

σexp [CV%] 14.4 [13.2-16.0] 

Clearance (CL), central volume of distribution (Vc), intercompartmental clearance (Q), peripheral 

volume of distribution (Vp), amount in depot compartment resulting in half of Vmax (Km), maximum 

absorption rate (Vmax), bioavailability (F), equilibrium dissociation constant (kd), linear non-specific 

binding parameter for albumin and association to red blood cells (NSAlb and kaRBC), apparent volume of 

red blood cell compartment (Vdelta), plasma cortisol baseline in children (BASEchild, pla), dried blood spot 

cortisol baseline in children (BASEchild, DBS), cortisol bound to red blood cells at baseline in children 

(BASEchild, RBC). For BASEchild, pla and BASEchild, DBS a common interindividual variability was fixed, 

interindividual (ω) and residual (σ) variability (additive model on a logarithmic scale), *fixed 

parameter. 
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More data is required to investigate whether there is an actual age impact on the highly variable 

plasma/DBS concentration ratio. A possible age effect could be e.g., due to CBG maturation during the 

first year of life [64] or due to haematocrit which is known to be higher in neonates, compared to older 

children and adults [135,136]. In general, the PK model should be re-evaluated with more profound 

paediatric plasma and DBS cortisol data to confirm the conclusions made in this analysis, since the used 

paediatric cortisol data was sparse, and the estimation was therefore also based on rich adult data.  

Since the association of cortisol with RBCs has been described as a linear process [54], kaRBC was 

defined and estimated as a linear association constant and allowed to quantitatively characterise cortisol 

association with RBCs, in addition to cortisol binding to CBG, and to albumin. The linear association 

described in literature referred to adults only. However, due to the general abundance of RBCs, a 

saturation of this process should not be expected and thus these findings were assumed to also apply to 

children. As the underlying mechanism of cortisol association with RBCs is still not fully elucidated 

(e.g., adsorption or uptake), it should be further investigated qualitatively and quantitatively in in vitro 

studies. The linear binding/association parameters of cortisol to albumin (NSAlb) and RBCs (kaRBC) 

resulted in 4.15 and 6.62, respectively. The predominant binding partner was, as expected, CBG, with 

a fixed kd of 9.71 nmol/L. For a better comparison of these binding parameters, the fractions of cortisol 

bound to CBG, to albumin, and associated with RBCs were simulated.  

Simulations of cortisol binding in full blood 

The deterministically simulated whole blood cortisol concentrations of children/infants (Figure 4.5 A) 

and of neonates (Figure 4.5 B) were based on the estimated Vdelta of the respective age group. Giving 

the same HC dose to both age groups mimicked the relatively higher exposure in neonates during the 

Alkindi® trial and thus the higher cortisol concentrations observed in neonates. The cortisol fraction 

(%) bound to CBG substantially decreased with increasing total cortisol concentrations (from 90 to 22% 

in neonates and from 90% to 45% in children/infants) due to the saturation of the binding process. 

Consequently, due to the saturation of the CBG binding and thus higher availability of unbound cortisol 

molecules, the fraction unbound, the fraction bound to albumin and the fraction associated with RBCs 

increased substantially. At the highest simulated whole blood cortisol concentrations, 45% more cortisol 

was associated with RBCs in neonates (12% at 820 nmol/L Cmax) compared to children/infants (8.3% 

at 180 nmol/L Cmax). These simulation results therefore supported the results from the exploratory 

analysis which showed a decreasing plasma/DBS cortisol ratio, i.e., relatively higher DBS cortisol 

concentrations, with increasing plasma cortisol concentrations and could partly explain the high 

difference in the plasma/DBS concentration ratio observed for the two age groups.  
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Figure 4.5 Simulated cortisol concentration fractions (%) as unbound (pale blue), with non-specific 

linear binding to albumin (light blue), non-specific linear binding to red blood cells (middle blue) or 

specific nonlinear binding (dark blue) to corticosteroid binding globulin, over total whole blood (dried 

blood spot) concentration (1.8 nmol/L=LLOQ to Cmax) in infants and children (A) and neonates (B). 

This project represented a first step to quantitatively link plasma and DBS cortisol concentrations 

measured in paediatric CAH patients. In future, after re-evaluation of this analysis with a richer 

paediatric dataset, a simulation-based regression equation could be established to enable a conversion 

of measured DBS cortisol concentrations into the more conventionally known plasma cortisol 

concentrations. Such an equation would open the opportunity for a routine use and interpretation of 

DBS measurements obtained during CAH monitoring in the vulnerable paediatric patient population. 

Furthermore, the applicability of the PK model to children older than 6 years can be assessed in future 

with corresponding available data. Moreover, the DBS data used in this analysis comprised venous 

whole blood concentrations, whereas in clinical practice either capillary or venous whole blood is 

obtained for DBS sampling. The comparability of capillary and venous cortisol and 17-OHP 

concentrations was addressed in Paper II (see 2.4 and 4.2).  
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4.2 Target morning dried blood spot 17α-hydroxyprogesterone 

concentrations for paediatric congenital adrenal hyperplasia patients 

(Paper II) 

To derive a target morning DBS concentration range for the clinically important biomarker 17-OHP, 

the challenge of limited available data was met by leveraging different sources of cortisol (PK) 

concentrations and 17-OHP (PD) concentrations in a modelling and simulation analysis framework. A 

PK/PD model, linking plasma cortisol concentrations and venous DBS 17-OHP concentrations, was 

successfully developed, and applied in simulations using plasma cortisol data of non-CAH children. 

Moreover, to determine the clinical applicability of the derived target range, a Bland-Altman and 

Passing-Bablok regression analysis were conducted to investigate the comparability of venous and 

capillary 17-OHP concentrations since both venous and capillary DBS samples are usually obtained in 

clinical practice.  

Exploratory graphical analysis and PK/PD model development 

The observed concentration-time profiles of DBS 17-OHP resembled a u-shape indicating an initial 

decrease of 17-OHP (Figure 4.6 A). The decrease was likely due to the HC treatment-mediated 

inhibition of 17-OHP synthesis followed by a subsequent increase of 17-OHP due to cortisol clearance. 

This tendency was also visible for DBS 17-OHP versus plasma cortisol concentrations where 17-OHP 

concentrations decreased with increasing cortisol concentrations (Figure 4.6 B). Since plasma cortisol 

profiles from healthy children aged between 5 and 9 were applied in the later simulations, the young 

children cohort from the Alkindi® study (see 2.1.3), i.e., children of a similar age range (≥2-6 years), 

were used for the PK/PD model development. Moreover, infant data (≥28 days-2 years) from the same 

study was included in the model analysis, as the DBS 17-OHP concentrations, including the 

concentrations at baseline, were in comparable ranges for young children and infants.  
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Figure 4.6 17α-hydroxyprogesterone (17-OHP) concentrations measured in venous dried blood spots 

(DBS) over time after first (baseline) observation, semi-log scale (A) and versus plasma cortisol 

concentration, log scales (B), in paediatric CAH patients receiving hydrocortisone (HC) single morning 

dose. Red: young children, blue: infants, dashed line: lower limit of quantification = 1.3 nmol/L, grey 

box: highest plasma cortisol concentrations directly after HC administration. 

Based on the well-known mechanism of cortisol inhibiting 17-OHP biosynthesis via the suppression of 

the HPA-axis by a negative feedback mechanism [12-14] and on the findings from the exploratory 

graphical analysis, a so-called indirect PK/PD response model was developed.  

The PK/PD model development was sequential [125,126], i.e., the individual PK parameter estimates 

of the paediatric subpopulation in the PK model presented in Paper I were directly incorporated into 

the modelling dataset. This approach resulted in only the PD parameters being estimated and thus 

overcoming the difficulty of building an overparameterised and unstable model. In Figure 4.7, the full 

PK/PD model scheme is shown with all PK parameters, of which the individual estimates were 

incorporated into the modelling dataset, highlighted in orange. Besides modelling young children and 

infant data combined, also the development of a PK/PD model based on young children only was tested. 

No significant differences were found in the estimated model parameters, their imprecisions and in the 

derived morning target DBS 17-OHP concentrations.  
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Figure 4.7 Schematic representation of developed pharmacokinetic/pharmacodynamic (PK/PD) model. 

PK parameters of which the paediatric individual estimates from the previous PK model (Paper I) were 

used as part of the dataset are marked in orange. 

Pharmacokinetics: Bioavailability (F), amount in depot compartment (Adepot), maximum absorption rate 

(Vmax), amount in depot compartment resulting in half of Vmax (Km), amount bound (Ab), amount bound 

to albumin (Ab:Alb), amount associated with red blood cells (Ab:RBC), unbound amount (Au), amount 

bound to corticosteroid-binding globulin (Ab:CBG), linear non-specific parameter for albumin binding 

(NSAlb) and linear association constant for association with red blood cells (kaRBC), maximum binding 

capacity (Bmax), equilibrium dissociation constant (kd), clearance (CL), intercompartmental clearance 

(Q), central volume of distribution (Vcen), peripheral volume of distribution (Vper), cortisol plasma 

baseline of children (BASEchild, pla). The dashed line divides the central compartment into the Ab and Au 

subcompartments, respectively.  

Pharmacodynamics: 17α-hydroxyprogesterone (17-OHP) concentration in dried blood spots (C17-OHP, 

DBS), first-order synthesis rate constant of 17-OHP (ksyn), first-order degradation rate constant of 17-

OHP (kdeg), Hill coefficient (Hill), maximum inhibitory effect (Imax), Cortisol concentration inhibiting 

50% of Imax (IC50), paediatric plasma cortisol concentration (Cpla,child). 

 

The developed PK/PD model described a cortisol-mediated inhibition of the 17-OHP synthesis, 

characterised by its synthesis rate (ksyn) (Figure 4.7). The inhibition term was described by an Imax-

model [126] (Eq. 4.4.) with the paediatric plasma cortisol concentration 𝐶𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑 driving the inhibition 

of ksyn, and with the maximum inhibitory effect 𝐼𝑚𝑎𝑥 as well as the ‘Hill’ coefficient describing the 

steepness of the inhibition curve, both fixed to 1. ksyn was defined as the product of the estimated 17-

OHP first-order degradation rate constant (kdeg) and the observed DBS 17-OHP baseline concentration 
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(𝑂𝐻𝑃𝐵𝐴𝑆𝐸 , Eq. 4.5). The 17-OHP baseline concentrations were modelled according to the B2 method, 

using the DBS 17-OHP baseline observations [120] (see 2.2.5). 

I = 1 −
𝐼𝑚𝑎𝑥 ∙ 𝐶𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑

𝐻𝑖𝑙𝑙

𝐼𝐶50
𝐻𝑖𝑙𝑙 + 𝐶𝑝𝑙𝑎,𝑐ℎ𝑖𝑙𝑑

𝐻𝑖𝑙𝑙    (Eq. 4.4) 

ksyn = 𝑂𝐻𝑃𝐵𝐴𝑆𝐸  ∙ kdeg    (Eq. 4.5) 

The cortisol concentration inhibiting 50% of the maximum inhibitory effect (𝐼𝐶50) was estimated to be 

21 nmol/L with a high estimated IIV (104%CV) which could not be explained by any available 

covariate such as body weight, CBG or albumin due to the sparse modelling data (Table 4.2). The 𝐼𝐶50 

estimate was approximately half of previously reported estimate values, e.g., 40.3 nmol/L by Al-Kofahi 

et al. [100] and 48.6 nmol/L by Melin et al. [99]. This difference was due to the 𝐼𝐶50 in this analysis 

representing plasma cortisol inhibiting the 17-OHP synthesis in a different matrix, i.e., in DBS and is 

well in line with the plasma/DBS concentration ratios observed in Paper I (see 4.1). Despite the 

sparseness of the data, as being typical for study data in young children, the model overall resulted in 

plausible PD parameter estimates with satisfactory precision. RSEs of the estimated model parameters 

were low, except for IIV on 𝐼𝐶50 (53%). The RUV was estimated by an additive model on a logarithmic 

scale. GOF plots and the VPC indicated that the venous DBS 17-OHP observations were adequately 

described by the PK/PD model (Figures 4.8 and 4.9). 

Table 4.2. Parameter estimates of developed pharmacokinetic/pharmacodynamic (PK/PD) model for 

cortisol (drug) and 17α-hydroxyprogesterone (biomarker) concentrations in young children and infants. 

Parameter 
 

Estimate (RSE, %) 
 

Structural model  

kdeg [1/h] 1.22 (7.0) 

IC50 [nmol/L] 

Imax [-] 

Hill [-] 

21.0 (27) 

1* 

1* 

  

Interindividual variability   

ωkdeg, %CV 5.0* 

ωIC50, %CV 104 (53) 

ω17-OHPBASE, %CV 131* 

  

Residual variability   

σexp [%CV] 38.1 (15) 

17-OHPBASE: 17α-hydroxyprogesterone (17-OHP) dried blood spot concentration at baseline, Hill: 

Hill coefficient, IC50: Cortisol concentration inhibiting 50% of the maximum inhibitory effect Imax, kdeg: 

first-order degradation rate constant of 17-OHP, RSE: Relative standard error, interindividual (ω) and 

residual (σ) variability (additive model on a logarithmic scale), *: fixed parameters. 
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Figure 4.8 Goodness-of-fit plots for developed pharmacokinetic/pharmacodynamic (PK/PD) model.  

A: Population-predicted dried blood spot (DBS) 17α-hydroxyprogesterone (17-OHP) concentrations 

versus observed DBS 17-OHP concentrations, B: Individual DBS 17-OHP predictions versus observed 

DBS 17-OHP concentrations, C: Conditional weighted residuals versus population-predicted DBS 17-

OHP concentrations, D: Conditional weighted residuals versus time. Red dots: young children, green 

dots: infants, red line: line of identity (A, B), line y=0 (C, D), vertical dashed line: lower limit of 

quantification (LLOQ) = 1.3 nmol/L. 
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Figure 4.9 Visual predictive check (n=1000) for developed pharmacokinetic/pharmacodynamic 

(PK/PD) model.  

A: Circles: 17α-hydroxyprogesterone (17-OHP) dried blood spot (DBS) observations, solid line: 50th 

percentile of observed (black) and simulated (grey) DBS 17-OHP concentrations, dashed lines: 10th and 

90th percentiles of observed (black) and simulated (grey) DBS 17-OHP concentrations, shaded areas: 

95 % confidence intervals for the percentiles of the simulated data. B: Black line: Observed probability 

of DBS 17-OHP concentrations below lower limit of quantification (LLOQ), grey area: 95 % 

confidence interval for simulated probability of 17-OHP concentrations below LLOQ. 

 

Deriving target morning DBS 17-OHP concentrations in simulations  

Physiological DBS 17-OHP concentrations were simulated in stochastic simulations (n=1000), to take 

the high estimated IIVs of IC50 and of the DBS 17-OHP baseline from the developed PK/PD model into 

account. Circadian cortisol concentration-time profiles from 28 healthy children (Figure 4.10) served 

as the PK input in the model dataset to simulate corresponding physiological DBS 17-OHP 

concentrations. The simulated physiological concentrations were then multiplied by the factors 3 and 5 

to obtain the corresponding target concentrations (see 2.4). Considering DBS 17-OHP concentrations 

simulated for relevant time range of 6 to 8 a.m. (corresponding to the time before the morning dose) 

this resulted in a target morning DBS 17-OHP concentration range of 2.1-8.3 nmol/L, which is shown 

in the boxplot in Figure 4.11, depicting the interquartile range of all derived and highly variable target 

morning DBS 17-OHP concentrations.  
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Figure 4.10 Individual plasma cortisol concentration-time profiles (grey) and median plasma cortisol 

concentration-time profile (blue), obtained over 24 hours from 28 non-CAH children, aged 5-9 years. 

 

Figure 4.11 Derived dried blood spot (DBS) 17α-hydroxyprogesterone (17-OHP) target morning 

concentration range (= model-predicted physiological range multiplied by 3 to 5). Interquartile range 

(grey box) and median (black line) of the derived DBS 17-OHP target morning concentrations. Red 

lines: Calculated expected target DBS 17-OHP concentration range in the morning. 

The same simulation approach can also serve as a basis to obtain DBS 17-OHP target concentrations in 

other age groups e.g., neonates or older children, when corresponding data becomes available in the 
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future, to further inform the PK/PD model accordingly. Since the current PK/PD model did not 

characterise the circadian rhythm of 17-OHP, the derived target DBS 17-OHP target only apply to the 

morning hours, before the next HC administration. To identify circadian target profiles for 17-OHP in 

DBS, the PK/PD model can be expanded, e.g., with the impact of ACTH on the circadian rhythm of 17-

OHP in future. Thus, this target morning range derived in this analysis has the potential to develop 

further and to provide guidance for monitoring young children suffering from CAH in the future. As 

the PK/PD model described it, there is a time lag between the HC administration and its effect on the 

decrease of 17-OHP. Therefore, the choice of the right sampling time point during CAH therapy 

monitoring is important for adequately interpreting the measured concentrations and could be assessed 

by pharmacometric approaches in the future. Furthermore, the haematocrit influences the spreading of 

the sampled blood on the DBS filter paper [75,76,135] and is therefore valuable future information as 

an important factor to take into account when quantifying DBS concentrations. 

Plausibility check of the derived target morning DBS 17-OHP concentration range 

To get an understanding of the DBS 17-OHP target morning range to be expected, the known (adult) 

17-OHP target morning concentration range in plasma (12-36 nmol/L) [2] was divided by the median 

plasma/DBS 17-OHP morning concentration ratio of 9.29 which was observed in the young children 

and infants (n=18). Since the underlying plasma and DBS 17-OHP data was limited and the plasma 17-

OHP target range referred to adults, this expected target range represented a simple calculation to 

evaluate the appropriateness of the simulation-derived results.  The derived target morning DBS 17-

OHP range (2.1-8.3 nmol/L) was in the same order of magnitude as the approximately expected range 

(1.3-3.9 nmol/L), indicated by the red horizontal lines (Figure 4.11), and was therefore judged as 

plausible. 

Investigating the agreement between capillary and venous DBS measurements 

The Bland-Altman analysis (Figure 4.12, panels A+B) did not reveal any significant bias between 

capillary and venous DBS concentrations (mean difference cortisol: +3.13%, 17-OHP: +3.73%). All 

data points, except one for cortisol and 17-OHP each, lay within the agreement range of the mean 

difference ± 1.96*SD. In the Passing-Bablok regression the lines of identity lay within the CIs of the 

regression lines for both analytes (Figure 4.12, panels C+D), showing an agreement between the venous 

and capillary DBS concentrations as well. The slopes of both regression lines were sufficiently close to 

1 (1 for cortisol and 0.7 for 17-OHP) and the y-intercept for cortisol was close to 0 (0.8 for cortisol and 

1.7 for 17-OHP), further indicating a high comparability between capillary and venous DBS 

concentrations. 
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Figure 4.12 Comparison between capillary and venous cortisol (A+C) and 17α-hydroxyprogesterone 

(17-OHP, A+D) dried blood spot (DBS) concentrations, obtained from 15 paediatric congenital adrenal 

hyperplasia (CAH) patients.  

A+B: Bland-Altman analysis. Capillary-venous/mean of difference [%] versus mean of capillary and 

venous DBS cortisol and 17-OHP concentrations. Red line: Mean difference [%], black lines: Mean 

difference – 1.96*SD (standard deviation) and mean difference + 1.96*SD [%]. 

C+D: Passing-Bablok regression. Red line: Line of identity, blue line: Regression line, grey area: 95 % 

confidence interval for regression line. 

The findings of both the Bland-Altman and the Passing-Bablok regression analysis showed that 

capillary and venous DBS concentrations were indeed comparable for cortisol as well as for 17-OHP. 

These results not only confirmed the applicability of the derived target morning DBS 17-OHP 

concentration range for either capillary or venous DBS sampling. They also confirmed the applicability 

of the modelling and simulation results in Paper I, which were based on venous DBS data as well, for 

both kind of DBS samplings. 
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4.3 Rational dexamethasone dose in prenatal congenital adrenal 

hyperplasia therapy (Paper III) 

In the modelling and simulation analysis workflow described in Paper III, a rational suggestion for a 

lower Dex dose in prenatal CAH treatment was determined by simulating maternal Dex concentrations 

under different dosing regimens based on a developed Dex NLME model. This was achieved by 

leveraging published Dex PK data for modelling and simulation as well as literature data for identifying 

target Dex concentration thresholds. 

Data selection  

Due to the lack of available PK studies in prenatal CAH therapy or studies investigating DEX 

concentrations in pregnant women, data from a published bioavailability study in healthy adult 

individuals receiving Dex perorally (see 2.1.1.2) [68] was selected as the best matching modelling 

dataset (see Table 2.2 in section 2.1.1.2). 15 of 24 (63%) of the study population were female. Since 

PK studies in female healthy volunteers are an exception, the female majority in this dataset was seen 

as highly advantageous for the analysis. The subjects had a median age of 32 years which was judged 

as a matching age for the pregnant target population. The body weight range of 60 to 90 kg well-

matched the expected weight of women in their early pregnancy and was overlapping between sexes. 

Most importantly, all relevant individual-level data was available. The perorally administered Dex dose 

of 2 mg in this study was approximately four times higher than the traditional single dose used in 

prenatal CAH therapy for a pregnant 70 kg patient. Since linear binding was previously observed [66] 

within a Dex concentration range matching the 2 mg dose as well as all Dex doses to be simulated, the 

PK of Dex was assumed to be linear within the concentration range of interest.  

The main limitation of the chosen modelling dataset was the absence of pregnant individuals. Since 

sexual differentiation takes place at 7 to 12 weeks post conception [137], it is important to ensure a 

successful suppression of the foetal HPA axis during this early stage of pregnancy. In near-term 

pregnant women, higher Dex clearances were described, compared to non-pregnant women, while the 

terminal half-life or plasma protein binding of Dex was not affected [72,73]. However, only few PK 

models generally exist for the first trimester of pregnancy and the PK of Dex has not been modelled yet 

in the early stage of pregnancy [11]. In pregnancy PBPK models, organ volumes are assumed to increase 

only slightly within the first trimester [138]. Therefore, it was assumed that changes of Dex PK in the 

early stage of pregnancy were negligible for this analysis. Thus, the predefined criteria for dataset 

selection (see 2.5) were fulfilled and the data was seen as adequate for the modelling analysis of this 

project. 
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Dex PK model development 

Out of 432 Dex observations, 83 concentrations (19.2%) were below the LLOQ (=1.78 nmol/L). Since 

24 of the concentrations below LLOQ were pre-dose measurements and 22 were measured at 24 hours 

post-dose, those 83 concentrations were discarded for analysis, leaving 349 Dex observations in the 

database. Similar as in previously reported Dex PK analyses, the data was best described by a two-

compartment model including first-order absorption of Dex [69,70] with an estimated lag-time of 

12 min and a first-order elimination process corresponding to a half-life of approximately 2.5 hours (see 

Table 4.3).  

Table 4.3 Parameter estimates of developed dexamethasone PK model. 

Parameter  Estimate (RSE, %) 

Structural model 

F [-] 

ka [h-1]  

tlag [h]  

Vc [L]  

expBW, Vc [-] 

Q [L/h]  

expBW, Q [-] 

Vp [L]  

expBW, Vp [-] 

CL [L/h]  

expBW, CL [-] 

1* 

2.95 (20.6)  

0.20 (4.10)  

148 (8.70)  

1* 

75.5 (26.6)  

0.75* 

88.9 (15.9)  

1* 

40.4 (6.80)  

0.75* 

 

Interindividual variability 

ωka, %CV 

ωVc, %CV 

ωQ, %CV 

ωVp, %CV 

ωCL, %CV 

110 (19.6)  

37.4 (14.2)  

129 (17.5)  

29.9 (61.3)  

33.6 (15.3) 

 

Residual variability 

σprop, %CV 14.6 (9.1) 

Bioavailability (F), absorption rate constant (ka), absorption lag time (tlag), central volume of distribution 

(Vc), body weight (BW), allometric scaling exponent for body weight (expBW), intercompartmental 

clearance (Q), peripheral volume of distribution (Vp), clearance (CL), interindividual (ω) and residual 

(σ) variability (proportional residual variability), *: fixed parameters. 

All PK parameter estimates were plausible and corresponded to previous knowledge on the PK of Dex. 

For instance, the estimated population clearance of 40.4 L/h was in line with the area under the curve 

(AUC) which was reported for the chosen Dex PK data in the original publication (corresponding to 

clearance of 41.6 L/h) [68]. IIV was moderate to high with high variability on intercompartmental 

clearance (98.7% CV) and absorption rate constant (116% CV), similar to another published Dex PK 
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analysis [67]. RUV was implemented as a proportional model and was estimated to be low (14.6% CV). 

Body weight was identified as an influential covariate on the clearance and volume of distribution 

parameters and was implemented using theory-based allometric scaling (see 2.2.2) [5]. GOF plots and 

VPCs revealed an adequate prediction of the Dex observations by the Dex PK model and that standard 

criteria for an appropriate model were fulfilled (Figures 4.13 and 4.14). 

 

Figure 4.13 Goodness-of-fit plots of the developed dexamethasone (Dex) pharmacokinetic model. A: 

Population-predicted Dex concentrations versus measured Dex concentrations, B: Individual Dex 

predictions versus measured Dex concentrations, C: Conditional weighted residuals (CWRES) versus 

population-predicted Dex concentrations, D: Conditional weighted residuals versus time. Solid line: 

Line of identity (A and B), CWRES=0 (C and D). 
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Figure 4.14 Visual predictive check (n=1000 simulations) for the dexamethasone (Dex) 

pharmacokinetic model. Lines: the 5th (upper dashed), 50th (solid) and 95th (lower dashed) percentiles 

of measured (black) and simulated (grey) Dex concentrations; grey shaded areas: 95% confidence 

interval around the simulated percentiles. Circles: Measured Dex concentrations. Horizontal line: 

Lower limit of quantification. 

 

Identification of target Dex concentration threshold 

In order to determine a foetal target Dex concentration threshold, as a first step, literature was searched 

for physiological foetal cortisol concentrations which physiologically suppress the foetal HPA axis. In 

Goto et al. [137], a physiological foetal cortisol concentration of around 4 pmol/mg was measured in 

adrenal tissue at 8 weeks post conception, or 4 nmol/L assuming a tissue density of 1 g/cm3. Dex is 

reported to be between 50 and 80 times more potent than cortisol [139]. Thus, the corresponding foetal 

target Dex concentration was calculated to be 0.05–0.08 nmol/L. The reported ratio of 0.45 for the 

foetal:maternal Dex concentration [72] was then used to calculate the corresponding maternal target 

Dex concentration threshold to be between 0.11 and 0.18 nmol/L. Both threshold values were 

considered in the subsequent simulations. 

Simulation of Dex dosing regimens 

The traditional Dex dosing regimen with 20 μg/kg/day as well as dosing regimens with 5, 6, 7.5, 9 or 

10 μg/kg/day, divided into three single doses every 8 h, were simulated in stochastic simulations 

(n=1000), considering the moderate to high IIVs estimated in the Dex PK model. The simulated study 
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population was split into two weight groups to simulate a realistic scenario of a clinical study in which 

pharmacies would need to compound only one dose strength per study arm. A successful suppression 

of the foetal HPA axis was assumed when the 10th percentiles of the simulated maternal Dex 

concentrations were exceeding the assumed minimum maternal target Dex thresholds at all times during 

steady state.  

For all reduced doses of 5, 6, 7.5, 9 and 10 μg/kg/day the 10th percentiles of the simulated profiles were 

above the maternal Dex thresholds of 0.05–0.08 nmol/L during steady-state, as shown for e.g., 

7.5 μg/kg/day in Figure 4.15, panel A. Compared to the traditional dose of 20 μg/kg/day, the Dex 

exposure of the 7.5 μg/kg/day dose was considerably reduced with a 63.1% lower maximum (dashed 

box) and a 62.7% lower minimum (grey box) Dex concentration at steady state (Figure 4.15 B). 

 

Figure 4.15 Dexamethasone (Dex) concentration–time profiles after administration of  

A: 7.5 µg/kg/d as reduced dose for light (50-72 kg, dashed lines) and heavy (73-95 kg, solid lines) body 

weight groups (n=62 patients per group with n=1000 simulations each) with 10th percentile (black lines), 

median (dark grey lines) and 90th percentile (light grey lines)  

B: 7.5 µg/kg/d as reduced dose (black solid line of A) and traditional dose (20 µg/kg/d, grey line) of 

10th percentiles and light body weight group only.  

Dashed horizontal lines: Dex threshold concentration if Dex is 50- (upper line) or 80-fold (lower line) 

more potent than cortisol, light grey filled boxes: minimum Dex concentration at steady state, dashed 

non-filled box: maximum Dex concentration at steady state. Arrows: Dex dose administrations before 

(dashed arrows) and after (solid line arrows) steady state. 

Since for the foetal:maternal Dex concentration ratio only one value, which was determined in near-

term pregnant women, was retrieved in literature (0.45) [72], this ratio was identified as the most critical 

assumption. A sensitivity analysis was therefore conducted with decreased ratios of 0.3 and 0.25 as the 

‘worst-case-scenario’. When simulating the reduced dosing regimens of 5 and 6 μg/kg/day with both 

lower ratios, the minimum concentrations of the 10th percentiles were not exceeding the upper maternal 
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target threshold (Figure 4.16). Thus, these doses were considered too low for successful suppression of 

the foetal HPA axis.  

 

Figure 4.16 Sensitivity analysis for foetal:maternal dexamethasone (Dex) concentration ratio. 

Simulated 10th percentile Dex concentration-time profiles of light (50-72 kg) body weight group (n=62 

patients) after administration of reduced doses with 5 (A), 6 (B) and 7.5 (C) µg/kg/d, if foetal:maternal 

Dex concentration ratio = 0.3 (top) or 0.25 (bottom) instead of 0.45 (ratio retrieved from literature). 

Dashed horizontal lines: Dex threshold concentration if Dex is 50- (upper line) or 80-fold (lower line) 

more potent than cortisol, light grey boxes: Minimum Dex concentration at steady state. Arrows: Dex 

dose administrations before (dashed arrows) and after (solid line arrows) steady state. 

The dose regimen of 7.5 μg/kg/day, i.e., about a third of the traditional dose, was selected as the lowest 

maternal dosage resulting in sufficient HPA axis suppression in the foetus and was thus recommended 

as a reduced dose to decrease the risk of adverse events and simultaneously prevent foetal female 

virilisation. Moreover, this suggested dose corresponds to less than 1 mg/ day (for body weights up to 

130 kg), which is commonly regarded as a threshold Dex dose for iatrogenic Cushing’s syndrome [140], 

and is therefore expected to reduce the risk for GC-related adverse events in the mother. This rational 

dose, based on NLME modelling and simulation, should be evaluated in a prospective clinical study 

which has been recommended for years [38,141-143] to investigate the prevention of virilisation in 

female foetuses while minimising adverse effects for the treated mother and child during prenatal CAH 

therapy with Dex.
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5  Conclusions and perspectives 

Within this work, pharmacometric analyses were applied to elucidate PK and PD processes of plasma 

and DBS cortisol in paediatric CAH patients, and to re-evaluate the traditionally given Dex dose in 

prenatal CAH therapy, with the overall aim to contribute to an optimised CAH therapy for paediatric 

and foetal populations. More specifically, in Paper I, the relationship between plasma and DBS cortisol 

concentrations was quantified in a NLME PK model using paediatric CAH patient data. In Paper II, 

target morning DBS concentrations were derived for the commonly used CAH biomarker 17-OHP in 

simulations with a PK/PD model linking plasma cortisol and DBS 17-OHP concentrations obtained 

from paediatric CAH patients. Furthermore, the comparability between capillary and venous DBS 

concentrations was assessed for cortisol and 17-OHP. In Paper III, the traditional Dex dose, given in 

prenatal CAH therapy, as well as dosing regimens with reduced Dex doses were evaluated and 

compared in simulations, after developing a maternal Dex PK model and identifying minimum target 

Dex concentrations, in order to optimise foetal Dex exposure. 

The relationship between plasma and DBS cortisol concentrations (Paper I) was found to be nonlinear 

in graphical evaluations, with a decreasing plasma/DBS ratio from 1.62 to 8.01 at increasing DBS 

cortisol concentrations up to 800 nmol/L. This relationship was subsequently described in a semi-

mechanistic paediatric cortisol PK model, based on patient cortisol concentrations simultaneously 

sampled in plasma and in DBS. In addition to saturable cortisol binding to CBG and linear binding to 

albumin in plasma, the model was extended to characterise linear association of cortisol with RBCs in 

DBS. Deterministic simulations of unbound cortisol and of the cortisol binding species showed an 

increase of the cortisol fraction associated with RBCs (children/infants: from 1.9% to 8.3%; neonates: 

from 1.9% to 12%) with increasing DBS cortisol concentrations, due to the CBG binding saturation and 

subsequent higher availability of unbound cortisol. These results represent a first step towards 

understanding the relationship between plasma and DBS cortisol, which is critical for routinely applying 

DBS sampling in CAH monitoring and adequately interpreting DBS measurements. More paediatric 

plasma and DBS cortisol data is needed for future analyses to investigate whether the higher cortisol 

fraction associated with RBCs and thus lower plasma/DBS concentration ratios observed in neonates 

were due to higher cortisol concentrations or if there was an additional underlying age-effect caused by 

maturation processes, e.g., the maturation of CBG.  

The PK/PD relationship between plasma cortisol and DBS 17-OHP concentrations was successfully 

characterised in an indirect response model (Paper II) with HC, i.e., synthetic cortisol, administered to 

paediatric CAH patients, inhibiting the biosynthesis of 17-OHP. The PK/PD model as well as healthy 

paediatric cortisol data were leveraged in stochastic simulations where a concentration range of 2.1-

8.3 nmol/L was derived as target morning DBS 17-OHP concentrations in paediatric CAH patients. In 

future applications of this modelling and simulation approach, the PK/PD model can be extended by 
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characterising the circadian rhythm of cortisol and of 17-OHP under consideration of ACTH secretion, 

when the data becomes available. With such a PK/PD model, circadian target DBS 17-OHP 

concentrations can be derived to enable monitoring of 17-OHP measurements at any time during the 

day. Moreover, data and information on healthy cortisol profiles in neonates are needed to apply the 

model to derive target DBS 17-OHP concentrations in this special age group. 

Since the DBS concentration data used in Paper I and Paper II came from venous DBS sampling and 

also capillary DBS sampling is often done in clinical practice, Bland-Altman and Passing-Bablok 

regression analyses were performed to compare capillary and venous DBS cortisol and 17-OHP 

concentrations which were collected during CAH therapy monitoring in paediatric CAH patients. The 

results of both analyses lead to the conclusion that capillary and venous DBS concentrations are 

comparable for cortisol and 17-OHP and thus the derived target morning DBS 17-OHP concentration 

range is applicable for both capillary and venous DBS samples. Despite DBS sampling being a highly 

advantageous alternative for drug therapy monitoring, especially in paediatric patients, it is still not 

fully established today as sampling and measurement techniques can vary between laboratories 

[74,144,145]. Further research and establishment of standardisation is therefore needed for DBS 

sampling in future to fully exploit the potential of this sampling method.  

Another paediatrics-friendly sampling method which is used in CAH therapy monitoring besides DBS 

sampling, is the collection of saliva with mouth swabs [102,146,147]. A future characterisation of the 

circadian rhythm of cortisol and other biomarkers in saliva is crucial to understand which saliva target 

concentration profiles should be obtained when using this sampling matrix for CAH monitoring. 

Besides 17-OHP as the most commonly used biomarker, other biomarkers relevant for CAH monitoring 

are the androgens testosterone and androstenedione, progesterone, 21-deoxycortisol and cortisone (see 

Figure 1.2.B). Target concentrations for these biomarkers can be derived by using a pharmacometrics 

approach as in Paper II. Moreover, elucidating the impact of the competitive binding of cortisone with 

cortisol to, e.g., CBG on the PK of cortisol and quantitatively investigating the maturation of 11β-HSD1 

and 11β-HSD2 can help developing models for simulation and evaluation of optimised HC dosing 

regimens for neonates and young infants. Finally, one of the most critical keys to an improved HC 

dosing in CAH therapy, for patients of all age groups, will be the use of sustained-release HC 

formulations which are currently under development to better mimic the circadian concentration-time 

profiles of cortisol [15,148]. 

In Paper III, a Dex dose of 7.5 μg/kg/day, representing a third of the traditional Dex dose of 

20 μg/kg/day, was selected as a reduced rational Dex dose for prenatal CAH therapy. Maternal target 

Dex concentration ranges were identified from literature and a maternal Dex PK model was then 

developed and applied to compare simulated Dex PK profiles, following the administration of the 

traditional and of reduced Dex doses, to the identified minimum target Dex concentrations. 

Subsequently, a sensitivity analysis was performed on the foetal-to-maternal Dex concentration ratio as 
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the most critical model assumption. Based on all simulation results, this first evidence-based Dex dose 

was chosen as the dose to sufficiently suppress the foetal HPA axis and simultaneously reduce the risk 

of adverse effects for the treated mother and the foetus, such as postnatal hypertension and negative 

effects on brain development. The suggested dose needs to be evaluated in future clinical studies.  

In conclusion, this work contributed to the optimisation of CAH therapy in paediatric and foetal 

populations. Cortisol concentrations measured in DBS were compared and quantitatively linked to 

cortisol in plasma and a paediatric DBS target morning concentration range was derived for the 

biomarker 17-OHP. Additionally, for the first time, a rational reduced Dex dose was suggested for 

prenatal CAH therapy, based on modelling and simulation. 
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