
Handbook of Experimental Pharmacology 261

Wieland Kiess
Matthias Schwab
Johannes van den Anker   Editors

Pediatric 
Pharmacotherapy



Handbook of Experimental Pharmacology

Volume 261

Editor-in-Chief

James E. Barrett, Philadelphia

Editorial Board Members

Veit Flockerzi, Homburg

Michael A. Frohman, Stony Brook

Pierangelo Geppetti, Florence

Franz B. Hofmann, München

Martin C. Michel, Mainz

Clive P. Page, London

KeWei Wang, Qingdao



The Handbook of Experimental Pharmacology is one of the most authoritative and
influential book series in pharmacology. It provides critical and comprehensive
discussions of the most significant areas of pharmacological research, written by
leading international authorities. Each volume in the series represents the most
informative and contemporary account of its subject available, making it an unri-
valled reference source.

HEP is indexed in PubMed and Scopus.

More information about this series at http://www.springer.com/series/164

http://www.springer.com/series/164


Wieland Kiess • Matthias Schwab •
Johannes van den Anker
Editors

Pediatric
Pharmacotherapy



Editors
Wieland Kiess
Hospital for Children and Adolescents
Center of Paediatric Research
Department of Women and Child Health
University of Leipzig
Leipzig, Germany

Matthias Schwab
Dr. Margarete Fischer-Bosch-Institute of
Clinical Pharmacology
Robert Bosch Gesellschaft fuer medizinische
Forschung mbH
Stuttgart, Germany

Department of Clinical Pharmacology
University Hospital Tüebingen
Tüebingen, Germany

Johannes van den Anker
Children’s Hospital
University of Basel Children’s Hospital
Basel, Switzerland

ISSN 0171-2004 ISSN 1865-0325 (electronic)
Handbook of Experimental Pharmacology
ISBN 978-3-030-50493-9 ISBN 978-3-030-50494-6 (eBook)
https://doi.org/10.1007/978-3-030-50494-6

# Springer Nature Switzerland AG 2020
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the
material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-030-50494-6


Preface

We, as editors, are pleased and proud to present to you “Pediatric Pharmacotherapy”
as a new volume of the Handbook of Experimental Pharmacology. In 2011, we have
published volume 205 of this well-known and highly respected Handbook entitled
“Pediatric Clinical Pharmacology.” That volume summarized the general aspects of
clinical pharmacology and specific methodologies. This new volume is the logical
continuation of volume 205 to enrich the understanding of pediatric pharmacother-
apy of diseases for not only pediatricians but also representatives of other medical
and scientific disciplines as well as general health care providers and learned
societies.

Based on the awareness that “children are not small adults,” it is well accepted
that pediatric pharmacotherapy requires data based on prospective clinical trials with
the exception of considering various pediatric age groups comprising preterm and
term neonates, toddlers, school children, and adolescents. The aim of this volume is
to provide 26 state-of-the-art articles arranged into different sections regarding
clinically relevant pediatric indications with a strong focus on drug efficacy and
safety. We have not systematically and/or completely covered all pharmacotherapy
topics for children and adolescents in this volume but have tried to present current
therapeutic indications and pharmacological treatments in relation to specific age
groups, gender, body composition, and health status. Moreover, rare therapeutic
options (e.g. pharmacotherapy in rare skeletal diseases and current and emerging
therapies for mucopolysaccharidoses and for mitochondriopathies) should be con-
sidered as well. Finally, we have tried to address aspects beyond standard treatment
and important information on pharmacodynamics and pharmacokinetics, and
pharmacometrics have been included.

We hope that you will share our view that the volume on Pediatric Pharmaco-
therapy is an essential resource and provides evidence that children are a highly
sensitive part of the population who needs specific pharmacological knowledge. The
given information shall equip readers to handle complex diseases and treatment
strategies.

Leipzig, Germany Wieland Kiess
Stuttgart-Tübingen, Germany Matthias Schwab
Basel, Switzerland John van den Anker

v



Contents

Antiepileptic Drugs in Pediatrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Tesfaye Zelleke, Archana Pasupuleti, Dewi Depositario-Cabacar,
and Amy Kao

Pharmacotherapy of Duchenne Muscular Dystrophy . . . . . . . . . . . . . . . 25
Eric P. Hoffman

Current and Emerging Therapies for Mucopolysaccharidoses . . . . . . . . 39
Florian B. Lagler

Current and Emerging Therapies for Mitochondriopathies . . . . . . . . . . 57
Florian B. Lagler

GH and IGF-1 Replacement in Children . . . . . . . . . . . . . . . . . . . . . . . . 67
Roland Pfäffle and Wieland Kiess

Pharmacotherapy in Rare Skeletal Diseases . . . . . . . . . . . . . . . . . . . . . . 87
Heike Hoyer-Kuhn and Eckhard Schönau

Pharmacotherapy of Children and Adolescents with Type 1 Diabetes
Mellitus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
Thomas M. Kapellen

Pharmacotherapy of Children and Adolescents with Type 2 Diabetes
Mellitus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
Thomas M. Kapellen

Biologicals in the Treatment of Pediatric Atopic Diseases . . . . . . . . . . . . 131
Maike vom Hove, Martina P. Neininger, Thilo Bertsche,
and Freerk Prenzel

Dermatology Part 2: Ichthyoses and Psoriasis . . . . . . . . . . . . . . . . . . . . 153
Michael Sticherling

Pharmacological Heart Failure Therapy in Children: Focus on Inotropic
Support . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
Dietmar Schranz

viivii



Arterial Hypertension in Children . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
Wolfgang Rascher and Christian Paech

Understanding the Effects of Kidney Disease and Dialysis Treatment on
Pharmacotherapy in Children . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
Verena Gotta, Olivera Marsenic, and Marc Pfister

Pharmacokinetics and Pharmacodynamics of Drugs in Obese Pediatric
Patients: How to Map Uncharted Clinical Territories . . . . . . . . . . . . . . . 231
Elke H. J. Krekels and Catherijne A. J. Knibbe

Medicinal Uses of Hematopoietic Growth Factors in Neonatal
Medicine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
Robert D. Christensen

Pediatric Antiretroviral Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285
Sahera Dirajlal-Fargo, Wei Li A. Koay, and Natella Rakhmanina

Clinical Pharmacology and Pharmacometrics to Better Understand
Physiological Changes During Pregnancy and Neonatal Life . . . . . . . . . 325
Tamara van Donge, Katrina Evers, Gilbert Koch, John van den Anker,
and Marc Pfister

Pediatric Pharmacotherapy: Anthelminthic Treatment . . . . . . . . . . . . . 339
Jill E. Weatherhead

Therapeutics for Inflammatory Bowel Diseases in Children and
Adolescents: A Focus on Biologics and an Individualized Treatment
Paradigm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363
Suruchi Batra and Laurie S. Conklin

Chronic Functional Constipation in Infants and Children . . . . . . . . . . . 377
Gunter Flemming

Psychiatric Diseases in Children and Adolescents . . . . . . . . . . . . . . . . . . 397
Gabrielle Sky Cardwell, Robert L. Findling, and Adelaide S. Robb

Pharmacotherapy in Children and Adolescents: Oncology . . . . . . . . . . . 415
Georg Hempel

Immunosuppressants in Organ Transplantation . . . . . . . . . . . . . . . . . . . 441
Burkhard Tönshoff

Pharmacotherapy in Pediatric Hematopoietic Cell Transplantation . . . . 471
R. Admiraal and J. J. Boelens

Narcotic-Sparing Approaches and the Shift Toward Paracetamol
in Neonatal Intensive Care . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 491
Karel Allegaert, Dick Tibboel, and John van den Anker

Disorders of Puberty: Pharmacotherapeutic Strategies for
Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 507
Margaret Zacharin

viii Contents



Antiepileptic Drugs in Pediatrics

Tesfaye Zelleke, Archana Pasupuleti, Dewi Depositario-Cabacar,
and Amy Kao

Contents
1 Evolution of Anti-seizure Medication Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2 “First-Generation” and “Second-Generation” Antiepileptic Drugs . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Phenobarbital . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Phenytoin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 Ethosuximide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.4 Valproate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.5 Vigabatrin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.6 Zonisamide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.7 Lamotrigine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.8 Felbamate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.9 Topiramate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.10 Oxcarbazepine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.11 Levetiracetam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3 Newest-Generation (“Third-Generation”) Medications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.1 Pregabalin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 Lacosamide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.3 Stiripentol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.4 Rufinamide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.5 Eslicarbazepine Acetate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.6 Perampanel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.7 Brivaracetam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.8 Cannabidiol/Epidiolex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

T. Zelleke · A. Pasupuleti · D. Depositario-Cabacar
Division of Epilepsy and Neurophysiology, Children’s National Health System, Washington, DC,
USA
e-mail: tzelleke@childrensnational.org; apasupul@childrensnational.org;
dcabacar@childrensnational.org

A. Kao (*)
Division of Epilepsy and Neurophysiology, Children’s National Health System, Washington, DC,
USA

Center for Behavioral Neurosciences, Children’s National Health System, Washington, DC, USA
e-mail: akao@childrensnational.org

# Springer Nature Switzerland AG 2019
W. Kiess et al. (eds.), Pediatric Pharmacotherapy,
Handbook of Experimental Pharmacology 261, https://doi.org/10.1007/164_2019_248

1

http://crossmark.crossref.org/dialog/?doi=10.1007/164_2019_248&domain=pdf
mailto:tzelleke@childrensnational.org
mailto:apasupul@childrensnational.org
mailto:dcabacar@childrensnational.org
mailto:akao@childrensnational.org
https://doi.org/10.1007/164_2019_248#DOI


3.9 Everolimus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4 Drugs in Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.1 Benzodiazepine Formulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.2 Bumetanide (NKCC Inhibitor) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.3 Fenfluramine (Amphetamine Derivative) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.4 Ganaxolone (GABAergic) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.5 Huperzine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.6 Ion Channel Modulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.7 Metabolic Modulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Abstract
Epilepsy affects approximately 1% of the population. First-line treatment for
epilepsy is the administration of anti-seizure medication, also referred to as
antiepileptic drugs (AEDs), although this nomenclature is erroneous as these
medications typically do not impact underlying epileptogenic processes; the
goal of these medications is to control symptoms. Over 30% of patients are
classified as having “medically refractory” epilepsy, i.e., lack of adequate seizure
control despite trials of two or three AEDs (Kwan and Brodie, N Engl J Med
342:314–9, 2000). Epilepsy is associated with worse quality of life in children,
adolescents, and their families (Cianchetti et al., Seizure 24:93–101, 2015).
Patients with epilepsy have a two to three times greater risk of death than the
general population, by various causes including sudden unexplained death in
epilepsy patients (SUDEP) (Abdel-Mannan et al., Epilepsy Behav 90:99–106,
2019). It is these factors, among others, that have motivated the continued
development of AEDs. This chapter will review the history and evolution of
AED development, features of specific AEDs with a focus on the newest genera-
tion, and examples of AEDs in development.

Keywords
Anticonvulsant · Antiepileptic drug · Antiepileptic medication · Anti-seizure
drug · Anti-seizure medication · Drug development · Epilepsy · Pediatric
epilepsy · Seizure disorder

1 Evolution of Anti-seizure Medication Development

Epilepsy is a common neurologic disorder affecting about 1% of the population. The
first-line treatment for epilepsy is the use of appropriately selected anti-seizure
medication.

Potassium bromide was discovered as the first antiepileptic drug (AED) in 1857.
The next medication to be available for seizure treatment was phenobarbital in 1912.
The discoveries of both bromide and phenobarbital as anti-seizure medications
were based on clinical observations. The subsequent availability of animal models
opened a new opportunity to test several compounds for anti-seizure activity. The
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anti-seizure activity of phenytoin was discovered in 1930 using the electroshock
model and electroshock threshold in cats (Rho and White 2018).

The development of algorithms for screening compounds for anti-seizure
potentials, spearheaded by the Anticonvulsant Screening Program (ASP), currently
known as the Epilepsy Therapy Screening Program (ETSP), of the National Institute
of Health/National Institute of Neurologic disorders and Stroke (NIH/NINDS),
resulted in development of new anti-seizure medications at a relatively faster pace
(Rho and White 2018; Golyala and Kwan 2017). In the past 25 years, over 18 new
anti-seizure medications have been introduced (Fig. 1).

At the preclinical stage, medication development is based on targeting seizure
mechanisms, creating structural analogues of available anti-seizure medications, and
testing of known chemicals for anti-seizure activity (Golyala and Kwan 2017).
Various animal models are available to test anti-seizure activity (Rho and White
2018; Golyala and Kwan 2017; Loscher 2017; Bialer and White 2010). Historically,
maximal electric shock (MES) and subcutaneous pentylenetetrazol (scPTZ) rodent
models have been used. MES may suggest effect in generalized tonic-clonic or
partial seizures; scPTZ may suggest effect in nonconvulsive/absence seizures. These
models, however, may miss some compounds with anti-seizure activity. Case in
point is levetiracetam which failed in both models. Additional animal models were
developed to represent broad epilepsy phenotypes, including refractory epilepsy,
such as 6 Hz psychomotor seizure model, phenytoin-resistant kindled rat,
lamotrigine kindled rat, post-status epilepticus models of temporal lobe epilepsy,
and the methylazoxymethanol (MAM) model. Animal models are also available for
genetic epilepsies.

Fig. 1 Year of development of anti-seizure medications (reproduced from Golyala and
Kwan 2017)
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Currently the workflow of testing new compounds by the ETSP involves identi-
fication and differentiation phases (Kehne et al. 2017). In the initial identification
phase, 6 Hz electrical stimulation and MES are used. Additional chronic seizure
models are also used and behavioral toxicity is screened. In the differentiation phase,
compounds are tested on models of epilepsy – mesial temporal lobe epilepsy model
(mice), lamotrigine resistant amygdala kindling model (rat), and post-kainate status
epilepticus-induced spontaneous recurrent seizures (rat). Theiler’s virus model
of acute seizures (viral-encephalitis-induced epilepsy model) can be employed
for compounds with unique mechanisms of action or in cases of compelling
justifications (Kehne et al. 2017; Loscher 2017).

In the clinical stage of drug development, new compounds are tested as adjunc-
tive therapy first and subsequently as monotherapy (Golyala and Kwan 2017). Since
the late 1990s and early 2000s, when several United States governmental acts
encouraged and required the research of drugs in the pediatric population, recent
expansion of indications to include children have often been based on the extrapola-
tion of efficacy in adult trials in addition to pharmacokinetic data in children
(Mulugeta et al. 2016).

New AEDs have similar efficacy as the older AEDs but have improved safety
profiles as a group. The challenge remains in developing more effective drugs, drugs
which work in intractable epilepsy (Kwan and Brodie 2000), thereby improving
quality of life (Cianchetti et al. 2015) and preventing SUDEP (Abdel-Mannan et al.
2019), and drugs which modify the underlying disease, namely, preventing or
reversing epileptogenesis (Rho and White 2018).

2 “First-Generation” and “Second-Generation” Antiepileptic
Drugs

Although the designations are imprecise and used in a variable fashion, older and
newer AEDs are often referred to as “first-” and “second”-generation drugs. The
brief summaries below review AEDs in the approximate order of time of develop-
ment and refer to formal FDA indications as well as consensus-based clinical
approaches.

2.1 Phenobarbital

Phenobarbital’s mechanism of action is through potentiation of the GABAa receptors
by acting as a positive allosteric modulator, gamma-aminobutyric acid (GABA) being
the major inhibitory neurotransmitter. It allows the GABAa receptors to remain open
longer. At higher concentration, barbiturates such as phenobarbital can directly
activate GABAa receptors even in the absence of GABA neurotransmitter.

Phenobarbital is clinically indicated for focal and generalized tonic-clonic
seizures. It is often the first-line treatment for neonatal seizures. Phenobarbital has
a long half-life, approximately 100 h in newborns and 69 h between 1 and 5 years
of age.

4 T. Zelleke et al.



Treatment doses: 1–3 mg/kg/day in children and 2–11 mg/kg/day in neonates.
This can be administered daily or twice a day (BID).

Drug interactions: Phenobarbital can increase the clearance of other antiepileptic
medications including lamotrigine, ethosuximide, felbamate,
topiramate, zonisamide, tiagabine, and rufinamide.

Side effects: Sedation, mood change, cognitive effects (slowing), hyperac-
tivity, and aggressiveness in children.

2.2 Phenytoin

Phenytoin has been in use since 1938. Although phenytoin has numerous sites of
action, the major anticonvulsant mechanism is thought to be through the sodium
channel, by binding to axonal sodium channels and prolonging the channels’
inactivated state. This reduces the repetitive firing of neurons during presynaptic
stimulation. Phenytoin is clinically indicated for focal and generalized seizures. It is
also one of the first-line medications used in status epilepticus.

Treatment doses: For acute management of status epilepticus, dosing is
15–20 mg/kg IV. Maintenance dosing is 5–8 mg/kg/day
divided BID or three times a day (TID), with higher dosages
required to maintain adequate levels in younger children. Phe-
nytoin is metabolized by the hepatic P450 enzyme system and
follows zero-order kinetics; small changes in phenytoin doses
can result in disproportionate increases in serum levels.

Drug interactions: Phenytoin is highly protein-bound (approximately 90%). Only
the unbound (free) portion is pharmacologically active. The
percentage of protein binding depends on albumin concentra-
tion, concurrent medication, and renal failure. Substances, such
as valproic acid, can compete for binding sites and displace
phenytoin, thus increasing phenytoin concentrations and
increasing risk for toxicity. Hypoalbuminemia, liver disease,
and renal failure can increase levels of unbound phenytoin.

Side effects: Long-term use can lead to gingival hyperplasia, cerebellar
atrophy, decreased bone density, and peripheral neuropathy.
Acute toxicity includes ataxia, diplopia, and dysarthria.

2.3 Ethosuximide

Ethosuximide treats absence seizures (primary generalized), presumably by blocking
T-type calcium channels of thalamic neurons, thus decreasing burst firing of
thalamocortical neurons. A multicenter, double-blind, randomized, controlled trial
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(Glauser et al. 2010) compared ethosuximide, valproic acid, and lamotrigine in the
treatment of childhood absence epilepsy and confirmed historical/clinical consensus
that ethosuximide and valproate are more effective than lamotrigine and
ethosuximide has fewer adverse attentional effects.

Treatment doses: Starting dose is approximately 250 mg BID, increasing to
maintenance dosing of 20–40 mg/kg/day. Give with food or
on a full stomach to avoid gastrointestinal side effects.

Drug interactions: Valproate has been reported to increase ethosuximide levels.
Side effects: Most commonly stomach ache or stomach upset. Blood

dyscrasias, abnormal liver and renal function tests, and cases
of systemic lupus erythematosus and Stevens-Johnson syn-
drome have been reported.

2.4 Valproate

Valproate is a broad-spectrum antiepileptic discovered in 1967. Its mechanism of
action is not fully known, though valproate is thought to work through multiple
avenues including potentiation of GABAergic function, inhibition of T-type calcium
currents, antagonism of NMDA-receptor neuronal excitation, and inhibition of
sodium channels.

Valproate is clinically used to treat multiple seizure types, including generalized
seizures (absence, myoclonic, and generalized tonic-clonic), focal seizures, Lennox-
Gastaut syndrome (LGS), epileptic encephalopathies, neonatal seizures, and febrile
seizures.

Treatment doses: Starting at 15 mg/kg/day and titrated up to 30 mg/kg/day.
Maximum is 60–70 mg/kg/day.

Drug interactions: Valproate is highly protein-bound and the free fraction
increases at higher concentrations. It is a cytochrome P450
inhibitor and as such can interact with multiple medications
including other AEDs. Valproate increases serum levels of
lamotrigine and phenobarbital. There may be synergy or addi-
tive benefit when the combination of valproate and lamotrigine
is given (Brodie et al. 1997). Valproate levels are decreased by
phenytoin and carbamazepine and increased by felbamate.

Side effects: Fatigue, weight gain, alopecia, tremor, thrombocytopenia, hep-
atitis, pancreatitis, and hyperammonemia. Encephalopathy can
be caused by polytherapy, metabolic disorders (such as urea
cycle, fatty acid disorders, mitochondrial disorders), and liver
disease. Young children (under the age of 2 years) are at
increased risk of hepatotoxicity.
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2.5 Vigabatrin

Vigabatrin is indicated in the United States for infantile spasms in children 1 month
to 2 years of age and for adjunctive therapy of refractory complex partial seizures in
patients 10 years of age and older. It is particularly beneficial in patients with
tuberous sclerosis complex. Vigabatrin is an irreversible GABA transaminase inhib-
itor, preventing the metabolism of the inhibitory neurotransmitter GABA.

Treatment doses: For infantile spasms, start at 50 mg/kg/day and titrate to
150 mg/kg/day, divided BID. For complex partial seizures in
the pediatric population, start 250 mg BID and titrate to
1,000 mg BID.

Drug interactions: Vigabatrin may decrease phenytoin levels and increase clonaz-
epam concentrations.

Side effects: Most commonly fatigue, irritability, insomnia, weight gain,
headache, and dizziness. The FDA has required a Risk Evalua-
tion and Mitigation Strategy (REMS) program to ensure that
benefits outweigh risks, due to the risk of irreversible bilateral
visual field constriction or central retina damage, occurring in
>20% of infants treated for infantile spasms, with increased
risk with greater duration of exposure (Westall et al. 2014).
Diffusion-weighted imaging and T2-hyperintense lesions on
brain MRI are seen in approximately 1/3 of pediatric patients,
particularly those who are younger and on higher dosing; these
resolve with discontinuation of vigabatrin (Pearl et al. 2009)
and may resolve even without discontinuation.

2.6 Zonisamide

Zonisamide is indicated as adjunctive therapy for partial seizures in adults. It has
been shown to be effective against tonic extension seizures induced by MES, raised
the threshold for generalized seizures in the kindled rat, and decreased the length of
cortical focal seizures induced by electrical stimulation in cats. It has been shown to
block sodium channels and reduce T-type calcium currents.

Treatment doses: Starting dose of 100 mg (given daily or divided BID), titrated
to 400 mg/day. Elimination half-life is approximately 63 h;
thus it may take up to 2 weeks to reach steady-state level.

Drug interactions: Concentrations may be altered by CYP3A4 inducers or
inhibitors. Phenytoin, carbamazepine, and valproate increase
zonisamide clearance; however, zonisamide does not affect
protein binding of phenytoin or carbamazepine.
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Side effects: Zonisamide is a sulfonamide, so should not be given to patients
with sulfa allergy. Most common side effects are headache,
decreased appetite, nausea, dizziness, agitation, insomnia,
depression, fatigue, and difficulty with concentration/memory,
although perhaps less so than topiramate.

2.7 Lamotrigine

Lamotrigine is a broad-spectrum antiepileptic medication whose primary mecha-
nism of action is through blockade of neuronal sodium channels by stabilization of
the inactivated state. It is effective for both focal and generalized seizures and
is indicated for adjunctive therapy for partial-onset seizures (POS), primary
generalized tonic-clonic seizures, and generalized seizures of LGS in patients
2 years and older, as well as monotherapy in patients aged 16 years and older.
However, lamotrigine has been reported to exacerbate myoclonic seizures in some
cases.

Drug interactions: Lamotrigine is hepatically metabolized by glucuronyl-
transferase. Inducers and inhibitors of hepatic metabolism
alter lamotrigine levels. Lamotrigine elimination half-life is
reduced by carbamazepine, phenobarbital, primidone, and phe-
nytoin. Valproate decreases lamotrigine clearance.

Treatment doses: Monotherapy is 0.3 mg/kg/day for 2 weeks and then 0.6 mg/
kg/day for 2 weeks and then increased by 0.6 mg/kg/week
every 1–2 weeks until target dose of 4.5–8 mg/kg/day. Maxi-
mum dose is 12–15 mg/kg/day. When valproate is added to a
regimen with lamotrigine, the starting and maintenance doses
of lamotrigine should be reduced by approximately 50%.

Side effects: Dizziness (increased with concomitant use of oxcarbazepine),
blurred vision, diplopia, and tremor. Six to ten percent of
patients treated with lamotrigine can experience skin rash,
leading to a discontinuation of the medication. In order to
reduce the risk of skin rash, the recommendation is to start at
a low dose and titrate up slowly over 6 weeks.

2.8 Felbamate

Felbamate is indicated for refractory epilepsy, as monotherapy or adjunctive therapy
for partial seizures in adults and as adjunctive therapy for children with LGS, after
patients have been informed of the risks and given written acknowledgement.
Felbamate is effective in MES, scPTZ, and the subcutaneous picrotoxin seizure test.
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Treatment doses: Starting dose in children 15 mg/kg/day divided into three
or four doses, increasing by 15 mg/kg/day increments to
45 mg/kg/day. Discontinuation, in order to minimize risks, is
encouraged if maximum dosing is not effective.

Drug interactions: Felbamate increases phenytoin, valproate, phenobarbital,
and the carbamazepine epoxide metabolite. Felbamate is
decreased by phenytoin and phenobarbital and increased by
carbamazepine.

Side effects: This medication is approached cautiously due to occurrence of
aplastic anemia and liver failure. Blood counts, reticulocyte
counts, and liver function at baseline and frequently after
initiation are recommended. Common side effects however
include anorexia, vomiting, insomnia, headache, and
somnolence.

2.9 Topiramate

Topiramate is a broad-spectrum AED with likely multiple targets of action, includ-
ing voltage-gated sodium channels, GABAa receptors, AMPA and kainate subtype
of glutamate receptors, and L-type calcium channels. Topiramate is also a type II and
IV carbonic anhydrase inhibitor. The pharmacologic actions of topiramate are
possibly through effects of channel phosphorylation rather than direct modulation
of voltage-gated channels.

Treatment doses: Starting 1–3 mg/kg/day with maximum doses 10–12 mg/kg/
day. Slow titration of the medication (advancing 1–2 mg/kg/
day every 2 weeks) may decrease the side effects.

Drug interactions: Topiramate is a mild inducer and inhibitor of P450 enzymes.
The fraction of metabolized drug may increase when combined
with enzyme-inducing drugs.

Side effects: Cognitive effects including memory problems, word finding
difficulty, and challenges with verbal fluency. Other potential
side effects include renal stones, sedation, paresthesia,
decreased appetite and weight loss, and oligohidrosis.

2.10 Oxcarbazepine

Oxcarbazepine is often considered first-line treatment for focal epilepsy as well as
focal seizures with secondary generalization. It is chemically similar in structure to
carbamazepine, a drug that was first discovered to be effective in patients with
epilepsy in the early 1960s. The mechanism of action is on the voltage-gated sodium
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channels and N-type calcium channels resulting in stabilization of hyperexcited
neural membranes.

Treatment doses: Starting dose is 5 mg/kg/day (can be 10 mg/kg/day but this
may increase side effects) with a target dose of 15–20 mg/kg/
day. It can be titrated up to 50 mg/kg/day, though side effects
can often increase beyond treatment with 35 mg/kg/day.

Drug interactions: Oxcarbazepine may increase plasma levels of phenytoin.
Oxcarbazepine is metabolized by the CYP3A4 enzyme system
and can reduce the effectiveness of hormonal contraceptives.
Oxcarbazepine may increase plasma levels of phenytoin. Phe-
nobarbital may decrease oxcarbazepine levels. There is no
significant interaction between oxcarbazepine and felbamate,
lamotrigine, or valproate.

Side effects: Drowsiness, diplopia, ataxia, rash (rare Stevens-Johnson syn-
drome), and hyponatremia. The risk of hyponatremia may be
seen in 2–3% of children treated with oxcarbazepine. Carba-
mazepine has been associated with aplastic anemia and agran-
ulocytosis. There is an increased risk of side effects in patients
with HLA-B 1502 allele, an allele most prevalent in people
with Asian ancestry.

2.11 Levetiracetam

Levetiracetam is approved as adjunctive therapy for myoclonic seizures in patients
12 years and older with juvenile myoclonic epilepsy, for partial seizures in patients
1 month or older, and for primary generalized tonic-clonic seizures in patients older
than 5 years with idiopathic generalized epilepsy. The mechanism of action is
through binding to the synaptic vesicle protein 2A (SV2A) on secretory vesicle
membranes in presynaptic neurons, affecting calcium-dependent neurotransmitter
release.

Treatment doses: Starting at 10–20 mg/kg/day, maximum doses 60–80 mg/kg/
day. Target dose is generally 30–40 mg/kg/day. Dosing will
need to be reduced with renal impairment/failure.

Drug interactions: Limited pharmacokinetic interactions due to minimal plasma
protein binding.

Side effects: Somnolence, behavioral problems including aggression,
nervousness, and irritability. Pyridoxine may decrease behav-
ioral side effects from levetiracetam.
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3 Newest-Generation (“Third-Generation”) Medications

3.1 Pregabalin

Pregabalin is a lipophilic analog of GABA, modified to increase diffusion across the
blood-brain barrier. It binds to the alpha2-delta subunit of presynaptic voltage-gated
calcium channels. It is indicated as adjunctive therapy for partial-onset seizures in
patients 4 years of age and older, neuropathic pain associated with diabetic periph-
eral neuropathy, postherpetic neuralgia, fibromyalgia, and neuropathic pain
associated with spinal cord injury. Although evidence is sparse, pregabalin has
been used off-label for migraine headaches. Evidence to support off-label use for
pain is also lacking; however, there has been a dramatic increase in prescribing of
pregabalin, likely driven by the need to decrease opioid use. Increased risk of opioid-
related death occurs with concurrent use of opioids and gabapentinoids (Goodman
and Brett 2019). Relating to a dramatic increase in deaths associated with misuse of
gabapentinoids, in the United Kingdom on April 1, 2019, pregabalin was reclassified
as a class C controlled substance (Torjesen 2019).

Treatment doses: For patients weighing 30 kg or more, initial dose is 2.5 mg/kg/
day, increasing to 10 mg/kg/day (maximum 600 mg); for
patients 11 kg to less than 30 kg, initial dose is 3.5 mg/kg/
day and increased to 14 mg/kg/day. Adjust in patients with
reduced renal function.

Drug interactions: It undergoes negligible metabolism and is not protein-bound,
so is unlikely to interact with other medications.

Side effects: Common side effects included somnolence, increased appetite,
and weight.

3.2 Lacosamide

Lacosamide enhances slow inactivation of voltage-gated sodium channels (rather
than fast, which other AEDs affect). Oral formulations are indicated for adjunctive or
monotherapy for partial-onset seizures in patients 4 years of age and older; intrave-
nous (IV) injection is approved for partial-onset seizures in adults 17 years of age
and older. Oral bioavailability is 100%. Because of IV availability, lacosamide is
increasingly being used for status epilepticus or acute repetitive seizures.

Treatment doses: For patients weighing 50 kg or more, initial dosage is 50 mg
twice daily, increasing to 150–200 mg twice daily as
monotherapy or 100–200 mg twice daily as adjunctive therapy;
for patients 30 kg to less than 50 kg, initial dosage is 1 mg/kg
twice daily, increasing to maximum 2–4 mg/kg twice daily;
and for patients 11 kg to less than 30 kg, initial dosage is
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1 mg/kg twice daily, increasing to maximum 3–6 mg/kg twice
daily. Dosing should be adjusted in severe renal impairment
and mild/moderate hepatic impairment and should be
supplemented after hemodialysis. Loading doses by IV have
ranged 200–400 mg in adults and 4–10 mg/kg in children
(Strzelczyk et al. 2017).

Drug interactions: Strong CYP3A4 and CYP2C9 inhibitors increase lacosamide
levels.

Side effects: Dizziness and ataxia are the most frequent. In trials, a small,
dose-related increase in PR intervals and asymptomatic first-
degree atrioventricular block was seen. A case report of
isolated lacosamide overdose describes QRS prolongation
(Ng et al. 2019). In patients on medications that affect cardiac
conduction (sodium channel, beta, calcium channel, and potas-
sium channel blockers), EKG at baseline and after titration
should be obtained. Preclinical data has demonstrated interfer-
ence of lacosamide with collapsing response mediator protein-
2 activity (involved in neuronal differentiation and axonal
outgrowth) and decreased brain weight and long-term learning
and memory issues in neonatal/juvenile rats (UCB Inc 2018).

3.3 Stiripentol

Stiripentol is used as adjunctive treatment in patients with Dravet syndrome 2 years
of age or older. Dravet syndrome (previously called severe myoclonic epilepsy of
infancy) is an epileptic encephalopathy most often caused by a mutation in the
sodium voltage-gated channel alpha subunit 1 (SCN1A). A randomized, placebo-
controlled study showed 67–71% achieved a>50% reduction in convulsive seizures
(Chiron et al. 2000). When added to valproate and clobazam, reduction of frequency
and severity of seizures was seen; 96% maintained therapy after a median of 8 years
(De Liso et al. 2016). Multiple mechanisms of action include (a) enhancement of
inhibitory, γ-aminobutyric acid (GABA)ergic neurotransmission (Fisher 2011),
(b) inhibition of lactate dehydrogenase which thereby activates ATP-sensitive potas-
sium channels, and (c) blockage of NMDA-sensitive glutamate receptors and
voltage-sensitive sodium and calcium channels (Nickels and Wirell 2017).

Treatment doses: 50 mg/kg/day divided BID or TID with a maximum dose of
3 g.

Drug interactions: Stiripentol can increase levels of carbamazepine, phenobarbi-
tal, and phenytoin and increases clobazam and norclobazam
(clobazam’s active metabolite). Phenytoin and phenobarbital
decrease levels of stiripentol. Clobazam increases stiripentol
levels (Levy et al. 1984; Giraud et al. 2006).
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Side effects: Somnolence, decreased appetite, and agitation, ataxia, weight
decreased, hypotonia, nausea, tremor, dysarthria, and insom-
nia. Serious side effects include neutropenia, thrombocytope-
nia, and suicidal behavior and ideation (Perez et al. 1999).

3.4 Rufinamide

It is indicated as adjunctive therapy in LGS in patients 1 year or older. Responder
rates for total seizures were higher in the rufinamide group (32.7%) versus placebo
(10.9%) after a 12-week parallel-group treatment period in a randomized controlled
trial (Glauser et al. 2008). Reduction in tonic-atonic seizures was also seen. These
results were also seen in Ohtsuka et al. (2014) with a similar decrease in seizure
frequency (32.9%). It decreases the recovery of sodium channels from the
inactivated state.

Treatment doses: Starting at 10 mg/kg/day divided BID, increasing to 45 mg/kg/
day.

Drug interactions: Low potential for interactions due to lack of protein binding
and metabolism independent of the cytochrome P450 system
(Perucca et al. 2008); however, it can decrease levels of carba-
mazepine and lamotrigine and increase levels of phenobarbital
and phenytoin. Valproate can increase rufinamide levels
(Critchley et al. 2005).

Side effects: Decreased appetite, pyrexia, somnolence, nausea, and
vomiting. Serious side effects include decreased QTc interval,
and hypersensitivity syndrome (Wheless et al. 2009), thus, is
contraindicated in patients with Familial Short QT syndrome.

3.5 Eslicarbazepine Acetate

Eslicarbazepine acetate is used for monotherapy and adjunctive treatment of POS in
patients 4 years of age or older. Safety and clinical efficacy in adults was seen in
five multicenter, randomized, controlled trials, and the data was extrapolated to
support pediatric use. A responder rate between 17 and 43% was seen in four
phase 3 randomized controlled studies in subjects 16 years or older with refractory
partial-onset seizures (Gil-Nagel et al. 2013; Sperling et al. 2015). Its mechanism of
action is inhibition of voltage-gated sodium channels; it is related to carbamazepine
and oxcarbazepine, but is primarily metabolized to (s)licarbazepine, with greater
efficacy and less toxicity compared to the (r) isomer.
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Treatment doses: Once-daily dosing starting at 200 mg daily and then increasing
to maximum 1,200 mg/day.

Drug interactions: Eslicarbazepine can induce the metabolism of drugs that are
eliminated by metabolism through CYP3A4 (carbamazepine,
phenobarbital, topiramate) or through the UDP-glucuronosyl
(lamotrigine). Eslicarbazepine decreases lamotrigine and
topiramate levels, increases phenytoin levels, and can decrease
plasma levels of oral contraceptives (Bialer and Soares-da-
Silva 2012).

Side effects: Similar profile to oxcarbazepine; dizziness, headache, somno-
lence, diplopia, nausea/vomiting, rash, hyponatremia (Rolan
et al. 2008). Serious side effects include increased PR interval,
agitation, anxiety, depression, and increased suicidal ideation
(Eddy et al. 2012).

3.6 Perampanel

Perampanel is indicated as monotherapy or adjunctive use in patients 4 years and
older for POS with or without secondarily generalized seizures and as adjunctive
therapy for primary generalized tonic-clonic seizures in patients 12 years of age and
older (Rogawski and Hanada 2013). It acts as a noncompetitive antagonist of the
AMPA-type glutamate receptor (Hanada et al. 2011).

Treatment doses: Starting at 2 mg once at bedtime, increased to 8–12 mg as
monotherapy or adjunctive therapy for POS and 8 mg as
adjunctive therapy for primary generalized tonic-clonic
seizures.

Drug interactions: Carbamazepine, oxcarbazepine, and phenytoin decrease
perampanel levels. Perampanel can increase oxcarbazepine
levels. Perampanel enhances metabolism of progesterone.
There can be increased fatigue in patients also on
levetiracetam, increased irritability in patients also on pheno-
barbital, and increased likelihood of decreased appetite in
patients also on oxcarbazepine (Gidal et al. 2013).

Side effects: Common side effects include dizziness, somnolence, fatigue,
irritability, nausea, headache, and falls (Rugg-Gunn 2014).
Serious side effects include depression and increased suicidal
ideation.

14 T. Zelleke et al.



3.7 Brivaracetam

Brivaracetam is indicated as monotherapy or adjunctive therapy in the treatment of
POS in patients aged�4 years. Briviact injection is indicated to treat POS in patients
aged �16 years. Brivaracetam is the (s)-isomer of levetiracetam, with 15–30 times
greater affinity for synaptic vesicle protein SV2A (Kaminski et al. 2008).

Treatment doses: Starting at 50 mg BID and increasing to 100 mg BID
(Schoemaker et al. 2017).

Drug interactions: Decreases carbamazepine levels (von Rosenstiel 2017).
There is a negative interaction between brivaracetam and
levetiracetam such that the combination may reduce the effi-
cacy (Biton et al. 2014).

Side effects: Dizziness, somnolence, fatigue, and headaches.

3.8 Cannabidiol/Epidiolex

Epidiolex is a highly purified, plant-derived cannabidiol (CBD) that was approved
by the FDA in June 2018 for the treatment of rare severe childhood-onset epilepsies,
specifically LGS and Dravet syndrome. Previous studies have shown median reduc-
tion of monthly seizures from 48 to 57% in patients with LGS (Thiele et al. 2019)
and a greater reduction in frequency of drop seizures with the addition of cannabidiol
10 or 20 mg/kg (Devinsky et al. 2018). CBD was found to reduce the frequency of
convulsive seizures in 43% of children with Dravet syndrome by 50% per month,
and 5% became seizure-free (Devinsky et al. 2017a, b).

The mode of action is unknown but may be due to multiple mechanisms:
(a) antagonism of lipid-activated GPR55 (expressed in excitatory and inhibitory
synapses); (b) binding at 5-HT1A receptor; (c) inhibition of adenosine reuptake at
voltage-dependent sodium, potassium, and other channels; and (d) antioxidant and
anti-inflammatory processes (Sylantyev et al. 2013; Lanuti et al. 2015).

Treatment doses: Epidiolex comes in a 10 mg/mL suspension in sesame oil.
Dosing is 2.5 mg/kg BID. After 1 week, the dose may be
increased to 5 mg/kg BID. If further seizure reduction is
required, the maximum dose is 10 mg/kg twice daily or
20 mg/kg once per day (Greenwich Biosciences 2018). It has
linear pharmacokinetics with a half-life of 56–61 h
(Rimmerman et al. 2013).

Drug interactions: It is metabolized in the liver by cytochrome P450. CBD
increases N-desmethylclobazam metabolite levels (Devinsky
et al. 2017a, b). Studies are ongoing to clarify other medication
interactions. A case report described an increase in interna-
tional normalized ratio (INR) in a patient also on warfarin.
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Elevated liver enzymes were seen more with concomitant
valproate intake (Billakota et al. 2019).

Side effects: Decreased appetite, diarrhea, elevated liver enzymes, fatigue,
infections, insomnia, malaise, rash, sedation, and sleep disor-
der. Serious side effects are aggression, suicidal ideation,
new or worsening depression, panic attacks, and liver injury
(Devinsky et al. 2018).

3.9 Everolimus

Everolimus is a selective inhibitor of the mammalian target of rapamycin (mTOR)
pathway, specifically mTOR complex type II. mTOR is a protein kinase signal
transducer that plays a key role in cell growth and proliferation. mTOR
dysregulation causes tuberous sclerosis complex (TSC) and has been reported in
several models of epileptogenesis (Griffith andWong 2018). In addition to inhibiting
mTOR and downstream effectors of mTOR involved in protein synthesis including
hypoxia-inducible factor and vascular endothelial growth factor, mTOR inhibitors
prolong opening of calcium and sodium channels, increase potassium channel
(Kv1.1) expression, and increase GABA-mediated synaptic activity (Curatolo
et al. 2018). Everolimus is approved for certain types of breast cancer, neuroendo-
crine tumors, advanced renal cell carcinoma, and renal angiomyolipoma in tuberous
sclerosis complex, as well as for two neurological conditions. These include:

1. Treatment of patients � age 1 year with TSC with subependymal giant cell
astrocytoma (SEGA) which cannot be resected. SEGAs often occur near the
foramen of Monro and can cause obstructive hydrocephalus. A multicenter,
double-blind, placebo-controlled phase 3 trial found that 57% of patients had at
least 50% decrease in the sum volumes of all target SEGA lesions, without
worsening nontarget or new SEGA lesions, or new/worsening hydrocephalus
(Franz et al. 2016).

2. Adjunctive treatment of patients�2 years with POS and TSC. A phase 3, double-
blind, placebo-controlled, three-arm trial (placebo vs low-exposure of 3–7 ng/mL
and high exposure of 9–15 ng/mL) demonstrated a dose-related decrease in
seizure frequency of �50% over a 12-week period (French et al. 2016).

The reader is referred to the prescribing information (Novartis 2018), which
delineates complex recommendations regarding dosing, drug monitoring, dosing
changes/cessation in response to varying severities of adverse reactions, and moni-
toring of levels related to interactions with P-glycoprotein and CYP3A4 inhibitors/
inducers.
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Treatment doses: Dosing for SEGA is 4.5 mg/m2 once daily, adjusting the dose
toward a goal trough level of 5–15 ng/mL. For partial-onset
seizures associated with TSC, dosing is 5 mg/m2 once daily,
adjusting the dose with goal trough level 5–15 ng/mL.
Adjustments should follow this calculation, with maximum
dose increase at any step being 5mg or less: New dose¼ current
dose� (target concentration divided by current concentration).
Half-life is approximately 30 h. Steady state occurs within
2 weeks after once-daily dosing.

Drug interactions: Everolimus is 75% bound to plasma proteins. It is metabolized
via CYP3A4. Regarding anti-seizure medications specifically,
concentrations of carbamazepine, clobazam, N-
desmethylclobazam, and oxcarbazepine increase by approxi-
mately 10%. Clonazepam, zonisamide, valproic acid,
topiramate, phenobarbital, and phenytoin do not change.

Side effects: Everolimus has immunosuppressive qualities; thus localized
and systemic infections including with opportunistic pathogens
have occurred, with an incidence of up to 10% of Grade
3 (severe) and up to 3% of Grade 4 (potentially life-
threatening) infections, at higher frequency in children
<6 years old. Adverse reactions also include noninfectious
pneumonitis, impaired wound healing, myelosuppression,
severe hypersensitivity reactions, angioedema, renal failure,
metabolic changes (hyperglycemia, hypercholesterolemia,
hypertriglyceridemia), and frequently stomatitis (most often
within the first 8 weeks; in 44–78% of patients).

More specifically in patients with TSC-associated SEGA, Franz et al. (2016)
demonstrated that the most common side effects (�30% incidence) were stomatitis
and respiratory tract infection. The most common Grade 3 or 4 reactions (�2%
incidence) were stomatitis, fever, pneumonia, gastroenteritis, aggression, agitation,
and amenorrhea. Most common lab abnormalities were elevated cholesterol and
elevated partial thromboplastin time (most common Grade 3–4 abnormality was
neutropenia).

In patients with TSC-associated partial-onset seizures, French et al. (2016)
demonstrated that the most common side effect was stomatitis (most common
Grade 3 or 4 reactions were stomatitis, pneumonia, irregular menses). Drug cessation
due to adverse reactions occurred in 5 and 3% of patients in the low trough and high
trough groups; the most common being stomatitis (French et al. 2016).

4 Drugs in Development

Many drugs in development aim to modify the underlying disease processes or
utilize different mechanisms of action than currently used. The following is not an
inclusive list, but exemplifies these approaches.
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4.1 Benzodiazepine Formulations

Until May 2019, rectal diazepam was the only FDA-approved non-intravenous
therapy for acute repetitive seizures or clusters of seizures. A rectal formulation
raises challenges relating to social appropriateness and ease of administration. A new
drug application for Nayzilam, a midazolam nasal spray, was accepted by the FDA
in 2018 and it received FDA approval in May 2019.

A randomized, double-blind, placebo-controlled, phase 3 study randomized
patients admitted to the epilepsy monitoring unit to receive Nayzilam 5 mg or
placebo; it found a higher percentage of seizure-free subjects and a longer time to
first seizure following treatment with Nayzilam (Van Ess et al. 2017). The open-label
extension showed safety with repeated dosing if seizures did not stop within 10 min
or if seizures recurred between 10 min and 6 h after first dose; side effects included
nasal discomfort, somnolence/fatigue, headache, rhinorrhea/sneezing, and abnormal
product taste (Meng et al. 2018). There was also >80% treatment success after one
or two doses (Sequeira et al. 2018).

A formulation which delivers alprazolam via inhalation of a thermally generated
aerosol is undergoing phase 2b study in adults (A Double-Blind, Placebo-
Controlled, Inpatient, Dose-Ranging Efficacy Study of Staccato Alprazolam
(STAP-001) in Subjects With Epilepsy With a Predictable Seizure Pattern;
clinicaltrials.gov/NCT03478982).

4.2 Bumetanide (NKCC Inhibitor)

Bumetanide is a potent loop diuretic already approved for the treatment of edema
associated with congestive heart failure, hepatic and renal disease, including
nephrotic syndrome. It also inhibits NKCC1 which is expressed in the brain and is
thought to be involved in dysregulated intracellular chloride concentrations in
neonatal epilepsy, autism, and traumatic brain injury. Immature neurons have high
intracellular chloride, leading GABAa receptor-mediated chloride currents to be
depolarizing and excitatory. Bumetanide decreases intracellular chloride, making
the action of GABAa receptors more hyperpolarizing.

However, bumetanide poorly penetrates the brain (Loscher 2018). Other
challenges include side effects related to its diuretic action and inhibition of the
NKCC in the inner ear, leading to hearing loss. A phase 1/2 trial for neonatal seizures
was terminated early due to ototoxicity and lack of efficacy (Pressler et al. 2015).
Strategies to bypass these issues include the development of lipophilic and
uncharged prodrugs, to enter the brain before cleavage to bumetanide.

4.3 Fenfluramine (Amphetamine Derivative)

Fenfluramine was marketed as an appetite suppressant in the treatment of adult
obesity, but was removed from the market in 1997 after association with cardiac
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valve thickening. This association was seen often in combination with phentermine
and seemed to be dose-related. Since then, it has been shown to decrease seizure-like
behavior in a zebrafish model of Dravet syndrome. Fenfluramine modulates seroto-
nin activity in the brain by disrupting neuronal vesicular storage and inhibiting
serotonin reuptake.

A phase 3 trial comparing 0.8 mg/kg/day, 0.2 mg/kg/day, and placebo in pediatric
Dravet patients showed a median decrease in monthly convulsive seizure frequency
over 14 weeks of 63.9% in the high-dose group versus 17.4% in the placebo group
(Lagae et al. 2017). An open-label study using doses of 0.25–1 mg/kg/day (maxi-
mum 20 mg/day), with periodic echocardiograms, demonstrated decreased seizure
frequency in all nine patients with Dravet, with median reduction 75%; most
common adverse reactions were somnolence and anorexia (Schoonjans et al. 2017).

A multicenter trial assessing use of fenfluramine 0.2 and 0.4 mg/kg/day as
adjunctive treatment to stiripentol in Dravet was completed in January 2019
(clinicaltrials.gov, NCT02926898). Several studies are ongoing, including an
open-label extension trial assessing the long-term safety of 0.2 mg/kg/day (maxi-
mum 30 mg/day) in Dravet (clinicaltrials.gov, NCT02823145) and a randomized,
double-blind, placebo-controlled trial and open-label extension comparing 0.2 and
0.8 mg/kg/day in Lennox-Gastaut syndrome (clinicaltrials.gov, NCT03355209).

4.4 Ganaxolone (GABAergic)

Progesterone is an endogenous inhibitory neurosteroid. Ganaxolone is a modified
(3Beta-methylated) steroid which does not bind steroid receptors but activates
synaptic and extrasynaptic GABAA receptors in the brain at sites different from
benzodiazepine or barbiturates and potentiates tonic (sustained) and phasic (rapid)
inhibition (Younas and Reddy 2018).

Phase 2 studies have demonstrated decrease in seizure frequency in patients with
epilepsy associated with protocadherin-19 (PCDH19) (Specchio et al. 2018),
CDKL5 mutations, and Lennox-Gastaut syndrome (Devinsky et al. 2017a, b). The
presence of low allopregnanolone-sulfate levels in girls with PCDH19 mutations
has been correlated with benefit of ganaxolone, suggesting a potential biomarker
for response prediction (Sullivan et al. 2018). Ganaxolone and brexanolone
(allopregnanolone, an endogenous progesterone metabolite) are being investigated
for treatment of super refractory status epilepticus.

4.5 Huperzine

Huperzine (Hup A) is an herbal product derived from the Chinese Huperzia serrata
club moss which has been used in China for cognitive disorders and is sold in the
United States as a supplement for cognitive dysfunction. It acts primarily by
acetylcholinesterase inhibition and enhances presynaptic GABAergic tone.
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Administration to SCN1A mouse mutants increased their resistance to seizures
(Wong et al. 2016). The phase 1 trial with immediate-acting formulation
demonstrated nausea and vomiting as peak-related side effects, requiring dosing
four to six times a day. An extended release formulation showed less adverse events,
with double the dose predicted for significant seizure control being attainable, using
a twice/day schedule.

4.6 Ion Channel Modulators

1OP-2198 or XEN1101 is in phase 1 development. It opens the neuronal Kv7.2/7.3
(KCNQ) potassium channel, responsible for slow modulation of the voltage-gated
M-current, and has higher potency and selectivity as compared to an earlier Kv7
modulator, ezogabine (Beatch et al. 2018). Production of ezogabine was stopped in
2017 related to side effects (including blue skin and eye discoloration) causing
decline in patient initiation.

XEN901 is a selective inhibitor of NaV1.6, sodium channel voltage-gated type
8 alpha subunit, which is highly expressed in excitatory glutamatergic pyramidal
neurons. It does not inhibit NaV1.1 (SCN1A; primarily expressed in GABAergic
inhibitory interneurons) nor NaV1.5 (expressed in the heart) and thus is unique
compared to other sodium channel blockers such as phenytoin or carbamazepine
which block all subtypes (and typically exacerbate seizures in patients with SCN1A
mutations) (Johnson et al. 2018).

4.7 Metabolic Modulators

Metabolic modulators have been of high interest, contributed to by the resurgence of
use and demonstrated benefit of the ketogenic diet.

Decanoic acid is a medium chain fatty acid which is an AMPA (α-amino3-
hydroxy-5-methyl-4-isoxazolepropionic acid) receptor antagonist. This is a similar
mechanism by which perampanel acts, but at a distinct binding site. These two
agents have been shown to be synergistic relating to direct AMPA receptor inhibi-
tion, in an ex vivo model of seizure activity, and against seizure-induced activity in
human brain slices (Augustin et al. 2018).

2-Deoxyglucose or 2-deoxy-D-glucose (2-DG) differs from glucose by lack of
oxygen at the second position and thus inhibits glycolysis because it cannot be
converted to fructose-6-phosphate. It potentiates extrasynaptic tonic GABAergic
current by activating neurosteroidogenesis and has shown anticonvulsant effects in
various seizure models, with the unique property of uptake into brain regions in
which there are increased energy demands during seizures or in response to brain
injury (Shao and Stafstrom 2017). It has been used as a radiolabeled analog for
glucose uptake on positron emission tomography. Phase 3 trials in cancer radiother-
apy have occurred.
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TAK-935 is a selective inhibitor of cholesterol 24-hydroxylase (CH24H).
CH24H converts cholesterol to 24S-hydroxycholesterol, a potentiator of NMDA
signaling and inflammation. More than 70% of SCN1A-mutant mice subjected to a
hyperthermia-priming seizure and then fed chow with TAK-935, were seizure-free
compared to<30% of the control mice, and mortality was prevented (Hawkins et al.
2018). Currently, a multicenter, open-label, pilot study in patients with 15Q dupli-
cation syndrome or CDKL5 deficiency disorder is being performed (clinicaltrials.
gov/NCT03694275). A randomized, double-blind study in patients with Dravet
syndrome or LGS (clinicaltrials.gov/NCT03650452) is recruiting.

Adenosine is an endogenous signaling molecule which inhibits DNA methyl-
transferase activity and is FDA-approved for the treatment of supraventricular
tachycardia. Adenosine kinase is upregulated in animal models of epileptogenesis,
with lower levels of adenosine leading to lower seizure threshold and increased
DNA methylation. In animal models, increased adenosine prevents progression of
epilepsy for up to 3 months. However, due to potential cardiovascular toxicity,
delivery directly to the brain is a necessity (Weltha et al. 2018).
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Abstract
Drug development and pharmacotherapy of rare pediatric diseases have
significantly expanded over the last decade, in part due to incentives and financial
support provided by governments, regulators, and nonprofit foundations.
Duchenne muscular dystrophy (DMD) is among the most common rare pediatric
disorders, and clinical trials of therapeutic approaches have seen dramatic expan-
sion. Pharmacotherapeutic standard of care has been limited to off-label prescrip-
tion of high-dose, daily corticosteroids (prednisone, deflazacort). Deflazacort
received FDA approval for DMD in 2016, although the price increases associated
with formal FDA approval and the severe side effects associated with corticoste-
roid use have limited patient/physician uptake and insurance coverage in the
USA. In Europe, EMA has given conditional marketing authorization for pre-
scription of Translarna (a stop codon read-through drug prescribed to ~10% of
DMD patients), although there is not yet evidence of clinical efficacy. The FDA
awarded conditional approval to etiplirsen, an exon-skipping oligonucleotide
drug, based on accelerated pathways (increased dystrophin production in
patient muscle). Evidence of clinical efficacy remains the focus of post-marketing
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studies. There are many innovative pharmacotherapies under clinical
development for DMD (Phase I, II, and III clinical trials). All are “disease
modifying” in the sense that none seek to replace the full-length, normal DMD
gene or dystrophin protein, but instead either seek to introduce an abnormal
“Becker-like” version of the gene or protein or target pathophysiological
pathways downstream of the primary defect. It is envisioned that the most
significant benefit to DMD patients will be through multidrug approaches simul-
taneously aiming to introduce partially functional dystrophin in patient muscle
while also targeting both chronic inflammation and the fibrofatty replacement of
muscle.

Keywords
Becker muscular dystrophy · Corticosteroid · Deflazacort · Disease modifying ·
Duchenne muscular dystrophy · Dystrophin · Exon skipping · Gene therapy ·
Prednisone

1 Introduction

Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder that is
defined by loss of function mutations in the DMD gene leading to loss of the
dystrophin protein in the skeletal muscle and heart (Koenig et al. 1987; Hoffman
et al. 1987, 1988). Patients with DMD are born apparently healthy but show delayed
gross motor milestones, typically leading to clinical ascertainment in early school
years (difficulty running or climbing stairs). Diagnostic laboratory tests include
grossly elevated serum creatine kinase levels (indicative of muscle damage) and
gene mutation testing. The DMD gene is the largest identified to date, with 79 exonic
regions spanning 2.3 million base pairs of the X chromosome (a typical gene is about
30,000 bp).

Becker muscular dystrophy is a highly variable but generally clinically milder
disease compared to DMD and is caused by DMD mutations that are compatible
with residual dystrophin protein production in patient muscle (partial loss-of-func-
tion) in male patients (Hoffman et al. 1989; Arikawa et al. 1991; Kesari et al. 2008;
van den Bergen et al. 2014). Becker muscular dystrophy patients show a broad range
of clinical severities and progressions of their disease. This variability is only poorly
explained by DMD gene mutation types or levels of muscle dystrophin. Instead, the
rate and extent of fibrofatty replacement of the muscle best explains the severity of
symptoms (van den Bergen et al. 2014). The clinical findings in Becker dystrophy
have strong implications for DMD therapeutics development, where all dystrophin
replacement strategies focus on Becker-like dystrophin and not the introduction of
normal full-length dystrophin.

Another clinical diagnostic group of dystrophinopathies is females that are
manifesting carriers of the disease (Hoffman et al. 1992; Pegoraro et al. 1995).
Due to X-inactivation processes in all female cells, female manifesting carriers of
DMD typically show a mosaic pattern of dystrophin expression (dystrophin-positive
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and dystrophin-negative myofibers), where skewing of X-inactivation toward
greater proportions of cells with the mutant DMD gene active leads to loss of most
dystrophin from muscle. Most female carriers of DMD are asymptomatic
(non-manifesting) and show about 50% each of mutant and normal X chromosomes
active in their skeletal muscle and heart. The clinical symptoms of manifesting
female carriers are quite variable (similar to Becker dystrophy), from very mild to
very severe.

Dystrophin abnormalities in dystrophinopathy patients (DMD, Becker dystrophy,
manifesting carriers) are fully manifested biochemically in early fetal life, with both
skeletal muscles and heart showing either dystrophin deficiency (DMD) or abnormal
quantities or quality of dystrophin (Becker dystrophy, carriers). While the genetic
and biochemical defects are “static” and do not change as a function of age, the
clinical symptoms are progressive. Thus, dystrophin abnormalities are not sufficient
to show severe muscle disease, but instead molecular and cellular events down-
stream of the primary defect are age-dependent and correlated with clinical
symptoms. The histopathological feature best correlated with clinical symptoms
is fibrofatty replacement of skeletal muscle (progressive fibrosis) (van den Bergen
et al. 2014).

There are thus two general approaches being pursued in the pharmacotherapeutic
management of dystrophinopathies: (1) efforts focused on reintroduction of dystro-
phin in DMD and (2) efforts to slow down the disease progression (e.g., inhibit
fibrofatty replacement of muscle). There has been substantial progress on both
approaches. However, it is important to note that all dystrophin replacement efforts
use highly modified, abnormal dystrophin proteins as the therapeutic agent, not full-
length normal dystrophin, and they are likely to slow down disease progression, but
unlikely to reverse or cure the disease. For exon skipping, the oligonucleotide drugs
exclude an exon flanking a deletion mutation in a DMD patient, resulting in
restoration of the mRNA/amino acid translational reading frame and a “Becker-
like” dystrophin in DMD patient muscle. With gene therapy, existing viral vectors
are able to accommodate only a small fraction of the dystrophin coding sequence and
instead focus on micro- or mini-dystrophins. As explained further below, even if
there is successful introduction of Becker-like or mini-dystrophins into DMD patient
muscle, it is not known the extent to which biochemical rescue will be achieved, how
biochemical rescue will translate into improvement of clinical symptoms, and the
persistence of this effect.

2 Treatment Goals in DMD: Current Landscape

Studies of muscle biopsies from DMD and healthy age-matched controls in the fetal,
newborn/infant (presymptomatic), and childhood (symptomatic) stages have shown
that muscle histology and tissue development proceed normally through the fetal
period but that the muscle shows a chronic inflammatory state at birth via activation
of innate immunity and cell “danger” signals (NFkB pathways) (Chen et al. 2005).
The chronic activation of NFkB pathways transitions over years to fibrofatty
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replacement of muscle (TGFβ pro-fibrotic pathways), and the loss of myofibers in
turn correlates with weakness and disability, as noted above.

Potent pharmacological inhibitors of NFkB pathways are the corticosteroid class
of drugs. These drugs bind the glucocorticoid receptor (GR; gene name NR3C1),
where ligand/receptor complexes bind directly to NFkB promoter gene elements and
block NFkB gene activation (Hudson et al. 2018). High-dose (0.7–9.0 mg/kg/day)
chronic use of corticosteroids (prednisone, deflazacort) has shown efficacy in DMD,
improving strength and mobility and delaying loss of ambulation by a few years
(Griggs et al. 2016; McDonald et al. 2018). While corticosteroids are clearly
effective in DMD, there is considerable variation in practice in terms of prescription
and use of corticosteroids due to the high burden of side effects (Griggs et al. 2013;
Bello et al. 2015; Cowen et al. 2019). Side effects of concern to patients and their
families include stunting of growth, bone fragility, mood changes, weight gain, and
increased rate of infections. Loss of bone density and stunting of growth are likely
related, as glucocorticoids have profound negative effects on bone growth (Nguyen
et al. 2018). Clinical morbidities of loss of bone density include very high rates of
bone and vertebral fractures in glucocorticoid-treated DMD boys (Wong et al. 2017;
Joseph et al. 2019). Corticosteroid side effects add considerably to healthcare costs
(Rice et al. 2018a, b).

As with many indications for corticosteroids, they are prescribed off-label to
DMD children, with most physicians choosing to wait until noticeable declines in
patient gross motor skills are observed (~4–6 years), in an effort to reduce the burden
of side effects at young ages. However, an open-label study of 0.4–2.4-year-old
infants with DMD showed that intermittent dosing with corticosteroids (5 mg/kg/day
weekends only) led to a slowing of disease progression and some reduction in safety
concerns (stunting of growth, Cushingoid features) (Connolly et al. 2019). In 2017,
FDA approved deflazacort (Emflaza) for DMD; this was controversial due to the
associated cost increases (~$3,000/year prior to approval; ~$60,000/year post-
approval) and the greater burden of side effects generally seen with deflazacort
compared to prednisone (Bello et al. 2015). The Institute for Clinical and Economic
Review (ICER) released a report evaluating the cost-effectiveness of deflazacort
(https://icer-review.org/wp-content/uploads/2018/12/ICER_DMD_Draft_Evi
dence_Report_0522019.pdf).

A second drug for DMD, eteplirsen (exondys-51), was granted accelerated
(conditional) approval by the FDA in 2016 based on increased dystrophin protein
production in DMD patient muscle (surrogate outcome measure). Eteplirsen is
indicated for use in the subset of DMD patients with gene mutations that are
amenable to skipping of exon 51 (~12%). The approval was also controversial, as
there was disagreement within the FDA and within the medical and scientific
communities regarding the rigor and sufficiency of supportive evidence (Railroading
at the FDA 2016). Published data from a single clinical trial of 12 DMD patients
showed a relatively low level of eteplirsen-induced dystrophin rescue (mean 0.93%
of dystrophin levels observed in normal muscle) (Charleston et al. 2018). The
relatively small increases in dystrophin protein, coupled with the lack of supportive
clinical efficacy data and annual treatment cost (~$800,000), have led to about half
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of insurance carriers denying coverage for eteplirsen (https://icer-review.org/wp-
content/uploads/2018/12/ICER_DMD_Draft_Evidence_Report_0522019.pdf).

In the European Union, the EMA granted conditional approval for Translarna®

(ataluren), a small-molecule drug developed to enable read-through of premature
stop codons created by nonsense mutations in the mRNA of DMD patients and
hence expression of a full-length functional dystrophin protein. PTC Therapeutics
Ltd. received conditional marketing authorization for the treatment of ambulatory
DMD patients aged 5 years or older who have a nonsense mutation in the dystrophin
gene (about 10% of DMD patients). The EPAR product information describes two
studies. Study 1 was a 48-week study of 114 patients randomized to Translarna or
placebo. Analysis of the primary outcome, 6-min walk test, showed a drug-
associated deflection of decline of ~30 m, although this was not statistically signifi-
cant (Fig. 1). Study 2 was a 48-week study of 228 patients similarly randomized to
Translarna or placebo and also used 6-min walk test as the primary outcome. This
showed a nonsignificant deflection of decline of ~15 m (Fig. 1). Most Translarna-
treated patients were treated with corticosteroids prior to Translarna treatment. EMA
considered a confirmatory trial to be a key requirement to support the risk-benefit
balance of ataluren. In order to confirm the safety and efficacy of Translarna® in
children 5 years or older, a multicenter, randomized, double-blind, 18-month,
placebo-controlled study, followed by an 18-month open-label extension, was
planned. This study is ongoing. Notably, use of corticosteroids for 12 months is a
requirement for enrolment, as is the need to stay on a stable dose of corticosteroids
for the duration of the trial, with the anticipated safety concerns of stunting of growth
and Cushingoid features.

In summary, the most broadly utilized pharmacotherapy for DMD is daily
corticosteroids (daily prednisone or deflazacort), where there is relatively poor
adherence to standard of care guidelines due to the burden of side effects of these
treatments. Medicines for treatment of mutation-defined subsets of DMD patients
have been approved by the FDA (exon 51-amenable mutations; ~12% of DMD

Translarna
Study 1

Translarna 
Study 2

Fig. 1 Comparison of 6-min walk data from Translarna Study 1 and Study 2 (EPAR product
information). Two 48-week Translarna (40 mg/kg/day) clinical trials are shown; Study 1 was
5–20 years ambulatory DMD patients, with 57 patients per arm (placebo; 40 mg/kg Translarna);
Study 2 was 7–14 years ambulatory DMD patients, with 115 patients per arm. In both studies,
Translarna treatment showed a nonsignificant deflection of decline over time of 6-min walk test
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patients; exondys 51/eteplirsen) and EMA (stop codon mutations; ~10% of DMD
patients; Translarna/ataluren), but neither drug has demonstrated compelling data for
clinical efficacy to date.

3 Treatment Goals in DMD: Pharmacotherapies
in the Pipeline

The number of drug development programs in DMD has grown exponentially in
recent years, with 31 drugs in clinical development at the time of writing (June 2019)
(Fig. 2). A summary of the status of these programs is given under categories below.

Exon Skipping The success of Sarepta in obtaining FDA approval for eteplirsen/
exondys 51 based on small increases in dystrophin protein content of patient muscle
has led to a swell in biotech and pharma interest in pursuing a similar
oligonucleotide-based exon-skipping approach, with key variables being variations
on oligonucleotide chemistry and different DMD exons targeted. Furthest along is
NS Pharma (viltolarsen) that has used the same morpholino chemistry as Sarepta, but

Exondys 51 (Eteplirsen) [Sarepta]
Emflaza [PTC Therapeutics]

Spironolactone & Eplerenone [Ohio State University]
Translarna (Ataluren) [PTC Therapeutics]

Givinostat [Italfarmaco]*
Raxone (Idebenone) [Santhera]*
SRP-4045/SRP-4053 [Sarepta]*

RG6206 [Roche]*
Edasalonexent (CAT-1004) [Catabasis]

Domagrozumab (PF-06252616) [Pfizer]*
Vamorolone (VBP15) [Reveragen]*

Ezutromid (SMT C1100) [Summit PLC]*
Pamrevlumab (FG-3019) [Fibrogen]

Epicatechin [Cardero]
NS-065/NCNP-01 [NS Pharma]

Follistatin Gene Transfer [Nationwide Children’s]
CAP-1002 [Capricor]

MNK-1411 Cosyntropin Acetate [Mallinckrodt]*
Myoblast Transplantation [Chu De Quebec]

Exon Skipping 53 [Daichi - Sankyo]***
Nationwide Micro-Dystrophin Gene Transfer [Nationwide Children’s]

WVE-210201 Exon 51 Skipping [WAVE]
Nationwide GalGT2 Gene Therapy [Nationwide Children’s]

PF-06939926 Mini-Dystrophin Gene Therapy [Pfizer]
SGT-001 Micro-Dystrophin Gene Transfer [Solid]

Rimeporide [EspeRare]**
AT-300 [Akashi]

Ifetroban [Cumberland Pharma]
Nationwide Exon 2 Skipping for Duplication 2 [Nationwide Children’s]

Tamoxifen** [University of Geneva]
MA-0211/MTB-1 [Mitobridge/Astellas]

Pre-clinical Phase l Phase l/II Phase II Phase III

Fig. 2 Clinical-stage drug development programs in DMD as of June 2019. The domagrozumab
and SMT C1100 programs have been terminated (marked with X). Taken from https://www.
parentprojectmd.org/research/current-research/drug-development-pipeline/
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targeted exon 53 instead of eteplirsen’s exon 51 (~10% of DMD patients), and used
considerably higher doses (80 mg/kg/day; compared to Sarepta’s 20 mg/kg/day).
Parallel trials in Japan and the USA/Canada have been conducted and shown ~6%
mean drug-induced dystrophin levels in patient muscle, levels that are about sixfold
those seen with the Sarepta drug. Preliminary studies on viltolarsen have been
published (Komaki et al. 2018; Watanabe et al. 2018). Daiichi Sankyo is using a
modified 20-O,40-C-ethylene-bridged nucleic acid (ENA) chemistry targeting exon
45 (DS-5141) with subcutaneous injections. WAVE is using modified stereopure
chemistry targeting exon 51 (WVE-210201). Stereopure oligos have locked chirality
that has been optimized for cell delivery and binding to target RNA and may prove
more potent and effective. Sarepta is also pursuing additional exons using their
morpholino chemistry.

Replacements for Corticosteroids The burden of corticosteroid side effects for
DMD patients is severe and the most common reason for discontinuation;
alternatives to corticosteroids are under development (Cowen et al. 2019). Furthest
along is vamorolone, a dissociative steroidal anti-inflammatory that binds the gluco-
corticoid and mineralocorticoid receptors, but imparts different activities to the
ligand/receptor complexes, leading to retention or improvement of efficacy and
lessening of safety concerns (Hoffman et al. 2018, 2019; Conklin et al. 2018).
Clinical trials in 48 steroid-naïve DMD boys (4 to <7 years) have shown dose-
responsive improvements in gross motor skills and strength. A bifunctional small-
molecule drug, edasalonexent, is effective at reducing NFkB pathways and is
similarly being developed as an alternative to corticosteroids; Phase 1 data in
DMD boys has been published (Finanger et al. 2019). MNK-1411 is a patch delivery
of cosyntropin, with the goal of manipulating ACTH/cortisol pathways and thereby
replacing corticosteroids.

Viral Vector Delivery A series of proteins are being delivered to DMD muscle
using adeno-associated viral vectors (AAV). Most focus on delivering miniature
variants of the dystrophin protein (mini- or micro-dystrophins), missing much of the
rod domain, with variable retention of other domains. Key variables in dystrophin
gene delivery to muscle are (1) serotype of the AAV vector utilized; (2) large-scale
AAV viral particle laboratory production methods; (3) the type of dystrophin mini-
gene and function of the modified dystrophin (and extent of retained function
relative to normal dystrophin); (4) transcriptional promoter driving the mini-gene
in the AAV vector; and (5) effectiveness of delivery to muscle and persistence of
dystrophin expression. Clinical trials underway include AAV-dystrophin vectors
constructed by Nationwide Children’s Hospital (Sarepta), Bamboo Therapeutics
(Pfizer), and Solid Biosciences. No publications have been released to date on any
program.

Nationwide Children’s Hospital is also using AAV vectors to deliver follistatin, a
modulator of myostatin muscle hypertrophy pathways (see myostatin inhibition
below).
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There has been considerable attention to applications of CRISPR gene editing
technologies to DMD, and preliminary studies in dogs suggest promise (Amoasii
et al. 2018). The CRISPR approach edits the DMD patient’s gene to restore the
reading frame, essentially the same approach as oligonucleotide drug-driven exon
skipping. Thus, CRISPR, like exon skipping, aims to change DMD to Becker
muscular dystrophy, and this will be carried out using AAV viral vectors. Thus,
CRISPR faces many of the same questions and limitations of AAV-mediated
dystrophin gene delivery, as noted above. However, one potential advantage of the
CRISPR gene editing approach is that it may lead to more permanent changes in the
patient’s myofiber DNA and thus show a more persistent benefit. That said, any
treatment-emergent safety concern observed with CRISPR approaches would not be
expected to be reversible as with most other drugs.

Myostatin Inhibition Myostatin is a protein that negatively regulates muscle
growth; inhibition of myostatin results in muscle hypertrophy. Modulation of the
myostatin pathway has been a strong focus of DMD therapeutics, with the underly-
ing rationale that bigger muscles will provide greater muscle function to DMD
patients. There are two key weaknesses to this logic. First, myostatin is already
dramatically downregulated in dystrophin-deficient muscle, questioning the value of
further downregulation. Second, data from a dog model of dystrophin deficiency
(GRMD), where myostatin was decreased by 50% through genetic crossing into the
myostatin null bully whippet, showed that reductions in myostatin worsened the
phenotype of the dog (Kornegay et al. 2012; Nghiem et al. 2013). Clinical experi-
ence with myostatin inhibition in DMD has been unable to show efficacy despite
multiple concluded and ongoing clinical trials. Pfizer’s domagrozumab program was
terminated in 2018 due to a futility analysis, even though the same myostatin
antibody improved the mdx mouse model of DMD and caused drug-induced muscle
hypertrophy in monkeys (St Andre et al. 2017). Ongoing clinical trials in myostatin
inhibition include RG6206 antibody (Roche) and follistatin AAV delivery (Nation-
wide Children’s Hospital).

Others Two cell-based clinical trials are underway, one using intravenously deliv-
ered mesenchymal stem cells (Capricor’s CAP-1002) (Taylor et al. 2019) and
myoblast cell trials at Laval University in Quebec. There is considerable evidence
of mitochondrial dysfunction in dystrophin-deficient muscle, and clinical studies are
underway to determine if bolstering mitochondrial function may show efficacy in
DMD (Raxone, Santhera; epicatechin, Cardero; MA-0211, Astellas).

Dystrophin deficiency leads to unstable plasma membranes and ionic imbalance
in both skeletal and heart muscles. Modulation of ionic imbalance via eplerenone, a
mineralocorticoid receptor antagonist, has shown efficacy in DMD cardiomyopathy
(Raman et al. 2015). Vamorolone also shows potent antagonism of the mineralocor-
ticoid receptor similar to eplerenone (distinct from corticosteroids) (Heier et al.
2019). A clinical trial of an inhibitor of the skeletal muscle sodium/proton type
1 exchanger (NHE-1) aims to target similar pathways (rimeporide – Esperare).

32 E. P. Hoffman



Tamoxifen, an estrogen receptor modulator, has shown efficacy in mouse models of
DMD (Dorchies et al. 2013), and a double-blind Phase 3 trial has recently begun
enrolling patients (NCT03354039).

Two drugs target fibrosis in DMD muscle, with the aim of slowing the transition
to fibrofatty replacement associated with muscle weakness. Givinostat is a
modulator of histone deacetylases and reduces fibrofatty replacement in DMD
muscle (Bettica et al. 2016) (Italfarmaco). Pamrevlumab is a monocslonal antibody
targeting connective tissue growth factor (FibroGen).

4 Treatment Goals in Becker Muscular Dystrophy
and Female DMD Carriers

Becker muscular dystrophy is defined by a combination of clinical findings (muscu-
lar dystrophy in a male that is variable in severity, but milder than DMD), gene
mutation findings (DMD gene deletion or duplication that is “in-frame” and compat-
ible with dystrophin production), and/or muscle biopsy protein findings (dystrophin
that is present in muscle, but of abnormal quantity and/or quality [molecular
weight]). Clinically, Becker muscular dystrophy can be just slightly milder than
DMD (e.g., loss of ambulation ~20 years of age), through to asymptomatic
(elevations of serum creatine kinase in the absence of clinical symptoms –

hyperCKemia). Becker muscular dystrophy has an incidence in all world
populations similar to DMD, making it one of the more common genetic disorders
(incidence of DMD 3.0/100,000 [95% CI 2.33–3.70], BMD 2.2/100,000 [95% CI
1.64–2.88]) (Lefter et al. 2017). About 20% of Becker muscular dystrophy patients
report using corticosteroids (Cowen et al. 2019). In general, most Becker dystrophy
patients and their physicians feel that the severe side effects outweigh the efficacy of
corticosteroids.

There is little in terms of pharmacotherapy development for Becker muscular
dystrophy, with no clinical efficacy trials published to date. A clinical trial of
givinostat for the treatment of Becker muscular dystrophy is currently recruiting
(NCT03238235). Vamorolone may show promise in Becker dystrophy as it is
anticipated to reduce dystrophin-targeting microRNAs and thus increase dystrophin
levels in muscle (Fiorillo et al. 2015, 2018). Development of experimental therapeu-
tics in Becker muscular dystrophy is poised to expand over the next few years.

The prevalence of female carriers of DMD is about twice the incidence of male
DMD boys, or 1 in 2,500 females worldwide. The majority of female carriers are
asymptomatic. However, there is increasing recognition of cardiac abnormalities in
most female carriers, although these are most commonly imaging findings and are
not commonly symptomatic (Adachi et al. 2018). The degree of skeletal muscle and
cardiac involvement in female carriers is driven by the skewing of X-inactivation,
where a subset of female carriers show the mutation-carrying X active in the majority
of cells – e.g., manifesting carriers (Hoffman et al. 1992; Pegoraro et al. 1995). To
date, there are no published clinical trials of manifesting carriers and no currently
enrolling subjects.
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5 Looking Forward

DMD and Becker muscular dystrophy have two somewhat separable components of
their disease – the primary defect (dystrophin abnormalities) and the molecular and
cellular events driving fibrofatty replacement of muscle and progressive weakness. If
gene therapy or CRISPR technologies were able to deliver normal, full-length
dystrophin to patient muscle, then it may be possible to provide a curative therapy,
particularly if done at an early age (before fibrofatty replacement of muscle occurs).
However, none of the existing dystrophin replacement or gene repair strategies to
date attempt to introduce a normal dystrophin gene and protein – they instead seek to
introduce a Becker dystrophy gene or protein into a DMD child. Given the variable
severity of Becker dystrophy, one might expect the efficacy of such approaches to be
quite variable in terms of benefit, perhaps on a patient-by-patient basis.

What is most likely to emerge in pharmacotherapy of Duchenne and Becker
muscular dystrophies is a multipronged approach, with agents providing rescue of
Becker-like dystrophins and additional drugs used in combination addressing both
chronic inflammation and the progressive fibrofatty replacement of muscle.
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Abstract
Mucopolysaccharidoses (MPSs) are caused by deficiencies of specific
lysosomal enzymes that affect the degradation of mucopolysaccharides or
glycosaminoglycans (GAGs). Enzyme replacement therapies are available for
an increasing number of MPSs since more than 15 years. Together with
hematopoietic stem cell transplantation, these enzyme therapies are currently
the gold standard of causal treatment in MPS. Both treatments can improve
symptoms and prognosis, but they do not cure these severe conditions. The
limitations of intravenous enzyme replacement and cell therapy can be
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summarized as the development of immune reactions against the therapeutic
molecules/cells and failure to restore enduring and sufficient drug exposures in
all relevant tissues. Thus innovative approaches include small molecules and
encapsulated cells that do not induce immune reactions, gene therapy approaches
that aim for sustained enzyme expression, and new enzymes that are able to
penetrate barriers to drug distribution like the blood-brain barrier. This chapter
provides an update on the state of development of these new therapies and
highlights current challenges.

Keywords
Cell therapy · Gene therapy · Innovative therapies · Mucopolysaccharidoses ·
Pharmacology

1 Introduction

Mucopolysaccharidoses (MPSs) are a group of inborn errors of metabolism (IEM)
caused by deficiencies of specific lysosomal enzymes that affect the degradation of
mucopolysaccharides or glycosaminoglycans (GAGs). The accumulation of GAGs
in various organs and tissues of patients affected by MPS leads to a multi-systemic
clinical picture with a broad range of clinical signs and symptoms (Neufeld 2001).
The clinical descriptions have been published in the first [MPS I-H (Hurler 1920), II
(Hunter 1917), and IV (Morquio 1929)] and second [MPS I-S (Scheie et al. 1962),
MPS III (Sanfilippo et al. 1963), VI (Maroteaux et al. 1963), VII (Sly et al. 1973)]
half of the last century. The identification of the underlying specific enzyme
deficiencies founded the basis for the classification of MPS, but moreover it inspired
Christian de Duve and Roscoe Brady in the late 1960s (De Duve 1964; Brady 1966)
to propose substitution of enzymes as a new therapeutic concept. The mutual cross
correction of cultured fibroblasts from patients with MPS I and MPS II in 1968 by
the group of Elizabeth Neufeld (Fratantoni et al. 1968) provided the first proof of
principle in vitro. Brady succeeded in treating Fabry and Gaucher patients with
ceramidetrihexosidase and cerebrosidase isolated from the human placenta, which
was a paramount milestone in establishing enzyme replacement therapy (ERT). For
technical reasons (low protein abundance, proteolytic degradation, etc.), this protein
source could not be used in MPSs (Heartlein and Kimura 2014), but the cloning of
the genes coding for the defective enzymes triggered the development of recombi-
nant therapeutic enzymes. So far enzyme products have been marketed for the
following mucopolysaccharidoses: MPS I (laronidase; FDA 2003/EMA 2003),
MPS II (idursulfase; 2006/2007), MPS IV A (elosulfase alfa; 2014/2014) and
MPS VI (galsulfase; 2005/2006), and recently MPS VII (vestronidase alfa, 2017).
These therapies, together with hematopoietic stem cell transplantation (HSCT) (only
in early detected cases of MPS I), today are the gold standard of causal treatment in
MPS. Despite improving symptoms and prognosis, intravenous ERT does not
represent a cure for these severe conditions. In this chapter we will discuss the
pharmacological principles and limitations of currently available therapies, and we
will give an overview on emerging strategies to overcome these limitations.
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2 Current Therapies

2.1 Pharmaceutical Characteristics of ERT Medicines

The recombinant lysosomal enzymes for the treatment of MPSs are molecules of
approximately 600 amino acid residues and a molecular weight of around 70 kDa.
They are similar to the human forms of the enzymes but can be produced in human,
animal (e.g., Chinese hamster ovary), or plant cell cultures. All carry a mannose-6-
phosphate residue, which binds to target cell surface receptors and facilitates the
uptake into the lysosome via 6-mannose-phosphate receptors. The purified enzyme
is formulated with sodium chloride, sodium phosphate, and polysorbate 20 to a
hydrolysate that has to be diluted in 0.9% saline for infusion. The infusion solution
can be used for 24 h.

2.2 Pharmacology of ERT Medicines

Upon intravenous infusion the enzyme is rapidly cleared from the circulation, with
plasma half-lives of less than 1 h. In animal distribution studies, the majority of the
drug is taken up by the liver. Moreover, there is a substantial uptake into other
visceral organs, skin, vasculature, and lymph nodes. Bradytrophic organs like bones
are hardly reached as well as the brain and eyes. Although elimination studies are
missing, it seems obvious that the main mechanism of plasma clearance is the
intracellular uptake via mannose-6-phosphate receptors. The persistence of the
enzyme in the lysosomes, which has only been studied in patients and other cells
in vitro, is in the range of 0.5–1 week, which is in line with the clinical observation
that weekly infusions are more efficient than biweekly. As a consequence, standard
treatment is weekly intravenous infusions. Most patients receive the recommended
body weight-dependent standard doses, which are in the range of 0.5 mg/kg
(Aldurazyme® in MPS II) to 2 mg/kg (Vimizim® in MPS IV A). The infusions are
administered over 3–5 h with slowly increasing rates to prevent infusion reactions,
which are differently from allergic reactions, and primarily dose dependent. In
toxicological and safety studies, local infusion site reactions and generalized
immune reactions up to anaphylactoid reactions have been most often observed. In
general, the toxicological profile and clinical tolerability is excellent. Most patients
develop anti-drug IgG antibodies over time. No clear negative impact on treatment
efficacy has been confirmed so far. Acute infusion reactions can present clinically
with nausea, diarrhea, rash, urticaria, angioedema, bronchoconstriction, rhinitis, and
anaphylaxis. The majority of infusion reactions occur within the first months of
treatment, but they can occur at any time. The majority of patients experience some
reaction at one point, but most are mild to moderate and manageable with
antihistamines and steroids. Like in anaphylactic reactions of other origin, intramus-
cular adrenaline is the treatment of choice in severe case (grade III and IV) (Lenders
et al. 2018; Kim et al. 2017).
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2.3 Effects and Limitations of ERT and BMT/HSCT

Enzyme replacement and cell therapy are causal therapies. Ideally, these should
restore sufficient enzyme activity to normalize lysosomal function, stop GAG
accumulation, and clear stored material without causing relevant inadvertent effects.
In reality this is only partly the case. Intravenous ERT and BMT/HSCT can
normalize GAG excretion and liver size. However, splenomegaly, cardiac function,
walking ability, endurance, airway obstruction and pulmonary function can only be
improved to some extent. In general, cardiac valve disease, joint range of motion,
skeletal disease, and CNS manifestation seem not to benefit. This can be explained
by the following limitations of the two approaches.

2.3.1 Immunoreactivity
For cell therapy immune suppression is a prerequisite. Although this is not the case
for enzyme replacement therapy, it is associated with a relevant potential for immune
reaction. The spectrum of immune reactions that have been observed upon the
administration of recombinant enzymes reaches from silent antibody production to
anaphylactic shock. In practically all cases, infusion reactions can be controlled with
anti-allergic drugs, yet there is some evidence that in some cases neutralizing
antibodies can mitigate therapeutic efficacy (Lenders et al. 2018; Kim et al. 2017).

2.3.2 Low Bioavailability in Certain Tissues
The low vascularization of tissues like bone, cartilage, and cardiac valves and
physiological barriers that protect the brain or the eye seem to prevent sufficient
concentrations of infused recombinant enzyme at these locations (Lin et al. 2005;
Yano et al. 2009). Also cell therapy does not reach all relevant tissues and cells.

2.3.3 Short-Term Exposure
In contrast to the natural continuous enzyme production, the infusion of recombinant
enzymes acts as a bolus as it is distributed and eliminated immediately after the
infusion has finished (Hendriksz 2016; Ruane et al. 2016; Qi et al. 2014; Xie et al.
2015; Burton et al. 2015). On the one hand, this implies the need for weekly (MPS)
or biweekly (other LSDs) infusions, but on the other hand, it has recently been
shown that continuous slow release can be more efficacious than boluses (King et al.
2016, 2017).

2.3.4 Late Initiation of Treatment
Besides the inherent limitations of the abovementioned approaches, late initiation of
treatment has a major effect on its success. This is because irreversible tissue
destructions seem to occur very early in life. Studies in aborted affected fetuses as
well as animal studies indicate that GAG accumulation is prevalent even before the
30th week of gestation (Martin and Ceuterick 1983; Wiesmann et al. 1980). If started
at birth, however, ERT can normalize GAG storage and reduce pathology even in
otherwise hard-to-reach tissues like the cardiac valves, bone, and brain (Dierenfeld
et al. 2010). Newborn screening for MPS, as a key measure against late treatment
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initiation, is currently investigated in a number of pilot programs (Scott et al. 2013;
Hopkins et al. 2015; Mechtler et al. 2012), but this is beyond the focus of this review.

3 Emerging Therapies

In the following sections emerging therapies for MPS are introduced. Table 1
summarizes the states of development for each therapy approach and MPS form.

3.1 Intrathecal Enzyme Replacement in MPS I, MPS II, MPS IIIA,
and MPS IIIB

A straightforward method to overcome the blood-brain barrier (BBB) is direct
injection into the cerebrospinal fluid. It is well established in other indications like
treatment of cerebral tumors. The intrathecal space can be accessed by lumbar
puncture or subcutaneously implanted drug delivery devices. Several preclinical
and clinical studies have been conducted in small and large animals models of
MPS I (Munoz-Rojas et al. 2008), II, IIIA, and IIIB patients, respectively. Obviously
the ultimate goal is to treat CNS manifestation of these diseases. Clinical trials that
evaluate if cognitive decline can be halted or decelerated are currently underway in
MPS I, MPS II, MPS IIIA, and MPS IIIB, but conclusive results have not been
published so far. Before these pivotal studies could be conducted, several pharma-
cokinetic and pharmacodynamic characteristics of the drugs had to be clarified. In
the following section, this knowledge has been summarized.

3.1.1 What Doses and Intervals Are Needed to Restore Normal
Enzyme Activity in Relevant Tissues by Intrathecal Injection?

In different murine and canine (Dickson et al. 2007) MPS models as well as in
nonhuman primates, doses have been identified that result in normal enzyme
activities in brain parenchyma down to its deep layers, spinal cord, and spinal
meninges (Dickson et al. 2007; Kakkis et al. 2004). The injected recombinant
enzyme was detectable up to 1–3 months after injection (Munoz-Rojas et al. 2008)
and had a brain half-life of 10 days (Kan et al. 2014). These results suggested
biweekly or even monthly infusion intervals for use in consecutive clinical trials.

3.1.2 Does the Restored Enzyme Activity Reduce Storage Material
and Brain Pathology?

In animal models the concentration of GAGs in brain and meninges, brain
vacuolization, and signs of neuroinflammation were reduced with biweekly or
monthly infusions. Clinical data from case reports and small studies in adult and
pediatric patients with MPS I, II, IIIA, and IIIB indicate that GAGs in CSF are
reduced up to 90% (Dickson et al. 2015; Jones et al. 2016; Muenzer et al. 2016).
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Table 1 Preclinical and clinical development status of innovative therapies

MPS Preclinical studies Clinical trials

Intrathecal enzyme replacement

MPS I Case study (Munoz-Rojas et al. 2008) and
Phase I study (Dickson et al. 2015)

MPS II Phase I/II study (Muenzer et al. 2016) and
interim results of Phase II/III study
(Muenzer et al. 2018)

MPS IIIA Phase I/II study (Jones et al. 2016)

MPS IIIB Interim results Phase I/II study (Muschol
et al. 2018)

“Trojan horse” approach with fusion proteins

MPS I AGT-181 (HIRMAb-IDUA) in
nonhuman primates (Boado and Pardridge
2017; Boado et al. 2012)

AGT-181 Phase I (NCT02371226)
AGT-181 Phase I/II (NCT03053089)
interim results (Giugliani et al. 2018a, b)

MPS II AGT-182 (HIRMAb-IDS) in nonhuman
primates (Boado et al. 2014a)

AGT-182 Phase I (NCT02262338)

MPS IIIA HIRMAb-SGSH in nonhuman primates
(Boado et al. 2014b)
cTfRMAb-SGSH in nonhuman primates
(Boado et al. 2017)

MPS IIIB HIRMAb-LL-NAGLU in nonhuman
primates (Boado et al. 2016)

Nanotechnology

MPS I Nanocapsules with Aldurazyme® in MPS
I cells (Mühlstein et al. 2013)

MPS VI Nanocapsules with Naglazyme® in MPS
VI cells (Mayer et al. 2015)

Gene therapy

MPS I Intrathecal AAV-mediated in vivo gene
therapy in MPS I dogs (Hinderer et al.
2016; Ellinwood et al. 2011)

SB-318 AAV6/zinc finger nuclease-
mediated genome editing NCT02702115

MPS II Ex vivo gene therapy with lentiviral
corrected HSC in MPS II mice
(Wakabayashi et al. 2015)

Retroviral in vivo gene therapy (Whitley
et al. 1996)
SB-913 AAV6/zinc finger nuclease-
mediated genome editing NCT03041324

MPS IIIA Ex vivo gene therapy with lentiviral
corrected HSC in MPS IIIA mice
(Sergijenko et al. 2013)

Phase I/II intracerebral AAV-mediated
in vivo gene therapy (Tardieu et al. 2014;
Flanigan et al. 2018)

MPS IIIB Ex vivo gene therapy with lentiviral
corrected HSC in MPS IIIB mice (Holley
et al. 2018)

Phase I/II intracerebral AAV-mediated
in vivo gene therapy (Tardieu et al. 2017)

MPS VI Phase I/II systemic AAV-mediated in vivo
gene therapy NCT03173521

Microencapsulated cells

MPS I Intraperitoneally implanted alpha-L-
iduronidase overexpressing cells in MPS I
mice (Baldo et al. 2012; Lagranha et al.
2013)

(continued)
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Table 1 (continued)

MPS Preclinical studies Clinical trials

MPS II Intraperitoneally implanted iduronate-2-
sulfatase overexpressing myoblasts in
MPS II mice (Friso et al. 2005)

MPS VII Intraventricularly injected
ß-glucuronidase overexpressing
fibroblasts in MPS VII mice (Ross et al.
2000)

Stop codon read-through approach

MPS I Chloramphenicol (Quoos Mayer et al.
2013), gentamicin (Kamei et al. 2013;
Hein et al. 2004; Keeling et al. 2013),
amikacin, lividomycin, paromomycin
(Kamei et al. 2013) in MPS I cells

Phase II ataluren
EudraCT Number 2015-003105-41

MPS VI Ataluren, NB30 and NB54 in MPS VI
cells (Bartolomeo et al. 2013)

Pharmacological chaperones

MPS II Heparin derivative D2S0 in MPS II cells
(Hoshina et al. 2018)

MPS III Imino sugars in MPS IIIC mice
(Pshezhetsky et al. 2018)

MPS IV Imino sugars DLHex-DGJ beta-Gal-
inhibitors and isofagomine derivatives in
MPS IV cells (Fantur et al. 2010; Suzuki
et al. 2014; Thonhofer et al. 2016)

Genistein (4,5,7-trihydroexyisoflavone)

MPS III Case series to randomized controlled
studies (Piotrowska et al. 2011; Delgadillo
et al. 2011; de Ruijter et al. 2012; Kim
et al. 2013)

Pentosan polysulfate (PPS)

MPS I Randomized open Phase II study
(Hennermann et al. 2016)

Rhodamine B ([9-(2-carboxyphenyl)-6-diethylamino-3-xanthenylidene]-diethylammonium chloride)

MPS I Rhodamine in MPS I mice (Derrick-
Roberts et al. 2017)

MPS IIIA Rhodamine in MPS IIIA mice (Roberts
et al. 2006, 2007)

MPS VI Rhodamine in MPS VI cells (Roberts et al.
2006)

MPS mucopolysaccharidosis, HIRMAb-IDUA monoclonal antibodies against human insulin recep-
tor fused to iduronidase A, HIRMAb-IDS monoclonal antibodies against human insulin receptor
fused to iduronate sulfatase A, cTfRMAb-SGSH chimeric monoclonal antibodies against the mouse
transferrin receptor fused to N-sulfoglucosamine sulfohydrolase, HIRMAb-LL-NAGLUmonoclonal
antibodies against human insulin receptor fused to alpha-N-acetylglucosaminidase, AAV adeno-
associated virus, NCT clinicaltrials.gov-identifier number, EudraCT European clinical trials registry
identifier number
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3.1.3 Do the Drugs Induce Immune Reaction and/or Other Relevant
Adverse Reactions?

Currently safety of intrathecal ERT has been studied and reported in a total of
70 [6 MPS I (Munoz-Rojas et al. 2008; Dickson et al. 2015), 49 MPS II (Muenzer
et al. 2016, 2018), 12 MPS IIIA (Jones et al. 2016), and 3 MPS IIIB (Muschol et al.
2018)] patients with a maximum follow-up of up to 67 months. No major adverse
events have been reported. Serum anti-drug antibodies were a common finding in
animal and clinical studies. Antibodies in CSF were only found in patients with
substantial serum antibody titres. Thus it was concluded that these presumably
crossed the BBB rather than being generated intrathecally. Clinical significance of
antibodies has not been reported.

3.1.4 Does Intrathecal ERT Improve the CNS Disease in MPS?
The major motivation for intrathecal ERT is to treat or prevent spinal cord compres-
sion and neurocognitive deterioration. Subjective improvement of symptoms
associated with spinal cord compression has been observed in a Phase I study of
Dickson et al. with intrathecal laronidase in MPS I patients (Dickson et al. 2015).
Increased mobility, improved bowel and bladder control, a reduction in crampy leg
pain, and reduced sensation of “pins & needles” were reported by patients. Neuro-
logical examination showed small gains in the sensory and motor function. Objec-
tive study endpoints, however, like CSF GAG reduction, MRI signs for spinal cord
compression, somatosensory testing, and a score for activities of daily living, were
lacking. The failure to demonstrate efficacy was attributed to the low number of
participants (n ¼ 5), the lack of sensitive outcome measures for measurement of
spinal cord compression, the presence of long-standing (likely irreversible) disease
in the subjects, and spinal ligamentous thickening and other contributors to spinal
cord compression that would be unlikely to respond to intrathecally delivered
enzyme (Dickson et al. 2015).

In the Phase I/II study of Jones et al. with MPS IIIA patients, neurodevelopment
(VABS-II, BSID-III, and KABC-II) and gray matter volume were evaluated
22 weeks after intrathecal heparan-N-sulfatase. Of the 12 patients, 4 showed a
decline in developmental quotient assessed, 6 were essentially stable, and 2 patients
had only a single data point. All except two patients showed reduction in gray matter
volume (Jones et al. 2016). The abovementioned studies were primarily designed to
proof safety and tolerability; thus it was not entirely unexpected that efficacy could
not be statistically proven. In contrast, the randomized controlled Phase II/III trial in
children with Hunter syndrome of Muenzer et al. primarily aimed for the proof of
efficacy. The effects of monthly intrathecal idursulfase (n ¼ 32) on cognitive
impairment were assessed with the General Conceptual Ability (GCA) score (part
of DAS-II) and the Adaptive Behavior Composite (ABC) score (part of VABS-II)
and compared versus no treatment (n ¼ 16). The top-line results presented in
December 2017 showed no significant improvement of these parameters (Muenzer
et al. 2017; Clinicaltrials.gov 2017; Takeda 2017).
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So in conclusion it has been shown that intrathecal ERT can be safely used in
MPS I, II, IIIA, and IIIB but it remains unclear if the CNS pathology can be reversed
or slowed down once developed. This underlines the need for alternative
approaches.

3.2 Trojan Horse Approach with Fusion Proteins

Although many therapeutic proteins cannot pass the BBB, it is not a complete barrier
for large molecules. Macromolecules like hormones, neurotransmitters, and
xenobiotics enter the brain via receptor-mediated active transport systems. This
can be utilized by fusing active compounds to antibodies against these receptors.
The antibodies act as Trojan horses that transport the therapeutic protein across
BBB. Fusion proteins of antibodies against human insulin receptors (HIRMAb) or
transferrin receptors (TfRMAb) have been used to develop treatments for MPS I
[HIRMAb-IDUA (Boado and Pardridge 2017; Boado et al. 2012)], MPS II
[HIRMAb-IDS (Boado et al. 2014a)], MPS IIIA [HIRMAb-SGSH (Boado et al.
2014b), cTfRMAb-SGSH (Boado et al. 2017)] and MPS IIIB [HIRMAb-LL-
NAGLU (Boado et al. 2016)]. These studies have indicated that about 1% of
intravenously infused enzyme is taken up into the brain, which is considered
sufficient to reduce intracellular GAG accumulation. In MPS IIIA mice, GAG
accumulation is substantially reduced after treatment with cTfRMAb-SGSH
(Boado et al. 2017).

HIRMab in high doses caused hypoglycemia by a weak insulin agonist activity.
However, this was not observed when dextrose was added to the infusion (Boado
et al. 2012). Moreover, the preclinical studies indicated a good toxicity profile.
Currently several clinical trials are ongoing including a Phase I study
(NCT02371226) and a Phase I/II (NCT03053089) study with AGT-181 (HIRMAb-
IDUA) in 3 and 21 MPS I patients, respectively, extension studies (NCT02597114;
NCT03071341), and a Phase I study with AGT-182 (HIRMAb-IDS) in 8 MPS II
patients (NCT02262338). Recent reports on preliminary results of a trial with
AGT-181 in MPS I patients indicate good effects on GAG levels, on spleen and
liver volume, as well as on neurocognitive function (Giugliani et al. 2018a, b).

3.3 Nanotechnology

Another promising strategy to transport enzyme across the BBB is to coat it with
polymer-based nanoparticles. The particles conjugate the therapeutic enzyme and
build nanocapsules that can pass the BBB by transcytosis and other mechanisms. In
vitro studies have been done with arylsulfatase B (Naglazyme® for MPS VI;
BioMarin Pharmaceutical) (Mühlstein et al. 2013) and laronidase (Aldurazyme®

for MPS I, Genzyme Corporation, Boston, MA, USA) (Mayer et al. 2015).
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3.4 Gene Therapy

Gene therapy aims for the correction of genetic sequences in patient cells. In the
ex vivo approach, patient cells (e.g., stem cells, fibroblasts, etc.) are gathered,
cultured in vitro, corrected genetically, and consecutively reinjected into the patient.
In contrast for in vivo gene therapy, the corrected DNA is injected directly into the
patient. Most in vivo efforts utilize viral vectors to deliver the corrective genetic
material into the target cells. In principle MPSs as well as other lysosomal storage
diseases are good candidates for gene therapy approaches. This is because even a
relatively small number of corrected cells may be sufficient to produce therapeutic
enzyme concentrations in the circulating blood. As in ERT this will result in
internalization of enzyme into deficient cells, even if the DNA of these cells was
not corrected (Baldo et al. 2014). Like in ERT, another major challenge of systemi-
cally administered gene therapy is to reach CNS, bones, and eyes sufficiently (Baldo
et al. 2014; Ellinwood et al. 2004). Among many efforts two approaches seem
promising for brain targeted gene therapy. First, lentiviral vectors can be used to
augment the efficacy of HSCT by inducing overexpression of the therapeutic
enzyme. In this sense mouse models of Hunters and Sanfilippo A disease have
been successfully treated with autologous HSC transduced with a lentivirus
encoding for iduronate-2-sulfatase and N-sulfoglucosamine sulfohydrolase, respec-
tively (Wakabayashi et al. 2015; Sergijenko et al. 2013). Interestingly in contrast to
regular HSCT, these modified HSC improved neuropathology significantly. In
metachromatic leukodystrophy, another lysosomal storage disease, this strategy
has been successfully used in clinical trials (Sessa et al. 2016; Biffi et al. 2013).

Second, adeno-associated viral (AAV) vectors have been directly injected into the
brain parenchyma or CSF in many preclinical and some clinical studies. Tardieu
et al. (2014, 2017) conducted two Phase I/II studies in 1.5–6 years old children with
MPS IIIA and IIIB, respectively. The recombinant AAV vector serotype 2/5
(rAAV2/5) encoding human N-sulfoglycosamine sulfohydrolase (SGSH) or α-N-
acetylglucosaminidase (NAGLU) was injected in cerebral and cerebellar white
matter with silica glass capillaries. This was well tolerated and induced sustained
enzyme production in the brain. After initial specific anti-NAGLU immune
response, immunological tolerance was developed. Some cognitive improvement
was observed in all patients with the best results in the youngest patient (20 months
of age). Another Phase I/II study in MPS IIIA was recently reported by Flanigan
et al. using a scAAV9 vector. GAGs in urine and CSF and liver volume were
decreased upon gene therapy. Stabilization or improvement of adaptive behavior
and cognitive function was observed (Flanigan et al. 2018).

Although larger studies and longer follow-up are needed, these results indicate a
window of therapeutic opportunity in early life for this approach. Clinical trials are
also underway for MPS II (NCT00004454), IIIB (NCT03300453, NCT03315182),
and VI (NCT03173521).
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3.5 Cell Microencapsulation

Cell microencapsulation of allogenic cells aims to allow their implantation without
the need for immune suppression. By enclosing the cells into a semipermeable
membrane, immune reactions can be prevented while exchange of metabolites and
nutrients is still possible. Several kinds of microencapsulated cells that have been
genetically modified to overexpress the therapeutic enzymes have been studied
successfully in MPS types I, II, and VII. In MPS VII mice implantation of
microencapsulated β-glucuronidase overexpressing fibroblasts into the lateral
ventricles resulted in distribution of the enzyme in most brain areas and the CNS
pathology was improved (Ross et al. 2000). Peritoneal application of iduronate-2-
sulfatase overexpressing myoblasts reduced GAGs in urine and visceral organs in
MPS II mice (Friso et al. 2005). In MPS I mice, encapsulated BHK cells were
successfully applied (Baldo et al. 2012), but prednisone was needed to control
immune response (Lagranha et al. 2013; Lizzi Lagranha et al. 2017).

3.6 Stop Codon Read-Through

Stop codon read-through (SCRT) therapy aims for genetic correction on the RNA
level. Nonsense mutations can induce stop codons that lead to premature termination
of the RNA translation and consecutive mRNA degradation by nonsense-mediated
mRNA decay (NMD) resulting in truncated dysfunctional peptides. This
pathomechanism can be disrupted by inserting amino acids into the sequence, so
the stop codon is resolved and full lengths protein can be generated. Several
molecules have been shown to apply for SCRT including marketed drugs. Enzyme
activity could be increased in MPS fibroblasts and cell lines with chloramphenicol
(Quoos Mayer et al. 2013), gentamicin (Kamei et al. 2013; Hein et al. 2004; Keeling
et al. 2013), amikacin, lividomycin, and paromomycin (Kamei et al. 2013). Further-
more novel less toxic molecules like PTC124 (ataluren), NB30, and NB54
(paromomycin derivatives) were successfully tried in MPS VI fibroblasts
(Bartolomeo et al. 2013) and MPS I cells (Kamei et al. 2013). Ataluren (Translarna®,
PTC Therapeutics, South Plainfield, NJ, USA) is market approved for SCRT of
nonsense mutations causing Duchenne muscular dystrophy (nmDMD). A Phase II
trial with MPS I patients (EudraCT Number 2015-003105-41) is currently being
conducted in the United Kingdom. All of these are small molecules that can cross the
BBB. However, SCRT is limited to the use in patients with missense mutation.

3.7 Pharmacological Chaperones

Some genetic variants in MPS and many other diseases cause misfolding of the
respective enzyme or other protein, respectively. Misfolding leads to an aberrant
three-dimensional conformation and consecutively to a reduced function and stabil-
ity as well as aberrant trafficking of the enzyme. Pharmacological chaperones (PCs)
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counteract this misfolding pathology by acting as scaffolding for the misfolded
proteins. PCs are small molecules that can have advantages over therapeutic proteins
in their ability to reach target cells and cell compartments. On the other hand, this
approach is limited to patients with amenable mutations that lead to potentially
reversible misfolding. In Fabry disease, a pharmacological chaperone (migalastat)
has reached market approval. In MPS interesting molecules have been described for
MPS II, III, and IV (Takai et al. 2013; Hoshina et al. 2018; Fantur et al. 2010; Suzuki
et al. 2014; Thonhofer et al. 2016; Matos et al. 2014), and recently first in vivo
experiments in a murine MPS model have been conducted (Pshezhetsky et al. 2018).

3.8 GAG-Reducing Small Molecules

Substrate reduction is an established therapeutic concept in other lysosomal storage
diseases like Gaucher disease and Niemann-Pick type C. Partly motivated by the
restrictions of ERT to reach the brain, the bones, and the eyes, several small
molecules that reduce GAG concentration in urine and tissue have been studied
in MPS.

Genistein (4,5,7-trihydroexyisoflavone) is a plant isoflavone, which blocks the
epidermal growth factor (EGF)-mediated signal transduction. This pathway
regulates the expression of GAG-synthesizing enzymes. Thus the reduction of
GAG levels in brains and other organs of genistein-treated MPS III B mice
(Malinowska et al. 2010; Piotrowska et al. 2011) was attributed to substrate inhibi-
tion. Despite promising preclinical data, clinical studies with 5–10 mg/kg genistein
per day, including one placebo-controlled study so far, failed to conclusively
confirm effects on neurocognition, whereas safety seems to be good even in high
doses (Piotrowska et al. 2011; Delgadillo et al. 2011; de Ruijter et al. 2012; Kim
et al. 2013).

Pentosan polysulfate (PPS) is an anti-inflammatory drug approved for the treat-
ment of interstitial cystitis and osteoarthritis (Frohbergh et al. 2014). The rational to
use it in MPS is based on its effects on inflammation processes that contribute to
bone and joint disease in MPS (Simonaro et al. 2010). PPS improved systemic and
joint inflammation, motility, grooming behavior, skull and tracheal malformations
(Schuchman et al. 2013), and reduced GAG concentration in urine and tissue of MPS
VI rats (Frohbergh et al. 2014). Comparable results were found in MPS I dogs
(Simonaro et al. 2016). The underlying mechanism of GAG reduction, however,
remains unclear so far. Substrate reduction, increased GAG degradation, direct
effects on lysosomal function, and chaperone-like effects may explain this observa-
tion (Frohbergh et al. 2014). In a monocentric Phase II study with four MPS I
patients, Hennermann et al. found a 24-week treatment with PPS well tolerated.
Urinary GAG concentrations and pain were reduced; range of motion was improved
(Hennermann et al. 2016).

Rhodamine B ([9-(2-carboxyphenyl)-6-diethylamino-3-xanthenylidene]-
diethylammonium chloride) reduced GAG concentration in MPS VI and MPS IIIA
skin fibroblasts (Banecka-Majkutewicz et al. 2012; Noh and Lee 2014). Rhodamine
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B-treated MPS IIIA mice showed reduced liver size and GAG levels in urine, liver,
and brain tissue. Additionally an improvement of the neurological function was
proved by water maze experiments (Roberts et al. 2006, 2007). MPS I mice
improved in learning and skeletal disease upon Rhodamine B treatment (Derrick-
Roberts et al. 2017). Although long-term administration of low-dose Rhodamine B
was well tolerated in mice (Derrick-Roberts et al. 2017), safety and efficacy in
patients as well as the active mechanism are unknown so far (Giugliani et al. 2012).

Acknowledgment I cordially thank Adriana Montano, PhD, for proofreading.

References

Baldo G, Mayer FQ, Martinelli B, Meyer FS, Burin M, Meurer L, Tavares AMV, Giugliani R,
Matte U (2012) Intraperitoneal implant of recombinant encapsulated cells overexpressing alpha-
L-iduronidase partially corrects visceral pathology in mucopolysaccharidosis type I mice.
Cytotherapy 14:860–867

Baldo G, Giugliani R, Matte U (2014) Gene delivery strategies for the treatment of
mucopolysaccharidoses. Expert Opin Drug Deliv 11:449–459

Banecka-Majkutewicz Z, Jakobkiewicz-Banecka J, Gabig-Ciminska M, Wegrzyn A, Wegrzyn G
(2012) Putative biological mechanisms of efficiency of substrate reduction therapies for
mucopolysaccharidoses. Arch Immunol Ther Exp 60:461–468

Bartolomeo R, Polishchuk EV, Volpi N, Polishchuk RS, Auricchio A (2013) Pharmacological read-
through of nonsense ARSB mutations as a potential therapeutic approach for
mucopolysaccharidosis VI. J Inherit Metab Dis 36:363–371

Biffi A, Montini E, Lorioli L, Cesani M, Fumagalli F, Plati T, Baldoli C, Martino S, Calabria A,
Canale S et al (2013) Lentiviral hematopoietic stem cell gene therapy benefits metachromatic
leukodystrophy. Science 341:1233158

Boado RJ, Pardridge WM (2017) Brain and organ uptake in the rhesus monkey in vivo of
recombinant iduronidase compared to an insulin receptor antibody-iduronidase fusion protein.
Mol Pharm 14:1271–1277

Boado RJ, Hui EK, Lu JZ, Pardridge WM (2012) Glycemic control and chronic dosing of rhesus
monkeys with a fusion protein of iduronidase and a monoclonal antibody against the human
insulin receptor. Drug Metab Dispos 40:2021–2025

Boado RJ, Ka-Wai Hui E, Zhiqiang Lu J, Pardridge WM (2014a) Insulin receptor antibody-
iduronate 2-sulfatase fusion protein: pharmacokinetics, anti-drug antibody, and safety pharma-
cology in Rhesus monkeys. Biotechnol Bioeng 111:2317–2325

Boado RJ, Lu JZ, Hui EK, Pardridge WM (2014b) Insulin receptor antibody-sulfamidase fusion
protein penetrates the primate blood-brain barrier and reduces glycosoaminoglycans in
Sanfilippo type A cells. Mol Pharm 11:2928–2934

Boado RJ, Lu JZ, Hui EK, Lin H, Pardridge WM (2016) Insulin receptor antibody-alpha-N-
acetylglucosaminidase fusion protein penetrates the primate blood-brain barrier and reduces
glycosoaminoglycans in sanfilippo type B fibroblasts. Mol Pharm 13:1385–1392

Boado RJ, Lu JZ, Hui EK, Pardridge WM (2017) Reduction in brain heparan sulfate with systemic
administration of an IgG trojan horse-sulfamidase fusion protein in the mucopolysaccharidosis
type IIIA mouse. Mol Pharm 15(2):602–608

Brady RO (1966) The sphingolipidoses. N Engl J Med 275:312–318
Burton BK, Berger KI, Lewis GD, Tarnopolsky M, Treadwell M, Mitchell JJ, Muschol N,

Jones SA, Sutton VR, Pastores GM et al (2015) Safety and physiological effects of two different
doses of elosulfase alfa in patients with morquio a syndrome: a randomized, double-blind, pilot
study. Am J Med Genet A 167a:2272–2281

Current and Emerging Therapies for Mucopolysaccharidoses 51



Clinicaltrials.gov (2017) Study of intrathecal idursulfase-IT administered in conjunction with
elaprase in pediatric patients with hunter syndrome and early cognitive impairment. https://
clinicaltrials.gov/ct2/show/study/NCT02055118

de Ruijter J, Valstar MJ, Narajczyk M, Wegrzyn G, Kulik W, Ijlst L, Wagemans T, van der Wal
WM, Wijburg FA (2012) Genistein in Sanfilippo disease: a randomized controlled crossover
trial. Ann Neurol 71:110–120

De Duve C (1964) From cytases to lysosomes. Fed Proc:1045–1049
Delgadillo V, O’Callaghan Mdel M, Artuch R, Montero R, Pineda M (2011) Genistein supplemen-

tation in patients affected by Sanfilippo disease. J Inherit Metab Dis 34:1039–1044
Derrick-Roberts ALK, Jackson MR, Pyragius CE, Byers S (2017) Substrate deprivation therapy to

reduce glycosaminoglycan synthesis improves aspects of neurological and skeletal pathology in
MPS I mice. Diseases 5:5

Dickson P, McEntee M, Vogler C, Le S, Levy B, Peinovich M, Hanson S, Passage M, Kakkis E
(2007) Intrathecal enzyme replacement therapy: successful treatment of brain disease via the
cerebrospinal fluid. Mol Genet Metab 91:61–68

Dickson PI, Kaitila I, Harmatz P, Mlikotic A, Chen AH, Victoroff A, Passage MB, Madden J,
Le SQ, Naylor DE (2015) Safety of laronidase delivered into the spinal canal for treatment of
cervical stenosis in mucopolysaccharidosis I. Mol Genet Metab 116:69–74

Dierenfeld AD, McEntee MF, Vogler CA, Vite CH, Chen AH, Passage M, Le S, Shah S, Jens JK,
Snella EM et al (2010) Replacing the enzyme alpha-L-iduronidase at birth ameliorates
symptoms in the brain and periphery of dogs with mucopolysaccharidosis type I. Sci Transl
Med 2:60ra89

Ellinwood NM, Vite CH, Haskins ME (2004) Gene therapy for lysosomal storage diseases: the
lessons and promise of animal models. J Gene Med 6:481–506

Ellinwood NM, Ausseil J, Desmaris N, Bigou S, Liu S, Jens JK, Snella EM, Mohammed EE,
Thomson CB, Raoul S (2011) Safe, efficient, and reproducible gene therapy of the brain in the
dog models of Sanfilippo and Hurler syndromes. Mol Ther 19:251–259

Fantur K, Hofer D, Schitter G, Steiner AJ, Pabst BM, Wrodnigg TM, Stutz AE, Paschke E (2010)
DLHex-DGJ, a novel derivative of 1-deoxygalactonojirimycin with pharmacological chaperone
activity in human G(M1)-gangliosidosis fibroblasts. Mol Genet Metab 100:262–268

Flanigan K, Truxal K, McBride K, McNally K, Kunkler K, Zumberge N, Martin L, Aylward S,
Corridore M, Ruiz J et al (2018) A phase 1/2 clinical trial of systemic gene transfer of scAAV9.
U1a.HSGSH for MPS IIIA: safety, tolerability, and preliminary evidence of biopotency. Mol
Genet Metab 123:S46

Fratantoni JC, Hall CW, Neufeld EF (1968) Hurler and Hunter syndromes: mutual correction of the
defect in cultured fibroblasts. Science 162:570–572

Friso A, Tomanin R, Alba S, Gasparotto N, Puicher EP, Fusco M, Hortelano G, Muenzer J,
Marin O, Zacchello F (2005) Reduction of GAG storage in MPS II mouse model following
implantation of encapsulated recombinant myoblasts. J Gene Med 7:1482–1491

Frohbergh M, Ge Y, Meng F, Karabul N, Solyom A, Lai A, Iatridis J, Schuchman EH, Simonaro
CM (2014) Dose responsive effects of subcutaneous pentosan polysulfate injection in
mucopolysaccharidosis type VI rats and comparison to oral treatment. PLoS One 9:e100882

Giugliani R et al (2012) Emerging treatment options for the mucopolysaccharidoses. Res Rep
Endocr Disord 2:53–64

Giugliani L, Carvalho Doni K, Poswar F, Giugliani R, Boado R (2018a) Somatic effects of
AGT-181 in patients with mucopolysaccharidosis I enrolled in a phase I/II clinical trial in
Brazil. Mol Genet Metab 123:S53

Giugliani R, Giugliani L, Dalle Corte A, Poswar F, Donis K, Schmidt M, Hunt D, Boado RJ
(2018b) Safety and clinical efficacy of AGT-181, a brain penetrating human insulin receptor
antibody-iduronidase fusion protein, in a 26-week study with pediatric patients with
mucopolysaccharidosis type I. Mol Genet Metab 123:S54

52 F. B. Lagler

https://clinicaltrials.gov/ct2/show/study/NCT02055118
https://clinicaltrials.gov/ct2/show/study/NCT02055118


Heartlein MW, Kimura A (2014) Discovery and clinical development of idursulfase (Elaprase®) for
the treatment of mucopolysaccharidosis II (Hunter syndrome). In: Pryde DC, Palmer M (eds)
Orphan drugs and rare diseases. Royal Society of Chemistry, London, pp 164–182

Hein LK, Bawden M, Muller VJ, Sillence D, Hopwood JJ, Brooks DA (2004) α-L-iduronidase
premature stop codons and potential read-through in mucopolysaccharidosis type I patients.
J Mol Biol 338:453–462

Hendriksz CJ (2016) Elosulfase alfa (BMN 110) for the treatment of mucopolysaccharidosis IVA
(Morquio A Syndrome). Expert Rev Clin Pharmacol 9:1521–1532

Hennermann JB, Gokce S, Solyom A, Mengel E, Schuchman EH, Simonaro CM (2016) Treatment
with pentosan polysulphate in patients with MPS I: results from an open label, randomized,
monocentric phase II study. J Inherit Metab Dis 39:831–837

Hinderer C, Bell P, Louboutin JP, Katz N, Zhu Y, Lin G, Choa R, Bagel J, O’Donnell P, Fitzgerald
CA et al (2016) Neonatal tolerance induction enables accurate evaluation of gene therapy for
MPS I in a canine model. Mol Genet Metab 119:124–130

Holley RJ, Ellison SM, Fil D, O’Leary C, McDermott J, Senthivel N, Langford-Smith AWW,
Wilkinson FL, D’Souza Z, Parker H et al (2018) Macrophage enzyme and reduced inflammation
drive brain correction of mucopolysaccharidosis IIIB by stem cell gene therapy. Brain
141:99–116

Hopkins PV, Campbell C, Klug T, Rogers S, Raburn-Miller J, Kiesling J (2015) Lysosomal storage
disorder screening implementation: findings from the first six months of full population pilot
testing in Missouri. J Pediatr 166:172–177

Hoshina H, Shimada Y, Higuchi T, Kobayashi H, Ida H, Ohashi T (2018) Chaperone effect of
sulfated disaccharide from heparin on mutant iduronate-2-sulfatase in mucopolysaccharidosis
type II. Mol Genet Metab 123:118–122

Hunter C (1917) A rare disease in two brothers. Proc R Soc Med 10:104–116
Hurler G (1920) Über einen Typ multipler Abartungen, vorwiegend am Skelettsystem.

Z Kinderheilkd 24:220–234
Jones SA, Breen C, Heap F, Rust S, de Ruijter J, Tump E, Marchal JP, Pan L, Qiu Y, Chung JK et al

(2016) A phase 1/2 study of intrathecal heparan-N-sulfatase in patients with
mucopolysaccharidosis IIIA. Mol Genet Metab 118:198–205

Kakkis E, McEntee M, Vogler C, Le S, Levy B, Belichenko P, Mobley W, Dickson P, Hanson S,
Passage M (2004) Intrathecal enzyme replacement therapy reduces lysosomal storage in the
brain and meninges of the canine model of MPS I. Mol Genet Metab 83:163–174

Kamei M, Kasperski K, Fuller M, Parkinson-Lawrence EJ, Karageorgos L, Belakhov V, Baasov T,
Hopwood JJ, Brooks DA (2013) Aminoglycoside-induced premature stop codon read-through
of mucopolysaccharidosis type I patient Q70X and W402X mutations in cultured cells. In:
JIMD reports – case and research reports, vol 13. Springer, Berlin, pp 139–147

Kan SH, Aoyagi-Scharber M, Le SQ, Vincelette J, Ohmi K, Bullens S, Wendt DJ, Christianson TM,
Tiger PM, Brown JR et al (2014) Delivery of an enzyme-IGFII fusion protein to the mouse brain
is therapeutic for mucopolysaccharidosis type IIIB. Proc Natl Acad Sci U S A
111:14870–14875

Keeling KM, Wang D, Dai Y, Murugesan S, Chenna B, Clark J, Belakhov V, Kandasamy J,
Velu SE, Baasov T (2013) Attenuation of nonsense-mediated mRNA decay enhances in vivo
nonsense suppression. PLoS One 8:e60478

Kim KH, Dodsworth C, Paras A, Burton BK (2013) High dose genistein aglycone therapy is safe in
patients with mucopolysaccharidoses involving the central nervous system. Mol Genet Metab
109:382–385

Kim S, Whitley CB, Jarnes Utz JR (2017) Correlation between urinary GAG and anti-idursulfase
ERT neutralizing antibodies during treatment with NICIT immune tolerance regimen: a case
report. Mol Genet Metab 122:92–99

King B, Hassiotis S, Rozaklis T, Beard H, Trim PJ, Snel MF, Hopwood JJ, Hemsley KM (2016)
Low-dose, continuous enzyme replacement therapy ameliorates brain pathology in the neuro-
degenerative lysosomal disorder mucopolysaccharidosis type IIIA. J Neurochem 137:409–422

Current and Emerging Therapies for Mucopolysaccharidoses 53



King B, Marshall NR, Hassiotis S, Trim PJ, Tucker J, Hattersley K, Snel MF, Jolly RD,
Hopwood JJ, Hemsley KM (2017) Slow, continuous enzyme replacement via spinal CSF in
dogs with the paediatric-onset neurodegenerative disease, MPS IIIA. J Inherit Metab Dis
40:443–453

Lagranha VL, de Carvalho TG, Giugliani R, Matte U (2013) Treatment of MPS I mice with
microencapsulated cells overexpressing IDUA: effect of the prednisolone administration.
J Microencapsul 30:383–389

Lenders M, Schmitz B, Brand SM, Foell D, Brand E (2018) Characterization of drug-neutralizing
antibodies in patients with Fabry disease during infusion. J Allergy Clin Immunol 141
(6):2289–2292

Lin HY, Lin SP, Chuang CK, Chen MR, Chen BF, Wraith JE (2005) Mucopolysaccharidosis I
under enzyme replacement therapy with laronidase--a mortality case with autopsy report.
J Inherit Metab Dis 28:1146–1148

Lizzi Lagranha V, Zambiasi Martinelli B, Baldo G, Avila Testa G, Giacomet de Carvalho T,
Giugliani R, Matte U (2017) Subcutaneous implantation of microencapsulated cells
overexpressing alpha-L-iduronidase for mucopolysaccharidosis type I treatment. J Mater Sci
Mater Med 28:43

Malinowska M, Wilkinson FL, Langford-Smith KJ, Langford-Smith A, Brown JR, Crawford BE,
Vanier MT, Grynkiewicz G, Wynn RF, Wraith JE et al (2010) Genistein improves neuropathol-
ogy and corrects behaviour in a mouse model of neurodegenerative metabolic disease. PLoS
One 5:e14192

Maroteaux P, Leveque B, Marie J, Lamy M (1963) A new dysostosis with urinary elimination of
chondroitin sulfate B. Presse Med 71:1849–1852

Martin JJ, Ceuterick C (1983) Prenatal pathology in mucopolysaccharidoses: a comparison with
postnatal cases. Clin Neuropathol 2:122–127

Matos L, Canals I, Dridi L, Choi Y, Prata MJ, Jordan P, Desviat LR, Perez B, Pshezhetsky AV,
Grinberg D et al (2014) Therapeutic strategies based on modified U1 snRNAs and chaperones
for Sanfilippo C splicing mutations. Orphanet J Rare Dis 9:180

Mayer FQ, Adorne MD, Bender EA, de Carvalho TG, Dilda AC, Beck RCR, Guterres SS,
Giugliani R, Matte U, Pohlmann AR (2015) Laronidase-functionalized multiple-wall lipid-
core nanocapsules: promising formulation for a more effective treatment of
mucopolysaccharidosis type I. Pharm Res 32:941–954

Mechtler TP, Stary S, Metz TF, De Jesus VR, Greber-Platzer S, Pollak A, Herkner KR, Streubel B,
Kasper DC (2012) Neonatal screening for lysosomal storage disorders: feasibility and incidence
from a nationwide study in Austria. Lancet 379:335–341

Morquio L (1929) Sur une forme de dystrophie osseuse familialeArchives de medecine des infants.
Arch Med Enfants 32:129–135

Muenzer J, Hendriksz CJ, Fan Z, Vijayaraghavan S, Perry V, Santra S, Solanki GA, Mascelli MA,
Pan L, Wang N et al (2016) A phase I/II study of intrathecal idursulfase-IT in children with
severe mucopolysaccharidosis II. Genet Med 18:73–81

Muenzer J et al (2017) A long-term extension study evaluating intrathecal idursulfase-IT in
children with hunter syndrome and cognitive impairment. In: 13th annual WORLD symposium,
San Diego

Muenzer J, Burton BK, Harmatz P, Gutiérrez-Solana LG, Ruiz-Garcia M, Jones SA, Guffon N,
Inbar-Feigenberg M, Bratkovic D, Wu Y et al (2018) Efficacy and safety of intrathecal
idursulfase in pediatric patients with mucopolysaccharidosis type II and early cognitive
impairment: design and methods of a controlled, randomized, phase II/III multicenter study.
Mol Genet Metab 123:S99–S100

Mühlstein A, Gelperina S, Kreuter J (2013) Development of nanoparticle-bound arylsulfatase B for
enzyme replacement therapy of mucopolysaccharidosis VI. Pharmazie 68:549–554

Munoz-Rojas MV, Vieira T, Costa R, Fagondes S, John A, Jardim LB, Vedolin LM, Raymundo M,
Dickson PI, Kakkis E et al (2008) Intrathecal enzyme replacement therapy in a patient with
mucopolysaccharidosis type I and symptomatic spinal cord compression. Am J Med Genet A
146a:2538–2544

54 F. B. Lagler



Muschol N, Cleary M, Couce ML, Shaywitz AJ, Cahan H, Grover A, Maricich SM, Melton A,
Smith L, de Castro Lopez MJ (2018) ICV-administered BMN 250 (NAGLU-IGF2) is well
tolerated and reduces heparan sulfate accumulation in the CNS of subjects with Sanfilippo
syndrome type B (MPS IIIB). Mol Genet Metab 123:S102

Neufeld EMJ (2001) The mucopolysaccharidosis. In: Scriver CBA, Sly S et al (eds) The metabolic
and molecular basis of inherited disease. McGraw-Hill, New York, pp 3421–3452

Noh H, Lee JI (2014) Current and potential therapeutic strategies for mucopolysaccharidoses. J Clin
Pharm Ther 39:215–224

Piotrowska E, Jakobkiewicz-Banecka J, Maryniak A, Tylki-Szymanska A, Puk E, Liberek A,
Wegrzyn A, Czartoryska B, Slominska-Wojewodzka M, Wegrzyn G (2011) Two-year follow-
up of Sanfilippo Disease patients treated with a genistein-rich isoflavone extract: assessment of
effects on cognitive functions and general status of patients. Med Sci Monit 17:Cr196–Cr202

Pshezhetsky AV, Pan X, Héon-Roberts R, Li S-G, Wu HY, Taherzadeh M, De Aragão CDBP,
Wood J, Ekins S, Boyd R et al (2018) Chaperone therapy for mucopolysaccharidosis type IIIC.
Mol Genet Metab 123:S121–S122

Qi Y, Musson DG, Schweighardt B, Tompkins T, Jesaitis L, Shaywitz AJ, Yang K, O’Neill CA
(2014) Pharmacokinetic and pharmacodynamic evaluation of elosulfase alfa, an enzyme
replacement therapy in patients with Morquio A syndrome. Clin Pharmacokinet 53:1137–1147

Quoos Mayer F, Alfonso Artigalas O, Lizzi Lagranha V, Baldo G, Vanessa Schwartz I, Matte U,
Giugliani R (2013) Chloramphenicol enhances IDUA activity on fibroblasts from
mucopolysaccharidosis I patients. Curr Pharm Biotechnol 14:194–198

Roberts AL, Thomas BJ, Wilkinson AS, Fletcher JM, Byers S (2006) Inhibition of glycosamino-
glycan synthesis using rhodamine B in a mouse model of mucopolysaccharidosis type IIIA.
Pediatr Res 60:309–314

Roberts AL, Rees MH, Klebe S, Fletcher JM, Byers S (2007) Improvement in behaviour after
substrate deprivation therapy with rhodamine B in a mouse model of MPS IIIA. Mol Genet
Metab 92:115–121

Ross CJ, Bastedo L, Maier SA, Sands MS, Chang PL (2000) Treatment of a lysosomal storage
disease, mucopolysaccharidosis VII, with microencapsulated recombinant cells. Hum Gene
Ther 11:2117–2127

Ruane T, Haskins M, Cheng A, Wang P, Aguirre G, Knox VW, Qi Y, Tompkins T, O’Neill CA
(2016) Pharmacodynamics, pharmacokinetics and biodistribution of recombinant human
N-acetylgalactosamine 4-sulfatase after 6 months of therapy in cats using different IV infusion
durations. Mol Genet Metab 117:157–163

Sanfilippo S, Podosin R, Langer LJ et al (1963) Mental retardation associated with acid
mucpolysacchariduria (heparin sulfate type). J Pediatr 63:837–838

Scheie HG, Hambrick GW Jr, Barness LA (1962) A newly recognized forme fruste of Hurler’s
disease (gargoylism). Am J Ophthalmol 53:753–769

Schuchman EH, Ge Y, Lai A, Borisov Y, Faillace M, Eliyahu E, He X, Iatridis J, Vlassara H,
Striker G (2013) Pentosan polysulfate: a novel therapy for the mucopolysaccharidoses. PLoS
One 8:e54459

Scott CR, Elliott S, Buroker N, Thomas LI, Keutzer J, Glass M, Gelb MH, Turecek F (2013)
Identification of infants at risk for developing Fabry, Pompe, or mucopolysaccharidosis-I from
newborn blood spots by tandem mass spectrometry. J Pediatr 163:498–503

Sergijenko A, Langford-Smith A, Liao AY, Pickford CE, McDermott J, Nowinski G, Langford-
Smith KJ, Merry CL, Jones SA, Wraith JE et al (2013) Myeloid/Microglial driven autologous
hematopoietic stem cell gene therapy corrects a neuronopathic lysosomal disease. Mol Ther
21:1938–1949

Sessa M, Lorioli L, Fumagalli F, Acquati S, Redaelli D, Baldoli C, Canale S, Lopez ID, Morena F,
Calabria A et al (2016) Lentiviral haemopoietic stem-cell gene therapy in early-onset metachro-
matic leukodystrophy: an ad-hoc analysis of a non-randomised, open-label, phase 1/2 trial.
Lancet 388:476–487

Current and Emerging Therapies for Mucopolysaccharidoses 55



Simonaro CM, Ge Y, Eliyahu E, He X, Jepsen KJ, Schuchman EH (2010) Involvement of the Toll-
like receptor 4 pathway and use of TNF-α antagonists for treatment of the
mucopolysaccharidoses. Proc Natl Acad Sci 107:222–227

Simonaro CM, Tomatsu S, Sikora T, Kubaski F, Frohbergh M, Guevara JM, Wang RY, Vera M,
Kang JL, Smith LJ et al (2016) Pentosan polysulfate: oral versus subcutaneous injection in
mucopolysaccharidosis type I dogs. PLoS One 11:e0153136

Sly WS, Quinton BA, McAlister WH, Rimoin DL (1973) Beta glucuronidase deficiency: report of
clinical, radiologic, and biochemical features of a new mucopolysaccharidosis. J Pediatr
82:249–257

Suzuki H, Ohto U, Higaki K, Mena-Barragan T, Aguilar-Moncayo M, Ortiz Mellet C, Nanba E,
Garcia Fernandez JM, Suzuki Y, Shimizu T (2014) Structural basis of pharmacological
chaperoning for human beta-galactosidase. J Biol Chem 289:14560–14568

Takai T, Higaki K, Aguilar-Moncayo M, Mena-Barragan T, Hirano Y, Yura K, Yu L, Ninomiya H,
Garcia-Moreno MI, Sakakibara Y et al (2013) A bicyclic 1-deoxygalactonojirimycin derivative
as a novel pharmacological chaperone for GM1 gangliosidosis. Mol Ther 21:526–532

Takeda (2017) Shire announces top-line results for phase II/III clinical trial in children with hunter
syndrome and cognitive impairment. https://www.shire.com/en/newsroom/2017/december/
wvdwq3

Tardieu M, Zerah M, Husson B, de Bournonville S, Deiva K, Adamsbaum C, Vincent F,
Hocquemiller M, Broissand C, Furlan V et al (2014) Intracerebral administration of adeno-
associated viral vector serotype rh.10 carrying human SGSH and SUMF1 cDNAs in children
with mucopolysaccharidosis type IIIA disease: results of a phase I/II trial. Hum Gene Ther
25:506–516

Tardieu M, Zerah M, GougeonML, Ausseil J, de Bournonville S, Husson B, Zafeiriou D, Parenti G,
Bourget P, Poirier B et al (2017) Intracerebral gene therapy in children with
mucopolysaccharidosis type IIIB syndrome: an uncontrolled phase 1/2 clinical trial. Lancet
Neurol 16:712–720

Thonhofer M, Weber P, Gonzalez Santana A, Tysoe C, Fischer R, Pabst BM, Paschke E, Schalli M,
Stutz AE, Tschernutter M et al (2016) Synthesis of C-5a-substituted derivatives of
4-epi-isofagomine: notable beta-galactosidase inhibitors and activity promotors of
GM1-gangliosidosis related human lysosomal beta-galactosidase mutant R201C. Carbohydr
Res 429:71–80

Wakabayashi T, Shimada Y, Akiyama K, Higuchi T, Fukuda T, Kobayashi H, Eto Y, Ida H,
Ohashi T (2015) Hematopoietic stem cell gene therapy corrects neuropathic phenotype in
murine model of mucopolysaccharidosis type II. Hum Gene Ther 26:357–366

Whitley CB, McIvor RS, Aronovich EL, Berry SA, Blazar BR, Burger SR, Kersey JH, King RA,
Faras AJ, Latchaw RE et al (1996) Retroviral-mediated transfer of the iduronate-2-sulfatase
gene into lymphocytes for treatment of mild Hunter syndrome (mucopolysaccharidosis type II).
Hum Gene Ther 7:537–549

Wiesmann UN, Spycher MA, Meier C, Liebaers I, Herschkowitz N (1980) Prenatal
mucopolysaccharidosis II (Hunter): a pathogenetic study. Pediatr Res 14:749–756

Xie H, Chung JK, Mascelli MA, McCauley TG (2015) Pharmacokinetics and bioavailability of a
therapeutic enzyme (idursulfase) in cynomolgus monkeys after intrathecal and intravenous
administration. PLoS One 10:e0122453

Yano S, Moseley K, Pavlova Z (2009) Postmortem studies on a patient with mucopolysaccharidosis
type I: histopathological findings after one year of enzyme replacement therapy. J Inherit Metab
Dis 32(Suppl 1):S53–S57

56 F. B. Lagler

https://www.shire.com/en/newsroom/2017/december/wvdwq3
https://www.shire.com/en/newsroom/2017/december/wvdwq3


Current and Emerging Therapies
for Mitochondriopathies

Florian B. Lagler

Contents
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
2 Current Therapies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

2.1 Improving Electron Transfer Chain (ETC) Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
2.2 Energy Buffer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
2.3 Antioxidants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
2.4 Restoration of Nitric Oxide Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3 Emerging Therapies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.1 Stimulation of Mitochondrial Biogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.2 Cardiolipin Protection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4 Gene Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Abstract
Mitochondrial diseases are a clinically and genetically heterogeneous group of
disorders. The underlying dysfunction of the mitochondrial electron transport
chain and oxidative phosphorylation is caused by variants of genes encoding
mitochondrial proteins. Despite substantial advances in the understanding of the
mechanism of these diseases, there are still no satisfactory therapies available.
Therapeutic strategies include the use of antioxidants, inducers of mitochondrial
biogenesis, enhancers of electron transfer chain function, energy buffers, amino
acids restoring NO production, nucleotide bypass therapy, liver transplantation,
and gene therapy. Although there are some promising projects underway, to date
satisfactory therapies are missing.
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1 Introduction

Mitochondrial disorders are the most common cause of inherited neurometabolic
diseases (prevalence, 1:4,300) (Chinnery 2014). The underlying dysfunction of
the mitochondrial electron transport chain and oxidative phosphorylation is caused
by variants of genes encoding mitochondrial proteins (Chinnery 2014). These multi-
systemic diseases are clinically, biochemically, and genetically heterogeneous;
thus the diagnosis can be challenging. Yet, next-generation sequencing (NGS)
improves the rate of early diagnosis and by this opens a new window of opportunity
for successful treatment. So far besides symptomatic treatment, mainly approaches
to improve oxidative phosphorylation (OXPHOS) and antioxidant capacity like
combinations of vitamins and coenzymes have been used. Given the limited
efficiency of these current treatments, emerging new therapeutic strategies are of
high importance.

2 Current Therapies

Established indications and dosing regimens are summarized in Table 1.

2.1 Improving Electron Transfer Chain (ETC) Function

The mitochondrial ETC function can be improved either by increasing the
availability of ETC substrates (dichloroacetate and thiamine) or by enhancing
the components of the ETC (CoQ10, idebenone, and riboflavin).

Coenzyme Q10 (ubichinone) transports electrons from complex I to complex II
and from there to complex III. Its use is obvious and efficient in primary CoQ10
deficiency, but it was also suggested for other mitochondriopathies. Despite some
promising case reports, efficiency on oxidative capacity and lactate levels could not
be confirmed in a randomized controlled trial with other mitochondrial disease
patients (Glover et al. 2010; El-Hattab et al. 2017).

The CoQ10 analog idebenone shares its quinone moiety with CoQ10 but has a
much shorter tail with a terminal hydroxyl group and a favorable pharmacokinetic
profile. Thus idebenone is more water soluble and shows a rapid absorption from the
gut and a large biodistribution. In RCTs with Leber hereditary optic neuropathy
(LHON) patients, a positive effect on the visual function, particularly color vision of
idebenone, has been observed (El-Hattab et al. 2017; Klopstock et al. 2011, 2013;
Rudolph et al. 2013).
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Dichloroacetate increases the catabolism of pyruvate to acetyl-CoA by activation
of pyruvate dehydrogenase and therefore improves lactic acidosis in many mito-
chondrial diseases (Kato et al. 2007). The acetyl-CoA enters the Krebs cycle and by
this increases ATP production (oxidative phosphorylation) through the generation of
cofactors NADH and FADH2.

Dichloroacetate has been confirmed to reduce lactic acidosis in congenital lactic
acidosis (El-Hattab et al. 2017; Parikh et al. 2009).

However, if it also improves the neurological and other clinical outcomes remains
controversial to date (Abdelmalak et al. 2013; Barshop et al. 2004; Stacpoole et al.
2006). The safety and tolerability of dichloroacetate are very good in general, but
peripheral neuropathy has been observed in individuals with MELAS (mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes) syndrome treated with
dichloroacetate (El-Hattab et al. 2017; Kaufmann et al. 2006).

Thiamine (vitamin B1) is used in thiamine transporter-2 deficiency, which is
caused by mutations in the SLC19A3 gene. Rather high doses of 20 mg/kg/day
are needed to treat the neurological symptoms (encephalopathy, Leigh-like syn-
drome) and lactic acidosis in these patients (Perez-Duenas et al. 2013). As thiamine
also enhances pyruvate dehydrogenase activity, it is used in several mitochondrial
disorders as monotherapy or in combination, e.g., with CoQ10, carnitine, and
vitamins C and E. These combinations can improve lactic acidosis and myopathy

Table 1 Current therapies for mitochondrial diseases

Molecules Doses Indication

CoQ10 Ubiquinone: 5–30 mg/kg/day (2 doses)
Ubiquinol: 2–8 mg/kg/day (2 doses)

Primary CoQ10 deficiency

Idebenone 30–300 mg/dose (3 doses) LHON

Riboflavin 50–200 mg/day (2–3 doses) Acyl-CoA dehydrogenase-9
deficiency
Multiple acyl-CoA
dehydrogenase deficiency

Dichloroacetate 10–25 mg/kg/day (2 doses) Congenital lactic acidosis

Thiamine 10 mg/kg/day (children)
100–1,000 mg/day (adults)

Leigh disease thiamine
transporter deficiency

Arginine Stroke-like episodes: 500 mg/kg (children)a

10 g/m2 body surface area (adults)a

Interval: 150–300 mg/kg/day p.o. (3 doses)

MELAS

Lipoic acid 25 mg/kg/day (children)
300–600 mg/day (adults)

MELAS and other
mitochondrial disease

Creatine
monohydrate

100–300 mg/kg/day divided into three
doses (children)
2–10 g/day divided into three doses (adults)

Mitochondrial myopathies

Modified after El-Hattab et al. (2017)
MELAS syndrome mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes
syndrome, LHON Leber hereditary optic neuropathy
aDose is administered within the first 3 h and same dose within 24 h the following 3–5 days
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in MELAS syndrome and thiamine deficiency (Sato et al. 2000) and symptoms of
adult-onset Leigh disease (Mermigkis et al. 2013).

Riboflavin (vitamin B2) promotes the assembly of complexes I and II and
catalyzes several enzymatic reactions, e.g., of the ß-oxidation and Krebs cycle.
Therefore riboflavin supplementation with the aim to enhance electron transfer has
been proposed in a wide range of mitochondriopathies. Evidence from clinical trials
that riboflavin supplementation ameliorates symptoms or halts disease progression is
only available for complex I (particularly ACAD9 deficiency (Garone et al. 2013;
Haack et al. 2010)) and II deficiencies (Bernsen et al. 1993; Bugiani et al. 2006) as
well as multiple acyl-CoA dehydrogenase deficiency (Olsen et al. 2007).

2.2 Energy Buffer

Creatine kinase (CK) plays a central role in cellular energy homeostasis. The
reversible interconversion of creatine into phosphocreatine generates a pool of
rapidly available phosphocreatine for temporal and spatial buffering of ATP levels.
This is particularly important in tissues and situation with large and fluctuating
energy demands (e.g., muscle and brain). In mitochondrial myopathies the muscle
phosphocreatine concentration can be reduced as well as the brain creatine in
mitochondrial encephalopathies (Moroni et al. 2002; Tarnopolsky and Parise
1999). Therefore supplementation of creatine monohydrate has been tried as treat-
ment. It improves exercise capacity and strengths in some patients but obviously
limited to high-intensity activities (Tarnopolsky et al. 1997), which limit the clinical
benefit.

2.3 Antioxidants

Reactive oxidative species (ROS) are generated in small amount during physiologi-
cal oxidative phosphorylation. Enzymes like glutathione peroxidase and mitochon-
drial manganese superoxide dismutase scavenge these amounts of ROS under
physiological conditions. Under conditions of electron transport chain blockage,
ROS production is enhanced, which can cause damage of DNA, proteins, and lipids
resulting in cellular dysfunction (Balaban et al. 2005).

Lipoic acid is an organosulfur compound that acts as an essential factor for
pyruvate dehydrogenase and has four antioxidant properties: (1) its metal chelating
capacity, (2) its ability to scavenge reactive oxygen species (ROS), (3) its ability to
regenerate endogenous antioxidants, and (4) its ability to repair oxidative damage.
Furthermore it has the capacity to regenerate the endogenous antioxidants vitamin E,
vitamin C, and glutathione. Thus it is used in monotherapy and combinations with
other oxidants to patients with mitochondrial diseases (Parikh et al. 2009). While the
evidence for the efficacy of these vitamins and glutathione alone is limited, the
positive effects of lipoic acid on lactic acidosis, urinary oxidative stress markers, and
muscle strengths have been shown in a RCT (Rodriguez et al. 2007).
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2.4 Restoration of Nitric Oxide Production

Following a number of open-label studies, arginine became the standard treatment
for MELAS patients with intravenous infusions during stroke-like episodes
and oral arginine during the intervals. This approach led to improved symptoms
during episodes and reduced frequency as well as severity of the stroke-like
episodes (Koga et al. 2005, 2006, 2007). As MELAS patients have reduced NO
concentrations, it is understood that arginine restores adequate NO concentrations
and leads to an improved cerebral blood flow. But NO deficiency seems to be an
important patho-mechanism not only for stroke-like episodes in MELAS but
also for myopathy, lactic acidosis, and diabetes (Koga et al. 2005, 2006, 2007;
El-Hattab et al. 2012, 2016; Tengan et al. 2007) and is prevalent in many other
mitochondrial diseases like chronic progressive external ophthalmoplegia (CPEO),
MERRF (myoclonic epilepsy with ragged red fibers), and MIDD (maternally
inherited diabetes and deafness) (Koga et al. 2006; Tengan et al. 2007). Moreover
stable isotope studies indicate that citrulline is even more potent as NO precursor
than arginine. So far clinical data on the use of citrulline in mitochondriopathy
as well as on the use of arginine beyond MELAS are missing.

3 Emerging Therapies

3.1 Stimulation of Mitochondrial Biogenesis

Increasing mitochondrial mass and activity seems a promising approach for improv-
ing bioenergetic defects and reduced ATP synthesis in mitochondrial diseases.
PGC1 (peroxisome proliferator activated receptor-γ1) plays a major role in mito-
chondrial biogenesis. PGC1α activates the transcription of OxPhos-related genes
and the peroxisomal proliferator activator receptors (PPARs) α, β, and γ, which
regulate fatty acid oxidation (Wexler et al. 1997). PBC1α can be modulated
pharmacologically (El-Hattab and Scaglia 2013), e.g., by the PPAR agonist
bezafibrate, a marketed lipid-lowering drug. Bezafibrate activated mitochondrial
biogenesis and increased mitochondrial mass and oxidative phosphorylation in
cytochrome c deficient mice (Noe et al. 2013). Improved long-chain fatty acid
oxidation, physical activity, and muscle pain were observed in patients with carnitine
palmitoyltransferase 2 (CPT2) deficiency. The efficacy and safety of bezafibrate
in patients with ETC deficiency are currently being studied in clinical trials.

Resveratrol is a phenol of plant origin. Natural sources of resveratrol
include the skin of grapes, blueberries, raspberries, mulberries, and peanuts. Resver-
atrol activates sirtuins, including SIRT1, which activates PGC1-α. Increased mito-
chondrial biogenesis upon resveratrol intake has been shown in different mouse
models (Komen and Thorburn 2014). SRT2104 is a novel, first-in-class, highly
selective small molecule activator of SIRT1 and was shown to have excellent
tolerability and an effect on improved recovery on exercise in elderly individuals
(Libri et al. 2012). Both molecules seem promising, but clinical data in mitochon-
drial diseases are missing.
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Aminoimidazole carboxamide ribonucleoside (AICAR) is an intermediate in the
generation of inosine monophosphate and an analog of adenosine monophosphate
(AMP) that stimulates AMP-dependent protein kinase (AMPK) and by this PGC1-α
and mitochondrial biogenesis, as described in mice and in fibroblasts of patients with
complex 1 deficiency (Komen and Thorburn 2014; Golubitzky et al. 2011). AICAR
is clinically used for the treatment of hyperinsulinemic diabetes, but clinical data on
mitochondrial diseases is missing. Moreover performance-enhancing use of AICAR
was detected in professional cyclers and other athletes.

Epicatechin is a phenol and catechin prevalent in cacao that increases mitochon-
drial biogenesis. It is speculated that this effect is mediated via activation of
G-protein-coupled estrogen receptor (GPER). In mice epicatechin induces improved
exercise performance, fatigue resistance, and enhanced mitochondrial biogenesis
(Nogueira et al. 2011). A clinical trial with epicatechin in patients with the
mitochondrial disease Friedreich ataxia is currently being conducted (https://
clinicaltrials.gov/ct2/show/NCT02660112).

RTA 408 is a synthetic isoprenoid that activates mitochondrial biogenesis via
nuclear respiratory factor 2 (Nrf 2) activation (Rai et al. 2015). Based on promising
preclinical data (Neymotin et al. 2011), a RCT with RTA 408 in adult patients
with mitochondrial myopathy has been started (https://clinicaltrials.gov/ct2/show/
NCT02255422).

3.2 Cardiolipin Protection

Elamipretide is a tetrapeptide that binds selectively to cardiolipin, which plays a
key role in forming the mitochondrial cristae and other functionally important
structures. By its binding to cardiolipin, elamipretide protects cardiolipin from
oxidation and the structure and function of the mitochondria (Szeto 2014). A
phase 2 trial in 36 patients with primary mitochondrial myopathy showed signifi-
cantly improved exercise performance in 6-min walking test after 5 days of treatment
with elamipretide (Karaa et al. 2018).

4 Gene Therapy

Gene therapy for mitochondrial diseases has been performed in Leber hereditary
optic neuropathy (LHON). Adeno-associated virus (AAV) is a feasible vector for
the correction of the most common variant in LHON, affecting the mtDNA gene
encoding subunit 4 of complex 4 (MT-ND4). In a clinical trial, safety of allotropic
gene therapy for LHON was proven. In the treated eyes of 12 patients, the average
visual acuity improved (Guy et al. 2017).
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Abstract
In this chapter, we want to give an overview on what we have learned from more
than 30 years ago on the use of recombinant human growth hormone (rhGH) and
later recombinant human IGF-1 which was introduced for the treatment of short
children and what are the safety issues concerned with this treatment. However,
rhGH is used not solely in conditions where short stature is the consequence of
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GH deficiency but also in various disorders without a proven GH deficiency. In
clinical studies, growth responses to various forms of rhGH therapy were
analyzed, adding to our concept about the physiology of growth. Most patients
under rhGH treatment show a considerable short-term effect; however, the long-
term gain of height in a child obtained by a year-long treatment until final height
remains controversial in some of the growth disorders that have been treated with
rhGH or IGF-1. Today the first studies on the long-term safety of rhGH treatment
have been published and raising some questions whether this treatment is simi-
larly safe for all the patient groups treated with rhGH. Although there is a long-
standing safety record for these hormone replacement therapies, in the face of the
considerable costs involved, the discussion about the risk to benefit ratio is
continuing. Newer developments of rhGH treatment include long-term
preparations, which have only to be injected once a week. Although some of
these drugs already have proven their non-inferiority to conventional rhGH
treatment, we have to await further results to see whether they show
improvements in treatment adherence of the patients and prove their long-term
safety.

Keywords
Growth hormone · Growth hormone deficiency · Idiopathic short stature · Insulin-
like growth factor I · Long-acting growth hormone · Noonan syndrome · Prader-
Willi syndrome · Short stature · Small for gestational age · Turner syndrome

Abbreviations

CJD Creutzfeldt-Jakob disease
EMA European Medicines Agency
FDA Food and Drug Administration
GH Growth hormone, somatropin
GHD GH deficiency
GHIS Growth hormone insensitivity syndrome
GHR Growth hormone receptor
HT Height
HV Height velocity
IGFBP-3 Insulin-like growth factor binding protein 3
IGF-I Insulin-like growth factor 1
IGHD Isolated growth hormone deficiency
ISS Idiopathic short stature
NS Noonan syndrome
PEGylated (Covalently) bound to polyethylene glycol
PIGFD Primary insulin-like growth factor 1 deficiency
PTPN11 Protein tyrosine phosphatase, nonreceptor type 11
PWS Prader-Willi syndrome
rhGH Recombinant human growth hormone
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SDS Standard deviation (SD) score
SGA Small for gestational age
SHOX Short stature homeobox-containing gene
SIR Standard incidence ratio
SMR Standard mortality ratio
TS Turner syndrome

1 Introduction

Growth hormone (somatropin, GH) is a potent metabolic hormone that is important
for the metabolism of lipids, carbohydrates, and proteins. In children who have a
deficiency of endogenous growth hormone, the use of GH replacement therapy
stimulates linear growth and increases growth rate. Human GH (hGH) therapy has
been used since the 1950s in children with GHD (Raben 1957), when it was
produced by extraction from cadaveric human pituitaries. However, following the
occurrence of prion-induced Creutzfeldt-Jakob disease (CJD) in patients treated with
contaminated batches of hGH, in 1985, this treatment was halted worldwide.
Although the risk was statistically small, there was no means of testing the extract
of pooled pituitary glands for the presence of the infecting agent. This decision may
also have influenced the upcoming approval of recombinant human GH (rhGH) as a
treatment alternative for growth hormone-deficient (GHD) children. Recombinant
human insulin has only been approved for some months before, so rhGH is the
second biosynthetic molecule, which has been introduced into clinical medicine as a
therapeutic agent.

In the late 1970s, recombinant gene technology enabled the expression of the
cDNA sequence encoding hGH. Initially, the recombinant protein carried an addi-
tional methionine residue at the amino terminus (meth-rhGH). Soon thereafter rhGH
was recombinantly expressed in Escherichia coli and in eukaryotic cell system was
similar to the 22 kd-form of the human growth hormone (Goeddel et al. 1979).

The quantities of rhGH that could be used for the treatment of GHD children
increased, and clinicians started studies to optimize treatment strategies with respect
to dosing and timing and to study the use of rhGH in short children without GHD. In
the years that followed, rhGH treatment was approved for use in various other
conditions, including children with chronic renal insufficiency (CRI) in 1993, Turner
syndrome (TS) in 1996, Prader-Willi syndrome (PWS) in 2000, short children born
small for gestational age (SGA) in 2001, and children with idiopathic short stature
(ISS; USA and Canada only) in 2003 (Ranke and Wit 2018) (see Table 1).

In 2005, the European Medicines Agency (EMA) as the first regulatory agency
entered a new field when they introduced a legal framework for similar biological
medicinal products, also known as biosimilars (Ebbers et al. 2012), which are
recombinantly produced macromolecules, which unlike generic drugs cannot be
produced and purified following a defined chemical procedure. The “biosimilar”
rhGH (Omnitrope®) was the first medicine to be approved via this newly defined
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EMA approval pathway in 2006. The approval of this biosimilar was granted on the
basis that it equaled the reference medicine (Genotropin®) in terms of safety,
efficacy, and quality. Since this approval, an increasing number of other biosimilar
medicines have been approved and used in clinical practice.

2 Pathophysiology of GHD

The GH secretion of a growing child is pulsatile in nature, happening mainly at
night, and differs from day to day, as it is affected by numerous factors influencing
the regulatory, hypothalamic-pituitary pathways.

Measuring one single GH serum level cannot establish the diagnosis growth
hormone deficiency (GHD). Unlike other pituitary hormones, GH is produced in
relatively big amounts in the growing child, and already a partial lack of GH
secretion might impair longitudinal growth. Although GH secretion evokes many
metabolic responses within the organism, these usually have very limited use as
reliable surrogate markers for the state of GH deficiency. The best and most often
used surrogate markers are serum levels of IGF-I and IGF binding proteins.
Although none of them will correlate completely with cumulative GH secretion,
and because they are affected by many factors that can influence their production
(i.e., general health status, nutrition, liver and kidney function, etc.), these factors are
generally used to screen for GHD, as normal levels (e.g., IGF1 > �1.0 SDS) are
unlikely in children with GHD.

To make the definitive diagnosis of GHD, however, usually requires two patho-
logical GH stimulation tests. All agents used for provocative testing (insulin,
arginine, glucagon, dopamine, etc.) will evoke variable responses of GH secretion
(Tillmann et al. 1997; Ghigo et al. 1996).

Table 1 Chronology of approvals of rhGH for treatment

Year of
approval Diagnosis

Recommended dose according to approving
institution

USA (FDA)
(μg/kg/day)

Japan
(PMDA)
mg/kg/week

Europe
(EMA) (μg/
kg/day)

1985 GHD 23–43 0.175 25–35

1993 Chronic renal failure 50 0.175–0.35 45–50

1996 Turner syndrome 47–67 0.35 45–50

2000 Prader-Willi syndrome 34 0.245 35

2001 Small for gestational age
without catch-up growth

67–69 0.23–0.47 35

2003 Idiopathic short stature (ISS) 43–67 Not approved Not approved

2006 Short stature homeobox-
containing gene (SHOX)
deficiency

50 Not approved 50

2007 Noonan syndrome �66 Not approved Not approved
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3 Treatment of GH-Deficient Children with rhGH

The first established indication for the treatment with rhGH is the substitution
therapy of GHD. In 1998, the US FDA approved rhGH for the treatment of GHD.
GHD should be primarily diagnosed on auxological findings and must biochemi-
cally be proven, although this is often difficult and has practical and theoretical
limitations.

GH treatment in GHD patients is aimed at normalizing height during childhood
and adolescence and to attain an adult height within the normal range. Treatment
with rhGH has been proven to be effective in treating short stature in GHD patients,
although it has been difficult to show this by the data of controlled studies performed
in children with GHD in systematic meta-analyses (Takeda et al. 2010). Controlled
trials on GH replacement therapy, however, date back to the very early days of rhGH
treatment. With the broader availability of rhGH, treatment has changed entirely to a
daily subcutaneous injection to mimic the physiological secretion pattern of human
GH. In recent years the average GH dose has also slightly increased. Current
consensus guidelines recommend a dose range from 0.025 to 0.05 mg/kg/day,
however, where higher doses may be required to attain optimal growth under certain
circumstances (Wilson et al. 2003; Growth Hormone Research Society 2001)
(Table 2).

Comparing outcomes of studies remains difficult even under standardized GH
treatment regimens, as the height gain also relies on various parameters as the
severity of GHD, the height and age at start of therapy, and the duration of the

Table 2 Studies in children with GHD treated with rhGH (modified from Ref. (Richmond and
Rogol 2010))

Patients
n

Mean
age at
start

Mean
height SD
at start

GH
dose
mg/kg/
day

Mean duration
of treatment
years

Estimated
height gain
SD Reference

13 3.6 �4.1 0.023–
0.031

12.2 3.2 (Luca et al.
1996)

18a 12.0 –5.6 0.020–
0.023

6.2 2.8 (Joss et al.
1983)

25 10.0 –4.5 0.020–
0.028

8.6 1.1 (Birnbacher
et al. 1998)

88 8.2 �2.9 0.023–
0.030

9.9 2.4 (Maghnie et al.
2006)

121 10.8 �3.2 0.043 7.8 2.5 (Blethen
1997)

932 12.0 �2.8 NA 4.9 1.0 (Blethen et al.
1993)

1,034 12.2 �2.8 0.028–
0.043

4.6 1.3 (MacGillivray
et al. 1998)

aThese patients were treated with extracted GH
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therapy (Ranke et al. 2010). Therefore, the results of such outcome-studies are listed
with some of these important characteristics in Table 3.

4 Treatment of Non-GH-Deficient Children with rhGH

4.1 Children Born Small for Gestational Age (SGA), Without
Catch-Up Growth

Most (85–90%) of the children born SGA have a catch-up growth within the first
2 years of their life, although in some children it may take up to 4 years to attain a
height within the normal range for their age (Clayton et al. 2007; Lee et al. 2003).
For a pediatric endocrinologist, a newborn is small for gestational age (SGA) when
the weight and length are below �2 SD for the length of pregnancy.

The FDA in 2001 approved rhGH for the long-term treatment of children with
SGA who did not show catch-up growth by the age of 2 years and recommended a
dose of up to 0.07 mg/kg/day, whereas the European Medicines Agency (EMA)
1 year later approved the use of rhGH for the treatment of SGA children when they
had no catch-up growth up to the age of 4 years and recommended a dose of
0.03 mg/kg/day.

Differences in height gain during treatment of SGA children have also been
attributed to factors like parental height, age at the start of therapy, and the duration
of therapy. However, the pathophysiological origin of the intrauterine growth
retardation, which in many cases remains unsolved, will also affect the response to
therapy.

SGA children with IGF-I resistance due to mutations in their IGF-I receptor have
high IGF-I serum levels and only show a moderate response to rhGH treatment
(Klammt et al. 2011).

Table 3 Outcome studies in children with SGA treated with rhGH (modified from Ref. (Richmond
and Rogol 2010))

Patients
n

Mean
age at
start

Mean
height
SD at
start

GH
dose
mg/kg/
day

Mean
duration of
treatment
years

Estimated
height
gain SD Reference

28 5.4 �3.6 0.033–
0.067

10.0 1.2 (de Zegher and
Hokken-
Koelega 2005)

54 8.1 �3.0 0.033–
0.067

7.8 1.8 (Pareren et al.
2003)

77 10.7 �2.8 0.033 7.0 1.3 (Dahlgren et al.
2005)

91 12.7 �3.2 0.067 2.7 0.6 (Carel et al.
2003)
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The risk to show acute side effects to rhGH treatment seems similar in SGA
patients and children with GHD; however, SGA patients have an increased incidence
of insulin resistance which temporarily increases under rhGH treatment. They also
have a higher risk for the development of metabolic disease in adulthood (Saggese
et al. 2013), which should caution the physician not to use higher than the
recommended rhGH doses. It therefore seems mandatory to carefully assess the
long-term effects of rhGH treatment in these patients (Carel et al. 2012; Sävendahl
et al. 2012; Albertsson-Wikland et al. 2016).

4.2 Turner Syndrome

Adult Turner syndrome (TS) patients are in average 20 cm smaller than their female
relatives. This growth deficit is attributed to the haploinsufficiency of the SHOX
gene, in the pseudoautosomal region of the X chromosome (Rao et al. 1997). Many
clinical studies have been performed to estimate the height gain that can be achieved
by rhGH treatment in TS patients; however, there exists an uncertainty about the
absolute height gain that can be achieved by this treatment. In addition, the timing
and dosing of sex steroid replacement therapy at puberty can affect final height in TS
patients. A Cochrane Center meta-analysis comprising four studies that compared
final height of treated versus untreated patients found a height gain that ranged from
5 to 8 cm (Cave et al. 2003) (Table 4).

Other studies have shown rather consistent results on the height gain using
different treatment regimens as outlined in Table 5.

Short-term side effects in TS girls under rhGH treatment seem slightly increased
compared to patients with GHD (Bolar et al. 2008); therefore, careful monitoring
should be done in this patient group during treatment with rhGH.

4.3 SHOX Deficiency

Short stature in TS patients is mainly attributed to the haploinsufficiency of the
SHOX gene on chromosome X. An isolated haploinsufficiency of the SHOX gene,
due to a gene deletion or mutation within the gene, is characterized by short stature
and may be accompanied other syndromic features like Madelung deformity or
disproportionately short extremities. A clinical scoring system was developed to
identify those patients, who would most likely profit from a SHOX gene analysis
(Rappold et al. 2007). The short stature in TS patients is largely attributed to SHOX
gene haploinsufficiency; therefore, it was expected that patients with SHOX defi-
ciency could profit from rhGH therapy. In the prepubertal phase, patients with
SHOX deficiency only show a slightly decreased growth rate, but their pubertal
growth spurt significantly diminished by a premature growth plate fusion. After the
FDA approved rhGH for the treatment of SHOX deficiency in 2006, few reports
were published on final height of rhGH-treated SHOX patients; however, the results
seem similar to those observed in TS patients (Blum et al. 2013).
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4.4 Noonan Syndrome

Noonan syndrome (NS) next to the typical facies and congenital heart defects is
characterized by short stature, and the majority of patients have a mutation within the
tyrosine-protein phosphatase non-receptor type 11 (PTPN11) gene.

Table 4 Outcome studies of girls with TS treated with rhGH (modified from Ref. (Richmond and
Rogol 2010))

Patients
(number)

Mean
age at
start
(years)

Mean
height at
start (SD)

GH
dose
(mg/kg/
day)

Mean
duration of
treatment
(years)

Estimated
height
gain (SD) Reference

14 10.6 �3.2 0.037–
0.111

4.0 1.1 (Carel et al.
1998)

60 9.5 �3.0 0.050 5.9 1.0 (Chernausek
et al. 2000)

60 10.9 �2.7 0.047 6.8 0.9 (Pasquino
et al. 2005)

68 6.6 �2.8 0.045–
0.090

8.6 1.7 (van Pareren
et al. 2003)

70 9.3 �3.2 0.054 7.6 1.1 (Rosenfeld
et al. 1998)

88 2.0 �1.4 0.050 2.0 1.1 (Davenport
et al. 2007)

154 10.3 �3.2 0.050 5.7 1.1 (Stephure
and
Committee
2005)

188 11.7 �3.7 0.025–
0.056

2.4 0.9 (Ranke et al.
2002)

232 9.7 �3.1 0.039–
0.051

5.5 1.1 (Quigley
et al. 2002)

704 11.9 �3.4 0.043 5.0 1.2 (Soriano-
Guillen et al.
2005)

Table 5 Outcome studies of patients with SHOX deficiency treated with rhGH (modified from
Ref. (Richmond and Rogol 2010))

Patients
(number)

Mean age
at start
(years)

Mean
height at
start (SD)

GH dose
(mg/kg/
day)

Mean duration
of treatment
(years)

Estimated
height gain
(SD) Reference

28 8.3 �3.2 0.037 6.0 1.34 (Blum
et al.
2013)

27 7.3 �3.3 0.050 2.0 0.9 (Blum
et al.
2007)
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Children with NS who are treated with rhGH achieved a height of approx. 10 cm
exceeding their predicted height (Romano et al. 2009). In the USA rhGH therefore
was approved for the treatment of NS children with short stature. So far rhGH has
not been approved for treatment of short stature in NS children in Europe.

Because PTPN11 mutations have been found in various malignancies and chil-
dren with NS have an increased risk for developing malignancies, NS patients
treated with rhGH should be carefully monitored for their cardiac function and for
a possibly increased incidence of neoplasias (Binder 2009) (Table 6).

4.5 Prader-Willi Syndrome (PWS)

Prader first described patients with PWS in 1956. These patients are characterized by
generalized muscular hypotonia and severe feeding problems in early infancy,
followed by obesity, growth retardation, hypogonadism, and psychological and
behavioral abnormalities. Most of the PWS patients have a deletion or diminished
expression of a short segment of chromosome 15 which they inherited from their
fathers (Nicholls 1993). It is estimated that this disorder has an incidence of around
1 in 10,000–12,000 newborns (Table 7).

Table 6 Outcome studies of patients with NS treated with rhGH (modified from Ref. (Richmond
and Rogol 2010))

Patients
n

Mean
age at
start

Mean
height SD
at start

GH dose
mg/kg/
day

Mean duration
of treatment
years

Estimated
height gain
SD Reference

18 8.2 �2.9 0.033–
0.066

7.5 1.7 (Osio et al.
2005)

24 7 �3.2 0.025–
0.11

7.6 0.6 (Raaijmakers
et al. 2008)

29 11 2.7 –0.050 6.4 1.3 (Noordam
et al. 2008)

Table 7 Outcome of height in patients with PWS treated with rhGH (modified from Ref.
(Richmond and Rogol 2010))

Patients
n

Mean
age at
start

Mean
height SD
at start

GH dose
mg/kg/
day

Mean duration
of treatment
years

Estimated
height gain
SD Reference

15 6.8 �1.6 0.037 1 1.2 (Lindgren
and Lindberg
2008)

22 6.9 �1.6 0.030–
0.060

9.2 1.9 (Lindgren
2006)

35 9.9 –1.1 0.026–
0.043

2 0.8 (Myers et al.
2000)

44 4.5 �2.1 0.026–
0.043

2 1.6 (Festen et al.
2008)
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Although only few patients with PWS have GHD, treatment with rhGH has been
shown to increase growth and improvement of body composition (see Table 8).
Therefore, rhGH treatment of short pediatric PWS patients was approved by the
FDA in 2000, and EMA expanded this indication to treat pediatric PWS patients for
short stature but also to improve body composition. After the unexplained sudden
deaths of several children with PWS under treatment with rhGH, precautions were
taken. As all these children suffered from extreme obesity and respiratory
abnormalities (Eiholzer 2005), all PWS patients should be thoroughly investigated
for the presence of obstructive airway disease prior to rhGH treatment. Obesity is the
major problem in patients with PWS with an increased risk of developing type
2 diabetes; therefore, glucose metabolism should be closely monitored in PWS
patients treated with rhGH.

4.6 Idiopathic Short Stature (ISS)

In the USA rhGH has also been approved for the treatment of idiopathic short stature
(ISS), patients that do not have an otherwise identifiable organic disorder as a cause
of their growth impairment, if their height is less than�2.25 SD. These patients most
probably constitute a very heterogeneous group of patients. As expected, there is a
high variability of responses to treatment among patients with ISS (Table 9).

A Cochrane analysis on the effects of rhGH treatment in ISS found that rhGH
treatment increases short-term growth and probably also adult height, although the
increase in height does not prevent patients from remaining short in adulthood
(Bryant et al. 2007).

Table 8 Height in patients with ISS treated with rhGH (modified from Ref. (Richmond and Rogol
2010))

Patients
n

Mean
age at
start

Mean
height SD
at start

GH
dose
mg/kg/
day

Mean duration
of treatment
years

Estimated
height gain
SD Reference

68 12.5 �2.7 0.031 4.4 0.5 (Leschek et al.
2004)

50 10.1 �3.2 0.035–
0.053

6.5 0.8 (Wit et al.
2005)

80 10.1 �2.7 0.043 5.7 0.7 (Hintz et al.
1999)

29 7.8 �2.1 0.039–
0.078

8.0 1.0 (Elder et al.
2008)

126 11.5 �2.7 0.033–
0.067

5.9 1.3 (Albertsson-
Wikland et al.
2008)
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5 Dosing of rhGH During Treatment

5.1 Serum IGF-I Serum Levels as Treatment Parameters

Each individual seems to have a different rhGH treatment and shows variable
degrees of growth velocity increase during the first years of treatment, accompanied
by variable changes in IGF-I serum levels. Usually the rhGH dosage is modified
according to body weight or body surface.

IGF-I increases cell proliferation, and clinical studies suggested that elevated
serum levels of IGF-I may induce an increased tumor incidence in adults (Samani
et al. 2007). So far, however, no clinical study could show that an increased tumor
risk is associated with elevated IGF-I level during rhGH treatment in childhood. It is
commonly accepted, however, that IGF-I serum levels within the normal range
(�2SD) should not be exceeded during treatment, although it could be demonstrated
that children with an IGF-I level in the upper normal range (1.5–2.0 SD) grew better,
compared to those that had IGF-I levels in the mid-normal range (Cohen et al. 2007).
In summary it seems questionable whether the higher growth rates that can be
achieved during initial treatment will result in an improved final height in adulthood.

6 Short- and Long-Term Side Effects of rhGH Treatment

6.1 Short-Term Side Effects of rhGH Treatment

Acute side effects of rhGH treatment occur only rarely, and usually they are benign
in nature. It can be summarized that the more severe the GH-deficiency was at the
time of diagnosis, the more likely it is that side effects like joint and muscle pain,
peripheral edema, or headache will be observed. Usually, a short interruption of
treatment or reduction of the applied dose will help to control the symptoms.

The occurrence of antibodies against rhGH is rare, and usually will not interfere
with the growth response of the patient. However, patients with GH gene deletions,
patients with so called isolated GH deficiency type 1a (IGHD 1a), have the potential
to form high titers of GH antibodies that will interfere with the growth response.

Table 9 Incidence of
acute side effects

Acute side effect Estimated incidence

Irritation at injection site 1:10–1:1,000

Exanthema (unspecific) 1:100–1:1,000

Joint or muscle pain 1:100–1:10,000

Headache 1:100–1:1,000

Formation of antibodies against hGH 1:10–1:1,000

Peripheral edema 1:100–1:10,000

Pseudotumor cerebri 1:1,000–1:10,000
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6.2 Long-Term Side Effects of rhGH Treatment

The interest in the long-term effects of rhGH treatment has risen in the past decade as
rhGH treatment is available now for more than 30 years. In some countries, like in
France, a central registry of all patients treated with rhGH was initiated, and initial
studies suggested a slightly increased mortality in patients who had received rhGH
treatment when compared to an age- and gender-matched population. In about 6,500
patients who received rhGH due to the GHD, SGA, or idiopathic short stature
indication, Carel et al. reported a marginal but significant increase in mortality
[standard mortality ratio (SMR) of 1.25; 95% confidence interval (CI) 1.0–1.5]
(Carel et al. 2012), which was mainly attributable to cardiovascular diseases.
Additionally, a dose dependency seemed to be observable, although the number of
patients treated with doses in excess of 0.05 mg/kg bodyweight was small. The same
group also observed an increased risk for hemorrhagic brain insults (standard
incidence ratio, SIR ¼ 1.5 (0.7–2.7)) (Poidvin et al. 2014). These reports raised
suspicion, although later meta-analyses from Sweden, Belgium, the Netherlands,
and the USA could not confirm these results (Sävendahl et al. 2012; Berglund et al.
2015). These studies have demonstrated how difficult the assessment of long-term
treatment risks is in patients who have received rhGH, especially because diagnoses
associated with the indications for treatment are very heterogeneous. Also, it could
be demonstrated that the morbidity and the mortality risks in patients with short
stature due to SGA are inherently different compared to patients with GHD or the
general population (Albertsson-Wikland et al. 2016).

7 Long-Acting rhGH Preparations

One of the obstacles associated with rhGH treatment is the necessity of daily
injections. This can lead to nonadherence. Nonadherence is suspected to impair
the long-term outcome of rhGH treatment in up to 75% of young adults and
teenagers (Cutfield et al. 2011).

Numerous innovative pharmaceutical developments have been used to improve
rhGH formulations in order to obtain a prolonged effect after administration
(Christiansen et al. 2016; Høybye et al. 2015) and thereby to reduce the number of
required injections, as the necessity of daily injections seems to be one of the main
factors, which interfere with therapy adherence in childhood and adolescence. There
are different ways by which these long-acting compounds are modified; six different
principles can be differentiated:

1. Depot formulations
2. Fusion proteins of rhGH
3. rhGH molecules bound to albumin
4. rhGH molecules bound to Fab antibodies
5. rhGH molecules covalently bound to polyethylene glycol (PEGylated)
6. Prodrug compounds
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Several long-acting GH formulations have been developed so far, and they have
reached different phases within clinical trials (see Table 10). To investigate whether
long-acting preparations are effective in treating patients with GHD or idiopathic
short stature, clinical trials compare the effect of treatment in respect to growth and
to IGF-I serum levels in order to prove non-inferiority to their model-compound
rhGH. Although due to the different molecular weights and pharmacokinetics of
these formulations, it is difficult to compare these substances directly to their
originator compound rhGH, several clinical studies have been performed with a
duration of at least 1 year (Chatelain et al. 2017; Zelinska et al. 2017; Luo et al. 2017;
Sprogøe et al. 2017; Yuen et al. 2013). Meta-analysis of this data could not find a
significant difference between daily rhGH injections and a once weekly high-dose
injections of various long-acting rhGH substances in respect to the induced height
velocity (HV) and heights (HT SDS) (Yang et al. 2019). The analysis, however, also
showed that low-dose long-acting rhGH could not induce a similar HV compared to
daily rhGH.

The treatment with long-acting rhGH induced significantly higher IGF-1 serum
levels in the first days after injection (Yang et al. 2019), although IGF-I levels stayed
within normal limits of �2SD with one exception (Hwang et al. 2013).

In respect to safety, treatment with high-dose long-acting rhGH was not
associated with a higher rate of acute side effects compared to daily injections
with rhGH (Yang et al. 2019). In patients receiving long-acting rhGH, the most
frequently reported adverse events were injection site pruritus, anemia, hypothyroid-
ism, fever, headache, and vomiting, but these events were classified mostly mild and

Table 10 Different long-acting rhGH formulations under investigation

Technology Name Manufacturer
Recommended frequency
of injections

Depot LB03002 LG Life Sciences/
BioPartners

7 days

Depot CP016 Critical
Pharmaceuticals

14 days

Fusion protein ProFuse GH Asterion 1 month

Fusion protein GX-H9 Genexine, Inc. 7–14 days

Fusion protein LAPSrhGH/
HM10560A

Hanmi
Pharmaceutical

7–14 days

Fusion protein MOD-4023 Pfizer, Inc. 7 days

GH bound to
albumin

Somapacitan
NNC0195–0092

Novo Nordisk 7 days

GH bound to Fab
antibody

AG-B1512 Ahn-Gook
Pharmaceutical

14–28 days

PEGylated BBT-031 Bolder
Biotechnology

7 days

PEGylated Jintrolong GeneScience
Pharmaceuticals

7 days

Prodrug TransCon ACP-001 Ascendis 7 days
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all resolved spontaneously. Also, no differences were observed in parameters
reflecting glucose metabolism serum glucose levels or hemoglobin A1c between
patients treated with long-acting rhGH or conventional rhGH therapy.

In conclusion there seems to be no differences between the effects that can be
achieved by the treatment between long-acting, mainly weekly injected, rhGH
compounds and daily rhGH injections.

However, before long-acting rhGH preparations will be able to significantly
improve treatment adherence, multiple inherent obstacles have to be overcome that
still exist in the everyday therapy with long-acting rhGH compounds. These include
the complexity of preparing the injection, the pain caused by the injections itself, the
need for reconstitution of the compound before injection, the type of device that is
used for the injections, and others. Future will show whether these obstacles can be
overcome.

Although there seems to be no evidence that after an injection of long-acting
rhGH, the impact of potentially sustained supraphysiological IGF-1 levels is
associated with an increased risk of acute adverse side effects (Christiansen et al.
2016), this does not mean that there are no long-term side effects as have been
suggested by other reports (Chan et al. 1998; Hankinson et al. 1998). Therefore,
treatment with long-acting rhGH will require close monitoring of the IGF-1 levels
during treatment. As long-acting rhGH formulations differ in their pharmacokinetics
and the way they influence IGF-1 serum levels, this monitoring needs to consider the
pharmacokinetics of each preparation (Christiansen et al. 2016).

8 Treatment with rhIGF-I

A primary deficiency for IGF-I (PIGFD) is a very rare cause for short stature in
children and results from primary GH resistance, classically called Laron’s syn-
drome, which is usually caused by mutations in the GH receptor (GHR) or defects
within the signaling cascade of the GHR like Stat5b causing the GH insensitivity
syndrome (GHIS) (Chernausek et al. 2007). Very rarely GHIS is caused by defects
within the signaling IGF-I peptide itself, which are caused by IGF-I gene deletions or
mutations.

Even with most modern molecular approaches, the mechanisms causing GHIS in
an individual patient cannot be specified.

The following clinical criteria therefore were proposed to define PIGFD:

1. Patients must be very short (height < �3 SD).
2. They should show a normal or even increased GH secretion in classical stimula-

tion tests.
3. They should show a very low IGF-I and IGFBP-3 serum level (<�3 SD), which

should not increase during a probatory rhGH treatment.
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The last criterion, however, may prove difficult in patients with PIGFD due to
IGF-I mutations resulting in a biologically inactive IGF-I as IGF-1 serum levels may
be normal when measured in an immunoassay (Netchine et al. 2009).

Both the FDA and EMA approved rhIGF-I (Mecasermin) as an orphan drug for
the treatment of PIGFD. Initially rhIGF-I was available in two formulations in the
USA, as isolated rhIGF-I (Increlex, mecasermin) and as a protein complex of rhIGF-
I bound to IGF-I binding protein-3 (iPlex, mecasermin rinfabate), which after
2007 was no longer available. In theory, the combination of IGF-I and its binding
protein IGFBP-3 promised a good option to administer rhIGF-I, because it showed a
prolonged bioavailability, whereby the necessity of twice-daily injections of rhIGF-I
could be circumvented. Very limited data on the effectiveness of mecasermin
rinfabate is available, but this suggests that significantly higher IGF-I doses within
the complex would be necessary to induce similar growth rates as obtained in
patients treated with rhIGF-I alone.

Studies in patients with GHIS have shown that once- or twice-daily rhIGF-I
injections with doses between 40 and 120 μg/kg/day induced a significant increase of
growth in children with severe GHIS (Ranke 2015). Long-term treatment with
rhIGF-1 can double the growth rate of GHIS patients from an average of 4.0 cm/
year before therapy to an average of 9.3 cm/year during the first year, 6.2 cm/year
during the second year, and to an average of 4.8 cm/year thereafter. However, the
mean height of these patients was very short with �5.6 SDS before treatment and
could just be improved to �4.2 SDS after 6 years of rhIGF-I treatment (Chernausek
et al. 2007; Backeljauw and Underwood 2001). This increase in height appears small
compared to the results that can be obtained in children with GHD by rhGH
treatment; however, this has to be seen on the background that patients with severe
GHIS can achieve adult heights between �4 and �10 SDS if not treated. At present
rhIGF-I treatment only improves adult height in GHIS patients; however, it cannot
achieve normal adult height. This may be due in part to the fact that rhIGF-I
replacement cannot compensate completely for the missing GH action (Richmond
and Rogol 2008), which could be explained by several mechanisms: Firstly, rhIGF-I
treatment alone fails to induce IGFBP-3 and ALS production, which results in
suboptimal levels of the IGF-I transport complex delivering less IGF-I to target
tissues. Secondly, pituitary GH production is suppressed by rhIGF-I administration
resulting in decreased levels of GH in the growth plate. Thirdly, this lack of hGH
may also impair local IGF-I production within the growth plate.

9 Side Effects of rhIGF-I Treatment

The most frequent adverse event reported in patients treated with rhIGF-I, which can
be dangerous, is hypoglycemia due to the insulin-like effect of IGF-1. Although
patients with GHIS seem more prone to hypoglycemic episodes, these can be
accelerated by rhIGF-I treatment and so severe that hypoglycemic seizures occur.
The medication therefore should be divided into two daily injections given shortly
before or after a meal or snack to prevent hypoglycemic episodes. Monitoring of
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preprandial glucose is advised in the initial phase of rhIGF-I treatment and should be
continued until the dosage of rhIGF-I is proven to be well-tolerated and effective
(Richmond and Rogol 2008). Other side effects of rhIGF-I treatment are the hyper-
trophy of lymphoid tissue induced by rhIGF-I which can result in hypoacusis and
snoring (reported in up to 22% of patients), headache or benign intracranial pressure
(approx. 5%), lipohypertrophy at the injection site, and acromegaloid coarsening of
the face (which occurs especially around puberty).

10 Conclusion

Since its introduction more than 30 years ago, the indications for rhGH treatment
have widened, and it has been shown to increase adult height in several conditions
and seems to be a safe therapy during treatment. Carefully designed long-term
studies are still needed to assess and weigh the costs (economic, social, and psycho-
logical) and benefits (height gain, metabolic changes, and changes in quality of life)
of treatment. Also, some of the questions that were raised on the long-term side
effects of treatment still need to be addressed in the future. Long-acting substances of
rhGH hold the promise to improve treatment adherence of this long-term-treatment;
however, this has to be proven and long-term safety issues need to be monitored
closely. Treatment with rhIGF-I is a treatment option in patients with PIGFD;
however, this diagnosis is very rare, and treatment outcome seems not as those
that can be achieved with rhGH in GHD patients.
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Abstract
New therapeutic approaches have been established in the field of rare skeletal
diseases (e.g., for osteogenesis imperfecta, achondroplasia, hypophosphatemic
rickets, hypophosphatasia, and fibrodysplasia ossificans progressiva). After elu-
cidation of the underlying genotypes and pathophysiologic alterations of these
diseases, new treatment options have been designed. Most drugs are based on an
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interaction with the disease-specific cascade of enzymes and proteins involved
in the disease. Thereby an approved treatment is available for children with
severe forms of hypophosphatasia and hypophosphatemic rickets (asfotase alfa,
burosumab). Additionally, there are different phase 3 trials ongoing assessing the
efficacy and safety of drugs for osteogenesis imperfecta, achondroplasia, and
fibrodysplasia ossificans progressiva (denosumab, vosoritide, palovarotene).

Because all these diseases are rare, the number of investigated patients in the
trials is small, and the knowledge about rare side effects and long-term outcome is
limited. Therefore it is recommended to treat the patients in specialized centers
where the effects of the drugs can be evaluated and data about safety, side effects,
and efficacy can be collected.

Based on the fact that most drugs for rare diseases are highly expensive
clear indications for start of a treatment, evaluation of the therapy and
recommendations how long a treatment has to be administrated are urgently
needed.

Keywords
Bisphosphonates · Denosumab · Rare skeletal disease

1 Introduction

A rare disease is defined as a disease which affects less than 1 of 2,500 people.
After optimizing diagnostic pathways in rare diseases in general, the possibility to
confirm a clinical diagnosis by genetic or biochemical analyses has increased. Due to
the elucidation of pathophysiologic pathways of the most frequent rare skeletal
diseases, new drugs have been successfully regenerated for rare skeletal diseases
(e.g., osteogenesis imperfecta (OI), hypophosphatemic rickets, hypophosphatasia
(HPP), achondroplasia, and fibrodysplasia ossificans progressiva (FOP)).

Depending on the pathophysiologic steps of bone metabolism (formation,
degradation, adaptation (modeling, remodeling of the bone)), most diseases could
be assigned to one of these steps. Disorders as achondroplasia and osteogenesis
imperfecta are caused by formation alterations in the growth plates or collagen
production and processing – the first step for bone formation (non-mineralized
bone matrix also called osteoid). Rickets are caused by an altered mineralization
process (reduced amount of calcium and/or phosphate, reduced amount/function of
the alkaline phosphatase). Finally remodeling of bones is performed by the interac-
tion of osteoblasts and osteoclasts. Osteocytes work as an interfering factor between
osteoblasts and osteoclasts, but the kind of action of the osteocytes is still not fully
elucidated. Especially the muscle forces applied to the bones are the most important
osteoanabolic stimulus leading to bone formation and remodeling processes which
are essential for bone strength (this interaction was described by Harald Frost and
analyzed by Eckhard Schoenau in the last 30 years as “functional muscle bone unit,”
Schoenau and Frost 2002). A schematic overview of these processes, exemplary
representation of resulting diseases in case of alterations, and therapeutic options are
displayed in Fig. 1 (Hoyer-Kuhn et al. 2017).
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Additionally, alterations of the proteins of bone matrix can cause skeletal
diseases. Increased activation of the ACVR1/ALK2-Gen (fibrodysplasia ossificans
progressiva) cause extraskeletal bone formation (heterotopic ossification) resulting
in progressive immobility of the patients accompanied by a reduced life expectancy
(Shore et al. 2006).

In fibrous dysplasia (FD), bone growth and modeling/remodeling processes
are disturbed leading to additional bone with a woven structure on the long bones/
craniofacial bones. In some cases, FD goes along with endocrine disturbances
(ovarian cysts in girls, growth hormone excess, hyperthyroidism, precocious
puberty, neonatal hypercortisolism) known as McCune-Albright syndrome (Javaid
et al. 2019).

2 Drugs

2.1 Supplements

Calcium and vitamine D analoga are used in most bone diseases to assure a normal
mineralization process. Usually both drugs are given orally. In case of a high and
rapid need of calcium, calcium could also be applicated intravenously as calcium
gluconate 10%.

Fig. 1 Schematic overview of bone formation and diseases. Schematic overview of the main steps
of bone formation. The various diseases manifested through physiological alterations in bone
formation, mineralization, and remodeling and the potential drugs that are used in the management
of the disease. These drugs don’t necessarily target the underlying pathophysiology in the disease
but are symptomatic in some diseases
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Vitamine D is available as colecalciferol or activated vitamine D calcitriol.
Based on the underlying cause of vitamine D deficiency, one or both vitamine D
preparations could be supplemented.

In rare bone diseases, a clear pathophysiologic adapted treatment regimen is
needed as high doses of supplements also can be contraindicated. In diseases
with a reduced availability of minerals like in hypocalcemic or hypophosphatemic
rickets, administration of minerals is essential and should be done adapted to the
current guidelines (Munns et al. 2016). In other diseases where minerals cannot
be incorporated into the bone matrix (HPP or OI), a high dose of minerals are
contraindicated due to the risk of nephrocalcinosis (Bishop 2015).

2.2 Antiresorptives

2.2.1 Bisphosphonates
Bisphosphonates are drugs used for decades in adults but also in children with rare
bone diseases (Astrom and Soderhall 1998). For children they are still not approved.
As off-label use, bisphosphonates have been used in children with osteogenesis
imperfecta, fibrous dysplasia, and secondary osteoporosis to reduce number of
fractures, decrease chronic pain, and increase bone mineral density and mobility
(Glorieux et al. 1995; Astrom and Soderhall 1998; Lala et al. 2000; Plotkin et al.
2003; Chan and Zacharin 2006; Glorieux and Rauch 2006; Land et al. 2006).
Bisphosphonates bind to mineralized bone (hydroxyapatites) causing apoptosis
of osteoclasts after being resorbed by them. As antiresorptive agents, they only
preserve bone but are not osteoanabolic. The reduced bone resorption combined
with an intensive physical training inducing bone formation led to an increase in
quality of life of the patients during the last decades (Marini et al. 2017).

2.2.2 Denosumab: A RANKL Antibody
Denosumab (a monoclonal RANKL (anti-receptor activator of nuclear factor κB
ligand) antibody) was approved in 2009 as treatment option for adults with osteopo-
rosis (Cummings et al. 2009). Denosumab is a fully human monoclonal antibody
inhibiting osteoclastic-driven bone resorption by binding to osteoblast-produced
RANKL (Fig. 2). It is not approved for children yet. First experiences in childhood
are published in the last years for children with OI, FD, and giant-cell tumor (Boyce
et al. 2012; Semler et al. 2012b; Shroff et al. 2012; Grasemann et al. 2013; Hoyer-
Kuhn et al. 2014a, b, c, 2016b; Wang et al. 2014). Denosumab was only used in an
off-label setting in children until today. Results of an international phase 3 trial
assessing the safety and efficacy of denosumab in 150 children with OI are awaited
in 2020 (NCT02352753).
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2.3 Monoclonal Antibodies

2.3.1 Denosumab: A RANKL Antibody (See Sect. 2.2.2)

Burosumab: A FGFR23 Antibody
Burosumab is a monoclonal antibody binding to fibroblast growth factor 23 (FGF23)
– a highly phosphaturic factor leading to a diminished mineralization of the bones
when produced in an increased amount. Burosumab is approved since 2018 in the
USA and Europe for treatment of children 1 year and older with confirmed FGF23-
associated hypophosphatemic rickets.

Romosozumab: An Anti-sclerostin Antibody
Romosozumab is a monoclonal antibody binding to sclerostin. Thereby it inhibits
bone resorption but also increases bone formation. Sclerostin is involved in regula-
tion of bone formation by inhibiting osteoblast differentiation via the WNT pathway
(Williams 2014). It was approved for the treatment of adult osteoporosis in the USA
recently. In Europe the approval process is still pending. Romosozumab treatment
within a phase 3 trial for adults with OI led to an increased cardiovascular risk in
adults – therefore it is only approved as “a second-line” approach (Glorieux et al.
2017).

2.4 Anabolic Agents

Osteoanabolic agents are interesting for children as bone growth is altered in most
rare skeletal diseases in childhood. Most inherited bone diseases cause a short
stature in adulthood. On account of this, it seems compelling to treat children with
osteoanabolic agents.

Fig. 2 RANKL/OPG interplay in bone metabolism and denosumab as a blocking agent. RANKL/
OPG (receptor activator of NF-κB ligand/osteoprotegerin) interaction in bone formation and bone
resorption processes. (a) Active RANKL increase differentiation and number of osteoclasts.
Therefore bone resorption is increased. (b) Denosumab (DMAB) as a monoclonal antibody
inactivates RANKL (mimicking the effect of OPG), stops differentiation of pre-osteoclasts, and,
thereby, reduces bone resorption
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There is no approval for Romosozumab (see Section “Romosozumab: An
Anti-sclerostin Antibody”) in children. There are no data available in children in
the literature yet. Therefore treatment is not recommended outside of clinical trials
currently.

Additionally, parathyroid hormone was approved in 2006 for adults with
osteoporosis. It is used in a treatment period of 2 years to increase bone mass
in adults with osteoporosis.

Based on the fact that an increased risk of developing an osteosarcoma in the
growing skeleton was detected in earlier animal experiments, it was not used in
children yet.

3 Diseases

3.1 Osteogenesis Imperfecta

Osteogenesis imperfecta (OI; brittle bone disease) is a hereditary bone fragility
disorder leading to recurrent fractures. OI is caused in ~90% of the cases by typical
autosomal dominant mutations in the genes COL1A1/2 coding for collagen (Forlino
and Marini 2016). Due to the fact that collagen is the base of osteoid formation
collagen alterations lead to an increased fracture rate in patients with OI. During the
last years, genetic analyses improved. Thereby new genes causing bone fragility
syndromes have been detected (Asharani et al. 2012; Semler et al. 2012a; Keupp
et al. 2013; Mendoza-Londono et al. 2015; Rauch et al. 2015). Depending on the
affected gene, the symptoms might differ, but the increased bone fragility is the
characteristic sign in all patients.

OI is a primary osteoporosis caused by a defect of bone formation (Fig. 1).
Skeletal signs are recurrent fractures and deformities (mainly of the long bones),
vertebral compression fractures, scoliosis, and short stature. Additional symptoms
are hypermobility of joints causing atraumatic luxations, hearing impairments (espe-
cially during young adulthood), an affection of teeth (dentinogenesis imperfecta),
and a discoloration of the sclera (blue-grayish sclera). Because the disease presents
with a very wide range of phenotypes, not all symptoms need to be present in the
individual patient (Marini et al. 2017).

Therapy requires a multi-modular concept with physical training, surgical
procedures, and drug treatment. Physical training (physiotherapy, occupational
therapy, rehabilitation) is important for the patients. As described above, the forces
applied by the muscles to the bone are the most relevant factors stimulating
osteoblasts to produce osteoid (Fricke and Schoenau 2007). A consensus statement
of different experts in the field has been published recently (Hoyer-Kuhn et al.
2016a). Additionally, different strategies of muscle training (vibration training,
rehabilitation concepts) have shown positive effect on the children (Hoyer-Kuhn
et al. 2014b, c).

92 H. Hoyer-Kuhn and E. Schönau



3.1.1 Bisphosphonates
Drug treatment in children with OI is currently limited to the off-label use of
bisphosphonates which is performed in moderate to severely affected children
since 20 years.

Pamidronate was the first bisphosphonate used in children with OI. It was proven
to increase bone mineral density and to ameliorate chronic bone pain (Glorieux et al.
1998). Depending on the age of the child, it had to be administered 3–6 times per
year during a 3-day inpatient stay with a total dose of 9 mg/kg body weight/year.
Later neridronate was investigated in randomized trials. It can be given quarterly as
an i.v. treatment in a dose of 2 mg/kg body weight/infusion and does not require
an overnight stay. Neridronate is frequently used in Europe because it can be
administered in an outpatient treatment setting and was investigated in clinical trials
in different age groups (Gatti et al. 2005; Antoniazzi et al. 2006; Semler et al. 2011).
Neridronate has been shown to have a comparable effect on reshaping of vertebral
deformities when given as a single treatment quarterly (Semler et al. 2011). In the
USA zoledronic acid is used in different regimes and has shown to be effective even
if given only yearly or every 6 months (Panigrahi et al. 2010). Further assessments
have proven the reduced costs per patient when treated with zoledronate compared to
pamidronate. Oral bisphosphonates like risedronate or alendronate have also been
investigated in phase 2/3 trials but are only used in mildly affected patients (Bishop
et al. 2013).

3.1.2 Treatment: Denosumab
Elucidation of genetic causes in OI in the last decade offered the possibility to
increase knowledge about patients with atypical OI, not caused by mutations in
COL1A1/2. In 2011 the genetic cause for the previously clinically described OI type
VI was discovered (Becker et al. 2011). Patients with this type show a poor response
to an antiresorptive treatment with bisphosphonates and on biopsy they present
with a high turnover osteoporosis with an increased amount of osteoid (Land et al.
2007). Causative mutations in the gene SERPINF1 have been described, elucidating
a new pathophysiology for OI (Becker et al. 2011). These patients are not affected
by a defect of collagen synthesis but show an increased number and activity of
osteoclasts. This is mediated via the OPG/RANKL pathway illustrated in Fig. 2. The
amount of active RANKL is increased and stimulates maturation and proliferation of
osteoclasts.

In these patients a therapy with the monoclonal antibody denosumab was
evaluated. Denosumab treatment led to an increase of areal bone mineral density
after 12 months in patients with OI type VI and a reduction of chronic pain (Hoyer-
Kuhn et al. 2014a). Because this treatment was effective in OI type VI, it was
assumed that this antiresorptive treatment might also be superior in children with
classical types of OI caused by collagen mutations. Therefore safety and efficacy of
denosumab was investigated in a small pilot trial in ten children with classical OI. In
these children a positive response even compared to the prior treatment with
neridronate was observed without severe side effects during a short treatment period
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of 12 months (Hoyer-Kuhn et al. 2016b). Currently a phase 3 trial is performed
aiming to approve denosumab as the first drug for OI in children (NCT02352753).

It has to be mentioned that there is a significant effect on calcium homoeostasis in
patients treated with denosumab. Directly after injection osteoclasts are blocked
completely and serum calcium levels can drop significantly. This can last for some
weeks requiring oral calcium and vitamine D supplementation. After some months
the antibody will be resorbed, and osteoclasts start to differentiate and can cause a
rebound hypercalcemia and hypercalciuria. Whether these changes in serum calcium
levels will cause side effects like nephrocalcinosis or calcifications of vessels needs
to be investigated in the future. During this period of increased bone resorption,
some patients suffer from chronic pain located in the joints lasting for 1–2 weeks.
This rebound activation of osteoclasts led to a reduction of bone mineral density, and
in adults with osteoporosis, an increase of vertebral fractures has been reported after
cessation of denosumab. In adults there is a growing discussion how to act to a
cessation with denosumab and if a final dose of bisphosphonates might be beneficial
to reduce the excessive bone resorption after the end of denosumab treatment
(Perosky et al. 2016).

3.1.3 Treatment Anti-sclerostin
Additional to these antiresorptive agents, new substances are under investigation
aiming to improve the function of osteoblasts. Sclerostin is involved in adaptation
of bone formation by inhibiting osteoblast differentiation via the WNT pathway
(Fig. 3). In adults with osteoporosis, anti-sclerostin antibodies are currently
investigated as osteoanabolic agent (Glorieux et al. 2017). In OI previous studies
in mice showed a positive effect on bone formation when using sclerostin antibodies.
BPS804 is a humanized antibody interfering with the WNT pathway by blocking
sclerostin. A 21-week phase 2 trial (NCT03216486) in adults with OI showed a good
response of serum parameters of bone formation and bone resorption and an increase
of lumbar bone mineral density (Glorieux et al. 2017). No data for a longer treatment
or on the effect on fracture rate or long-term side effects have been reported yet.
Anti-sclerostin and other drugs interfering with the WNT pathway are likely to be
investigated in OI during the next years.

3.2 Rickets

Rickets is a condition associated with osteomalacia – a failure of mineralization –

and a delay in endochondral ossification at the growth plates of the long bones.
Rickets with disturbance of the architecture of the growth plates only occur in
children while the growth plates are still open. In adults or after reaching final height
with a fusion of the growth plates, rickets are no longer existent, and only features of
osteomalacia are found. There are three major factors essential for normal minerali-
zation and organizing of the growth plates: calcium, phosphorus concentrations,
and normal levels of alkaline phosphatase. Rickets are divided based on a lack
of calcium, phosphorus, or alkaline phosphatase into hypocalcemic rickets,
hypophosphatemic rickets, and rickets due to hypophosphatasia.
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3.2.1 Hypocalcemic Rickets
Hypocalcemic rickets are usually caused by vitamine D deficiency and/or a low
calcium intake in the first years of life when growth velocity is high. Hereditary
forms are rare and are associated with enzyme defects of the hydroxylation pathway
in the kidney and liver for vitamine D activation. Vitamine D deficiency is the most
common reason for hypocalcemic rickets in the last years as children are more and
more sun protected, spent not enough time outside. In most countries a prophylaxis
with vitamine D supplements in the first year of life is recommended.

Children with hypocalcemic rickets present with failure to thrive, bowing of the
lower extremities after verticalization, enlarged wrists, rib cage deformities, open
anterior fontanelle, and hypocalcemic seizures. On x-ray growth plates of the knees
and/or the wrists appear widened and frayed. Additionally, laboratory changes
(hypocalcemia, hypovitaminosis D (25-OH vitamine D), and hyperparathyroidism)
could be detected.

Treatment Calcium
All children who present with hypocalcemia should receive oral substitution of
calcium between 500 and 1,500 mg/day. If necessary calcium could also be given

Fig. 3 Schematic presentation of sclerostin effects in bone metabolism. Sclerostin is produced by
osteocytes and mesenchymal stem cells (MSC) reducing production of osteoprotegerin (OPG) by
inhibiting the WNT signaling pathway. Inactivation of sclerostin by specific antibodies should
increase bone mass by increasing bone formation and via the RANKL pathway by reducing activity
of osteoclasts
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intravenously as calcium gluconate (1–2 mL of a 10% solution per kg body weight)
(Munns et al. 2016).

Treatment Vitamine D Analoga
Most regimens for treatment of hypocalcemic rickets include the application of daily
doses of 25-OH vitamine D. The amount defers due to national guidelines between
500 IU/day and 2,000 IU/day. Additionally, after healing of rickets, a prophylaxis
with 400–600 IU/day (10–15 μg) should be administered during childhood (Munns
et al. 2016).

3.2.2 Hypophosphatemic Rickets
In contrast to hypocalcemic rickets, X-linked hypophosphatemic rickets (XLH) is a
rare hereditary disease affecting bones and kidneys (incidence 1:20,000). Mutations
in the PHEX gene lead to a reduced amount of renal phosphate reabsorption
mediated by an increased level of fibroblast growth factor 23 (FGF23). Thereby
reduced phosphate serum levels could be detected, and mineralization of the growth
plates and long bones is altered. Signs and symptoms in XLH are deformities of the
legs, a waddling gate, short stature, skeletal pain, and in most cases also affected
teeth with dental fistulas (Shimada et al. 2004; Pavone et al. 2015).

Treatment Vitamine D Analoga/Phosphorus
Treatment was based on substitution with oral phosphorus and active vitamine D
(phosphate 20–40 mg/kg daily, 1,25(OH)2D 20–30 ng/kg daily in 1–2 dosages,
alternatively alfacalcidol 50 ng/kg once per day) at least up to fusion of the growth
plates. Phosphorus needs to be administered 5–7 times per day orally (Verge et al.
1991) to store an adequate amount in the body and to reduce the risk of secondary
hyperparathyroidism.

Treatment Burosumab
Burosumab as a targeted monoclonal antibody has been approved for children
with XLH due to FGFR23 excess. Burosumab is a FGFR23 antibody leading to
an increase of renal reabsorption of phosphate and bone mineralization. Thereby it
inhibits the phosphaturic function of FGF23 which causes XLH in patients with
PHEX mutations (Fig. 4). As investigated in pediatric phase 2/3 trials, available
burosumab has to be injected every 14 days subcutaneously. Children presented with
constant serum phosphate levels and improved bone mineralization when receiving
burosumab. Additionally, in a controlled trial, it was shown that burosumab is more
effective regarding long bone mineralization than the conservative treatment with
phosphate and vitamine D (Whyte et al. 2019). Burosumab was approved by FDA
and EMA in 2017/2018.

3.2.3 Hypophosphatasia
Hypophosphatasia (HPP) is a hereditary disorder based on a reduced activity or
amount of the alkaline phosphatase (TNSAP; tissue-nonspecific alkaline phospha-
tase) (Fig. 5). HPP is caused by autosomal recessive or dominant mutations in the
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Fig. 4 Pathophysiology and therapeutic approach in hypophosphatemic rickets. (a) FGF23 inhibits
the renal tubular phosphate transporter resulting in impaired reabsorption of phosphate from the
renal tubule. (b) Burosumab (an antibody that binds FGF23) prevents FGF23-mediated inhibition
of the phosphate transporter, thereby allowing the reabsorption of phosphate

Fig. 5 Pathophysiology and therapeutic approach in hypophosphatasia. (a) Hypophosphatasia is
characterized by a deficiency in alkaline phosphatase, leading to phosphate metabolites [pyrophos-
phate (PPi), pyridoxal phosphate (PLP), phosphoethanolamine (PEA)] accumulating in blood
vessels, and impaired bone mineralization. (b) In the presence of asfotase alfa, a recombinant
enzyme mimicking the effect of alkaline phosphatase, phosphate metabolites are incorporated into
the osteoid, therefore allowing bone mineralization. While the genetic defect that inhibits alkaline
phosphatase is still present, serum phosphate levels decrease, allowing for improved mineralization
of bone
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ALPL gene characterized by a very wide spectrum of severity (Hofmann et al. 2014).
The spectrum reaches from perinatal lethal forms to types which only present during
adulthood with muscle weakness and early onset osteoarthritis. Additionally, there is
one subtype influencing only the teeth of the patients causing premature tooth loss.
The incidence of the severe cases is estimated 1:100,000, whereas milder forms are
far more frequent. X-rays show typical rickets-like pattern, while minerals accumu-
late in the kidneys causing nephrocalcinosis. A suspicion of HPP could be confirmed
by a laboratory test measuring a reduced alkaline phosphatase compared to age
adapted reference ranges which are not provided by all laboratories routinely. A
double-digit level below 100 U/mL is highly suspicious of HPP if a child presents
with rickets.

Conventional Treatment
Targeted treatment options have not been available in HPP up to now. To avoid side
effects of a standard rickets treatment approach with supplements as vitamine D and
calcium in HPP, a specific diagnosis should be achieved as early as possible.
Supplementation of minerals (calcium, phosphate, and vitamine D) should be kept
at a necessary minimum to avoid deficiencies and due to the risk of nephrocalcinosis.
Bisphosphonates are also contraindicated in HPP (Whyte 2016).

Treatment: Asfotase Alfa
A recently approved new therapeutic option for patients suffering from musculo-
skeletal symptoms during childhood caused by HPP is an enzyme replacement
therapy with asfotase alfa (Fig. 5). Asfotase alfa is a recombinant enzyme
imitating the function of “tissue-nonspecific alkaline phosphatase.” Clinical trials
demonstrated that asfotase alfa improved mineralization of the bone in children with
HPP and increased survival in severely affected children dramatically (Whyte et al.
2012). Asfotase alfa is given subcutaneously 2–3 times per week. Treatment of
severe affected children is recommended. In milder affected children, a treatment
should be considered if the child presents with skeletal problems. At this particular
time, it has to be pointed out that there are no long-term experiences available yet.

3.3 Achondroplasia

Achondroplasia is the most common skeletal dysplasia. It is characterized by a
disproportioned short stature (long trunk, short limbs) with a final height of less
than 130 cm (Pauli 2019). The estimated incidence is 1:10,000 to 1:30,000 affected
newborns.

The disease is caused by activating mutations in the FGFR3 gene coding for
the FGFR3 receptor in chondrocytes. Gain of function of the FGFR3 receptor leads
to an increased inhibition of proliferation and differentiation of the chondrocytes
in the growth plates of the long bones (Fig. 6). Thereby growth of the long bones is
disturbed leading to the phenotype of disproportioned short stature. In 90% of
affected patients, one typical autosomal dominant mutation could be detected by
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Sanger sequencing. Additionally, patients present with a macrocephaly, hypoplasia
of the midface, hypermobility of the joints, muscular hypotonia, and recurrent
middle ear infections (Ceroni et al. 2018). The most severe symptom during the
first years is a reduced diameter of the foramen magnum at the cervical-spinal
junction. This can lead to a compression of the spinal cord with the need of
neurosurgical intervention.

Currently therapeutic interventions are only symptomatic with focus on preven-
tion of complications. Patients are followed neurologically and regarding their
growth during childhood. Disease-specific growth charts can be used to follow
height of children (Del Pino et al. 2019). Beside the neurosurgical intervention in
case of spinal cord compressions, orthopedic monitoring is necessary to detect
deformities leading to disability.

Fig. 6 Therapeutic approaches in achondroplasia. The differentiation of chondrocytes in the
growth plates is regulated by an inhibiting pathway in the chondrocytes. As first step FGF
(fibroblast growth factor) activates the receptor (fibroblast growth factor receptor 3 ¼ FGFR 3).
Using the “Ras-ERK pathway,” the proliferation of chondrocytes is reduced. This signaling is
mediated by Ras (Rat sarcoma protein) and RAF (rapidly accelerated fibrosarcoma) finally
influencing ERK1/2 (extracellular signal-regulated kinases). New therapeutic approaches target
this inhibiting pathway. FGFR3 antibodies block the whole cascade, while CNP analoga (C-type
natriuretic peptide) interact via a cascade including PKGII (cGMP-dependent protein kinase-2)
directly with ERK1/2. Both agents will lead to a reduced inhibition and will therefore increase the
proliferation of chondrocytes
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3.3.1 Treatment: Growth Hormone
A treatment with growth hormone has been investigated with ambiguous results. In
Japan growth hormone is approved for treatment of achondroplasia, but it is not
approved by EMA or FDA. A meta-analysis of 558 children treated with growth
hormone showed a catch-up growth during the first 2 years of treatment with a
decrease of growth velocity afterward. In the end this leads to an improvement of
height of 1 SD during the first 2 years, but no results of final height are presented.
Especially no convincing data about the influence on disproportion or foramen
magnum stenosis are available (Miccoli et al. 2016).

3.3.2 Treatment: Vosoritide
Drugs addressing the disturbed signaling in the chondrocytes of patients with
achondroplasia are currently under investigation in clinical trials. The opposite
signaling of FGFR3-mediated intracellular signaling in the chondrocytes is mediated
by C-type natriuretic peptide (CNP) (Fig. 6). CNP is inhibiting the intracellular
cascade of the FGFR3 receptor-mediated “Ras-ERK pathway.” The hypothesis is
that CNP analoga could inhibit the FGFR3-mediated inhibition of chondrocyte
proliferation leading to an increase in chondrocyte proliferation and differentiation.
Therefore CNP analoga (vosoritide) are currently investigated in clinical trials
(NCT03197766). First data of a phase 2 trial with an extension period over
42 months showed an increase of growth velocity in children 5–14 years
(Savarirayan et al. 2019). Vosoritide needs to be administered subcutaneously. No
results about final height and the effect on the foramen magnum are available yet.
Additionally, it is not known, how this treatment will affect limb and trunk
proportions.

3.4 Fibrodysplasia Ossificans Progressiva

Fibrodysplasia ossificans progressiva (FOP) is a very rare skeletal disease caused
by mutations in ACVR1, coding for “activin receptor-like kinase-2” (ALK2) affect-
ing the “bone morphogenetic protein (BMP) type I” receptor (Fig. 7) (Shore et al.
2006).

The increased activation of the receptor causes a phosphorylation of SMAD
proteins stimulating intranuclear transcription factors. These transcription factors
initiate the production of cartilage tissue which later mineralizes and will be
transformed into solid bone. Actually, there are only 1,000 affected people
diagnosed worldwide. In these patients intramuscular injections, traumata, and
muscular injuries can cause a rapid formation of bone tissue everywhere in the
body called flare-up. During childhood most patients develop heterotopic ossifica-
tion in the upper extremities, shoulders, and neck with resulting immobility of the
joints. Finally many of them die due to respiratory insufficiency and cardiac decom-
pensation due to the increased rigidity of the thorax. Life expectancy of the patients
is limited to a mean of 30–45 years. Diagnosis is difficult, but already directly after
birth malformations of the big toe are visible in nearly all patients.
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Therapeutic options are still limited and focus on prevention of traumata, e.g.,
avoiding intramuscular injections. In case of a flare-up, treatment with high-dose
corticosteroids has shown to reduce the occurrence of new ossifications (level of
evidence expert opinion, case series).

3.4.1 Treatment: Palovarotene
Palovarotene belongs to retinoic acid receptor gamma agonists (RAR gamma),
inhibiting the increased activation of the ALK2 receptor and consequently intracel-
lular signaling (Fig. 7b). This should suppress the formation of new bone tissue in
extraskeletal regions. The first results of previous trials showed a reduction of new
heterotopic ossifications and a reduction of chronic pain in 40 patients older 6 years
of age. Currently a phase 3 study with palovarotene is performed in children and
adults with FOP (NCT03312634). Dosage and treatment duration are still under
investigation. There are different approaches to reduce the gain of function of the
ALK2 receptor from which palovarotene is the substance most advanced in the
clinical development program. An activin A antibody is currently tested in a phase
2 trial (NCT03188666).

Fig. 7 Pathophysiology of fibrodysplasia ossificans progressive and therapeutic approach. (a)
Molecular pathway in fibrodysplasia ossificans progressiva showing the intracellular cascade
involved in extraskeletal ossification. (b) Palovarotene is a retinoic acid receptor gamma agonist
that inactivates downstream the intracellular signaling of the Alk2 (activin receptor-like kinase-2)
receptor which normally interacts with bone morphogenetic protein (BMP). This leads to reduced
intracellular signaling by different smad molecules. The hypothesis is that palovarotene thereby
diminishes osteoblast differentiation and heterotopic ossification
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Abstract
Insulin treatment in children and adolescents with autoimmune type 1 diabetes
has changed tremendously in the last 20 years with the knowledge of DCCT trial
regarding near-normal glucose levels on the micro- and macrovascular outcome.
Intensified insulin therapy is now standard of care. Carb counting however was
introduced systematically only recently in several countries. In industrialized
countries most patients in this age group are treated with continuous subcutane-
ous insulin injections. Nowadays this is combined with continuous subcutaneous
glucose measurement commencing sensor-augmented pump therapy. Predictive
low glucose suspend reduces the frequency of hypoglycemic events. Still not
available for children is a commercially available closed loop system. However,
treatment goals are still frequently not reached especially in the group of
adolescents. Therefore several additive drugs are tested to improve treatment
results. There are new insulins with faster and longer action profile in the pipeline
to better mimic physiologic insulin profiles. Smart insulins may be able to mimic
reaction on blood sugar levels. The broad facet of treatment modalities helps
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pediatric diabetes teams to individualize therapy and so improve patients’ health-
related quality of life.

Keywords
Adolescents · Children · CSII · Insulin treatment · Long-acting insulin · Rapid-
acting insulin · Sensor-augmented pump therapy

1 Introduction

Type 1 diabetes mellitus (T1D) is one of the most common metabolic disorders in
childhood and adolescence, with increasing incidence. In Germany a 3.4% yearly
increments of newly diagnosed children below the age of 14 years can be found with
highest increase in very young children (Bendas et al. 2015). Overall approximately
96,000 children below 15 years develop T1D all over the word yearly (Meyer-Davis
et al. 2018). From the estimated 500,000 children and adolescents with T1D world-
wide, about 26% come from Europe and another 22% from North America and the
Caribbean States. In Asia the prevalence is much lower (Meyer-Davis et al. 2018).

Due to chronic autoimmune destruction of insulin-producing pancreatic beta
cells, affected type 1 diabetes patients suffer from partial or in most cases absolute
insulin deficiency. Banting and Best first purified pancreatic extract and injected it in
a 14-year-old boy with T1D almost 100 years ago (in 1921). Eli Lilly in the USA and
1 year later Novo Nordisk in Europe began to produce this “normal insulin” from
animal pancreas (Quianzon and Cheikh 2012). Because multiple daily injections
were needed about every 4–6 h to control blood glucose levels, the development of a
longer-acting insulin was required to improve the practicability of insulin treatment
and quality of life. In the 1930s protamine was added by Hagedorn, and in the same
years, zinc was added by Scott and Fisher. Isophane neutral protamine Hagedorn
(NPH) lasted up to 24 h and could be mixed with normal insulin. Zinc NPH mixtures
had an even longer action. In 1982 the first recombinant human insulin preparations
became available on the market.

With longer survival of patients with T1D, chronic microvascular and
macrovascular complications became more evident. The DCCT trial showed a linear
relation of blood glucose control and these diabetic complications. Intensive insulin
treatment with multiple daily injections (MDI) or continuous subcutaneous insulin
injection (CSII) could dramatically reduce diabetic retinopathy and nephropathy
compared to a conventional diabetes treatment with less frequent injections (The
Diabetes Control and Complications Trial Research Group 1993). So intensified
insulin treatment with the goal of near-normal glucose values is the standard
treatment for T1D in any age today. However in many patients hypoglycemia is
the limiting factor for getting close to normal blood glucose values 24 h a day.
Therefore several modifications in insulin pharmacokinetics were accomplished
with changes in the amino acid chains or due to adding of fatty acids. These
so-called analog insulins showed either shorter or longer action and could reduce
the rate of hypoglycemic events in intensively treated T1D patients (Quianzon and
Cheikh 2012).
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2 Insulin Therapy in Children and Adolescents
with Type 1 Diabetes Mellitus

After diagnosis of type 1 diabetes mellitus, insulin treatment should be immediately
started to avoid development of ketosis or ketoacidosis. For intensified insulin
treatment, several short-acting and long-acting insulins with different action profiles
are available on the market (Table 1).

Multiple daily insulin injection treatment (MDI) with either insulin pens or
syringes is still the most common treatment regimen worldwide (Danne et al.
2018). Continuous subcutaneous insulin injection (CSII) or insulin pump treatment
is rapidly increasing especially in young children (Sherr et al. 2016).

Both treatment regimens combine a so-called mealtime bolus with a basal insulin
or a continuous delivered basal rate. The mealtime bolus is usually calculated by
carbohydrate counting. In Germany carbohydrates are counted by units, and one unit
stands for 10–12 g carbohydrates, whereas in most other countries, carbohydrates are
counted by grams. In Table 2 usual mealtime factors for different age groups are
shown.

Table 1 Available insulin preparations with their suggested action profiles regarding start of
action, peak, and duration when injected s.c.

Insulin type
Onset of
action (h)

Peak of
action (h)

Duration of
action (h)

Mealtime insulin (rapid/short acting)

Ultrarapid-acting analog (faster
aspart)

0.05–0.2 1–3 3–5

Rapid analog insulin (aspart, lispro,
glulisine)

0.15–0.35 1–3 3–5

Regular insulin (short acting) 0.5–1 2–4 4–8

Basal insulin (intermediate/long acting)

NPH insulin 2–4 4–12 12–24

Glargine 2–4 8–12 22–24

Detemir 1–2 4–7 20–24

Glargine U300 2–6 Minimal peak 30–36

Degludec 0.5–1.5 Minimal peak >42

Table 2 Mealtime bolus factors for 10 g carbohydrates (CU) at different times a day (personal
experience and can vary individually and depends on pubertal stage)

Daytime (years) 0–5 5–12 10–18

Morning (IE/CU) 0.8 0.8–1.5 1.0–2.5

Snack (IE/CU) 0.6 0.6–1.2 1.0–2.0

Lunch (IE/CU) 0.6 0.6 � 1.2 1.0–2.0

Tea snack (IE/CU) 0.5 0.8–1.2 1.0–2.5

Dinner (IE/CU) 0.6 0.8–1.5 1.0–2.5

Midnight snack (IE/CU) 0.5 0.5–1.2 1.0–2.0
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The short- or rapid-acting insulins are also used for correction of higher blood
sugar levels. Therefore patients usually calculate with a correction factor. This
correction factor depends on the age and the time of correction. Insulin sensitivity
is higher in lower age and in the night hours compared to the day. Usually we
recommend half of the correction dose for the night. Table 3 shows usual correction
factors depending on age and time of the day.

In general insulin requirement is age dependent. At onset a child usually needs
0.7–1.0 Units per kg bodyweight. Toddlers have a lower requirement of about
0.5–0.7 U/kgbw. In remission phase the insulin demand can decrease below
0.5 U/kgbw. In adolescence the requirement often will go above 1.0 up to 2.0 U/
kgbw.

3 Rational for Different Insulins

Short-acting regular insulin is still the cheapest insulin on the market and so the
widest available over the globe (Danne et al. 2018). It can be used in MDI and is also
approved for the use in insulin pumps. It should be injected 20–30 min before meal
because of its later onset of action compared to rapid-acting analogs. That is the
major disadvantage especially when used in toddlers and younger children with
unknown carbohydrate intake. When regular insulin is used, a larger meal and a
snack after 2–3 h are regularly covered by the duration of the insulin action. If the
snack is missed, hypoglycemia can occur.

Short-acting regular insulin can be combined with any basal insulin. In
low-income countries, it is frequently combined with NPH twice or three times
daily (Fig. 1a).

Because of the nonphysiological onset of action and the duration of action of
regular insulin, rapid-acting analog insulins were developed. Three different rapid-
acting insulins are on the market (aspart, glulisine, lispro). No clinical significant
differences regarding hypoglycemia, metabolic control results, and action profile
have been observed in either adult or pediatric population (Home 2012; Philotheou
et al. 2011). However the advantages of rapid-acting analog insulin compared to
regular insulin are still under debate. A Cochrane review showed a slightly weighted
difference in HbA1c of 0.1% in favor of rapid-acting analogs in MDI and 0.2% in
favor of rapid-acting analogs when used in CSII in adult patients with type 1 diabetes.
This review could not find significant differences in the frequency of severe hypo-
glycemia (Fullerton et al. 2016). There is no Cochrane analysis for children

Table 3 Correction bolus factors for 1 unit of rapid-acting insulin lower the blood glucose level by
x mmol/L at different times a day (personal experience can vary individually and depends on
pubertal stage and metabolic control)

Daytime (years) 0–5 5–10 10–15

Daytime (mmol/L) 8–15 3–8 1–4

Nighttime (mmol/L) 16–20 6–15 2–6
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B

C

6.00 6.0012.00 18.00 24.00

A

6.00 6.0012.00 18.00 24.00

6.00 6.0012.00 18.00 24.00

D

6.00 6.0012.00 18.00 24.00

Fig. 1 Different insulin regimens with different short- and long-acting insulins. (a) Regular insulin
(red lines) for mealtime bolus and a snack and NPH insulin (blue lines) twice or three times daily
(not shown). (b) Rapid-acting analog and glargine: Rapid-acting analog (red lines) for mealtime
bolus and glargine (green line). (c) Rapid-acting analog and detemir: Rapid-acting analog (red lines)
for mealtime bolus and detemir (dark green line). (d) CSII: red lines ¼ mealtime bolus. Black
line ¼ basal rate (variable programmable every hour to get individualized basal profile)
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available. However data about the use of rapid-acting analogs for postprandial
injection are available (Danne et al. 2003). Although preprandial injection of rapid
analog insulin is recommended to avoid high postprandial glucose excursions in
toddlers with unknown food intake, postprandial injection may be safer to avoid
hypoglycemia. In practice for every single meal or snack, rapid-acting analog should
be injected immediately before the meal. If hyperglycemia is present, the analog
should be injected at least 15–20 min before the meal to correct the higher blood
glucose. In most insulin pumps, rapid-acting analog insulin is used.

Ultrarapid-acting analog insulins try to imitate the physiological action profile of
prandial insulin action with a faster and steeper increase of action than rapid analogs
when administered subcutaneously. In regular insulin and rapid analogs, the limiting
factor for resorption and start of action is the dissociation from a hexamer into dimers
and monomers. The ultrafast insulin aspart realizes this faster dissociation by adding
niacin amide and L-Arginine. It has been approved in the USA and Europe for adults
with type 1 diabetes in 2017. Approval for children is awaited. In adults subcutane-
ous injection of ultrafast aspart resulted in a twice as fast detection of insulin
compared to aspart. The insulin concentration within the first 30 min after injection
was doubled. These effects were even more pronounced in CSII (Heise et al. 2017).
In children and adolescents, the same pharmacokinetic characteristics were seen
(Fath et al. 2017). Clinical trial data in adults however are still sparse especially
regarding the effect on metabolic control and hypoglycemia. With BioChaperone
Lispro another ultrafast acting insulin is in the pipeline that was however also only
tested in adults with type 1 diabetes (Anderson et al. 2018). It could also show
reduced postprandial blood glucose excursions in the first 2 h after a meal in this
adult study population.

4 Basal Insulins

As mentioned above the oldest basal insulin is NPH. The unclear solution of regular
insulin and protamine has to be mixed before use to get a reproducible action profile.
NPH that has not been mixed thoroughly has a high variability in action that varies
up to twofold (Lucidi et al. 2015). Therefore appropriate resuspension takes up to
1 min and 30 s, a time that is quite long and not realistic for most patients. Within-
subject variability is also higher than with long-acting analogs. With its peak of
action, the use is limited because of higher risk of nocturnal hypoglycemia especially
in adolescents with the need for pronounced insulin action in the early morning
(dawn phenomenon).

The first basal analog that was approved is insulin glargine. Changes in the
molecular structure shift the isoelectric point from a pH of 5.4 to 6.7 making the
molecule less soluble at physiological pH. In the neutral pH of subcutaneous space,
higher-order aggregates form. These result in a slow and almost peakless dissolution
and absorption. Action lasts for about 24 h with a slight waning effect after about
20 h of action. A recent meta-analysis that compared long-acting insulin analogs
with NPH in type 1 diabetes showed a reduction of nocturnal hypoglycemia
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(RR 0.66, 95% CI 0.57; 0.76) and a slight better HbA1c without a significant
reduction of severe hypoglycemia (Laranjeira et al. 2018). However data in children
are quite different with one Finnish retrospective study that could not find a
difference between glargine and NPH concerning either HbA1c or hypoglycemia
(Päivärinta et al. 2008). Danne et al. compared NPH and glargine in preschool
children in a randomized trial with continuous subcutaneous glucose monitoring
and detected more asymptomatic but less symptomatic hypoglycemia in the glargine
group (Danne et al. 2013). The higher strength formulation insulin glargine U 300
has a flatter and longer action profile than the original U 100 glargine. In adults in
most studies no significant difference in hypoglycemia and nocturnal hypoglycemia
was found. However in a study with continuous subcutaneous glucose monitoring, a
reduced rate of nocturnal hypoglycemia and an overall smoother glucose course with
less steep postprandial excursions could be found in adults (Bergenstal et al. 2017).
For children trials for approval are ongoing.

Insulin detemir is an insulin analog in which a fatty acid (myristic acid) is bound
to a lysine amino acid at position B29. It is quickly absorbed and then bound to
albumin in the blood through its fatty acid at position B29. It then slowly dissociates
from this complex resulting in a long-acting profile (see Table 1). It is usually
injected once or (more often) twice daily in pediatric patients. Thalange et al.
found a significant reduction of overall and nocturnal hypoglycemia compared to
NPH in a long-duration (52 weeks) randomized clinical trial in children without
effect on HbA1c (Thalange et al. 2013). A slight less weight gain (like in many adult
studies) was observed compared to NPH. The mechanism of detemir on weight is not
understood yet. Some authors and many clinicians can observe a slightly higher
dosage of detemir compared with NPH and especially when changing from glargine
(up to 25%) (Abali et al. 2015).

In the novel insulin degludec, the addition of hexadecanedioic acid to lysine at
B29 allows the formation of multi-hexamers in s.c. tissue. A slow and stable release
of monomers lasts for up to 40 h. Therefore the ultra-long action profile should allow
a less stringent timing of basal insulin administration from day to day that could fit
more into the daily life of an adolescent or young adult. In a randomized controlled
trial comparing degludec with detemir in 350 children and adolescents or 26 weeks
showed no significant differences in Hba1c and rates of hypoglycemia. However a
significantly lower fasting plasma glucose could be found (Thelange et al. 2015).

There are a number of premixed insulins available on the market primarily
composed to make insulin therapy easier for older patients with type 2 diabetes.
Recently a premixed detemir/aspart was tested in a clinical trial. The option of less
frequent injections is paid by less flexible meals. Premixed insulins are not supported
by the philosophy of modern basal bolus principles to achieve best glycemic control
and more flexible life. However in adolescents with worse metabolic control such
strategies might improve the situation.

Insulin treatment should whenever possible be adapted to the daily life of patients
and family and not vice versa. Therefore all thinkable combinations of insulin are
allowed to reach best metabolic control and high quality of life.
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Patients should be systematically taught about action profiles of different insulins
and about timing of insulin injections. Insulin absorption is influenced by several
factors including the injection site, age, fat mass, dose of insulin (slower absorption
in larger doses), body temperature, and insulin concentration. Devices for warming
the injection site are available. Adequate storage of insulin is important. Freezing,
direct sunlight exposition, or warming should be avoided. Unused insulin should be
stored in a refrigerator. When used, insulin cartridges should be discarded after
4 weeks at room temperature and after 3 months when stored in the refrigerator.
Usual injection sites for insulin are the abdomen, front and lateral thigh, buttock, and
lateral aspects of the arm (not in small children). Cleaning or disinfection of the
injection sites is not necessary. However rotation of the sites is very important to
avoid lipohypertrophy/lipohypotrophy.

Nowadays usually pen injector devices are used for MDI in pediatric population.
For pediatric patients with low insulin requirement, dosage in half units should be
available and is provided by most manufacturers currently. A few pen devices have a
memory function that can sometimes be linked to an app. Still syringes are available
also in ½ unit marks. In syringes insulin can be self-mixed. In this case of self-
mixing, the compatibility of the different mixed agents should be proven (e.g.,
regular insulin with NPH). The recommended needle length for children and
adolescents is now between 4 and 6 mm (Danne et al. 2018). If there is enough
s.c. fat, lifting of the skin fold is not necessary. For patients with fear of injections or
needles, alternatively subcutaneous indwelling catheters (e.g., i-port) can be used if
an insulin pump is no alternative for these patients. These catheters can improve
metabolic control in children with injection problems (Burdik et al. 2009). These
catheters can like pump catheters stay for 2–3 days in place and have than to be
replaced. If basal and short-acting insulin will be injected in the same catheter, a
minimal interval of 60 min between the two insulin types can avoid negative effects
on insulin absorption. In some cases automatic injection devices could help with
injection fear. Jet injectors that bring insulin into the subcutaneous tissue with high
pressure can cause a variable injection depth and therefore may influence pharma-
cokinetics. In a recent study in healthy young adults, jet injection showed compara-
ble pharmacokinetic profiles and glucose-lowering effects compared to pen injection
(Engwerda et al. 2017).

5 Insulin Pump Therapy

Continuous subcutaneous insulin infusion (CSII) or insulin pump therapy is increas-
ingly used in pediatric population. In Germany now more than 50% of children and
adolescents and more than 90% of children below 5 years use CSII (Holl and Prinz
2019). Insulin pump therapy with a continuous basal insulin supply and mealtime or
correction boluses whenever needed is currently the most physiological way to
imitate insulin maintenance. Beneath these features many so-called smart pumps
offer a bolus calculator to more accurate dose insulin amounts needed for
carbohydrates and correction of higher blood sugars. The possibility to increase or
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decrease basal rates in special situations like active sports, acute illnesses, or
physiologically higher insulin demand with menstrual circle adds another feature
to improve metabolic control. In a large nationwide German prospective population-
based cohort, CSII proved to be the favorable insulin therapy for children,
adolescents, and young adults. In the matched analysis of this cohort, almost
10,000 patients with CSII were compared to a propensity score matched group of
almost 10,000 MDI users. Pump use was associated with a significant reduction of
severe hypoglycemia (9.55 vs. 13.97 per 100 patient years) and a significant
reduction of diabetic ketoacidosis (3.64 vs 4.26 per 100 patient years). Glycated
hemoglobin was also significantly lower with CSII (8.04% vs 8.22%) (Karges et al.
2017). On the other hand, health-related quality of life could be shown to be
improved in children and families of children with type 1 diabetes after switching
from MDI to CSII (Mueller-Godeffroy et al. 2018). In this study children 8–11 years
and caregivers in all age groups reported substantially improved patient-reported
outcomes and burden from diabetes treatment.

Dosing of pumps is quite similar to that of MDI despite a slightly lower need of
insulin (about 15% less with CSII). Basal rates are much lower in CSII than when a
basal insulin is used and can either be hourly programmed age and weight dependent
with dosage sliding scales or in block dosing (this is very country specific) (Kapellen
et al. 2015; Bachran et al. 2012).

Patients and caregivers must be aware of the consequences of catheter problems
regarding ketoacidosis management and should be supplied with either a ketone
meter or urine ketone strips and a management plan. Diabetes teams that care for
children and adolescents with CSII should provide a 24 h helpline to support families
in these situations (Kapellen et al. 1998).

6 Sensor-Augmented Pump Therapy

The combination of CSII with continuous subcutaneous glucose measurement
(CGM) offers with different algorithms a more sophisticated and semiautomated
pump therapy. The so-called sensor-augmented pump therapy (SAP) is clearly
related to the time a sensor is worn or not worn. Especially in adolescents the
potential beneficial effect was countersteered by low sensor use (Bergenstal et al.
2010). Pumps that shut down basal insulin supply in hypoglycemia improved the
frequency of hypoglycemic events and could reduce severe hypoglycemia. Predic-
tive low glucose suspend algorithms more sophisticatedly stop basal insulin supply
before a hypoglycemia will even occur (Beato-Vibora et al. 2018). As a consequence
of these achievements, a so-called hybrid closed loop system was developed. This
system can not only react on low but also on high blood sugar levels and with its
algorithm adopt basal rate in both ways increasing and decreasing it to improve the
glucose time in range. The first approved system was brought on the market in
September 2016 in the USA (Medtronic 670G) first for adults and then for children
above the age of 6 years (Forlenza et al. 2019). Marketing in Europe started in
autumn 2018; however not in every country the system is available. Other systems
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are on the way. With the Cambridge algorithm, Tauschmann et al. could show an
improvement of metabolic control in a wide age range in patients with type 1 diabetes
and worse metabolic control (Tauschmann et al. 2018). So we can expect a quantity
of new combinations of insulin pumps combined with sensor and different
algorithms that could make life with diabetes easier for families and patients.

7 Non-insulin Adjunctive Therapy

Many adolescents develop insulin resistance due to several mechanisms. On one
hand children and adolescents have a higher risk to develop overweight and obesity
(Kapellen et al. 2013). On the other side, a physiological insulin resistance occurs in
adolescence due to pubertal hormonal changes. There is a long and ongoing discus-
sion about adding metformin to the insulin treatment. A meta-analysis in children
and adolescents with type 1 diabetes does not support evidence for an improvement
in glycemic control with addition of metformin. However there can be seen a slight
reduction in total daily insulin dose and BMI (Khalifah et al. 2017). A randomized
controlled trial in overweight and obese adolescents could show similar results with
some patients that benefit more from weight loss (Libman et al. 2015). On the other
hand, about 36% of patients reported about gastrointestinal adverse events. Recently
a randomized controlled trial in adults with type 1 diabetes with addition of metfor-
min and a study duration of at least 3 years show beneficial effect on cardiovascular
risk factors but again not on glycemic control (Petrie et al. 2017). The authors found
a reduction in intima media thickness, BMI, and LDL cholesterol and an increase
in eGFR.

Glucagon-like peptide-1 (GLP1) is an intestinal hormone that is secreted with
meal stimulus (incretine). GLP1 stimulates insulin secretion in a glucose-like man-
ner. Furthermore it inhibits glucagon secretion, slows gastric emptying, and induces
satiety. There is seen an improvement of beta cell survival and proliferation with
GLP1 stimulation. Additionally peripheral insulin sensitivity is improved together
with reduced hepatic glucose production (Unger 2013; Tosur et al. 2018).

GLP1 is rapidly degraded after secretion by dipeptidyl peptidase-4 (DPP4),
whereas GLP1 agonists are not degraded and so can activate GLP1 receptors longer
than physiologically. On the other hand, DPP4 inhibitors would enhance the
endogenous GLP1 activity. Both kinds of incretin enhancers are widely used in
patients with type 2 diabetes. Several meta-analyses did not show significant effects
on metabolic control if both substance classes are used additionally to insulin in
patients with type 1 diabetes (Tosur et al. 2018). GLP1 agonists were associated with
weight loss and decreased daily insulin requirement. However there were seen
significant gastrointestinal side effects. There is no published data on children or
adolescents, but studies are ongoing. DPP4 inhibitors seem to have even more
limited benefits for patients with type 1 diabetes.

Sodium-glucose cotransporters are mainly located in the intestinal mucosa
(SLGT1) and the renal proximal tubule (SGLT2). Sodium-glucose cotransporter
2 (SGLT2) inhibitors primarily increase the glucose excretion by blocking
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reabsorption in the proximal tubule. This leads to lower plasma glucose and a modest
reduction in HbA1c, weight, and blood pressure (Tosur et al. 2018; Riddle and
Cefalu 2018). Dosing is typically once daily oral without dose titration. With
increased glucosuria typical side effects occur like urinary or genital irritation or
urinary tract infections. In large clinical trials of patients with type 2 diabetes and
increased cardiovascular risk, the use of SGLT2 inhibitors has shown favorable
effects on heart failure, cardiovascular death, and progression of albuminuria
(Zinman et al. 2015; Neal et al. 2017). So enthusiastic wider clinical use is found
in patients with type 2 diabetes without knowing the underlying mechanisms leading
to the cardiovascular benefits. Several larger studies in adults with type 1 diabetes
analyzed the benefits and possible side effects of adding SGLT2 inhibitors to insulin
treatment (Riddle and Cefalu 2018). The results of all studies with different
substances were quite similar. A median HbA1c reduction of 0.25–0.52% could
be achieved. Weight was reduced by 2.2–4.5 kg compared to placebo. Diabetic
ketoacidosis as a known side effect however was found in a dose-dependent manner
in 1.5–6.0% compared to 0–1.9% in the placebo group. Better glycemic control was
achieved without increased risk for hypoglycemia. However the DKA risk is quite
challenging especially if one might assume that the risk would be even higher in a
clinical and non-trial setting with less frequent patient visits. The problem might
even be more striking because the DKA in SGLT2 inhibitor treatment is not a typical
T1DM DKA. Blood glucose levels are only moderately increased without other
typical DKA symptoms. So for patients with type 1 diabetes, new strategies for
detecting and managing this normoglycemic DKA have to be established. Trials in
children and adolescents are on the way to start. With the knowledge of side effects,
very well-elaborated teaching strategies are needed, and in the future those patients
that benefit most with an acceptable rate of possible side effects have to be identified
for a personalized medicine.

In conclusion treatment of children and adolescents with type 1 diabetes has to be
an individualized pharmacotherapy discussing all treatment possibilities including
technological support with patients and families. Quite frequently this treatment will
change over the time when children are growing and can better express their own
wishes. Beneath good metabolic control, quality of life has always to be considered
as children and adolescents will have their disease lifelong.
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Abstract
Increasing obesity and overweight has led to increased prevalence of type
2 diabetes mellitus (T2D) in adolescents and young adults all over the world.
Overweight naturally reduces insulin sensitivity. The following permanent insu-
lin resistance can be found even in younger obese children. Beta-cell insuffi-
ciency following high insulin production over years leads to impaired glucose
tolerance and later type 2 diabetes mellitus. In children and adolescents, the
diagnosis of T2D is often made by screening very obese patients with oral glucose
tolerance test. Usually in these patients, few or no diabetes symptoms are found.
As frequently found in pediatric pharmacotherapy, only a few of the modern
substances used in adults are available for pediatric patients with type 2 diabetes
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mellitus. The essential change in lifestyle for weight reduction is difficult in this
age group with often rather disappointing results.

Keywords
Adolescents · Pharmacotherapy · Type 2 diabetes · Youth

1 Introduction

Type 2 diabetes mellitus (T2D) is increasing in many countries all over the world
(Reinehr et al. 2010; Zeitler et al. 2018; Dabelea et al. 2014; Chan et al. 1993; Wei
et al. 2002). Very informative data are available from the USA. In 2001 the
prevalence of adolescents below the age of 20 years was 0.34/1,000 (95% CI,
0.31–0.37); in 2009 about 0.46/1,000 (95% CI, 0.43–0.49) adolescents with T2D
were diagnosed. A higher prevalence could be found in ethnic minorities. In
American Indian youth, the highest prevalence could be found (1.20 pro 1,000)
followed by black youth (1.06 pro 1,000) and Hispanics (0.79 pro 1,000) compared
to a prevalence of 0.17/1,000 in white youth. These data show an increment of
30.5% in prevalence in 8 years (Dabelea et al. 2014). For Hispanics and black youth,
prevalence of type 2 diabetes is equal to prevalence of type 1 diabetes in the USA.

In Asiatic countries incidence of T2D in youth is even higher than type 1 diabetes
incidence (Chan et al. 1993; Wei et al. 2002, 2003; Sugihara et al. 2005;
Ramachandran et al. 2003). Obesity is a risk factor for the development of T2D;
however in Japan 30% of the pediatric T2D population has normal weight (Sugihara
et al. 2005); in Taiwan normal weight T2D youth is even higher (about 50%)
(Ramachandran et al. 2003). In a national screening program in Taiwan in children
and adolescents between 6 and 18 years, the incidence of type 2 diabetes was 6.5/
100,000 compared to an incidence of type 1 diabetes of 1.5/100,000 (Wei et al. 2003).

There is data showing an earlier onset of diabetes-induced microvascular and
macrovascular complications in youth with type 2 diabetes mellitus (Zeitler et al.
2018; Rodriguez et al. 2006; Copeland et al. 2011). Therefore a strict metabolic
control has to be reached in young type 2 patients.

2 Principles of Treatment of Youth-Onset Type 2 Diabetes
Mellitus

Type 2 diabetes mellitus disproportionally affects those with fewer socioeconomic
resources and in Asia especially affluent population. This complicates diabetes
education and compliance of patients and families.

Like in type 1 diabetes, management goals are near-normal glucose without
hypoglycemia. Education to self-management is mandatory. First goal should be
weight loss. Often families do not know the link between weight and glucose
metabolism (Copeland et al. 2013).

Frequently a weight loss of 5–10% will lead to normal glucose levels without
pharmacotherapy. Therefore lifestyle intervention is the first step in therapy of T2D

120 T. M. Kapellen



(Zeitler et al. 2018). Behavioral changes are mandatory usually for the whole family.
Small steps and increments are helpful for the compliance. Group-oriented education
and treatment is more beneficial in obese patients. Reward systems can help to
achieve permanent changes. Dietary modifications should focus on elimination of
soft drinks. Fruit and vegetable intake should be increased at the same time.
Convenience foods are frequently high caloric and should also be avoided. Portions
should be reduced and eating out of home (take away) should be limited. Dietary
education should include interpretation of food tables.

Exercise is the third column in diabetes and weight management. Regular exer-
cise improves glucose control and reduces insulin resistance and cardiovascular risk
factors (alone without weight loss) (American Diabetes Association 2018). Reduc-
tion of sedentary habits like TV time and computer-related activities can be achieved
by a daily exercise program. Often group activities of obese children and adolescents
can help to activate this group of patients and avoid shame.

3 Pharmacotherapy

Pharmacotherapy is still limited due to limited approval of antidiabetic drugs in this
age group.

In the actual ISPAD guideline, the initial treatment of type 2 diabetes mellitus
should include metformin and/or insulin depending on the presentation of the patient
at onset (Zeitler et al. 2018). The formal recommendations are shown in Table 1.
The goal of initial treatment should be to attain an Hba1c below 7.0% regarding the
newest ISPAD guideline (Zeitler et al. 2018). This can frequently be reached by

Table 1 Initial treatment at onset depending on clinical presentation (adapted to ISPAD
recommendations and personal experience)

Metabolic status and symptoms Recommended therapy

No clinical symptoms, patient was found to
be diabetic by lab parameters like oral
glucose tolerance test, or elevated HbA1c
(6.5–7.0%)

Education and lifestyle intervention for
3 months without pharmacotherapy
Depending on compliance add metformin

Metabolic stable patient HbA1c < 8.5%
No symptoms

Metformin begin with 500–1,000 mg for 7–14
days
Titrate on tolerability and GI symptoms by 500–
1,000 mg every 1–2 weeks up to a maximal dose
of 1,000 mg BID or 850 mg TID or 2,000 mg
extended release metformin (where available)
once daily

Patients with ketosis/ketonuria/ketoacidosis
or HbA1c >8.5%

At least initial insulin
Several regimens possible (see chapter T1D)
Often once-daily intermediate or basal insulin
(0.25–0.5 U/kg starting dose) is effective
At the same time, metformin can be started
unless acidosis is present
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metformin alone or in combination with basal insulin. A treat to target strategy more
likely ensures good long-term metabolic control than a treat to failure strategy.
Therefore therapy should be intensified when the target Hba1c is not reached or
tends to increase. An overview of the potential drugs is given in Table 2.

4 Insulin Therapy in Children and Adolescents with Type
2 Diabetes Mellitus

As discussed in the chapter of type 1 diabetes, several insulin regimens are possible.
In patients with ketoacidosis or high HbA1c, we usually start with an intensified
insulin treatment after initial DKA scheme with intravenous insulin. The so-called
multiple daily insulin injection (MDI) treatment with either insulin pens or syringes
is still the most common treatment regimen worldwide. This treatment regimen
combines a so-called mealtime bolus with a basal insulin. The mealtime bolus is
usually calculated by carbohydrate counting. The short or rapid acting insulins are
also used for correction of higher blood sugar levels. Therefore patients usually
calculate with a correction factor. This correction factor depends on the age and the
time of correction (see chapter type 1 diabetes).

Usually T2D patients are very insulin resistant at the initiation of insulin therapy.
This resistance has to be overcome by quite high doses (sometimes more than
1.5 U/kg). By adding metformin (after acidosis is resolved) insulin can often be
reduced gradually.

In general most patients can be treated with basal insulin alone after some days
(Table 1). In 90% of youth with type 2 diabetes, insulin can be weaned off with
increasing metformin (Kelsey et al. 2016).

5 Metformin

Metformin is a biguanide that acts through AMP kinase in the liver, muscle, and fat
and improves glycemia through reduction of hepatic glucose production by decreas-
ing gluconeogenesis and by stimulating peripheral glucose uptake (Lentferink et al.
2018). Fatty oxidation is increased in skeletal muscles. Several studies have shown
weight loss potential both in adults and children (Lentferink et al. 2018). Insulin
sensitivity is improved, and metformin could be preventive in the development of
T2D in adults (Lentferink et al. 2018). Treatment with metformin has little to no risk
for hypoglycemia. However intestinal side effects are seen frequently but can be
limited by slowly dose titration with initial treatment in the evening. Abdominal
pain, diarrhea, and nausea are often only transient at initiation of metformin. Patients
should be carefully informed about the possible side effects to improve compliance.
A known risk of lactacidosis in this age group is even lower than in adults. The risk is
increased in renal impairment, cardiac or respiratory insufficiency, and longer fasting
periods. Therefore treatment should be paused during gastrointestinal illnesses and
perioperative (Zeitler et al. 2018). Metformin is frequently used in PCOS. It has
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Table 2 Drugs for treatment of type 2 diabetes in youth (Maloney et al. 2019)

Substance Approval
Results in clinical
trials Hypoglycemia

Effects on
weight

Metformin Yes for
children from
10 years

HbA1c reduction
improves fasting
glucose

Not likely BMI
reduction in
most studies
at least for
the first
6 months

Insulin No age limit Hba1c reduction
improves fasting
glucose

Highest risk Weight gain
likely

Thiazolidinediones Not approved
<18 years

HbA1c reduction of
0.5–1.3% in adults
lowest failure rates
in combination with
metformin in
adolescents

Low risk Weight gain
likely up to
3–4 kg

Sulfonylurea Not approved
<18 years in
all countries
approved for
neonatal
diabetes

HbA1c reduction of
1.5–2% in adults
Glimepiride
pediatric trial: Not
superior to
metformin

High risk Weight gain
likely

Alpha-glucosidase
inhibitors

Not approved
<18 years
No studies in
youth

HbA1c reduction on
long term 0.5–1.0%
Frequent side effect:
flatulence

Not likely Weight
neutral

Incretin mimetics
(GLP-1 receptor
agonists)

Not approved
<18 years
several studies
make near
approval likely

HbA1c reduction of
0.5–1.9% lowers
fasting plasma
glucose
Same
pharmacodynamics
in youth like in
adults
In combination with
metformin in
adolescents, HbA1c
difference was
1.06% at the cost of
more gastrointestinal
side effects

Low risk Liraglutide
�2.5 kg

DPP-IV inhibitors Not approved
<18 years

HbA1c reduction of
0.58–0.72% in
adults
Studies in youth
underway

Very low risk Slight
weight gain
in trials
(0.5–1.0 kg)

Sodium-glucose
cotransporter
2 (SGLT2)
inhibitors

Not approved
<18 years

HbA1c reduction of
1.0–1.2% in adults
Studies in youth
underway

Low risk Weight loss
up to 3 kg in
trials
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the potential to normalize ovulatory abnormalities and hence increases the
pregnancy risk.

Jones et al. published the first randomized controlled study on metformin in
adolescents with T2D from the USA and Russia. With metformin 1,000 mg BID,
a significant improvement of fasting plasma glucose and HbA1c (7.5% vs 8.6%)
could be reached compared to placebo. Side effects were mainly gastrointestinal
(Jones et al. 2002). In the TODAY study in 699 participants, metformin in combi-
nation with rosiglitazone had a significant better effect on HbA1c and insulin
sensitivity than metformin alone in a randomized controlled trial over 6 months
(TODAY Study group 2013). In type 2 diabetic youth with an Hba1c higher than
6.3% at diagnosis, an early metformin failure is more likely.

6 Sulfonylurea

Sulfonylurea and meglitinides bind to receptors on the K+/ATP channel. This
binding leads to close the K+ channel. The closure enables insulin secretion (Bow-
man et al. 2018). In adults sulfonylurea are still used in first line if the patient has no
cardiovascular disease or chronic kidney disease and a cheap drug should be
considered. Pricing however is very different between countries (Davies et al.
2018). Sulfonylureas have a long binding to the receptors, whereas metiglinides
have intermediate equilibration and binding times. This leads to less frequent
hypoglycemia in modern sulfonylurea or Metiglinides what is preferable.
Metiglinides can be dosed before a meal and titrated on the demand regarding the
amount of carbohydrate uptake.

Only data of one trial with glimepiride was conducted in youth with type
2 diabetes mellitus. Glimepiride reduced HbA1c in the same way like metformin
(�0.54% vs �0.71%). In the glimepiride group, a weight gain was seen, whereas in
the metformin group, a weight loss could be found. Safety profile even regarding
hypoglycemia was not different between the two treatment groups (Gottschalk et al.
2007).

There is different approval status in different countries. Sulfonylurea are well
proven and approved for the treatment of neonatal diabetes with mutations at the K+/
ATP Channel (Bowman et al. 2018).

7 Thiazolidinediones

Thiazolidinediones (TZD) act by activating PPARs (peroxisome proliferator-
activated receptors). This is followed by an upregulation of a number of specific
genes and decreasing transcription of others. The main effect is an increase in the
storage of fatty acids in adipocytes. The decreased amount of fatty acids in the
circulation leads to an upregulation of the oxidation of carbohydrates more specifi-
cally glucose. Insulin sensitivity is increased especially in the muscle, adipose tissue,
and liver. In adults a reduction of HbA1c of 0.5–1.3% can be reached. Side effects of
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TZD however are weight gain, anemia, and fluid retention. A slightly higher risk of
bladder cancer was seen in one meta-analysis. Results of some studies showed an
increased risk of cardiovascular disease, whereas others showed protection
(Mannucci et al. 2008). These studies led to a period of market restriction especially
in the USA. These restrictions are removed now. In the actual adult guideline for
pharmacological treatment of type 2 diabetes, sulfonylurea like TZD are
recommended as first-line treatment if the patient has no cardiovascular disease or
chronic kidney disease, and a cheap drug should be considered (Davies et al. 2018).

In the TODAY study, rosiglitazone in combination with metformin showed
significantly fewer patients with treatment failure (38.6%) in the observation period
of 5 years compared to metformin plus lifestyle intervention (46.6%) and metformin
alone (51.7%). The addition of rosiglitazone thus decreased the risk of treatment
failure by 23% (TODAY Study group 2013). In a closer look into the result showed
that the combination of rosiglitazone with metformin in preventing treatment failure
was more effective in girls than in boys. Racial differences were also seen with
metformin monotherapy being least effective in non-Hispanic blacks (Gandica and
Zeitler 2016). There is still no market authorization below the age of 18 years.

8 a-Glucosidase Inhibitors

Alpha-glucosidase inhibitors (acarbose, miglitol) sometimes referred to as starch
blockers reduce the absorption of carbohydrates in the small intestine. Major side
effects are flatulence and diarrhea. This substance group is no further recommended
in adult guidelines (Davies et al. 2018). There is no data of clinical trials in
adolescents.

9 Glucagon-Like Peptide-1 Receptor Agonists (GLP-1 RA,
Incretin Mimetics)

Glucagon-like peptide-1 (GLP1) is an intestinal hormone that is secreted with meal
stimulus (incretine). GLP1 stimulates insulin secretion in a glucose-like manner.
Furthermore it inhibits glucagon secretion, slows gastric emptying, and induces
satiety. There is seen an improvement of beta-cell survival and proliferation with
GLP1 stimulation. Additionally peripheral insulin sensitivity is improved together
with reduced hepatic glucose production (Unger 2013; Tosur et al. 2018).

GLP 1 is rapidly degraded after secretion by dipeptidyl peptidase-4 (DPP4),
whereas GLP 1 agonists are not degraded and so can activate GLP1 receptors longer
than physiologically. Incretin mimetics are widely used in adult type 2 patients. They
are recommended as first-line treatment when weight loss and minimizing the risk of
hypoglycemia are the treatment goals. From cardiovascular outcome studies, GLP-1
RA have a high benefit regarding the primary endpoints cardiovascular death,
nonfatal myocard infarction, and nonfatal stroke [LEADER trial, (Marso et al.
2018)]. GLP-1 RA have to be injected subcutaneously. Different preparations have
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to be injected from BID (exenatide) to once daily (liraglutide, lixisenatide) up to
once a week (semaglutide, dulaglutide, exenatide extended release). Several side
effects are known. Most common are nausea, vomiting, and diarrhea; all tend to
diminish over time. There is a minimal risk for hypoglycemia. Associations with the
risk for gallbladder events are known (Davies et al. 2018).

In children and adolescents, pharmacokinetics and pharmacodynamics for
liraglutide are similar to adults (Klein et al. 2014). Tamborlane et al. tested the
efficacy of liraglutide added to metformin with or without basal insulin to improve
metabolic control. One hundred thirty-five patients (10–17 years old) were
randomized to either liraglutide up to 1.8 mg/day (66) or placebo. At 26 weeks
HbA1c decreased by 0.64% in the liraglutide treatment and increased by 0.42% in
the placebo group. Fasting plasma glucose decreased similarly with liraglutide
compared to an increase in the controls. Overall the gastrointestinal side effects
were seen more frequently in the liraglutide treatment group. A significant BMI
reduction could not be shown (Tamborlane et al. 2019). In a short-term trial in obese
adolescents, liraglutide was efficacious to reduce BMI compared to placebo
(Mastrandrea et al. 2019). Liraglutide is likely to be approved for use in children
and adolescents soon.

10 Dipeptidyl Peptidase-4 Inhibitors (DPP4 Inhibitors)

GLP 1 is rapidly degraded after secretion by dipeptidyl peptidase-4 (DPP4).
Inhibitors of DPP4 can consecutively increase the availability of endogenous GLP
1 activity. DPP 4 inhibitors are oral administered. Their potential to lower glucose is
moderate with reduction of 0.5% in HbA1c (Zeitler et al. 2018; Davies et al. 2018).
Weight effect is neutral and the risk of hypoglycemia is low. In combination with
sulfonylurea however, the risk for hypoglycemia is increased by 50% compared to
sulfonylurea therapy alone. So for adults these substances (as monotherapy) are
recommended if compelling need to minimize hypoglycemia.

In children and adolescents, no study results have been published, but trials are on
the way.

11 Sodium-Glucose Cotransporter 2 Inhibitors (SGLT2
Inhibitors)

Sodium-glucose cotransporters are mainly located in the intestinal mucosa (SLGT1)
and the renal proximal tubule (SGLT2). Sodium-glucose cotransporter 2 (SGLT2)
inhibitors primarily increase the glucose excretion by blocking reabsorption in the
proximal tubule. This leads to lower plasma glucose and a modest reduction in
HbA1c, weight, and blood pressure (Tosur et al. 2018; Riddle and Cefalu 2018).
Dosing is typically once-daily oral without dose titration. With increased glucosuria
typical side effects occur like urinary or genital irritation or urinary tract infections.
In large clinical trials of patients with type 2 diabetes and increased cardiovascular
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risk, the use of SGLT2 inhibitors has shown favorable effects on heart failure,
cardiovascular death, and progression of albuminuria (Zinman et al. 2015; Neal
et al. 2017). Enthusiastic wider clinical use is found in patients with type 2 diabetes
without knowing the underlying mechanisms leading to the cardiovascular benefits.
Blood pressure can be reduced like weight without increasing risk of hypoglycemia.
In type 1 diabetes, increased rates of DKA are found. This could not be confirmed in
large adult type 2 diabetes trials. Typical side effects due to the excretion of glucose
over the urinary tract are mycotic genital infections. Fracture risk and the risk of
lower limb amputation were higher with canagliflozin (Davies et al. 2018). In adults
SGLT2 inhibitors are recommended for first-line treatment in patients with cardio-
vascular or kidney disease and if weight loss is a primary objective. Recently there
was shown similar pharmacokinetics and exposure-response on dapagliflozin of
adolescents compared to adults with type 1 diabetes (Busse et al. 2019). Again
there are no studies in type 2 diabetes in youth published yet, but several are
underway.

12 Conclusions

Type 2 diabetes in youth does more rapidly deteriorate compared to adults. A greater
proportion of adolescents with T2D come from ethnical minorities or low-income
families. Metformin in combination with lifestyle intervention is the first-line treat-
ment with all limitations due to motivational problems for changes of lifestyle in this
population. A treatment failure is more frequently and earlier seen in this age
compared to adults. So far only insulin and in some countries sulfonylureas are
approved for this age group. Most likely GLP1-RA will be approved soon. Other
therapeutic options are tested in trials. Recruitment however is very difficult because
of several problems including low prevalence, low cooperation in this population to
participate in trials, and high dropout rates. So competent authorities in Europe and
the USA should think about alternative solutions like extrapolation from adult data
combined with pharmacokinetic and pharmacodynamic data of adolescents or
non-controlled efficacy and safety studies.
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Abstract
The management of atopic diseases such as severe asthma, severe atopic
dermatitis, and severe food allergy in childhood is challenging. In particular,
there are safety concerns regarding the use of high-dose corticosteroids. The
recent development of biologicals and their approval for the treatment of children
offer a new, very promising, and more personalized therapy option. Omalizumab,
mepolizumab, and dupilumab are currently approved as add-on treatments of
severe asthma in children and have been shown to be effective in improvement of
asthma control and reduction of exacerbations. Dupilumab is the only biological
approved for the treatment of atopic dermatitis in adolescents so far. It has been
demonstrated to significantly improve symptoms of atopic dermatitis.

However, safety data for biologicals used in atopic diseases in children and
adolescents are still very limited. Biologicals are generally considered to be safe
in adults. These data are often extrapolated to children. Additionally, data for
long-term use are lacking. Thus, the safety profiles of those biologicals cannot yet
be conclusively assessed.

Keywords
Adverse drug reactions · Allergic rhinitis · Anti-IgE · Anti-IL-4R · Anti-IL-5 ·
Asthma · Atopic dermatitis · Benralizumab · Biologicals · Children · Drug safety ·
Dupilumab · Food allergies · Mepolizumab · Omalizumab · Reslizumab

1 Asthma

In case of severe asthma with uncontrolled symptoms and recurrent exacerbations
under treatment with high-dose inhaled corticosteroids and another controller medi-
cation biologicals offer a more personalized add-on treatment. So far, biologicals
approved for the treatment of asthma in children are omalizumab �6 years,
mepolizumab �6 years, and dupilumab �12 years.

1.1 Anti-immunoglobulin E (IgE)

Omalizumab is an anti-IgE humanized monoclonal antibody. It was the first
biological approved for the treatment of severe persistent allergic asthma in adults
and adolescents �12 by the US Food and Drug Administration (FDA) in 2003 and
by the European Medicines Agency (EMA) in 2005. In 2009 (EMA) and 2016
(FDA), it was also approved for children �6 years of age.

Mechanism of action: Omalizumab binds to the Fc-part of circulating IgE,
preventing it from interacting with FcεRI receptors on basophils and mast
cells, downregulating their FcεRI expression, and inhibiting the effector cells form
mediator release (Holgate et al. 2005).
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Pharmacokinetics: After subcutaneous injection, time to peak serum level is
6–8 days. The average absolute bioavailability is 62%. In asthmatic patients, half-
life serum elimination is about 17–23 days. Omalizumab is eliminated via degrada-
tion in the liver reticuloendothelial system and the endothelial cells (Lowe et al.
2009; Xolair – U. S. Food and Drug Administration 2013).

Use: Add-on treatment for patients �6 years with severe persistent allergic
asthma, who suffer from frequent respiratory symptoms and severe exacerbations
even though being treated with high doses of inhaled steroids and inhaled long-
acting β2-agonists. Further therapy conditions are (1) allergy to a perennial allergen
(confirmed by positive skin prick test or specific serum IgE); (2) for patients
�12 years, a reduced lung function with FEV1 � 80% predicted; and (3) serum
IgE and body weight have to be within the dosing range (GINA 2019; Xolair –
European Medicines Agency 2009).

Application: The dose and frequency of application are determined by body
weight and baseline serum IgE. Dependent on these measurements 75 – maximum
600 – mg omalizumab can be given every 2–4 weeks. It is administered via
subcutaneous injection.

The full protective effect can be expected 4–6 weeks after initiating the treatment
with omalizumab (Teach et al. 2015). At least 4 months is suggested as initial trial
(GINA 2019).

An extension of the dosing interval by about 1/3, after having reached a stable
condition during a 4-month treatment period, has been shown to result in the
maintenance of asthma control in the majority of adult patients (Bölke et al. 2019).

During the treatment with omalizumab and for up to 12 months after the inter-
ruption of treatment, the serum IgE levels remain elevated. Therefore, a renewed
testing of serum IgE for dose determination during this time period is not possible
(Xolair – European Medicines Agency 2009).

Efficacy: Clinical trials of asthmatic children and adolescents treated with
omalizumab as add-on therapy demonstrated a significantly reduced number of
exacerbations (Berger et al. 2003; Busse et al. 2011; Milgrom et al. 2001; Teach et al.
2015) and reduced rate of hospitalization (Deschildre et al. 2013; Lanier et al. 2009;
Pitrez et al. 2017). Furthermore, a reduction of respiratory symptoms and improvement
in asthma control have been shown (Busse et al. 2011; Deschildre et al. 2013).

Regarding the health-related quality of life, a significant benefit of omalizumab
compared to placebo was reported in pediatric patients with moderate-to-severe
allergic asthma (Lemanske et al. 2002).

Under treatment with omalizumab, the likelihood of dosage reduction of inhaled
corticosteroids is increased (Busse et al. 2011; Deschildre et al. 2013; Milgrom et al.
2001; Normansell et al. 2014).

The PROSE study demonstrated a reduced susceptibility to infections with
rhinovirus in asthmatic children treated with omalizumab, resulting in a decrease
of viral respiratory infections and viral asthma exacerbations (Esquivel et al. 2017;
Teach et al. 2015).

Observational studies in children treated with omalizumab over a 2-year period
showed an ongoing benefit with a continually decreasing exacerbation rate, still
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reduced dose of inhaled corticosteroids (as in the 1 year of treatment), and a
normalized lung function (Deschildre et al. 2013, 2015; Odajima et al. 2017). This
continued benefit has been confirmed by an observational study over a 6-year
treatment period (Folqué et al. 2019). Thus, the prolonged use of omalizumab
does not result in an efficacy loss.

1.2 Anti-interleukin-5 (IL-5) and Anti-IL-5 Receptor (IL-5R)

IL-5 plays a major role in the differentiation, maturation, and activation of
eosinophils (Clutterbuck et al. 1989).

Mepolizumab is an anti-interleukin-5 (IL-5) humanized monoclonal antibody.
It was approved by the FDA to treat severe eosinophilic asthma in patients

�12 years in 2015 and by the EMA to treat children �6 years in 2018.
Mechanism of action:Mepolizumab binds free IL-5, inhibiting it from activating

the IL-5 receptor on eosinophils and basophils. Thus, mepolizumab hinders the
signaling of IL-5 and limits the survival, proliferation, and activation of eosinophils
(Kouro and Takatsu 2009).

Pharmacokinetics: Following subcutaneous injection, time to peak serum level is
4–8 days. The absolute bioavailability is about 76%. The mean half-life is
16–22 days. After accounting for bodyweight and bioavailability, pharmacokinetics
in children was approximately consistent with adults and adolescents (Nucala –

European Medicines Agency 2015).
Use: Add-on treatment for patients �6 years with severe eosinophilic asthma

(Nucala – European Medicines Agency 2015).
Recommended eligibility criteria: Treatment with high-dose inhaled

corticosteroids and an additional controller medication; two or more severe
exacerbations in the last year and/or dependency on systemic corticosteroids. Opti-
mal benefit is expected in patients with baseline blood eosinophils �150 μg or
�300 cells/μl in the past 12 months (Nucala – European Medicines Agency 2015;
Ortega et al. 2016).

Patients with uncontrolled asthma and �150/μl eosinophils are the most likely to
benefit from a therapy with mepolizumab (Busse 2019).

Application: Mepolizumab is administered subcutaneously. Adolescents
12–17 years receive 100 mg, and children 6–11 years receive 40 mg every
4 weeks (Nucala – European Medicines Agency 2015).

Efficacy: The approval of mepolizumab in children (6–12 years) was based on the
effectiveness data gained in the pharmacokinetics/pharmacodynamics study in
36 children with severe eosinophilic asthma (6–12 years) and on the data of
adolescents in the mepolizumab severe asthma pivotal program. A similar efficacy
regarding the exacerbation rate and improvement in asthma control has been shown
for children and adolescents/adults (Gupta et al. 2018). Further efficacy data for
children are still lacking.
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The MENSA trial showed that mepolizumab can significantly reduce the risk for
asthma exacerbations and improve asthma control in adolescents (>12 years) and
adults with severe eosinophilic asthma (Ortega et al. 2016). Furthermore, an
improvement in the health-related quality of life (Chupp et al. 2017) and a reduced
hospitalization rate due to severe exacerbations were reported (Yancey et al. 2017).

In the long-term use (84 weeks), an ongoing and stable effect regarding the
reduced exacerbation rate was shown (Lugogo et al. 2016).

Information regarding the optimal duration of treatment is scarce. For patients treated
withmepolizumab during 1 year, worsening of asthma control and a de novo increase of
the eosinophil count already 3months after discontinuationwere observed (Haldar et al.
2014; Ortega et al. 2019). For adults with severe eosinophilic asthma, effectiveness
during a treatment period up to 4.5 years has been shown (Khatri et al. 2019).

Reslizumab is an anti-IL-5 humanized monoclonal antibody.
It was approved by the FDA and EMA as add-on therapy in adults with severe

eosinophilic asthma in 2016. It is not approved for children and adolescents.
Mechanism of action: Reslizumab attaches and neutralizes IL-5, hindering it from

stimulating the proliferation and survival of eosinophils and inhibiting signaling
(Cinqaero – European Medicines Agency 2016).

Pharmacokinetics: The peak serum concentration is expected at the end of the
infusion. Reslizumab has a half-life of about 24 days. Reslizumab is degraded by
widely distributed enzymes (Cinqaero – European Medicines Agency 2016).

Use: Add-on treatment in severe eosinophilic asthma, uncontrolled on high-dose
inhaled corticosteroids, and an additional controller medication in adults (Cinqaero –
European Medicines Agency 2016). Further recommended eligibility criteria:

Three or more severe exacerbations in the last year and blood eosinophils
�400 μg (Cooper et al. 2018).

Application: The drug is administered as intravenous infusion (3 mg/kg body
weight) every 4 weeks (Cinqaero – European Medicines Agency 2016).

Efficacy: In studies including adolescents �12 years and adults with uncontrolled
asthma and an eosinophil count of �400 μg, a reduction of the exacerbation rate,
improvement in lung function, and quality of life were reported (Bjermer et al. 2016;
Castro et al. 2015; Corren et al. 2016).

Improvements in lung function and asthma control were sustained during a study
period of 24 months, indicating long-term efficacy of reslizumab in adult patients
with moderate-to-severe eosinophilic asthma (Murphy et al. 2017). No data are
available for children aged up to 11 years.

In a subgroup analysis of 39 adolescents from 12 to 17 years, a paradoxal increase
in asthma exacerbations was observed (Cinqaero – U.S. Food and drug administra-
tion 2016).

Benralizumab is an anti-IL-5 receptor humanized monoclonal antibody.
Benralizumab was approved by the FDA for patients �12 years with severe

asthma in 2017 and by the EMA for adult patients in 2018.
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Mechanism of action: It binds to the α-subunit of the IL-5 receptor (IL-5R). IL-5R
is expressed on eosinophil and basophil progenitor and mature cells. Benralizumab
inhibits IL-5 receptor signaling and induces cytotoxicity of eosinophils and
basophils (Ghazi et al. 2012).

Pharmacokinetics: The absolute bioavailability is about 59%. Benralizumab has
a half-life of approximately 15 days and is degraded by proteolytic enzymes widely
distributed in the body (Fasenra – European Medicines Agency 2018).

Use: Add-on maintenance treatment of adult patients with severe eosinophilic
asthma, uncontrolled on high-dose inhaled corticosteroids and long-acting β2-
agonists (Fasenra – European Medicines Agency 2018).

Application: 30 mg of benralizumab is administered via subcutaneous injection
every 4 weeks for the first three doses, afterward every 8 weeks.

Efficacy: In adolescents �12 and adults with severe, uncontrolled asthma, and an
eosinophil count of �300 μg, benralizumab improved pulmonary function and
reduced the rate of exacerbations and asthmatic symptoms (Bleecker et al. 2016;
FitzGerald et al. 2016).

Long-term efficacy over a time period of 1 year has been demonstrated (Busse
et al. 2019).

Data for children aged up to 11 years are not available. In a subgroup analysis of
108 adolescents aged 12–17 years, no effect on the asthma exacerbation rate was
noted (Fasenra – European Medicines Agency 2018).

1.3 Anti-interleukin-4 Receptor (IL-4R)

Dupilumab is a humanized monoclonal antibody targeting interleukin-4 receptor
(IL-4R). The treatment of asthma in adolescents �12 years with dupilumab was
approved by the FDA in 2018 and by the EMA in 2019.

Mechanism of action:Dupilumab binds to the α-subunit of interleukin-4 receptor,
inhibiting IL-4 and IL-13 signaling. IL-4 and IL-13 recruit eosinophils, activate Th2
cells, animate IgE production, and inhibit the differentiation of keratinocytes. Thus,
they play a major role in type 2 inflammation as in asthma and atopic dermatitis
(Vakharia and Silverberg 2019).

Pharmacokinetics: After subcutaneous injection, time to peak serum level is
7 days. The absolute bioavailability is 64%. The metabolic pathway of dupilumab
has not been characterized. Since dupilumab is a human monoclonal IgG4 antibody,
it is expected to be degraded into small peptides and amino acids via catabolic
pathways (Shirley 2017).

Use:Add-on treatment for patients�12 years with severe asthma and type 2 inflam-
mation characterized by elevated eosinophils and/or elevated levels in the fraction of
exhaled nitric oxide (FENO), which is uncontrolled under high-dose inhaled steroids
plus another controller medication (Duxipent – European Medicines Agency 2017).

Application: Dupilumab is administered via subcutaneous injection. Patients with
severe eosinophilic/type 2 asthma receive an initial dose of 400 mg, followed by
200 mg every 2 weeks. Patients with severe asthma and dependence on oral

136 M. vom Hove et al.



corticosteroids or with an additional moderate-to-severe atopic dermatitis receive an
initial dose of 600 mg, followed by 300 mg every 2 weeks (Duxipent – European
Medicines Agency 2017).

Efficacy: In the QUEST trial, adolescents�12 years and adults with uncontrolled
asthma (107 of 1,902 patients were adolescents aged 12–17 years) were analyzed.
The patients who received dupilumab showed an improved lung function, better
asthma control, and lower rates of exacerbations compared to placebo-treated
patients. In the subgroup analysis, patients with higher baseline levels of eosinophils
(�150 cells/μl and FENO � 25 ppb) profited the most. For patients with eosinophils
<150 cells/μl and FENO <25 ppb, no significant improvement of lung function or
exacerbations was noted (Castro et al. 2018).

Thus, it can be concluded that the presence of type T2 inflammation (indicated by
high eosinophils and FENO) makes it more likely for dupilumab to be effective
(Busse 2019).

In the VENTURE trial, adolescents�12 years and adults with oral glucocorticoid-
dependent severe asthma were treated with dupilumab. Severe exacerbations as well
as the dose of oral glucocorticoids were significantly reduced under treatment.
Furthermore, an improvement of the lung function was shown (Rabe et al. 2018).

Reduced rate of exacerbations and improved lung function were also reported in
uncontrolled moderate-to-severe asthma in adults (Wenzel et al. 2013, 2016).

2 Atopic Dermatitis

Atopic dermatitis is the most common chronic inflammatory skin disease in children,
affecting up to 20% of children and adolescents worldwide. Approximately 33% are
diagnosed with moderate-to-severe disease (Silverberg and Simpson 2013).

2.1 Anti-interleukin-4 receptor

Dupilumab was approved by the FDA and EMA in 2019 for the treatment of
moderate-to-severe atopic dermatitis in patients aged �12 who are candidates for
systemic therapy (Duxipent – European Medicines Agency 2017).

Dosage and application in atopic dermatitis in adolescents: For adolescents with
a body weight of <60 kg, an initial dose of 400 mg is applied subcutaneously (two
200 mg injections), followed by 200 mg every 2 weeks.

For adolescents with a body weight of �60 kg, an initial dose of 600 mg is
applied subcutaneously (two 300 mg injections), followed by 300 mg every 2 weeks.

It is recommended to combine dupilumab with daily emollients and when needed
to add topical anti-inflammatory agents (Wollenberg et al. 2018).

Efficacy: For adults with moderate-to-severe atopic dermatitis treated with
dupilumab in two phase 3 trials, a significant improvement in the investigators
global assessment (IGA), eczema area and severity index (EASI) score, pruritus,
and quality of life was reported (Simpson et al. 2016). Furthermore, long-term
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efficacy on improved signs and symptoms of atopic dermatitis during a time period
of 76 weeks has been reported (Deleuran et al. 2019).

In a phase 3 trial with 251 adolescents (12–17 years) with moderate-to-severe
atopic dermatitis, a significant improvement in measures of overall disease severity,
skin clearing, reduction in itch, and improved quality of life compared to placebo
was seen (Simpson et al. 2019).

Efficacy data in children <12 years are scarce. In a small case series of children
(7–15 years) with severe atopic dermatitis treated with dupilumab during an average
time of 8.5 months, a significant improvement has been reported (Treister and Lio
2019).

First results from a phase 3 trial in children 6–11 years of age with severe atopic
dermatitis showed a significant improvement in overall disease severity, skin clear-
ing, reduced itching, and improved health-related quality of life (Sanofi Press
Release 2019).

2.2 Further Biologicals in the Treatment of Atopic Dermatitis

So far, no other biological agent is approved for the therapy of atopic dermatitis in
children and adolescents.

For the treatment with omalizumab, no consistent evidence of efficacy was found
so far. Hence, the therapy is not recommended (Wang et al. 2016; Wollenberg et al.
2018).

The use of mepolizumab showed only modest improvement in clinical symptoms
in atopic dermatitis so far. Therefore, its application is recommended only in well-
selected patients, who do not respond to standard therapy (Oldhoff et al. 2005;
Wollenberg et al. 2018).

Lebrikizumab and tralokinumab are humanized monoclonal antibody against
IL-13. Nemolizumab is a monoclonal antibody targeting IL-31 receptor. A signifi-
cant clinical improvement in adults with moderate-to-severe atopic dermatitis was
shown in the first trials investigating these substances (Eichenfield 2017; Ruzicka
and Mihara 2017; Wollenberg et al. 2019).

3 Food Allergies

So far, there is no FDA- or EMA-approved therapy for the prevention of severe
reactions due to food allergies. In 2018, the FDA granted breakthrough therapy
designation for omalizumab for the prevention of severe allergic reaction due to
accidental ingestion of food in patients with food allergies (Vickery 2019). An
upcoming clinical trial will investigate omalizumab monotherapy as an adjunct to
multifood oral immunotherapy (Sampson et al. 2019).

In several randomized placebo-controlled trials, the efficacy of omalizumab in
combination with oral immunotherapy in children has been examined.
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A significant improvement in efficacy and safety of multifood oral immunother-
apy under omalizumab therapy in children 4–15 years with multifood allergies was
described in a phase 2 clinical trial (Andorf et al. 2018). In children (6–14 years) with
severe cow’s milk allergy, the treatment with a combination of oral immunotherapy
and omalizumab leads to desensitization of all treated children compared to none in
the untreated group (Takahashi et al. 2017).

Contrarily, in a randomized double-blind placebo-controlled study of
omalizumab combined with oral immunotherapy for the treatment of cow’s milk
allergy in patients aged 7–32 years, a significant improvement in safety but not in
efficacy was noted. Furthermore, after 8 weeks of avoidance, an increased reactivity
to cow’s milk was noted again (Wood et al. 2016). In a retrospective observational
study of children with severe food allergies, treated with omalizumab for severe
asthma, a significant increase in the food allergen threshold was noted. Furthermore,
anaphylactic reactions due to accidental food ingestion were significantly lower
(Fiocchi et al. 2019).

4 Allergic Rhinitis

Allergic rhinitis is a symptomatic reaction of the nose induced by an IgE-mediated
inflammation of the nasal mucosa due to allergen exposure in a sensitized patient
(Bousquet et al. 2001). For the treatment of allergic rhinitis in adults or children, no
biological is approved so far.

Efficacy of omalizumab compared to placebo in uncontrolled allergic rhinitis in
adult patients has been shown in several studies. It significantly improved health-
related quality of life and nasal symptoms and decreased rescue medication use
(Tsabouri et al. 2014).

Nevertheless, compared to other pharmacotherapies, the benefits are small; hence
it is not recommended as monotherapy in allergic rhinitis. But in patients with
polyallergic rhinitis and increased risk of anaphylactic reactions, it can be used in
combination with allergen immunotherapy (Wise et al. 2018).

In a study with adult patients treated for uncontrolled asthma and comorbid
perennial allergic rhinitis with 300 mg dupilumab every 2 weeks, a significant
improvement of nasal symptoms as runny nose, sneezing, nasal blockage, and
postnasal discharge was reported. No significant effect was seen in patients treated
with 200 mg every 2 weeks (Weinstein et al. 2018).

5 Drug Safety

5.1 General Aspects of Adverse Drug Reactions

Biologicals used in atopic diseases seem to have a comparatively good benefit-risk
ratio – at least in adults. Most adverse drug reactions are at placebo level in this
patient group (Chipps et al. 2017; Farne et al. 2017; Xiong et al. 2019). Since trials
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for pediatric use are scarce, data are sometimes extrapolated from adult use without
sufficient clinically relevant data.

A review judged omalizumab to be a safe therapy for the treatment of severe
asthma in children (Ahmed and Turner 2019). This statement was based on at least
ten randomized controlled trials in children. The most commonly reported adverse
reactions were headaches and injection site reactions, including injection site pain,
swelling, erythema, and pruritus during clinical trials in adult and adolescent patients
�12 years. In clinical trials in children 6 to <12 years of age, the most commonly
reported adverse reactions were headache, pyrexia, and upper abdominal pain. Most
of the reactions were mild or moderate in severity (Xolair – European Medicines
Agency 2009). An overview of adverse drug events in children found in the ICATA
study is presented in Table 1.

For the approval of mepolizumab in children and adolescents, 36 pediatric
patients (aged 6–11 years) and 25 adolescents (aged 12–17 years) received
mepolizumab (Nucala – European Medicines Agency 2015). Although not finally
assessable yet, the safety profile is expected to be comparable between adolescents
and adults (Deeks 2016). The most frequently reported adverse reactions were
headache, injection site reactions, back pain, and fatigue (Deeks 2016).

The safety profile of reslizumab and benralizumab has not yet been established in
children and adolescents aged up to 17 years due to paucity of data. The most
commonly reported adverse events were worsening asthma, headache,
nasopharyngitis, upper respiratory tract infections, and sinusitis (Bjermer et al.
2016; Bleecker et al. 2016). The most frequently observed adverse drug reactions
in dupilumab treatment were upper respiratory tract infection (14%), injection site
erythema (13%), and headache (10%) (Wenzel et al. 2016). Serious adverse events
(SAE) were reported in up to 8% of patients. The most frequent SAE was pneumonia

Table 1 Adverse events of omalizumab according to (Busse et al. 2011)

Adverse event
Placebo (number of patients [%]
from n ¼ 211)

Omalizumab 100 mg (number of
patients [%] from n ¼ 208)

All adverse events 47% (100) 39% (82)

Eyes, ears, nose,
and throat

3% (6) 1% (2)

Gastrointestinal 1% (2) 5% (10)

Hematological 12% (6) 0% (1)

Anaphylactic 3% (6) 0% (1)

Infection 19% (22) 8% (17)

Injection site 3% (6) 4% (8)

Musculoskeletal 1% (3) 1% (3)

Nervous system 3% (7) 1% (3)

Psychiatric 1% (2) 0% (0)

Respiratory 22% (47) 16% (34)

Skin 9% (19) 8% (16)

Others 9% (19) 13% (27)
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(Castro et al. 2018). Injection site reactions occurred in up to 26% of patients. Those
reactions were strongly dose-related (Wenzel et al. 2016). Patients suffering from
severe atopic dermatitis treated with dupilumab are at an increased risk for conjunc-
tivitis (Akinlade et al. 2019). The International Eczema Council developed a con-
sensus on the management of dupilumab-associated conjunctivitis including
lubricating eye drops, ointments or oral antihistamines, and referral to
ophthalmologists in severe cases requiring corticosteroid, ciclosporin, or tacrolimus
eye drops (Thyssen et al. 2019).

5.2 Hypersensitivity

Hypersensitivity reactions such as bronchospasm, rash, urticaria, angioedema, and
hypotension have been observed in the treatment of children and adolescents with
biologicals. Due to the limited data available, the risk profile of the biologicals
cannot be fully characterized. In omalizumab, a delayed onset of symptoms and a
protracted progression have been observed (Limb et al. 2007). Allergic reactions
may also occur after a long period of treatment. In a meta-analysis of 1,380 children
(aged 6–11 years), anaphylaxis was not more frequent in omalizumab compared to
placebo (Rodrigo and Neffen 2015), and a recent review reported an overall inci-
dence rate of 0.2% (Chipps et al. 2017). In mepolizumab and benralizumab, delayed
reactions after hours and days have been observed, whereas in benralizumab the
onset of symptoms usually occurs within 20 min after infusion. Serious life-
threatening anaphylactic reactions were only very rarely or never documented
(Bleecker et al. 2016; FitzGerald et al. 2016; Lugogo et al. 2016; Pavord et al. 2012).

In case of a severe hypersensitivity reaction, the respective biological should be
discontinued (Cinqaero – European Medicines Agency 2016; Deeks 2016;
Duxipent – European Medicines Agency 2017; Fasenra – European Medicines
Agency 2018; Nucala – European Medicines Agency 2015; Xolair – European
Medicines Agency 2009).

5.3 Serum Sickness

Especially in omalizumab, serum sickness has been reported as a delayed type III
allergic reaction. This typically occurs 1–5 days after administration of the first or
one of the subsequent injections but also after a longer period of treatment. Typical
symptoms of serum sickness are arthritis/arthralgia, rash (urticaria or other forms),
fever, and lymphadenopathy. Prevention and treatment of this disease involve
H1-antihistamines and glucocorticosteroids (Xolair – European Medicines
Agency 2009).
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5.4 Eosinophil Count Increase

Eosinophilia occurred in 4% of patients treated with dupilumab (Castro et al. 2018).
Thereof, 8% showed clinical symptoms. Transient increase of eosinophil counts has
been observed in 14% of patients (Rabe et al. 2018). Higher eosinophil counts before
the initiation of dupilumab treatment seem to be associated with a higher risk for
transient increase of eosinophil counts during treatment (Wenzel et al. 2016). Rarely,
Churg-Strauss syndrome (allergic eosinophilic granulomatous vasculitis) or systemic
hypereosinophilic syndrome has been reported in the treatment with omalizumab.
Usually, those disorders occur when a systemic glucocorticosteroid therapy is reduced.

5.5 Immunogenicity

Antibodies to every therapeutic antibody were found. However, the clinical rele-
vance cannot finally be assessed. For mepolizumab, in up to 8% of the patients,
antibodies against the active ingredient have been documented including also data
from children of 6 to 11 years of age (Pavord et al. 2012). The majority of those
patients showed only a transient presence of antibodies. Patients treated with
benralizumab and reslizumab developed antidrug antibodies in 15% and 13%,
respectively. Antidrug antibodies to dupilumab were reported in 5% of patients
(Rabe et al. 2018). For all biologicals, no association with serious adverse events
or reduced efficacy was found (Bel et al. 2014; Bleecker et al. 2016; FitzGerald et al.
2016; Murphy et al. 2017; Rabe et al. 2018).

5.6 Immunoglobulin E Increase

The total amount of immunoglobulin E is increased during omalizumab therapy. The
increase can last for 1 year after discontinuation. Therefore, dosage calculations have
to be based on the initial immunoglobulin E amount, if the discontinuation period
was shorter than 1 year (Xolair – European Medicines Agency 2009).

5.7 Helminth Infections

Since eosinophils are involved in the immune response to some helminth infections,
caution is advised in patients with a high risk of parasitic infections. It is recommended
to sufficiently treat a helminth infection before initiating a therapy with biologicals. If
helminthiasis occurs during antibody therapy and does not sufficiently respond to anti-
helminth therapy, discontinuation of antibody treatment is recommended (Deeks
2016). A placebo-controlled study showed a slight increase in the infection rate during
treatment with omalizumab in patients with a chronically high risk of helminth
infection. In a broad spectrum of clinical studies, helminth infection was not uncom-
mon with �1 out of 1,000 patients. Therefore, caution is advised in patients at high
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risk of helminth infection, particularly when travelling to endemic areas. For
benralizumab, patients with helminth infections were excluded from clinical trials.
For reslizumab, no helminth infections were documented (Murphy et al. 2017).

5.8 Infections and Vaccinations

In patients treated with mepolizumab, herpes zoster virus infections have been
detected (Deeks 2016). This led to the recommendation to vaccinate against varicella
before the initiation of mepolizumab treatment. Dupilumab, however, seems to be
associated with a lower risk for clinically relevant herpes viral infections
(Eichenfield et al. 2019). The summary of product characteristics recommends not
to vaccinate with live or live-attenuated vaccines simultaneously with dupilumab as
there are no safety data available (Duxipent – European Medicines Agency 2017).

5.9 Adolescents of Childbearing Age

At least in animal experiments, biologicals such as omalizumab and mepolizumab
penetrate the placental barrier. Their risk potential for the fetus is unknown.
Biologicals should therefore not be used during pregnancy unless there is an urgent
need to do so.

5.10 Drug-Drug Interactions

Clinically relevant drug-drug interactions, including those with the anti-asthmatic
therapy, are currently not reported for omalizumab and mepolizumab. The efficacy of
drugs for the treatment of parasitic infections may be indirectly reduced (see Sect. 9.7).

5.11 Limitations for Benefit-Risk Considerations

Due to the rather small number of patients and short duration of studies, evidence on
the safety of biologicals in the treatment of atopic diseases is still very limited,
particularly for pediatric use (Henriksen et al. 2018; Menzella et al. 2016). Data from
adolescents and adults are often extrapolated to children aged 6–11 years (Chipps
et al. 2017). In particular, data for long-term use are lacking. Considering their
higher life span compared to adults, these safety data are urgently needed in the
management of pediatric atopic diseases. For omalizumab and mepolizumab, evi-
dence suggests that there is no difference in the safety profile between short-term and
long-term treatment (Chipps et al. 2017; Khatri et al. 2019). However, especially to
determine the risk of long-term adverse events such as malignancy in children,
studies with a longer duration and including a relevant number of pediatric patients
are needed (Chipps et al. 2017).
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Abstract
Acute and chronic inflammatory skin diseases are frequent in childhood and may
be hereditary or acquired. In this context, ichthyosis is rather a symptom than a
defined disease as scaling is accompanying a number of disorders and is mostly
consequence of a disrupted skin barrier. Ichthyosis is the basic pathogenic trait
of atopic dermatitis but on the other side describes a group of rare hereditary
diseases. These may only affect the skin or comprise several internal symptoms as
well. Psoriasis is another scaling inflammatory skin disease with classical sharply
demarcated erythematosquamous plaques and with a distinct immunogenetic
background. It comprises several clinical subsets, some of which are characteris-
tic for children and demanding in both diagnostics and therapy. Comorbid
diseases point towards a systemic inflammatory response and require ample,
often systemic treatment. Both ichthyosis and psoriasis may be topically treated
including emollients with and without humectants as well as active agents like
corticosteroids, vitamin D derivatives, and calcineurin inhibitors. In moderate
to severe diseases, systemic treatment should be applied using methotrexate,
ciclosporin, fumarates, or biologics. Their use should be critically discussed yet
if necessary and indicated be applied to avoid chronic physical and psychological
damage to the affected children.

Keywords
Ichthyosis · Psoriasis · Systemic therapy · Topical therapy · UV-therapy

1 Introduction

Chronic inflammatory skin diseases pose major therapeutic challenges, especially
when present in children and adolescents. Apart from aspects like reduction of
quality of life and a major influence on physical and emotional development of the
affected children, only few therapeutic agents are evaluated and even fewer licensed
for use in this delicate age period. Many skin diseases may be treated by external or
topical agents only, yet more severe and chronic disease is often better treated
systemically. With the advent of novel, well-tolerated, and effective systemic agents,
the use of topical therapy has diminished. However, in many cases it is still needed
to increase clinical effectivity and to treat residual or undulating limited skin
manifestations.

2 Ichthyoses

Ichthyoses represent a group of very heterogeneous skin diseases with a distinct
genetic background which are characterized by increased and mostly disseminated
scaling (Yoneda 2016; Takeichi and Akiyama 2016). Quite a few are already present
at birth (congenital) and perpetuate through childhood or even adulthood. Clinical
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manifestations vary from mild to severe or even life-threatening. Apart from skin
involvement, internal manifestations and malformations may be associated.

Four groups of ichthyoses are differentiated: (1) isolated, that is, skin-restricted,
noncongenital ichthyoses, (2) associated congenital ichthyoses, (3) isolated congen-
ital ichthyoses, and (4) associated non-congenital ichthyoses. Among these, autoso-
mal dominant ichthyosis vulgaris is the most common disease with a prevalence of
1:250. It is related to a mutation at 1q21 which codes for the structural protein
filaggrin. Grayish scaling is found on the trunk and extensor surfaces of extremities
sparing the folds of arms and legs. The handlines are often prominent. Around half
of the cases are associated with atopic diseases (atopic dermatitis and other forms of
eczema, rhinoconjunctivitis, and asthma bronchiale). X-chromosomal recessive
ichthyosis has an incidence of 1:2,000 among boys with an underlying genetic
deficit of steroid sulfatase. A fine scaling can be seen immediately after birth.
After vanishing until the age of 3–4 months, dark brown rhomboid scales remain
to be seen on extremities and trunk, often suggesting lack of hygiene to the patient’s
surrounding. Palms and soles are always spared, but folds may be involved. Among
associated noncongenital ichthyoses, Refsum syndrome and multiple sulfatase
deficiency show only mild scaling, but associated internal organ, ophthalmological
and neurological symptoms have to be excluded.

In contrast, isolated congenital ichthyoses, comprising lamellar and
epidermolytic ichthyoses, are present at birth already, with distinct scaling, some
accompanied by erythroderma which may fade in early childhood. The genetic
background is not known for all disease subsets. Epidermolytic ichthyoses are very
rare with a prevalence of less than 1:100,000 and comprise bullous ichthyosiform
erythroderma Brocq and ichthyosis bullosa Siemens, both associated with specific
keratin-mutations (Peter Rout et al. 2019). Clinically Brocq-type ichthyosis shows
both erythroderma and massive bullous manifestations, which regress in early
childhood and evolve into spinular keratoses. In contrast, Siemens type ichthyosis
lacks erythroderma, but shows formation of bullae after even minor trauma as well
as circumscribed keratoses, mainly on the limbs sparing the trunk except the
umbilical area.

Associated congenital ichthyoses comprise among others Sjögren-Larsson
and Tay as well as Netherton syndrome, again associated with ichthyosiform
erythroderma at birth. Other clinical associations include mental retardation
(Sjögren-Larsson), increased rate of skin cancer (Tay and other trichothiodystrophy
syndromes) and atopic diseases as well as immune defects (Netherton syndrome)
which have to be included into therapeutic decisions.

Apart from intensive and regular topical rehydrating and keratolytic treatment for
all ichthyoses, systemic retinoids are efficient and should individually be discussed
for congenital ichthyoses (Mazereeuw-Hautier et al. 2019a, b; Cortés et al. 2019).
Systemic corticosteroids and immunomodulatory agents should not be used, how-
ever, if indicated topical or systemic antibiotic treatment in addition to ample skin
dressings for erosions and bullous manifestations.

Dermatology Part 2: Ichthyoses and Psoriasis 155



3 Psoriasis

Psoriasis is one of the most common human inflammatory skin diseases afflicting
1.5–2% of the Caucasian population (Lowes et al. 2007). Epidemiologically, two
peaks of incidence have been described, one in the third decade of life with a distinct
hereditary, familial background, and a more severe course and a second peak in the
fourth to fifth decade with a variable clinical course (Swanbeck et al. 1995).
However, 20 percent of all psoriasis patients have the first manifestation of their
diseases before the twentieth birthday with obvious consequences on their physical,
emotional, and socioeconomic development (Augustin et al. 2010). At the same
time, therapeutic approaches in childhood and adolescence are limited, and only few
agents are licensed for this age.

The disease spectrum may grossly be divided into plaque and pustular psoriasis.
Around 80% of all cases in adulthood present as plaque psoriasis or psoriasis
vulgaris apparently with a similar percentage in childhood based on comparably
limited epidemiological data available for this age (Benoit and Hamm 2007; August-
in et al. 2010; Chiam et al. 2011; Svendsen et al. 2016). Psoriasis plaques are sharply
demarcated, distinctly red, and covered by medium-sized to coarse scales.
Predilections sites are the extensor surfaces of extremities, the scalp and external
meatus of the ear, as well as behind the auricle, at the umbilicus and at the rima ani.
This is quite in contrast to atopic dermatitis which is diffusely demarcated, of pale
red color, and covered by fine scaling. The synonymous term flexural dermatitis for
AD is misleading as this location is mainly found in school age, whereas young
children and adolescents show extensor surfaces predominantly involved. Similarly,
napkin psoriasis is sharply demarcated and more common than napkin AD. Facial
and palmar manifestations are rare in adult psoriasis, but characteristic for childhood.
Nail involvementwith nail pitting, salmon patches, and onycholysis is found in about
30% of juvenile patients and may indicate psoriasis arthritis where severe nail
involvement is common (80%) but may also be present as minimal and only
manifestation in familial, otherwise noninvolved cases (Pourchot et al. 2017).

A specific subtype in childhood is guttate psoriasis with oval, slightly elevated
plaques of around 10 millimeter diameter, of yellow-reddish color, and covered by
only mild scaling (Svendsen et al. 2016). They appear as an exanthema mainly on
the trunk 1–2 weeks after viral or bacterial infections, characteristically after strep-
tococcal tonsillitis and will vanish within the course of several weeks or few months
(Thorleifsdottir et al. 2016, 2017; Rachakonda et al. 2015). The effects of tonsillec-
tomy are discussed controversially, but surgical indication should be liberal. Oral
antibiotic treatment may be advisable in acute cases, and for a limited period, effects
of long-term antibiotic treatment are, however, much debated (Dogan et al. 2008;
Owen et al. 2001; Horton et al. 2016).

In addition, vaccinations have been suspected to initiate or exacerbate skin
manifestations (Gunes et al. 2015; Kokolakis et al. 2010). All recommended child-
hood vaccinations can and should be administered as long as there is no active skin
disease (Groot et al. 2015; Heijstek et al. 2011). Ongoing and well-tolerated topical
and systemic therapy do not pose a contraindication. However, any live vaccines
should be administered before starting systemic immunomodulatory treatment or
only after interrupting therapy for an interval depending on the agent used.
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Guttate psoriasis may present as a single bout of disease, recidivate after further
infections, may persist or even evolve into classical plaque psoriasis either in
childhood or later life especially when the family history for psoriasis is positive.
Many cases of childhood psoriasis may not be diagnosed at all, but treated as atopic
dermatitis and mycosis, the classical and much more frequent differential diagnoses.

Twenty percent of psoriasis patients show pustular psoriasis with the most
common subtype of pustulosis palmoplantaris (PPP) on palms and soles which is
sharply demarcated at the edges of hand and feet where palmar borders dorsal skin.
The simultaneous presentation of pain, erythema, and sterile pustules turning
yellowish-brown when drying and coarse, partly circular scaling is characteristic.
Classical plaque psoriasis may be present at other body sites in rare cases. Despite
the circumscribed area involved, ample use of hands and feet in everyday life is
severely hampered and demands efficient treatment. Generalized pustular psoriasis
(GPP) is rare (2% of all adult cases), yet a severe disease with fever and a distinct
reduction of general condition (Liao et al. 2002; de Oliveira et al. 2010). Differential
diagnosis should include other pustular exanthemas due to infections or drug
reactions. Acrodermatitis continua suppurativa Hallopeauwith acral and periungual
pustules and redness is often associated with acral bone erosions and arthritis.

Psoriasis arthritis (PsA) of childhood is included in the group of juvenile
idiopathic arthritis (JIA) and covers classical peripheral as well as axial arthritis. In
contrast to adult psoriasis where PsA presents after around 10 years of skin involve-
ment in 75% of cases, the majority of childhood cases present before and even
without any distinct skin manifestations. PsA is found in 30% of adult cases;
comparable data for childhood psoriasis are hardly available. Details of this disease
subset are covered in other chapters of this book but need to be addressed here as
concomitant PsA distinctly influences therapeutic decisions on psoriatic skin disease
(Cellucci et al. 2016; Ringold et al. 2013).

Similarly, comorbid diseases as found and extensively studied in adult psoriasis
are relevant in childhood and have obvious impact on disease severity and therapeu-
tic choices. Metabolic (diabetes mellitus, dyslipidemia, increased body weight) and
cardiovascular diseases (esp. arterial hypertension) are more prevalent in childhood
compared to healthy, age-related controls (Skinner et al. 2015; Tollefson et al. 2018;
Kara et al. 2019; Osier et al. 2017). In adult disease, a two- to fivefold increase of
comorbidities could be shown in different ethnic populations. If both psoriasis and
comorbidities are mutually influencing each other or are results of shared, yet
independent or parallel pathogenic pathways is still a matter of debate.

Disease severity is well defined in adult psoriasis, and several instruments
for physician- and patient-based quantification are available, some validated or
consented. A widely accepted approach to quantify disease severity and to monitor
effective treatment is the psoriasis area and severity index (PASI) which summarizes
redness, infiltration, scaling, and distribution on the skin surface in a numerical scale
between zero (no skin manifestations) and 72 (maximal disease severity)
(Fredriksson and Pettersson 1978; Langley and Ellis 2004; van Geel et al. 2017;
Finlay 2005). Alternatively the percentage of affected body surface area (BSA) can
be used. For life quality aspects, the dermatological life quality index (DLQI) is well-
established and – though not psoriasis-specific –most widely used (Finlay and Khan
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1994; Lewis-Jones and Finlay 1995; Beattie and Lewis-Jones 2006). PASI and BSA
have not been validated for children: however, an adaptation of DLQI for ages
4–16 years is available (CDLQI) (Lewis-Jones and Finlay 1995).

Moreover, patient perception of disease severity, its impact on every day aspects
as well as patient expectations towards therapy and its appreciation are currently
discussed intensively for adults. A number of patient related outcomes (PRO) have
become available recently for practical use. For adult treatment decisions, a PASI
and/or BSA and DLQI above ten have been consented to discriminate between mild
and moderate/severe disease defining the need for systemic treatment. In addition,
distinct manifestations at visible (scalp, face, nails) or delicate sites (intertriginous,
anogenital) are a criterion for disease severity as is the number and severity of
comorbid diseases. In most cases, PsA will demand systemic treatment.

Treatment goals regarding efficacy in induction therapy have been consented for
adults with a reduction of initial PASI after 12–16 weeks by at least 75% (PASI75)
or a PASI 50–75 and DLQI �5 (Mrowietz et al. 2011). These may be adapted to
children by using the CDLQI.

Psoriasis treatment options can be separated into three groups, (1) topical treat-
ment, (2) treatment with ultraviolet (UV) light, and (3) systemic treatment (Peter
Rout et al. 2019) (Table 1). Many of them may be combined to increase efficacy;
some should not be combined which in many cases demands broad dermatological
expertise (Bruner et al. 2003; van de Kerkhof 2015; van Geel et al. 2015). Therefore
it is the decision of both patient/parents and physician based on individual
parameters which treatment and when to initiate and how long to use. German and
European guidelines for adult psoriasis and recently for juvenile psoriasis are
available which critically cover the different treatment options (Nast et al. 2015,
2018; Eisert et al. 2019a, b). Decisions depend on the severity of the disease as
described above, response to previous treatments, duration of disease-free state off
treatment, expectations towards time to response and extent of response (disease-free
state, minimal disease, or distinct improvement). Long-term response and tolerabil-
ity have to be taken into account when treating a chronic inflammatory skin disease.
In children and adolescents, such considerations have to be done even more critically
than compared to adult patients (Sticherling et al. 2011; Ståhle et al. 2010; de Jager
et al. 2010).

Table 1 The three main therapeutic approaches to psoriasis

Topical UV Systemic

Salicylic acid Narrow band UV-B (311 nm) Fumarates

Urea Broad spectrum UV-B Methotrexate

Corticosteroids Photochemo-therapy (PUVA) Ciclosporin

Vitamin D3 analogues Balneophototherapy
Bath-PUVA

Retinoids

Vitamin A analogues
(Tazaroten)

Balneophototherapy
Salt solution baths + UV-B

Apremilast

Dithranol Biologics

Tar
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Currently there is no cure for psoriasis, yet available options allow at least distinct
improvement of psoriasis manifestations and long-term suppression of exacerbation.
This will differentially be discussed with the individual agents and approaches
below; however when doing so, off-label status and local or national health
imbursement regulations have to be taken into account.

4 Topical Therapy

Topical treatment, also referred to as local or external, plays an important role
even with very effective and well-tolerated systemic treatments currently available
and even more so in childhood psoriasis (Brune et al. 2003; Albrecht et al. 2011;
Fluhr et al. 2000; Mason et al. 2013; van de Kerkhof 2015; Stein Gold 2016). It may
be used as monotherapy in limited disease, in combination with systemic treatment
or UV light to improve or accelerate clinical responses or when other modalities are
contraindicated. Topical products usually contain (1) emollients as basic formula-
tion, (2) humectants, (3) keratoplastic/keratolytic agents, and (4) active agents. In the
following, the various therapeutic agents are differentially discussed for use in
ichthyoses and psoriasis.

4.1 Emollients

Apart from active ingredients, the appropriate emollient is of prime importance for
the efficacy of topical therapy as the penetration of agents through stratum corneum
and epidermis is not only facilitated but enhanced by appropriate base composition.
As an example, the same steroid compound may clinically be differently resorbed
and thus differently potent depending on the formulation of emollient. Most com-
monly used emollients are white soft paraffin (petrolatum) apart from liquid paraffin,
lanolin, castor oil, cetyl and stearyl alcohols, silicone oils, cocoa and shea butter,
isopropyl myristate and palmitate, as well as polyethylene glycols. Special care is
advised for juvenile patients by avoiding fragrances, artificial colors, and chemical
conservation.

Numerous vehicles are available from creams to lotions, ointments, gels, foams,
sprays, and shampoos. Young patients and their parents should be educated in the
correct application of topical agents with respect to the frequency and duration of
daily application and the maximal body surface area to be treated. A “fingertip unit”
is easy to communicate and defines the optimal 500 mg of topical that should be
applied to one hand size area of skin which in turn is equivalent to about 1% of
adolescent or adult body surface area.

Based on the activity of skin inflammation (water in oil for subacute and chronic,
oil in water base for acute disease), the affected body site (face versus extremities,
skin folds versus free integument), and skin type (dry, oily, mixed skin) as well as
season of the year (oil in water base in summer, water in oil in winter), galenic
formulations have to be individually adapted.
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4.2 Humectants

The skin barrier function is impaired in both psoriasis and ichthyosis resulting
in increased transepidermal water loss and epidermal hyperproliferation and
dyskeratosis. Therefore skin moisturization is of prime importance in addition to
active anti-inflammatory agents. Humectants are often added to increase or maintain
moisture in skin, most popular among them glycerol, sorbitol, polyethylene glycols,
and urea (Gelmetti 2009; Lindh and Bradley 2015). Urea is a low molecular weight
organic compound which is used in concentrations from 2 to 10% for rehydration of
skin as well as for increasing the penetration of active agents like corticosteroids
(Celleno 2018; Pan et al. 2013; Friedman et al. 2016; Fluhr et al. 2000). Mild skin
irritation, especially at sensitive sites like face and folds, is the major unwanted
effects and is especially relevant in children. Therefore concentrations below 2%
should be used or glycerol as an alternative humectant.

4.3 Keratolytic/Keratoplastic Agents

Epidermal hyperproliferation and dyskeratosis are characteristic for psoriasis and
ichthyoses. Therefore, initially excessive scaling material should be removed to
enable penetration of active agents. The most common agent is salicylic acid
which shows keratinolytic activity at concentrations above 5%, whereas lower
concentrations are antiseptic (Madan and Lewitt 2014). Salicylic acid should,
however, not be used in children younger than 12 years because of possible relevant
resorption and intoxication. Similarly, modern topical combinations, with
corticosteroids to increase their penetration into the skin, are only evaluated in adults
and should be used cautiously in childhood. Alternative keratolytic agents are
propylene glycol and dimethicon. The keratolytic activity of urea is only found
well above a concentration of 5% which restrict its use in children (Eisert et al.
2019a, b).

4.4 Active Topical Agents

Most of the currently available topical agents are very effective and their clinical use
is well-established; however, their evidence levels regarding efficacy and tolerability
in childhood are limited (Table 2). Long-term topical treatment of larger skin areas
will challenge the compliance of young patients, especially in adolescence as it takes
time to apply in addition to tolerate greasiness and stickiness, skin irritation, as well
as odor and the risk of contact sensitization. Continuous and widespread use of
topical agents like corticosteroids and vitamin D derivatives may result in relevant
systemic resorption which can be overcome by de-escalation and proactive treatment
protocols as outlined below or by combination with other topical agents, with UV
light or systemic treatment.
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5 Topical Corticosteroids

Corticosteroids (CS) are until today the most effective and reliable anti-inflammatory
agents available in medicine. Their clinical effects are mediated by intracellular
corticoid receptors resulting in altered levels of inflammatory cytokines, adhesion
molecules, and lipid mediators. The potency of topical corticosteroids has been
classified into three to seven classes, numbered by decreasing potency in the USA,
by increasing potency in Europe (Table 3).

With regard to their long-term local and systemic side effects, they should,
however, very cautiously be used in chronic, recidivating inflammatory diseases
like psoriasis and atopic dermatitis and for no longer than 4–8 weeks (Eisert et al.
2019a, b; Sticherling et al. 2011; Ståhle et al. 2010; de Jager et al. 2010). Especially
childhood skin is prone to local side effects even after short-term use and with
regard to the special relation of body surface to body volume of children which will
result in relevant systemic resorption (Kragballe et al. 1991; Ruiz-Maldonado et al.
1982; van de Kerkhof 2015). Topical steroids should be used for induction therapy
only and be slowly tapered by decreasing the application frequency upon improve-
ment (“de-escalation”). Continued use over weeks or months twice a week at the
sites which were originally involved (“proactive treatment”) may spare steroid dose
as well as reduce the number and severity of flares.

Topical corticosteroids have been pharmacologically improved over the years by
increasing their lipophilicity through esterification, thus limiting their activity to
the skin organ by inactivation within the epidermis. This holds true especially for
mometasone and methylprednisolone aceponate or the development of novel
formulations like sprays or foams. Hydrocortisone may be used in early childhood
and delicate locations like the face and groin; otherwise class two agents are to be
preferred. Prednisone is not topically effective. Corticosteroids are available in
diverse vehicles which allows their appropriate use at any body site including
sensitive areas like the face and folds as well as in a sensitive patient group like
children.

Table 3 Topical corticosteroids listed by potency in Europe and the USA

Europe USA Corticosteroid compound (examples)

I VII Mildest Hydrocortisone

VI Mild Prednicarbate

II V Medium Methylprednisolone aceponate
Betamethasone valerate
Triamcinolone acetonide

III IV Potent Betamethasone dipropionate

III Very potent Mometasone furoate

II Super potent Halobetasol propionate

IV I Super high Clobetasol proprionate
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6 Vitamin D Analogues

Synthetic topical vitamin D-analogues are able to modulate keratinocyte prolifera-
tion and differentiation as well as inflammatory processes by intracellular receptor-
driven mechanisms directly regulating pertinent genes. Calcipotriene (USA), called
calcipotriol in Europe and Canada, is probably one of the best studied topical agents
by GCP-criteria (Guenther et al. 2002; Kragballe et al. 2006; Park et al. 1999; van de
Kerkhof et al. 2002). Available data for children are, however, limited (Eisert et al.
2019a, b). Clinical application may often have to be discontinued especially
in children due to frequent skin irritation. Otherwise contact sensitization is rare
and cancerogenic properties absent. Three different agents (calcipotriol, tacalcitol,
calcitriol) are available as solution, cream, and ointment (Guenther et al. 2002;
Weindl et al. 2006). Because of systemic resorption with hypercalcemia and
hypercalciuria, vitamin D analogues should only be used on less than 30% of the
body surface for maximally 8 weeks. Their efficacy can be increased by combination
with UV light; however, simultaneous use of lactic and salicylic acid should be
avoided as vitamin D analogues destabilize in their presence.

7 Topical Vitamin A Analogues

The acetylene retinoid tazarotene is a third-generation topical retinoid licensed for
psoriasis in adults aged above 18 years in the USA and acne vulgaris in patients
above the age of 12 (Weinstein et al. 2003; Weindl et al. 2006). However, tazarotene
is currently not available in many countries. The agent binds to the retinoic acid
receptors ß and gamma with a resulting decrease of epidermal proliferation and
de-differentiation. Skin irritation is often limiting its clinical use. No more than
10–20% of body surfaces should be treated at a time. Altogether systemic retinoids
like acitretin are more effective in chronic and hyperproliferative (scaling) skin
manifestations and should be considered in chronic and widespread disease. Their
effects in ichthyoses are not evaluated.

8 Topical Calcineurin-Inhibitors

Calcineurin inhibitors downregulate intracellular calcineurin resulting in a decreased
production of interferon gamma, IL-2, and IL-4 by T-lymphocytes. Two topical
macrolide calcineurin inhibitors, pimecrolimus and tacrolimus, are licensed for
atopic dermatitis only (Steele et al. 2005); however, good clinical effects were
seen for plaque psoriasis as well as in inverse locations of psoriasis in a number of
case compilations and controlled studies (Brune et al. 2007; Castellsague et al. 2018;
Eichenfield et al. 2002; Malecic and Young 2016). Initial burning sensations and
pruritus may subside under continuous treatment. Long-term date does not support a
black box warning on the risk of lymphoma following prolonged use of topical
calcineurin inhibitors (Paghdal and Schwartz 2009). Topical calcineurin inhibitors
may represent an alternative to corticosteroids at sensitive sites and in sensitive
populations like children.
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9 Dithranol

Dithranol (anthralin, cignolin) is a synthetic derivative of a natural mixture of plant
ingredients, which has been used in medicine for centuries (Eisert et al. 2019b;
Körber et al. 2019; Saraswat et al. 2007). Neither is it resorbed, mutagenic, and
cancerogenic nor does it cause contact sensitization. Short contact therapy at
increasing concentrations of 0.1–3% is applied over weeks starting with a few
minutes to be subsequently rinsed off (Eisert et al. 2019a). In contrast long-contact
therapy is started at lower concentrations of 0.01% and left on for 8–12 h. Mild skin
irritation is intended but may limit its use with children where on the other side
guttate psoriasis responds exceptionally well. Major additional disadvantages are
reversible dark discoloration of the skin, hair, and nails and washable discoloration
of clothing as well as sanitary fittings. As for conservation reasons, 1% salicylic acid
is regularly added to the ointment; combination with vitamin D analogues should
therefore be avoided. Dithranol is mainly used in a hospital setting for induction
therapy of mild to moderate psoriasis (Eisert et al. 2019a). However, dithranol
appears to have the longest disease-free interval among all other psoriasis treatments.

10 Tars

The various tar preparations (coal, wood tar) show (Sekhon et al. 2018) anti-
inflammatory, antipruritic, and antiproliferative as well as antibacterial and antifungal
activity (Paghdal and Schwartz 2009). Coal tar is available as crude tar or liquor
carbonis detergens (LCD) and mostly sold over the counter. The World Health
Organization’s List of Essential Medicines rates tars among the most effective and
safe medicines. A reduction of DNA synthesis as well as mitotic activity may
normalize epidermal keratinization with positive clinical results on psoriasis and
other epidermal hyperkeratotic diseases. In the USA crude coal tar (2–4% in petrola-
tum) is combined with artificial ultraviolet radiation (either broad or narrowband
UVB) for the treatment of psoriasis as described by the American dermatologist
William H. Goeckerman (1884–1954) and is regarded as safe and efficacious (Zhu
et al. 2016; Kortuem et al. 2010). (Mild) irritation at the sites of application, folliculitis,
and photosensitivity in addition to smell and discoloration of the skin and clothing
limit its use especially in children. Conflicting data are available on carcinogenesis
which is not relevant in short-term use (Eisert et al. 2019a; Paghdal and Schwartz
2009). In children, tars should be used with special care and only in cases when topical
alternatives are neither available nor applicable (Eisert et al. 2019a).

11 Novel Topical Agents and Skin Delivery Systems

Progress in the development of topical agents has been limited over the last decade
(Eisert et al. 2019a; Körber et al. 2019). New galenic formulations or penetration
promotors may improve local treatment in the future. Novel agents currently in
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phase 2 and 3 studies include Janus and tyrosine kinase (JAK and TYK inhibitors) as
well as phosphodiesterase 4 (PDE4) inhibitors (Svendsen et al. 2016) with good
therapeutic responses together with good to fair tolerability. Oral counterparts have
already been licensed for rheumatoid and psoriasis arthritis.

12 Treatment with Ultraviolet Light

Ultraviolet light (UV) belongs to the broad spectrum of light emitted by the sun with
wave lengths from 180 to 400 nm (Table 4). It comprises UVC (180–280 nm), UVB
(280–320 nm), and UVA (320–400 nm) (Table 5). Belonging to electromagnetic
radiation, the wavelength correlates to the depth of invasion into material or tissues.
UVC is therefore efficiently filtered by the upper atmosphere and ozone layer,
whereas UVB and A reach the Earth’s surface and unprotected human skin. UVB
is penetrating to the epidermal-dermal layer and UVA down to the middle dermis.
Similarly, UVA light may penetrate glass panes and will be present until dawn,
whereas UVB light will maximally reach the Earth’s surface at midday. Around
11 o’clock in the morning and 3 o’clock in the afternoon, maximal UV irradiation is
seen, and both adults and especially children should avoid direct sun exposure at that
time. UV protection can be achieved by just staying out of the sun in the shade, by
protective clothes, and by using chemical or physical UV protection, the latter
recommended for children.

Biologically, UV light was shown to exert distinct immunological reactions
on all resident and migratory cells of the skin (keratinocytes, endothelial cells,
fibroblasts, Langerhans cells, T-cells) mostly resulting in a localized and temporary
downregulation of immune mechanisms. Therefore the human skin exploits UV
light to counteract constantly ongoing allergic and autoimmune processes. At least
four different skin types are differentiated according to the color of the skin, hair, and
eyes, erythema time and the degree of tanning after UV exposure. The most frequent
skin types II and III in North Europe show an erythema time of unprotected skin of
around 30 min. The skin is, however, able to counteract UV exposure to some extent

Table 4 Wave lengths of
total sun light

Sun light Wavelength (nm)

Ultraviolet light 180–400

Visible light 400–800

Infrared light 800–3,000

Table 5 Distribution of
wave lengths within the
ultraviolet spectrum

Ultraviolet light Wavelength (nm)

UV-C 180–280

UV-B 280–320

UV-A 320–400

UV-A2 320–340

UV-A1 340–400
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through production of melanin by melanocytes, by thickening of the epidermis and
especially stratum corneum as well as active repair of UV-induced cell and DNA
damage. With overdrive of these protective or reparative mechanisms, acute and
chronic UV effects have to be anticipated. Sunburn is probably the most frequent
human skin disease and may comprise a clinical range of mild erythema to blister
formation. Repetitive sunburns in childhood are related to the incidence of malignant
melanoma. Chronic and repetitive UV exposure will result in earlier and more
pronounced skin aging as well as a higher rate of skin cancer, predominantly basal
cell carcinoma, and squamous cell carcinoma. Though these tumors are very rare in
children, they can be expected under massive immunosuppression or defective UV
repair as in xeroderma pigmentosum.

Apart from casual UV-exposure through sunlight, UV is therapeutically used to
treat inflammatory and neoplastic skin diseases like psoriasis and atopic dermatitis or
cutaneous T-cell lymphoma. It can be produced by artificial lamps or ample filters
and usually needs regular and repetitive visits (3–5 per week, 20–30 treatments) of
practice rooms to apply (Zamberk et al. 2010). UVB narrowband (311 nm) is
recommended as it represents the biologically active wave length of UVB avoiding
unwanted effects of neighboring wave lengths. UVB may be used in adolescents, but
should be very critically used in children (Nguyen et al. 2009). UVA monotherapy
will only show minor anti-inflammatory effects but will accelerate skin aging as well
as induce skin malignancy. Combination with psoralen either orally or in bath water
or cream to increase the UV sensibility (PUVA) is regularly and successfully used in
adults but should be avoided in children and adolescents (Eisert et al. 2019b).

13 Systemic Treatment

Effective and well-tolerated systemic treatment for chronic skin diseases is increas-
ingly available and used in adults (Nast et al. 2015, 2018). Limited evidence for
children and adolescents, however, will result in critical individual discussion of
therapeutic options on one side, should, however, on the other not withhold ample
and effective treatment of those affected (Eisert et al. 2019b; Posso-De Los Rios
et al. 2014; van Geel et al. 2015; Napolitano et al. 2016). Whereas treatment goals
and algorithms for psoriasis have been defined for adults and may cautiously be
transferred to children, they are missing for other chronic inflammatory skin
disorders. Recently, a German S2k guideline was published on the therapy of
psoriasis in children and adolescents, the first one available on this issue (Eisert
et al. 2019a, b). While summarizing the relevant systemic treatment options in the
following chapter, local and national regulations regarding reimbursement, licens-
ing, and drug monitoring as well as other recommendations and guidelines should be
taken into account.

166 M. Sticherling



14 Systemic Corticosteroids

Though systemic corticosteroids are still widely used for the treatment of plaque
psoriasis, general expert consensus is that they should be avoided for skin
manifestations (Nast et al. 2018; Eisert et al. 2019b). Despite their immediate,
reliable, and effective responses, continued and repetitive use will result in a number
of severe unwanted effects which are especially relevant for children. Systemic
corticosteroids may in single cases be used short-term for highly inflammatory
skin manifestations, for acute arthritis or generalized pustular psoriasis and should
be rapidly substituted by other immunomodulatory agents. Initial doses should be
0.5–1 mg/kg body weight prednisolone or equivalent. If administered for a few days,
no tapering will be necessary.

15 Methotrexate

Methotrexate (MTX) is probably the most frequently used immunomodulatory agent
in childhood (Eisert et al. 2019b; Posso-De Los Rios et al. 2014). As folic acid
antagonist is exerts immunomodulatory activity on T-cells and cells of innate
immunity. It is generally well-tolerated in childhood as limiting effects of lifestyle
drugs relevant for adults (e.g. alcohol) as well as concomitant medication are mostly
absent. Nevertheless, there is no official label for MTX use in children. It may be
used for psoriasis arthritis, pustular psoriasis, severe manifestations of plaque psori-
asis and guttate psoriasis. Maximal clinical effects may take up to 3 months to
appear. Therefore, initial dosing should be 10–15 mg per square meter body surface
once per week and may be increased every 4–8 weeks by 2.5 mg. With respect to
gastrointestinal tolerance, the oral dose may be divided into a morning and evening
dose; alternatively subcutaneous application should be used. The following day,
5 mg of folic acid should be administered to improve tolerability. After maximal
clinical improvement, MTX doses should be slowly decreased again by 2.5 mg
every 4–8 weeks; long-term and continuous application is reasonable and often
necessary in individual cases. Blood count, liver enzymes, and renal parameters,
preferentially creatinine, should be controlled after 1 and 6 weeks, thereafter every
6–12 weeks.

16 Ciclosporin

Ciclosporin (CSA) is an inhibitor of intracellular calcineurin resulting in the
downregulation of various inflammatory cytokines, especially IL-2 by T-cells.
Compared to methotrexate, clinical effects are evident after 4–8 weeks already; on
the other side, continuous use longer than 6 months is critical with regard to
nephrotoxic symptoms and possible arterial hypertension (Eisert et al. 2019b;
Di Lernia et al. 2016; Pereira et al. 2006). Dosing ranges between 2.5 and 5 mg/kg
body weight divided in two daily doses. It may be started with 2.5–3 mg, and
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increased when clinical effects are small or missing, or alternatively started with
4–5 mg/kg body weight for severe disease. After clinical improvement, daily dosing
can be reduced by 0.5 mg/kg body weight every month. Blood monitoring should
include blood count, liver enzymes, serum electrolytes, and creatinine before treat-
ment, after 4, 8, and 12 weeks, and every 3 months thereafter. CSA may be
combined with any topical treatment, not, however, with UV treatment.

17 Fumarates

Fumaric acid esters or fumarates are a mixture of three compounds that have been
licensed in Germany for the treatment of adult plaque psoriasis since 1994, the single
substance dimethyl fumarate (DMF) in Europe since 2017. Available data from case
reports, retrospective studies, and a controlled study not published yet suggest both
good efficacy and tolerability in children and adolescents (Reich et al. 2016; Balak
et al. 2013; van Geel et al. 2016; Eisert et al. 2019b). Dosing is increased over weeks
similar to adult dosing, and efficacy is monitored by month 3. Full clinical effects
may take more than 3 to 6 months to appear. Monitoring should include blood count,
liver enzymes, and creatinine before treatment, initially every 4 weeks and from
month 4 on every 8 weeks.

18 Retinoids

Vitamin A derivatives have been used over decades for hyperkeratotic diseases and
diseases of sebaceous glands. Currently acitretin and isotretinoin are available (Kopp
et al. 2004). The latter is preferably used for acne in adolescents and is less effective
in hyperkeratosis yet better tolerated and less critical with respect to pregnancy: both
agents need a monthly negative pregnancy test to start and continue, yet women
should not become pregnant at least 3 years after stopping acitretin but only 4–12
weeks after stopping isotretinoin. This aspect becomes relevant for adolescent girls.
Though no clinical studies on acitretin are available for childhood, numerous case
reports and retrospective chart reviews suggest good effectivity and tolerance espe-
cially for pustular psoriasis and erythroderma, however, with relapses after stopping
the treatment. Reassuring data on long-term efficacy and tolerability are available for
various forms of ichthyosis. Combination with narrowband UVB may increase
clinical improvement in psoriasis which usually takes 2–3 months. No effects are
seen on psoriasis arthritis. Initial dosing should be 0.3–0.5 mg/kg body weight and
may be increased stepwise up to 1 mg/kg body weight. Upon improvement, the
doses should be slowly tapered to around 0.2 mg/kg body weight. The German
guideline recommends acitretin for moderate to severe pustular psoriasis of girls and
boys before puberty and for male adolescents (Eisert et al. 2019b; Guenther et al.
2017; Chen et al. 2018). Unwanted effects are dryness of skin and mucous
membranes which may limit the treatment in childhood, alopecia, and bone as
well as muscle pain. Effects on bone development of spine and long bones should
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be clinically monitored and evaluated by X-ray if necessary. Laboratory monitoring
includes blood count, liver enzymes, triglycerides, cholesterol and HDL, creatinine,
and urea before treatment, initially every 4 weeks and every 12 weeks from month
three on. A monthly negative pregnancy test is mandatory if relevant.

19 Biologics

Biologics have dramatically changed our therapeutic options of adult psoriasis in
the last decades. These fusion proteins or monoclonal antibodies specifically inhibit
the pathogenetically relevant inflammatory cytokines tumor necrosis factor alpha
(TNFα), IL-12/IL-23, IL-17, and IL-23 with very good efficacy and tolerability.
Using the recently licensed anti-IL-23 agents, PASI 90 improvements of more than
70% can be achieved. However, only few of these agents are evaluated and licensed
for childhood psoriasis. A number of case reports on the use of biologics in
childhood psoriasis are available, including pustular disease (Eisert et al. 2019b;
Wright et al. 2010; Saikaly and Mattes 2016).

20 TNF-Blockers

Two TNF-blockers are available for subcutaneous application in children, the fusion
protein etanercept from the age of 6 years and the monoclonal antibody adalimumab
for children from 4 years and older.

21 Adalimumab

The monoclonal anti-TNF antibody was licensed in 2008 for children above the age
of 4 suffering from severe plaque psoriasis who have responded insufficiently to
topical and UV therapy (Braun et al. 2018; Wright et al. 2010). The German
guideline recommends adalimumab for moderate to severe psoriasis in childhood
with a 71% consensus (Eisert et al. 2019b). Five of seven experts preferred metho-
trexate. There is no license for juvenile psoriasis arthritis nor axial or ankylosing
spondylarthritis. At a body weight up to 30 kg, adalimumab is started with 20 mg
once a week for 2 weeks, thereafter 20 mg every 2 weeks, similarly at a body weight
above 30 kg with 40 mg. Clinical evaluation and decision for continued treatment
should be done at week 16. Initial laboratory monitoring includes differential blood
count, liver enzymes, hepatitis B/C, and HIV serology with differential blood count
and liver enzymes after 4 and 12 weeks, thereafter every 3 months. The German
guideline recommends initial tuberculin skin test in children younger and
quantiferon test in children older than 5 years. Chest X-ray should only be done
with clear clinical suspicion. Annual Tb screening is not necessary with low Tb risk
and initially negative Tb tests.
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22 Etanercept

Etanercept is licensed for chronic severe psoriasis in children from 6 years and older
who have not responded to or have not tolerated at least one conventional systemic
agent or UV therapy, in addition to psoriasis arthritis above the age of 12 in children
who have not responded to or not tolerated methotrexate. The German guideline
recommends etanercept only when adalimumab or methotrexate failed. The dosing
is individually adapted to body weight, with 0.8 mg/kg up to 50 mg per doses, above
the weight of 62.5 kg with 50 mg as prefilled syringe or pen. Clinical evaluation and
decision for continued treatment should be done at week 12. The initial and
continuous laboratory monitoring including Tb screening is identical to
adalimumab.

23 IL-12/IL-23 Blocker Ustekinumab

The monoclonal antibody ustekinumab is directed against the p40 unit shared by IL-12
and IL-23 and is licensed for children from the age of 12. It is applied at weeks 0 and
4 and every 3 months thereafter. Dosing is 40 mg at a body weight between 60 and
100 kg, 90 mg above 100 kg. Below 60 kg the recommended dose is 0.75 mg/kg body
weight which can be drawn individually from a 45 mg glass vial. Clinical evaluation
and decision for continued treatment should be done at week 28. Initial and continuous
laboratory monitoring including Tb screening is identical to adalimumab.

24 Biosimilars

Biosimilars have become available after patent expired for adalimumab and
etanercept. Regulations demand comparability to the original agents with respect
to efficacy and safety which have to be proven in a least one licensed adult
indication. Transfer of such data to children is critical, and biosimilar effects should
be examined in juvenile patients in well-controlled clinical studies. Therefore, the
use of both agents as biosimilars in children should be individually decided (Nast
et al. 2018; Braun et al. 2018; Eisert et al. 2019b).

25 Novel Agents

The oral phosphodiesterase 4 (PDE-4) inhibitor apremilast has been licensed for
adult plaque psoriasis and psoriasis arthritis in the USA in 2014 and in EU and
Switzerland in 2015. Controlled clinical studies in children are ongoing and licens-
ing for children may be expected soon. Several other clinical phase 2 and 3 studies
are ongoing for adult psoriasis including novel monoclonal antibodies and oral
inhibitors of Janus kinase (JAK) and phosphodiesterase 4 (PDE-4). Current regu-
latory procedures demand early initiation of clinical studies in juvenile patients.
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Pharmacological Heart Failure Therapy
in Children: Focus on Inotropic Support
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Abstract
Pediatric heart failure is a clinical syndrome, which needs to be distinctly defined
and the pathophysiological consequences considered. Pharmacological treatment
depends on the disease- and age-specific myocardial characteristics. Acute and
chronic low cardiac output is the result of an inadequate heart rate (rhythm),
myocardial contractility, preload and afterload, and also ventriculo-ventricular
interaction, synchrony, atrio-ventricular and ventricular-arterial coupling. The
treatment of choice is curing the cause of heart failure, if possible.

Acute HF therapy is still based to the use of catecholamines and inodilators. The
cornerstone of chronic HF treatment consists of blocking the endogenous, neuro-
humoral axis, in particular the adrenergic and renin-angiotensin-aldosterone system.

Before neprilysin inhibitors are used in young children, their potential side-
effect for inducing Alzheimer disease needs to be clarified. The focus of the
current review is put on the differential use of the inotropic drugs as epinephrine,
norepinephrine, dopamine and dobutamine, and also the inodilators milrinone
and levosimendan. Considering effects and side-effects of any cardiac stimulating
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treatment strategy, co-medication with ß-blockers, angiotensin converting
inhibitors (ACEIs), angiotensin blockers (ARBs) and mineralocorticoid receptor
antagonists (MRAs) is not a contradiction, but a senseful measure, even still
during the acute inotropic treatment.

Missing sophisticated clinical trials using accurate entry criteria and clinically
relevant endpoints, there is especially in cardiovascular diagnosis and treatment
of young children a compromise of evidence-based versus pathophysiology-
based procedures. But based on the pharmacological and pathophysiological
knowledge a hypothesis-driven individualized treatment is already currently
possible and therefore indicated.

Keywords
Children · Heart failure · Inotrops · Pharmacology

1 Definition and Pathophysiology of Heart Failure

Pediatric heart failure (HF) is defined as a clinical syndrome (Kirk et al. 2014;
Braunwald 2013). Cardiac output (CO) and systemic blood flow (SBF) are acute or
chronically reduced, whether at rest or only during exercise. Therefore, HF is also
characterized by a general mismatch of blood supply and demand independent whether
caused by ventricular dysfunction, pressure or volume overload, or arrhythmias. From
the pathophysiological point of view, low CO might be caused by the sum of all
components but even any single component of either inadequate heart rate (rhythm),
myocardial contractility, preload and afterload or loss of ventriculo-ventricular interac-
tion, synchronized contractility, or atrioventricular and ventricular-arterial coupling.

Neurohumoral and molecular abnormalities are related to the severity of HF and
independent if caused by pump or over-circulation failure. Over-circulation can also be
related to a normal or even hypercontractilemyocardium. Causes of pump failingmight
be associatedwith congenital or acquired diseases. Therefore, the treatment of choice of
any heart failure is correction of the cause of the disease, whenever such is possible.

2 Pharmacological Therapy of Pediatric Heart Failure (PHF)

Medical HF therapy of adult patients with chronic heart failure led to a significant
improvement in survival (Braunwald 2013). While acute HF therapy is still related to
the use of catecholamines and inodilators, the cornerstone of chronic HF treatment
consists of blocking the endogenous, neurohumoral axis, in particular the adrenergic
and renin-angiotensin-aldosterone system (Yancy et al. 2017). Since decades,
ß-blockers (BB), angiotensin-converting enzyme inhibitors (ACEIs), angiotensin II
receptor blockers (ARBs), and mineralocorticoid receptor antagonists (MRAs) are
successfully used in adults with a safe, but highly effective, treatment profile (Yancy
et al. 2017). Meanwhile, novel agents, which combined blocking of neprilysin

178 D. Schranz



enzyme and angiotensin receptors (sacubitril, Entresto®), are approved for HF
therapy in adults (McMurray et al. 2014). However, that does not mean neprilysin
enzyme inhibitors have to be used in children; at first, there is not a need for utilizing
inhibitors of the enzyme neprilysin as long as the current available anti-congestive
cardiovascular drugs are not fully exhausted in terms of the drug-specific pharmaco-
logical profile and tailored to the disease. Furthermore, the theoretical side effects of
neprilysin inhibitors inducing Alzheimer disease need fully be excluded. Neprilysin
is an important cerebral transmitter for avoiding plaque formation (Yasojima et al.
2001; Farris et al. 2007; El-Amouri et al. 2008). Nevertheless, considering the
success story in treating adult HF, the question arises: what did run wrong over
the last decades treating pediatric patients with HF? Especially, considering patients
with a high cardiac regeneration potential, which inverse correlates to the patient’s
age (Mollovaa et al. 2013). Still today, the pediatric heart failure therapy is based on
the triple D strategy (Kreidberg et al. 1963; Engle et al. 1978; Digitalis Investigation
Group (DIG) 1997; Rodriguez et al. 2008; Kantor et al. 2013), diuretics, digoxin,
and diet (fluid restriction). Diuretics are used as first-line heart failure drugs,
oftentimes independent on their need and the pathophysiological condition with
any signs of systemic or pulmonary vein congestion, only based on the diagnosis
“heart failure,” neglecting that HF is a “syndrome” in consequence of multiple
possible diseases (Schranz and Voelkel 2016). The MR-antagonist spironolactone
is usually utilized by pediatricians as a diuretic drug, instead of a low dosage with a
significant impact on myocardial fibrosis as it could demonstrated in adults (Pitt et al.
1999) and even in children (Masutani et al. 2013).

Digoxin is though recommended but in modern pediatric guidelines remarked
with a questionable effectiveness (Kantor et al. 2013). ACEIs and BB are
recommended for functional class I and II but still less used (Kantor et al. 2013;
Masutani et al. 2013), not to mention their use, tailored on the specific pediatric
disease (Rodriguez et al. 2008; Schranz and Voelkel 2016). Still in 2006, only 5% of
pediatric HF patients received BB in the USA (Towbin et al. 2006), since then there
is only a slight tendency for increasing utilization (Frobel et al. 2009). Additionally,
there is not only a low pediatric experience treating chronic heart failure with BB but
further without any differential use regarding the specific drug profiles in consider-
ation of the cause of HF (Masarone et al. 2017). It might be a crucial reason that
“negative” results of the few studies labeled as evidence-based because of its double-
blind, randomized, placebo-controlled multicenter study design led to the worldwide
opinion of pediatricians and also pediatric cardiologists that ß-blockers are question-
able for treating infants and children with HF (Kantor et al. 2013; Shaddy et al. 2007;
Pasquali Sara et al. 2008; Rossano and Shaddy 2014). These results of “evidence-
based” studies had a dramatic impact on the current chronic therapy of HF in
children. Considering the lack of “evidence-based” studies, the chance arises that
pediatric heart failure therapy will become earlier individualized by pharmacological
and pathophysiological knowledge in context of the molecular specifics of pediatric
cardiovascular diseases (Noori and Seri 2015).
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3 Acute Heart Failure Therapy

Regarding HF caused by myocardial dysfunction, the goal of acute medical therapy
consists of life-saving measures to transfer the acute dysfunctional heart back to
normal or chronic livable condition. In affluent countries, patients with irreversible
myocardial injuries are bridged for heart transplantation (HTx) in part with utilizing
an assist device (Towbin et al. 2006); young children with left-sided dilated cardio-
myopathy (DCM) and preserved right ventricular function are also back to a
functional regeneration (Schranz et al. 2013, 2018).

4 Inotropic Drugs

4.1 Considerations Before Utilizing Inotropic Drugs

4.1.1 Receptor: Physiological Aspects
Adrenergic receptors (ARs) are involved in the regulation of cardiovascular, bron-
chial, and gastrointestinal smooth muscle tone. In principle, three AR types are
differentiated, alpha-, beta (ß)-, and dopaminergic receptors; endogenous AR
agonists are available as sympathetic transmitter and neurohumoral agents
(Lefkowitz and Caron 1985).

Alpha-1 (a,b,c)-adrenergic and alpha-2 (a,b,c) receptors are differentiated (Han
et al. 1987); alpha-1 agonists cause phosphatidylinositol-dependent cellular calcium
influx; postsynaptic alpha-1 AR stimulation leads to vasoconstriction, positive-
inotropic, and negative-chronotropic myocardial effects. Presynaptic alpha-2 AR
stimulation counteracts via adenyl cyclase pathway the alpha-1 AR activation; one
important effect is the inhibition of norepinephrine release from the synaptic
vesicles. The central alpha-2 stimulation inhibits via reflex circuit within the locus
coeruleus and leads to peripheral vasodilation and heart rate decrease. Stimulation of
postsynaptic alpha-2 AR is associated with an arteriolar vasoconstriction (Brodde
1991). The main ARs of the heart are ß1- and ß2-receptors (Bristow 1989); the role
of also cloned ß3-ARs concerning its sinoatrial effects is still not fully understood
(Emorine et al. 1989).

Non-failing adult hearts have ß1/ß2 ratio of almost 80 to 20, respectively (Brodde
1991; Bristow 1989). The affinity of ß2-AR to the adenylate cyclase (AC) seems to
be higher; both ß-ARs transmit positive-inotropic and positive-chronotropic activity.
A failing adult heart is characterized by almost unchanged ß2-AR density, contrary
to downregulated ß1-receptors; the resulting ratio changes to a ratio of almost 60 to
40, respectively. Additionally, AR subsensitivity due to uncoupling of ß-AR is
described (Brodde 1991). More recently published studies analyzing harvested
hearts of adult and pediatric patients with dilative cardiomyopathy (DCM) confirmed
the known AR pathophysiology of failing adult hearts but also demonstrate
differences to pediatric DCM patients. Pediatric DCM patients showed both ß1-
and ß2-AR downregulation (Miyamoto et al. 2014). Considering the pathways of
ß1- and ß2-ARs, coupling to intracellular signaling responsible for contractility and
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remodeling are different and even though more complex. Chronic ß1-receptor
stimulation might be associated with cardiotoxic properties (apoptosis, necrosis),
whereas the ß2-receptor stimulation seems to be “cardioprotective” (Bristow 1989;
Miyamoto et al. 2014; Lakatta 1993; Xiao et al. 2004; Bernstein et al. 2011). Hence,
therapeutic strategies were developed in advanced heart failure patients by blocking
selectively the ß1-AR combined with simultaneous ß2-AR stimulation
(Navaratnarajah et al. 2014). Patients with myocarditis and DCM (Narula et al.
1996; Collucci 1998) but also children after cardiopulmonary bypass with cardiac
arrest seem to have endogenous, norepinephrine-related myocardial injury by exces-
sive ß1-stimulation recognizable by ß1-selective desensitization followed by AR
downregulation (Schranz et al. 1993). The mechanism of AR desensitization is
caused by AR phosphorylation by a protein kinase and ß-adreno-kinase (Bristow
1989). Regarding coronary vessels, alpha-receptors dominate epicardial coronary
vessels, whereas ß-receptors preferring endocardial coronaries (Young et al. 1990).
Activation of alpha-receptors led to vasoconstriction. Therefore, newborns with
hypoplastic left heart syndrome with an associated small (1–2 mm) ascending
aorta are jeopardized by vasoconstriction and consecutive additional ischemic arrest
if resuscitated by too high dosages of epi- or norepinephrine. Coronaries and the
peripheral vessel system react on ß-AR, in particular of ß2-stimulation with vasodi-
lation as well as the bronchial and gastrointestinal smooth muscle system.
Nephrogenic renin release is in particular related to ß1-AR stimulation (Atlas 2007).

4.1.2 Neonatal Myocardial Aspects
Inotropic treatment needs to be reflected in context of the physiologic less compliant
myocardium of neonates and in particular premature babies (Teitel et al. 2008; Borg
et al. 1984; Jonker et al. 1985; Sperelakis and Pappano 1983). Contrary to highly
compliant adult hearts, there is a quite lower ratio of contractile elements to the
nutritive interstitial tissue (Teitel et al. 2008; Borg et al. 1984; Sperelakis and
Pappano 1983; Li et al. 1996). Only severely injured neonatal hearts (i.e., myocar-
ditis, congenital DCM) might be effectively treated by inotropic agents (Norris et al.
2008) but only in terms of an acute HF treatment. Inotropes are clinically best
indicated, when the heart rate does not or increase only slightly during or despite
continuous infusion of catecholamines (Norris et al. 2008). Additionally, neonates
have an imbalanced cardiac autonomous innervation with vagal preference (Borg
et al. 1984), one reason for hypoxia-induced bradycardia or even a systolic reaction
of infants compared to tachycardic reactions or ventricular fibrillation as usually seen
in adult patients. Despite less matured sympathetic innervation, the cardiac
ß-receptors are already fully developed (Atlas 2007; Jonker et al. 1985). Further,
the myocardial calcium-dependent contraction as well as relaxation differs between
children and adults (Sperelakis and Pappano 1983; Li et al. 1996). Contraction is
dependent on the binding of calcium to the myofilaments. But calcium is also
important to regulate cardiomyocyte growth, differentiation, and development as
well as gene expression (Sperelakis and Pappano 1983). Cardiac myocytes contract
by a rapid elevation of calcium of the cytoplasmatic calcium concentration. Adult
myocytes open L-type calcium channels during action potential triggering release of
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sarcoplasmic stored calcium via ryanodine receptors leading to an approximate
tenfold increase of free cytosolic calcium concentrations (Sperelakis and Pappano
1983; Li et al. 1996). Cardiac contraction in premature and term neonates depends
mainly on a transmembrane myocardial calcium influx and calcium removal from
the cells via Na+/Ca2+exchanger (NCX) receptors. Further, the function of the
sarcoplasmatic reticulum is inversely developed to the age (Teitel et al. 2008; Jonker
et al. 1985). Considering the physiological conditions of the neonatal heart, calcium
is in principle a strong and effective inotropic substance; low calcium levels (<
0.9 mmol/l ionized calcium) have to be avoided in any, especially young, dysfunc-
tional hearts. Further, inotropic properties of digoxin based on NCX blocking
properties are also inversely related to the patient’s age (Schranz 1993; Louch
et al. 2015). However, the less compliant neonatal myocardium and especially of
premature hearts contradicts oftentimes an effective use of digoxin as an inotropic
drug, but not as a negative chronotropic agent.

4.2 Digoxin

It can be assumed that digoxin is still the most commonly used oral inotropic drug
treating pediatric HF in the world. Digoxin is traditionally used despite its very
narrow therapeutic range and the lack of trial evidence (Schranz 1993; Louch et al.
2015). In adults, digoxin improved quality of life, but not the survival rate
(Seguchi et al. 1999). Digoxin is mostly unsuitable for acute HF treatment
especially in the setting of renal failure and acute myocarditis and in combination
of amiodarone or even carvedilol, all favoring digoxin toxicity (Digitalis Investi-
gation Group 1997; Ratnapalan et al. 2003); in any case, electrolyte imbalances
(low serum levels of potassium and magnesium) should be corrected before
therapy with digoxin is started.

For chronic HF therapy, digoxin might be indicated as a fourth-line drug in
patients with a pure systolic dysfunctional heart, when ß-blocker, ACEI, and miner-
alocorticoid inhibitors are already applied, but the heart is still beating too fast and
the patient’s age is young (Schranz and Voelkel 2016; Hussey and Weintraub 2016).
Digoxin should be avoided in HF with a restrictive cardiac physiology and because
of its vasoconstrictive properties in patients with a need for a low systemic vascular
resistance. The observation of some beneficial effects of digoxin in HLHS during the
interstage after Norwood surgery (Oster et al. 2016) might be related to its heart rate-
reducing effects and consecutive increased diastolic time interval, which might be
related to an improved diastolic inflow counteracting probably a digoxin-dependent
increase of systemic vascular resistance.

Targeting digoxin serum concentrations from 0.5 to 0.9 ng/ml is achievable by a
maintenance dosage of 10 μg/kg/day.
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4.3 Characterization of Catecholamines, PDE-III-Inhibitors and
Calcium Sensitizers

Epinephrine and its biosynthetic precursor norepinephrine are endogenous
catecholamines. Epinephrine with its ß1-, ß2-, and alpha-adrenoreceptor
(AR) stimulation and norepinephrine with ß1- and alpha-AR agonistic properties
are worldwide still the most utilized catecholamines (Furchgott 1959). Epinephrine
is the drug of choice to resuscitate pediatric patients suffering cardiac arrest; the dose
efficacy correlates inversely to the patient’s age (Clutter et al. 1980). The hemody-
namic effectiveness of epinephrine correlates to its serum concentrations (Shavit
et al. 1989). The basal level in adults ranged between 24 and 74 pg/ml. Serum levels
between 75 and 125 pg/ml increase the heart rate (ß-stimulation). The diastolic blood
pressure might decrease via ß2-stimulation with serum levels of 150–200 pg/ml.
Higher serum levels cause vasoconstriction by dominant alpha-receptor stimulation.
Depending on the utilized (resuscitation) dosages, coronary and cerebral perfusion
pressure should be re-established by vasoconstriction with consecutive increase of
systemic vascular resistance (Rs); contractility and heart rate can additionally
improve in lower dosages, when myocardial perfusion pressure is re-established
and adequate. Contrary to other catecholamines (dobutamine, dopamine), epineph-
rine has the advantage of a remaining effectiveness also during acidosis. Epinephrine
is like isoprenaline a “full AR agonist”; its high affinity to the ß1- and ß2-ARs
guarantees effective action also during a dobutamine refractory cardiovascular state
(Barber and Wyckoff 2006). The value of the myocardial alpha-receptor stimulation
during acute and in particular young patients with decompensated cardiovascular
shock is still not fully understood. However, alpha-mimetic stimulation might be
inversely preserved to the patient’s age; it seems that neonatal myocytes react more
pronounced to alpha-AR stimulation compared to adult hearts as well as the troponin
C-calcium affinity (Mullett et al. 1992). Considering pharmacological and patho-
physiological conditions, the main indication for treating patients with epinephrine is
a combined risk of reduced myocardial contractility with endangered coronary
perfusion pressure. Epinephrine is usually used by continuous infusion in a wide
range of dosages of 0.001–0.01 – 0.1–1 – (5) μg/kg/min depending on the therapeu-
tic aims. The drug is in particular suitable, when the patient’s cardiovascular
condition is changing in short time intervals. Low dosages, in children even in a
dosage of 0.01–0.3 μg/kg/min, outweigh ß-mimetic effects. Regarding special
myocardial conditions with a high risk of endogenous induced (norepinephrine
release) myocardial apoptosis and necrosis like in infants with DCM, there is a
need and not a contradiction utilizing a ß1-receptor blocker (oral bisoprolol or
intravenously landiolol, metoprolol or esmolol) together with continuously infused
epinephrine (Recla et al. 2013). Highly specific ß1-receptor blockers favor
myocardial contractility via ß2-agonistic effects, avoiding further myocardial injury
by additional exogenous ß1-stimulation, and do allow alpha-mimetic stimulation, if
needed (Wyckoff et al. 2015). Apart from cardiovascular shock, inappropriate
epinephrine application needs always, almost continuously excluded; oxygen debt,
inadequate vasoconstriction (intravascular volume deficit), disturbance of
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microcirculation are well-known side effects. Epinephrine stimulates even the renal
renin release and activity via renal ß1-receptor stimulation as well as by vasocon-
striction, if not counteracted by an improved cardiac output and consecutive renal
blood flow. Positive effects of epinephrine on the respiratory tract might even be
attractive (side effects) in cardiovascular-compromised patients. Beneficial effects of
epinephrine in low dosage of 0.001 μg/kg/min mediated by ß(2)-receptors are
expected in particular to treat young children and infants by its bronchodilative
properties and inhibitory effects on mast cell degranulation. Metabolic effects of
applied epinephrine correspond to endogenous stress reactions as gluconeogenesis
and insulin resistance but also to low potassium serum level related to proarrhythmic
effects (ß2-mediated). Alkaline medium inactivates epinephrine; hence combined
application with bicarbonate has to be avoided.

Norepinephrine serum levels correlate with the severity of heart failure (Ross
et al. 1987). Considering an age-dependent changes in the beta-adrenoceptor–G
protein(s)–adenylyl cyclase system (Brodde et al. 1995), norepinephrine acts as a
positive inotrope as the precursor of epinephrine and as neurotransmitter via ß1- and
perhaps alpha-AR mimetic properties. The alpha-mimetic effects constrict veins and
arteries; ß2-mimetic effects are not applicable. Norepinephrine continuously infused
in a low dosage of 0.01 μg/kg/min stimulates preferentially ß1-receptors; slightly
higher dosages of 0.05–0.1 μg/kg/min have mixed ß1- and alpha-mimetic effects; in
high dosages, above 0.1 (�5) μg/kg/min, alpha-receptor-related effects are domi-
nant. The main indication of norepinephrine is restoring or maintaining an adequate
coronary or myocardial perfusion pressure. The norepinephrine dosage is used by its
effects; therefore, therapy counteracting measures as intravascular volume depletion
have to be excluded avoiding inadequate high norepinephrine dosages with
consecutive myocardial apoptosis followed by necrosis. Volume-resistant cardio-
vascular conditions with loss of peripheral precapillary vascular tone (sepsis, ana-
phylactic reaction, post-cardiopulmonary bypass) indicate the use of norepinephrine.
Intravascular volume depletion excluded, norepinephrine infusion in relative low
dosages of 0.05–0.1 (max0.3) μg/kg/min is highly effective with less side-effects in
particular, as on renal and pulmonary vascular system; considering the ratio of
effects and side effects, norepinephrine is almost always to prefer dopamine in
high (alpha-mimetic) dosage. Side effects of dopamine are tachycardia, pulmonary
vasoconstriction, high myocardial oxygen consumption as well as TRH and prolac-
tin inhibiting effects. The option to add dopamine in low dosages (2 μg/kg/min)
remains open. An important indication of norepinephrine is “right” heart failure
associated with high right ventricular end-diastolic pressures (RVEDP), independent
if caused by cardiac or pulmonary diseases. Low myocardial perfusion pressure
(difference of systemic diastolic blood pressure and RVEDP or right atrial pressure
(RAP)/coronary sinus pressure) needs often be treated by continuous norepinephrine
infusion but even by immediate bolus injection in acute cardiovascular-
compromised conditions. Myocardia performance is related to the adequacy of
coronary perfusion; therefore, an additional ß1-blockade to avoid ß1-related
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tachycardia is not a contraindication but a highly effective measure (myocardial
necrosis, diastolic time!). Clinical conditions with no chance to reduce pulmonary
vascular resistance (Rp) can be effectively treated by increasing systemic vascular
resistance (Rs) (Vlahakes et al. 1981).

Dopamine, a precursor of norepinephrine, acts as an endogenous peripheral and
central neurotransmitter. Dopamine is a partial AR agonist by dose-dependent
stimulation of ß1-, ß2-, alpha-, and dopaminergic (DA) receptors (Lokhandwala
and Barrett 1982; Seri 1995; Barrington et al. 1995; Noori and Seri 2012; Liet et al.
2002); opposite to other catecholamines, dopamine’s activity is almost 50% related
to norepinephrine release from vesicles of sympathetic nerve endings (DA-2 recep-
tor stimulation). Therefore, the inotropic effect of dopamine is limited in newborns
and heart-transplanted patients with an imbalanced sympathetic and vagal nerve
system and in chronic heart failure with myocardial norepinephrine depletion.
Beyond any additional questionable indications for dopamine treating acute pediat-
ric heart failure, the norepinephrine release by dopamine might especially be prob-
lematic in patients with myocarditis and dilated cardiomyopathy; apoptosis and
necrosis are already induced in the highest degree of ß1-stimulation in consequence
of myocardial norepinephrine release. Norepinephrine-related ß1-desensitization is
already observed after cardiopulmonary bypass surgery with cardiac arrest (Schranz
et al. 1993), which further underlines a problematic use of dopamine as a postsurgi-
cal inotropic drug; in addition to its toxicity profile, dopamine specific side effects
like low T3 syndrome have to be considered particularly in treating premature
patients rarely with a real need for inotropic support. Dopamine is usually used by
continuous infusion in variable dosages, in neonates by a dose response based on the
patient effect (Dempsey and Barrington 2007); further, the clearance of dopamine is
dependent on gestational age and severity of the disease (Seri et al. 1993; Padbury
et al. 1987). Low dosages in a range of 1–2 (4) μg/kg/min stimulate preferentially
DA-1 and DA-2 receptors with vasodilative effects on renal, mesenteric, and cere-
bral vessels. Improved renal perfusion and sodium reabsorptive effects at proximal
renal tubules induce saluretic effects; DA receptors at the zona glomerulosa of the
adrenal cortex inhibit aldosterone release. The dopamine-related inhibition of TSH
(low T3 syndrome) and prolactin (immune-modulating) might be forcing infection
diseases (Noori et al. 2003). Dopamine dosages of 5–10 μg/kg/min lead to
dominated ß-AR-related effects but, as already mentioned, by releasing stored
norepinephrine. Contrary to norepinephrine, dopamine acts unpredictable in high
alpha-mimetic dosages of 10 μg/kg/min. Dopamine constricts the venous, pulmo-
nary, as well as systemic vascular system mostly associated with a non-opportune
tachycardia or even tachyarrhythmia. Animal studies have shown that norepineph-
rine has a 20 times higher systemic vs pulmonary vasoconstrictive effect (Schindler
et al. 2004); therefore, norepinephrine can be used more effective with less side
effects than dopamine treating hypotension in context of a pulmonary hypertension.

In summary, the relative uncritical use of dopamine treating in particular prema-
ture and term neonates should be considered in terms of effect and possible
side effects including currently unknown neurological consequences; a historical
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familiarity should not play a role utilizing dopamine especially on neonatal
intensive care.

Dobutamine is a synthetically prepared catecholamine with preferential ß1- and
ß2-agonistic properties (Sonnenblick et al. 1979). Dobutamine is utilized as a
racemic mixture of (+) and (�) isomers. The isomeric mixture is responsible for
ß-AR activity but concerning the alpha-receptors with its neutralizing effects. The
inotropic activity of dobutamine is preferentially based on stimulation of ß1-AR.
Following its synthetic manufacturing in the 1970s, it was even immediately used
treating pediatric myocardial diseases (Driscoll et al. 1979; Schranz et al. 1982). The
inotropic effect of dobutamine can clinically best monitored by the patient’s heart
rate response. Dobutamine has been shown to increase cardiac output, by its
augmenting effects on stroke volume and/or increase of heart rate. In case of a
preferential increase of the cardiac stroke volume, the heart rate remains stable,
decreases, or does only slightly increase. Therefore, an inappropriate use of
dobutamine is reciprocated by an inadequate increase of the heart rate; only patients
with a sinus bradycardia (i.e., patients after heart transplantation, sick sinus syn-
drome) might benefit from the heart rate increasing ß1- and ß2-effects. Considering
the ß-AD agonist dobutamine, systemic and pulmonary vascular resistance (opposite
to dopamine) decrease when intravascular volume depletion is excluded and inade-
quate increase of the heart rate (diastolic filling time) is avoided. In context of a
possible mismatch of myocardial oxygen supply and consumption and its
ß-adrenergic stimulating effects, tachycardia and tachyarrhythmias need to be per-
manently considered, as long as dobutamine is used, in particular, if inadequately
used or overdosed in relation to the myocardial disease (Roeleveld and de Klerk
2018; Ergenekon et al. 2017). Since phosphodiesterase type III inhibitors are
preferentially used in pediatric heart failure patients, dobutamine, even in
combination with continuous infusion of low-dose nitroglycerine, is more and
more less indicated and applied. Dobutamine is usually utilized in dosages of (2.5)
5–(10) μg/kg/min, which leads to dominated ß-AR-related effects. Dobutamine in
high dosage above 10 μg/kg/min is mostly not convincing in relation to positive
(inotropic) and negative (chronotropic, antiarrhythmic) effects (HR, myocardial
consumption). In cardiogenic shock with associated metabolic acidosis, the partial
ß-AR agonist dobutamine is not further indicated, but instead epinephrine is
preferentially used.

Milrinone is currently the most used phosphodiesterase type III inhibitor (PDE III
inhibitor) treating children with HF (Ferrer-Barba et al. 2016). The bipyridine
derivative amrinone and imidazole derivative enoximone were the first PDE III
inhibitors used also in children (Dage et al. 1987; Schranz et al. 1989; Allen-
Webb et al. 1994). PDE III inhibitors are characterized by blocking the isoenzyme
IIIc of phosphodiesterases localized predominantly in heart muscle and vascular
smooth muscle cells. The delayed breakdown of cAMP influences also the intracel-
lular calcium homeostasis with an increase of slow calcium influx of the myocardial
cells and augmented storage of releasable calcium from the sarcoplasmatic reticu-
lum. The mechanism is related to an increase of contractility. The cAMP increase of
the smooth muscle cells improves the calcium efflux and led consecutively to
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smooth muscle relaxation (Barton et al. 1996). Regarding the positive-inotropic and
vasodilative properties, PDE III inhibitors are grouped into inodilators. The
inodilative effect of PDE III inhibitors was evidenced by adult and pediatric patients
(Hoffman et al. 2003). However, compared to shorter and stronger acting milrinone,
they were affected with too many side effects which include handling problems
(central line occlusion) and less control considering a too long half-life but even
thrombocytopenic reaction in particular related to the use of amrinone.
Proarrhythmic potentials have been seen by the use of all PDE III inhibitors, but
heart failure symptoms improve in pediatric patients without an increased incidence
of sudden death which have been seen in adult patients treated with PDE III
inhibitors (Burkhardt et al. 2015). Considering the receptor and adenylate cyclase-
mediated cAMP increase, ß-receptor agonist and PDE III inhibitors have additive,
and maybe synergistic, effects. Therefore, low cAMP levels in heart failure seem not
to be related to increased PDE activity, but more likely to decrease adenylate cyclase
activity associated with downregulation and desensitization of the ß-adrenergic
receptor in HF. Important age-related differences in phosphodiesterase activity and
effects of chronic PDE III inhibition were observed in idiopathic dilated cardiomy-
opathy patients (Nakano et al. 2015). Tachyphylaxis or tolerance is described with
chronic PDE III inhibitors in adults. Chronic therapy with the PDE III inhibitor
milrinone in children led to elevated cAMP and higher downstream phospholamban
phosphorylation contributing to sustained hemodynamic benefits in pediatric DCM
patients. In contrast, higher total PDE and PDE III activities in adult DCM patients
during PDE III inhibitor treatment may perpetuate lower myocardial cAMP and
phospholamban phosphorylation levels, limiting the potential benefits of PDE III
inhibitors in adults. Therefore, milrinone is effectively used to prevent or treat low
cardiac output syndrome (LCOS) in children undergoing heart surgery. It is used for
stabilization decompensating heart failure as associated with dilated cardiomyopathy
(Nakano et al. 2017; Curley et al. 2017) and even in heart failure with a single
ventricle physiology (Curley et al. 2017). The substance is used for bridging to
transplant, but even to recovery (Schranz and Voelkel 2016).

Milrinone is used in continuous infusion in dosages ranging between 0.3 and
1 μg/kg/min.

Levosimendan is a further inodilator (Rognoni et al. 2011); it exerts inotropic and
vasodilating effects based on myocardial calcium-sensitizing properties opening up
vascular ATP-dependent potassium channels. The pharmacological profile of
levosimendan makes this drug very attractive in myocardial HF of neonates and
infants considering their endogenous myocardial calcium handling (Veldman et al.
2006). Less proarrhythmic and reversal effects of toxic dosages of ß-blockers
expand the indication of the use of levosimendan; postoperative low cardiac output
or intermittent treatment in infants and young children with DCM even as an
accompanying drug are currently the most indicated pediatric cardiovascular
conditions (Angadi et al. 2013). Levosimendan is mostly applied in a continuous
infusion of 24 h in a dosage of 0.1 or 0.2 μg/kg/min with or without a loading dose
for 10–15 min.

Pediatric Heart Failure Therapy 187



Like PDE III inhibitors, hypotension can mostly be avoided if the treated patients
have no intravascular volume depletion as very often is observed by overtreatment of
diuretics or other reasons of volume loss.

4.3.1 Conclusion
Pharmacological support of the failing pediatric heart remains a challenging task.
The first therapeutic goal is resuscitating or maintaining cardiac output, which is
vital for sufficient end-organ perfusion. The second aim, however, should be cardiac
restoration and regeneration; accepting a chronic heart failure or organ replacement
should be the last exit. The regenerative potentials are enormous, the younger the
patient is. However, the unique biochemical and structure properties of the neonatal
non-failing and especially failing heart do not necessarily allow to extrapolate results
of adult’s studies to young children. Already the mismatch of noncontractile tissue
mass to the contractile myocardium, the differences in intracellular myocardial
calcium handling but in particular varieties of receptor physiologies between a
failing adult and pediatric heart need to be considered for an adequate cardiac
therapy. Missing evidence-based data treating pediatric HF should not be led to
therapeutic nihilism; it needs a differentiated, hypothesis-driven therapeutic strategy
based on the pharmacological drug profile, pathophysiological condition, and the
molecular features. In this context, the pediatric HF is characterized by a lower beta
adrenergic agents responsiveness and a heart rate dependent cardiac output; both,
limiting the ability to increase stroke volume, favor therefore the use of inodilators of
the Ca++-senitizer and PDE-III-inhibitor family. Regenerative strategies with
mobilizing endogenous potentials to exogenous supported by exogenous stem cell
therapy and gene therapy offer perspectives for future restoration of the failing
neonatal and young patients’ hearts.
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Abstract

Pharmacological treatment of arterial hypertension in children is mainly based
on individual experience, but there is evidence that blocking the angiotensin
system reduces systolic and diastolic blood when compared to placebo, and
these drugs are safe to use for a short duration, also in children under 6 years
of age. Blocking the angiotensin system either by angiotensin-converting
enzyme inhibitors or by antagonizing the angiotensin 1 receptor is effective,
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but did not display a consistent dose-response relationship with escalating
doses, but the effective doses are known. Calcium channel antagonists are
effective antihypertensives in children, but the evidence is limited. Based on
small-sized studies, beta-blockers modestly reduce systolic blood pressure,
but have no significant effect on diastolic blood pressure compared to placebo.
They act in combination to antagonize reflex tachycardia induced by vasodilators.
The most commonly used antihypertensive agents are safe to use in short-term
studies.

Keywords

Antihypertensives · Arterial hypertension · Clinical trials · Pediatrics

1 Definition, Diagnosis, and Classification

Criteria for the diagnosis of hypertension in adults are not applicable to children.
A value of 140/90 mmHg for random (casual) blood pressure and 135/85 mmHg
for daytime ambulatory blood pressure has been generally accepted as the upper
limit of normal in adults, and this might also be true for older adolescents. The range
of “normal” blood pressure in children and adolescents is uncertain, but European
guidelines recommended that normal blood pressure is values below the 90th
percentile and high-normal blood pressure values range between the 90th and 95th
percentile (Lurbe et al. 2016) (Table 1).

Thus, arterial hypertension in children is defined as the persistence of blood
pressure above the 95th percentile. Values above this, if confirmed by two further
examinations, are compatible with the diagnosis of hypertension. Various reference
tables for normal blood pressure centiles of children and adolescents have
been published; the most valid for casual office blood pressure measurement by
auscultation was published by the International Pediatric Nephrology Association
(IPNA 2011). If blood pressure were taken by an oscillometric device, centiles of
the German KiGGS Study are helpful (Neuhauser et al. 2011).

Table 1 Definition and classification of hypertension in children and adolescents

Category
SBP and/or DBP percentile
(0–15 years)

SBP and/or DBP values
(16 years and older)

Normal <90th percentile <130/85 mmHg

High-normal �90th to <95th percentile 130–139/85–89 mmHg

Hypertension �95th percentile �140/90 mmHg

Stage 1 hypertension 95th to the 99th percentile plus
5 mmHg

140–159/90–99 mmHg

Stage 2 hypertension >99th percentile plus 5 mmHg 160–179/100–109 mmHg

Isolated systolic
hypertension

SBP � 95th percentile and
DBP < 90th percentile

�140/<90 mmHg

SBP systolic blood pressure, DBP diastolic blood pressure; from Lurbe et al. (2016)
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2 Treatment Options

In primary hypertension, non-pharmacological treatment should be initiated (e.g.,
reduction of dietary sodium chloride intake, reduction of body weight in obese
children and adolescents, and dynamic exercises), although the therapeutic success
of non-pharmacological intervention is so far not sufficiently established. Drug
treatment should be carefully considered after non-pharmacological intervention
has failed. Factors other than blood pressure that influence the decision to begin
drug treatment include a family history of early complications of hypertension
(renal failure, stroke, heart disease), target organ involvement (cardiac enlargement,
left ventricular hypertrophy, retinal vascular changes), and the presence of other
risk factors for coronary heart disease.

Secondary hypertension, mainly caused by renal diseases in children, required
early and sufficient drug treatment. Chronic renal failure has been evaluated in a
large prospective trial with valid end points (50% decline in glomerular filtration rate
(GFR) or progression to end-stage renal disease (ESRD) over a period of 5 years)
(ESCAPE Trial Group 2009). Strict control of blood pressure is able to slow the
progression of renal failure. In this trial, 29.9% of the patients in the intensified blood
pressure control with ramipril reached the end point (50% GFR loss or progression to
ESRD) compared to 41.7% of patients with a conventional blood pressure target.

In children with underlying chronic kidney disease, target blood pressure should
be below the 75th percentile in children without and in those with proteinuria
below the 50th percentile (Lurbe et al. 2016). This 50th percentile is also the goal
for children with diabetes mellitus type 1. The corresponding targets for adolescents
and adults are 130/80 mmHg with a renal disease without proteinuria and a target
blood pressure below 120/75 mmHg in case of proteinuria. In general, blood
pressure should be lowered below the 90th age-, sex-, and height-specific percentile
in children with arterial hypertension.

In rare cases, surgical intervention is the treatment of choice (coarctation of
the aorta, pheochromocytoma, neuroblastoma, or renovascular hypertension).
Following surgery, it often takes weeks or months before the blood pressure
becomes completely normal after discontinuation of antihypertensive therapy.

3 Antihypertensive Agents

Historically pharmacological treatment of hypertension in children was based on
individual experience. The legislation changes in the United States to promote
clinical trials to improve pediatric drug treatment (Food and Drug Administration
Modernization Act, 1997; Best Pharmaceuticals for Children Act, 2002) have led
to clinical trials with antihypertensive agents in children and to approval of some
of these drugs (Chu et al. 2014). The EU Regulation of Medicinal Products for
Paediatric Use (EU Regulation 1901/2006/EC) has further stimulated clinical trials
using appropriate evidence-based methodology with antihypertensive drugs in
the pediatric population. The number of adequate dose recommendations based on
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careful dose-finding studies in various age groups of pediatric patients with arterial
hypertension has been increased as well as age-appropriate drug formulations
and safety aspects (Chu et al. 2014; Lurbe et al. 2016; Meyers and Siu 2011; Rascher
2016). However, due to a limited number of patients and the short duration of
clinical trials in children with arterial hypertension, the evidence is still limited
(Chaturvedi et al. 2014).

There have been five trials comparing the antihypertensive agent directly against
placebo, and the majority of clinical studies were dose-finding and included
three trials of angiotensin-converting enzyme inhibitors (enalapril, fosinopril,
lisinopril), seven trials of angiotensin receptor antagonists (candesartan, irbesartan,
losartan, olmesartan, valsartan), and one trial of a calcium channel antagonist
(amlodipine) (Chaturvedi et al. 2014). Furthermore, an excellent outcome study
was published with ramipril (ESCAPE Trial Group 2009).

Observational and randomized clinical trials with antihypertensive agents in
children and adolescents have been excellently reviewed (Meyers and Siu 2011;
Chu et al. 2014). A clear dose relationship for only three drugs (enalapril, lisinopril,
losartan) has been shown (Benjamin et al. 2008). Dose and safety aspects have
been recently reviewed (Siddiqi and Shatat 2019).

Dosages of antihypertensive agents in childhood based on clinical trials,
summary of product characteristics and published experience are shown in Table 2.

3.1 Angiotensin-Converting Enzyme Inhibitors

The most powerful target for treating high blood pressure is blocking the
renin-angiotensin-aldosterone system (RAAS). Angiotensin-converting enzyme
(ACE) converts angiotensin I to angiotensin II, a potent vasoconstrictor peptide
that also stimulates aldosterone production. ACE inhibitors lower blood pressure
by decreasing angiotensin II.

In children and adolescents, ACE inhibitors are the most commonly prescribed
antihypertensive for both primary and secondary hypertension (Snauwaert et al. 2017;
Yoon et al. 2012; Welch et al. 2012). ACE inhibitors also have anti-proteinuric effects,
which is beneficial in children with chronic kidney disease (Seeman et al. 2004;
Simonetti et al. 2007; Soergel et al. 2000; Van den Belt et al. 2018; Wühl et al.
2004). Similar as in adult trials, pediatric trials provide evidence that some ACE
inhibitors may be less efficacious in blacks (Menon et al. 2006).

Captopril was the first ACE inhibitor and the first used successfully in children
with severe renal hypertension (Mirkin and Newman 1985). However, in newborns
and small infants, cerebral and renal complications have been reported, which
occurred if the initial dose was too high. This age group requires substantially
lower doses per unit body surface than older infants and children for the control of
hypertension. In order to prevent a rapid decrease in blood pressure following
the first dose of captopril, a low dose of 0.2 mg/kg (in newborns, 0.05 mg/kg) should
be given. If this dose is tolerated, the dose can be increased rapidly, to 1–2 mg/kg
per day if necessary. Long-term treatment should not exceed 2–3 mg/kg per day
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or 150 mg in adolescents, although higher doses have been recommended. Because
of multiple dosing per day, captopril is no longer the drug of choice.

Enalapril is a prodrug that must be metabolically converted to enalaprilat. Peak
serum concentration occurred at 3–4 h after oral administration. The longer plasma
half-life of 12 h is an advantage to improve compliance. Since enalapril is excreted
by the kidneys, dosage should be reduced in patients with renal failure. As with
captopril, approximately one-third of enalaprilat is cleared during hemodialysis.

Ramipril has also been used in children (Soergel et al. 2000), but studies failed
to demonstrate a reliable dose-response relationship in children. On the other hand,
excellent outcome data are available in children with renal failure (ESCAPE Trial
Group 2009), and the drug is therefore used extensively in children with renal
hypertension and progressive renal failure. A clear dose relationship has been
shown for enalapril and lisinopril (Benjamin et al. 2008). Overall, increasing an
effective dose of an ACE inhibitor will often not result in a better blood pressure
response. Therefore, early combination therapy is required instead of multiple-dose
escalation.

Fosinopril also reduced systolic and diastolic blood pressure in three dose levels
(0.1, 0.3, and 0.6 mg/kg). During the dose-response phase, all three doses were
equally effective in lowering systolic blood pressure (Li et al. 2004). During the
placebo withdrawal phase, there was an adjusted mean systolic blood pressure
increase of 5.2 mmHg for the placebo group and 1.5 mmHg for the fosinopril
group, a net withdrawal effect of 3.7 mmHg. The lack of a clear dose response
in the cohort can be explained either by using high doses, by a narrow dose range,
or by a true absence of a dose response.

Lisinopril demonstrated a dose-response reduction in systolic and diastolic blood
pressure between the lowest and each of the higher doses used (Soffer et al. 2003).
Blood pressure in the placebo group increased after withdrawal of lisinopril. The
dose-response relationship was consistent across all subgroups (e.g., age, Tanner
stage, ethnicity, gender). Pharmacokinetics of lisinopril in hypertensive infants
and children are relatively consistent across age groups and consistent with data in
healthy adults (Hogg et al. 2007).

3.2 Angiotensin II Receptor Type 1 Antagonists

Angiotensin II receptor type 1 antagonists (AR antagonists) inhibit the final step
of the RAAS on the heart, kidney, blood vessels, and adrenal glands and inhibit
vasoconstriction and lower blood pressure (Burnier 2001). AR antagonists are
effective at reducing proteinuria secondary to diabetes and may be particularly
useful in patients with chronic kidney disease (Webb et al. 2010). Antagonizing
the angiotensin II receptor 1 is highly effective to lower blood pressure in children
with arterial hypertension, and a variety of AR antagonists have been studied in
children.

Losartan was the first AR antagonist studied in children. The drug reduced
systolic and diastolic pressure in a dose-dependent manner (Shahinfar et al. 2005).
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It was also studied in a clinical trial focused on reduction of proteinuria in
hypertensive (n: 60) and normotensive (n: 246) children with chronic kidney disease
(Webb et al. 2010). Losartan reduced proteinuria by 35.9% and was superior to
both placebo (normotensive cohort) and amlodipine (hypertensive cohort).

Valsartan reduced systolic and diastolic pressure in a dose-dependent manner
(10, 20 mg for children <35 kg and 20, 40 mg for children �35 kg), but a
statistically significant difference in blood pressure response between the low- and
medium-dose groups could not be demonstrated (Wells et al. 2011). Valsartan
was also studied in hypertensive children aged between 1 and 5 years, tested in three
dose regimes (Flynn et al. 2008). All three dosing groups achieved a statistically
significant reduction in systolic blood pressure but failed to demonstrate a linear
dose-response between the three groups.

Candesartan lowered significantly systolic and diastolic blood pressure
compared to placebo, but did not yield a clear dose-response relationship in all
dose levels. The lack of dose response was attributed to a narrow dose range studied
(Trachtman et al. 2008). In children aged 1–5 years, systolic and diastolic blood
pressure fell in all three dosing groups (Schaefer et al. 2010), and a statistically
significant, dose-related, 57% median decline in proteinuria was found with
candesartan at 4 weeks follow-up.

Olmesartan showed a dose-dependent, statistically significant reduction in
systolic and diastolic blood pressure (Hazan et al. 2010). Mean blood pressure
reductions were smaller in black adolescents. The olmesartan dose response
remained statistically significant when adjusted for body weight. In a second
period, blood pressure rose in those patients switching to placebo, whereas patients
continuing to receive olmesartan therapy maintained consistent blood pressure
reduction. Olmesartan demonstrated a pharmacokinetic profile in pediatric patients
similar to that of adults when adjusted for body size (Wells et al. 2012).

3.3 Calcium Antagonists

Calcium channel blockers of the dihydropyridine type, e.g., amlodipine, felodipine,
or nifedipine, are highly selective for vascular smooth muscle and are commonly
prescribed for pediatric hypertension (Yoon et al. 2012; Welch et al. 2012).

Amlodipine demonstrated a dose-response reduction in systolic and diastolic
blood pressure beginning at doses of 0.06 mg/kg per day or higher (Flynn et al.
2004). The underlying cause of hypertension had no effect on the response to
amlodipine. Systolic blood pressure response equal or lower to the 95th percentile
was achieved in 34.6% of subjects with systolic hypertension.

Nifedipine has been shown to reduce blood pressure effectively and safely
in pediatric hypertensive emergencies. The doses used range between 0.25 and
0.5 mg/kg as single or repeated oral dose, when blood pressure response is
insufficient. Slow-release preparations of nifedipine have been used as vasodilators
to treat sustained renal hypertension in children in Germany, although this
experience has not yet been reported in print. The dose used ranges between
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0.5 and 2.0 mg/kg per day. The drug has been replaced by amlodipine (0.06–0.3 mg/
kg/day), which is licensed in children over 6 years.

3.4 Beta-Adrenergic Blockers

Based on two small-sized studies, beta-blockers modestly reduce systolic blood
pressure by 4 mmHg, but have no significant effect on diastolic blood pressure
compared to placebo. Otherwise they lower blood pressure in combination with
vasodilators by blocking reflex tachycardia. They have their role when two or more
antihypertensive drugs are required and reflex tachycardia has to be antagonized
to lower blood pressure.

Propranolol is effective and safe in doses from 1 to 4 mg/kg per day, but only
case series and retrospective experience have been published. Occasionally higher
doses, up to 16 mg/kg per day, are tolerated without significant side effects. It is
not clearly established whether an increase in dosage to >5 mg/kg per day has any
further blood pressure-lowering effects, although this might be possible, since
bioavailability varies between 20% and 50% due to a high first-pass metabolism
in the liver.

Atenolol is eliminated via the kidney and has a longer half-life than propranolol;
a single morning dose appeared to be sufficient. Only retrospective reports are
available for atenolol as antihypertensive agent in children.

Metoprolol significantly reduced systolic blood pressure compared to placebo,
but with no dose-response effect (Batisky et al. 2007). Only high doses of extended
released metoprolol (2 mg/kg) demonstrated significant reductions in diastolic
blood pressure compared to placebo. At the end of the dose-ranging study, the
response rate for metoprolol was 46%.

3.5 Diuretics

Diuretics represent an important principle of antihypertensive agents. They can
be broadly divided into three categories, thiazide diuretics, loop diuretics, and
potassium-sparing diuretics. All three classes target different parts of the nephron
to decrease sodium and water reabsorption, thereby creating a natriuretic effect
that decreases extracellular volume and reduces blood pressure.

Hydrochlorothiazide belongs to the group of thiazide diuretics and is extensively
studied and used to treat arterial hypertension in adults. Thiazide diuretics block
sodium-chloride co-transporters at the distal convoluted tubule to decrease sodium
reabsorption. It is not known whether this acute action is solely responsible for
reducing peripheral resistance and chronically lower blood pressure in hypertensive
patients. Pediatric experience has been reported with hydrochlorothiazide in abstract
form more than 40 years ago (Mirkin et al. 1977). Increasing the dose of thiazides
affects blood pressure only marginally but may be associated with increased
incidence and severity of side effects such as hypokalemia, hyperuricaemia,
impairment of glucose tolerance, and disturbances of lipid metabolism.
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Chlorthalidone has a longer half-life than hydrochlorothiazide, and the dose
interval is 24 or 48 h. Only limited experience in children with arterial hypertension
has been communicated with the drug (Bachmann 1984).

Furosemide as a loop diuretic is essential in children with advanced heart
failure and chronic renal failure when thiazides often are not effective. It has
its role in reducing sodium and water retention in various diseased states and age
categories. There are no data supporting the efficacy of furosemide to reduce blood
pressure in children compared to placebo. When prescribed alone, loop diuretics
lower blood pressure acutely, but not chronically because the activated RAAS
will compensate for the lost fluid volume. Loop diuretics inhibit the sodium-
potassium-chloride transporter (Na-K-2Cl transporter) on the thick ascending loop
of Henle to decrease the osmotic gradient producing a potent natriuretic effect.

Torasemide is loop diuretic with a longer half-life compared to furosemide. It is
indicated in chronic heart failure and arterial hypertension in adults and adolescents
12 years of age or older.

3.6 Other Drugs

Hydralazine and minoxidil have been used as vasodilators but have limited use.
Clonidine lowers sympathetic outflow via central alpha-2 adrenergic stimulation.
Clonidine is indicated if beta-blockers are contraindicated and blocking reflex
tachycardia is required.

The alpha-1 adrenergic blocker prazosin does not affect presynaptic alpha-1
adrenergic receptors, as do phentolamine and phenoxybenzamine. The alpha
blockers are highly needed pre- and perioperatively in patients with
pheochromocytoma.

4 Specific Treatment Aspects

4.1 Safety Aspects

The antihypertensive agents used in children have been shown in short-term studies
to be well tolerated and safe. This is particularly true for ACE inhibitors and AR
antagonists. Knowing the right dose for treating a hypertensive child on the basis
of randomized controlled studies is a major advantage for safe application. Despite
using drugs for decades, data regarding safety of antihypertensive agents in children
remain limited. Also, in adults, side effects from lifelong treatment can be observed
sometimes after 40 years of treatment.

Pharmacoepidemiological studies have shown an increased risk of nonmelanoma
skin cancer (NMSC) [basal cell carcinoma (basalioma), squamous cell carcinoma
of the skin (spinalioma)] when exposed to increasing cumulative doses of hydro-
chlorothiazide (Pedersen et al. 2018; Pottegard et al. 2017). The photosensitizing
effect of hydrochlorothiazide may be responsible as a possible mechanism
for the development of tumors. The Pharmacovigilance Risk Assessment
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Committee (PRAC) of the European Medicines Agency (EMA) has evaluated
the available data sources and considered there was a biologically plausible
mechanistic model supporting the increased risk of nonmelanoma skin cancer
following higher cumulative doses of hydrochlorothiazide (Pharmacovigilance
Risk Assessment Committee 2018). Therefore, the EMA recommended to
include the new information in the summary of product characteristics of
hydrochlorothiazide-containing products. The long-term use of the drug in
children should be considered, particularly since alternative drugs are available.
If necessary, high doses should be avoided.

Since the renin system is important in the later pregnancy for fetal kidney
formation, blocking the RAAS by ACE inhibitors or angiotensin II receptor
antagonists in the second and third trimester may cause fetal renal dysfunction
with postpartum oligo- or anhydramnios, which can be irreversible or temporary
(ACE inhibitor or angiotensin II receptor antagonist fetopathy). Other possible
characteristic symptoms include contractures of the extremities, hypoplasia of the
skull, pulmonary hypoplasia, and very seldom thrombosis of the inferior vena cava
(Cooper et al. 2006; Hünseler et al. 2011). Severe fetopathy can lead to stillbirth or
death in the newborn period. The highly critical period for fetopathy symptoms
begins at week 20 of pregnancy. Therefore, agents blocking the renin system should
be should be discontinued as soon as pregnancy is detected and have to be replaced
by other antihypertensive drugs.

Specific indications, contraindications, and side effects are listed in Table 3.

4.2 Approach to Treat Children with Antihypertensive Agents

The management of children with chronically elevated blood pressure starts with
low doses of a given drug and rapidly increased to a recommended therapeutic dose.
Treatment should be started with ACE inhibitors. High-dose monotherapy should
be avoided because of side effects and lack of efficacy. Often blood pressure
response is insufficient when escalating the dose. Therefore, early combination of
two or more antihypertensive drugs should be used initially. Combination therapy
should follow a rational approach (Table 4). In some patients, in whom treatment
is accompanied by an effective blood pressure control for an extended period, it may
be possible to reduce the number and dose of drugs.

4.3 Hypertensive Emergencies

Hypertensive emergencies with clinical signs of hypertensive encephalopathy or of
pulmonary edema require immediate therapy (Seeman et al. 2019). Randomized
controlled studies with acute hypertension are lacking; only case reports and
retrospective data are available. Many drugs have been tried and are recommended
(Seeman et al. 2019).

Oral nifedipine at a dose of 0.25–0.5 mg/kg is efficient (Yiu et al. 2004). If there is
insufficient response within 15 min, marked tachycardia may occur, which points to
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Table 3 Indications, contraindications, and side effects of antihypertensive agents

Drug class Indication Contraindication Side effects

Angiotensin-
converting enzyme
inhibitors

Diabetes
mellitus,
progressive
renal disease

Renal artery
stenosis, GFR
increase,
pregnancy

Skin rashes, taste disturbances,
cough, hyperkalemia,
fetopathy

Angiotensin II
receptor antagonists

Diabetes
mellitus,
progressive
renal disease

Renal artery
stenosis, GFR
increase,
pregnancy

Skin rashes, taste disturbances,
angioedema, hyperkalemia,
fetopathy

Beta-adrenergic
antagonists

Reflex
tachycardia

Asthma,
concurrent
diabetes mellitus

Bradycardia and
bronchoconstriction

Calcium channel
blockers

Gastrointestinal disturbances,
constipation, edema of the
legs, gingival hyperplasia

Centrally acting
alpha-adrenergic
antagonists
(clonidine)

Reflex
tachycardia

Sedation, bradycardia

Loop diuretics
(furosemide,
torasemide)

Only when GFR
<30 mL/min/
m2 and fluid
overload

Hypokalemia, hypercalciuria

Thiazide diuretics
(hydrochlorothiazide)

Only in
combination
therapy

GFR < 30 mL/
min/m2

Hypokalemia, hyperuricemia,
impairment of glucose
tolerance, disturbances of lipid
metabolism, increased risk of
some types of skin and lip
cancer (nonmelanoma skin
cancer)

Vasodilators
(minoxidil,
hydralazine)

Only in
combination
therapy

Induce tachycardia, salt and
water retention, hypertrichosis

Table 4 Rational combination of antihypertensive drugs

Two
drugs

ACE inhibitor or AR antagonist + diuretic

ACE inhibitor or AR antagonist + calcium channel antagonist

Diuretic + ACE inhibitor or AR antagonist

Three
drugs

ACE inhibitor or AR antagonist + diuretic + beta-blocker

ACE inhibitor or AR antagonist + diuretic + calcium channel antagonist

ACE inhibitor or AR antagonist + diuretic + clonidine

Diuretic + beta-blocker + vasodilator (ACE inhibitor or AR antagonist or calcium
channel antagonist or hydralazine or minoxidil)

Diuretic + clonidine + vasodilator (ACE inhibitor or AR antagonist or calcium
channel antagonist or hydralazine or minoxidil)

ACE Angiotensin Converting Enzyme, AR angiotensin II receptor
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sympathetic stimulation, and therefore clonidine in a dose of 2–6 μg/kg is indicated,
given either subcutaneously, intramuscularly, or slowly intravenously.

Urapidil is an alpha-1 adrenergic receptor antagonist. It acts primarily on arteries
to dilate the vessels (vasodilating) and is mainly used for acute increases in blood
pressure. The published experience is the pediatric population which is limited
(Schöber et al. 1984).

The use of diazoxide (2–6 mg/kg) is established in childhood hypertension, but
no longer recommended as a first-line drug, since bolus injection may be associated
with a precipitous reduction in blood pressure to hypotensive levels. In states of
fluid retention, furosemide (2–7 mg/kg intravenously) should be combined. If there
is no satisfactory response to the drugs discussed above, sodium nitroprusside
(0.5–8 μg/kg per min) should be administered as a continuous infusion with the
patient under constant surveillance. The infusion rate must be continuously
adjusted to the changes in blood pressure. Thiocyanate levels should be monitored.
In terminal renal failure, fluid removal by dialysis may be the only way to control
hypertension.
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Abstract
Chronic kidney disease (CKD) and acute kidney injury (AKI) requiring renal
replacement therapy (RRT) by dialysis are rare conditions in pediatric patients. In
pediatric patients with CKD, dialysis is mainly performed using peritoneal
dialysis (PD) or intermittent hemodialysis (HD). In patients with AKI, continuous
renal replacement therapy (CRRT) using hemofiltration, hemodialysis, or both
techniques can be used. This chapter reviews (1) physiology and epidemiology of
kidney disease and dialysis in children and (2) pharmacokinetic principles to be
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considered for developing pediatric dose recommendations under different
dialysis modalities. Methods for both calculating and predicting dialysis drug
clearance are reviewed; scaling approaches for predicting dialysis clearance in
pediatric patients from data obtained in adults are discussed.

Keywords
Acute kidney injury · Chronic kidney disease · Modeling · Pediatrics ·
Pharmacokinetics · Pharmacometrics · Renal dialysis

1 Introduction

Dose recommendations for patients with kidney disease requiring dialysis have been
found to be incomplete and inconsistent, and sometimes lack scientific quantitative
evidence (Vidal et al. 2005; Khanal et al. 2014). In pediatric patients with kidney
disease, the situation is further complicated by the fact that pediatric dose
recommendations per se are already heterogeneous, in particular for drugs used
off-label, both on national and international levels (Cella et al. 2010; Metsvaht
et al. 2015). Regulatory guidance (Center for Drug Evaluation and Research
(CDER) 2010; Committee for Medicinal Products for Human use (CHMP) 2015)
has increased pharmacokinetic studies of new drugs in adult patients on chronic
hemodialysis (Matzke et al. 2016). Due to the rarity of kidney disease and dialysis in
children however, the pediatric population remains under investigated.

Pathophysiology, epidemiology, and dialysis prescriptions can further differ
between pediatric and adult dialysis patients (reviewed in Sects. 2 and 3 of this
chapter), which has to be considered when translating pharmacokinetic findings
from adults to pediatric patients and developing dose recommendations (Sect. 4 of
this chapter).

2 Definition and Epidemiology of Kidney Disease in Children

2.1 Acute Kidney Injury

Acute kidney injury (AKI) is defined as an abrupt reduction in kidney function as
measured by a rapid decline in glomerular filtration rate (GFR) (Andreoli 2004,
2009) and is reported to occur in 5% of noncritically ill children and in 27% of
critically ill children (Kwiatkowski and Sutherland 2017). AKI is largely caused by
systemic illnesses, multiorgan injury, and disease-related therapies rather than pri-
mary renal diseases (Kwiatkowski and Sutherland 2017). Advances in management
of pediatric diseases such as bone marrow and solid organ transplantations, congen-
ital heart disease surgery, and the care of very low birth weight infants contribute to
AKI incidence. AKI is characterized by impairment of nitrogenous waste product
excretion and inability to regulate water, electrolyte and acid–base homeostasis due
to functional or structural changes in the kidney. AKI can be categorized as prerenal

210 V. Gotta et al.



(reduced effective renal blood flow), renal (intrinsic renal disorder), or postrenal
(mainly urinary tract obstruction). That is, any process that interferes with the
structure or function of the renal vasculature, glomeruli, renal tubules, interstitium,
or urinary tract can result in AKI. Similar to RIFLE criteria in adults, pediatric
(p) RIFLE criteria help stratify AKI and project its course in children. pRIFLE
criteria (Akcan-Arikan et al. 2007) stands for: R – risk for renal dysfunction, I –
injury to the kidney, F – failure of kidney function, L – loss of kidney function, and E
– end stage renal disease. Pathophysiologic processes commonly responsible for
renal injury are hypovolemia, decrease in effective blood volume, nephrotoxicity,
acute tubular necrosis, acute interstitial nephritis, glomerulonephritis, and renal vein
thrombosis. Drugs most commonly implicated in renal injury include various
antibiotics (i.e., vancomycin and gentamicin), lithium, nonsteroidal anti-
inflammatory drugs, and diuretics (Bunchman and Ferris 2011; Ulinski et al. 2012;
Kwiatkowski and Sutherland 2017).

AKI is diagnosed by an increase in serum creatinine concentration, which reflects
a decrease in the glomerular filtration rate (GFR). It is now recognized that serum
creatinine identifies AKI with some delay, and therefore biomarkers that allow its
earlier recognition have been identified (serum neutrophil gelatinase-associated
lipocalin (NGAL) and cystatin C; urinary NGAL, interleukin-18 and kidney injury
molecule-1 (KIM-1)) (Akcan-Arikan et al. 2007). Some of those markers may be
used for improved prediction of renal drug clearance (Brou et al. 2015; Downes et al.
2017). Cystatin C and KIM-1 are also accepted biomarkers for monitoring of drug-
induced kidney toxicity in preclinical development and partly clinical trials (Griffin
et al. 2018).

Management of AKI (Andreoli 2004, 2009; Benfield and Bunchman 2004;
Marsenic and Baluarte 2011) entails correction of hypovolemia, electrolyte, and
acid–base abnormalities. Decreased renal blood flow can be improved by drugs such
as dopamine and fenoldopam (Knoderer et al. 2008). When known, the drug
suspected to have caused AKI should be discontinued. Hypertension that can
occur in AKI is related to volume overload due to oliguria/anuria or to alterations
in vascular tone (i.e., renin-mediated) and its initial therapy is with diuretics and
antihypertensives. Renal replacement therapy by dialysis is used if AKI is severe,
and its complications are resistant to medical management.

2.2 Chronic Kidney Disease

Chronic kidney disease (CKD) is a state of irreversible kidney damage which leads
to decrease in kidney function. The median incidence of CKD in children younger
than 19 years worldwide is reported to be nine cases (range 4–18) per million of the
age-related population, with congenital anomalies of the urinary tract (CAKUT)
being the predominant disorder in younger patients, and glomerulonephritis the
leading cause of CKD in adolescents (Rees et al. 2017). The stages of CKD are
based on estimated glomerular filtration rate (GFR) (mL/min per 1.73 m2) most
commonly from serum creatinine using the Schwartz equations (Marsenic and
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Baluarte 2011; KDIGO (Kidney Disease: Improving Global Outcomes) CKD Work
Group 2013): Stage 1:�90, Stage 2: 60–89, Stage 3a: 45–59, Stage 3b: 30–44, Stage
4: 15–29, Stage 5: <15 (i.e., end stage renal disease (ESRD)). CKD stages and GFR
serve to monitor CKD progression and allow timely planning for RRT, as well as to
guide medication dosing throughout CKD based on estimated GFR (Veltri et al.
2004). Once CKD is in ESRD stage, RRT therapy by kidney transplantation or
maintenance dialysis is necessary (Chua and Warady 2017).

3 Physiology of Various Dialysis Modalities

Renal replacement therapy (RRT) by dialysis is performed for decreased kidney
function in AKI or CKD. The common indications for RRT are fluid and solute
removal in various settings such as fluid overload, hyperkalemia, acidosis,
hyperphosphatemia, uremia, ingestions of dialyzable toxins/medications, and/or
hyperammonemia. RRT is performed via several dialysis modalities. Intermittent
hemodialysis (HD) and continuous renal replacement therapy (CRRT) use extracor-
poreal blood flow and dialysis filters for blood purification, while peritoneal dialysis
(PD) requires a catheter placed between the two layers of the peritoneal membrane
which serves as a filter for blood clearance (Brophy 2008; Walters et al. 2009).
Solute removal is achieved by processes of diffusion and convection. Solute
diffusion is dependent on concentration gradient between blood and dialysate and
is the main mechanism for clearance of small molecules (size<500 Da). Convection
removes solutes via solvent “drag,” i.e., solutes move with fluid, and is mainly
responsible for removal of larger molecules, known as middle molecules (size
500–60,000 Da) (Duranton et al. 2012). Fluid removal, also known as ultrafiltration
(UF), is achieved by transmembrane pressure (TMP) gradient and osmosis. TMP is a
modifiable HD device setting that allows controlling fluid removal rate. Osmosis, a
process of fluid movement from lower to higher osmotic environment, is a process
that is the main fluid removal mechanism in PD, with less prominent effect in HD
modalities (Golper et al. 2014; Rees et al. 2017).

All dialysis modalities may result in increased drug clearance causing reduced
effective dose of medications and requiring drug level monitoring with more fre-
quent or higher drug doses. Factors that influence dialysis clearance are discussed
below in more detail (Veltri et al. 2004). Briefly, molecules that easily pass through
dialysis filters have small molecular weight, high water solubility, low protein
binding, and small volume of distribution, while the opposite is true for molecules
that are highly protein bound and have high lipid solubility (see Sect. 4.1).

3.1 Continuous Renal Replacement Therapy

CRRT is indicated in critically ill and hemodynamically unstable children in whom
abrupt changes in solute concentrations and extracellular fluid volume are not well
tolerated. CRRT is based on pump-driven veno-venous access. Its advantages
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include gradual and continuous removal of solutes and modification of extracellular
fluid volume, as well as more efficient clearance of higher molecular weight solutes
(Brophy 2008; Walters et al. 2009; Sutherland and Alexander 2012). There are
several types of CRRT (Sutherland and Alexander 2012): (1) continuous veno-
venous hemofiltration (CVVH): uses only convective clearance with high ultrafiltra-
tion rate and replacement of ultrafiltrate with replacement fluid that contains
electrolytes; (2) continuous veno-venous hemodialysis (CVVHD): uses mainly
diffusive clearance with use of dialysate countercurrent to the blood in the
hemofilter; (3) continuous veno-venous hemodiafiltration (CVVHDF): uses both
convective and diffusive clearance and uses both replacement and dialysate fluids
during the treatment. All CRRT modalities require pediatric size-appropriate vascu-
lar access, adequate blood flow, a dialysis filter, and anticoagulation via heparin
(systemic) or citrate (regional). Depending on modality, dialysis fluid and/or replace-
ment fluid is needed. Dosing of all CVVH components in children is weight or body
surface area based. For example, CVVHDF prescription for an adolescent would
resemble the following: Blood flow (QB) 200 mL/min, dialysate flow (QD)
1,000 mL/1.73m2/h and flow of replacement fluid (Qrf) 1,000 mL/1.73m2/h (typical
values for 50 kg are summarized in Table 1). Complications are mainly related to
anticoagulation, excessive fluid removal, temperature instability, dialysis membrane
reactions, and unintentional electrolyte and amino-acid losses.

3.2 Intermittent Hemodialysis

Intermittent HD (IHD) is especially useful for rapid removal of small-size molecules
such as in toxic ingestions, hyperammonemia and for electrolyte disturbances
(Benfield and Bunchman 2004; Brophy 2008; Walters et al. 2009; Bunchman and
Ferris 2011; Auron and Brophy 2012). Different dialysis fluid compositions allow
more or less efficient treatment of electrolyte abnormalities. IHD is also the modality
of choice for maintenance hemodialysis in ESRD. In comparison to CVVH (Brophy
2008; Walters et al. 2009; Murray and Liu 2011; Sutherland and Alexander 2012;
Golper et al. 2014), HD membranes have smaller pore size and are less permeable to
larger molecules which makes this therapy less efficient in removing larger and
protein-bound toxins. Low-flux membranes further have smaller pore size than high-
flux membranes. Membranes used are also not as permeable to water, and therefore
IHD does not require replacement fluid. To maximize efficiency of therapy in short
amount of time, IHD uses faster blood flow rates and higher dialysate flow rates.
IHD provides rapid removal of solutes, while desired fluid removal is performed in a
single session over a few hours, and therefore IHD can only be considered for
patients who are hemodynamically stable and can tolerate rapid solute and fluid
shifts. Anticoagulation is mainly systemic with heparin. A typical IHD would be
performed thrice weekly. Vascular access is provided via size-appropriate tunnelled
central line. Components of IHD prescription in children are weight and body
surface area based. A typical IHD prescription in an adolescent would include QB

300 mL/min, QD 600 mL/min, size-appropriate dialysis filter, and duration of 3 h

Understanding the Effects of Kidney Disease and Dialysis Treatment on. . . 213



Ta
b
le

1
E
xa
m
pl
es

of
ty
pi
ca
l
di
al
ys
is
pr
es
cr
ip
tio

n
pa
ra
m
et
er
s
fo
r
a
50

-k
g
ad
ol
es
ce
nt

In
te
rm

itt
en
t

he
m
od

ia
ly
si
s

(I
H
D
)

P
er
ito

ne
al
di
al
ys
is
(P
D
)

C
on

tin
uo

us
ve
no

-v
en
ou

s
he
m
ofi

ltr
at
io
n
(C
V
V
H
)

C
on

tin
uo

us
ve
no

-v
en
ou

s
he
m
od

ia
ly
si
s
(C
V
V
H
D
)

C
on

tin
uo

us
ve
no

-v
en
ou

s
he
m
od

ia
fi
ltr
at
io
n

(C
V
V
H
D
F
)

B
lo
od

fl
ow

,
Q
B
(m

L
/m

in
)

30
0

(�
1,
20

0a
)

20
0

20
0

20
0

D
ia
ly
sa
te
fl
ow

,
Q
D
(m

L
/m

in
)

60
0

�(
7–

)3
3b

N
ot

us
ed

17
(–
34

)
17

U
ltr
afi
ltr
at
io
n,

Q
U
F
(m

L
/m

in
)

<
11

c
(0
.7
–
)2

d
�1

7e
�5

e
�1

3e

D
ur
at
io
n
(h
)

pe
r
da
y

3
(3
�/

w
ee
k)

8(
–
24

)f
24

24
24

C
le
ar
an
ce

lim
iti
ng

fa
ct
or

Q
B

Q
D
(m

ai
nl
y
ac
hi
ev
ed

by
m
od

if
yi
ng

fi
ll
vo

lu
m
e)

Q
U
F

Q
D

Q
D
an
d
Q
U
F

N
um

be
rs
ca
n
va
ry

fo
r
a
gi
ve
n
pa
tie
nt

ac
co
rd
in
g
to

to
le
ra
bi
lit
y
an
d
cl
in
ic
al
in
di
ca
tio

n
a S
pl
an
ch
ni
c
bl
oo

d
fl
ow

(P
at
on

et
al
.1

98
5)

b
C
al
cu
la
te
d
as

di
al
ys
at
e
vo

lu
m
e/
dw

el
l
tim

e
(¼

2,
00

0
m
L
/6
0
m
in

fo
r
ei
gh

t
ov

er
ni
gh

t
cy
cl
es

at
1
h
in

au
to
m
at
ed

P
D
;
lo
w
er

in
co
nt
in
uo

us
am

bu
la
to
ry

P
D

w
ith

2,
50

0
m
L
/6

h
fo
r
fo
ur

m
an
ua
le
xc
ha
ng

es
as

gi
ve
n
in

br
ac
ke
ts
)

c C
or
re
sp
on

di
ng

to
�1

3
m
L
/k
g/
m
in

(G
ot
ta
et
al
.2

01
9b
)

d
A
ss
um

in
g
an

ul
tr
afi
ltr
at
io
n
vo

lu
m
e
of

1
L
ov

er
8
h
(e
ig
ht

ov
er
ni
gh

t
cy
cl
es

at
1
h)

in
au
to
m
at
ed

P
D
,
an
d
ov

er
24

h
in

co
nt
in
uo

us
am

bu
la
to
ry

P
D

(g
iv
en

in
br
ac
ke
ts
),
re
sp
ec
tiv

el
y

e U
ltr
afi
ltr
at
io
n
ra
te
(Q

U
F
)
us
ua
lly

gr
ea
te
r
th
an

or
eq
ua
lt
o
re
pl
ac
em

en
tfl

ui
d
(Q

rf
),
ra
te
pr
es
cr
ib
ed

as
cl
in
ic
al
ly

in
di
ca
te
d,
ex
am

pl
e
ra
te
s
ta
ke
n
fr
om

M
eh
ta
(1
99

9)
f 8

h
ov

er
ni
gh

t
in

au
to
m
at
ed

P
D
,2

4
h
in

co
nt
in
uo

us
am

bu
la
to
ry

P
D
(g
iv
en

in
br
ac
ke
ts
)

214 V. Gotta et al.



(typical values for 50 kg are summarized in Table 1). If IHD is planned to continue
chronically, native AV fistula is created for vascular access to avoid chronic use of
central lines and to decrease the risk of blood stream infection. IHD is most
commonly performed in-center, but with appropriate training it can be performed
by the patient and caregiver at home (home-HD) (Chua andWarady 2017; Rees et al.
2017). Common complications include hypotension due to rapid fluid removal from
intravascular space, bleeding due to systemic anticoagulation, and membrane
reactions. Dialysis disequilibrium syndrome is represented by neurologic symptoms
of varying severity due to cerebral edema as a result of rapid change in solute
concentration (rapid drop in serum osmolarity) in central nervous system (CNS)
(Zepeda-Orozco and Quigley 2012). This may occur in first HD treatment in a very
uremic patient and can be prevented by using mannitol and prescribing less efficient
dialysis for the first three treatments, with the aim to gradually reduce blood urea
nitrogen (BUN) (Benfield and Bunchman 2004; Brophy 2008; Walters et al. 2009).

3.3 Peritoneal Dialysis

PD is the preferred dialysis modality in children<5 years of age (Verrina et al. 2009)
as blood vessel anatomy in young children makes long-term vascular access difficult
and associated with a number of complications. PD requires insertion of the perito-
neal catheter into the peritoneal cavity between the parietal and visceral peritoneal
membranes. The barrier for solute and fluid transfer in PD is comprised of capillary
endothelium, endothelial basement membrane, and interstitium and mesothelium of
the peritoneal membrane. The peritoneal surface area approximately equals body
surface area (1.8 m2 for 70 kg weight and 172 height), or even the surface area of
glomerular capillaries (1.5–4.5 m2 for two kidneys of 150 g) (Paton et al. 1985).
Dialysis fluid is inserted into the peritoneal cavity and left to dwell for one to several
hours. During the dwell time solute and fluid removal occur by diffusion and
osmosis, respectively (Warady et al. 2004; Clarkson et al. 2010). Most types of
peritoneal dialysis fluid contain dextrose that creates an osmotic gradient for fluid
removal. PD efficiency is dependent on volume, duration, and frequency of dialysis
fluid exchanges (Warady et al. 2004; Clarkson et al. 2010; Bunchman and Ferris
2011). It can be performed in any child whose peritoneal cavity is intact and will
admit sufficient volume of peritoneal dialysis fluid (Benfield and Bunchman 2004;
Warady et al. 2004; Brophy 2008; Walters et al. 2009). A typical pediatric PD
prescription in an adolescent varies based on patient’s characteristics (i.e., size and
peritoneal membrane properties), but an example of continuous PD would be eight
overnight cycles, 1 h dwell time, fill volume 2,000 mL, last fill 1,000 mL, net UF
goal 1,000 mL/day, with therapy performed 7 days a week at home (Table 1). In
comparison to blood-based therapies (IHD and CVVH), PD is advantageous in
avoidance of vascular access and need for anticoagulation, and it can be used in
patients with hemodynamic instability as it provides gradual and continuous solute
and fluid removal. However, it is least efficient in rapid solute and toxin removal and
does not allow for dynamic adjustments in solute and fluid removal rates. It is
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therefore not a modality of choice where rapid corrections of fluid and solutes/toxins
removal are needed (Warady et al. 2004; Brophy 2008; Walters et al. 2009).
Complications (Brophy 2008; Clarkson et al. 2010) of PD include peritonitis,
which can alter membrane permeability, PD catheter exit-site infection, leak around
PD catheter, hydrothorax due to dialysis fluid leak into pleural space, and hypergly-
cemia due to dextrose absorption from the dialysis fluid.

4 Developing Personalized Dose Recommendations

4.1 General Considerations

Whether dose adjustment is required in a patient with kidney disease on dialysis
depends mainly on drug-specific factors, and also patient- and dialysis-treatment-
related factors need to be considered (Fig. 1).

Fig. 1 Illustration of drug-, patient- and dialysis-related factors influencing pharmacokinetics in
patients with acute or chronic kidney disease on continuous or intermittent dialysis. CKD chronic
kidney disease, AKI acute kidney injury, RRT renal replacement therapy by dialysis, HF
hemofiltration
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Drug-specific factors include physicochemical and pharmacokinetic character-
istics of the drug determining total clearance (CLtot), volume of distribution (VD) and
fraction unbound ( fu) in a patient with renal insufficiency (Fig. 1), and possibly
additional dialytic clearance (CLD, Fig. 2). Dose adjustment in CKD or AKI is
frequently needed if the drug is >30% renally excreted in the healthy reference
population (Center for Drug Evaluation and Research (CDER) 2010). It is frequently
not considered necessary for extra-renally excreted drugs, but significantly altered
nonrenal clearance has been reported in patients with CKD and AKI (Nolin et al.
2008; Matzke et al. 2016; Dao et al. 2017). For example, reduced nonrenal clearance
of vancomycin, imipenem, and meropenem has been reported in ESRD and AKI
compared to healthy patients, while nonrenal clearance was higher in AKI compared
to ESRD patients (Vilay et al. 2008). Prior dose adjustment and dose individualiza-
tion by therapeutic drug monitoring is especially important for drugs with a narrow
therapeutic range (e.g., oncology drugs and some psychotropic agents) and drugs
with well-defined pharmacokinetic-pharmacodynamic relationships (e.g., many anti-
infectives). It is less important for drugs whose dosing is best guided by clinical dose
titration or alternative treatment monitoring (e.g., blood pressure monitoring).

Fig. 2 Conceptual illustration of total drug clearance (CLtot) in a normal subject (left) and a patient
on intermittent hemodialysis (HD) (right). In a normal patient CLtot is the sum of nonrenal and renal
clearance (CLNR + CLR). The hemodialysis (HD) patient has two drug clearances: on- and
off-dialysis (CLon and CLoff). CLoff approximately equals nonrenal clearance of the hemodialysis
patient (CLNR,HD) assuming residual renal function to be negligible. Note that CLNR,HD may be
lower than in a patient with normal kidney function (CLNR,HD � CLNR). CLon is approximately the
sum of nonrenal (CLNR,HD) and dialysis clearance (CLD); convective clearance by ultrafiltration
(CLD,UF) is most frequently negligible but can be more important in patients on CRRT
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Patient-related factors that need to be considered include obviously state of
kidney disease and residual renal function (estimated or measured GFR), which is
usually assumed to be proportional to renal clearance (CLR). Like for any other
situation demographic characteristics (age and weight) and concomitant diseases,
including nutrition status, can also be associated with pharmacokinetic alterations.
Pharmacokinetics in acutely sick patients with AKI may be altered by multiorgan
dysfunction, fluid overload, or dehydration (altering non-renal clearance CLNR, VD,
fu). Concomitant diseases in CKD are likely to differ between pediatric and adult
patients with CKD with congenital diseases being the major cause for RRT com-
pared to diabetes in adults. Plasma protein binding can be altered by disease-related
changes in albumin (frequently low in CKD) and α-acid glycoprotein (frequently
elevated in CKD). Total plasma exposure may hence be altered without necessarily
altered free drug concentration. The blood-to-plasma concentration ratio of a drug
(Rbp) may be altered by anemia (measured as low hematocrit), which is relevant for
the prediction of plasma dialysis clearance from blood flow (see below), since only
unbound drug in the plasma is dialyzed (Matzke et al. 2011; Gotta et al. 2017).

Whether dialytic clearance (CLD) is significant (frequently defined as >30% of
drug dose eliminated by dialysis, or as CLD > 30% of total clearance (Atkinson and
Umans 2009)) depends on the modality of RRT, intensity of prescription (lowest
flow rate is clearance limiting, Table 1), and duration of therapy (Veltri et al. 2004;
Gotta et al. 2017). Figure 3 illustrates the relative amount of diffusive and convective
clearance for different RRT modalities discussed above.

All the above-mentioned factors are relevant for both adult and pediatric
patients with kidney disease. In the pediatric population however, the pharmacoki-
netics in the healthy reference population may be less well defined, and pediatric
particularities of dialysis prescription may need to be taken into account. Supple-
mental dose recommendations may hence need to be re-evaluated for pediatric
patients. For example, intensity of chronic hemodialysis appears to be weight-
dependent, and it has been shown to be the most intensified in pediatric and young
adult patients of 25–50 kg body weight (median dialysis dose in terms of spKt/Vurea:
1.71, with K: urea dialyzer clearance, t: treatment duration, V: distribution volume of
urea, sp.: single pool urea distribution model). Lowest dialysis dose delivery has
been observed in patients >100 kg (median spKt/Vurea: 1.35) (Gotta et al. 2018).
Also UF rates are higher in pediatric compared to adult hemodialysis patients
(Gotta et al. 2019b). Additionally, it needs to be considered that some dose
recommendations for patients undergoing RRT issued before 2000 are potentially
insufficient due to increased efficiency of RRT technology and prescription, espe-
cially with the introduction of high-flux filters (Mueller and Smoyer 2009; Matzke
et al. 2011).
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4.2 Principles of Dose Adjustment

4.2.1 Loading Dose
If the drug’s half-life is significantly increased in the patient with impaired kidney
function, a loading dose (DL) may be useful to quickly achieve therapeutic target
concentrations (Ctarget).

DL ¼ Ctarget ∙VD ð1aÞ
The estimate of the patient’s volume of distribution (VD) may be easily verified by

measuring pre-dose (Ctrough) and peak plasma concentration (Cmax) for a drug that
quickly distributes homogenously into body tissues (as demonstrated by
one-compartment distribution kinetics), when given as i.v. bolus:

VD ¼ D i:v:ð Þ= Cmax � Ctrough
� � ð1bÞ

Note that for drugs with multicompartmental distribution kinetics more plasma
samples in the elimination phase will be necessary to reliably estimate corresponding

Fig. 3 Comparison of total dialysis clearance (CLD ¼ CLconvection (light gray bars) + CLdiffusion

(dark gray bars)) and relative treatment duration (arrow lengths) for different renal replacement
therapies (for numbers: see Table 1). Dialyzability is determined by both CLD and treatment
duration. HD intermittent hemodialysis, PD peritoneal dialysis, CVVH continuous veno-venous
hemofiltration, CVVHD continuous veno-venous hemodialysis, CVVHDF continuous veno-venous
hemodiafiltration
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peripheral and central volumes of distribution. Also note that the apparent volume of
distribution (VD/F) estimated after extravascular administration can be altered by
changes in the bioavailability (F).

4.2.2 Maintenance Dose
Changes in the daily maintenance dose (DM,24h) in the absence of dialysis treatment
are mainly proposed with the goal to achieve equal daily area under the curve
(AUC24h,patient ¼ AUC24h,normal). The extra-renal elimination fraction in patients
with normal renal function (Q0) is frequently used to estimate the required dose
adjustment (Dettli 1976), assuming equal bioavailability and nonrenal clearance in
patients with and without impaired kidney function:

DM,24h ¼ Dnormal,24h ∙Q0ð Þ þ Dnormal,24h ∙ 1� Q0ð Þ ∙GFRpatient=GFRnormal
� � ð2Þ

with Dnormal,24h being the normal daily reference dose and GFRnormal the GFR of
patient with normal kidney function (in adults � 100–120 mL/min ¼ 6–7.2 L/h).

For some drugs it is important to achieve Ctrough within the therapeutic range
(e.g., vancomycin) or to achieve Cmax (e.g., aminoglycosides). For such drugs it may
be appropriate to alter also the normal dosing frequency of the drug in addition to the
total daily dose. Such optimal dosing regimens are usually derived from
pharmacometric modeling and simulation.

4.2.3 Supplemental Dose
To evaluate the need of a supplemental dose (Dsupplement), the amount of drug
removed (Aremoved) has to be measured directly or estimated from dialysis clearance
(CLD) and the fraction of drug removed by dialysis ( fel):

Dsupplement ¼ Aremoved ¼ Apre ∙ f el ð3aÞ
Apre ¼ Cpre ∙VD ð3bÞ
f el ¼ f tot, on ∙ f HD ð3cÞ

f tot, on ¼ 1� exp � CLD þ CLoffð Þ=VD ∙ timeð Þ ð3dÞ
f HD ¼ CLD= CLD þ CLoffð Þ ¼ CLD=CLtot,on ð3eÞ

with Apre being the amount of drug in the body before the start of dialysis, which can
be calculated from the pre-dialysis concentration Cpre and VD.

ftot,on is the total drug fraction lost from body during dialysis, fHD is the fraction of
elimination imputable to dialysis. CLD is not to be confounded with total drug
clearance during dialysis (CLtot,on ¼ CLD + CLoff, see Fig. 2) and fel not with
fraction of drug removed during dialysis ( ftot,on, frequently reported as “reduction
ratio” ¼ 1 � Cpost-HD/Cpre-HD). The reduction ratio can additionally be a misleading
indicator of drug removal during dialysis for drugs with multicompartmental distri-
bution kinetics, as indicated by a post-dialysis rebound in drug concentrations.
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4.3 Calculation, Prediction and Scaling of Dialysis Clearance

Guidance has been published to evaluate Aremoved and CLD for patients on CRRT,
IHD, and PD, and regulatory guidance is available for new chemical entities,
which mainly relates to IHD (see below: “further guidance”). Main aspects applying
to all three RRT modalities are summarized in the following. Aremoved and CLD are
best calculated using the “recovery method,” a gold-standard method that is also
used to determine renal clearance (Atkinson and Umans 2009). More mechanistic
approaches to predict or scale CLD can be used in a complementary manner, or when
the recovery method is not feasible. Guidance about optimal scaling of dialysis
clearance is limited; some potential useful approaches are discussed in the following.

4.3.1 Intermittent Hemodialysis
Calculation of Aremoved and CLD using the “recovery method” requires collection of
the total dialysate volume (Vdial) as well as measurement of the drug’s concentration
in the dialysate (Cdial):

Aremoved ¼ Cdial ∙Vdial ð4aÞ
Hemodialysis clearance (CLD,HD) can then be calculated from the area under the

curve of plasmatic concentrations during dialysis (AUC0-t) over the dialysis duration
(time t). Alternatively, the average plasma concentration (Cav) entering the dialyzer
over time may be used (Gotta et al. 2017):

CLD,HD ¼ Aremoved

AUC0-t
¼ Aremoved

Cav ∙ t
ð4bÞ

A limiting factor in praxis can be however that the Vdial is too large to be
collected, and that Cdial is that low that it cannot be well quantified by analytical
methods. In rare cases adsorption or metabolism at the dialysis membrane may
further lead to underestimation of CLD by this method (Shiraishi et al. 2012).

Alternatively, the “AV-difference method” can be applied to first estimate CLD

and then predict Aremoved. Therefore, one or several paired pre- and post-dialyzer
plasma concentration samples (Cpre-filter and Cpost-filter ¼ CArterial and CVenous) are
collected during dialysis to calculate the extraction ratio (ER) of the drug:

ER ¼ CA � CV

CA
¼ Cpre-filter � Cpost-filter

Cpre-filter
ð5aÞ

Since blood flow (QB) is slower than QD in chronic HD, QB becomes the limiting
factor for dialysis clearance (CLD,blood � QB). In most instances pharmacokinetic
parameters relate to plasma rather than whole blood, and hence the plasma flow
through the dialyzer (QP) needs to be predicted from the drug’s blood-to-plasma
concentration ratio (Rbp) (Atkinson and Susla 2012):
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QP ¼ QB ∙Rb:p ð5bÞ
CLD,HD ¼ QP ∙ER ð5cÞ

Assuming that the maximum ER that can be achieved equals the unbound fraction
( fu) of the drug (i.e., all unbound drug molecules are cleared during their passage
through the filter), Eq. (5c) simplifies to (Gotta et al. 2017):

Maximum CLD,HD ¼ QP ∙ f u ð5dÞ
Clearance rate for a small molecule like urea (Rbp ¼ 1) (Odeh et al. 1993) is

around 250–275 mL/min under a blood flow of 300–400 mL/min (resulting
ER ¼ 0.68–0.83) (Gotta et al. 2018).

One may assume that scaling of dialysis clearance calculated in adults
(QB � 400 mL/min) may be achieved by replacing QB by pediatric blood flow
rates (QB ranging from �70 to 350 mL/min in infants and adolescents (Gotta et al.
2018)) in Eq. (5c), when ER has been reported in adults. However, in this case it
needs to be considered that the ER is likely to be altered pediatric patients due to
several factors: (1) different surface area and associated mass-transfer area coeffi-
cient (KoA) for various solutes (KoA for urea in mL/min/kg tends to be higher in
lower weight patients), (2) frequent use of low-flux filters in children compared to
adolescents and adults, (3) higher dialysis to blood flow ratios prescribed (QD/
QB � 1.5 in adults versus a range of �4.7 to �2 in infants and adolescents (Gotta
et al. 2018)), which increases the concentration gradient between blood and dialysis
fluid, and hence the efficiency of dialysis.

Hence, a better scaling approach would be to account for those factors, using a
mechanistic equation derived for this purpose, developed for countercurrent flow
(Michaels 1966) (Fig. 4):

CLD, blood ¼ QB �
e zð Þ � 1

ez � QB
QD

� � , with z ¼ koA
QD

� 1� QB

QD

� �
ð6aÞ

This equation has been successfully used to scale dabigatran dialysis clearance
over a blood flow range of 200–400 mL/min in adults (Liesenfeld et al. 2013), after
the estimation of dabigatran filter KoA in vivo. Indeed, this equation could explain
why dialysis clearance only increases by 30% when increasing blood flow by 100%
(doubling from 200 to 400 mL/min).

Although KoA is assumed to be a constant, it can be filter-specific, lower in low-
versus high-flux filters, and increase in vivo with high dialysate to blood flow ratios,
as used in infants. For urea, the following correction equation allowed to obtain
nonbiased urea dialysis clearance prediction over a large age and weight range
(Gotta et al. 2019a):
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KoAc ¼ KoA ∙ f c,KoA ð6bÞ

f c,KoA ¼ 1 ∙
QD

QB
=1:5

� �0:625

∙ 0:883 if lowfluxð Þ ð6cÞ

where KoAc is the corrected KoA value, and fc,KoA is the in vivo correction factor.
Increasing blood flow in adults may further result in a sub-proportional increase

in dialysis clearance because actual blood flow does not increase linearly with the
prescribed flow. A correction equation has been proposed for this purpose (Depner
et al. 2004):

Q B;trueð Þ ¼ QB � 0:0122 �QB � QB � 200ð Þ=100ð Þ2:37, for QB > 200mL=min
Q B;trueð Þ ¼ QB, for QB � 200mL=min

ð7Þ

4.3.2 Peritoneal Dialysis
In line with Eqs. (4a) and (4b) also peritoneal dialysis clearance (CLPD) is best
calculated using the recovery method (Paton et al. 1985; Blowey 2004):

CLD,PD ¼ Aremoved

AUC0-t
¼ Cdial ∙VPD,drain

AUC0-t
¼ Cdial ∙VPD,drain

Cav,plasma ∙ t
ð8aÞ

where VPD,drain is the drain volume (sum of fill volume and ultrafiltrate), Cdial is the
drug concentration in the dialysate, Cav,plasma is the average drug plasma concentra-
tion, and t is the dwelling time. Small molecules like urea rapidly equilibrate (within
�120 min) (Madhukar and Ramesh 2018; Roychowdhury and Talpaz 2011) with
the dialysate (Cdial/Cplasma ! 1), and Eq. (8a) can then be approximated by

Fig. 4 Illustration of mechanistically derived nonlinear relationship between increase in blood flow
(QB) and dialysis clearance (CLD) (left), corresponding decline in the extraction ratio (ER ¼ CLD/
QB) (middle), and dependence of the ER on QD/QB ratio (right) (Michaels 1966). Simulations were
made using a mass-transfer area coefficient (KoA) of 560 mL/min
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CLCAPD � VPD,drain/t � QD,PD. The clearance rate of small molecules like urea is
�10 mL/min, and thus small compared to intermittent HD (Matzke et al. 2011). In
line with that, also drug peritoneal clearance for many hydrophilic antibiotics has
been reported mainly�10 mL/min in continuous ambulatory PD (Paton et al. 1985).
However, the fraction of dose eliminated can still be significant for hydrophilic drugs
poorly bound to plasma proteins like amikacin ( fel ¼ 50%) (Keller et al. 1990). It
should also be considered that patients on PD may have more frequently residual
renal function than patients on intermittent HD, and that dialysate instilled into the
peritoneal cavity can be a significant part of total VD of a drug.

In the absence of pharmacokinetic data and assuming that CLD in peritoneal
dialysis is limited by the dialysate outflow rate (QD,PD ¼ VPD,drain/time << splanch-
nic blood flow) and that all unbound drug is eliminated ( ftot,on � fu), the fraction of
dose eliminated by peritoneal dialysis can be approximated by (Keller et al. 1990):

f el � QD,PD= QD,PD þ CLoff
� �

∙ f u ð8bÞ
This equation has been shown for example to yield good predictions of fel for

amikacin (hydrophilic molecule distributing mainly into extracellular body water
with VD of�0.28 L/kg, and low protein binding with fu � 0.9). For larger molecules
like vancomycin (MW ¼ 1,448 g/mol) however, dwell time may be insufficient to
reach equilibrium during a dwell period, leading to overestimation of fel by Eq. (8b)
(Keller et al. 1990).

4.3.3 Continuous Renal Replacement Therapies (CRRT)
As illustrated in Fig. 2, diffusive clearance during CRRT is lower than in intermittent
HD, while convective clearance can be increased due to higher ultrafiltration, which
is compensated by adding replacement fluid before or after the filter. As for HD
(Eqs. 4a and 4b), the “recovery method” is also used as gold standard for all CRRT
techniques for clearance calculation (Atkinson and Susla 2012):

CLD,CRRT ¼ Ceffluent ∙V effluent

AUC0-t
¼ Ceffluent ∙V effluent

Cav,plasma ∙ t
ð9aÞ

where Ceffluent is the drug concentration in the dialysate (¼CDial) in CVVHD, the
drug concentration in the ultrafiltrate (¼CUF) in CVVHF, or the concentration in the
effluent containing both dialysate and ultrafiltrate in CVVHDF (Mueller and Golper
2019). Veffluent is the volume of effluent collected (dialysate, ultrafiltrate, or both)
over a given time interval (time t).

Assuming that the ratio of Ceffluent to Cplasma is constant throughout the treatment,
and given that the ratio of Veffluent/t equals the effluent rate Qeffluent (¼QD in
CVVHD, ¼QUF in CVVHF, and ¼QD + QUF in CVVHDF, respectively), a simple
estimate of dialysis clearance can be obtained by (Veltri et al. 2004):
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CLD,CRRT ¼ Qeffluent ∙
Ceffluent

Cplasma
¼ Qeffluent ∙

Ceffluent

CA � CVð Þ=2 � Qeffluent ∙ f u ð9bÞ

Note that in CVVHD, CLD is limited by QD – in contrast to QB in chronic
HD. While the ratio Ceffluent/Cplasma is called dialysate saturation coefficient (SD)
in CVVHD and CVVHDF, the ratio CUF/Cplasma is called sieving coefficient (SC) in
CVVH (Atkinson and Susla 2012; Mueller and Golper 2019). SD in fact depends on
the QB/QD ratio, and hence CLD,CRRT will not increase linearly with increasing QD,
especially for larger molecules. At slow dialysate flow rates SD will be close to SC as
there is enough time for equilibration. CLD in CVVHDF may be lower than the sum
of convective and diffusive clearance obtained under equivalent CVVH and
CVVHD prescriptions, since convection can decrease the concentration gradient
driving diffusion (Mueller and Golper 2019). The SC in CVVH frequently equals
fu of a drug (Blowey 2004; Pea et al. 2007). Care has to be taken, when fu is
significantly altered in a patient, or when drug adsorption to the hemofilter occurs.

In contrast to HD, replacement fluid is given in CVVH and CVVHDF, which can
be added before or after the filter (pre- or postdilution mode). For the postdilution
mode (Pea et al. 2007) Eq. (9b) applies (simplified presentation):

CLD postdilutionð Þ ¼ Qeffluent ∙SC ð9cÞ
In the predilution model, plasma is diluted by the substitution fluid before

entering the filter, and drug clearance will hence be lower, which can be expressed
as a dilution factor (DF) (Pea et al. 2007):

CLD predilutionð Þ ¼ Qeffluent � SC � DF
DF ¼ QB= QB þ QUFð Þ ð9dÞ

QB should be further corrected for red blood cell distribution (see Eq. 5b) to obtain an
estimate of plasmatic DF (Mueller and Golper 2019).

4.4 Further Guidance and Role of Pharmacometric Modeling
and Simulation

Besides regulatory guidance (Center for Drug Evaluation and Research (CDER)
2010; Committee for Medicinal Products for Human use (CHMP) 2015), clinically
oriented recommendations are available for pharmacokinetic assessment, dose indi-
vidualization strategies, and transparent reporting of pharmacokinetics in patients on
dialysis due to poisoning and chronic or acute renal failure (Matzke et al. 2011;
Lavergne et al. 2014; Nolin et al. 2015; Gotta et al. 2017). Key parameters to be
determined include CLD, CLoff, or CLNR and VD in the dialysis patient (Fig. 1), and it
can be advised to measure fu to re-evaluate total target concentrations.

In combination with pharmacokinetic calculations cited above, pharmacometric
modeling and simulation is recognized as a useful tool to develop optimal and
personalized dose recommendations for patients with kidney disease (Zhang et al.
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2014; Rodieux et al. 2015; Gotta et al. 2017). Many drug labels have been enhanced
by such pharmacometric approaches, as, e.g., demonstrated for saxagliptin (Zhang
et al. 2012). Depending on the study and sampling design, such methods allow for
example: estimation or integration of multicompartmental distribution kinetics,
which is important to account for a potential rebound in drug concentration after
IHD; estimation or integration of changes in the apparent volume of distribution;
incorporation of relevant literature or in vitro data; and inter- or extrapolation of
pharmacokinetics to new patient populations, such as patients of different age,
weight, and kidney function (Zhang et al. 2012) or on different dialysis prescription
(Liesenfeld et al. 2013).
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Abstract
Clinicians are increasingly faced with challenges regarding the pharmacological
treatment of obese pediatric patients. To provide guidance for these treatments, a
better understanding of the impact of obesity on pharmacological processes in
children is needed. Results on pharmacological studies in adults show however
ambiguous patterns regarding the impact of obesity on ADME processes or on
drug pharmacodynamics. Additionally, based on the limited research performed
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in obese pediatric patients, it becomes clear that findings from obese adults cannot
be expected to always translate directly to similar findings in obese children. To
improve knowledge on drug pharmacology in obese pediatric patients, studies
should focus on quantifying the impact of maturation, obesity, and other relevant
variables on primary pharmacological parameters and on disentangling systemic
(renal and/or hepatic) and presystemic (gut and/or first-pass hepatic) clearance.
For this, data is required from well-designed clinical trials that include patients
with not only a wide range in age but also a range in excess body weight, upon
oral and intravenous dosing. Population modelling approaches are ideally suit-
able for this purpose and can also be used to link the pharmacokinetics to
pharmacodynamics and to derive drug dosing regimens. Generalizability of
research findings can be achieved by including mechanistic aspects in the data
analysis, for instance, using either extrapolation approaches in population
modelling or by applying physiologically based modelling principles. It is imper-
ative that more and smarter studies are performed in obese pediatric patients to
provide safe and effective treatment for this special patient population.

Keywords
ADME · Obesity · Pediatrics · Pharmacodynamics · Pharmacokinetics ·
Physiologically based modelling · Population modelling

1 Introduction

Around the world, the body weight of both adult and pediatric populations is
generally increasing (Abarca-Gómez et al. 2017), and as a result, clinicians are
increasingly faced with pharmacological treatment challenges for overweight and
obese patients. In children, a global definition of overweight or obesity is lacking,
but most definitions are based on a comparison of body mass index (BMI; the ratio of
body weight in kg and the square of the length in m) to age- and sex-specific values,
although there is evidence that using BMI to define obesity may lead to
underestimation of the problem (Reilly et al. 2018). The CDC, for instance, defines
overweight and obesity in children and adolescents as BMI above the 85th or 95th
percentile of age- and sex-specific values in their growth charts, respectively. In
2013 an extensive survey found 23.8% of boys and 22.6% of girls to be either
overweight or obese in developed countries, while in developing countries these
numbers were 12.9% and 13.4%, respectively (Ng et al. 2014).

Obesity leads to physiological changes to the extent that the American Medical
Association has officially classified obesity as a disease in 2013. Both adipose tissue
and lean body weight are increased in obesity, with the ratio of fat and lean body
mass being higher than in non-obese individuals. It is now also widely believed that
both obese adult and obese pediatric patients are in a chronic state of low-grade
inflammation (Wellen and Hotamisligil 2003; Rainone et al. 2016), which may
impact the expression of metabolic enzymes, drug transporters, and plasma proteins
(Ulvestad et al. 2013; Blouin et al. 1987). These and other changes may impact
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processes underlying the pharmacokinetics and pharmacodynamics of drugs,
resulting in increased variability in drug pharmacology. The impact of these changes
needs to be understood, to be able to provide guidance on safe and effective drug
dosing in obese (pediatric) patients.

This paper provides an overview of current knowledge on the impact of over-
weight and obesity on the pharmacokinetics and pharmacodynamics of drugs.
Specific focus is on pediatric patients; however, as the amount of information in
this special population is very limited, findings in the adult population are also
reviewed to assess whether generalizations from this population can be derived.
Subsequently, guidance will be provided on how to perform future studies on drug
pharmacology in obese children.

2 Drug Pharmacology in Obese Adults

Drug exposure is dependent on processes related to absorption, distribution, metab-
olism, and excretion (ADME), which together results in pharmacokinetic profiles of
drugs. The impact of obesity on ADME processes of different drugs has to a certain
extent been studied in adults. However, findings from studies on different drugs,
even when metabolized by the same pathway, are sometimes counterintuitive or
may appear contradictory, making it difficult to derive generalizable dosing
recommendations, even for adults.

Drug responses are dependent on both pharmacokinetics and pharmacodynamics,
meaning that both drug exposure and the exposure-response relationships will result
in desired and undesired drug effects. A small number of adult studies have shown
that not just drug pharmacokinetics, but also drug pharmacodynamics may be altered
with obesity.

2.1 Absorption in Obese Adults

The most common route for drug administration is oral. Factors that may impact the
absorption rate and/or the bioavailability of orally administered drugs in obese
patients include an increase in gastric emptying and intestinal motility (Xing and
Chen 2004; Cardoso-Júnior et al. 2007), increased permeability of the gut due to loss
of tight junction function and resulting increases in paracellular transport, which was
observed both in adults and in children (Rainone et al. 2016; Teixeira et al. 2012),
decreased expression of CYP enzymes in the gut and liver, which was found to
increase with BMI in adults (Ulvestad et al. 2013), and increased splanchnic blood
flow, which may carry drugs away faster from the metabolic enzymes in the gut wall
(Alexander et al. 1962–1963).

Interestingly, for trazodone (Greenblatt et al. 1987), cyclosporine (Flechner
et al. 1989), dexfenfluramine (Cheymol et al. 1995), and moxifloxacin (Kees et al.
2011), obesity was found to not impact bioavailability, despite the aforementioned
physiological changes in obese patients. For propranolol a trend toward higher
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bioavailability in obese patients compared to non-obese patients was found, based on
similar systemic clearance values in both groups upon intravenous dosing but
smaller oral apparent clearance values in the obese upon oral dosing (Bowman
et al. 1986). Similar trends in oral apparent clearance have been observed for
alprazolam and triazolam, which for triazolam even reached statistical significance
(Abernethy et al. 1984). However, in the absence of data upon intravenous dosing, it
cannot be established whether these differences indeed arise from differences in
bioavailability, from differences in clearance, or a combination of both. The same
limitation applies to a study on vortioxetine, in which based on similar areas under
the concentration-time curve (AUC) and steady-state concentrations (Greenblatt
et al. 2018a), the bioavailability for vortioxetine can be assumed to be similar
between obese and non-obese patients, while another possible explanation for the
presented observations is that bioavailability and clearance change with similar
magnitudes. For midazolam, one study did not find a difference in the bioavailability
between obese and non-obese patients (Greenblatt et al. 1984), while a later study
did find an increased bioavailability for midazolam in morbidly obese patients (Brill
et al. 2014a). These differences in findings can potentially be attributed to
differences in study design and data analysis, but another possible explanation
could be that the latter study included patients with much higher body weights,
which could imply that differences in bioavailability for midazolam only become
apparent with extreme obesity, which may or may not also be linked to the duration a
patient has been obese.

For midazolam, the absorption rate was found to be reduced in obese patients
(Brill et al. 2014a). Studies using time to maximum concentration (Tmax) as a proxy
for absorption rate suggest decreases in absorption rate of paracetamol (Lee et al.
1981) and levothyroxine (Michalaki et al. 2011) and unaltered absorption rate values
for morphine (Lloret-Linares et al. 2014). It should, however, be noted that Tmax is
impacted by parameters other than absorption rate and can therefore not be regarded
as a pure proxy of absorption rate.

2.2 Distribution Volume in Obese Adults

Drug distribution is impacted by system-specific as well as drug-specific properties.
With respect to system-specific changes in obesity, increases in the physical size of
the body will increase blood and tissue volumes, additionally cardiac output and
tissue perfusion might change (Alexander et al. 1962–1963; Lemmens et al. 2006),
and all may be expected to impact drug distribution rates and distribution volume.
Moreover, lipophilicity, a drug-specific property, may theoretically lead to increased
partitioning into fat tissue, thereby increasing distribution volume for these drugs in
the obese. However, specific and non-specific drug binding to blood or tissue
constituents, the presence of blood constituents competing for plasma protein bind-
ing, as well as the presence of drug transporter proteins on tissue membranes may
either further increase or decrease tissue partitioning and as a result lipophilicity is
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generally not a good predictor of distribution volume (Jain et al. 2011; Knibbe et al.
2015).

For drugs that are hydrophilic or only weakly or moderately lipophilic,
partitioning into fat tissue is generally limited. It seems obesity mostly leads to at
best moderate increases in distribution volume, as was seen for methylxanthines,
aminoglycosides, beta-blockers, ibuprofen, phenazone, certain benzodiazepines,
ranitidine, and heparin (Morgan and Bray 1994; Davis et al. 1990; Cheymol et al.
1997; Smit et al. 2019). For the hydrophilic drug vancomycin, however, both
moderate and large increases in distribution volume values have been reported in
the obese (Adane et al. 2015; Blouin et al. 1982).

Due to the impact of aforementioned mechanisms that may impact drug
partitioning into fat, the expected increase in distribution volume of lipophilic
compounds in the obese is in fact found to be highly variable. For posaconazole
(Greenblatt et al. 2018b), lipophilic benzodiazepines such as midazolam (Brill et al.
2014a), thiopental sodium, phenytoin, verapamil, and lidocaine (Morgan and Bray
1994), distribution volume was found to be greatly increased in the obese, while the
distribution volume for propofol, digoxin, cyclosporine, and prednisolone was found
to remain constant in the obese (Morgan and Bray 1994; van Kralingen et al. 2011a;
Abernethy et al. 1981).

By reducing the unbound drug fraction, plasma protein binding may limit the
distribution of drugs into peripheral tissue, as only unbound drug is believed to be
able to diffuse into tissue. Results regarding potential changes in concentrations of
serum albumin and α1-acid glycoprotein in the obese are contradictory but generally
indicated only relatively small changes (Benedek et al. 1983; Cheymol et al. 1987;
Pai et al. 2007). Increases in triglycerides that may compete with drugs for plasma
protein binding (Benedek et al. 1983) may increase the unbound fraction of some
drugs. A decrease in unbound drug fraction has been reported for propranolol, while
unbound fractions of phenytoin, alprazolam, cefazolin, daptomycin, and various
benzodiazepines have been reported to remain unchanged (Abernethy et al. 1984;
Greenblatt et al. 1984; Benedek et al. 1983; Cheymol et al. 1987; Pai et al. 2007;
Brill et al. 2014b). It should be noted that decreased unbound drug fractions will
proportionally reduce the total clearance of drugs with a low or intermediate
extraction ratio, which result in unaltered unbound drug concentrations in the obese.

In addition to changes in distribution volume, it also has to be kept in mind that
tissue penetration of drugs may be reduced in obese patients. For cefazolin, subcu-
taneous tissue concentrations were found to be considerably reduced in obese
patients, while systemic exposure to this drug was similar to values in non-obese
patients. Such reduced local exposure may reduce the apparent efficacy of prophy-
lactic treatments of postoperative wound infections with this antibiotic (Brill et al.
2014b).

2.3 Metabolism in Obese Adults

Drug metabolism mainly occurs in the liver. Due to abnormal fat disposition and the
low-grade chronic inflammation, nonalcoholic fatty liver disease, ranging from
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steatosis to nonalcoholic steatohepatitis (NASH), is common in obese individuals
(Harnois et al. 2006; Machado et al. 2006). Potential other changes including
changes in plasma protein binding, liver blood flow and perfusion, expression of
transporters on hepatocytes, and metabolic enzymes in the hepatocytes may all
further impact hepatic metabolic drug clearance. How these changes impact the
hepatic metabolism of drugs depends to a large extent on the extraction ratio.

For drugs with a low or intermediate extraction ratio, plasma protein binding may
be a limiting factor for hepatic metabolism; however, generally no large changes in
protein binding are observed in obesity (Benedek et al. 1983; Cheymol et al. 1987;
Pai et al. 2007) as mentioned before. For these drugs, the intrinsic clearance, which is
impacted by the expression and activity of metabolic enzymes, is likely the most
limiting factor for hepatic metabolism in the obese. Generally, clearance of CYP3A4
substrates is reduced with obesity, although statistical significance of findings is not
always reached in trials (Brill et al. 2012). This trend is in line with observations of
reduced CYP3A4 activity in adult and pediatric patients with nonalcoholic fatty liver
disease or inflammation (Woolsey et al. 2015; Kolwankar et al. 2007; Brussee et al.
2018). For caffeine and theophylline, both substrates for CYP1A2, no changes
in clearance were observed with obesity (Caraco et al. 1995; Jusko et al. 1979),
although for the latter a trend toward increased clearance was observed after
correcting for confounding factors. The clearance of substrates for other CYP
enzymes, including CYP2C9, CYP2C19, CYP2D6, and CYP2E1, also appears to
be increased to various extents in obese patients (Brill et al. 2012; Emery et al. 2003;
van Rongen et al. 2016), although especially for CYP2C19 and CYP2D6 the impact
of polymorphisms on inter-individual differences in clearance seems to be more
pronounced than the impact of obesity.

Remarkably, a drug-drug interaction study seems to suggest that compared to
non-obese patients, the relative impact of CYP3A inhibition by posaconazole on
oral exposure to lurasidone is less pronounced in obese, but that the effect of the
inhibition does persist longer (Greenblatt et al. 2018b). It has to be mentioned
however that at least 66% of this difference was reported to be attributable to the
reduced oral exposure to posaconazole in obese patients in combination with a
prolonged washout of this drug in the obese. The authors attribute the difference
in the exposure of posaconazole, which is mainly metabolized by UGT enzymes,
to increased clearance and distribution volume in the obese. In addition to
posaconazole, the glucuronidation of paracetamol, lorazepam, oxazepam, and
garenoxacin has been reported to be increased with obesity (van Rongen et al.
2016; Abernethy et al. 1982, 1983; Van Wart et al. 2004), although the finding for
garenoxacin may have been confounded by an underestimation of creatinine clear-
ance in the obese. Interestingly, UGT2B15 has been shown to be present in adipose
tissue, which has been proposed to cause the reduced plasma levels for testosterone
in obese men (Tchernof et al. 1999); it is however unknown whether this is also
responsible for increased glucuronidation of drug substrates in obese patients.

For drugs with a high extraction ratio, hepatic blood flow and perfusion are the
main rate limiting factors for hepatic metabolism. Fatty liver disease has been
suggested to reduce sinusoidal perfusion (Farrell et al. 2008), which could reduce

236 E. H. J. Krekels and C. A. J. Knibbe



hepatic clearance, while an increased cardiac output in obese patients might overall
direct more blood to the liver, which could increase hepatic clearance for drug with a
high extraction ratio. For propofol, clearance was consistently found to be increased
in obese adults (van Kralingen et al. 2011a; Dong et al. 2016; Diepstraten et al. 2013;
Cortínez et al. 2010). Findings for sufentanil and paclitaxel also indicate a trend
toward increased clearance in obese patients (Schwartz et al. 1991; Sparreboom et al.
2007). A tendency toward increased hepatic blood flow in obese patients is further
supported by findings for midazolam and fentanyl, which are mainly metabolized by
CYP3A4 metabolism and have an intermediate to high extraction ratio. Clearance
for these drugs has been reported to be the same or even increased in obese versus
non-obese individuals (Greenblatt et al. 1984; Brill et al. 2014a; Shibutani et al.
2004), which could be interpreted as that reduced CYP3A4 activity in obese
individuals is compensated by increases in hepatic blood flow and perfusion.
Findings for the clearance of morphine do however not fit this narrative. Morphine
is mainly cleared through glucuronidation and has an intermediate to high extraction
ratio; both factors are believed to yield increased clearance with obesity, yet in a
clinical study the clearance of morphine in obese patients was found to be similar to
the clearance in non-obese patients (de Hoogd et al. 2017); this could suggest a role
for obesity-related changes in transporter expression or activity.

Influx or efflux transporters on hepatocytes may, respectively, increase or
decrease the presentation of drugs to metabolic enzymes in the hepatocytes and
can thereby impact hepatic metabolic clearance. The impact of hepatic drug
transporters on drug clearance has hitherto remained largely understudied in most
patient populations. Rodent studies do suggest that expression or functionality of
hepatic transporters may be changed in models for NASH (Dzierlenga et al. 2015;
Fisher et al. 2009). Human studies also found expression of transporters in obese
patients to be altered, even to the extent that it can in some cases impact drug
clearance (Ulvestad et al. 2013). The directionality of these transporters and the
differences in their increased or decreased expression and functionality may result in
enhanced or reduced hepatic metabolic clearance for various drugs in obese patients.

2.4 Excretion Clearance in Obese Adults

The kidneys are the primary drug excretion organs. As for the liver, kidney blood
flow and perfusion may be altered in obesity, and as only unbound drug can be
filtered in the glomeruli, potential changes in plasma protein binding can also impact
excretion clearance of drugs. The biggest impact of altered excretion clearance in the
obese and overweight is, however, likely the result of reported increases in glomer-
ular filtration rate (GFR), which is believed to result from changed kidney function
(Ribstein et al. 1995; Chagnac et al. 2008; Park et al. 2012). This may explain the
increases in renal clearance observed in obese patient for drugs that are exclusively
renally cleared including vancomycin, gentamycin, amikacin, and tobramycin
(Adane et al. 2015; Blouin et al. 1982; Brill et al. 2012; Bauer et al. 1983, 1998).
Interestingly, the excretion of morphine metabolites was found to be decreased in
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obese patients (de Hoogd et al. 2017). Although in animals these metabolites were
found to be mainly excreted by the kidneys, one possible explanation provided by
the authors is that in humans biliary excretion of morphine metabolites might be
more relevant than renal excretion.

In addition to GFR, active tubular secretion facilitated by drug transporters is also
believed to be increased in obese patients, which may further add to the increased
renal excretion of drugs like oseltamivir and its active metabolite, procainamide,
ciprofloxacin, and cisplatin in the obese (Sparreboom et al. 2007; Chairat et al. 2016;
Christoff et al. 1983; Allard et al. 1993). Recently a more prominent role for obesity-
related induction of OCT2 has been suggested to play a role in the increase in
metformin clearance (van Rongen et al. 2018a) and gentamicin clearance (Smit et al.
2019), but not tobramycin clearance (Smit et al. 2019).

Less is known about tubular reabsorption of drugs in the obese. One study, for
instance, found the clearance of lithium to be increased with obesity, which was
attributed to impaired reuptake (Reiss et al. 1994). Another study, however, found
the excretion of lithium to be reduced in those obese with an increased filtration
fraction, as this increased filtration fraction increases the oncotic pressure, which in
turn increases reabsorption (Chagnac et al. 2008).

2.5 Pharmacodynamics in Obese Adults

For a limited number of drugs, differences in pharmacodynamics between obese and
non-obese patients have been studied. A recent Chinese study, for instance, found
for propofol that the EC50 (i.e., the concentration at which half the maximum effect
is obtained) was reduced in morbidly obese patients compared to non-obese controls.
Such an increase in drug potency suggests that a similar effect can be obtained at
lower plasma concentrations (Dong et al. 2016). A previous study performed in
Europe did, however, not find differences in the efficacy or potency of propofol
between morbidly obese and non-obese patients (van Kralingen et al. 2011a).

For atracurium, a study reported no differences in the distribution volume and
clearance between obese and non-obese patients. As atracurium in this study was
dosed based on body weight, the concentrations in obese patients were systemati-
cally higher than in non-obese patients, yet no difference was observed in the time of
recovery from neuromuscular blockade, from which the authors concluded that the
efficacy of this drug may be reduced in obese patients (Varin et al. 1990). Another
study found, however, that when atracurium is dosed based on ideal body weight,
predictable efficacy profiles in terms of train-of-four (TOF) ratios, intubation
conditions, and need for antagonism with neostigmine can be expected between
individual morbidly obese patients (van Kralingen et al. 2011b). Unfortunately
plasma concentrations were not obtained, but it is expected that dosing based on
ideal body weight in the morbidly obese yields similar exposure than non-obese
patients, which would suggest that there are in fact no differences in efficacy
between these populations. From these studies it can therefore not be concluded if
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there truly is a difference in the relationship between concentration and effect of
atracurium for obese and non-obese adults.

Reduced insulin sensitivity and type 2 diabetes are commonly encountered in
obese patients, which is likely the result of the low-grade chronic inflammation in
these patients. The reduced insulin sensitivity will also impact the sensitivity to
exogenous insulin used in the pharmacological treatment of these patients.

For infectious diseases it is often believed that similar target exposures between
patient subpopulations will yield similar efficacy, as the microorganisms that a drug
is treating do generally not differ between these populations. However, as the
immune response and immune cell differentiation and activity are dysregulated in
obesity, anti-infective drugs may appear to be less effective in the obese as the hosts’
immune system is less efficient in clearing an infection (Huttunen and Syrjänen
2013). Similarly, the efficacy of other treatments that are based on interactions with
the hosts’ immune response may be expected to be altered in obesity. In this respect
immunogenicity in obese patients has been shown to be increased for the flu vaccine,
while for hepatitis B no difference in the immune response between obese and
non-obese patients has been observed (Xiong et al. 2017).

Reduced tissue penetration of antimicrobial drugs in obese patients, which has,
for instance, been shown for cefazolin as mentioned before (Brill et al. 2014b), will
cause a shift toward reduced efficacy when assessing the relationships between
systemic drug exposure (e.g., blood concentrations) and observed efficacy. Although
this presents itself as an apparent difference in drug pharmacodynamics, this should
not be interpreted as such, because the underlying mechanism that is driving the
observed differences is drug distribution to the site of action, which is a pharmaco-
kinetics process.

3 Drug Pharmacology in Obese Pediatric Patients

Table 1 provides an overview of the changes in drug pharmacological parameters
associated with obesity in the adult population, for the various drugs discussed
above. In obese adults, multiple physiological changes occur, including increase in
body size and volume of fat tissue and increase in cardiac output and altered organ
perfusion; altered enzyme and transporter expression and functionality, intestinal,
hepatic, and renal dysfunction; and altered plasma protein binding. The dynamics of
these changes may differ depending on the underlying mechanism, and the impact of
each change on the pharmacokinetics and/or pharmacodynamics of a drug may in
some cases depend on drug properties. Additionally, some of the changes may have
opposing effects on pharmacological parameters.

In children, growth and maturation are additional dynamic factors that may
impact the pharmacokinetics and/or pharmacodynamics of drug. In obese children
these changes occur in conjunction with the physiological changes induced by
obesity. Moreover, the off-label and/or unlicensed use of drugs in the pediatric
population is still relatively high, and as a result optimized drug dosing
recommendations may not be available for a large number of drugs even in
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non-obese pediatric patients. For those drugs for which dedicated pediatric studies
have been performed, body weight is often found as a predictive descriptor of the
impact of changes in both body size and maturation on pharmacokinetic parameters.
Whether the pediatric dosing recommendations based on body weight that are
derived from such studies should be maintained in obese pediatric patients is
essential to know in order to develop rational dosing guidelines for the growing
number of obese pediatric patients, because inconsistent dosing strategies are cur-
rently being adopted in clinical practice for these patients (Gade et al. 2018).

Unfortunately, the number of studies that assess the relationship between size or
age descriptors and pharmacological parameters in obese pediatric patients is much
more limited than in adults. In this case it may be tempting to extrapolate findings
from obese adult populations to children. However, also for this, findings between
different drugs and between obese adults and obese children are sometimes coun-
terintuitive or may appear contradictory, making it difficult to derived generalizable
dosing recommendations or approaches for extrapolations of findings between adults
and children.

3.1 Similarities and Differences in Drug Clearance Between
Obese Adults and Children

As drug clearance is the main driver of drug exposure at steady state and therefore of
required maintenance doses, we focus on this parameter in this section.

When analyzing the pharmacokinetics of propofol in obese and non-obese adults,
adolescents, and children simultaneously, a relationship was found between total
body weight and clearance, with decreased values in young adults, adolescents, and
children (Diepstraten et al. 2013). In this case obese adolescents with the same body
weight as obese adults had lower clearance values than these adults, but their
clearance values could be higher than those of non-obese adults with lower body
weights.

For busulfan, the covariate relationship that defined the impact of maturation on
clearance in non-obese individuals across a wide pediatric age range was based on
body weight. It was found that this weight-based relationship could also be used to
define clearance in obese pediatric individuals (Bartelink et al. 2012). This means
that for two children of the same age, total clearance will be higher in the obese child
compared to the non-obese child and, alternatively, that total clearance is the same in
an obese child, compared to a non-obese child of the same weight (that is inevitably
older than the obese child). Others have found that busulfan clearance per kilogram
body weight is lower in children with a BMI higher than the 85th percentile of their
age, compared to children with a lower BMI (Browning et al. 2011). Although
the results of these studies cannot be directly compared due to the different
parameterizations of the impact of weight and age on clearance, the results could
point in the same direction. This is because to obtain total clearance, the clearance
per kilogram is multiplied by more kilograms in obese children compared to
non-obese children. It cannot, however, be excluded that in terms of total values,
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there are differences between obese and non-obese children for the clearance of
busulfan. In adults it has, for instance, also been observed that for busulfan, the
apparent oral clearance per kilogram body weight is lower in obese and even lower
in morbidly obese patients compared to non-obese and underweight patients, while
in terms of total apparent oral clearance values, this translated into elevated values in
obese adults and even further elevated values in morbidly obese adults (Gibbs et al.
1999). For absolute clearance values obtained upon intravenous administration of
busulfan in adults, values expressed per kilogram were also found to decrease with
severity of obesity, but it was not reported how this translated into total absolute
clearance values (Nguyen et al. 2006).

Findings on the pharmacokinetics of metformin in overweight and obese
adolescents were in line with the findings above for propofol and busulfan, in that
clearance increases with increasing age, which was parameterized in this study as
weight-for-age-and-length (van Rongen et al. 2018a). On top of this first function, a
second function was identified describing the linear increase in metformin clearance
with excess body weight in this adolescent population (van Rongen et al. 2018a),
which is also in line with findings for propofol and busulfan. Compared to values
reported in literature, the clearance values in the obese adolescents were found to be
comparable to values in non-obese adults and showed a tendency to be lower
compared to clearance in obese adults. Most interestingly, however, a study on
metformin in obese adults showed that lean body weight was the best size descriptor
for inter-individual differences in clearance (Bardin et al. 2012), which suggest a
much more limited impact of excess body weight on the clearance of metformin in
the obese adult population, compared to the obese adolescent population.

Correlations between a reduced metabolic clearance by CYP3A isoenzymes and
both decreasing age in children and increasing inflammation and organ failure have
been reported (Woolsey et al. 2015; Kolwankar et al. 2007; Brussee et al. 2018). In
adults, obesity was found to generally reduce the apparent oral clearance of CYP3A
substrates (Brill et al. 2012), while studies in morbidly obese adults with midazolam,
which is predominantly metabolized by CYP3A, showed systemic clearance not to
be impacted by obesity, potentially due to compensations by increasing blood flow
(Brill et al. 2014a). Interestingly, and quite unexpectedly, a dedicated pharmacoki-
netic study for midazolam in overweight and obese adolescents showed the systemic
clearance in these adolescents to be substantially higher than the systemic clearance
in the morbidly obese adults (van Rongen et al. 2018b). In fact, the clearance values
in the obese adolescents were more in line with clearance values obtained in the
same morbidly obese patients described above, 1 year after bariatric surgery and
after considerable weight loss (Brill et al. 2015). The clearance values of obese
adults after weight loss were found to be higher than their clearance values before
weight loss surgery. Potentially these findings can be explained by recovery of
CYP3A activity in the liver after substantial weight loss. The differences between
obese adolescents and obese adults can possibly be explained by the hypothesis that
in obesity suppression of the CYP3A activity increases with the duration of the
disease and therefore takes time to fully manifest, while the increase in cardiac
output and hepatic blood flow is more closely linked to the increase in excess body
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weight. This was further confirmed by the finding that within the population of obese
adolescents, midazolam clearance was found to increase with weight, which may in
its turn be related to an increased liver blood flow. As described above, an increasing
impact of obesity with increased duration of this disease has also been suggested as a
possible explanation for the fact that bioavailability of midazolam in the morbidly
obese adults was increased compared to non-obese adults, while in obese patients
that have not reached the state of morbid obesity, the bioavailability is not (yet)
impacted (Greenblatt et al. 1984; Brill et al. 2014a).

Table 1 also summarizes the findings regarding the impact of obesity on drug
clearance in the pediatric population for the drugs discussed in this section. The
examples above illustrate that generalizable conclusions on how to translate findings
regarding the impact of obesity from adults to children are not obvious. Findings for
propofol are in line with the expectation that, due to maturation, clearance in children
is lower than clearance in adults and indeed show that clearance in obese children is
lower than clearance on obese adults. Additionally, total clearance increased with
excess body weight, meaning that obese adolescents with body weights higher than
non-obese adults can have higher propofol clearance values than the non-obese
adults. Similar trends are seen in both adult and pediatric patients for busulfan in
which obesity or excess body weight increases the clearance. Findings for metformin
are in line with propofol and busulfan in adolescents, as excess body weight
increases clearance in this population as well, but clearance values in adolescents
do not appear to increase far beyond values in non-obese adults, nor do clearance
values in obese adults increase far beyond the values in non-obese adults, suggesting
that the impact of excess body weight on the clearance of metformin diminishes
when patients reach adulthood. In adults there is – unexpectedly – also no difference
in the clearance of midazolam between obese and non-obese individuals, potentially
because the reduced CYP3A activity that may be anticipated in the obese is
compensated by increased blood flow. Yet in adolescents, midazolam clearance is
in fact increasing with obesity. If these observations for midazolam can indeed
be attributed to the duration of obesity as influencer on CYP3A activity, as
hypothesized, the generalizability of findings in any study, whether in the adult or
pediatric population, is limited without taking disease duration into account.

In summary, the highlighted examples show that there may or may not be
contradictions in terms of the absence or presence of differences in drug clearance
between obese and non-obese individuals of the adult or pediatric population.
Moreover, the directionality of the impact of obesity on drug clearance cannot be
presumed to follow the same pattern in adults and children.

4 How to Study Drug Pharmacology in Obese Children

Although research efforts are increasing, generally the pharmacokinetics and phar-
macodynamics of drugs in children remain understudied. Studies in obese pediatric
patients are even more limited. As generic scaling cannot be derived based on body
weight (as proxy for maturation) nor on results described in current literature, further
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research efforts are required on drug pharmacology in obese children. For this
research several considerations should be taken into account.

4.1 Focus on Primary Pharmacological Parameters
with Population Modelling

Pharmacokinetic studies are ideally focused on quantifying primary pharmacoki-
netic parameters like absorption rate, bioavailability, clearance, and distribution
volume, rather than descriptive metrics like Cmax, tmax, and observed AUC. This
has the advantage that findings can be more directly linked to physiological
mechanisms underlying drug pharmacokinetics, which will increase our understand-
ing of the impact of obesity-related physiological changes, which may in turn aid in
the definition of generalizable conclusions.

In pediatric patients, the population approach, also known as non-linear mixed
effects modelling, is the preferred method to quantify primary pharmacological
parameters (De Cock et al. 2011). In this approach, observed data on pharmacologi-
cal outcome measures of all individuals in a study are analyzed simultaneously while
still taking into account that different observations come from different individuals.
This method can handle dense, sparse, and unbalanced data that are obtained
during routine clinical practice or in multiple studies with different designs. Since
this method can separate inter-individual variability from residual unexplained
variability, it is ideally suitable for the establishment of covariate relationships that
define correlations between patient or treatment characteristics and inter-individual
variability in model parameters. Defined covariate relationships (related to obesity or
other patient-related variables) on primary parameters can be directly used as the
basis for drug dosing recommendations. Clearance is, for instance, the only determi-
nant for steady-state concentration and drives through concentrations and is there-
fore important for the establishment of maintenance doses and dosing intervals.
Distribution volume, on the other hand, drives peak concentrations and time-to-
steady-state and is therefore important for peak concentrations and loading doses and
the dosing of drugs that are driven by peak concentrations.

4.1.1 Disentangle Presystemic and Systemic Processes Impacting
Exposure

Both presystemic (gut and/or first-pass hepatic) and systemic (renal and/or hepatic)
clearance impact the overall exposure, quantified as AUC, of orally administered
drugs. The parameters quantifying these processes are bioavailability and clearance,
respectively. When only data upon oral drug administration is available, bioavail-
ability cannot be quantified and obtained values for clearance, as well as distribution
volume is indicated as apparent parameter values or “parameter over F,” meaning
that the true values of these parameters change proportionally with bioavailability.
To enable a physiological interpretation of observed differences in AUC between
obese and non-obese patients of orally administered drugs, it would be beneficial
to study the pharmacokinetics of these drugs both after intravenous and oral
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administration. Ideally, this is performed in the same patient at the same time, to
exclude the impact of inter-individual and inter-occasion differences. Different
approaches are available to achieve this experimentally. In a semi-simultaneous
approach proposed by Brill et al., patients receive an oral drug dose first, followed
by an intravenous dose a few hours later, with blood sampling to measure drug
concentrations following both administrations (Brill et al. 2014a). With microdosing
designs truly simultaneous oral and intravenous administration can be achieved. By
having therapeutic intravenous drug administration and simultaneous administration
of an oral microdose of the isotopically labeled drug and measuring the
concentration-time profiles of both labeled and unlabeled drug, systemic and
presystemic clearance can be quantified with low experimental variability (Hohmann
et al. 2015). Proof-of-principle studies have confirmed that microdose studies are
also suitable throughout the pediatric population (Mooij et al. 2014).

4.1.2 Inclusion Criterion in Pediatric Clinical Trials
Body weight is often identified as most predictive descriptor for the impact of
maturational changes on pharmacokinetic parameters in populations of children
with age-appropriate body weights, but how such findings should be extrapolated
to obese children is generally unknown. An important question in obese children is
how weight related to obesity versus weight related to maturation or growth adds
to changes in the pharmacokinetics or pharmacodynamics of drugs. Proposed
approaches to disentangle the impact of maturation and obesity in obese pediatric
patients are focused on defining sex, length, and age-appropriate body weights for
normal weight children as descriptor of maturation and quantifying excess weight as
descriptor of obesity (van Rongen et al. 2018a). To enable the disentanglement of
age- and obesity-induced changes in body size in the data analysis process, patient
inclusion of the clinical study should ascertain inclusion of not just a wide range in
body weight per se but also in a wide range in deviations from appropriate body
weights or excess body weight.

Also, given that disease duration has been suggested to drive to what extent the
impact of obesity on processes underlying drug pharmacology manifests for some
parameters, but not for others, it may be prudent to record disease duration in future
studies on the impact of obesity on drug pharmacology. This may be true for both the
adult and pediatric population, particularly when predictions based on obese adults
to obese adolescents are foreseen.

Finally, it has to be noted that the pediatric population is already relatively small
and as a result the absolute amount of obese pediatric patients is small. Conse-
quently, inclusion of a sufficient number of obese pediatric patients in clinical trials
may be challenging (Tamborlane et al. 2016). Therefore, instead of RCTs, alterna-
tive designs for studies in this special patient population should be explored. For
this the Learning Healthcare System may offer relevant insights (http://www.
learninghealthcareproject.org/section/background/learning-healthcare-system).
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4.1.3 Linking Pharmacokinetics to Pharmacodynamics
In developing evidence-based drug dosing regimens, it should be remembered that
the efficacy and safety of drugs are based on both the pharmacokinetics and
pharmacodynamics of these drugs and it is possible for changes in one to (partially)
counteract or enhance the change in the other. It may not be necessary to perform
dedicated pediatric pharmacodynamics studies for all drugs. The pediatric decision
tree from the FDA, for instance, defines when pediatric pharmacokinetic studies to
develop dosing regimen that yield the same exposure in adults and children suffice
(https://www.fda.gov/media/71277/download). However for a large number of
drugs that do not meet the required criteria, age-appropriate target exposures are
not known for children in general and, also in this case, even less is known about
obese children. Regarding the obese pediatric subpopulation, priority should be
given in this regard to pharmacodynamics studies on drugs for disease conditions
that result from or are common with obesity, including, for instance, type 2 diabetes.
Additionally, due to the low-grade systemic inflammation in obesity, pediatric
pharmacodynamics studies on drugs that act on or with the immune system are
imperative.

4.1.4 Generalization of Findings
Population modelling approaches are ideally suitable to study the impact of obesity
in conjunction with maturation on the pharmacokinetics and pharmacodynamics of
drugs. A drawback of this method is, however, that it would require dedicated
studies for all relevant drugs in obese patients of all ages which would require an
unrealistic amount of resources. Therefore, research efforts should also be directed
toward gaining a deeper understanding of how obesity-related physiological changes
in processes underlying drug pharmacokinetics and pharmacodynamics translate
into changes in pharmacokinetic and pharmacodynamics parameters, both in adults
and in children. Methods that combine population approaches with physiological
insight would contribute to the generalizability of findings (Knibbe et al. 2011).

In pediatric patients with age-appropriate body weights, the between-drug extrap-
olation of covariate relationships for clearance for drugs sharing an elimination route
has, for instance, been explored (Krekels et al. 2012a; De Cock et al. 2014; Calvier
et al. 2018a). In this approach, pharmacological parameters are considered to reflect
system-specific properties, drug-specific properties, or a combination of both.
Methods that can derive and retain information on system-specific aspects of drug
pharmacokinetics and use this in the translation of findings to drugs with different
drug-specific properties should also be explored for both adult and pediatric obese
patients.

4.1.5 Physiologically Based Pharmacokinetic Models
Another way to advance our knowledge would be a more extensive use of physio-
logically based pharmacokinetic (PBPK) models, where system-specific parameters
truly reflect physiological or anatomical measures, in order to predict how drugs with
specific physicochemical properties interact with the system (Johnson and Rostami-
Hodjegan 2011). Although these models require a vast amount of data on changes in
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system-specific properties for specific patient subpopulations, the information that
can be derived from this will be generalizable. An improved understanding of how,
on top of maturational changes, physiological and anatomical parameters change
with obesity will truly allow us to predict for all types of drugs how pharmacokinetic
parameters will change in obese children of all ages. Although, contrary to popula-
tion pharmacokinetic models, PBPK models cannot serve as a direct basis for drug
dosing algorithms, information needed for the development of these algorithms can
be derived from them. With appropriate PBPK models, we do not need to study
every drug in every subpopulation separately anymore.

Application of PBPK approaches requires large amounts of data and specialized
software or personnel. Therefore, simplified scaling methods to derive pharmacoki-
netic parameters for special patient populations are always sought after. Calvier et al.
have illustrated how PBPK models can form the basis for the systematic evaluation
of simplified scaling methods, to establish criteria required for accurate scaling with
simplified methods (Calvier et al. 2017, 2018a). This concept was illustrated for
pediatric populations with age-appropriate weights but could easily be extended to
other populations for which PBPK parameters are known.

Another interesting application of PBPK modelling approaches is that these
models can be used to assess the impact of changes in physiological or anatomical
parameters in isolation. As such, it can be used for hypothesis testing, to establish
which changes or combination of changes in the underlying physiology are likely to
explain differences in observed primary pharmacokinetic parameters. This concept
has been introduced for pediatric populations with age-appropriate weights (Krekels
et al. 2012b) and could also be extended to other populations even when not all
parameters are known in this population.

Finally, combinations of population pharmacokinetic modelling and PBPK
modelling concepts can be used to quantify physiological or anatomical parameter
from pharmacokinetic data, when direct measures of these parameters are not
possible. Using such an approach has been successfully used to derive intrinsic
clearance values for midazolam in the liver and gut wall in obese patients and
patients after weight loss surgery (Brill et al. 2016), which allowed for the disentan-
glement of presystemic and systemic clearance of this drug. It has even be illustrated
how optimal design principles in population modelling can be used to optimize the
design of the clinical study to ascertain a priory that data obtained with a specific
study design will indeed allow for precise and accurate estimation of the parameters
of interest (Calvier et al. 2018b).

5 Conclusion

Although pharmacological studies in obese adults are increasingly being performed,
they have not yet yielded a thorough understanding of the exact physiological
changes with this disease and how these impact processes underlying drug pharma-
cokinetics and pharmacodynamics. This prevents the generalizability of findings. In
obese pediatric patients, pharmacological studies are much more limited, but a
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number of these have shown that observations in adult patients cannot always be
directly extrapolated to this younger population. Given the increased incidence of
pediatric obesity worldwide, it is absolutely imperative that we perform more and
smarter studies in this subpopulation, to increase our knowledge on the impact of this
disease in combination with maturational changes on drug pharmacology, which is
needed to provide safe and effective treatment for these children as well.
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Abstract
This review focuses on certain hematopoietic growth factors that are used as
medications in clinical neonatology. It is important to note at the chapter onset
that although all of the pharmacological agents mentioned in this review have
been approved by the US Food and Drug administration for use in humans, none
have been granted a specific FDA indication for neonates. Thus, in a sense, all of
the agents mentioned in this chapter could be considered experimental, when
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used in neonates. However, a great many of the pharmacological agents utilized
routinely in neonatology practice do not have a specific FDA indication for this
population of patients. Consequently, many of the agents reviewed in this chapter
are considered by some practitioners to be nonexperimental and are used when
they judge such use to be “best practice” for the disorders under treatment.

The medicinal uses of the agents in this chapter vary considerably, between
geographic locations, and sometimes even within an institutions. “Consistent
approaches” aimed at using these agents in uniform ways in the practice of
neonatology are encouraged. Indeed some healthcare systems, and some individ-
ual NICUs, have developed written guidelines for using these agents within the
practice group. Some such guidelines are provided in this review. It should be
noted that these guidelines, or “consistent approaches,” must be viewed as
dynamic and changing, requiring adjustment and refinement as additional evi-
dence accrues.

Keywords
Darbepoetin · Erythropoietin · G-CSF · Neutropenia · Thrombopoietin

1 Recombinant Human G-CSF

1.1 Neonatal Neutropenia

Neutrophils are crucial to antibacterial host defense (Kobayashi et al. 2018). People
who lack neutrophils, whether because of a congenital or an acquired defect,
typically have repeated local and systemic infections and sometimes untimely
death (Donadieu et al. 2017; Dale and Makaryan 2018). Severe chronic neutropenia
(SCN) is a cluster of diagnoses bearing the common feature of very low circulating
neutrophil concentrations from birth (Dale and Makaryan 2018; Christensen and
Calhoun 2004). The advent of recombinant granulocyte colony-stimulating factor
(rG-CSF) dramatically improved the lives of patients with SCN, in most cases
elevating their circulating neutrophil concentrations to “safe” levels, reducing infec-
tious illnesses, and extending their life expectancy (Welte and Zeidler 2009).

Rarely, patients with SCN are diagnosed as neonates, or even as patients in
neonatal intensive care units (Zeidler et al. 2000; Calhoun and Christensen 1997).
However, the majority of patients with SCN are not diagnosed until several months
of age, after infectious episodes have prompted an evaluation into immunological
deficiencies. When SCN is diagnosed in a neonate, that patient should receive the
benefit of rG-CSF treatment (Kobayashi et al. 2018; Donadieu et al. 2017; Dale and
Makaryan 2018; Christensen and Calhoun 2004; Welte and Zeidler 2009). Whether
neonates who have other varieties of neutropenia, distinct from SCN, benefit from
rG-CSF treatment is far less certain (Christensen and Calhoun 2004).

Neutropenia can be defined statistically as a blood neutrophil concentration below
the 5th percentile of the reference range population. For neonates, this definition is
complicated because the reference range varies by several situations including gesta-
tional age, postnatal age, gender, type of delivery (vaginal delivery vs. cesarean
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section), and altitude (meters above sea level) (Schmutz et al. 2008). Figure 1 shows
the 5th and 95th percentile limits for blood neutrophil counts during the first 72 h after
birth of term and late preterm neonates among neonates in the Intermountain
Healthcare hospitals in the Western United States (Schmutz et al. 2008). Reference
ranges for blood neutrophil counts at altitudes of 4,000–5,000 ft. above sea level have
a wider range of values than do those at sea level. This is illustrated in Fig. 2, which
shows the reference range at sea level and at high-altitude superimposed. The dots on
the graph show counts of neonates at Intermountain Healthcare hospitals who would
have been judged to have an elevated neutrophil count if the sea level range was used,
but who are seen to have a normal count when the appropriate reference range is used
(Lambert et al. 2009). The largest altitude-dependent discrepancy is in the 95th
percentile reference interval value. The definition of neutropenia is very similar in
the sea level (Manroe et al. 1979; Mouzinho et al. 1992) and the high-altitude
(Schmutz et al. 2008; Lambert et al. 2009) reference ranges (Fig. 2).

A much simpler approach to defining neutropenia in a neonate is to use a
neutrophil concentration <1,000/μL and to define severe neutropenia by a count
persistently <500/μL (Christensen and Calhoun 2004; Welte and Zeidler 2009).
Although this approach lacks the accuracy of the data-derived reference range
approach, it has the advantages that it is easy to remember and is in keeping with
standard definitions used in pediatric and adult medicine (Furutani et al. 2018).
Furthermore, it is not clear whether blood neutrophil counts labeled as “low” by the

Fig. 1 Reference range for blood neutrophil concentrations during the first 72 h after birth of term
and late preterm neonates. A total of 12,149 values were used in this analysis. The 5th percentile,
mean, and 95th percentile values are shown. From Schmutz et al. (2008)
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reference range approach actually convey a host-defense deficiency, unless the count
is <1,000/μL.

1.2 Severe Chronic Neutropenia in a Neonate

Kostmann Syndrome (Including Autosomal Recessive Severe Congenital Neu-
tropenia [MIM #610738] and Autosomal Dominant Severe Congenital Neutro-
penia [MIM #202700]) Table 1 lists varieties of neutropenia that are generally
considered as part of the SCN syndrome. The prototype for SCN is Kostmann
syndrome, initially described in 1956 in a kindred in Northern Sweden (Kostmann
1956; Carlsson and Fasth 2001; Aprikyan et al. 2004; Khincha and Savage 2016).
Patients with this variety of SCN generally have circulating neutrophil

Fig. 2 Reference range for blood neutrophil concentrations, superimposing the Monroe (Dallas,
Texas) and the Schmutz (Intermountain Healthcare) curves. The dots represent neonates in Utah
that would have been regarded as having an elevated neutrophil count using the sea level (Dallas)
curve, but fell within the high-altitude (Intermountain) Schmutz curve. From Lambert et al. (2009)

Table 1 Varieties of
neutropenia among
neonates that are generally
considered “Severe Chronic
Neutropenia”

Kostmann syndrome autosomal recessive type

Severe congenital neutropenia autosomal dominant type

Shwachman-Diamond syndrome

Barth syndrome

Cartilage-hair hypoplasia

Cyclic neutropenia

Glycogen storage disease type 1b

Severe neonatal immune-mediated neutropenias
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concentrations <200/μL and a marrow aspirate or biopsy with a “maturation arrest”
where few neutrophilic cells are seen beyond the promyelocyte stage. The original
family had what appeared to be an autosomal recessive disorder, but most kindreds
subsequently reported seem to have an autosomal dominant inheritance. The condi-
tion is the result of mutations in the ELA2 (neutrophil elastase) gene (Donadieu et al.
2017; Dale and Makaryan 2018; Welte and Zeidler 2009; Khincha and Savage
2016). rG-CSF treatment is almost always effective in increasing blood neutrophil
concentrations and reducing febrile illnesses; however it does not usually correct the
gingivitis that is a prominent feature of this condition in some families. This is
probably because rG-CSF does not increase the natural antimicrobial peptide
(LL-37) deficiency in these patients (Zetterstrom 2002; Carlsson et al. 2006).

Shwachman-Diamond Syndrome (MIM #260400) This variety of severe chronic
neutropenia is generally diagnosed after manifestations of exocrine pancreatic insuf-
ficiency, with diarrhea and failure to thrive. It is generally inherited as an autosomal
recessive marrow failure and cancer predisposition syndrome. Patients with this
condition are generally compound heterozygotes or homozygotes for mutations in
the Shwachman-Bodian-Diamond syndrome gene at 7q11, but themolecular function
of the affected protein product remains unclear (Alter 2017). Some children with this
syndrome respond favorably to rG-CSF, while others progress to bonemarrow failure
and require bone marrow transplantation (Alter 2017; Bezzerri and Cipolli 2018).

Barth Syndrome (MIM #302060) These patients are generally males with dilated
cardiomyopathy, organic aciduria, growth failure, muscle weakness, feeding
problems, and neutropenia (Steward et al. 2019). The underlying genetic abnormal-
ity involves mutations in the tafazzin gene (TAZ) at Xq28. The condition is
characterized by defective remodeling of phospholipid side chains in mitochondrial
membranes. G-CSF can be helpful in patients as an adjunct to treating infections, or
as a preventive measure if their neutropenia is severe.

Cartilage-Hair Hypoplasia (MIM #250250) This is an autosomal recessive form
of short-limbed dwarfism caused by mutations in the untranslated portions of the
RMRP gene, which forms the RNA subunit of the RNase MRP complex. This
complex is involved in ribosome assembly. The severity-degree of the phenotype
appears to correlate with the effect of the mutation on RNase MRP functioning. The
condition is associated with neutropenia and frequent infections. These patients have
short pudgy hands, redundant skin, and hyperextensible joints in the hands and feet
and flexor contractions at the elbow. Neutropenia occurs in some of these patients,
and those cases have been reported to benefit from rG-CSF administration (Thiel and
Rauch 2011).

Cyclic Hematopoiesis (MIM #162800) This condition is caused by mutation in the
ELA2 (neutrophil elastase) gene, mapping to 19p13.3. The disorder is characterized
by regular 21-day cyclic fluctuations in the blood concentration of neutrophils,
monocytes, eosinophils, lymphocytes, platelets, and reticulocytes. The neutropenia
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can be severe, leading to serious infections (Donadieu et al. 2017; Dale and
Makaryan 2018). Because it generally takes several cycles before the diagnosis is
considered, most cases are not discovered as neonates. rG-CSF administration is
useful in preventing the very low nadir neutrophil counts and in preventing infec-
tious complications (Donadieu et al. 2017; Dale and Makaryan 2018; Alter 2017).

Glycogen Storage Disease Type 1b (MIM #232220) von Gierke disease is an
autosomal recessive disorder caused by a deficiency of the enzyme glucose
6-phosphate translocase, which transports glucose 6-phosphate into the endoplasmic
reticulum for further metabolism. In GSD-1b, glucose 6-phosphate accumulates
intracellularly. Affected neonates present with hypoglycemia, hepatomegaly, growth
failure, and neutropenia. Patients with GSD-1b have recurrent bacterial infections,
oral ulcers, and inflammatory bowel disease. The gene causing GSD-1b is located on
chromosome 11q23 (Pierre et al. 2008). rG-CSF can help these patients avoid the
recurrent bacterial infections that are otherwise a problematic part of this condition.

Severe Immune-Mediated Neonatal Neutropenia Most of the very severe and
prolonged immune-mediated neonatal neutropenias are alloimmune (Lewin and
Bussel 2015; Dale 2017). However, a few severe and prolonged cases have been
found to be autoimmune (maternal autoimmune disease), and a few have been found
to be autoimmune neutropenia of infancy (a primary isolated autoimmune phenom-
enon in neonates) (Farruggia et al. 2017).

Alloimmune neonatal neutropenia is a relatively common condition where the
mother develops antibodies to antigens present on paternal and fetal neutrophils.
Antineutrophil antibodies have been found in the serum of as many as 20% of
randomly surveyed pregnant and postpartum women. Most such antibodies cause
little problem to the fetus and neonate, but up to 2% of consecutively sampled
neonates have neutropenia on this basis. This variety of neutropenia can be severe
and prolonged, with a median duration of neutropenia of about 7 weeks, but a range
up to 6 months. Repeated infections can occur in these patients until their severe
neutropenia remits. Delayed separation of the umbilical cord and skin infections are
the most common infectious complications, but serious and life-threatening
infections can occur. The mortality rate in this condition, due to overwhelming
infection, is reported to be 5%. Severe cases have been successfully treated with
rG-CSF (Maheshwari et al. 2002; Makeshwari et al. 2002; Calhoun et al. 2001).
Unlike patients with other varieties of SCN, the neutropenia in this condition will
remit spontaneously, and the rG-CSF treatment can be stopped. Remission occurs
when maternal antineutrophil antibody in the neonate has dropped significantly
(Table 2).

Neonatal autoimmune neutropenia occurs when mothers have autoimmune
diseases, and their antineutrophil antibodies cross the placenta and bind to fetal
neutrophils. Clinical features are generally much milder than in alloimmune neonatal
neutropenia, and it is rare that a patient with this variety of neonatal neutropenia
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needs rG-CSF treatment (Farruggia et al. 2017; Maheshwari et al. 2002; Makeshwari
et al. 2002; Calhoun et al. 2001).

Autoimmune neutropenia of infancy is an unusual disorder where the fetus, and
subsequently the neonate, has a primary isolated autoimmune phenomenon.
Neutrophil-specific antibodies are found in the neonate’s serum, reactive against
his/her own neutrophils, but no antibodies are found in the mother’s serum. Most
cases occur in children between 3 and 30 months of age, with a reported incidence of
1:100,000 children. Affected children present with minor infections. Bux reported
240 cases, and reported that 12% presented with severe infections, including pneu-
monia, sepsis, or meningitis (Bux 2008; Bux et al. 1998). The neutropenia in this
condition generally persists much longer than in cases of alloimmune neutropenia,
with a median duration of about 30 months and a range from 6 to 60 months. This
variety of neonatal neutropenia can be severe, with blood neutrophil concentrations
often <500/μL. rG-CSF administration can increase the neutrophil count and reduce
infectious complications.

1.3 Neonatal Neutropenia NOT Categorized as Severe Chronic
Neutropenia

Pregnancy-Induced Hypertension (PIH) Neutropenia due to PIH is the most
common variety of neutropenia seen in the NICU (Koenig and Christensen 1989a,
1991). Perhaps 50% of neonates born to mothers with PIH have this variety of
neutropenia. The ANC can be very low, frequently <500/μL, but generally rises
spontaneously within the first days and is almost always >1,000/μL by day 3. Usu-
ally no leukocyte “left shift” is seen, and no toxic granulation, Dohle bodies, or
vacuolization are present in the neutrophils. It is not clear whether this variety of
neutropenia predisposes neonates to acquire bacterial infections. Usually the condi-
tion is so transient that such a predisposition seems very unlikely. The condition is
probably caused by an inhibitor of neutrophil production of placental origin that
depresses G-CSF production (Koenig and Christensen 1991; Tsao et al. 1999; Doron
et al. 1994).

In a multicentered study from Brazil involving over 900 VLBW neonates (300 born
to women with PIH), no increases were observed in rates of early or late neonatal

Table 2 Varieties of
neutropenia among
neonates that are NOT
classified as “Severe
Chronic Neutropenia”

Pregnancy-induced hypertension

Severe intrauterine growth restriction

The twin-twin transfusion syndrome

Rh hemolytic disease

Bacterial infection

Fungal infection

Necrotizing enterocolitis

Chronic idiopathic neutropenia of prematurity
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sepsis in the PIH group. Logistic regression indicated that neutropenia significantly
increased the odds of early-onset sepsis but not late-onset sepsis. In addition, neutro-
penia was much more common in those who died. It was neutropenia, not PIH, which
carried an association with poor outcome; PIH itself was not a risk factor either for
sepsis or for death (Procianoy et al. 2010). Similarly, in a retrospective analysis by
Teng et al., VLBW neonates with early neutropenia associated with PIH did not have
increased odds of developing late-onset bacterial infection (Teng et al. 2009).

Several clinical trials have tested administering rG-CSF prophylactically to
neonates with neutropenia, most of which had neutropenia associated with PIH.
Kocherlakota found a protective effect of rG-CSF administration toward early
infections (Kocherlakota and La Gamma 1998), and Miura found a protective effect
late-onset infections (Miura et al. 2001). In a large multicentered, randomized,
placebo-controlled trial in France (n ¼ 200), the rG-CSF recipients had only a
transient (2-week) period of fewer infections, but did not have an overall significant
improvement in infection-free survival (Kuhn et al. 2009).

GM-CSF administration was tested as a means of prophylaxing very preterm
neonates against infections. Treatment was not associated with improved or more
adverse neurodevelopmental, general, health, or educational outcomes at 2 years and
at 5 years (Marlow et al. 2015).

Neutropenia Associated with Severe Intrauterine Growth Restriction This
variety of neonatal neutropenia seems to be mechanistically identical to that
associated with PIH. We found no difference in the onset, duration, or severity of
neutropenia in SGA neonates vs. neonates born after PIH (Christensen et al. 2006a).
In a recent analysis of 3,650 SGA neonates, we found that neutropenia was not
independently associated with maternal hypertensive disorders, over and above the
effect of SGA (Christensen et al. 2015). Thus, we maintain that the neutropenia of
PIH is more properly termed the neutropenia of SGA and that it is transient with few
clinical consequences and with no clear benefit of rG-CSF administration
(Christensen et al. 2015).

The Twin-Twin Transfusion Syndrome The donor in a twin-twin transfusion is
generally neutropenic, but the recipient can also have neutropenia, although usually
not as severe (Koenig et al. 1991). As with the varieties of neutropenia
accompanying PIH and SGA, there is generally no leukocyte “left shift” nor are
there neutrophil morphological abnormalities. This condition is also transient, with
the ANC generally spontaneously rising to >1,000/uL by 2 or 3 days, and, thus, no
rG-CSF administration is warranted.

Rh Hemolytic Disease Neonates with anemia from Rh hemolytic disease are
usually neutropenic on the first day of life (Koenig and Christensen 1989b). This
variety of neutropenia is similar to that of PIH/SGA and donors in a twin-twin
transfusion and is likely due to reduced neutrophil production. The neutropenia is
transient, is not accompanied by a leukocyte left shift, and generally resolves in a day
or two; thus, no specific treatment is generally required.
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Bacterial Infection Two strategies have been proposed for rG-CSF usage during
neonatal infections. Since neutropenia commonly accompanies overwhelming septic
shock in neonates, perhaps rG-CSF might be a reasonable adjunct to antibiotics and
intensive care treatment. Second, since neutrophil function, particularly chemotaxis,
is immature among neonates, perhaps rG-CSF administration might be a reasonable
way to prevent nosocomial infections among high-risk neonatal patients. Animal
models for both potential uses of rG-CSF were established and supported these
hypotheses. In a Cochrane review, Carr et al. examined both potential uses (Carr
et al. 2003). They located 7 studies (involving 257 neonates) where infected
neonates were treated with rG-CSF vs. placebo (Carr et al. 2003; Ahmad et al.
2002; Bedford-Russell et al. 2001; Bilgin et al. 2001; Drossou-Agakidou et al. 1998;
Schibler et al. 1998; Gillan et al. 1994). They located 3 studies (359 neonates) where
rG-CSF vs. placebo was used as prophylaxis against infections (Cairo et al. 1995,
1999; Carr et al. 1999). They found no evidence that the addition of rG-CSF or
rGM-CSF to antibiotic therapy in preterm infants with suspected systemic infection
reduces immediate all-cause mortality. No significant survival advantage was seen at
14 days from the start of therapy [typical RR 0.71 (95% CI 0.38, 1.33); typical RD
�0.05 (95% CI �0.14, 0.04)]. They conducted a subgroup analysis of 97 infants
from three of the studies who, in addition to systemic infection, had a low neutrophil
count (<1,700/uL) at trial entry. This subgroup did show a significant reduction in
mortality by day 14 [RR 0.34 (95% CI 0.12, 0.92); RD �0.18 (95% CI �0.33,
�0.03); NNT 6 (95% CI 3–33)].

The three prophylaxis studies did not show a significant reduction in mortality in
neonates receiving rGM-CSF [RR 0.59 (95% CI 0.24, 1.44); RD �0.03 (95% CI
�0.08, 0.02)]. The identification of sepsis as the primary outcome of prophylaxis
studies has been hampered by inadequately stringent definitions of systemic infec-
tion. Carr et al. concluded that there is currently insufficient evidence to support the
introduction of either rG-CSF or rGM-CSF into neonatal practice, either as treatment
of established systemic infection to reduce resulting mortality or as prophylaxis to
prevent systemic infection in high-risk neonates (Carr et al. 2003).

Fungal Infection Thrombocytopenia is known to accompany fungal infection in
the NICU, but neutropenia can also accompany such infections. No studies have
specifically focused on using rG-CSF among neutropenic neonates with fungal
infection.

Necrotizing Enterocolitis Neutropenia is relatively common among severe cases
of NEC. Some cases are transient and resemble the neutropenia following endotoxin
(Kling and Hutter 2003). No studies have focused on using rG-CSF among neutro-
penic neonates with NEC.

Chronic Idiopathic Neutropenia of Prematurity Certain preterm neonates
develop neutropenia when 4 to 10 weeks old. This variety of neutropenia is often
associated with a patient’s spontaneous recovery from the anemia of prematurity.
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Neutrophil counts are generally <1,000/μL but rarely <500/μL (Juul et al. 1998a;
Juul and Christensen 2003; Chirico et al. 2002). The condition is transient, lasting a
few weeks to perhaps a month or more. It appears to be a hyporegenerative
neutropenia, because it is not accompanied by a leukocyte “left shift” nor morpho-
logical abnormalities of the neutrophils. Patients with this condition have a “rG-CSF
mobilizable neutrophil reserve,” meaning that if rG-CSF is given, their neutrophil
count increases within hours. This fact has been taken as evidence that these patients
do not have a significant host-defense deficiency, as in theory they can supply
neutrophils to tissues when needed (Juul and Christensen 2003). Thus, although
these patients are neutropenic, this condition is likely benign and needs no treatment.

1.4 Other Proposed Uses for rG-CSF in the NICU

rG-CSF has been tested as a neuroprotectant in a rodent model of neonatal hypoxic-
ischemic brain damage. Subcutaneous G-CSF administration, beginning 1 h after the
injury, prevented brain atrophy, preserved reflexes, and improved motor coordina-
tion and memory. In addition, animals treated with G-CSF had better somatic growth
(Fathali et al. 2010).

G-CSF is found in amniotic fluid, which is swallowed by the fetus in large
quantities, up to 200 mL/k/day. The G-CSF swallowed binds to receptors on
enterocytes and conveys antiapoptotic actions (Gersting et al. 2004). A sterile,
isotonic, simulated amniotic fluid containing rG-CSF has been administered to
NICU patients who are otherwise NPO (nil per os) with the hypothesis that such
will prevent disuse atrophy of the intestinal villi that otherwise occurs during the
NPO period. Safety and early efficacy studies of this approach seem promising
(Sullivan et al. 2002; Christensen et al. 2005; Barney et al. 2007).

rG-CSF and rGM-CSF have both been examined as means of prophylaxis against
nosocomial infections in VLBW neonates. A large multicentered, randomized trial
by Carr et al. (2009) involved 280 neonates �31 weeks gestation, and <10th
percentile for birth weight were randomized within 72 h of birth to receive
GM-CSF 10 μg/k/day subcutaneously for 5 days or standard management. The
primary outcome was sepsis-free survival 14 days from trial entry. They observed
a significant increase in blood neutrophil count in the GM-CSF recipients, but no
difference in sepsis-free short-term survival.

Aktas et al. from Istanbul reported a randomized trial of G-CSF plus antibiotics
vs. antibiotics alone among 56 neutropenic preterm infants with proven or suspected
sepsis. The neutrophil count was significantly higher on the second and third study
day in the G-CSF recipients, but the mortality rate was unaffected (Aktaş et al. 2015).

The current consensus is that rG-CSF and rGM-CSF should not be used routinely
in NICUs for prophylaxis against nosocomial infections because the evidence for
such usage is at best very weak.
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1.5 Pharmacologic Considerations

In the USA rG-CSF is marketed by Amgen (Thousand Oaks, CA) under the generic
name filgrastim and the brand name Neupogen®. It is administered by subcutaneous
injection or IV. An approved indication is severe chronic neutropenia where it is
intended to reduce the incidence and duration of the sequelae of severe neutropenia,
namely, fever, infections, and oropharyngeal ulcers. The proposed dosing (see next
section) in neonates with severe chronic neutropenia is 10 μg/kg subcutaneously
once per day for 3 consecutive days, then reevaluation. Dosing is aimed at keeping
the blood neutrophil count above 500/μL. This can sometimes be accomplished with
dosing every 7–10 days.

1.6 A Proposed Consistent Approach to the Use of rG-CSF
in the NICU

The following proposal was introduced as a guideline to serve until sufficient data is
accumulated for conducting an evidence-based assessment of the risks and benefits
of rG-CSF use in each of the neutropenic conditions in the NICU (Calhoun et al.
2000). Briefly (Fig. 3), we propose if a neonatal patient has neutropenia, and that
variety of neutropenia is known to be a variety of SCN, the patient should be referred
to pediatric hematology and treated with rG-CSF.

We propose beginning treatment with a dose of 10 μg/kg subcutaneously, once
per day for 3 consecutive days. Thereafter doses are given as needed to titrate the

Fig. 3 Guidelines for assisting in the decision regarding which neutropenic NICU patients should
be treated with rG-CSF, based on the variety of neutropenia. Modified from Calhoun et al. (2000)
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ANC to around 1,000/μL. We propose if a neonatal patient has neutropenia, and the
variety of neutropenia is NOT one of the varieties of SCN, rG-CSF treatment should
not be used. We propose if a neonatal patient has neutropenia, and the variety of
neutropenia is NOT known (and therefore might be a SCN variety), while evaluating
the variety of neutropenia, rG-CSF treatment could be instituted if the ANC was
<500/μL for 2 days or more, or <1,000/μL for 5–7 days or more.

We did not include criteria for administering rGM-CSF, as we found insufficient
evidence for its use in the NICU. If one follows this schema (Fig. 2), it will result in
little use of rG-CSF in any given NICU. However, the schema should focus the
rG-CSF usage on those patients with the most to gain and least to lose by its
application. As additional pertinent investigative work is published, these guidelines
should be modified accordingly.

2 Recombinant Human Erythropoiesis Stimulating Agents

2.1 Erythropoietin and Darbepoetin

During human fetal and neonatal development, erythropoietin has critical erythro-
poietic and non-erythropoietic actions (McPherson and Juul 2010; Shiou et al.
2011). Although initially described by, and principally known for, its actions on
erythroid progenitors, erythropoietin is also an important physiological growth
factor for fetal small intestinal villous enterocytes and neurons (Arsenault et al.
2010; Juul 2000).

Human amniotic fluid contains erythropoietin in concentrations of 25–40 mU/mL.
In the third trimester, a fetus swallows 200–300mLof amnioticfluid per kilogrambody
weight per day and thus swallows 10–15 U of erythropoietin/kg/day (Juul 2000). In
humans, erythropoietin does not cross the placenta from the maternal to the fetal
circulation, and it appears that the source of the erythropoietin in amniotic fluid is not
the maternal circulation. In the second and third trimesters, amniotic fluid is largely
derived from fetal urine, with minor constituents from fetal tracheal effluent and the
placenta and fetal membranes. However, erythropoietin in amniotic fluid does not
appear to come from fetal urine. The fetal kidney makes little erythropoietin before
delivery, studies using in situ hybridization and immunohistochemistry indicate that the
source of erythropoietin in amniotic fluid is largely placental: from mesenchymal and
endothelial cells in the deciduae and from the amnion (Brace et al. 2006).

Erythropoietin is present in human colostrum and breast milk in concentrations of
10–20 mU/mL (Arsenault et al. 2010; Juul 2000). Erythropoietin concentrations in
mother’s milk do not correlate with erythropoietin concentrations in her blood. In
fact, over the first weeks of lactation, maternal serum erythropoietin concentrations
fall, whereas milk erythropoietin concentrations increase, reaching the highest
concentrations in women breast-feeding for a year or more. The source of erythro-
poietin in breast milk appears to be mammary gland epithelium (Juul 2000).

Erythropoietin in human amniotic fluid, colostrum, and breast milk is relatively
protected from proteolytic digestion in the fetal and neonatal gastrointestinal tract.
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Rather than being absorbed from the gastrointestinal tract into the blood, the
erythropoietin swallowed by the fetus and neonate binds to erythropoietin receptors
on the luminal surface of villous enterocytes, where it serves topically as a growth
and development factor. Indeed, experimental animals artificially fed formulas
devoid of erythropoietin have retarded villous development, a condition that can
be remedied by enteral recombinant erythropoietin and blocked by anti-
erythropoietin antibody.

Erythropoietin is produced by cells in the developing central nervous system and
is present in relatively high concentrations in fetal cerebrospinal fluid (CSF) (Juul
et al. 1997, 1998b, 1999; Dame et al. 2001). Among newborn infants, the highest
concentrations of erythropoietin in the CSF are seen in the most premature neonates,
and by several years of age, CSF erythropoietin concentrations are generally below
1 mU/mL. Erythropoietin receptors are expressed on human fetal neurons, and at
least small quantities of recombinant erythropoietin, administered intravenously,
cross the blood-brain barrier and appear in the cerebrospinal fluid (Wu et al.
2012). Erythropoietin in the central nervous system is a neuroprotectant from
hypoxia. Erythropoietin production increases rapidly in the brain during hypoxia,
and when erythropoietin binds to receptors on neurons, antiapoptotic activity is
induced. The clinical utility of recombinant erythropoietin as a neuroprotectant is a
topic of recent and ongoing studies (Wu et al. 2012; Ohls et al. 2013, 2014, 2016a;
Juul and Pet 2015; Natalucci et al. 2016; Fischer et al. 2017; Juul et al. 2018).

The liver is the primary site of erythropoietin production in the fetus. The kidney
does not become the primary site until several months after birth. In the human fetus,
the kidney produces about 5% of the total erythropoietin during mid-gestation. The
developmental mechanisms regulating the switch in erythropoietin production from
the liver to the kidney are not completely known but may involve developmental
expression of transcription activators such as hypoxia-inducible factor and hepatic
nuclear factor 4, or developmental methylation of promoter and enhancer regions.
Alternatively, the switch might involve the GATA transcription factors, particularly
GATA-2 and GATA-3, which are negative regulators of erythropoietin gene
transcription.

Erythropoietin ameliorates experimental damage to the placenta and fetal liver
induced by lipopolysaccharide (Dijkstra et al. 2010). Elevated concentrations of
erythropoietin in fetal blood and/or amniotic fluid may indicate fetal hypoxia, and
although erythropoietin may have a protective role for some fetal cells, such as
neurons, placental, hepatic, and intestinal villous cells, it might be a marker for poor
neurodevelopmental outcome based on severe or chronic hypoxia (Bhandari et al.
2011; Christensen et al. 2014a).

Darbepoetin alfa (Darbe; trade name Aranesp) is a hyperglycosylated analogue of
recombinant human erythropoietin (Epo) with two additional N-linked carbohydrate
chains, introduced into the primary Epo sequence using site-directed mutagenesis
(Fig. 4). Although Darbe stimulates erythropoiesis by the same mechanism as
endogenous Epo, its increased carbohydrate content provides Darbe with lower
clearance, longer half-life, and more sustained erythropoietic effects than Epo.
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This feature permits a reduction in the frequency of Darbe administration compared
to Epo (Patel and Ohls 2015; Ohls et al. 2016b).

2.2 Transfusion Avoidance with ESAs

Elements to avoid erythrocyte transfusion in neonates include delayed clamping of
the umbilical cord, or cord milking, at birth, obtaining the initial blood for laboratory
testing using otherwise discarded fetal blood in the umbilical cord after birth, efforts
to reduce the volume and frequency of phlebotomy for laboratory testing, and use of
erythropoiesis stimulating agents (ESAs), such as erythropoietin and darbepoetin
(Christensen et al. 2014b; Henry et al. 2015). Randomized placebo-controlled
studies aimed at avoiding transfusions indicate a small reduction if ESAs are used
(Ohlsson and Aher 2017). Early ESAs were associated with decreased rates of IVH,
PVL, and NEC. Studies on neurodevelopmental outcomes are ongoing, but in one
completed trial, ESAs were associated with better short- and long-term
neurodevelopment (Ohls et al. 2014, 2016a).

2.3 Pharmacological Considerations

Somewhat limited pharmacological studies have been reported on neonates treated
with erythropoietin (Epo) or darbepoetin (Darbe) (Saleh et al. 2013; Roberts et al.
2015; An et al. 2017). Both Epo and Darbe are primarily cleared by binding to
erythropoietin receptors. Relevant and generalizable findings include (1) the Iowa
group reported that preterm infants, when stimulated with rEpo, have a marked
capacity to produce additional erythrocytes (sevenfold increase) that could result in a
decrease need for red blood cell transfusions (Saleh et al. 2013). (2) The Utah group
reported that darbepoetin administered to neonates with hypoxemic ischemic
encephalopathy and treated with hypothermia was best described with a
1-compartment model. They found a clearance of 0.015 L/h/kg and a volume of
distribution of 0.51/kg. They also found that increasing gestational age was
associated with decreased clearance (Roberts et al. 2015). (3) The Iowa group
reported studies of preterm neonates who received single doses of Darbe and

_______________________________                  __________________________________

Epo Darbe
●Up to 14 sialic acids  ●Up to 22 sialic acids  
●30,400 Daltons ●37,100 Daltons
●40% carbohydrate ●51% carbohydrate

Fig. 4 Schematic diagram showing the difference between recombinant erythropoietin (Epo) and
Darbepoetin alfa (Darbe). The additional carbohydrate chains in Darbe result in more biological
activity and longer serum half-life
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found that, like adult subjects, preterm neonate’s kinetics were best described by a
two-compartment model. In contrast to the pharmacokinetic parameters in adults,
Darbe in neonates was more rapidly cleared (0.03–0.05 L/h/kg), and the volume of
distribution was much greater (0.84 L/kg) (An et al. 2017).

3 Thrombopoietic Stimulating Agents

3.1 Neonatal Thrombocytopenia

Platelet transfusions were introduced into clinical medicine about 60 years ago,
when they were shown to reduce the mortality rate of patients with leukemia that
were bleeding secondary to hyporegenerative thrombocytopenia. In modern neona-
tology units, platelet transfusions are integral and indeed are lifesaving for some
neonates. However the great majority of platelet transfusions currently administered
in NICUs are not given in the original paradigm, to treat thrombocytopenic hemor-
rhage, but instead are administered prophylactically with the hope that they will
reduce the risk of spontaneous bleeding. Weighting the risks and benefits of platelet
transfusion, although this task is imprecise, should be attempted each time a platelet
transfusion is ordered. Adopting guidelines specific for platelet transfusion will
improve consistency of care and will generally reduce transfusion usage, thereby
reducing costs and conserving valuable blood bank resources. Initiating specific
programs to improve compliance with transfusion guidelines can further improve
NICU transfusion practice.

The Reference Range Concept in Neonatal Hematology The term “thrombocy-
topenia” indicates a low concentration of platelets in the blood. For decades the
definition of thrombocytopenia, among patients of all ages, has been a platelet count
<150,000/μL (Roberts et al. 2008; Ferrer-Marin et al. 2010). However, a more
accurate method to define any abnormal clinical laboratory test is to identify values
that fall outside the appropriate “reference range.” Reference ranges are particularly
applicable to neonatology because “normal ranges” for laboratory tests are not
available for neonates. This is because blood is not drawn on healthy neonates for
the purpose of establishing normal ranges, as is generally done with adults. Instead,
“reference ranges” are used, which consist of the 5th–95th percentile values assem-
bled from very large numbers of neonates with minimal pathology or with pathology
not thought to be relevant to the laboratory parameter under study. Using this
approach, it is clear that among preterm infants, the long-held definition of throm-
bocytopenia (platelet count <150,000/μL) is overly simplistic, inaccurate, and
sometimes quite misleading.

Defining the Reference Ranges for Platelet Count and Mean Platelet
Volume in Preterm and Term Neonates Using Large Multihospital
Databases Reference ranges for blood concentrations of platelets in preterm and
term infants, on the day of birth, are shown in Fig. 5a (Wiedmeier et al. 2009). For
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neonates below 33 weeks gestation, the 5th percentile value is approximately
100,000/μL. Thus platelet counts in the range of 100,000–150,000/μL, previously
termed “mild thrombocytopenia,” should be recognized as within the reference
range and therefore not abnormal. Although the reference ranges for platelet count
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Fig. 5 The first recorded platelet counts (Panel a) and mean platelet volume (MPV) determinations
(Panel b) obtained in the first 3 days after birth are shown for neonates of 22–42 weeks gestation.
Mean values are given by the middle line, and the 5th and 95th percentiles are given by the lower
and upper lines. (Panel a) Initial platelet counts. (Panel b) Initial MPV measurements
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increase gradually from 23 to 40 weeks gestation, the mean platelet volume stays the
same during this period (Fig. 5b) (Wiedmeier et al. 2009).

Platelet counts are expected to gradually rise during the first 2 weeks following
birth. As shown in Fig. 6, counts at 14–21 days of age are generally 50% higher than
they were at birth. This increase is likely the result of a physiological surge of
thrombopoietin at birth (Ferrer-Marin et al. 2010; Wiedmeier et al. 2009; Murray
et al. 2000; Sola et al. 1999; Kline et al. 2008). Thrombopoietin is the primary
physiological regulator of platelet production. Similarly, the MPV increases over the
first 14 days following birth, likely indicative of accelerated platelet production.
When the reference range concept is applied to preterm and term neonates, the
definitions of thrombocytosis and thrombocytopenia are both seen to be highly
dependent on postnatal age (Wiedmeier et al. 2009).

Relationships Between Maternal and Fetal Platelet Counts Discovering throm-
bocytopenia in a pregnant woman can be concerning to families and physicians,
including the pediatricians and/or neonatologists planning to provide care for the
neonate. The reference range for platelet counts during pregnancy changes by
trimester (Fig. 7a) (Jensen et al. 2011). Largely the result of dilution of mother’s
blood by her expanding plasma volume, her platelet counts gradually fall as preg-
nancy progresses, however her MPV does not change (Fig. 7b). The lower reference
range for platelet count during the third trimester is about 115,000/μL; thus maternal
platelet counts in the range of 115,000–150,000/μL, previously termed “mild
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Fig. 6 The effect of advancing postnatal age on platelet counts during the first 90 days following
birth. Mean values are given by the middle line, and the 5th and 95th percentile are given by the
lower and upper lines, respectively
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thrombocytopenia,” are in fact within the reference range and thus should not be
considered abnormal.

Pregnant women with a platelet count <50,000/μL most likely have
hematopathology such as ITP or HELLP syndrome, but a variety of causes are
identified, and perhaps 20–25% of these women have no recognized etiology for
their thrombocytopenia. If a women’s platelet count is >75,000/μL at delivery, it is
unlikely that her neonate with have thrombocytopenia, because in this population of
patients, there is no correlation between maternal and fetal platelet count (Jensen
et al. 2011). However if her platelet count is<50,000/μL at delivery, the relative risk
of severe thrombocytopenia in her neonate is increased by about eightfold. On that
basis, we advise measuring the neonate’s platelet count when the mother’s count is
found to be <50,000/μL.
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Cause of Severe Thrombocytopenia in NICU Patients Most cases of
thrombocytopenia identified in the NICU are not severe. However, perhaps 25%
of cases have a count that falls below 50,000/μL, a threshold where the condition is
generally termed “severe neonatal thrombocytopenia” (Christensen et al. 2006b;
Baer et al. 2009; Stanworth et al. 2009). The majority of cases of severe neonatal
thrombocytopenia are recognized at birth or shortly thereafter. This is the case
among extremely low birth weight neonates (ELBW, <1,000 g) and is also the
case when all NICU patients are studied, regardless of gestational age. Clearly,
thrombocytopenia at any time during the NICU stay is more common in the smallest
patients, with a prevalence exceeding 80% of those weight less than 600 g at birth
(Christensen et al. 2006b), compared with about 1% of those weighing over 2,000 g
at birth. Biological differences have been observed between fetal, neonatal, and adult
megakaryocytes, and these are likely involved in the marked susceptibility of ELWB
neonates to develop thrombocytopenia (Hu et al. 2010).

While alloimmune neonatal thrombocytopenia is common among thrombocyto-
penic, otherwise healthy appearing, term neonates (Bussel and Sola-Visner 2009;
Bussel and Primiani 2008; Murphy and Bussel 2007), a wide variety of causes and
associations are seen among ELBW neonates. Unfortunately, the largest etiologic
category for thrombocytopenia among ELBW neonates is “unknown or idiopathic”
(Christensen et al. 2006b). When an association or cause is known, the most
common explanations are maternal hypertension, SGA status, DIC, bacterial or
fungal infection, or necrotizing enterocolitis.

3.2 Risks and Benefits of Platelet Transfusion in the NICU

Platelet transfusions can be lifesaving, but they also carry risks. Some such risks are
at least partly defined, such as a risk of bacterial contamination of the donor platelets
(Baer et al. 2011). Other risks are poorly defined but still quantifiable. Figure 8 is
typical of several reports showing a positive association between the number of
platelet transfusion received and the mortality rate (Baer et al. 2007, 2011; Garcia
et al. 2001; Del Vecchio et al. 2001). This relationship is multifactorial and complex,
but analyses indicate the very high likelihood that the multiple transfusions them-
selves are involved in the elevated mortality rate.

It is not possible to precisely evaluate and contrast the risks vs. benefits each time a
platelet transfusion is considered in the NICU. Although imprecise, this process of
attempting to weigh the risks and benefits is important before any platelet transfusion
is ordered. Benefits are more likely in cases of thrombocytopenic hemorrhage than in
cases where the platelets are given prophylactically. Unfortunately, some platelet
transfusions are given in situations where the potential benefits are nil. Surveys
indicate some clinicians give prophylactic platelet transfusions to stable neonates
with platelet counts in the range 100,000–150,000/μL (Josephson et al. 2009; Cremer
et al. 2011). Since the bleeding time is not prolonged in this platelet count range (Del
Vecchio et al. 2008), and since these platelet counts are within the reference range
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(Wiedmeier et al. 2009), it is very unlikely that any benefit is provided by a platelet
transfusion. Thus, when well-appearing neonates receive prophylactic platelet
transfusions because of a platelet count in the 100,000–150,000/μL range, they are
being subjected to risk unbalanced by any known benefit (Fig. 8).

Curley et al. reported a large, multicentered randomized trial assessing outcomes
of preterm infants who received platelet transfusions at a “trigger” level of 50,000/μL
vs. 25,000/μL. Randomizing 660 neonates, they found that specific adverse outcomes
(death or new major bleeding) were more common on those in the high-threshold
group. Moreover, adverse events such as chronic lung disease were more frequent in
the high-threshold group. On that basis, many NICUs have decided that prophylactic
platelet transfusions to preterm infants should NOT be administered at a trigger level
of 50,000/μL and have moved the transfusion level down considerably, to perhaps
25,000–30,000/μL (Curley et al. 2018).

3.3 Thrombopoietin Mimetics

In 1994 thrombopoietin (Tpo) was identified, and the recombinant molecule became
available for study (Metcalf 1994). Trials with Tpo and a pegylated form of Tpo
were promising until some patients developed anti-Tpo antibodies, leading to
aplastic anemia, which led to the cessation of development of this potential approach
to treat thrombocytopenia. Subsequent studies focused on means of stimulating the
Tpo receptor using molecules that have no homology with Tpo. Two such products
have been approved by the US FDA, Eltrombopag (Glaxo, Smith, Klein) and
Romiplostim (Amgen).

Fig. 8 Mortality rate of NICU patients with severe thrombocytopenia is displayed according to the
number of platelet transfusions received
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Few neonates have been treated with either agent. No consistent approach or
consensus for treatment with either agent has been developed for thrombocytopenic
neonates, but caution has been issued for each. Tpo receptors are expressed on
various non-hematopoietic cells including cells in the brain, and non-thrombopoietic
actions during the neonatal period have not been defined. Eltrombopag is a powerful
chelator of iron (Vlachodimitropoulou et al. 2017). It crosses the blood-brain barrier
and impairs iron-dependent hippocampal neuron dendrite development (Bastian
et al. 2017). Moreover, neonatal mice have a rather poor response to these agonists
compared with adult mice (Sparger et al. 2018).
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Abstract
Human immunodeficiency virus (HIV) is one of the most serious pediatric
infectious diseases, affecting around 3 million children and adolescents world-
wide. Lifelong antiretroviral treatment (ART) provides multiple benefits includ-
ing sustained virologic suppression, restoration and preservation of immune
function, decreased morbidity and mortality, and improved quality of life.
However, access to ART, particularly among neonates and young infants,
continues to be challenging due to limited number of suitable formulations
and limited access to pediatric ARV drug. Moreover, children and adolescents
living with HIV may experience long-term HIV- and ART-associated comorbidi-
ties including cardiovascular, renal, neurological, and metabolic complications.
We provide an overview of currently available formulations, dosing, and safety
considerations for pediatric antiretroviral drugs by drug classes and according to
the three age groups including neonates, children, and adolescents.

Keywords
Adolescents · Antiretroviral drugs · Children · HIV treatment · Infants

1 Introduction

According to the Joint United Nations Programme on HIV/AIDS (UNAIDS), an
estimated 36.9 million people were living with HIV worldwide in 2017, including
approximately three million children and adolescents under the age of 20 years
old (UNAIDS 2018). Of the 940,000 people who died of AIDS-related illnesses in
2017, 130,000 of them were children and adolescents under the age of 20 years old
(UNICEF 2018).

Among children under the age of 15 years, there has been a steady decline of
new HIV infections due to a significant decrease in mother-to-child transmission
(MTCT) of HIV (UNAIDS 2018). The reduction of MTCT of HIV is largely due
to the effectiveness of antiretroviral therapy (ART) during pregnancy, labor, and
postpartum in infants and breastfeeding mothers (Sperling et al. 1996). Prevention of
MTCT (PMTCT), which started with the use of a short course of monotherapy with
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zidovudine (AZT) in pregnant women, during labor, and postpartum in neonates in
the mid-1990s, has evolved to the use of lifelong combination ART for all women
living with HIV and combination ART for high-risk infant exposures from 2013
(Sperling et al. 1996; World Health Organization 2013, 2018a; Department of
Health and Human Services 2018a; Connor et al. 1994). Improved access to ART
among women living with HIV has also contributed to the decline in new perinatal
HIV infections, with 80% of pregnant women living with HIV in 2017 having access
to combination ART, demonstrating an increase from 51% in 2010 (UNAIDS 2018).
These advances in PMTCT could not have been achieved without studies of the
pharmacokinetics (PK), efficacy, and safety of antiretroviral (ARV) drugs in preg-
nant and breastfeeding women and in newborns and infants.

Despite the success of PMTCT globally, there were still 180,000 new cases
of perinatal HIV infection in 2017, and as a result of ongoing MTCT, significant
number of young children and adolescents are living with HIV and require lifelong
combination ART (UNAIDS 2018). Very early initiation of treatment is beneficial
in improving the outcomes of children with perinatally acquired HIV infection;
however, access to ART, particularly among neonates and young infants, continues
to be challenging due to limited number of suitable pediatric formulations and
limited access to pediatric ARV drugs (Persaud et al. 2013, 2014; Clarke et al.
2018a). In fact, less than 25% of ARV drugs approved in adults are currently
approved for use in children under 2 years of age in the USA and Europe (Penazzato
et al. 2017). Compared to the 59% of individuals aged 15 years and older living
with HIV having access to ART, an estimated 52% of children (aged 0–14 years)
had access to ART in 2017 (UNAIDS 2018). In conjunction with early identification
of HIV, new ARV formulations for infants and children along with facilitated
procurement of ARV drugs and increased healthcare system capacity are urgently
needed to bridge the gap in access to ART and in reducing HIV-related morbidity
and mortality in children.

The number of new HIV infections among adolescents (aged 15–19 years)
has declined at a significantly slower rate compared to children (UNAIDS 2018).
Moreover, the number of AIDS-related deaths among those aged 10–19 years has
not decreased and in fact has doubled since 2000 (UNAIDS 2018). Adolescents
continue to be underserved by current services across the HIV testing and care
continuum, with studies reporting higher rates of loss to follow-up (Kariminia et al.
2018), worse adherence (Ross et al. 2019; Adejumo et al. 2015), and increased
needs for psychosocial and sexual reproductive health support (Adejumo et al. 2015)
compared to children and adults living with HIV. Sexual acquisition of HIV
infection in adolescents and young adults is increasingly prevalent with advanced
age, highlighting the importance of HIV testing, safe sex education, and the use of
pre- and postexposure prophylaxis with ARV drugs (UNICEF 2016). Pre-exposure
prophylaxis (PrEP) was recently approved by the Food and Drug Administration
(FDA) for use in pediatric patients weighing�35 kg (Food and Drug Administration
2016), thus expanding this option for younger adolescents at high risk for acquiring
HIV. Postexposure prophylaxis (nPEP) with ARV drugs is also important for
children and adolescents following high-risk exposures, such as sexual abuse and
sexual violence.
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Lifelong combination ART provides multiple benefits including sustained viro-
logic suppression, restoration and/or preservation of immune function, decreased
morbidity and mortality, and improved quality of life (Barlow-Mosha et al. 2017;
Lifson et al. 2017; Laurent et al. 2005; Arici et al. 2001). Despite these advantages,
children and adolescents living with HIV may experience long-term HIV- and
ART-associated comorbidities including cardiovascular (CVD), renal, neurological,
and metabolic complications (Vreeman et al. 2015). As HIV-infected children and
adolescents continue to get older, more data are being obtained to better understand
the long-term complications of HIV and ART in people infected at a young age.
With a growing number of HIV-exposed but uninfected children who are exposed to
ARV drugs in utero and during infancy, the issue of ARV-associated complications
is also a developing area of interest (Van Dyke et al. 2016; Spaulding et al. 2016).

In this manuscript, we provide an overview of formulations, dosing, PK, and
safety considerations for currently available pediatric ARV according to the three
age groups including neonates and infants, children, and adolescents.

2 ART for Neonates and Infants

Perinatal guidelines recommend postpartum ART prophylaxis with single or dual
ARVs for all infants exposed to HIV to reduce the risk of MTCT. The duration and
composition of neonatal and infant ART prophylaxis depend on the level of the risk
for HIV acquisition and breastfeeding duration for the infants who are breastfed by
mothers living with HIV. The current recommendation for uncomplicated neonatal
ART prophylaxis without breastfeeding is 4–6 weeks of single or combination
ART (Department of Health and Human Services 2018a; Bamford et al. 2018;
World Health Organization 2016). For infants at high risk for MTCT and who are
breastfed, ARV prophylaxis for 12 weeks is recommended by the World Health
Organization (WHO) (World Health Organization 2016). The use of combination
triple drug ART during postpartum is recommended for newborns at highest risk
of HIV transmission as well as for newborns with confirmed HIV infection. Combi-
nation ART initiated in the neonatal period reduces early infant mortality and HIV
progression (Violari et al. 2008). Specific interest for early initiation of a triple ART
regimen was generated by a case of a “functional cure” of a newborn initiated on a
regimen of nucleoside reverse transcriptase inhibitors (NRTIs) AZT plus lamivudine
(3TC) and non-nucleoside-reverse transcriptase inhibitor (NNRTI) NVP (Persaud
et al. 2013). In this case, the levels of plasma ribonucleic acid (RNA), proviral DNA,
and HIV antibodies remained undetectable for over 2 years without ART (Persaud
et al. 2013), raising prospective of decreased viral reservoir in those with very early
initiation of ART after birth.

There are little data to guide the optimal combination regimen in a newborn
with high risk of MTCT. In the HPTN 040 trial, 3TC used for 2 weeks with
protease inhibitor (PI) nelfinavir (NFV) and AZT for infant prophylaxis was superior
to AZT alone for the prevention of intrapartum HIV transmission (Nielsen-Saines
et al. 2012). Higher rates of neutropenia and anemia were associated with this
combination therapy compared to AZT alone. High variability in PK parameters

288 S. Dirajlal-Fargo et al.



have been reported for NFV in neonates (Mirochnick et al. 2011), leading to the
US Department of Health and Human Services (DHHS) recommendation to use
alternative neonatal prophylaxis for newborns at higher risk for MTCT using AZT
plus 3 doses of NVP (birth to 48 h, 48 h after the first dose, 96 h after the second
dose). Alternatively, AZT plus 3TC plus NVP and most recently AZT plus 3TC plus
integrase strand transfer inhibitor (INSTI) raltegravir (RAL) (Department of Health
and Human Services 2018a) can be used.

Early weaning from breastfeeding and substitution with exclusive formula
feeding has not been associated with an improved HIV-free survival in neonates
(Kuhn et al. 2008). Since 2010, WHO has recommended continued breastfeeding
through the first 2 years of life while supporting ART and care for breastfeeding
mothers living with HIV (World Health Organization 2010). Breastfed infants
remain at risk for MTCT throughout the duration of breastfeeding as the breast
milk of HIV-infected mothers on ART may contain reservoirs of HIV, even in
light of suppressed maternal plasma viral load (Van de Perre et al. 2012). In
fact, breast milk remains responsible for >50% of MTCT in the majority of the
priority countries in sub-Saharan Africa (UNAIDS 2016). Data from the IMPAACT
PROMISE trial, a randomized controlled trial comparing prolonged infant ARV
prophylaxis with NVP vs. maternal ART for the prevention of MTCT through
the breastfeeding period, demonstrated, however, very low and comparable
breastfeeding transmission in both arms and high infant HIV-free survival at
24 months (Flynn et al. 2018).

There are several challenges for ART prophylaxis to prevent MTCT and to treat
an HIV-infected infants and neonates. Those include rapid developmental changes
and lack of PK data and limited number of pediatric ARV formulations available.
Few ARV drugs are available in formulations suitable for neonates, and limited
safety and PK data exist for HIV therapy and prophylaxis in these vulnerable
populations (Clarke et al. 2018a).

Dosing of ARV drugs in neonates require special considerations compared
with older children. Neonates have differences in drug absorption, distribution,
metabolism, and elimination which are affected by the maturation of organ systems
within the first weeks of life (Ku and Smith 2015). Challenges associated with
oral drug delivery in neonates include changes in stomach pH over the first weeks
of life, decreased gastric emptying and intestinal motility, as well as decreased
cytochrome metabolism (Linakis et al. 2016). The rapidly changing physiology in
this population requires frequent dose titration. The PK data available for the
approved ARV drugs in neonates are limited (Rakhmanina and Phelps 2012) and
currently only available for AZT, NVP, and PI lopinavir boosted with ritonavir
(RTV) (LPV/r) in premature infants, plus RAL in term newborns (Capparelli et al.
2003a; Capretti et al. 2016; Holgate et al. 2012). Accordingly, the formulary of
available ARVs in this age group is narrow and includes NRTIs (AZT and 3TC),
a NNRTI (NVP), PI (LPV/r), and (INSTI (RAL). Furthermore, safety and efficacy
data on neonatal ART are currently very limited. There is even less experience
with treating premature and low birth weight neonates. Timing of the transition from
prophylactic ART for prevention of transmission to ART regimen aimed at long-
term treatment require further investigation (Nuttall 2015).
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In addition to limited available formulary of neonatal ARV drugs and limited
safety outcome data, the administration of these drugs to neonates poses an addi-
tional challenge. Studies in resource-limited settings reveal that mothers place
very high value on protecting children from acquiring HIV (Ngarina et al. 2014).
However, difficulties of actually administering the medications to infants for
caregivers who are also facing their own disease challenges, including widespread
stigma, as well as poor palatability especially for liquid pediatric ARV formulations
represent significant barriers. Furthermore, liquids formulations may require cold
chain storage, as is the case for LPV/r syrup which is prohibitively expensive for
resource-limited settings. Granules for oral suspension are available for RAL and
require suspending and mixing in a measured amount of water which raises concerns
regarding feasibility of administration in resource-limited settings, where access to
clean water is limited. Dispersible tablets (tablets for oral solution) for pediatric
dosing are available in resource-limited settings and are the preferred solid oral
dosage forms over oral liquid solutions for neonates and infants.

Here we review each ARV drug class in relationship to the neonatal and infant
use for treatment and/or prophylaxis of HIV.

2.1 Nucleoside and Nucleotide Analogue Reverse Transcriptase
Inhibitors (NRTIs)

Emtricitabine (FTC) and AZT are the only NRTIs approved by the FDA since birth.
3TC is approved for use in infants >3 months; however, due to availability of safety
and efficacy data (Connor et al. 1994; Mirochnick et al. 2005; Mulenga et al. 2016),
both AZT and 3TC are recommended by the DHHS, WHO, and the Paediatric
European Network for Treatment of AIDS (PENTA) for infants starting at birth.
Abacavir (ABC) is neither approved nor recommended by DHHS for infants
<3 months of age; however, it is recommended for use by the WHO for infants
starting at 4 weeks of life and with a minimal weight of 3 kg (Department of Health
and Human Services 2018a; World Health Organization 2016).

FTC, AZT, and 3TC are available in oral solutions at 10 mg/mL, and ABC is
available as 20 mg/mL oral solution. These solutions do not need to be refrigerated
and can be given without regard to food. Dispersible pediatric tablets for AZT and
ABC are available in resource-limited settings.

Dosing NRTI guidelines for infants <4 weeks of age are limited. Other than for
AZT, little PK data exist to fully inform accurate dosing in this population at a
time when physiological maturation of the kidneys and liver are occurring rapidly
(Capparelli et al. 2003b). Pediatric experience both for treatment with AZT and for
prevention of MTCT is extensive. The initial perinatal trial PACTG 076 established
the guidelines that AZT given to the mother during pregnancy, labor, and given to
the newborn reduced perinatal transmission of HIV by 70% (Connor et al. 1994). For
infants who are HIV-exposed but uninfected, AZT is prescribed in prophylactically
for the duration of 4–6 weeks. Although the landmark PACTG 076 study used
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dosing of 2 mg/kg/dose every 6 h, more recent data support more practical twice-
daily dosing of AZT at 4 mg/kg (Moodley et al. 2001).

For infants with an HIV infection, AZT and 3TC doses should be increased
at 4 weeks of age as the enzymes responsible for glucuronidation reach their
maturation over the first 4–6 weeks in full-term neonates (Mirochnick et al. 1999).
AZT, 3TC, and ABC are dosed twice daily in infancy, and only FTC in patients
older than 3 months of age is dosed once daily (Department of Health and Human
Services 2018a).

PK data for preterm infants are available for AZT and 3TC (Capparelli et al.
2003a, b). The renal clearance of AZT and 3TC is further decreased in premature
infants requiring a significant decreased in dosing (Capparelli et al. 2003a;
Tremoulet et al. 2007). For premature infants diagnosed with HIV, the time to
increase the dose from the initial dose is based on post-gestational age and
their clinical status, and required careful assessment of hepatic and renal function
should be performed prior to dose increase.

For infants unable to tolerate oral agents, the intravenous dose of AZT is available
and should be 75% of the oral dose with a similar dosing interval. In fact, AZT is
the only ARV drug available for intravenous administration which makes it useful
in significantly preterm neonates unable to tolerate oral intake.

2.2 Non-nucleoside Analogue Reverse Transcriptase Inhibitors
(NNRTIs)

NVP is the only NNRTI approved for use in neonates (aged �15 days, Food
and Drug Administration 2011a). Efavirenz (EFV) has been approved by the FDA
for infants as young as 3 months of age (Food and Drug Administration 2011b);
however, it has not been recommended for children aged <3 years due to high
variation in PK and exposure-related toxicity and functional under dosing concerns
(Salem et al. 2014). NVP has, therefore, become a mainstay of ARV prophylaxis
for the prevention of MTCT globally despite concerns for low virologic resistance
threshold.

NVP is available in a 10 mg/mL suspension which can be stored at room
temperature and given without regard to food and is also available in a dispersible
pediatric dosing tablet. NVP has a long elimination half-life and is a substrate
and inducer of hepatic metabolism by cytochrome P450 family (Food and Drug
Administration 2011a). Based on the results of the NICHD-HPTN 040 trial
(Nielsen-Saines et al. 2012), 6 weeks of AZT plus 3 doses of NVP is the combination
ARV prophylaxis regimen recommended by DHHS for the prophylaxis of the
high-risk MTCT exposure (Department of Health and Human Services 2018a).
NVP prophylaxis with or without AZT is also recommended for all HIV-exposed
infants by WHO regardless of feeding practices (World Health Organization 2010).
NVP prophylactic and treatment dosing guidelines by DHHS and WHO for infants
starting at 32 weeks of gestational age are based on weight bands and mg/kg dosing.
Until 2018, WHO recommended infant prophylaxis with AZT plus NVP for a total
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of 12 weeks for breastfed infants at high MTCT risk (World Health Organization
2016). Providing multiple drugs to a newborn remained a challenge, specifically the
use of both AZT and NVP as AZT is administered twice daily and NVP once daily,
making it challenging for caregivers and from an operational programmatic perspec-
tive as well.

Furthermore, due to high rates of the NNRTIs resistance observed in young
infants in sub-Saharan Africa (Jordan et al. 2017), WHO has recently recommended
moving away from using NVP in neonatal period and replacing its use with RAL
starting at birth and PI-based regimens with LPV/r starting at 4–6 weeks of life
for HIV-infected infants (World Health Organization 2018a).

For premature infants and neonates, data are limited for NVP treatment dosage
and are primarily based on PK modeling. In children requiring NVP for treatment
and not prophylaxis, traditional dosing of NVP is initiated with a once-daily dose
during the first 2 weeks to allow for the induction of the liver enzymes CYP3A and
CYP2B6 which are involved in NVP metabolism, so-called lead-in dosing (Food
and Drug Administration 2005). Lead-in dosing can reduce the occurrence of rash
but can also lead to subtherapeutic plasma NVP levels (Department of Health and
Human Services 2018b). Data from the CHAPAS-1 trial suggest that a lead-in dose
may not be necessary in young patients and that the risk of rash is more prevalent in
older children (Fillekes et al. 2013). Therefore, experts recommend that for children
�2 years of age, NVP may be initiated without a lead-in dose (Department of Health
and Human Services 2018b).

2.3 Protease Inhibitors (PI)

LPV/r is approved for treatment of HIV infection in term infants 14 days and
older and cannot be administered to neonates before a gestational age of 42 weeks
due to toxicity primarily associated with syrup excipients (e.g., propylene glycol
and alcohol) (Food and Drug Administration 2011c).

The poor palatability of currently available LPV/r oral solution (20 mg
LPV/20 mg RTV) has remained a significant challenge to medication adherence
for children and their families. In addition, the syrup requires cold chain storage up
to the point of dispersing and once dispensed is stable at 25�C for 6 weeks which is
prohibitive for many countries. While evidence demonstrates LPV/r superiority in
clinical efficacy over NVP for treatment of HIV regardless of prior exposure to NVP
(Violari et al. 2012), this boosted PI is not widely used due to the challenges
associated with the liquid formulation. Pediatric LPV/r tablets are available for
children; however, they cannot be crushed as crushing tablets result in significant
decrease in the plasma drug concentrations (Best et al. 2011). Alternative generic
pediatric formulations include mini melt tablets or pellets (in a capsule) which
received preliminary approval by the FDA in 2015 (Food and Drug Administration
2015a). This formulation has significant advantages including easy storage and
transport and can be administered to infants and young children who cannot swallow
tablets. Oral pellets, however, cannot be stirred, dissolved, or crushed in liquid in
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advance to the administration. For infants not yet taking solid food, the capsule
should be open, and pellets can be added to small amount of breast milk or formula
or directly placed on the infant’s tongue prior to breastfeeding. For those taking solid
food, the pellets can be mixed with a small amount of soft food. There are currently
limited clinical data on effectiveness and safety of LPV/r pellets in routine care. Data
from the CHAPAS-2 trial suggest equivalent bioavailability between LPV/r pellets
and syrup in a small number of infants 3–12 months (Musiime et al. 2014). In this
study, the proportion of infants and younger children reporting unpleasant taste
with pellet was similar to syrup (Kekitiinwa et al. 2016).

LPV/r pellets do not contain propylene glycol and alcohol and could be poten-
tially considered for use starting at birth either as part of infant prophylaxis or
combination ART treatment regimen; however, there are currently no data to support
its use in infants <3 months of age. The LIVING study, a phase III study led by
the Drug for Neglected Diseases initiative (DNDi), is an ongoing implementation
study of LPV/r pellets in infants and children >3 kg (no age inclusion) who are
unable to swallow tablets (US National Library of Medicine 2018). Preliminary data
suggest that treatment with LPV/r pellets appears effective and well tolerated
with minimal safety concerns (Salami Olawale et al. 2017). Data suggest better
acceptability of the new pellet formula, visible positive outcomes of the child’s
health, and easy administration, all of which support the initiation and maintenance
of adherence (Ouma et al. 2018). If the pellets were administered quickly, the
development of a bitter taste was avoided (Ouma et al. 2018). Access and cost to
LPV/r pellets currently remain barriers to wide implementation in resource-limited
settings. LPV/r granules (40 mg/10 mg) are now available from Mylan Laboratories
Limited. The granules are recommended for children >3 kg and are expected to be
used in the same settings and similar patient populations as the LPV/r pellets. An
application is under review to include the granules on WHO Essential Medicines
List for Children (World Health Organization 2019).

2.4 Integrase Strand Transfer Inhibitors (INSTI)

RAL is the only INSTI that is FDA-approved for use in newborns and infants
weighing �3 kg (Food and Drug Administration 2013a). RAL for neonates is
available in granules for oral suspension: a single-use packet contains 100 mg to
be suspended in 10 mL of water (it is not dissolvable in breast milk) for a final
concentration of 10 mg/mL (Merck 2017). This formulation requires access to clean
drinkable water and, therefore, might pose a challenge in resource-limited settings.

RAL is metabolized by uridine diphosphate glucuronosyltransferase (UGT), the
enzyme also responsible for metabolizing bilirubin. UGT activity is low at birth,
making it possible for bilirubin and RAL to compete for the enzyme’s binding
sites (Clarke et al. 2013). RAL may displace bilirubin from albumin and increases
the risk of kernicterus in neonates (Clarke et al. 2013). Data suggest that the
effect of RAL on neonatal bilirubin binding is unlikely to be clinically significant
unless concentrations 50–100-fold higher than typical plasma peak concentrations
are reached (Clarke et al. 2013).
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RAL crosses the placenta, and if the mother has taken RAL 2–24 h prior delivery,
DHHS recommends that the neonate’s first dose be delayed until 24–48 h after
birth to allow for elimination of transplacentally transferred RAL and to avoid the
risk of toxicity in neonate (Clarke et al. 2014). High concentrations of RAL may
increase the risk of bilirubinemia and associated neurotoxicity; however, subthera-
peutic concentration for the treatment of HIV must be avoided and could increase the
risk of acquiring resistance (Clarke et al. 2014). Data from IMPAACT P1110 study
suggest that daily use of RAL is safe and well tolerated during the first 6 weeks of
life (Clarke et al. 2018b). RAL elimination is highly variable and is prolonged in the
first weeks of life. Based on the postpartum maturation of UGT metabolism, RAL
dosing is doubled after the first week of life in neonates. Data outside the neonatal
period, in infants at least 4 weeks of age, suggest that the granules for oral suspen-
sion are well tolerated with good efficacy (Nachman et al. 2015). The 2018 interim
HIV treatment guidelines fromWHO recommend RAL-based regimen as a preferred
first-line regimen for treating HIV-infected neonates (World Health Organization
2018a). The 2018 DHHS guidelines also recommends RAL as a preferred option for
empiric HIV therapy for infants at high risk of transmission or those with confirmed
HIV infection (Department of Health and Human Services 2018a). To date the data
on RAL dosing is limited to infants 37 weeks of gestation, and no data are available
for other preterm and low birth weight infants (Department of Health and Human
Services 2018a).

RAL has a low genetic barrier to resistance; however, it is yet unclear as to
whether early exposure to RAL will result in altered choices of other INSTIs in
HIV-infected children. HIV drug resistance testing in resource-limited settings,
where treatment options are limited, has been difficult to implement due to high
capital and test costs. While there is wide cross-resistance with other INSTIs such as
elvitegravir (EVG), there is limited cross-resistance between RAL and dolutegravir
(DTG) (Kobayashi et al. 2011). DTG is not approved for use in neonates/infants, and
current studies are under way for children weighing�30 kg in the USA (IMPAACT
2023) and in children <25 kg by WHO (Updated Recommendations on first-line
and second-line antiretroviral regimens 2018). Children who do not achieve viral
suppression on RAL-based regimen will require twice-daily administration of DTG
in the future (World Health Organization 2018a).

2.5 Safety Considerations

Several important safety issues in the neonatal population need to be considered when
initiating ART either for treatment or prophylaxis. Ideally, all patients initiating ABC
should be tested for the HLA-B�5701 allele to predict the risk of hypersensitivity
reactions. Hypersensitivity reactions with ABC usually occur during the first few
weeks of starting therapy and include fever, rash, nausea, vomiting, and respiratory
symptoms which should lead to immediate and permanent discontinuation of the drug.
This hypersensitivity reaction can affect 3–4% of Caucasian and Asian children but is
very rare in African children (Puthanakit et al. 2013).
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AZT causes mitochondrial toxicity, and despite extensive experience in pediat-
rics, experts favor the use of ABC when patient ages do not restrict use because it
has less effect on mitochondrial function. The hematologic side effects of AZT
appear to be concentration dependent. Granulocytopenia and or anemia are known
side effects that may require discontinuation of AZT therapy. In the ARROW trial,
severe anemia was found independently of AZT-based regimen; however, AZT was
associated with severe neutropenia seen in a small number of children (ARROW
Trial Team 2013). Neonatal ARV regimen containing AZT may also represent a
higher risk of cardiomyopathy (Patel et al. 2012).

3TC has generally been considered safe in older children and adults; however,
hematological toxicity (anemia, thrombocytopenia, and neutropenia) increase when
combined with AZT for neonatal prophylaxis with children requiring either discon-
tinuation or blood transfusions (Nielsen-Saines et al. 2012; Mandelbrot et al. 2001).

NVP toxicity includes rash, hypersensitivity reactions, and hepatotoxicity. Close
monitoring for rash and liver function test abnormalities is required, and NVP
should not be administered to patients with moderate to severe hepatic impairment
(Department of Health and Human Services 2018b). Drug-drug interactions are
common with NNRTIs and should be addressed prior to initiating and during
NVP therapy. The possibility of pre-existing viral resistance because of prior
exposure to NVP for PMTCT remains a significant issue in sub-Saharan Africa
(Kuhn et al. 2014).

In 2011, the FDA released a statement on LPV/r solution toxicity in neonates
which include adrenal insufficiency (Simon et al. 2011), arrhythmias, lactic acidosis,
respiratory, and central nervous system depression (Food and Drug Administration
2011c).

2.6 Future Considerations

As a result of lifelong ART in pregnant and breastfeeding mothers, new HIV
infections among infants have significantly decreased, while the number of
HIV-exposed uninfected infants (HEU) has steadily increased. Numerous studies
have reported adverse health outcomes in HEU children including higher mortality
(Brennan et al. 2016), mitochondrial toxicity (Jao et al. 2017), infectious disease
complications (Slogrove et al. 2016), growth (Powis et al. 2016; Rosala-Hallas et al.
2017), neurodevelopmental outcomes (McHenry et al. 2018), and altered immunity
(Reikie et al. 2014). The causes of increased adverse outcomes are likely multifac-
torial including socioeconomic factors, infant feeding practices, prolonged exposure
to ART, postpartum ART regimen, coinfections, and immune activation (Evans
et al. 2016). The benefits of ART in reducing vertical transmission and improving
maternal health outweigh the risks of ART exposure to children; however, as the
number of infants exposed to HIV and ART increase, it remains critical to closely
monitor for outcomes and potential adverse effects.
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Selected Important Ongoing Neonatal and Infant Studies
1. Ongoing clinical trials including IMPAACT P1115 (ClinicalTrials.gov Identifier:

NCT02140255), BHP-074 (ClinicalTrials.gov Identifier: NCT02369406), and the
Leopard Study in South Africa (ClinicalTrials.gov Identifier: NCT02431975) will
explore early intensive ART regimen in neonates and should provide additional
safety and pharmacokinetic data for 3TC, NVP, LPV/r, and RAL.

2. The complete results from the multicountry LIVING study (ClinicalTrials.gov
Identifier: NCT02346487) will provide information on efficacy, safety, and
acceptability of the LPV/r pellets in infants and children.

3. IMPAACT P1093 (ClinicalTrials.gov Identifier: NCT03016533) is an ongoing
phase 1/2 open-label pharmacokinetic and dose finding study of DTG in an oral
pediatric granule and dispersible tablet formulation in children aged 4 weeks to
<18 years of age.

3 ART for Children

Development changes remain an important consideration in HIV management
past infancy for children as they grow and develop. Faster clearance of ARV
drugs by younger children often require higher body surface area or weight-based
dosing compared to older children and adults. In resource-limited settings, additional
challenges in these vulnerable populations include delay in growth, concomitant
infectious diseases, and malnutrition, all of which can influence ARV drug clearance
and metabolism (Rakhmanina and Phelps 2012). The risk of tuberculosis (TB) and
universal isoniazid (INH) prevention therapy in high tuberculosis burden settings
further complicate ART options for these children due to multiple drug-drug
interactions of INH and other TB drugs such as rifampin with ARV drugs.

Although an increasing number of FDA-approved ARV drugs are available in
children, the number of HIV drugs approved for pediatric use still lack behind the
number of formulations available for adults. Most pediatric ARV drug and doses
approvals are based on the efficacy data from clinical trials in adults with supporting
PK and safety data from Phase 1/2 trials in children (Penazzato et al. 2017).

For simplification and ease, doses for most ARV drugs approved in children are
broken down by the specific weight bands rather than being calculated by kilogram
of weight or body surface area. The dosing recommendations are supported by
clinical PK studies, PK modeling, and experts reviews. Based on weight bands,
children should not receive more than 25% above the maximum target dose or more
than 5% below the minimum target dose (World Health Organization 2016). In
addition, several pediatric 2-in-1 and 3-in-1 fixed-dose combinations (FDC) are
available and have received quality certification by the WHO and FDA for use in
children. Despite progress in scaling up access and introducing WHO guidelines
supporting rapid initiation of ART for all children, only 52% of all children living
with HIV in 2017 were accessing ARV treatment (UNAIDS 2018).
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All current pediatric ART guidelines recommend first line in HIV-infected
children to include a dual-NRTI backbone combination plus an agent from
a different class including INSTI, NNRTI, or a boosted PI. ART regimen
recommendations are often based on age and/or weight limitations. Pediatric studies
have compared NNRTI-based regimens to PI-based regimens. The P1060 study
demonstrated superiority of LPV/r-based regimens compared to NVP in children
aged 2–35 months, regardless of prior maternal or infant exposure prophylaxis
(Violari et al. 2012). In the PENPACT-1 study, children either on an NNRTI-
based regimen versus a PI-based regimen had similar virologic outcomes after a
4-year follow-up (Babiker et al. 2011). In the PROMOTE trial, children randomized
to either an NNRTI- or a LPV/r-based regimen had similar virologic efficacy at
48 weeks (Ruel et al. 2014). Data for INSTI-based regimens in children are currently
limited to non-randomized trial studies assessing safety, tolerability, and PK and
are largely based on adult efficacy data (Raffi et al. 2013).

Several challenges remain in HIV treatment for children including (a) lack of
safety, efficacy, and pharmacokinetics for optimal dosing of some existing and new
ARV drugs, particularly with novel drug delivery systems; (b) limited interventions
and appropriate drug formulations to improve adherence; (c) variable bioavailability
of the FDCs; and (d) short- and long-term ART outcomes particularly as it relates
to the risk of remote noncommunicable diseases (Penazzato et al. 2018).

Compared to adults, children living with HIV face a prolonged lifetime journey
to remain adherent to ARV drugs. Effective interventions and strategies to support
children and their caregivers to ensure improved adherence, disclosure of HIV
status, and clinical outcomes are critical. The increased survival of children with
HIV into adulthood also poses new challenges in selecting ART regimen with
minimal short- and long-term toxicities, preventing the development of resistance
and maintaining normal physical growth and neurocognitive development.

Here we review each ARV drug class in relationship to the pediatric use for
treatment of HIV.

3.1 Nucleoside and Nucleotide Analogue Reverse Transcriptase
Inhibitors (NRTI)

Dual-NRTI form the backbone of combination ART regimens throughout the
spectrum of pediatric ages and weight bands. Several NRTIs are approved and
available for children<13 years of age and include ABC, FTC, 3TC, AZT, tenofovir
disoproxil fumarate (TDF), and tenofovir alafenamide (TAF), as well as didanosine
(ddI) and stavudine (D4T) which are both no longer recommended due to drug-
related toxicities. In resource-limited settings, AZT, ABC, 3TC, and TDF are
available either as single drugs in form of oral solutions, oral powder, scored tablets,
or FDCs (including dispersible tablets) for pediatric use (Table 2).

ABC and 3TC comprise the preferred dual-NRTI backbone recommended for
children by WHO. Both drugs are dosed twice daily at initiation; however, based
on PK studies, data suggest that once-daily dosing of ABC and 3TC is comparable
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to twice-daily dosing (LePrevost et al. 2006; Bergshoeff et al. 2005; Szubert et al.
2017). DHHS recommends switching to once-daily regimen for 3TC for children
�3 years of age, and for ABC once children are using the pill formulation and are
clinical stable with undetectable viral loads (Department of Health and Human
Services 2018b). FTC, TAF, and TDF are all dosed once daily. 3TC and FTC are
interchangeable and both are well tolerated. Both also select for the M184V resis-
tance mutation, which is associated with high-level resistance to both drugs, a
decrease in susceptibility to ABC and improved susceptibility to ZDV and TDF
(Borroto-Esoda et al. 2006; Ross et al. 2004).

TAF is an oral prodrug of TDF and is approved by the FDA as a component
of FDCs, and based on decreased risk for TDF-associated renal and bone adverse
events compared to TDF, it is recommended by DHHS as a preferred dual-NRTI
combination with FTC (Table 1). TDF/FTC is available as reduced-strength tablets
and oral powder for use in children (Table 2). However, the granules that make up
the TDF oral power give the vehicle a gritty consistency, and once mixed TDF
should be administered promptly as its taste can become bitter. Finally, FTC, 3TC,
TDF, and TAF all have antiviral activity and efficacy against hepatitis B and need to
be considered for children with coinfection.

3.2 Non-nucleoside Analogue Reverse Transcriptase Inhibitors
(NNRTIs)

Three NNRTIs, specifically EFV (for children aged �3 months), etravirine (ETR,
for children aged �2 years (Food and Drug Administration 2012)), and NVP
(for children starting at birth), are approved for pediatric treatment of HIV
(Department of Health and Human Services 2018b). Rilpivirine (RPV) is only
approved for children �12 years (Food and Drug Administration 2011). EFV and
NVP are both available in resource-limited settings either as single drug tablet or
FDCs. The benefits of NNRTIs as initial therapy include a long half-life requiring
less frequent dosing, a lower risk of dyslipidemia, and fat maldistribution compared
to PIs and generally a lower pill burden. The major disadvantages of using NNRTI
include the low barrier to high-level drug resistance (except for doravirine (DOR))
and cross-resistance within the drug class as well as the potential for multiple drug
interactions due to metabolism with hepatic enzymes.

EFV has been approved by the FDA starting at 3 months of age; however, it
is not recommended for use in children <3 years by DHHS due to variable PK
and associated variability in drug exposure and toxicity (Department of Health and
Human Services 2018b). EFV concentrations can also be suboptimal in children
�3 years (Salem et al. 2014). The bioavailability of EFV is affected by food, and it
is best administered on an empty stomach. EFV can be swallowed as a whole capsule
or can be opened and used as sprinkles with soft foods or formula/breast milk
(Food and Drug Administration 2011b). Scored tablets of EFV are available in
resource-limited settings. ETR is approved for children >2 years of age and should
be administered following a meal (Food and Drug Administration 2012). Available
pediatric ETR tablets may be dispersed in liquid. Finally, NVP is available as
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Table 1 Summary of current pediatric ART guidelines for the treatment of HIV in children and
adolescents from World Health Organization (WHO), US Department of Health and Human
Services (DHHS), and Paediatric European Network for Treatment of AIDS (PENTA)

WHO 2016 and interim
guidance 2018 (World
Health Organization 2016,
2018a)

DHHS 2018
(Department of
Health and Human
Services 2018a, b, c)

PENTA 2015
(Paediatric European
Network for the
Treatment of
AIDS 2007)

Preferred regimens (first-line)

Neonates
and infants
<12 months

2 NRTIs + RAL 2 NRTIs + NVP
2 NRTIs + RAL

2 NRTIs + NVP
2 NRTIs + LPV/r

Children
<3 years

2 NRTIs + LPV/r 2 NRTIs + LPV/r
2 NRTIs + RAL

2 NRTIs + NPV
2 NRTIs + LPV/r

3–6 years 2 NRTIs + NNRTI 2 NRTIs + ATV/r
2 NRTIs + DRV/r
2 NRTIs + RAL

2 NRTIs + EFV
2 NRTIs + LPV/r

>6 years 2 NRTIs + DTG >6 years to
<12 years: 2 NRTIs
+ ATV/r
2 NRTIs + DTG

2 NRTIs + ATV/r
2 NRTIs + EFV

Adolescents 2 NRTIs + DTG
2 NRTIs + EFV

>12 years old and
SMR 1–3:
2 NRTIs + ATV/r
2 NRTIS + DTG
2 NRTIs + DRV
2 NRTIs +
EVG/COBI
>12 years old and
SMR 4 or 5:
TAF/FTC/BIC
(in adults guidelines)
2 NRTIs + DTG
2 NRTIs + RAL

2 NRTIs + ATV/r
2 NRTIs + DRV/r
2 NRTIs + EFV

Alternative regimens (second line)

Neonates
and infants
less than
12 months

2 NRTIs + NVP >14 days: 2 NRTIs +
NVP
>3 months: 2 NRTIs
+ ATV/r

Children 2 NRTIs + ATV/r or LPV/r
2 NRTIs + DTG
DRV/r + DTG + 1–
2 NRTIs

<3 years: 2 NRTIs +
ATV/r
>3–6 years:
2 NRTIs + EFV
2 NRTIs + LPV/r
6–12 years: 2 NRTIs
+ DRV/r
2 NRTIs+ EFV
2 NRTIs +
EVB/COBI
2 NRTIs + LPV/r
2 NRTIs + RAL

2 NRTIs + DRV/r
2 NRTIs + NVP

(continued)
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liquid and pediatric single drug tablet formulations and as an extended release
formulation. Children �6 years of age who are already taking immediate-release
NVP twice daily can be switched to NVP extended release once daily without lead-
in dosing (Department of Health and Human Services 2018b).

Table 1 (continued)

WHO 2016 and interim
guidance 2018 (World
Health Organization 2016,
2018a)

DHHS 2018
(Department of
Health and Human
Services 2018a, b, c)

PENTA 2015
(Paediatric European
Network for the
Treatment of
AIDS 2007)

Adolescents 2 NRTIs + ATV/r or LPV/r
2 NRTIs + DTG

>12 years old and
SMR 1–3:
2NRTIs + EFV
2 NRTIs + RAL
2 NRTIs + RPV
>12 years old and
SMR 4–5:
2 NRTIs + DRV/r
2 NRTIs + ATV/r
2 NRTIs + EFV
2 NRTIs + RPV

2 NRTIs + NVP
2 NRTIs + LPV/r
2 NRTIs + RAL
2 NRTIs + DTG

Preferred 2-NRTI backbone options

Neonates
and infants
less than
12 months

AZT + 3TC ZDV + (3TC or
FTC)
>3 months: ABC +
(3TC or FTC)

ABC (AZT) + 3TC

Children ABC (AZT) + 3TC <6 years: ABC +
(3TC or FTC)
ZDV + (3TC or
FTC)
>6 years: ABC +
(3TC or FTC)
FTC/TAF

ABC+ 3TC

Adolescents TDF + 3TC (or FTC) ABC + (3TC or
FTC)
TAF/FTC

TDF/FTC
ABC + 3TC

3TC lamivudine, ABC abacavir, ATV/r atazanavir/ritonavir, ART antiretroviral therapy,
COBI cobicistat, DHHS Department of Health and Human Services, DRV darunavir,
DRV/r darunavir/ritonavir, DTG dolutegravir, EFV efavirenz, EVG elvitegravir, FTC emtricitabine,
LPV/r lopinavir/ritonavir, NRTI nucleoside reverse transcriptase inhibitor, NVP nevirapine,
PENTA Pediatric European Network for Treatment of AIDS, PI protease inhibitor, RAL raltegravir,
RPV rilpivirine, SMR sexual maturity rating, TAF tenofovir alafenamide, TDF tenofovir disoproxil
fumarate, ZDV zidovudine, WHO World Health Organization
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Table 2 ARVs by class and formulation and in comparison between DHHS and WHO guidelines
for weight- and age-based dosing limits

Drug

Available formulations
(World Health Organization
2016, 2018a; Department of
Health and Human Services
2018a, b, c)

Dosing limits
DHHS guidelines
(Department of Health
and Human Services
2018a, b, c)

Dosing limits
WHO guidelines
(World Health
Organization 2016,
2018a)

Nucleoside (nucleotide) reverse transcriptase inhibitors

ABC 20 mg/mL solution Age limit (>3 months) Weight limit (>3 kg)

60 mg dispersible N/A Weight limit (>3 kg)

300 mg scored tablet Weight limit (>14 kg) Higher weight limit
(>25 kg)

ABC 60 mg/3TC 30mga N/A Age (>4 weeks) and
weight limit (>3 kg)

ABC 120 mg/3TC 60 mg
dispersiblea

N/A Age (>4 weeks) and
weight limit (>3 kg)

ABC 600 mg/3TC 300 mga Weight limit (>25 kg) Weight limit (>25 kg)

ABC 300 mg/3TC 150 mg/
AZT 300 mga

Weight limit (>30 kg) N/A

ABC 600 mg/DTG 50 mg/
3TC 300 mga

Weight limit (>25 kg) N/A

FTC 10 mg/mL solution Weight-based dosing
from birth

N/A

200 mg capsule Weight limit (>33 kg) Age limit (>18 years)

FTC 100 mg/TDF 150 mga Weight limit (17–
22 kg)

N/A

FTC 133 mg/TDF 200 mga Weight limit (22–
28 kg)

N/A

FTC 167 mg/TDF 250mga Weight limit (28–
35 kg)

N/A

FTC 200 mg/TDF 300 mga Weight limit (>35 kg) N/A

FTC 200 mg/TAF 25 mga Weight limit (>25 kg) N/A

FTC 200 mg/RPV 25 mg/
TDF 300 mga

Age (>12 kg) and
weight (>35 kg) limit

N/A

FTC 200 mg/RPV 25 mg/
TAF 25 mga

Age (>12 kg) and
weight (>35 kg) limit

N/A

3TC Solution: 5 mg/mL and
10 mg/mL

Gestational age
(�32 weeks) limit

Only 10 mg/mL
solution available
Weight (>2 kg) and
gestational age (term)
limits

150 mg scored tablet Weight limit (>14 kg) N/A

Tablets: 100 mg and 300 mg Weight limit (>25 kg) Age limit (adolescentb)

3TC 300 mg/TDF 300 mga Weight limit (>35 kg) N/A

3TC 150 mg/AZT 300mga Weight limit (>30 kg) Lower weight limit
(>25 kg)

TAF 25 mg tablet Weight limit (>25 kg)c N/A

(continued)
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Table 2 (continued)

Drug

Available formulations
(World Health Organization
2016, 2018a; Department of
Health and Human Services
2018a, b, c)

Dosing limits
DHHS guidelines
(Department of Health
and Human Services
2018a, b, c)

Dosing limits
WHO guidelines
(World Health
Organization 2016,
2018a)

TDF 40 mg/1 g oral powder Age (>2 years) and
weight (>10 kg) limit

N/A

Tablets: 150 mg, 200 mg,
250 mg, and 300 mg

Age (>2 years) and
weight (>17 kg) limit

250 mg tabs N/A
Lower weight
(>14 kg) limit

TDF 300 mg/3TC 300 mg/
DTG 50mga, d

N/A Age (adolescentb) and
weight (>30 kg) limit

AZT 10 mg/mL syrup Takes gestational age
into consideration

Does not consider
gestational age

60 mg dispersible N/A Age (>4 weeks) and
weight (>3 kg) limit

100 mg capsule and 300 mg
tablet

Age limit (>18 years) Weight limit (>25 kg)

AZT 60 mg/3TC 30 mg
dispersiblea

N/A Age (>4 weeks) and
weight (>3 kg) limit

AZT 60 mg/3TC 30 mg/NVP
50 mg dispersiblea

N/A Age (>4 weeks) and
weight (>3 kg) limit

AZT 300 mg/3TC 150 mg/
NVP 200 mga

N/A Weight limit (>25 kg)

Non-nucleoside reverse transcriptase inhibitors

DOR 100 mg tablet Adult dosing available N/A

DOR 100 mg/TDF 300 mg/
3TC 300 mga

Adult dosing available N/A

EFV 50 mg and 200 mg capsules,
600 mg tablet

Age (>3 years) and
weight (>10 kg) limit;
higher maximum dose
(600 mg)

Age (>3 years) and
weight (>10 kg) limit;
lower maximum dose
(400 mg)

EFV 600 mg/FTC 200 mg/
TDF 300 mga

Weight limit (>40 kg) N/A

EFV 400 mg/3TC 300 mg/
TDF 300 mga, e

Weight limit (>35 kg) N/A

EFV 600 mg/3TC 300 mg/
TDF 300 mga, e

Weight limit (>40 kg) N/A

ETR Tablets: 25 mg, 100 mg,
200 mg

Age (>2 years) and
weight (>10 kg) limit

N/A

NVP 10 mg/mL suspension Takes gestational age
into consideration

Does not consider
gestational age

50 mg dispersible N/A Age (>4 weeks) and
weight (>3 kg) limit

Tablets: immediate release
200 mg, extended release
100 mg and 400 mg

Investigational dosing
preterm infants
(>34 weeks gestation)
from birth
Regular dosing with
age (>1 month) limit

Only immediate release
tablet available
Weight limit (>25 kg)

(continued)
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Table 2 (continued)

Drug

Available formulations
(World Health Organization
2016, 2018a; Department of
Health and Human Services
2018a, b, c)

Dosing limits
DHHS guidelines
(Department of Health
and Human Services
2018a, b, c)

Dosing limits
WHO guidelines
(World Health
Organization 2016,
2018a)

RPV 25 mg tablet Age (>12 years) and
weight (>35 kg) limit

N/A

Protease inhibitors

ATV 50 mg power packets Age (>3 months) and
weight (>5 kg) limit

Age (>3 months) and
weight (>5 kg) limit

Capsules: 150 mg, 200, and
300 mg

Age (>6 years) and
weight (>15 kg) limit

Weight limit (>10 kg)

ATV 300 mg/RTV 100 mga N/A N/A)

ATV 300 mg/COBI 150 mg Adult dosing available N/A

DRV 100 mg/mL suspension Age (>3 years) and
weight (>10 kg) limit

Age (>3 years) and
weight (>10–20 kg)
limit

Tablets: 75 mg, 150, 600, and
800 mg

Age (>3 years) and
weight (>15 kg) limit

Lower weight limit
(>14 kg)

DRV 800 mg/COBI 150 mga Adult dosing available N/A

DRV 800 mg/COBI 150 mg/
FTC 200 mg/TAF 10mga

Adult dosing available N/A

FPV 50 mg/mL suspension Age (>6 months) limit N/A

700 mg tablet Age limit (adolescent) N/A

IDV Capsules: 100 mg, 200 mg
and 400 mg

Age limit (adolescent) N/A

LPV/r LPV 80 mg/RTV 20 mg/mL
solutiona

Age limit (>14 days) Weight limit (>2 kg)

LPV 40 mg/RTV 10 mg
pelletsa, d

N/A Age (>4 weeks) and
weight (>3 kg) limit

Tablets: LPV 100 mg/RTV
25 mga, d

LPV 200 mg/RTV 50 mga

Weight limit (>15 kg) Only 100/25 mg tablet
available
Age (>4 weeks) and
weight (>10 kg) limit

LPV 400 mg/RTV 100 mga N/A Age limit (adolescentb)

LPV 40/RTV 10 mg/ABC
30 mg/3TC 15 mg granules or
powdera, d

N/A N/A

NFV Tablets: 250 mg and 625 mg Age limit (>2 years) N/A

RTV 80 mg/mL solution Dosing
recommendations
specific to drug
combination

Age (>4 weeks) and
weight (>3 kg) limit

Tablets: 25 mg, 50 mg, and
100 mg

N/A Age (>4 weeks) and
weight (>3 kg) limit

100 mg/packet powder Dosing
recommendation
specific to drug
combination

Age (>4 weeks)
weight (>6 kg) limit

(continued)
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Table 2 (continued)

Drug

Available formulations
(World Health Organization
2016, 2018a; Department of
Health and Human Services
2018a, b, c)

Dosing limits
DHHS guidelines
(Department of Health
and Human Services
2018a, b, c)

Dosing limits
WHO guidelines
(World Health
Organization 2016,
2018a)

SQV 200 mg capsules or 500 mg
tabs

Age limit (>16 years) N/A

TPV 100 mg/mL solution Age limit (>2 years) N/A

250 mg capsule Age limit (adolescents) N/A

Integrase inhibitors

BIC BIC 50 mg/FTC 200 mg/TAF
25mga

Investigational dosing
with age (>6 years) and
weight (>25 kg) limit
Regular dosing with
age limit (>18 years)

N/A

DTG Tablets: 10 mg, 25 mg, and
50 mgd

Weight limit (>25 kg) Only 50 mg tab
available
Weight limit (>25 kg)

DTG 50 mg/RPV 25 mga Adult dosing available N/A

EVG EVG 150 mg/COBI 150 mg/
FTC 200 mg/TAF 10 mga

Weight limit (>25 kg) N/A

EVG 150 mg/COBI 150 mg/
FTC 200 mg/TDF 300 mga

Weight (>35 kg) and
SMR (4 or 5) limit

N/A

RAL Single use packet of 100 mg
granules for oral suspension,
suspended in 10 mL of water
for final concentration of
10 mg/mL

Weight (2 kg) and
gestational age
(>37 weeks) limit

Weight limit (>2 kg)

400 and 600 mg tablets;
100 mg and 25 mgd chewable
tablets

Weight limit (>11 kg);
higher maximum dose
(1,200 mg)

Age (>4 weeks) and
weight (>3 kg) limit;
lower maximum dose
(400 mg)

Fusion and entry inhibitors

T-20 108 mg of T-20 per vial
reconstituted with 1.1 mL of
sterile water for a final
concentration of 90 mg/1 mL

Age limit (>6 years) N/A

MVC 20 mg/mL solution Age (>2 years) and
weight (>10 kg) limit

N/A

Tablets: 25 mg, 75 mg,
150 mg, and 300 mg

Age (>2 years) and
weight (>10 kg) limit

N/A

IBA Single-dose 2 mL vial
containing 200 mg/1.33 mL
(150 mg/mL)

Age limit (adolescents) N/A

3TC lamivudine, ABC abacavir, ATV atazanavir, ART antiretroviral therapy, AZT zidovudine, BIC
bictegravir, COBI cobicistat, DHHS Department of Health and Human Services, DOR doravirine,
DRV darunavir, DRV/r darunavir/ritonavir, DTG dolutegravir, EFV efavirenz, ETR etravirine, EVG
elvitegravir, FTC emtricitabine, FPV fosamprenavir, IBA ibalizumab, IDV indinavir, LPV/r
lopinavir/ritonavir, MVC maraviroc, N/A formulation and/or dosing guidelines not available, NFV
nelfinavir, NRTI nucleoside reverse transcriptase inhibitor, NVP nevirapine, PEPFAR President
Emergency Plan for AIDS Relief, PI protease inhibitor, RAL raltegravir, RPV rilpivirine,
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3.3 Protease Inhibitors (PI)

The boosted PIs, atazanavir/ritonavir (ATV/r), darunavir/ritonavir (DRV/r),
fosamprenavir/ritonavir (FPV/r), and LPV/r are FDA-approved in children. PI-based
regimens have high clinical, virologic, and immunologic efficacy (Squires et al.
2004; Gatell et al. 2007; Malan et al. 2008; Strehlau et al. 2015; Ortiz et al. 2008;
Blanche et al. 2009), and, most importantly, a high barrier to drug resistance.
However, their use frequently poses palatability challenges. PIs may increase the
pill burden when not taken in FDCs and in solid formulations.

Oral suspensions are available for LPV/r, ritonavir, FPV, and DRV. ATV/r is
approved for infants and children�3 months (Food and Drug Administration 2003a,
b). None of the PIs are approved currently for pediatric use in combination with
another pharmacokinetic booster/enhancer without antiviral activity cobicistat
(COBI), frequently used in adults. DRV/r is approved for children >3 years and
LPV/r is approved for infants >14 days (Food and Drug Administration 2000).

WHO recommends LPV/r as the preferred first-line regimen for children
>14 days and <3 years; DHHS recommends LPV/r as the preferred PI-based
regimens for infants and ATV/r as the preferred PI-based regimen for children
>3 years of age (>6 years of age for PENTA guidelines) (World Health
Organization 2018a; Bamford et al. 2018; Department of Health and Human
Services 2018b).

3.4 Integrase Strand Transfer Inhibitors (INSTIs)

RAL and DTG are both approved for use in children. RAL is licensed for
treatment of infants and children from birth (Food and Drug Administration 2017),
and DTG is approved for use in children weighing >30 kg (Food and Drug
Administration 2013b) and by the European Medicines Agency (EMA) for children
weighing more than 15 kg (European Medical Agency 2011). Recent data from the
PENTA ODYSSEY trial, however, suggest that the EMA-approved dose might be
suboptimal in children (Bollen et al. 2018), leading to WHO recommending adult
50 mg dose starting at weight of 25 kg and potentially at weight of 20 kg, based on
PK modeling (World Health Organization 2018a). EVG is approved only within
FDCs in combination with COBI/FTC with TAF for children weighing >25 kg and
with TDF for adolescents >35 kg (Department of Health and Human Services
2018b). INSTIs have become the drug within the preferred regimen for children

RTV ritonavir, SMR sexual maturity rating, SQV saquinavir, T-20 enfuvirtide, TAF tenofovir
alafenamide, TDF tenofovir disoproxil fumarate, TPV tipranavir,WHOWorld Health Organization
aFixed-dose combinations (FDCs) of drug listed under first encountered drug component
bWHO defines adolescents as age 10–19 years
cApproved only for hepatitis B coinfection treatment
dPresident Emergency Plan for AIDS Relief ARV Formulation Primary Priority
ePresident Emergency Plan for AIDS Relief ARV Formulation Secondary Priority

Pediatric Antiretroviral Therapy 305



>6 years worldwide because of their virologic efficacy, high resistance threshold,
minimal toxicity, as well as once-daily administration. There are, however, limited
data on pediatric dosing and safety.

RAL is available in granules for oral suspension and chewable tablets suitable
for younger children. It is generally well-tolerated in children; however, the devel-
opment of mutations associated with RAL resistance has been a growing concern
(Nachman et al. 2018).

DTG is available as once-daily single small size tablet and as an FDC. DTG has a
higher threshold for the development of resistance and maintains antiviral activity in
the presence of mutations conferring RAL or EVG resistance. DTG is recommended
as first-line therapy for children aged �6 years by the WHO interim 2018 guidance
(World Health Organization 2018a). DTG has advantages over EFV which was
previously recommended as first line by the 2016 WHO guidelines. DTG has fewer
drug-drug interactions, produces faster viral suppression, is associated with a higher
CD4 cell count recovery rates, causes less treatment discontinuations, and has high
genetic barrier to developing resistance. In addition, unlike EFV, it is also effective
against more rare HIV type 2 (Descamps et al. 2015). The fairly recent availability of
this drug as a generic FDC (TDF/3TC/DTG or TLD) at a price comparable to current
regimens in low- and middle-income countries further support the use of DTG.
WHO recommends that countries with pre-treatment resistance rate to EFV or NVP
at 10% or above consider using an alternative regimen that does not contain NNRTI.
WHO also recommends DTG as a second-line ART for people who have failed
NNRTI or PI-based first-line therapy (World Health Organization 2018a).

3.5 Entry and Fusion Inhibitors

Maraviroc (MVC) is a CCR5 antagonist approved for use in treatment-experience
children >2 years of age and weight >10 kg (Food and Drug Administration 2007).
Tropism assay needs to be performed prior to use to test for CCR5 tropism of the
virus. Clinical failure may still occur and may represent outgrowth of the CXCR4-
using HIV variants. MVC requires twice-daily dosing and is available in tablets
as well as oral solution for pediatric use. MVC is a substrate of the cytochrome
P450 enzyme and has, therefore, a high potential for drug interactions (Department
of Health and Human Services 2018b).

Enfuvirtide (T-20) is an injectable fusion inhibitor and is approved for children
>6 years of age (Food and Drug Administration 2003a, b). T-20 requires twice-daily
subcutaneous injections and is recommended for use in deep salvage regimens only.
T-20 is not commonly used because of its high cost, requirement for subcutaneous
injections, and high rate of injection site reactions. Its use has declined with the
availability of INSTIs.
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3.6 Safety Considerations

The use of TDF is associated with decreased bone mineral density in young children,
and older children with lower sexual maturity ratings (SMR) may be at higher
risk (Department of Health and Human Services 2018c). Some experts recommend
screening with a dual-energy absorptiometry (DEXA) before initiation of TDF and
at 6–12-month intervals especially in prepubertal children (Department of Health
and Human Services 2018c). TDF is also associated with new onset or worsening
renal toxicity in children. Urine dipstick and serum creatinine screenings are
recommended prior to TDF initiation. Experts also recommend screening serum
creatinine every 3–4 months and performing urinalysis every 6–12 months in
pediatric patients. TAF achieves high intracellular concentration, but serum
concentrations are lower than TDF, therefore reducing bone and renal toxicity.
Data in adults and adolescents suggest that there is an increase in cholesterol as
early as 24 weeks after initiation of a regimen containing TAF (Food and
Drug Administration 2015b). Therefore, monitoring serum lipids in patients on
TAF is warranted, given these findings.

Rash with EFV and ETR have been reported in pediatric patients within the first
week of treatment at higher rates compared to adults. EFV use has also been
associated with significant central nervous system (CNS) neuropsychiatric side
effects and can be partially modulated by the bedtime administration of the whole
capsule on an empty stomach (Department of Health and Human Services 2018b).
Adverse CNS events are generally harder to detect in children and may present as
impaired concentration, sleep disturbances, or behavior disorder. An association
between suicidal ideation and EFV has been found in adult trials, but has not been
reported in children (Mollan et al. 2014). Patients with cytochrome P450 2B6
variants associated with low EFV clearance frequently have increased CNS toxicity,
as well as other EFV-associated adverse events such as hepatic injury and QTc
prolongation on electrocardiogram (Abdelhady et al. 2016).

DRV cannot be used in children <3 years of age because of toxicity concerns
regarding seizures and death observed in animal studies in infant rats with immatu-
rity of the blood-brain barrier (Department of Health and Human Services 2018b).
Although many ARVs have variable dyslipidemic properties, use of PIs has
been most associated with hypertriglyceridemia and hypercholesterolemia. ATV
and DRV have less effect on dyslipidemia compared to LPV/r and FPV/r. PIs may
be also associated with cardiometabolic complications including dyslipidemia,
fat maldistribution, and insulin resistance (Nolan 2003). RTV which is used in low
doses as a booster when co-administered with PIs can increase the risk of hyper-
lipidemia and drug interactions. ATV causes asymptomatic hyperbilirubinemia.

MVC may cause hepatotoxicity that may be preceded by a systemic allergic
reaction such as pruritus, eosinophilia, or elevated immunoglobulin.

Although morbidity and mortality secondary to HIV have significantly decreased
for all ages due to ART (GBD 2015 HIV Collaborators 2016), as adults, children
living with HIV are at risk of acquiring additional chronic diseases and
complications, specifically CVD and metabolic diseases (Feinstein et al. 2016;
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Pelchen-Matthews et al. 2018). Metabolic complications of ART that have
been described in perinatally HIV-infected children include insulin resistance
(Dirajlal-Fargo et al. 2017a; Geffner et al. 2018), fat redistribution (Arrive et al.
2018), and dyslipidemia (Ramteke et al. 2018). CVD complications have also
been reported including endothelial dysfunction (Dirajlal-Fargo et al. 2017b), sub-
clinical atherosclerosis as measured by carotid ultrasound (Ross et al. 2010), and
increased arterial stiffness (Charakida et al. 2009), all of which strongly correlate
with CVD events in the general adult population. In these aforementioned studies,
complications were described in children on both NNRTI- and PI-based regimen,
and data are lacking on the impact of specific ARV drug exposure on the develop-
ment of cardiometabolic complications. These complications are likely the result of
multiple interacting factors including HIV infection, ART, exposure to HIV in utero,
race/ethnicity, socioeconomics, and lifestyle factors. HIV in younger populations
may play a larger role on CVD risk compared to traditional risk factors (Hanna et al.
2016). Sustained immune activation also seems to persist in HIV-infected children
despite ART (Persaud et al. 2014), and few studies in HIV-infected children have
already shown that inflammation markers correlate with carotid ultrasound changes
(Ross et al. 2010), insulin resistance (Dirajlal-Fargo et al. 2017a), and hyperlipid-
emia (Miller et al. 2012); however, no sufficiently powered longitudinal studies have
been performed to assess the clinical significance of inflammation and immune
activation in this population.

Metabolic complications in children raise significant concerns about the cumula-
tive risk of CVD over time in perinatally infected children who face a lifetime of
ART exposure. Longitudinal studies of metabolic complications in perinatally
infected children in the era of newer-line ARV drugs are warranted.

3.7 Pediatric Adherence Challenges

Pediatric adherence to ART is paramount especially in settings with limited drug
choices for further ARV drug substitutions. However, it remains one of the greatest
obstacles in pediatric HIV care. Optimal viral suppression requires adherence rates
of 95% and above (Bain-Brickley et al. 2011); however, suboptimal adherence to
ART in children is common (Reddington et al. 2000; Murphy et al. 2001). Children,
unlike adults, face additional adherence challenges. Children depend on caregivers,
who may themselves have HIV/AIDS; their adherence is influenced by develop-
mental stages; they may not understand or know the meaning of HIV, their own
status, or importance of taking ART; lastly the lack of appropriate and palatable
drug formations create an additional and likely most challenging adherence barrier.
The WHO promotes peer support strategies and family-centered counseling to
support ART (World Health Organization 2016); however, few evidence-based
interventions have been developed to date to promote adherence in children.
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3.8 Future Considerations

A number of pediatric FDC formulations are currently in the different stages of
development including ABC/3TC/LPV/r (four in one) granules, and DTG 10 mg
scored dispersible tablets are close to being introduced to the market, while others
such as pediatric FDCs of ABC/3TC/DTG, TAF-based FDCs with 3TC and FTC,
and DRV/r are in earlier stages of development.

4 ART for Adolescents

Adolescents represent the largest growing population living with HIV worldwide.
In 2017 alone, 590,000 between the ages of 15–24 were newly infected with HIV,
half of those were adolescents between the ages of 15 and 19 (UNICEF 2018).
Among HIV-infected adolescents, the vast majority acquired infection through
sexual activity, and a smaller proportion were infected perinatally. There are several
factors that place adolescents at high risk for acquiring HIV including inadequate
sex and risk behavior education, socioeconomic challenges (e.g., poverty, housing
and food insecurity, incarceration, and lack of medical insurance), stigma, and
misperceptions about HIV (Services DoHaH 2019).

In the USA, the majority of individuals who acquired HIV through perinatal
transmission are now adolescents or young adults (Centers for Disease Control and
Prevention 2017). Many of them were initiated on mono or dual combinations of
ARV drugs prior to the availability of currently used combination ART regimens.
These adolescents frequently face extensive drug resistance, need for more complex
regimens, and long-term consequences of living with HIV and using ART.

Compared to children, adolescents have more ART options such as adult FDCs
and other ARVs with improved side effects; however, drug dosing during puberty
as well as potential drug interactions with hormonal contraceptives or illicit drugs
arise as a challenge. Furthermore, dosing for selected ARV drugs in adolescents
depends not only on their age and weight but also on the sexual maturation rating
(SMR 1 through 5, also known as the Tanner stages I through V). DHHS and WHO
generally recommend pediatric dosing for adolescents who are sexually immature
(SMR 3 or less) or those with perinatally acquired HIV and stunted sexual matura-
tion (World Health Organization 2016; Department of Health and Human Services
2018b, c). Postpubertal adolescents (SMR 4 or 5) generally follow adult dosing
schedules. SMR and age may not predict drug PK, and continued use of pediatric
doses in adolescents can result in medication doses that are increased and potentially
toxic; however, early introduction of lower adult doses can lead to suboptimal drug
concentration and the development of drug resistance. Many drugs including ABC,
FTC, 3TC, TDF, and some PIs are administered at significantly higher doses to
children compared to adult dosing. In recent years, more and more frequently,
DHHS and WHO ARV drugs dosing guidelines are provided without age
restrictions merely by definition of adolescence and weight limits (World Health
Organization 2016; Department of Health and Human Services 2018c). While this
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transition simplifies the implementation and providers’ tasks, adolescents should
be closely monitored during growth spurt periods for drug efficacy and toxicity.
Several parameters should be considered when transitioning from pediatric to
adult doses including drug formulation, pill burden, adherence, and virologic and
immunologic status. Moreover, youth with horizontally acquired HIV are at risk of
acquiring resistant virus from partners who are older and ART-experienced and
therefore might have baseline resistance negatively affecting treatment outcome
(Agwu et al. 2012).

More than 30 ARVs in seven different classes are FDA-approved for treatment of
HIV in adolescents. As described below in more detail, several pre-ART and
ART-specific characteristics as well as comorbidities or other conditions and other
medications should be considered prior to selecting the appropriate regimen in
adolescent patient.

Although a three-drug ART regimen is currently recommended as a first line in
adolescents, data in adults support two-drug first-line ART regimens such as DTG
plus 3TC when ABC, TDF, or TAF cannot be used. DHHS recommend DTF plus
3TC when other backbone drugs cannot be used on the bases of data from phase
3 randomized trials showing that this combination was non-inferior to DTG plus
TDF/FTC for virologic efficacy and no drug resistance was seen in either treatment
group (Cahn et al. 2019). To date, dual ART regimens including DTG plus 3TC or
DTG plus RPV have not been evaluated in adolescents and are not currently
recommended for these populations.

4.1 Nucleoside and Nucleotide Analogue Reverse Transcriptase
Inhibitors (NRTI)

ABC, FTC, 3TC, TAF, TDF, and AZT are approved and available in FDCs for
adolescents. The preferred NRTI backbone for adolescents is TDF or TAF with
FTC or 3TC (Department of Health and Human Services 2018c). HLA-B�507
testing should be performed prior to initiating ABC, and therefore ABC should
not be the drug of choice when ART needs to be initiated rapidly. ABC has also
been associated with an increased risk of myocardial infarction in adults with
pre-existing cardiac risk factors (Worm et al. 2010).

Other factors to consider include renal insufficiency and bone mineral density
with TDF and TAF especially when with used with a pharmacologic booster, as well
as history of hepatitis B infection (Department of Health and Human Services
2018c). TAF is associated with significantly less renal and bone toxicities than
TDF but may have higher risk of dyslipidemia. Currently, most TAF-based FDCs
are approved for use adolescents.
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4.2 Non-nucleoside Analogue Reverse Transcriptase Inhibitors
(NNRTIs)

EFV, ETR, NVP, and RPV are approved for use in adolescents. DOR was approved
in August 2018 in HIV-infected adults as an FDC with TDF and 3TC, and the data in
the adolescent population are being gathered.

High-level resistance to NVP, EFV, and RPV may occur with a single viral
mutation.

Lower dose of EFV (400 mg vs. 600 mg standard dose) has been shown to cause
less CNS side effects and fewer treatment discontinuations while preserving the
efficacy in adult populations (Cohen et al. 2013). This dose has not been studied in
pregnant women or patients co-infected with TB. Recently approved EFV 400 mg-
based FDC is now available for use in adolescent populations in the USA and
resource-limited settings; however, data efficacy date in adolescents are still lacking.

The use of RPV is limited by the virologic parameters and requires baseline viral
load <100,000 copies/mL (Department of Health and Human Services 2018c).
ECHO and THRIVE trials have demonstrated that in patients with high viral
loads, more participants treated with RPV experienced virologic failure compared
to those who were treated with EFV-based ART (Cohen et al. 2013; Domingo and
Ribera 2013). EFV can interact with oral hormonal contraceptives, and alternative or
additional contraceptive methods may be warranted (Department of Health and
Human Services 2018c).

4.3 Protease Inhibitors (PIs)

ATV, DRV, FPV, and LPV/r and TPV/r are Food and Drug Administration (FDA)-
approved for use in adolescents. Transmitted PI resistance is usually uncommon, and
PI-based regimens may also be useful in adolescents at risk of intermittent therapy
due to poor adherence. COBI boosted DRV and ATV are available as single-tablet
regimens and are the PI-based regimen recommended by DHHS for ART-naïve
patients (Department of Health and Human Services 2018c). Use of COBI boosted
PI is limited during pregnancy due to the PK considerations for low plasma
concentrations in the second and third trimesters compared to the RTV boosted
PIs (Department of Health and Human Services 2018a). Due to several metabolic
complications associated with PI use and PK boosting necessary with either RTV or
COBI, PI-based regimen is not recommended as first-line regimen; however, due
to the high-resistance threshold, they represent viable option for the second- and
third-line ART in adolescent treatment-experienced patients.

4.4 Integrase Strand Transfer Inhibitors (INSTI)

DTG, EVG, and RAL are approved in adolescents. Bictegravir (BIC) has not been
FDA-approved for patients <18 years of age; however, data from 24 participants
in adolescents aged 12–18 years of age show that it was safe and well tolerated
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(Aditya Gaur et al. 2018). BIC and COBI boosted EVG are only available in FDC
with FTC and TAF or TDF for EVG/COBI. BIC and DTG have the potential of
several drug interactions including with polyvalent cations (aluminum, magnesium,
antacids, or iron supplements) and should not be co-administered under fasting
conditions, with or 2 h after these drugs (Department of Health and Human Services
2018c). BIC is contraindicated with rifampin, which limits considerations for its use
in resource-limited setting with high rates of TB coinfection. BIC, DTG, and EVG
are all available as components of once-daily single-tablet regimen (STR). RAL has
the longest clinical experience but is associated with a higher pill burden and lower
barrier to resistance compared to BIC or DTG (Anstett et al. 2017).

DTG is not recommended for pregnant women during the first trimester or for
women of childbearing potential (see safety issue section below). DTG is generally
well tolerated; however, neuropsychiatric adverse events (such as sleep disturbances,
depression, anxiety, and suicidal ideation) have been reported with the use of RAL
and DTG (Kheloufi et al. 2015; Harris et al. 2008).

EVG is available as STR; however, it requires boosting with PK enhancer COBI
which increases the likelihood of drug-drug interactions. EVG/COBI use is also
limited during pregnancy due to the low EVG concentrations in the late pregnancy
negatively affecting virologic outcomes (Department of Health and Human Services
2018a).

4.4.1 Entry and Fusion Inhibitors
The CCR5 antagonist MVC has potential for drug-drug interactions, requires twice-
daily dosing, and does not offer virologic benefit when compared to other regimen,
and is therefore not recommended for initial therapy in adolescents.

T-20 has only been studied in adolescents with virologic failure and is not
commonly used. Ibalizumab (IBA) is a recently FDA-approved CD4-directed
post-attachment HIV-1 inhibitor, administered intravenously as a single loading
dose followed by a maintenance dose infusion every 2 weeks (Food and Drug
Administration 2018). It has only been studied in treatment-experienced adults
with multidrug-resistant strains, and studies in adolescents are being planned.

4.5 Safety Issues

In 2018, the preliminary data from a cohort study in Botswana suggested an
increased rate of neural tube defects among infants born to women who initiated
DTG prior to pregnancy and were on DTG at the time of conception (Zash et al.
2018). Four cases of neural tube defects were reported in infants born to women
who started DTG prior to conception (0.67% rate). In comparison 0.1% rate were
identified among women taking other ART regimens at the time of conception.
Currently, it is still unclear if this finding indicates a true increased risk of neural tube
defect, and a further analysis with a larger number of exposures is needed to
determine risk level. Additional data are being gathered and are expected for release
in summer 2019 from Botswana and other cohorts following pregnant women who
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used DTG-based regimens during conception and throughout the pregnancy. Until
further information is available, DTG is not recommended for use in women of
childbearing potential who are sexually active and not using effective contraception
throughout the first 8 weeks of pregnancy (Department of Health and Human
Services 2018a; Updated Recommendations on first-line and second-line antiretro-
viral regimens 2018). It is also currently unclear whether the risk of neural tube
defects is shared by other INSTIs. BIC is similar structurally to DTG, but there are
no currently safety data on BIC use near conception or during pregnancy.

For countries that are introducing TLD before new DTG safety data become
available, several approaches are considered. The first option is recommending TLD
only if use of consistent contraception can be assured, which can be a challenge
in settings where women may not have access to consistent contraception or be
empowered to make decisions about their own reproductive health. Another option
is to recommend TLD not be used in women of childbearing potential, including
young adolescent females. This raises concern about equitable access to a regimen
that is more effective and better tolerated. Lastly, some countries continue to
recommend TLD to women and adolescents using a women-centered approach
as recommended by WHO (World Health Organization 2018a). This includes
providing counseling and ensuring access to consistent contraception is available.
This may be a challenge in settings where simplified guidance is needed and
healthcare workers have a high clinical burden (PEPFAR and ICAP 2018).

4.6 Sexual Reproductive Health Considerations

Discussion of family planning and counseling, as well as a discussion of the risks for
perinatal transmission, should be provided to all youth. Information about methods
to prevent MTCT, as well as choice of ART should be discussed with all women
including adolescents.

Important for adolescent and young women, some ARV drugs may interact
with hormonal contraceptives. These include drugs that are metabolized by the
cytochrome P450 enzyme system (NNRTIs, PIs, MVC, and EVG) and may reduce
concentrations and efficacy of oral contraceptive agents or increase the risk of
estrogen- or progestin-related side effects (Department of Health and Human
Services 2018c). There is also a concern regarding bone mineral density loss
following long-term use of depot medroxyprogesterone acetate with or without
TDF, prompting recommendations for monitoring bone mineral density via DEXA
scans (Department of Health and Human Services 2018c).

Sexual reproductive health including contraception and gynecologic care for
female adolescents with HIV as well as screening for sexually transmitted infections
should be offered to all adolescents infected with HIV. All adolescents living
with HIV should be immunized with the human papilloma virus vaccination
where available. Adolescent girls and young women living with HIV should
undergo regular screenings for cervical cancer.
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4.7 Adherence and Disclosure

Adolescents infected with HIV face additional barriers to adherence including
growing independence, misinformation, and lack of disclosure of HIV status,
increased peer pressure, risk-taking behavior, lack of support system, and lifestyles
with less predictable schedules. Compared to adults, adolescents have lower rates
of viral suppression and higher rates of loss to follow-up (Ryscavage et al. 2011;
Nachega et al. 2009; Zanoni and Mayer 2014).

Careful assessment of physical and psychosocial maturity, discussions about
lifestyle, and existing support systems must take place prior to prescribing combina-
tion ART regimen. A once-daily FDC is the preferred choice among adolescents
and should be prescribed when feasible (Parienti et al. 2009; Nachega et al. 2014).
Current methods that used to support adherence include reminder systems (calendar,
text messaging (Belzer et al. 2015), phone calls (Abdulrahman et al. 2017), alarm),
direct observed therapy (Purdy et al. 2008), and provision of pill boxes. It is
important to make adherence interventions and support inconspicuous, stylish,
modern, as well as user-friendly to make it match youth choices. Digital gaming
may be a promising intervention strategy for this population in some settings
(Hightow-Weidman et al. 2017; Castel et al. 2018). A short-term deference of
ART initiation may be necessary until adherence issues can be addressed. Timely
viral load testing is important once treatment is initiated and can be used as a proxy
for adherence evaluation and support. Prescription or pill count-based methods to
estimate adherence are objective estimates of adherence obtained from pharmacy
databases and can also be used to guide adherence counseling.

4.8 Mental Health Considerations

Mental health conditions, alcohol, and substance abuse are prevalent in HIV-infected
adolescents (West et al. 2019; Earnshaw et al. 2018). Mental health, however, is
often a neglected priority for this population. Despite increased access to ART and
even in the presence of viral suppression, HIV-infected youth continue to experience
neurocognitive complications secondary to HIV-related causes (Crowell et al. 2014)
and have socioeconomic factors that increase the risk of mental health problems.
Data are lacking in this population, in addition most studies have been done in higher
income countries. Lack of screening for mental health disorders can be detrimental
to adolescents facing stigma, long-term challenges of retention into care, medication
adherence, and transition of care. Youth-focused health services and individual-level
interventions improving mental healthcare delivery in adolescents are eventually
beneficial to their ART outcomes (Judd et al. 2016).

Healthcare providers should also be aware of clinically important drug-drug
interactions of ARVs with antidepressants, anxiolytics, and antipsychotics particu-
larly with PIs and NNRTIs.
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5 Conclusion

Significant progress has been made to address the pediatric global HIV epidemic
to date. Although HIV remains a major cause of mortality among children and
mostly adolescents worldwide, the scale-up of ART has greatly contributed to the
prevention and treatment of HIV from infancy to the adulthood. The development of
pediatric ARV drugs and formulations has lagged behind the adults and has been
prioritized by WHO, which recently published a pediatric drug development toolkit
summarizing the challenges and solutions for promoting and accelerating timely
quality research and development of ARV formulations suitable for infants, children,
and adolescents along with pregnant and breastfeeding women (World Health
Organization 2018b).

Better drugs and formulations, including long-term acting and injectable/implant
ARVs, need to be developed for use in pediatric and adolescent populations to
reduce the complexity of multidrug regimens, increase adherence, and improve
treatment outcome and quality of life for infants, children, and adolescents living
with HIV. Moreover, studies evaluating simplified drug regimens and novel thera-
peutic modalities such as neutralizing antibodies for the pediatric population are
ongoing and need to be expanded across all ages and developmental stages. Finally,
long-term outcomes of perinatal and lifelong ARV drugs exposure need to be
consistently evaluated, and preventive interventions to leverage success of ART
with the metabolic and CVD complications need to be developed.
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influence the pharmacokinetics and pharmacodynamics of drugs. Inappropriate
dosing in pregnant women can result in sub-therapeutic or toxic effects,
putting not only the pregnant woman but also her fetus at risk. During neonatal
life, maturation processes also affect pharmacokinetics and pharmacodynamics
of drugs. Inappropriate dosing in newborns leads not only to short-term
complications but can also have a negative impact on the long-term development
of infants and children. For these reasons, it is crucial to characterize physiological
changes in pregnant women, describe placental transfer kinetics of drugs, and
describe physiological changes related to the transition from intrauterine to extra-
uterine life and maturation processes in preterm and term neonates. Quantitative
pharmacological approaches such as pharmacometric and physiologically-based
modeling and model-based simulations can be useful to better understand and
predict such physiological changes and their effects on drug exposure and
response. This review article (1) gives an overview of physiological changes in
pregnant women, their fetuses, and (pre)term neonates, (2) presents case studies
to illustrate applications of new modeling and simulation approaches, and
(3) discusses challenges and opportunities in optimizing and personalizing
treatments during pregnancy and neonatal life.

Keywords
Drug exposure · Fetus · Newborn · Pediatric pharmacology · Pharmacometrics ·
Pregnancy

1 Introduction

The core goal of pediatric clinical pharmacology is to improve care through effective
and safe use of drugs in fetuses, neonates, infants, children, and adolescents.
Studying the effectiveness and safety of drugs in pregnant women and children by
conducting clinical trials is less straightforward as compared to performing these in
adults due to practical and ethical concerns. This review will present an overview of
the physiological changes in pregnant women, their fetuses, and (pre)term neonates
with the integration of pharmacometrics in pediatric clinical pharmacology resulting
in the development of evidence-based pharmacotherapy during pregnancy and
neonatal life.

Physiological changes during pregnancy can influence the disposition of various
drugs. Inappropriate dosing in pregnant women can result in sub-therapeutic or
even toxic effects, putting not only the pregnant woman but also her fetus at risk
(Moore et al. 2002). After birth, the newborn is as well subject to rapid physiological
changes related to the transition from intrauterine to extrauterine life and
maturational processes affecting the pharmacokinetics and pharmacodynamics of
administered drugs (Kearns et al. 2003). Incorrect dosing in neonates results not only
in short-term complications but can also have a negative impact on the long-term
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development of infants and children (Allegaert and Anker 2015). As a consequence,
it is very important to characterize these physiological changes in pregnant women,
investigate the placental transfer of drugs, and describe the physiological changes
and corresponding consequences related to maturation in preterm and term
newborns.

Currently, there are various approaches to assess these challenges, such as
pharmacometric and physiologically-based modeling together with model-based
simulations, which can help us characterize relevant physiological changes and
their effects on drug exposure and response during pregnancy and neonatal life.
Although there are still challenges to overcome, such as the implementation of these
approaches in daily clinical practice, a lot of progress has been made.

2 Understanding the Impact of Physiological Changes
on Pharmacotherapy During Pregnancy and Neonatal Life

In the next paragraphs, we will highlight the influence of physiological changes on
the pharmacotherapy for the pregnant woman and her unborn fetus and for the
newborn during the neonatal period (first 28 days of life).

2.1 Pregnancy and Pharmacotherapy: Something to Worry
About?

During pregnancy, women take a variety of medications (either prescribed or over
the counter) which can have negative impacts on the pregnant woman and her
unborn child. Antenatal medication use during pregnancy has increased over the
last three decades (Mitchell et al. 2011). On the other hand, recent study showed
that women of child-bearing age in Switzerland have high general health awareness,
and when they become pregnant, most of them refrain from using pain killers
(Bornhauser et al. 2017). Surveys about their medication use have illustrated that
the percentage of pregnant women who took pain killers once a week to several
times a week was about half of that in nonpregnant women (25% vs 50%). Of note,
in 67% of pregnant women using pain killers, these were prescribed by a physician,
as compared to 35% in nonpregnant women (Bornhauser et al. 2017).

Pregnancy affects various physiological processes and alters the body composi-
tion of the pregnant woman. These changes can affect the pharmacokinetics of drugs
and should therefore be taken into account when prescribing drugs and may even
require dosing adjustments to ensure appropriate treatment (Dallmann et al. 2018a).
A recent review investigated the alterations in pharmacokinetics during pregnancy
studying 121 different medications based on 198 studies in pregnant women
(Pariente et al. 2016). Enhanced elimination, resulting in decreased drug exposure
at a given dose, was one of the main conclusions. Alterations in drug absorption (ka)
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are caused by altered bioavailability and delayed time to reach peak levels after oral
administration, which are due to decreased gastrointestinal motility and increased
gastric pH (Fig. 1) (Loebstein et al. 1997). For hydrophilic drugs, the volume of
distribution (Vd) is increased because of increased total body water and plasma
volume, whereas Vd for hydrophobic drugs is increased because of a larger fat
compartment. Clearance (CL) of drugs is influenced by many processes such as
altered glomerular filtration rate and an adjusted cardiac output (Pariente et al. 2016).
Furthermore, diminished plasma albumin concentrations during pregnancy may
increase free, and therefore active, drug concentrations associated with a potential
increase in drug activity, depending on the physiochemical characteristics of a given
drug (Pariente et al. 2016). Unfortunately, for a majority of drugs used during
pregnancy, information regarding pharmacokinetic (PK) changes and related effects
on safety and efficacy is still lacking.

Physiology-based pharmacokinetics (PBPK) models are increasingly utilized to
characterize changes in pharmacokinetics during pregnancy (Dallmann et al. 2018a).
In such mechanistic models, physiological parameters (e.g. organ volumes, glomer-
ular filtration rate) are combined with drug-specific parameters (e.g. lipophilicity,
molecular mass), and this ensures the assessment of valuable insights into the PK
profiles of drugs in this specific population (Hartmanshenn et al. 2016). The predic-
tion of drug exposure could contribute to the adjustment of dosing regimen for drugs
prescribed in pregnant women. PBPK modeling can also be deployed to understand
effects of concomitantly interacting drugs, which is often the case for HIV-infected
women because of their combination antiretroviral therapy. The following example
elegantly shows the practical utility of PBPK modeling in the pregnant population to
ensure an optimal and practical dose. A recently developed PBPK model predicted a
decrease in darunavir/ritonavir exposure and therefore efficacy during pregnancy
when taking 800/100 mg once daily. When the dosing regimen was adjusted to
600/100 mg twice daily, the lack in exposure was compensated (Colbers et al. 2016;
Ke et al. 2018).

In addition to acquire valuable insights in the pharmacokinetics and pharmaco-
dynamics of drugs during pregnancy, it is of equal importance to understand the
physiology of pregnancy-related diseases, for example, with the aid of biomarkers.
New biomarkers can help to understand the cause, diagnosis, progression, and
treatment of a disease (Mayeux 2004). Hypertensive disorders such as preeclampsia
are a major contributor to maternal mortality worldwide (Steegers et al. 2010;
Widmer et al. 2015). A lot of research has been done in the field of translational
biomarkers which consequently has improved our understanding of preeclampsia
and helped us better define the diagnosis of this pregnancy-related disease
(Karumanchi 2016). Preeclampsia is diagnosed when there is a combination of
increased proteinuria (�300 mg in 24 h) and pregnancy-induced hypertension
(diastolic blood pressure �90 mmHg) (Evers et al. 2018; Steegers et al. 2010).
Various placental anti-angiogenic markers have been investigated, such as soluble
endoglin (sEng) and soluble fms-like tyrosine kinase 1 (sFlt-1) that both can cause
endothelial dysfunction (Maynard and Karumanchi 2011; Venkatesha et al. 2006).
Levels of sEng are correlated with disease severity in preeclamptic pregnant women,
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together with an increase in sFlt-1 levels (Venkatesha et al. 2006). Furthermore,
women suffering from preeclampsia showed decreased levels of free (unbound)
serum placental growth factor (PIGF) and free vascular endothelial growth factor
(VEGF) before developing clinical signs (Levine et al. 2004). Maternal serum
neutrophil gelatinase-associated lipocalin (NGAL) levels are significantly increased
in preeclamptic women, and the renal marker cystatin C measured at the end of the
third trimester is a predictor of preeclampsia (Artunc-Ulkumen et al. 2015; Risch
et al. 2017). In a longitudinal prospective study, it was found that neurofilament light
(NfL) concentrations were higher in women with preeclampsia as compared to
women who do not develop preeclampsia. Elevated levels of NfL are increasingly
recognized as a measure of acute or chronic neuroaxonal damage, and NfL can be
used as a predictive value for preeclampsia, especially in women older than 36 years
(Evers et al. 2018). New attempts aim at combining biochemical with biophysical
markers for a more precise diagnosis of preeclampsia (Kumer et al. 2018). Despite
the numerous results, it is important to note that the biomarkers that are listed are not
specific for preeclampsia and are also used outside of pregnancy. It is therefore still
necessary to search for specific markers and interventions (Huppertz 2018).

2.2 Drug Exposure in the Fetus: Does the Placenta Act
as a Barrier?

Contrary to what was assumed decades ago, the placenta does unfortunately not
serve as a barrier that prevents drugs from reaching the fetus (Etwel et al. 2014).
Drug exposure of the pregnant woman can have an impact on the unborn child.
Therapeutic drugs are prescribed to prevent or treat conditions that develop during
pregnancy and to guarantee the health of the woman, although in some cases, the
target of the treatment is the fetus, as is the case with the prevention of HIV
transmission (Kesho Bora Study Group 2011). Regardless whether the fetus is the
actual target of pharmacological therapy, the fetus is exposed to almost every drug
taken by the pregnant woman. It needs no clarification that the ability to evaluate the
fetal exposure to drugs, either their efficacy but most importantly, their risk of
toxicity, is imperative.

As it is currently impossible to study drug exposure prior to birth and even at the
time of birth, the assessment of fetal exposure to drugs is limited to a single
measurement of umbilical cord plasma concentration, which unfortunately does
not reflect fetal drug exposure (Zhang et al. 2017). A recent review showed that
fetal serum albumin concentrations, in contrast to serum albumin concentrations of
pregnant woman, increase with advancing gestational age (GA), although they
remain relatively low compared to adult values (Zhang et al. 2017). Fetal serum
albumin levels reach 22.1 g/L at week 20 of gestation and 38.3 g/L at week 40 of
gestation, a 1.73-fold increase (Zhang et al. 2017). Alpha1-glycoprotein, one of the
major drug-binding proteins, was increased from 0.068 g/L at 20 weeks of gestation
to 0.23 g/L at 40 weeks of gestation. In addition, the placental transfer layer is the
thinnest just before birth, reducing the expression of certain efflux transporters such
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as P-glycoprotein. Therefore, the transfer of drugs and the fetal exposure may be
maximal at term, as compared to earlier gestational ages (Fig. 1) (Etwel et al. 2014).
A 29.4-fold increase in the large intestinal volume between 20 and 40 weeks of
gestation has been demonstrated (Zhang et al. 2017). Additionally, it has been shown
that hepatic organogenesis begins from the fetal mesoderm and endoderm during the
fourth week of gestation and transcription of hepatic enzymes involved in drug
metabolism has been detected at 8–10 weeks of gestation (Hines 2008). Focusing on
the volume of the kidney in a period between 20 and 40 weeks of gestation, the
volume increased from 3.39 to 31.21 mL (Zhang et al. 2017). During pregnancy, the
homeostasis is assigned to the placenta, and the main task of the fetal kidney is
the excretion of urine (hypotonic) as a major component of the amniotic fluid. This
might explain why the glomerular filtration rate in the fetus is low, even at the end of
gestation (Fig. 1) (Saint-Faust et al. 2014).

Because of ethical and practical constraints of performing clinical trials in this
subpopulation, PBPK modeling could provide mechanistic understanding of the
fetal drug exposure and might be able to predict the drug exposure during the entire
pregnancy until birth. Several research groups have tried to quantify the placental
drug transfer to the fetus. Although many of the approaches are substance-specific
and therefore cannot be used for other compounds, these are valuable contributions
(Abduljalil et al. 2018; Schalkwijk et al. 2018; Zhang et al. 2017; Zhang and
Unadkat 2017). We expect that in the near future, more knowledge will be gained
in fetal pharmacotherapy and that PBPK modeling will contribute to this.

A recent publication provided understanding on the exposure of ceftazidime in
both the pregnant woman and the fetus by the development of a population PK
model (Dallmann et al. 2018b). Ceftazidime has been frequently used in pregnant
women to treat intrauterine or urinary tract infections. This antibiotic is hydrophilic
causing it to mainly distribute into tissues with high water content (e.g. kidneys), and
it is purely eliminated by glomerular filtration. Since ceftazidime crosses the pla-
centa, concentrations in the plasma of the pregnant woman and in amniotic fluid
are similar. This PK model has provided insights on the pharmacokinetics of
ceftazidime in pregnant women and newborns, low drug clearance during the first
days of life of newborns is most likely due to the reduced number of perfused
glomeruli and reduced renal blood flow (Dallmann et al. 2018b).

Performing clinical trials in newborns is especially cumbersome, not only
because of ethical considerations but also due to practical challenges such as limited
amount of blood and the corresponding inability to collect multiple samples. Cur-
rently, biomarkers to assess fetal drug exposure gain attention; examples are neona-
tal hair tests or placental corticotrophin-releasing hormone (CRH) levels (Koren
et al. 2008; Manokhina et al. 2017; Stout et al. 2015). The ability to diagnose the
exposure during pregnancy after birth by neonatal hair has evolved. In neonates, hair
grows during the last trimester of pregnancy. A positive neonatal hair test (for
cocaine, opioids, cannabinoids, etc.) can reflect fetal exposure, even long after the
pregnant woman became aware of her pregnancy, making hair an easily available
carrier for biomarkers of maternal drug dependence (Etwel et al. 2014; Koren et al.
2008). Assessing the CRH levels during the third trimester of pregnancy can provide
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insights on the risk of obesity later in life. Elevated placental CRF has been shown to
be associated with catch-up growth, which has been shown to be a prognostic factor
for increased metabolic activity and, therefore, obesity (Stout et al. 2015).

2.3 Neonatal Life and Pharmacotherapy: Do We Need New
Dosing Strategies?

From a pharmacological point of view, neonates are considered as a separate
subpopulation, different from small children and adults (Kearns et al. 2003). In
order to provide evidence-based and tailored dosing recommendations, it is clear that
we first need to have a clear understanding of the physiological changes that occur
during the neonatal period.

Levels of gastric pH after birth are unclear because of contradicting information
(Kearns et al. 2003; Koren 1997; van den Anker et al. 2018). An acidic gastric pH
has been observed in preterm neonates, but oral ingestion of acid-buffering milk
might result in an increase in gastric pH values. Gastric emptying is an important
factor for intestinal drug absorption and appears not to be driven by age, but by
type of food intake (Bonner et al. 2015). The extracellular and total body water
compartments differ vastly between newborns, infants, children, adolescents, and
adults (Kearns et al. 2003; Ku and Smith 2014). This causes water-soluble drugs
(e.g. aminoglycosides) to distribute into a larger physiological (extracellular) space
in neonates; in order to reach effective drug exposure, they require higher dosages
(Fig. 1). The distribution of drugs in the central nervous system is different in
newborns versus children and adults. Due to decreased protein binding, a higher
ratio of cerebral to systemic blood flow, and a higher relative brain weight, the
concentrations in brain are likely to be higher in newborns (Ku and Smith 2014;
Seyberth and Kauffman 2011). Drug-metabolizing enzymes play an important
role in the transformation of xenobiotics. Overall, three different developmental
trajectories can be observed according to the ontogeny of drug-metabolizing
enzymes (Hines 2008). During gestation, group 1 of these drug-metabolizing
enzymes become highly active but are only expressed at low levels after birth (e.g.
CYP3A7). The second group consists of enzymes which are expressed at constant
levels during gestation and after birth. In the last group, the enzymes are present
which expression is observed within the first 2 years of life (Hines 2008). The renal
clearance increases with advancing gestational age, postnatal age, and body weight
(Kearns et al. 2003). The creatinine clearance remains the best measurement of the
assessment of GFR in this population, although it is widely known that assessment
of serum creatinine levels during the first days after birth is rather a reflection of the
mother’s renal function than that of the newborn, since creatinine is easily trans-
ferred across the placenta (Kastl 2017). At birth, which is known to be an accelerator
for postnatal maturation of renal function, the vascular resistance decreases, and an
increase in cardiac output and renal blood flow is observed, which will alter the GFR
(Saint-Faust et al. 2014; Sulemanji and Vakili 2013). The renal tubules are not yet
structurally or functionally mature at birth and lead to an activity that is
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approximately 20% of the adult value. By 7–8 months the adult tubular secretion
values will be attained (Hines 2008). Although creatinine clearance is currently the
best way to determine the renal function, it is probably not the most accurate method
to use in newborns. A new renal biomarker such as cystatin C, a protein which is
freely filtered by the glomerulus, may reflect the GFR more closely in preterm
infants (Saint-Faust et al. 2014). Beta-trace protein is another possible renal marker
which does not cross the placental barrier and is subject to increased attention as new
indicator of GFR and renal function (Kastl 2017; Saint-Faust et al. 2014).

Integrating pharmacological expertise combined with clinical knowledge on
physiological changes provides a strong foundation for innovative and new
evidence-based dosing recommendations which are highly necessary for neonates
as they are being considered the last therapeutic orphans.

If born prematurely, apnea is often observed due to immaturity of the central
nervous system and is primarily treated with caffeine. Although this drug is com-
monly used across many neonatal intensive care units by a standard dosing regimen
consisting of a loading dose (20 mg/kg) followed by a maintenance dose (5 mg/kg/
day), not much is known about the effect of the increasing caffeine clearance after
birth. Recent research has shown that a higher maintenance dose is required in
preterm neonates with apnea to maintain caffeine concentrations above 15 mg/L
after the first week of life (Koch et al. 2017). Gentamicin, a widely used antibiotic
where the pharmacokinetic understanding has increased over the past years, can be
used as another illustration. Despite the increased knowledge, this has resulted in
considerable variability in dosing regimen recommendations with respect to dose,
dosing interval, and patient characteristics. Model-based simulations for this antibi-
otic treatment in neonates illustrated that in order to attain an effective peak
concentration of 10 mg/L, a dose of 7.5 mg/kg should be administered using an
extended dosing interval based on gestational and postnatal age to reduce the risk of
renal toxicity (van Donge et al. 2018).

During the first days after birth, newborns will lose body fluids and fat resulting in
an initial weight loss. When this weight loss becomes excessive (>10% of birth
weight), the risk for serious clinical complications increases (Wilbaux et al. 2016).
The use of weight monographs belongs to the current practice, and if a newborn
loses 5% of its body weight during the first day of life, this is seen as a critical sign.
In 2016, a semi-mechanistic model characterized the weight changes in healthy
neonates and quantified key factors (maternal and neonatal) influencing individual
weight profiles during the first 7 days of life. It was illustrated that birth weight
increases more with advancing gestational age and that boys weigh more than girls at
birth. In addition, it was showed that weight gain is influenced by gestational age and
that birth weight increases with the maternal age (Wilbaux et al. 2016).
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3 Optimize and Personalize Pharmacotherapy During
Pregnancy and Neonatal Life

In this new era which is highlighted by technology and innovative approaches, it
should not be the case that pregnant women and their newborns are still dependent
on off-label drug use. By incorporating knowledge on the physiological changes
that happen during these life-changing periods, we can assess the influence on
pharmacokinetic profiles and adjust dosing recommendations, ensuring a safe and
effective treatment.

Only in the rare circumstance that there is similarity between adults and infants in
disease, the mechanism of action of the drug, and the PK/PD relationships, it is
justified and allowed to extrapolate the pediatric dose from adult dosages (Manolis
and Pons 2009). Otherwise it is required to address all these components before
extrapolating pediatric dose from adult standard of care.

Modeling and simulation can not only be applied in order to gain insights in the
PK of drugs in this special population; it can also support and optimize the design of
pediatric studies. When designing a new pediatric pharmacokinetic/pharmacody-
namic study, it is important to know how many samples per patient are required,
what the best sampling times are, and how many patients are needed to obtain a
statistically powered estimation of the PK/PD parameters. After obtaining clinical
data, the first step for PK/PD model-based guidance is to select the appropriate target
in the population of interest, such as a desired plasma concentration, target exposure
(area under the curve, AUC), time above target exposure, or other measure matrices.
Thereafter, one can define the dosage regimen to best achieve this target while taking
into account various factors which influence the disposition of the drug (demo-
graphic characteristics such as gestational age, weight, or postnatal age).

Development of pregnancy PBPK models makes it possible to assess drug
exposure in all trimesters and investigate multiple dosing strategies. Although over
the recent years a lot of progress is made with pregnancy PBPK models, knowledge
gaps still remain. An integrated fetomaternal PBPK model would be able to examine
fetal drug therapy during pregnancy. In order to develop such a complex model,
quantitative information on system-specific parameters need to be incorporated into
the pregnancy PBPK model, and the characterization of the fetal system in terms of
enzyme and transporter tissue abundance remains challenging (Dallmann et al.
2018a). In addition, obtaining data on fetal drug exposure for the evaluation of the
fetal PBPK model continues to be cumbersome.

One of the greatest opportunities of using these novel technologies to optimize
and personalize pharmacotherapy is at the same time one of the greatest challenges,
that is to say, the integration of these research-based models in easily accessible
software tools which can become part of daily clinical practice.

Neoweight is an example of such a user-friendly online prediction tool which can
forecasts the individual weight changes during the first week of life, based on three
weight measurements and standard characteristics of the newborn, and can be found
at http://neoweight.mashframe.com (Wilbaux et al. 2016). We hope that in the near
future, more validated, user-friendly tools will be developed and integrated in
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clinical practice. It is rather worrisome that these innovative and novel approaches
are being developed in order to ensure safe and effective treatment for the patient but
will never fulfill this goal because of problems with translation, implementation, and
lack of easy accessibility.

Initiatives to build national and international collaborative networks to facilitate
clinical trials and collection and sharing of data are necessary. The Swiss Research
Network of Clinical Pediatric Centers (SwissPedNet) and the Swiss Research Center
for Pediatric Pharmacology and Pharmacometrics (SwissPedPha) are examples of
such national initiatives. In 2012, this research network of pediatric hospitals has
been created and has the common goal to facilitate, coordinate, and conduct clinical
trials in all pediatric disciplines. Another initiative is the Dutch Center for Pharma-
cotherapy for Children (NKFK) which aims to improve the quality and safety of
pharmacotherapy in children and focuses on improving the provision of information
about the use of drugs in children.

4 Conclusion

The characterization of physiological changes in pregnant women, the description of
placental transfer kinetics of drugs, the identification of physiological changes
related to the transition from intrauterine to extrauterine life, and the characterization
of maturation processes in preterm and term neonates are essential in order to ensure
safe and effective treatment in both the pregnant women and her fetus or newborn.

Once dosing recommendations based on new biomarkers, pharmacometric
approaches, and/or PBPK predictions have been validated in clinical trials, results
can be incorporated in clinical practice. Bedside decision support tools should be
developed to facilitate optimizing and individualizing treatment strategies in vulner-
able patient populations such as pregnant women and their fetuses and newborns.
Quantitative pharmacology and pharmacometric approaches have the potential to
further personalize and enhance patient care allowing safe and efficacious use of
drugs during pregnancy and neonatal life.
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Abstract
Helminths, including nematodes, trematodes, and cestodes, are parasitic worms
that infect approximately two billion people worldwide and cause significant
morbidity particularly in children. Helminth-induced morbidity is associated
with disease burden which typically is greatest in preschool and school-aged
children. Preventive chemotherapy through mass drug administration programs
has been instituted globally to reduce worm burden and morbidity in children
through administration of anthelminthic therapy at regular intervals in helminth
endemic areas. Despite these interventions, elimination of these infections
remains elusive due to high rates of reinfection and concern for emerging
anthelminthic resistance. Although children harbor the greatest burden of disease,
minimal pharmacokinetic, safety, and tolerability data is available for young
children, limiting their use. Novel anthelminthic therapies are critically needed
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to combat helminth disease with particular attention paid toward medications that
can be used in young children to reduce global helminth-induced morbidity.

Keywords
Anthelminthic vaccine · Anthelminthics · Cestodes · Global health · Helminths ·
Mass drug administration · Nematodes · Trematodes

1 Introduction

Helminths are multicellular parasitic worms found in subtropical and tropical
regions globally and infect approximately two billion people worldwide, nearly
20% of the world’s population (Pullan et al. 2014; Li et al. 2018). While these
worm infections commonly occur in low-income and middle-income countries, there
is significant burden of disease among vulnerable populations living in high-income
countries as well, suggesting these worms are infections of poverty (Hotez 2016;
Jourdan et al. 2018). Helminths include nematodes, cestodes, and trematodes, with
the most prevalent organisms being hookworm (Necator americanus, Ancylostoma
duodenale), roundworm (Ascaris lumbricoides), and whipworm (Trichuris
trichiura), collectively referred to as soil-transmitted helminths (STH), along with
schistosomiasis (S. haematobium, S. mansoni, S. japonicum, and S. mekongi). Chil-
dren living in extreme poverty without access to clean water, sanitation, and hygiene
(WASH) are at greatest risk of infection and carry the highest burden of disease
(Weatherhead et al. 2017; Li et al. 2018). Due to the extensive geographic overlap of
helminthic infections, children are commonly infected with more than one worm at a
given time (Weatherhead and Hotez 2015).

Helminthic infections are associated with significant morbidity, measured in
disability-adjusted life years (DALYS), particularly in young children harboring
high burden of disease (Hotez et al. 2006; Weatherhead and Hotez 2015). In these
children, morbidity can be severe leading to cognitive and growth development
restriction as well as species-specific impairment based on the life cycle of the
organism (Hotez et al. 2006; Weatherhead and Hotez 2015). Collectively, helminths
cause over ten million DALYs annually, driven largely by the impact of STH,
schistosomiasis, lymphatic filariasis, and onchocerciasis (GBD 2017; Li et al.
2018). Transmission of helminth infections in areas of extreme poverty is maintained
by the lack of quality hygienic and sanitary conditions within the community
perpetuating the life cycle (Weatherhead et al. 2017). Current public health strategies
aim to reduce worm burden within the endemic community in order to reduce
morbidity in children and ultimately interrupt transmission of infection. These
strategies include extensive community public health campaigns and periodic,
universal drug administration through mass drug administration (MDA) programs
(Urbani and Albonico 2003).
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2 Mass Drug Administration

Preventive chemotherapy is a public health strategy to control helminths by
providing low-cost, single-dose anthelminthic therapies at regular intervals in
order to reduce the burden of disease and helminth-induced morbidity within the
community (Urbani and Albonico 2003; World Health Organization 2006). Preven-
tive chemotherapy is administered to selected high-risk populations, irrespective of
their infection status, through MDA programs targeting soil-transmitted helminths,
schistosomiasis, filarial disease and onchocerciasis in areas of the world with the
highest prevalence (Table 1).

Soil-transmitted helminths cause disease in nearly 900 million people worldwide
and are associated with a total of 1.9 million DALYS largely secondary to the
development of anemia, malnutrition, and cognitive and growth restrictions
(Bethony et al. 2006; Weatherhead and Hotez 2015; GBD 2017; Li et al. 2018).
Preventive chemotherapy with benzimidazoles (albendazole 400 mg as a single
tablet or mebendazole 500 mg as single tablet, orally) is recommended by the
World Health Organization for all young children (12–23 months old), preschool
children (24–59 months old), school-aged children, and nonpregnant adolescent
girls and nonpregnant women of reproductive age (15–59 years old) on an annual
basis if baseline prevalence of STH is greater than 20% or biannual if baseline
prevalence is greater than 50% within the community (World Health Organization
2017a). Of note children less than 24 months should receive a half-dose of
albendazole, 200 mg as a single tablet, orally (World Health Organization 2017a).

Schistosomiasis remains a major public health threat, infecting nearly 120 million
people globally and causing 1.4 million DALYs (GBD 2017; Li et al. 2018).
Schistosomiasis eggs in the venous plexuses around either the gastrointestinal
track or urogenital track causes inflammation that can lead to urogenital tract disease
and bladder cancer (S. haematobium) or liver failure and portal hypertension
(S. mansoni, S. japonicum) (Hotez et al. 2006). Administration of praziquantel,
40 mg/kg single dose, orally is recommended in all high-risk populations based on
current World Health Organization guidelines. In communities with prevalence of
schistosomiasis greater than 50%, praziquantel should be administered to all school-
age children and high-risk adults annually. High-risk adults include pregnant and
lactating women, groups with occupations involving contact with infested water but
may also involve treatment of the entire community (World Health Organization
2013). In communities with disease prevalence more than 10% but less than 50%,
school-aged children and adults should be treated once every 2 years (World Health
Organization 2013). While in low-risk communities, prevalence of less than 10%,
school aged children should be treated twice during their primary school (World
Health Organization 2013).

Lymphatic filariasis, which includes Wuchereria bancrofti, Brugia malayi, and
Burgia timori, infects over 65 million people globally and causes 1.4 million
DALYs annually (GBD 2017; Li et al. 2018). The World Health Organization
recommendation for lymphatic filariasis MDA programs remains complicated due
to vast geographic overlap between lymphatic filariasis and other filarial disease
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such Loa loa and Onchocerca volvulus restricting anthelminthic use. Despite these
restrictions, MDA programs for lymphatic filariasis have transitioned from disease
control to a disease elimination focus. To achieve this goal, in countries that are not
co-endemic with loiasis or onchocerciasis and have not met the epidemiological

Table 1 Current mass drug administration recommendations based on disease prevalence and
coinfection

Helminth
Mass drug administration
recommendations Additional information

Soil-transmitted
helminths (World
Health Organization
2017a)

– If prevalence of disease is
greater than 50%, benzimidazole
should be administered (either
albendazole or mebendazole)
biannually to high-risk
populations
– If prevalence of disease is
between 20 and 50%,
benzimidazole (either albendazole
or mebendazole) should be
administered annually to high-risk
populations

– High-risk populations include
children (12–23 months old),
preschool children (24–59 months
old), school-aged children and
nonpregnant adolescent girls and
nonpregnant women of
reproductive age (15–59 years
old)
– Children less than 24 months
should receive a half-dose of
albendazole

Schistosomiasis
(World Health
Organization 2013)

– If prevalence of disease is
greater than 50%, praziquantel
should be administered to all
school-aged children and high-
risk adults annually
– If prevalence of disease is more
than 10% but less than 50%,
school-aged children and adults
should be treated once every
2 years
– If prevalence of disease is less
than 10%, school-aged children
should be treated twice during
their primary school

– High-risk adults include
pregnant and lactating women,
groups with occupations
involving contact with infested
water but may also involve
treatment of the entire community

Lymphatic filariasis
(World Health
Organization 2017b)

– In countries without loiasis or
onchocerciasis,
diethylcarbamazine with
albendazole and ivermectin
should be administered annually
for eligible populations
– In countries co-endemic with
onchocerciasis, annual
administration of ivermectin plus
albendazole
– In areas co-endemic with
loiasis, biannual administration of
albendazole

– Eligible populations include the
entire population in area where
transmission occurs except
pregnant women, children less
than 2 years and severely ill
– DEC is contraindicated in areas
co-endemic for onchocerciasis

Onchocerciasis
(World Health
Organization 2016)

– Ivermectin administered to over
80% of the community at risk
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thresholds of disease control, the World Health Organization suggests triple
combination therapy, known as IDA, with diethylcarbamazine (6 mg/kg, single
dose, orally), albendazole (400 mg, single dose, orally), and ivermectin
(150–200 μg/kg, single dose, orally) in all eligible population living in at-risk
communities. In-eligible community members for lymphatic filariasis MDA include
pregnant women, children less than 2 years old and persons who are severely ill
(World Health Organization 2017b). Alternative regimens are recommended in areas
that are co-endemic with loiasis and onchocerciasis (Table 1).

Onchocerciasis, known as river blindness, is a skin and eye disease caused by the
nematodeOnchocerca volvulus affecting approximately 21million people around the
world and causing 1.3 million DALYS annually (GBD 2017; Li et al. 2018). MDA
practices have been organized in collaboration with the World Health Organization
by the African Programme for Onchocerciasis Control (APOC) and the Programa
para la Eliminacion de la Onchocercosis en las Americas (OEPA) with the use of
regular administration of ivermectin to cover over 80% of members living in at-risk
communities (World Health Organization 2016). The use of regular, community-
wide preventive chemotherapy with ivermectin has led to the interruption of trans-
mission of onchocerciasis in several regions around the world, particularly in the
Americas, and cessation of many Onchocerca MDA programs globally (Centers for
Disease Control and Prevention 2013; World Health Organization 2016).

While MDA provide a mechanism for helminth control and reduction of morbid-
ity, there is no evidence that current strategies will lead to long-term health benefits
within the community or global elimination of disease due to the high rate of
reinfection and lack of health infrastructure (Groups et al. 2016). An integrative
approach that involves community wide coverage, more frequent treatment admin-
istration and sustained programming of more than 5 years in combination with
appropriate WASH measures, community education, program coordination may be
the only way currently to interrupt disease transmission of helminths and allow
elimination (Bendavid et al. 2016). However, community-wide programs are diffi-
cult to sustain and expansion of preventive chemotherapy may lead to accelerated
development of drug resistance as has been documented in numerous nematodes that
have significant veterinary importance (Humphries et al. 2017). High-frequency
preventive chemotherapy may eliminate drug-sensitive organisms from heteroge-
nous populations and select organisms with resistance genes (Köhler 2001). Thus,
stringent monitoring of disease prevalence and drug efficacy is critical to maintain
successful MDA programs. Additional barriers to MDA programs include
sustainability of high-quality, low-cost anthelminthic medications that are produced
under good manufacturing practice standards and the availability of appropriate drug
dosing and formulations for infants and young children (Albonico 2003).
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3 Anthelminthic Therapies

Various classes of anthelminthic drugs (Table 2) have been well established for
preventive chemotherapy programs, treatment of disease and reduction in disease
transmission in endemic communities. The efficacy of anthelminthic drugs in chil-
dren is influenced by many factors, including intensity of infection, age of infection,
history of previous anthelminthic treatment, and parasite species and life cycle stage
(Moser et al. 2017; Zwang and Olliaro 2018). Anthelminthic drugs are generally
well tolerated in children. The rare reports of adverse events are commonly mild and
transient. However, the majority of studies evaluating pharmacokinetics, efficacy,
and safety of different anthelminthic therapy (Table 3) are lacking for young children
and require further investigation.

Benzimidazoles Benzimidazoles, including albendazole, mebendazole, and
triclabendazole, are broad-spectrum anthelminthics that selectively and irreversibly
bind helminth tubulin. Binding of tubulin by benzimidazoles inhibits tubulin dimer
polymerization, disrupting microtubule structure and function (Lacey 1990; Köhler
2001). As benzimidazoles are insoluble in water, the drugs are generally poorly
absorbed in the gastrointestinal track; bioavailability is approximately 30–40% of
albendazole and <20% of mebendazole after oral administration. Oral absorption
can be increased with concurrent intake of fatty foods leading to up to fivefold
increase in plasma drug concentration (US Food and Drug Administration; Urbani
and Albonico 2003; Moon and Oberhelman 2005; Humphries et al. 2017).
Albendazole and mebendazole are available in chewable tablets and liquid suspen-
sion allowing for ease of administration to young children (Urbani and Albonico
2003; Moon and Oberhelman 2005). Albendazole is generally preferred for treat-
ment of helminths over mebendazole due to the poor tissue penetration of
mebendazole (World Health Organization 1995; Moon and Oberhelman 2005).

Benzimidazoles are first-line therapy for STH as well as other tissue nematodes
such as Toxocara cati and T. cani. For treatment of STH, albendazole 400 mg as a
single dose or mebendazole 100 mg twice daily for 3 days is given orally to children
older than 24 months of age and albendazole 200 mg as a single dose in children
12–24 months of age (Moon and Oberhelman 2005; The Medical Letter 2013;
American Academy of Pediatrics 2015). A single dose of albendazole is most
effective to treat ascariasis followed by hookworm, but is relatively ineffective for
trichuriasis. Given this low efficacy, treatment of trichuriasis requires 3-day dose
schedule to achieve an adequate cure rate (400 mg daily for 3 days, orally) (Kang
et al. 2011). Treatment of toxocariasis also requires extended duration of therapy
with 400 mg twice daily for 5 days (Moon and Oberhelman 2005). Albendazole is
also recommended as first-line therapy for neurocysticercosis (NCC), caused by the
larval stage of the trematode Taenia solium, a leading cause of seizures and neuro-
logic disease in endemic populations (White et al. 2018). Duration of therapy is
dependent on the cysticerci stage and location within the central nervous system. In
the setting of 1–2 viable intraparenchymal cysticerci, albendazole 15 mg/kg/day
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(maximum dose of 1,200 mg/day), twice daily, orally for 14 days, is the
recommended regimen (White et al. 2018). If more than two viable parenchymal
cysticerci are present, albendazole should be used in combination with praziquantel
for 14–30 days (White et al. 2018). In addition to albendazole, combination with
steroids for treatment of viable NCC is recommended (Moon and Oberhelman 2005;
White et al. 2018). Treatment of hydatid disease due to the cestode Echinococcus
granulosus or E. multilocularis is dependent on ultrasound classification of the
disease stage in either the liver or the lungs (Nabarro et al. 2015). Albendazole is
used as monotherapy to treat small (less than 5 cm) simple cysts or small transitional
cysts with detached laminated membrane, used in combination with puncture,
aspiration, injection, and re-aspiration (PAIR) in large (greater than 5 cm) simple
cysts or large transitional cysts with detached laminated membrane or used in
combination with surgery in an active multivesicular, multi-septated cyst or complex
mass (Nabarro et al. 2015). Albendazole 15 mg/kg/day (maximum of 800 mg) orally
should be continued for minimum of 1–6 months for cystic echinococcosis and for
more than 2 years for alveolar echinococcosis (The Medical Letter 2013; American
Academy of Pediatrics 2015).

Triclabendazole is a chlorinated-thio-benzimidazole compound (Köhler 2001).
Unlike albendazole and mebendazole, triclabendazole has a narrow spectrum of
activity against helminths but is highly efficacious against the liver fluke Fasciola
hepatica (Köhler 2001; Kelley et al. 2016). Triclabendazole (10 mg/kg, single tablet
daily for 1–2 days, orally) is capable of killing both early immature and adult
Fasciola (The Medical Letter 2013; Kelley et al. 2016).

There is limited safety data of benzimidazole in children less than 12 months of
age, and use is generally not advised in this age group (Montresor et al. 2003;
American Academy of Pediatrics 2015; Jourdan et al. 2018). For children between
12 months and 24 months old, a half-dose of albendazole (200 mg, orally) is
recommended (Montresor et al. 2003; American Academy of Pediatrics 2015).
Benzimidazole use during pregnancy in rabbits and rats was shown to be teratogenic;
however, major congenital defects in humans have yet to be demonstrated. Based on
the risk of potential teratogenicity, benzimidazoles should be avoided during the first
trimester of pregnancy (World Health Organization 1995, 2017a; Urbani and
Albonico 2003). Albendazole can be detected in breast milk at low concentrations.
However, adverse outcomes with the concurrent use of benzimidazoles and
breastfeeding have not been reported (Urbani and Albonico 2003; Abdel-Tawab
et al. 2009). Adverse events associated with benzimidazoles are typically mild and
may include gastrointestinal upset, anorexia, diarrhea, nausea, headache, and dizzi-
ness (Urbani and Albonico 2003; Moon and Oberhelman 2005). Transaminitis and
leukopenia have been reported but rarely and most commonly are observed with
prolonged use (Urbani and Albonico 2003).

Resistance has not been documented to date in human disease but is well
documented in veterinary medicine due to extensive use and improper dosing of
benzimidazoles including triclabendazole (Köhler 2001; Kelley et al. 2016). Resis-
tance has been linked to single nucleotide polymorphisms (SNPs) in the β-tubulin
gene causing a conformational change in β-tubulin leading to loss of the high-affinity
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binding site (Köhler 2001; Kang et al. 2011; Furtado et al. 2016). Beyond the concern
for the development of drug resistance, benzimidazole drug efficacy varies signifi-
cantly within populations secondary to treatment history, geographic differences
between helminthic species, as well as community diet (Kang et al. 2011).

Ivermectin Ivermectin is a semisynthetic, macrocyclic lactone derived from
avermectin B1 which binds selectively and with high affinity to invertebrate
glutamate-gated chloride ion channels in helminth motor neurons (Köhler 2001;
Fox 2006; Laing et al. 2017). Activation of the chloride ion channels causes an
irreversible chloride ion current, hyperpolarization of the cell membrane, and muscle
paralysis. The development of flaccid paralysis of the worm limits motility, inhibits
pharyngeal coordination causing worm starvation, as well as represses reproduction
mechanisms and fecundity (Köhler 2001; Laing et al. 2017). Ivermectin is
administered orally as a tablet, has 50–60% bioavailability, and is metabolized in
the liver (Fox 2006). Ivermectin is active against a broad range of helminths
including Dirofilaria immitis, Strongyloides stercoralis, Onchocerca volvulus,
Loa, lymphatic filariasis, and several intestinal nematodes (Fox 2006).

Ivermectin is the first-line therapy for Strongyloides stercoralis. High cure rates
for chronic strongyloidiasis can be achieved in a daily dose (200 μg/kg) of oral
ivermectin for 2 consecutive days or two doses administered 2 weeks apart in
children (Zaha et al. 2002; Moon and Oberhelman 2005; The Medical Letter
2013). However, severe Strongyloides disease in the form of hyperinfection and
disseminated infection requires longer treatment regimens. Hyperinfection, a phase
of accelerated autoinfection, and disseminated infection, larval migration to organs
beyond the lung and gastrointestinal track, are associated with high mortality. This
critical form of strongyloidiasis occurs after suppression of the host immune system,
commonly due to acute use of corticosteroids (Ramanathan and Nutman 2008; Mejia
and Nutman 2012). For Strongyloides hyperinfection and disseminated disease,
ivermectin 200 μg/kg/day orally should be continued until the stool exam is negative
for 2 weeks (Ramanathan and Nutman 2008; Mejia and Nutman 2012). Ivermectin is
also the preferential therapy for filarial diseases such as onchocerciasis and alterna-
tive therapy for lymphatic filariasis (Fox 2006). Ivermectin is not cidal against adult
stage Onchocerca volvulus but is microfilaricidal. As a result, ivermectin should be
administered every 6–12 months as a single dose of 150 μg/kg for as long as there is
evidence of ongoing infection to reduce filarial migration and end-stage organ
disease as well as to reduce community transmission (Moon and Oberhelman
2005; Laing et al. 2017). A single dose of ivermectin can decrease circulating
Onchocerca microfilaria in the skin by 96–99% (Fox 2006). Ivermectin is addition-
ally recommended for treatment of lymphatic filariasis in areas with co-endemicity
with onchocerciasis (Fox 2006; World Health Organization 2017b). Similar to
onchocerciasis, ivermectin is only microfilaricidal for lymphatic filariasis and is
likewise not curative (Moon and Oberhelman 2005; Laing et al. 2017).

Despite the broad use of ivermectin in children, the safety profile for children less
than 15 kg has not been established limiting the general use in young children (Moon
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and Oberhelman 2005; American Academy of Pediatrics 2015). Additionally, use of
ivermectin in pregnancy is also not recommended (Fox 2006). Despite these
limitations, adverse effects associated with ivermectin are minimal. Minor effects
including mild gastrointestinal upset, abdominal pain, fatigue, dizziness, rash, and
rarely transaminitis and leukopenia have been reported (Fox 2006). However,
attention must be provided when treating filarial infections with ivermectin due to
the risk of inflammatory activation as a result of dying microfilariae and posttreat-
ment encephalopathy (Moon and Oberhelman 2005; Fox 2006). These encephalop-
athy and immune activation phenomena are described specifically in areas with
co-endemicity with Loa loa and in individuals with high microfilariae burden (Fox
2006). In these select areas, the reduction in microfilaria burden with the use of
albendazole is recommended prior to administration of ivermectin (Fox 2006).

Resistance to ivermectin has not been reported to date in humans but remains a
global concern for various helminthic infections of veterinary importance with
documentation of resistance for intestinal nematodes in ruminants (Fox 2006;
Laing et al. 2017). Drug resistance for intestinal nematodes may be secondary to
altered binding targets, such as mutations of P-glycoprotein, encoding genes of the
glutamate-gated chloride ion channels, or due to increased drug efflux (Köhler 2001).
Additionally, ivermectin insensitivity may already exist to onchocerciasis, though the
mechanism has not been determined (Fox 2006; Osei-Atweneboana et al. 2011).

Praziquantel Praziquantel is an anthelminthic therapy used for treatment of
cestodes including taeniasis (Taenia solium and Taenia saginata), Hymenolepis
nana, Dipylidium caninum, and Diphyllobothrium latum and as adjunct therapy
for severe cysticercosis (Taenia solium) as well as trematodes such as schistosomia-
sis, paragonimiasis, and liver flukes (Clonorchis, Opisthorchis) (Moon and
Oberhelman 2005). Despite the broad range of use for both cestodes and trematodes,
the mechanism of anthelminthic activity remains unknown (World Health Organi-
zation 1995; Köhler 2001). Proposed mechanism of action includes muscular paral-
ysis due to dysregulation of calcium homeostasis leading to rapid calcium influx and
disruption of worm tegument causing alteration of cell membrane and antigen
exposure to primed schistosome-specific antibodies (Mutapi 2015; Babes et al.
2017). While immune priming and antibody-mediated mechanism have been pro-
posed as a potential mechanism, reduced efficacy of praziquantel has not been
demonstrated in immunocompromised hosts (Mutapi 2015). Praziquantel is rapidly
absorbed, with approximately 80% bioavailability when administered orally as tablet
(which can be crushed) or oral suspension (Stothard et al. 2013; Chai 2013).

Praziquantel is a first-line therapy for adult gastrointestinal-stage cestodes how-
ever has minimal efficacy in the treatment of larval tissue-stage cestodes (The
Medical Letter 2013). Single-dose administration of 5–10 mg/kg orally leads to
high rates of cure for all adult intestinal-stage cestode infection except Hymenolepis
nana, the dwarf tapeworm, which requires higher doses of 25 mg/kg as a single dose,
orally (Moon and Oberhelman 2005; The Medical Letter 2013; American Academy
of Pediatrics 2015). Larval tissue-stage cestode infections including echinococcosis

Pediatric Pharmacotherapy: Anthelminthic Treatment 353



and cysticercosis are typically treated with albendazole due to the lack of sufficient
efficacy with praziquantel (The Medical Letter 2013). Praziquantel is also a first-line
therapy for trematodes such as schistosomiasis. Praziquantel is used as treatment and
preventive chemotherapy for all Schistosoma spp. with greatest efficacy against
S. japonicum and S. haematobium and least efficacious for mixed infections
(Zwang and Olliaro 2018). Praziquantel kills mature schistosomes but not immature
worms and thus should not be administered until 6–8 weeks after exposure to
contaminated freshwater (Kabuyaya et al. 2018). Treatment dosing for schistosomi-
asis includes 40 mg/kg/day orally for S. mansoni and S. haematobium and 60 mg/kg/
day orally for S. japonicum divided into two doses (Moon and Oberhelman 2005;
The Medical Letter 2013). Treatment of schistosomiasis with praziquantel in chil-
dren reduces chronic morbidity and transmission of schistosomiasis within the
community (Kabuyaya et al. 2018).

Safety profiles have not been established in children less than 4 years old, but
treatment with praziquantel in children as young as 6 months has been documented
without significant adverse events (Moon and Oberhelman 2005; Mutapi 2015;
Zwang and Olliaro 2017). Even though young children have high tolerability to
praziquantel, use of a standard 40 mg/kg dose of praziquantel in young children was
associated with a lower clinical cure rate compared to older children and adults
(Sousa-Figueiredo et al. 2012). Clinical trials are underway to determine the optimal
dosing of praziquantel in children as young as 3 months (clinicaltrials.gov,
NCT02806232). There is minimal data regarding use of praziquantel in pregnant
or lactating women; however, no maternal or fetal toxicity has been reported in
veterinary studies despite its wide use in treatment of pregnant animals (World
Health Organization 2002). As a result, women of childbearing age and pregnant
and lactating women with helminth infections such as schistosomiasis should be
offered treatment (World Health Organization 2002; Olds 2003). Praziquantel is
generally well tolerated with mild adverse effects including abdominal discomfort,
headaches, and dizziness dependent on the intensity of the infection (Moon and
Oberhelman 2005; Mutapi 2015; Babes et al. 2017). There is ongoing concern of
emerging praziquantel resistance of cestodes like schistosomiasis, particularly
S. mansoni; however, the mechanism of resistance remains unknown (Köhler
2001; Doenhoff et al. 2008; Chai 2013).

Diethylcarbamazine (DEC) DEC is a piperazine derivative anthelmintic drug active
against filaria. The mechanism of action of DEC against filaria remains unknown but
may be intertwined with activation of the innate immune response through inhibition
of arachidonic acid metabolism and inhibition of NF-kB signaling pathway (World
Health Organization 1995; Peixoto and Silva 2014). DEC is the first-line therapy for
lymphatic filariasis including Wuchereria bancrofti, Brugia malayi, Brugia timori,
and Mansonella spp. and for Loa loa (Moon and Oberhelman 2005) however is
contraindicated in onchocerciasis (Moon and Oberhelman 2005). DEC is
microfilaricidal for lymphatic filariasis. In children, DEC is administered as 6 mg/
kg/day single oral dose or 6 mg/kg/day divided in three doses for 12 days in children
more than 2 years in age (World Health Organization 1995; Moon and Oberhelman
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2005; The Medical Letter 2013; American Academy of Pediatrics 2015). DEC is
cidal against both the adult worms and the microfilaria of Loa loa (World Health
Organization 1995). However, DEC should not be used to treat loiasis in children
with high burden of microfilaria disease due to the risk of severe inflammatory
reaction and fatal encephalopathy. Pre-treatment quantitative blood smears are
required prior to initiation of DEC therapy for loiasis. DEC (8–10 mg/kg/day orally
in three divided doses for 21 days) is the treatment of choice for Loa loa in children
with low microfilarial burden (<8,000 microfilaria/mL) (The Medical Letter 2013;
Centers for Disease Control and Prevention 2017). However, in cases of high
microfilarial burden (>8,000 microfilaria/mL), albendazole 200 mg BID daily for
21 days should be administered prior to treatment with DEC to reduce Loa loa
microfilarial burden and risk of encephalopathy (The Medical Letter 2013; American
Academy of Pediatrics 2015; Centers for Disease Control and Prevention 2017).

DEC is currently only available in the United States by investigational new drug
protocol through the Centers for Disease Control and Hygiene (CDC) (American
Academy of Pediatrics 2015). Prior to treatment of lymphatic filariasis or Loa loa
with DEC, onchocerciasis should be excluded due to the risk of Mazzotti reaction, a
severe reaction manifesting as fever, headache, dizziness, urticarial rash, anorexia,
malaise, respiratory failure, and potential death (World Health Organization 1995;
American Academy of Pediatrics 2015). If unable to exclude onchocerciasis or if
living in co-endemic area, treatment for onchocerciasis with ivermectin prior to use
of DEC should be highly considered (American Academy of Pediatrics 2015). Side
effects of DEC are otherwise rare but include pruritus, maculopapular rash, fever,
edema, and headache (Moon and Oberhelman 2005).

Pyrantel Pamoate and Oxantel Pamoate Pyrantel pamoate and oxantel pamoate
are tetrahydropyrimidines that act as agonists on nematode nicotinic acetylcholine
(nAch) surface receptors of somatic muscle cells (Moser et al. 2018). Both pyrantel
and oxantel pamoates act selectively on the nACh receptor; however, at different
targets, pyrantel acts on the L-subtype, while oxantel targets the N-subtype (Moser
et al. 2018). Activation of nAch receptor causes depolarization of the muscle cell
membrane and subsequent helminth paralysis and elimination (World Health Orga-
nization 1995; Köhler 2001; Urbani and Albonico 2003). Nematode nAch receptors
have been shown to be pharmacologically distinct from the homologous receptors in
mammals permitting increased helminth selectivity (Köhler 2001). Both drugs are
administered as single-dose treatments, as solution or chewable tablet, and both
drugs have restricted oral bioavailability (Urbani and Albonico 2003; Moon and
Oberhelman 2005). Pyrantel pamoate (11 mg/kg dose, maximum of 1 g),
administered as two single-dose tablets 2 weeks apart, is a common therapy for
treatment of Enterobius vermicularis, known as pinworm, in children (World Health
Organization 1995; Moon and Oberhelman 2005; The Medical Letter 2013). In
comparison to other treatment options for pinworm such as albendazole and
mebendazole, pyrantel pamoate is available without prescription in the United
States. Pyrantel pamoate is also an alternative treatment for hookworm when

Pediatric Pharmacotherapy: Anthelminthic Treatment 355



administered daily for 3 days orally (11 mg/kg base, maximum 1 g) (The Medical
Letter 2013). Oxantel pamoate, a pyrantel analog, has activity against Trichuris, and,
unlike mebendazole and albendazole, oxantel can be given as a single-dose regimen
in the treatment of trichuriasis (Moser et al. 2016). Oxantel pamoate (20 mg/kg,
single dose) is more efficacious against trichuriasis than either albendazole or
mebendazole monotherapy however has minimal effect against hookworm or
ascariasis (Speich et al. 2014). Current validated dosing schemes for oxantel
pamoate are lacking in children, particularly in infants. However an optimal dose
ranging from 15 to 30 mg/kg has been suggested in school-aged children (Moser
et al. 2016). In certain regions globally, oxantel and pyrantel pamoate are marketed
in combination, in suspension formulation, for treatment of STH (Moser et al. 2016).

Adverse events are minimal, limited to gastrointestinal symptoms such as diar-
rhea, abdominal pain, nausea, and vomiting, due to the poor bioavailability of the
drugs. In rare occurrences, transaminitis has been reported (Urbani and Albonico
2003). There is no data in use of pyrantel pamoate or oxantel pamoate in children
less than 2 years old, but pyrantel pamoate has been widely used in young children,
and no reported issues have been documented (Moon and Oberhelman 2005).
Additionally, no teratogenic effects have been documented while taking during
pregnancy; however, use in pregnancy is not recommended during the first trimester
(Urbani and Albonico 2003). Pyrantel pamoate resistance has been reported in
hookworm species (Ancylostoma caninum, Ancylostoma duodenale) (Reynoldson
et al. 1997; Kopp et al. 2007). Emerging resistance is likely secondary to structural
alterations in the nACh receptor subunits resulting in diminished drug affinity to the
binding site (Köhler 2001).

Niclosamide Niclosamide is an oral anthelminthic drug that blocks glucose uptake
by intestinal tapeworms. It is administered as a single 2 g dose, orally, in adults and
dosed by weight in children (50 mg/kg, maximum of 2 g) as second-line therapy for
adult intestinal-stage Taenia spp. and Diphyllobothrium latum (World Health Orga-
nization 1995; The Medical Letter 2013; American Academy of Pediatrics 2015).
However, there is no activity against the larvae tissue-stage cysticerci of Taenia
solium due to the lack of oral bioavailability of niclosamide (World Health Organi-
zation 1995; Moon and Oberhelman 2005). Niclosamide is an alternative
anthelminthic therapy for H. nana but requires prolonged drug administration
dosed by weight in children (for weight of 11–34 kg, administer 1 g orally on day
1 and then 500 mg per day for 6 days; if weight is greater than 34 kg, administer 1.5 g
orally on day 1 and then 1 g per day for 6 days) (The Medical Letter 2013; American
Academy of Pediatrics 2015). Niclosamide has good tolerability owning to the lack
of absorption from the intestinal track. Adverse events are mild and transient, most
commonly associated with gastrointestinal disturbances (World Health Organization
1995). There is no evidence of teratogenic effects of niclosamide during pregnancy
(World Health Organization 1995).
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Levamisole Levamisole is an imidazothiazole, (�)-isomer of tetramisole, and nAch
receptor agonist on nematode somatic muscle cells and causing paralysis and
elimination of STH (Köhler 2001; Urbani and Albonico 2003). The drug is rapidly
absorbed with high bioavailability (World Health Organization 1995; Urbani and
Albonico 2003). It is an alternative treatment option for ascariasis and mixed
Ascaris and hookworm infections leading to over 97% cure rate with a single dose
(Moser et al. 2017). Levamisole can be easily administered to children with
chewable tablet formulation as a single dose (2.5 mg/kg, orally). Adverse events
associated with levamisole include gastrointestinal symptoms as well central ner-
vous system symptoms such as dizziness, headache, and weakness (Urbani and
Albonico 2003). While these symptoms are commonly mild, cases of levamisole-
associated encephalopathy syndrome have been reported. Levamisole-induced
encephalopathy syndrome has been attributed to use of generic anthelminthic
formulations in the field and lack of adequate quality control, but the syndrome
has also been documented in other medical diseases associated with levamisole use
(Zheng 1995; Urbani and Albonico 2003; Wu et al. 2006). There are no reported
teratogenic effects associated with levamisole; however, use of levamisole is not
recommended during the first trimester of pregnancy (Urbani and Albonico 2003).
Similar to oxantel pamoate and pyrantel pamoate, drug resistance of intestinal
worms to levamisole is possible due to changes in the target site of the nACh subunit
permitting less affinity of the drug to the nematode (Köhler 2001).

4 Anthelminthic Drug Discovery

Despite the efforts of MDA, elimination of many helminthic diseases has remained
elusive. Efforts toward elimination have been limited by sustainability of community-
wide programs and the threat of emerging drug resistance. Not only do current MDA
programs and global treatment strategies rely on single drugs without significant
alternative options, but the extensive use and improper dosing, typically in children,
raise the concern for long-term effectiveness of treatment strategies (Köhler 2001;
Walker et al. 2016). Balancing the need of treatment to reducemorbidity in children at
high risk of profound morbidity with the cost of maintenance and the potential to lead
to resistance due to selective pressure has created a critical need for discovery of new
preventative and therapeutic targets and to explore drug combination therapies
against helminths (Albonico 2003).

Beyond the concern for emerging resistance of available anthelminthic medications,
other anthelminthic needs should be listed as high importance in the drug development
pipeline. Novel drugs for the treatment of filarial infections that have fewer associated
adverse events particularly in areas of co-endemicity of lymphatic filariasis, loiasis, and
onchocerciasis are in significant need. Additionally, novel therapies for the larval tissue
stage of cestode infections are in high demand (Köhler 2001). With the availability of
complete genomic sequences of many helminthic organisms, drug discovery using the
complex, individual life cycles during which organisms undergo changes in morphol-
ogy and gene expression may be an effective tool to uncover novel targets (Skinner-
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Adams et al. 2016). Additionally, encouraging public-private partnership through
open-source, resource sharing of the large quantities of known drug compounds will
aid in evaluating mechanism of drug targets and pharmacokinetics in order to improve
drug discovery efficiency and reduce cost (Weng et al. 2018). However new, novel
drug targets will need extensive monitoring and development of formulations that are
amenable to treating the most high-risk individuals, children.

Alternative strategies to address urgently needed interventions include repurposing
existing drugs to treat helminth infections or use of existing anthelminthic drugs in
combinations. The neuromodulatory drugs sertraline, paroxetine, and chlorpromazine
have been recently shown to decrease Trichuris motility and prevent development of
hookworm (Weeks et al. 2018). Other potential repurposed drugs include use of the
antimalarial artemisinins for the treatment of trematodes and use of tribendimidine for
treatment of both STH (except Trichuris) and trematodes (Panic et al. 2014; Robertson
et al. 2015). Despite the significant geographic overlap of STH, there is no single drug
with high efficacy against all three organisms. As a result, co-administration of current
drugs with different modes of actionmay be a preferable strategy (Huwyler et al. 2017).
Combination therapy with albendazole and oxantel pamoate reaches higher cure rates
in STH coinfected children, particularly in childrenwith trichuriasis (Speich et al. 2014;
Groups et al. 2016). Other combinations including albendazole-ivermectin and
tribendimidine-oxantel pamoate have also demonstrated superiority to monotherapy
with albendazole for the treatment of trichuriasis (Clarke et al. 2019). Combination
therapy of albendazole-ivermectin is currently employed for the treatment of lymphatic
filariasis in Onchocerca co-endemic regions (Crompton et al. 2003). However, further
information on drug-drug interactions and adverse events in children receiving
anthelminthic combination therapy are needed.

5 Conclusions

Helminth infection is one of the most common infections of mankind, causing
significant morbidity in children living in poverty-stricken, endemic regions globally
(Weatherhead and Hotez 2015; Li et al. 2018). Anthelminthic therapy has been used
for preventive chemotherapy through mass drug administration and for treatment of
infection in order to reduce morbidity in children. However, safety, efficacy, and
tolerability of currently available anthelminthic drugs are lacking in young children.
Additionally, the threat of evolving drug resistance is ongoing in the setting of
escalation of MDA programs aimed at interruption of helminth transmission and
elimination. Novel drugs are urgently needed to combat the current limitations of
anthelminthics (Weatherhead et al. 2017). In the absence of novel drug targets,
alternative approaches such as vaccine development programs could evolve into
stand-alone preventative strategies or therapeutic modalities used in combination
with MDA programs in the near future (Hotez et al. 2016).
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durability of biologics, and concerns for long-term sequelae of disease and
therapies. Achieving early remission in children with Crohn’s disease correlates
with improved outcomes and therefore allows a window of opportunity for
maximizing growth. Thus, there is a great need to treat children and adolescents
with the right drug at the right time while achieving adequate exposure. Improved
understanding of disease phenotypes, disease natural history, and risk stratifica-
tion will play a critical role in treatment selection for children, particularly as
more therapeutic options become available. Here we summarize data supporting
newer concepts of treating the individual child with IBD through targeted early
biologic treatment, including utilization of therapeutic drug monitoring to opti-
mize treatment effects and the use of early antitumor necrosis factor (TNF)-α
therapies to mitigate long-term sequelae of the disease. Recent inception cohort
studies provide important data regarding the risk stratification of children and
adolescents with IBD, which support a move toward a personalized therapeutic
approach to IBD in children and adolescents.

Keywords
Biologics · Crohn’s disease · Inflammatory bowel diseases · Pediatrics ·
Therapeutics · Ulcerative colitis

1 Introduction

Inflammatory bowel diseases (IBD) are chronic inflammatory diseases of the gas-
trointestinal tract, which include Crohn’s disease (CD) and ulcerative colitis (UC).
Clinical manifestations, evolution of the disease, and prognosis are variable. CD
may manifest as three different subtypes: inflammatory, penetrating, or stricturing
disease. The latter two types may result in life-altering complications including
fistulae, abscesses, bowel perforation, bowel obstruction, and intra-abdominal sepsis
(Kugathasan et al. 2017). Inflammation in UC is confined to the large intestine;
manifestations include hematochezia, anemia, and fatigue. Both are systemic
diseases, however, with extraintestinal manifestations affecting approximately one
third of patients. IBD is particularly challenging for children and adolescents due to
long-term complications, including malnutrition, decreased bone health, and growth
failure (Pappa et al. 2011; Gasparetto and Guariso 2014).

Average age of onset follows a bimodal distribution, which peaks in adolescence
and middle age. About one quarter of IBD patients are diagnosed prior to 20 years of
age (Rosen et al. 2015). The incidence of IBD in children less than 5 years of age has
been shown to be rapidly increasing (Benchimol et al. 2017). The approach to
treatment of children with IBD has changed in recent years, with increasing knowl-
edge of the disease course, prognosis, and new revelations into optimizing treatment.
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2 Treatment Goals in Pediatric IBD

Historically, the treatment target in pediatric IBD was control of symptoms via a
step-up approach. Treatment was initiated with a course of glucocorticoids and
5-aminosalicylates. If 5-aminosalicylates failed to maintain symptom-free remission,
symptoms were managed with additional glucocorticoids, and maintenance treat-
ment was escalated to immunomodulators, biologics, or a combination. Surgical
management was reserved for refractory patients.

It is increasingly appreciated that symptoms and clinical disease indices in
children with CD correlate poorly with endoscopic disease activity, while endo-
scopic healing correlates with improved long-term outcomes for patients, including
lower corticosteroid use and decreased hospitalizations (Carman et al. 2019; Kerur
et al. 2017; Bossuyt et al. 2019; Colombel et al. 2011; Seow et al. 2010; Maser et al.
2006). Thus, the treatment target in pediatric IBD has evolved from isolated symp-
tom control to an emphasis on endoscopic remission. Mucosal or endoscopic healing
has been defined as lack of visible findings on colonoscopy (typically a Mayo score
of 0 or 1 in trials), which differs from the absence of histologic findings on biopsies
(Lega and Dubinsky 2018). An active area of study, histologic healing and bowel
damage are also being considered treatment targets correlated with improved
outcomes. Indeed, it has been demonstrated that endoscopically assessed mucosal
healing does not eliminate the possibility of progression to bowel damage; in
children with CD, residual transmural inflammation often persists despite mucosal
healing on endoscopy (Weinstein-Nakar et al. 2018). In addition to endoscopic
remission, growth and nutrition optimization, as well as bone health, are important
clinical outcome measures, particularly in children and adolescents with CD.

The new treatment paradigm for pediatric IBD focuses on a goal of “deep
remission” for ongoing treatment. Disease response is based on clinical response
or daily symptoms of disease, serum/fecal biomarkers, and endoscopic evaluation to
assess for endoscopic and histologic healing. Patients with IBD are monitored
regularly at outpatient clinical visits, at least three to four times per year. These
visits allow for assessment of clinical symptoms and biomarkers. There is currently
no established guideline regarding the need for surveillance endoscopy and colonos-
copy in pediatrics. However, more pediatric gastroenterologists are advocating for
surveillance endoscopy and colonoscopy 6–12 months after treatment initiation,
following the adult treat-to-target paradigm (Peyrin-Biroulet et al. 2015; Lega and
Dubinsky 2018).

Complication-free survival in children with inflammatory CD is increased by
early anti-TNFα therapy (Kugathasan et al. 2017). In children with newly diagnosed
CD, early monotherapy with biologics, specifically anti-TNFα therapy, was
demonstrated to be superior to early treatment with an immunomodulator and
corticosteroids and facilitates catch-up growth (Walters et al. 2014; Church et al.
2014). Treatment with concomitant anti-TNFα and immunomodulator therapy has
been shown to improve durability and reduce formation of antibodies to infliximab
(Cheng et al. 2017; Chi et al. 2018). Proactive infliximab monitoring has also
been shown to be a strategy to prevent antibody formation (Lega et al. 2019).
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Despite these strategies, early anti-TNFα therapy has not been shown to prevent
surgery or complications in stricturing CD and doesn’t prevent colectomy in all
children with severe, refractory UC (Kugathasan et al. 2017; Kerur et al. 2018;
Hyams et al. 2017).

Variation in disease course and response to therapy underscore the growing
appreciation for an individualized treatment paradigm for pediatric IBD and need
for careful objective assessment of disease following treatment. In addition, it
highlights the need for additional therapies for children with refractory inflammatory
disease and fibrotic, stricturing disease.

3 Personalized Optimization of Biologics

The utilization of an individualized treatment paradigm is perhaps best illustrated
through the use of biologics in pediatric IBD. Biologics used to treat IBD are
monoclonal antibodies targeting components in the pathogenesis of IBD, although
not all biologics have FDA approval for use in children or adolescents. Biologics
used to treat IBD are summarized in Table 1. Anti-TNFα therapies are used as first-
line treatment for severe disease or disease that is nonresponsive or poorly controlled
by other medications. This class of medications offers various advantages improved
efficacy in severe disease, ability to utilize therapeutic drug monitoring (TDM), and
potential to mitigate long-term sequelae of poorly controlled IBD in children, such as
decreased bone health and growth delay (Thayu et al. 2008; Church et al. 2014;
Griffin et al. 2015).

3.1 Therapeutic Drug Concentrations and Achieving Adequate
Exposure in Children

The pharmacokinetics of monoclonal antibodies is variable, and doses needed to
achieve target serum concentrations are difficult to predict. TDM may be used to
assess serum drug concentrations to guide dose adjustments. Several studies have
established that consistent anti-TNFα serum drug concentrations are correlated with
higher rates of clinical and endoscopic remission in children and adults (Ungar et al.
2016; van Hoeve et al. 2018; van de Casteele et al. 2018). The American Gastroen-
terology Association has established guidelines for target serum concentrations for
adult IBD patients during maintenance anti-TNFα treatment: infliximab serum
concentration of �5 mg/dL and adalimumab serum concentration of �7.5 mg/dL
(Feuerstein et al. 2017). One important challenge in the use of TDM is that target
serum drug concentrations may vary with individual patient risk factors and severity
of disease. For example, serum concentrations needed to close complex perianal
fistulae are likely higher than those needed to maintain remission of luminal inflam-
matory disease (El-Matary et al. 2019). Patients with a higher inflammatory burden
may require higher serum trough concentrations to achieve remission due to
increased drug clearance (Fasanmade et al. 2011; Dotan et al. 2014).
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3.2 Utilization of TDM: Reactive vs. Proactive Monitoring

Recent research highlights how TDMmay be used to optimize serum concentrations
of biologic medication for individual patients. TDM may be used as a “reactive”
measure for IBD patients undergoing biologic treatment who may present with
concerns for disease flare. In this setting, TDM is used to assess whether the patient
has a low drug trough concentration associated with the onset of symptoms. Minar
et al. (2016) demonstrated the utility of reactive TDM through assessment of
72 children with CD who presented with signs and symptoms concerning for loss
of response to therapy. Twenty-five of 72 (35%) had sub-therapeutic concentrations
and required dose escalation. Subsequent to dose escalation, there was significant
improvement in remission rates at 6 months. However, relying on reactive TDM
may prevent the ability to proactively optimize pharmacokinetics of infliximab. In a
pediatric cohort of 50 patients with IBD on infliximab therapy, only a minority had a
target trough concentration of 3 μg/mL at week 14. Most patients required more
frequent infusions or higher dosing than standard therapy to achieve goal trough
concentrations (Lega et al. 2019).

Proactive TDM requires obtaining TDM at set intervals during treatment, even in
the absence of active symptoms. If concentrations are found to be suboptimal, they
are then proactively optimized to ensure patients maintain a therapeutic drug con-
centration (Lega et al. 2019). Stronger consideration has been given to the use of
proactive TDM as a strategy for personalized optimization of therapy. The Trough
Concentration Adapted Infliximab Treatment (TAXIT) trial was a prospective
randomized control trial in adults with IBD in which enrolled patients were dose
optimized during infliximab induction dosing. Then patients were randomized to
dosing based on concentration or dosing based on clinical status. The authors found
no benefit to proactive TDM, but there is concern that this 1-year study may not have
been long enough in duration to detect a difference in outcomes (van de Casteele
et al. 2015). In contrast, other studies of both infliximab and adalimumab have
retrospectively found proactive TDM allowed for early identification of patients
with low trough concentrations and better probability of patients remaining on
drug in remission (Vaughn et al. 2014; Papamichael et al. 2019). A recent meta-
analysis found limited existing evidence to support an association between any TDM
strategy and superior clinical remission rates but does support a cost-saving benefit
for reactive TDM and suggests a potential benefit for anti-TNF durability with
proactive TDM. Authors concluded that further longer-term studies are needed,
particularly to evaluate proactive TDM and to generate data on other anti-TNF
therapies, target drug concentrations during induction, and pediatric populations
(Ricciuto et al. 2018).

An important question is whether proactive TDM will be equal or better than use
of combination therapy (a biologic with immunomodulator, such as a thiopurine or
methotrexate) as a strategy to increase drug concentration and prevent anti-drug
antibody formation. In adults with treatment-naïve Crohn’s disease, a combination
of infliximab with a thiopurine has been demonstrated as superior to either use
as monotherapy (Colombel et al. 2010). Combination therapy also optimizes
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pharmacokinetics and reduces antibodies in adult and pediatric studies (Colombel
et al. 2018; Chi et al. 2018). Further studies are needed to compare long-term
effectiveness, safety, and cost associated with biologic monotherapy with proactive
TDM versus the use of concomitant biologics and immunomodulators.

3.3 PK Modeling and Dashboard Systems

Various clinical factors including anti-drug antibodies, elevated serum C-reactive
protein, hypoalbuminemia, and male gender have been identified as risk factors for
lower infliximab concentrations (Brandse et al. 2017; Buurman et al. 2015; Dotan
et al. 2014). Pharmacokinetic (PK) modeling has emerged as a tool for drug
concentration prediction and optimization. Using Bayesian statistics and modeling,
dashboard systems may incorporate current clinical information to predict future
drug concentrations and target appropriate dosing for an individual patient (Mould
and Dubinsky 2015; Dubinsky et al. 2017). Such approaches are likely to provide a
new avenue for individualizing biologic treatment optimization for pediatric IBD
patients.

3.4 Prevention of Immunogenicity and Anti-drug Antibodies

The prevalence of circulating anti-drug antibodies (ADA) to anti-TNFα treatment is
estimated to be between 8 and 60% of IBD patients and is associated with adverse
drug reactions and loss of response (Nanda et al. 2013). Development of ADA has
been associated with intermittent or inconsistent exposure to treatment and subopti-
mal serum drug concentrations (Lee et al. 2012). It has been suggestive that
proactive TDM may improve the durability of infliximab monotherapy by
maintaining higher infliximab concentrations entering into maintenance, ultimately
either decreasing antibody formation or modulating the clinical impact of ADA
(Lega et al. 2019). Further studies are needed to understand whether maintenance of
adequate drug concentrations proactively will prevent clinically relevant
complications of anti-drug antibodies.

4 Early Use of Anti-TNF Therapies in Children to Mitigate
Long-Term Disease Consequences

4.1 Bone Health

Children with CD are at risk for decreased bone health. Associated risk factors
include high levels of inflammation, low serum vitamin D, and albumin
concentrations. Bone modeling, remodeling, and turnover are decreased in patients
with pediatric IBD. At diagnosis, bone turnover markers are noted to be 30–50%
of normal, and biopsies show low bone mineral density (Dubner et al. 2009).
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Current guidelines recommend routine bone health screening with dual-energy
X-ray absorptiometry as a baseline at diagnosis (Rufo et al. 2012).

Prospective studies have found improvement of trabecular bone mineral density
and cortical structure improved by anti-TNFα treatment in children with CD
(Dubner et al. 2009). Other studies have shown that bone turnover biomarkers
serum insulin-like growth factor-1, bone-specific alkaline phosphatase, and
n-terminal propeptide of type-1 collagen were found to increase after initiation of
anti-TNF treatment in pediatric IBD (Thayu et al. 2008; DoBoer et al. 2018). These
findings highlight the likely advantage of early initiation of anti-TNFα therapy in
children with pediatric IBD with impaired bone health.

4.2 Growth

Borrelli et al. (2004) demonstrated improved weight and z-scores in a prospective
trial of 18 children with CD after initiation of infliximab therapy. Population-based
studies have shown that catch-up growth in pediatric IBD children occurs after
initiation of anti-TNFα treatment (Crombé et al. 2011; Church et al. 2014). In a
clinical trial of adalimumab in children with CD, this therapy significantly improved
and normalized growth rate at weeks 26 and 52 in patients with baseline growth
impairment (Walters et al. 2017). Therefore, early anti-TNFα treatment is an exam-
ple of a personalized treatment intervention for children with CD and linear growth
failure.

5 Risk Stratification of Disease Phenotypes
and an Individualized Treatment Approach
in Pediatric IBD

5.1 Risk Stratification in Crohn’s Disease

Increasingly, studies of pediatric CD progression have highlighted the variable
course of disease; patients at risk for severe disease or poor response to treatment
may need more aggressive or targeted treatment. The RISK trial was a prospective
inception cohort study of newly diagnosed children with CD, which aspired to create
a risk stratification model. More than 1,800 patients, ages 6–17, were recruited at
disease onset and prospectively followed for complications and response to
therapies. Certain factors were positively correlated with development of severe
CD including African-American race, older age and ASCA, and Cbir1 seropositiv-
ity. Notably, patients with a stricturing phenotype were not responsive to early anti-
TNFα therapy (started in first 90 days) and had a terminal ileal signature with
increased extracellular matrix genes, implying a different biologic process in these
patients (Kugathasan et al. 2017). Plasma collagen type III alpha 1 chain has been
identified as a biomarker of stricturing disease that may be useful for predicting the
need for earlier surgery instead of early anti-TNFα therapy (Ballengee et al. 2018).
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Perianal CD is a subset of CD defined as inflammation around or near the anus;
manifestations include fissures, fistulae, skin tags, abscesses, and/or stenosis. Com-
plex fistulae may involve the rectum and adjacent structures including the vagina and
urinary bladder. The incidence of perianal CD is estimated to be about 13–62%.
Anti-TNFα therapies have led to higher rates of clinical remission in perianal CD
patients, and the American College of Gastroenterology recommends anti-TNFα
treatment as a primary treatment for induction and remission of complex fistulizing
perianal disease (Lichtenstein et al. 2018). A prospective, multicenter cohort study of
children with newly diagnosed CD assessed clinical response of perianal CD to
infliximab therapy; a trough concentration of 12.7 μg/mL predicted fistula healing at
week 24 (El-Matary et al. 2019). These data support that higher serum drug
concentrations may be required for closure of perianal fistulae and demonstrate an
opportunity for tailoring biologic dosing to achieve a specific treatment goal.

5.2 Risk Stratification in UC

The Predicting Response to Standardized Pediatric Colitis Therapy (PROTECT) trial
was a natural history study of 428 children with newly diagnosed UC designed to
identify characteristics of disease associated with outcomes following standard-of-
care therapy for pediatric UC. Clinical presentations ranged from 48% of children
with mild-moderate disease treated only with mesalamine, 33% with moderate to
severe disease treated initially with oral corticosteroids, and 21% with severe disease
treated with intravenous corticosteroids. At 12 weeks, corticosteroid-free remission
was achieved in 48% of patients in the mesalamine group, 33% in the oral cortico-
steroid group, and 21% in the intravenous corticosteroid group. Treatment escalation
during the first 12 weeks (to anti-TNFα therapy, immunomodulators, colectomy)
was required by 9 (7%) patients in the mesalamine group, 21 (15%) in the oral
corticosteroid group, and 52 (36%) in the intravenous corticosteroid group. Eight
patients, all of whom were initially treated with intravenous corticosteroids,
underwent colectomy. Importantly, the need for biological therapy during the first
12 weeks was confined to those requiring IV steroids as first-line therapy. Moreover,
the strongest predictor of corticosteroid-free remission by week 12 without the need
for escalation to biologics was clinical response at 4 weeks, regardless of corticoste-
roid status. Thus, the study highlighted the importance of initial disease severity as a
predictor of disease course. Additional risk factors for more severe disease in this
population also included lower serum albumin, decreased eosinophils on rectal
biopsies, and surface villiform changes on rectal biopsy (Hyams et al. 2017). Higher
levels of serum perinuclear anti-neutrophil cytoplasmic antibodies (pANCA) were
associated with more extensive disease (Spencer et al. 2018).
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6 Conclusion

Recent studies in adults and pediatrics have demonstrated that targeting deep
remission improves outcomes for pediatric IBD patients. Individualizing dosing of
biologics has translated to improved outcomes for patients, considering clinical risk
factors. Additionally, cohort studies in pediatric IBD have highlighted baseline
phenotyping of patients to predict the severity of their course. These studies have
led to a shift in the treatment paradigm for pediatric IBD, with increasing data
demonstrating a need to focus therapeutic choices on individual patients and treat-
ment goals rather than use of a broad, step-up approach for all patients. However,
numerous questions remain, including ideal strategies for monitoring patients during
induction and in remission. While studies have mainly been focused on anti-TNFα
therapies, newer biologics are now approved for use in adults with IBD, with more
promising candidates under development. Additional studies are needed to clarify
dosing and safety of these drugs in children and adolescents and to understand how
various new biologics can be targeted for use in the safest and most efficacious way,
alone or in combination with other medications.
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Abstract
Functional constipation is a common problem among children. The prevalence
worldwide is about 3% and it is accounting for about 3–5% of all visits to
pediatricians implicating a significant impact on health care cost. In most children
presenting with the symptom constipation no underlying medical disease respon-
sible for the symptom can be found; this is the so-called functional constipation.
Functional constipation is characterized by infrequent bowel movements, hard
and/or large stools, painful defecation, sometimes in combination with fecal
incontinence, and is often accompanied by abdominal pain, without evidence of
a structural or biochemical explanation.

The recommendation for the management of FC includes a normal intake of
fibers and fluids, normal physical activity, and an additional pharmacologic
treatment for fecal disimpaction followed by a pharmacologic maintenance
therapy.

In infants constipation is treated somewhat differently as compared with
children. When constipation presents early in life, the risk of an underlying
organic disease is increased compared to older children.
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1 Introduction

Functional constipation is a common problem among children. The prevalence
worldwide is about 3% (van den Berg et al. 2006), and it is accounting for about
3–5% of all visits to pediatricians (Thompson et al. 1999) implicating a significant
impact on healthcare cost (Liem et al. 2009). In most children presenting with the
symptom constipation with no underlying medical disease responsible for the
symptom found, this is the so-called functional constipation (Tabbers et al. 2014).
Functional constipation is characterized by infrequent bowel movements, hard
and/or large stools, and painful defecation, sometimes in combination with fecal
incontinence, and is often accompanied by abdominal pain, without evidence of a
structural or biochemical explanation (Thompson et al. 1999; Dehghani et al. 2015).

Diagnostic criteria for functional constipation in children and adolescents were
updated in 2016 with the Rome IV criteria (Hyams et al. 2016). Diagnostic criteria
for functional constipation must include two or more of the following occurring at
least once per week for a minimum of 1 month with insufficient criteria for a
diagnosis of irritable bowel syndrome:

1. Two or fewer defecations in the toilet per week in a child of a developmental age
of at least 4 years

2. At least one episode of fecal incontinence per week
3. History of retentive posturing or excessive volitional stool retention
4. History of painful or hard bowel movements
5. Presence of a large fecal mass in the rectum
6. History of large diameter stools that can obstruct the toilet

AND After appropriate evaluation, the symptoms cannot be fully explained by
another medical condition.

According to the Rome IV criteria for functional constipation, the following
alarm signs, symptoms, and diagnostic clues should be used to identify an underly-
ing disease responsible for the constipation (Hyams et al. 2016), inevitably resulting
in further evaluation (Table 1).

Fecal incontinence (also known as encopresis or soiling) is defined by repetitive
passage of stool (voluntary or involuntary) in children 4 years of age and older, at
which time a child may be reasonably expected to have completed toilet training and
to exercise bowel control. Fecal incontinence is usually associated with chronic
constipation and functional fecal retention. However, it may occur in the absence of
fecal retention, in which case it is termed nonretentive fecal incontinence.
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Diagnostic Criteria for nonretentive fecal incontinence according to Rome IV
(Hyams et al. 2016).

At least a 1-month history of the following symptoms in a child with a develop-
mental age older than 4 years:

1. Defecation into places inappropriate to the sociocultural context.
2. No evidence of fecal retention.
3. After appropriate medical evaluation, the fecal incontinence cannot be explained

by another medical condition.

2 General Considerations for the Treatment

The recommendation for the management of FC includes a normal intake of fibers
and fluids, normal physical activity, and an additional pharmacologic treatment for
fecal disimpaction followed by a pharmacologic maintenance therapy (Tabbers
et al. 2014).

In infants constipation is treated somewhat differently as compared with children.
When constipation presents early in life, the risk of an underlying organic disease is
increased compared to older children (Nurko and Zimmerman 2014). So the clini-
cian should be alert for evidence of organic disease, including cystic fibrosis and
Hirschsprung’s disease (Tabbers et al. 2014).

Table 1 Potential alarm features in constipation (Hyams et al. 2016)

Potential alarm features in constipation

• Passage of meconium >48 h in a term newborn constipation starting in the first month of life
• Family history of Hirschsprung’s disease
• Explosive stools
• Ribbon stools
• Blood in the stools in the absence of anal fissures
• Failure to thrive
• Bilious vomiting
• Severe abdominal distension
• Abnormal thyroid gland
• Abnormal position of the anus
• Absent anal or cremasteric reflex
• Decreased lower extremity strength/tone/reflex
• Sacral dimple
• Tuft of hair on spine
• Gluteal cleft deviation
• Anal scars
• Anorectal malformations
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3 Specific Pharmaceutical Treatment

The recommendations for pharmaceutical treatment of functional constipation in
infants are similar to that in children, but there are some important differences in
treatment decisions for infants:

• Osmotic laxatives such as lactulose or sorbitol are frequently used and are usually
effective in infants (Nurko and Zimmerman 2014).

• The use of polyethylene glycol without electrolytes (PEG-3350) for infants and
toddlers <24 months of age was reported in two small case series (Loening-
Baucke et al. 2004; Michail et al. 2004). The treatment was generally effective,
and no adverse effects were noted in. But because of the limited data published
for infants treated with PEG, safety is less well established than with older age
groups.

• Some of the recommended pharmaceuticals for older children with FC are not
well investigated in infants, and others are contraindicated in this age group (e.g.,
mineral oil because of the risk of aspiration) (Tabbers et al. 2014).

3.1 Disimpaction

Most of the children with chronic constipation have fecal impaction and will need
disimpaction of the rectum before beginning maintenance therapy (Tabbers et al.
2014; Borowitz et al. 2005).

Oral medications for disimpaction is suggested to be preferred over rectal therapy
because this method is noninvasive and may help the child feel in control (Tabbers
et al. 2014). However, the parents and child should be involved in the decision
regarding the appropriate route (Gleghorn et al. 1991).

Disimpaction is mostly performed in the outpatient setting, but it is very impor-
tant to assess the response to the regimen as soon as possible after it is completed.
In severe cases, patients need a manual disimpaction under general anesthesia before
beginning maintenance therapy.

3.1.1 Oral Medication

Polyethylene Glycol (PEG) 3350 and 4000
PEG (also macrogol named) is the basis of a number of laxatives, as well as for
whole bowel irrigation and for bowel preparation before surgery or colonoscopy.

The actual guideline from ESPGHAN and NASPGHAN recommends oral PEG
as first-line therapy for rectal disimpaction (Tabbers et al. 2014).

Structure
Polyethylene glycol (PEG) is a polyether compound. The structure of PEG is
commonly expressed as H-(O-CH2-CH2)n-OH. For initial disimpaction PEG 4000
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(molecular weight 4,000 g/mol) and as ingredient in laxative PEG 3350 (molecular
weight 3,350 g/mol) is most commonly used.

Mechanism of Action
Due to the high number of polar oxygen atoms of PEG, there is a high affinity to
water by forming hydrogen bonds. Hence, PEG is highly hydrophilic. When given
orally PEG binds more water in the stool, leading to expansion of the stool volume
and a softening of the stool. So the stool is more lubricate and subsequently easier to
evacuate.

Pharmacokinetics
PEG is not absorbed and does not undergo biotransformation, and the majority is
eliminated with the stool.
Onset of action Oral – 24–96 h
Absorption Minimal (<0.28%) (Pelham et al. 2008)
Excretion Feces (93%); urine (0.2%) (Pelham et al. 2008)

Clinical Trials
No placebo-controlled studies have evaluated the effect of oral laxatives or enemas
on disimpaction. One study (90 participants) compared the effect of PEG to enemas
but could not detect a difference in effect (Bekkali et al. 2009).

A double-blind uncontrolled study (40 participants) showed that the 3-day
administration of polyethylene glycol (PEG) 3350 at a dose of 1 g/kg/day to 1.5 g/
kg/day (maximum dose 100 g/day) successfully disimpacted 95% of children and
was well tolerated (Youssef et al. 2002).

Dosing Recommendations (for Rectal Disimpaction)
PEG 3350 without electrolytes: Fecal disimpaction 1–1.5 g/kg/day dissolved in
approximately 10 mL/kg body weight of water or flavored beverage (for a maximum
of six consecutive days) (Tabbers et al. 2014).

PEG 3350 with electrolytes: 25 mL/kg/h to a maximum of 1,000 mL/h by naso-
gastric tube until stool appears clear or 20 mL/kg/h for 4 h/day (Tabbers et al. 2014).

Adverse Effects

Very common Nausea, bloating, or feelings of fullness in the stomach/abdomen
Less often Stomach/abdominal cramps, vomiting, and anal irritation

These adverse reactions are transient and usually subside rapidly. Isolated cases
of urticaria, rhinorrhea, dermatitis, and (rarely) anaphylactic reaction have been
reported which may represent allergic reactions.
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Mineral Oil (Liquid Paraffin)
Oral mineral oil can be used as an alternative for initial disimpaction if PEG is not
tolerated or not available (Tolia et al. 1993).

Structure
Mineral oil is any of various colorless, odorless, light mixtures of higher alkanes
from a mineral source, particularly a distillate of petroleum.
Molecular formula CnH2n+2

Molecular weight 230–700 g/mol

Mechanism of Action
Mineral oil is not absorbed by the intestines, and it functions as a lubricant.
Furthermore it may also exert an osmotic effect when it is converted to fatty acids
(Plunkett et al. 2007; Sharif et al. 2001).

Pharmacokinetics

Onset of action Oral, 6–8 h; rectal, 2–15 min
Absorption Minimal following oral or rectal administration
Distribution Into intestinal mucosa, liver, spleen, and mesenteric lymph nodes
Excretion Feces

Clinical Trials
One study (36 participants) compared PEG 3350 to oral-given mineral oil for
disimpaction: patients in the lavage group had more frequent bowel movements
and showed more effective clearance of abdominal and rectal lumps ( p < 0.01)
(Tolia et al. 1993).

In another study efficacy of mineral oil oral vs. rectal administration was
investigated (80 participants). Efficacy of fecal disimpaction was not statistically
different, but the patient compliance and family satisfaction were higher in the oral
administration group (Farahmand et al. 2010).

Dosing Recommendations (for Rectal Disimpaction)

Oral 15–30 mL/year of age, up to 240 mL
Slow disimpaction Children and adolescents – 3 mL/kg twice daily for 7 days

(Pashankar 2005)

Adverse Effects
Mineral oil should not be used for infants, neurologically impaired children, and
others at high risk for gastroesophageal reflux, because of risks of pneumonitis if the
oil is aspirated (Zanetti et al. 2007; Bandla et al. 1999).
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Gastrointestinal Abdominal cramps, diarrhea, nausea, and oily rectal leakage
(large doses)

3.1.2 Rectal Medication
Enemas are rectally administered fluid containing chemical agents that can influence
gut motility, cause an osmotic effect, or both. Common adverse effects of enemas are
abdominal pain and anorectal discomfort (Koppen et al. 2015).

In the most current consensus report on childhood functional constipation from
ESPGHAN, an NASPGHAN oral disimpaction is preferred, because it is better
tolerated by children than enemas (Tabbers et al. 2014; Philichi 2018).

Rectal disimpaction is a choice if oral medication is not tolerated or not available.

Bisacodyl
Bisacodyl is an organic compound that is used as stimulant laxative drugs.
It stimulates the enteric nerves to cause colonic contractions (Hoekman and
Benninga 2013).

Structure
Bisacodyl belongs to the group of diphenylmethanes.
Molecular formula C22H19NO4

Molecular weight 361.39 g/mol

Mechanism of Action
Bisacodyl is a prodrug. It has no significant direct physiological effect on the
intestine. It is metabolized by gut bacteria into the active compound 4,40-
dihydroxydiphenyl-(2-pyridyl)methane (DPM, BPHM). This compound stimulates
peristalsis by directly irritating the smooth muscle of the intestine, possibly the
colonic intramural plexus, and so alters water and electrolyte secretion producing
net intestinal fluid accumulation and laxation (Hoekman and Benninga 2013).

Pharmacokinetics

Onset of action (rectal) 0.25–1 h (suppository) and 5–20 min (enema) (Koppen
et al. 2015)

Metabolism: Bisacodyl is metabolized to an active metabolite (4,40-
dihydroxydiphenyl-(2-pyridyl)methane (DPM, BPHM)). This conversion is
mediated by the action of endogenous deacetylase enzymes found on the mucosa
of the small intestine and colon (Friedrich et al. 2011).
Absorption Oral, rectal; systemic, <5% (Wald 2003)
Excretion BHPM – urine, bile (Friedrich et al. 2011)
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Clinical Trials
No randomized clinical trials (RCT) reported for the use of bisacodyl for initial
disimpaction.

One study used for the majority of the 37 participants bisacodyl for disimpaction
(5-day course), with no reported failure of the initial therapy (Sondheimer and
Gervaise 1982).

Dosing Recommendations (Tabbers et al. 2014)

Children 2–10 years 5 mg (1/2 suppository) once daily
Children >10 years and adolescents 5–10 mg (1/2 to 1 enema or suppository)

once daily

Adverse Effects

<1% Abdominal cramps (mild), electrolyte disturbance (metabolic acidosis or
alkalosis, hypocalcemia), nausea, rectal irritation (burning), vertigo,
vomiting

Sodium Docusate
Docusate sodium is the sodium salt of docusate, a dioctyl salt and an emollient
laxative with stool-softening activity.

Structure
Sodium salt of docusate, a dioctyl salt
Molecular formula C20H37NaO7S
Molecular weight 444.559 g/mol

Mechanism of Action
Sodium docusate belongs to the group of so-called surfactants; they are intended to
lower the surface tension of stool, thereby allowing water to more easily enter the
stool and so making the stool more soft (Roerig et al. 2010).

Pharmacokinetics

Onset of action Oral, 12–72 h; rectal, 2–15 min
Excretion Feces (Gattuso and Kamm 1994)
Metabolism and transport effects None known

Clinical Trials
No placebo-controlled trials for children

384 G. Flemming



One study (80 participants) found no difference between PEG and rectal sodium
docusate in efficacy for treating fecal impaction (Bekkali et al. 2009).

Dosing Recommendations
FDA-approved labeling information

Children 2 to <12 years, 100 mg per 5 mL, 100 mg (1 enema) once daily or
283 mg per 5 mL, 283 mg (1 enema) once daily; children�12 years and adolescents,
283 mg per 5 mL up to 3 times daily

Adverse Effects

Rectal administration None reported

Sodium Phosphate
Sodium phosphate is a saline laxative that works by increasing fluid secretion in the
intestine.

Structure
As laxative most often a mixture of monobasic sodium phosphate monohydrate and
dibasic sodium phosphate is used.
Molecular formula Monohydrate, NaH2PO4� H2O; dihydrate, NaH2PO4� 2H2O or

NaH2PO4 or H2NaO4P
Molecular weight 444.559 g/mol

Mechanism of Action
Sodium phosphate exerts an osmotic effect in the intestine by drawing water into the
lumen of the gut, producing distention, and promoting peristalsis and evacuation of
the bowel (Hoekman and Benninga 2013).

Pharmacokinetics

Onset of action Cathartic, 3–6 h; rectal, 2–5 min
Absorption Oral, ~1–20%; rectal, none
Excretion Oral forms excreted in feces.

Clinical Trials
No placebo-controlled trials for children

In one pediatric study (96 participants), no statistically significant differences
were found between milk and molasses enemas and sodium phosphate enemas
(Hansen et al. 2011).
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Dosing Recommendations (Tabbers et al. 2014)

1–18 years 2.5 mL/kg, max 133 mL/dose (monobasic sodium phosphate
monohydrate 19 g and dibasic sodium phosphate heptahydrate 7 g
per 118 mL delivered dose (133 mL))

Adverse Effects
Sodium phosphate enemas are associated with adverse effects including electrolyte
abnormalities, metabolic acidosis, and dehydration (Ismail et al. 2000; Harrington
and Schuh 1997).

Normal Saline (Sodium Chloride)
Normal saline is widely used as enema for rectal disimpaction, even in neonates.

Structure
NaCl 0.9%
Molecular formula NaCl
Molecular weight 58.44 g/mol

Mechanism of Action
Fluid distension of the (proximal) colon has been suggested as a mechanism
contributing to the generation of propagative motility and stool propulsion (Gomez
et al. 2010).

Clinical Trials
No RCT trials for functional childhood constipation reported.

Dosing Recommendations (Tabbers et al. 2014)
Neonate <1 kg, 5 mL; >1 kg, 10 mL
>1 year 6 mL/kg once or twice/day (up to 20 mL/kDa/day)

Adverse Effects
For normal saline enema used in the recommended dosage, no adverse effects are
reported.

However, for tap water hyponatremia (Meier et al. 1998) and for twice-normal
saline, hypernatremic death has been reported (Schreiber and Stone 1999).

Mineral Oil (Liquid Paraffin)
Rectally administered mineral oil can be used for rectal disimpaction. For further
information on mineral oil, see above (Sects. 3.1 and 3.1.1).
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Clinical Trials
No RCT for functional childhood constipation reported.

Dosing Recommendations (Tabbers et al. 2014)

2–11 years 30–60 mL once a day
>11 years 60–150 mL once a day

Adverse Effects

Rectal use Liquid paraffin may leak out of the anus, causing irritation or itching of
the skin, and it may stain clothing or furniture (Koppen et al. 2015).

Glycerine/Glycerol
Glycerol can be used as a laxative when introduced into the rectum in suppository or
small-volume enema form; it irritates the anal mucosa and induces a hyperosmotic
effect (Weisman et al. 1983).

Structure
Glycerol is a simple polyol compound. Glycerol has three hydroxyl groups that are
responsible for its solubility in water and its hygroscopic nature.
Molecular formula C3H8O3

Molecular weight 92.09 g/mol

Mechanism of Action
Osmotic dehydrating agent which increases osmotic pressure, draws fluid into
colon, and thus stimulates evacuation (Weisman et al. 1983; Constipation Guide-
line Committee of the North American Society for Pediatric Gastroenterology H,
Nutrition 2006)

Pharmacokinetics

Onset of action Constipation – suppository, 15–30 min
Absorption Rectal, poorly absorbed

Clinical Trials
No RCT for childhood constipation reported.

Dosing Recommendations

Rectal Infants and children <2 years, suppository, 1 pediatric suppository once or
2–10 mL enema (Weisman et al. 1983)
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Adverse Effects

Rectal May cause rectal discomfort or a burning sensation (Weisman et al. 1983;
Constipation Guideline Committee of the North American Society for
Pediatric Gastroenterology H, Nutrition 2006)

3.2 Long-Term Use/Maintenance Therapy

3.2.1 Osmotic Laxatives

Polyethylene Glycol (PEG) 3350
According to the current guideline of NASPGHAN/ESPGHAN, oral PEG is still the
first-line medication in maintenance therapy (Tabbers et al. 2014; Philichi 2018).

For further information on the drug, see Sect. 3.1.

Dosing Recommendations (Tabbers et al. 2014)

Maintenance therapy 0.2–0.8 mg/kg/day

Adverse Effects
Side effects include fecal incontinence (especially during disimpaction), flatulence,
abdominal pain, nausea, and abdominal bloating.

Isolated cases of urticaria, rhinorrhea, dermatitis, and (rarely) anaphylactic reac-
tion have been reported which may represent allergic reactions (Sari Gokay et al.
2018; Zhang et al. 2015; Wenande and Garvey 2016).

In patients predisposed to water and electrolyte balance disturbances (patients
with impaired hepatic or renal function or patients taking diuretics), laboratory
electrolyte checks should be considered (Koppen et al. 2015).

Lactulose
Lactulose is recommended in case PEG is not available. It is considered to be safe for
all ages (Tabbers et al. 2014).

Mechanism of Action
Lactulose is a hyperosmolar agent that is not hydrolyzed by digestive enzymes in
the small intestine and so poorly absorbed by the intestinal mucosa. In the colon,
the disaccharide is fermented into hyperosmolar low molecular weight acids by
intraluminal bacteria. This results in intraluminal water retention and a decrease
in intraluminal pH, which induces an increase in colonic peristalsis. The bacterial
fermentation also leads to formation of gas, which induces additional intestinal
distension and increases peristalsis (Koppen et al. 2015; Hoekman and
Benninga 2013).
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Structure
Lactulose is a disaccharide (sugar) synthesized from fructose and galactose.
Molecular formula C12H22O11

Molecular weight 342.297 g/mol

Pharmacokinetics

Onset Constipation – up to 24–48 h to produce a normal bowel movement
Absorption Poor
Metabolism Via colonic flora to lactic acid and acetic acid; requires colonic flora

for drug activation
Excretion Primarily feces; urine (�3%)

Clinical Trials
Cochrane reviews revealed that lactulose is less effective than liquid paraffin or
PEG in outcomes of stool frequency per week, consistency, relief of abdominal
pain, and need for additional medication (Gordon et al. 2013; Lee-Robichaud et al.
2010). No statistically significant difference in treatment success between lactulose
and lactitol, lactulose and senna, or lactulose and dietary fiber has been found
(Gordon et al. 2013).

Dosing Recommendations (Tabbers et al. 2014)
1–2 g/kg once or twice/day

Adverse Effects
Side effects of lactulose and lactitol are usually mild and include flatulence, abdomi-
nal pain, and abdominal bloating. Chronic use can lead to electrolyte balance
disturbances (Koppen et al. 2015).

Magnesium Hydroxide (Also Known as “Milk of Magnesia”)
The antacid magnesium hydroxide (also referred to as “milk of magnesia” in its
suspension form) has a laxative effect and is used for this indication for many years.

Mechanism of Action
The laxative effect of magnesium hydroxide is considered to derive from the
osmotic gradient that is caused by these poorly absorbed hyperosmolar agents
(Koppen et al. 2015).

Pharmacokinetics

Onset of action Laxative – 30 min to 6 h
Absorption Oral – up to 30%
Excretion Urine (up to 30% as absorbed magnesium ions); feces

(as unabsorbed drug)
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Clinical Trials
A randomized controlled (38 participants) open-label trial compared magnesium
hydroxide to PEG: the two laxatives showed no difference in effectiveness for the
treatment of constipation. However, due to its better acceptance, PEG proved to be a
better option for treating chronic functional constipation (Gomes et al. 2011).

Another randomized controlled trial (75 participants) comparing magnesium
hydroxide, PEG, and lactulose showed that the number of those who had defecation
more than three times a week was significantly more in PEG group than two other
groups ( p ¼ 0.040). Comparing the therapeutic results and satisfaction of the
patients, it was concluded that PEG can be used as one of the best alternatives to
treat constipation (Saneian and Mostofizadeh 2012).

Dosing Recommendations (Tabbers et al. 2014)

2–5 years 0.4–1.2 g/day, once or divided
6–11 years 1.2–2.4 g/day once or divided
12–18 years 2.4–4.8 g/day, once or divided

Adverse Effects
Side effects include diarrhea, hypotension, weakness, and lethargy. Contraindication
for use: severe renal impairment (Koppen et al. 2015).

3.2.2 Stimulant Laxatives

Bisacodyl/Sodium Picosulfate
Both are organic compounds that are used as stimulant laxative drugs. They work
directly on the colon to produce a bowel movement. They were recommended as
second-line therapy in functional constipation (Tabbers et al. 2014).

Structure
Bisacodyl belongs to the group of diphenylmethanes.
Molecular formula C22H19NO4

Molecular weight 361.39 g/mol

Sodium Picosulfate
Molecular formula C18H13NNa2O8S2
Molecular weight 481.401 g/mol

Mechanism of Action
Bisacodyl and sodium picosulfate are prodrugs. They have no significant direct
physiological effect on the intestine. They are metabolized by gut bacteria into the
active compound 4,40-dihydroxydiphenyl-(2-pyridyl)methane (DPM, BPHM). This
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compound is a stimulant of intestinal secretion and increases peristalsis in the gut
(Hoekman and Benninga 2013; Manabe et al. 2009).

Pharmacokinetics

Onset of action Oral – 6–12 h
Half-life BHPM – ~8 h (Friedrich et al. 2011)
Absorption Oral, rectal; systemic, <5% (Wald 2003)
Excretion BHPM – urine, bile (Friedrich et al. 2011)

Clinical Trials
No RCT for childhood constipation reported.

Dosing Recommendations (Tabbers et al. 2014)
Bisacodyl

3–10 years 5 mg/day
>10 years 5–10 mg/day

Sodium Picosulfate
1 month–4 years 2.5–10 mg once/day
4–18 years 2.5–20 mg once/day

Adverse Effects

<1% Abdominal cramps (mild), electrolyte disturbance (metabolic acidosis or
alkalosis, hypocalcemia), nausea, vertigo, and vomiting

Senna (Also Known as Sennoside or Senna Glycoside)
Senna contains a variety of anthraquinones and is metabolized into its pharmaco-
logically active metabolite by intestinal bacteria (Koppen et al. 2015; Hoekman and
Benninga 2013).

It is recommended as second-line therapy in functional constipation (Tabbers
et al. 2014).

Structure
Sennoside is anthraquinone derivatives and dimeric glycosides.
Molecular formula C42H38O20

Molecular weight 862.746 g/mol
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Mechanism of Action
The metabolite of senna induces defecation by stimulating peristaltic activity on the
intestine by direct action on intestinal mucosa or nerve plexus, while it inhibits
absorption of water and electrolytes from the colon (Koppen et al. 2015; Hoekman
and Benninga 2013).

Pharmacokinetics

Onset of action (oral) Within 6–24 h
Metabolism Hepatic
Excretion Feces (via bile); urine

Clinical Trials
Only one pediatric study compared senna to PEG in children with anorectal
malformations (28 participants). It was conducted as randomized controlled cross-
over design, including a washout period. This study was terminated early because
the interim analysis showed a clear benefit toward senna ( p ¼ 0.026) (Santos-Jasso
et al. 2017).

One crossover study compared senna with lactulose (21 participants) and found
no statistically significant difference between the two agents in the number of
patients passing stools of any kind each day (Perkin 1977).

Another study (37 participants) reported that liquid paraffin was more effective in
comparison to senna for improving defecation frequency and fecal incontinence
episodes; however, the evidencewas of low quality (Sondheimer andGervaise 1982).

Dosing Recommendations (Tabbers et al. 2014)

2–6 years 2.5–5 mg once or twice/day
6–12 years 7.5–10 mg/day
>12 years 15–20 mg/day

Adverse Effects
Side effects been reported: abdominal pain, nausea, diarrhea, and flatulence.
Melanosis coli is also reported, but this has no medical significance.

In young children, senna may potentially cause severe diaper rash, blisters, and
skin sloughing, and it should therefore only be used in children aged >1 year
(Koppen et al. 2015; Hoekman and Benninga 2013; Spiller et al. 2003).

3.2.3 Fecal Softeners

Mineral Oil
For further information on mineral oil, see above (Sects. 3.1 and 3.1.1).

392 G. Flemming



Clinical Trials
One study (160 participants) compared liquid paraffin with PEG and revealed no
significant difference in treatment response (defined as an increase in bowel
movements and a decrease in fecal incontinence frequency) between both groups
(Rafati et al. 2011).

Another study (37 participants) reported that liquid paraffin was more effective in
comparison to senna for improving defecation frequency and fecal incontinence
episodes; however, the evidencewas of low quality (Sondheimer andGervaise 1982).

Dosing Recommendations as Maintenance Therapy (Tabbers et al. 2014)

1–18 years 1–3 mL/kg/day, once or divided, max. 90 mL/day

3.3 Novel Medications Under Investigation

Three medications used successfully for the treatment of adult constipation may
have a future role in the management of childhood constipation. These medications
are presently not recommended for use in children because of a lack of studies
(Tabbers et al. 2014).

Linaclotide is an oligopeptide agonist of guanylate cyclase, acts locally in the
intestine to increase fluid secretion and motility (Philichi 2018). So far no clinical
trials in children reported.

Lubiprostone is a chloride channel activator, increases intestinal fluid secretion,
and facilitates intestinal transit and passage of stool (Philichi 2018). One study
(109 subjects completed the study) revealed that the mean spontaneous bowel
movements frequency significantly increased compared with baseline at week
1 (3.1 vs. 1.5 SBMs/week, P < 0.0001) (Hyman et al. 2014). Lubiprostone was
efficacious and well tolerated in children and adolescents with functional
constipation.

Prucalopride is a highly selective serotonin 5-HT4 receptor agonist, influences
peristalsis, and stimulates secretions (Philichi 2018).

Only one study was conducted in children. Efficacy and safety of prucalopride
were assessed in 213 children (106 prucalopride, 107 placebo). It was concluded that
prucalopride, although generally well tolerated, was not more effective than placebo
in children with functional constipation (Mugie et al. 2014).
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Abstract
Pharmacotherapy of psychiatric illnesses in children and adolescents has grown
significantly over the last few decades. However, the body of research examining
pharmacological treatments for psychiatric illnesses is much smaller in children
and adolescents than it is in adults. As most treatments for psychiatric disorders
are more effective if started early in the course of illness, treatment options
for youth are especially important in order to ensure better treatment outcomes.
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This chapter discusses currently approved medications to treat psychiatric
disorders in children and adolescents. Research on medications that may be
effective treatments but are not yet FDA approved is also discussed. The
medications are broken down into major categories used in youth with psychiatric
disorders including antidepressants, mood stabilizers, ADHD medications, and
antipsychotics.

Keywords
Antidepressants · Antipsychotics · Child psychiatry · Mood stabilizers · Pediatric
psychopharmacology · Stimulant medications

1 Introduction

Medications to treat psychiatric disorders in children and adolescents are important
treatment options and oftentimes should be considered as part of a comprehensive
treatment plan. The current body of research on psychopharmacology has led to the
FDA approval of a variety of medications used to treat psychiatric illnesses in youth.
The aim of this chapter is to discuss the current body of research on psychopharma-
cology in children and adolescents and to present the pharmacological treatment
options available in this population.

2 Antidepressants

Antidepressants are used to treat depression and anxiety disorders in children. The
disorders discussed in this section include major depressive disorder (MDD),
generalized anxiety disorder (GAD), obsessive-compulsive disorder (OCD), social
anxiety disorder (SAD), separation anxiety disorder (SepD), and post-traumatic
stress disorder (PTSD). Children diagnosed with MDD must have a 2-week period
with at least five of the following symptoms that represent a change from previous
functioning: (1) depressed mood by subjective report or as observed by others,
(2) decreased interest or pleasure in most activities, (3) significant change in weight
or appetite, (4) insomnia or hypersomnia, (5) psychomotor agitation or retardation,
(6) fatigue or loss of energy, (7) feelings of worthlessness or guilt, (8) decreased
concentration or indecisiveness, and (9) recurrent thoughts of death and dying.
Symptoms must not be due to bereavement and must cause impairment in the child’s
daily function (APA 2013). A diagnosis of GAD requires at least 3 months of
excessive anxiety and worry most days about two or more of the following: family,
health, finances, or school (APA 2013). SAD is diagnosed in youth who show a
marked and persistent fear of one or more social or performance situations in which
a person is exposed to strangers or to scrutiny by others and worries about possibly
doing something embarrassing (APA 2013). A child with SepD becomes anxious
when away from family or their home (APA 2013). A child diagnosed with OCD
has obsessions, compulsions, or both. Obsessions are recurrent thoughts, images,
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or impulses that are experienced as intrusive and inappropriate and cause anxiety
or distress. Compulsions are repetitive behaviors (e.g., hand washing) or mental
acts (e.g., praying, counting) that are done to neutralize an obsession or as part of
following rigid rules. Finally, PTSD is an anxiety disorder that occurs after
exposure to a traumatic event. The symptoms of PTSD fall under three categories:
re-experiencing the trauma, avoidance and numbing, and increased arousal
(APA 2013).

Antidepressant medications used to treat these disorders generally fall under the
following major classes: selective serotonin reuptake inhibitors (SSRIs), serotonin
and norepinephrine reuptake inhibitors (SNRIs), and tricyclic antidepressants
(TCAs). The following sections will describe existing evidence for the use of
antidepressants to treat mood and anxiety disorders in children. It is important
to note that following the completion of a safety review of the use of nine anti-
depressants in pediatric populations (fluoxetine, sertraline, paroxetine, fluvoxamine,
citalopram, bupropion, venlafaxine, and nefazodone), the FDA issued a boxed
warning to indicate an increased risk of suicidal ideation and suicidal attempts in
children and adolescents treated with certain antidepressants (Richmond and Rosen
2005). While none of the 4,400 trial participants in the FDA database completed
suicide, it is recommended that clinicians closely monitor patients in the immediate
weeks after initiating or increasing their dose of an antidepressant (Cheung et al.
2008; Dopheide 2006).

2.1 Selective Serotonin Reuptake Inhibitors (SSRIs)

SSRIs are the most commonly used antidepressants in pediatric populations due to
their demonstrated efficacy, low side effect profile, and good tolerability. SSRIs
are reported to be helpful in a variety of depressive and anxiety disorders including,
but not limited to, MDD, GAD, and OCD. The six main SSRIs are fluoxetine,
sertraline, fluvoxamine, citalopram, escitalopram, and paroxetine (Table 1).

Fluoxetine is the most studied SSRI in pediatric populations. Two double-blind,
placebo-controlled trials found that children who received fluoxetine showed signif-
icantly greater decreases in depression scores than those treated with placebo
(Emslie et al. 1997, 2002). These trials led to the FDA labeling of fluoxetine to
treat MDD in youth ages 8–17 years. Fluoxetine is also effective in treating pediatric
OCD and is FDA approved for OCD treatment in children ages 7–17 years (Geller
et al. 2001; Riddle et al. 2001). Fluoxetine was found to be effective in treating
anxiety disorders, SAD, GAD, and SepD as well (Birmaher et al. 2003). Long-term
use of fluoxetine showed progressive improvement in anxiety symptoms after
6 months, compared to placebo (Clark et al. 2005).

Sertraline has been widely studied in pediatric anxiety and shows consistent
benefits in treating children with OCD and OCD with comorbid tic disorder
(Alderman et al. 1998; Cook et al. 2001; Garcia et al. 2010; Skarphedinsson et al.
2015; March et al. 2007b; Storch et al. 2013; The Pediatric OCD Treatment Study
(POTS) Team 2004; Wagner et al. 2003b). Based on these trials, sertraline was
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FDA approved for the treatment of pediatric OCD in children ages 6–17 years
(Alderman et al. 1998; March et al. 1998). Additional RCTs showed significant
effects of sertraline in treating GAD, SAD, and SepD and borderline benefit in
MDD compared to placebo (Compton et al. 2010; Rynn et al. 2001; Wagner et al.
2003a, b). However, sertraline was not effective in treating PTSD compared to
placebo (Robb et al. 2010).

Citalopram was found to be effective in treating MDD and anxiety-induced
recurrent abdominal pain in children (Campo et al. 2004; Roohafza et al. 2014;
Wagner et al. 2004). Escitalopram (the active enantiomer of citalopram) is FDA
approved for treatment of MDD in children between ages 12 and 17 years based on
several large trials of children and adolescents (Emslie et al. 2009; Findling et al.
2013c; Von Knorring et al. 2006; Wagner et al. 2006a). An open-label trial of
escitalopram for SAD in 20 children (age 10–17) showed significant response
(CGI score � 2) in 65% of the population after 12 weeks (Isolan et al. 2007).

Fluvoxamine received FDA approval for treatment of pediatric OCD in children
age 8–17 after showing significant efficacy compared to placebo in a 10-week RCT
(Riddle et al. 2001). In a large NIH trial of 128 youth with SAD, GAD, or SepD,
fluvoxamine showed greater reduction in anxiety symptoms compared with placebo
(Walkup et al. 2001). Fluvoxamine showed low evidence of benefit in the treatment
of GAD and MDD in a combination trial (Gothelf et al. 2005).

Paroxetine has not shown efficacy over placebo in treating pediatric MDD
(Berard et al. 2006; Emslie et al. 2006). Further, in the FDA’s safety review
of antidepressants, the increase in suicidal ideation was most significant in the
paroxetine group, so the FDA added a contraindication warning for use of paroxetine
in children (Richmond and Rosen 2005).

Table 1 SSRIs and SNRIs FDA indications and positive trials in pediatric population

Medication FDA indication Other positive trials
Daily dose
(mg) Schedule

SSRIs

Fluoxetine MDD (ages 8–17)
OCD (ages 8–17)

SAD, GAD, SepD 10–60 QD

Sertraline OCD (ages 6–17) SAD, GAD, SepD 25–200 QD

Citalopram MDD 10–40 QD

Escitalopram MDD (ages 12–17) SAD 5–20 QD

Fluvoxamine OCD (ages 8–17) MDD, SAD, GAD,
SepD

25–300 QD

SNRIs

Venlafaxine MDD, SAD 37.5–300 QD

Desvenlafaxine 25–100 QD

Duloxetine GAD (ages 7–17) Chronic pain 30–120 QD

TCAs

Clomipramine OCD (ages 10–17) 25–200 QD or BID
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2.2 Serotonin and Norepinephrine Reuptake Inhibitors (SNRIs)

SNRIs are the second antidepressant group extensively studied in pediatric MDD
and anxiety disorders. The SNRI group includes venlafaxine, desvenlafaxine,
duloxetine, and levomilnacipran. None of the SNRIs are FDA approved for the
treatment of pediatric MDD, but duloxetine is FDA approved for the treatment
of pediatric GAD.

Venlafaxine was found to possibly be effective in treating adolescents with
MDD ages 12–17 years, but not in children younger than 12 years based on two
large randomized trials (Emslie et al. 2007). The TORDIA (treatment of resistant
depression in adolescents) study demonstrated that venlafaxine was equal to other
SSRI antidepressants in treating teens with resistant MDD (Brent et al. 2008)
but was associated with a higher rate of secondary hypertension compared to
SSRIs (Weihs et al. 2018). Venlafaxine has also been found to be effective in
treating youth with SAD (March et al. 2007a). Desvenlafaxine was not found to
be effective in treating pediatric MDD compared to placebo (Atkinson et al. 2018;
Weihs et al. 2018). Duloxetine is FDA approved to treat GAD (Strawn et al. 2015)
and was found to be effective in treating chronic pain disorder (Table 1; Kachko
et al. 2011; Meighen 2007). However, duloxetine was not effective in treating
pediatric MDD (Atkinson et al. 2014). Levomilnacipran pediatric trials are ongoing
at the time of this publication.

2.3 Tricyclic Antidepressants (TCAs)

TCAs are known to be effective in treating adults with mood and anxiety
disorders; however, they are used as a second-line treatment due to risk of serious
side effects (Anderson 2000; Watson and Rees 2008). TCAs commonly used in
pediatric populations are clomipramine and imipramine. Clomipramine was the first
FDA-approved treatment for pediatric OCD (Anderson 2000). A recent meta-
analysis found that clomipramine was more effective than SSRIs including fluoxe-
tine, fluvoxamine, paroxetine, and sertraline in treating pediatric OCD (Varigonda
et al. 2016). Imipramine is FDA approved for the treatment of nocturnal enuresis for
children older than 6, but RCTs evaluating its effectiveness in treating anxiety
related disorders have been mixed (Bernstein et al. 2000; Gittelman-Klein and
Klein 1971; Klein et al. 1992).

3 Mood Stabilizers

The main psychiatric use of mood stabilizers in children is to treat pediatric bipolar
disorder (BD). BD is a chronic and debilitating mood disorder, characterized by the
presence of mixed/manic and/or depressive episodes (APA 2013). Mood stabilizers
are a key psychopharmacologic intervention and include lithium, anti-epileptic drugs
(AED), and antipsychotic medications (Tables 2 and 5).
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Lithium is the oldest and most studied mood stabilizer for the treatment of
BD and was recently FDA approved for BD treatment in children ages 7–17 years
based on the NICHD Collaborative Lithium Trials (CoLT) that showed the efficacy
and safety of using lithium compared to placebo in children (Findling et al. 2015a).
Lithium has been used alone or in combination with other medications to treat acute
mania (Findling et al. 2005).

Antiepileptic drugs (AEDs) are also used off-label to treat BD. Studies examining
the effectiveness of valproic acid (VA) to treat pediatric BD have yielded mixed
results (Findling et al. 2005; Geller et al. 2012; Kowatch et al. 2015; Wagner et al.
2009; West et al. 2011). Carbamazepine was found to be effective and safe in
treating children with BD in open-label trials (Joshi et al. 2010; Kowatch et al.
2000; Wagner et al. 2006a, b). Oxcarbazepine was not more effective than placebo
in treating children with BD manic or mixed episodes (Findling and Ginsberg 2014).
A double-blind discontinuation trial found that lamotrigine may be an effective
add-on to treat pediatric BD in the 12–17-year-old age group in post hoc analyses
(Findling et al. 2015a, b). Moreover, in a small open-label study, lamotrigine was
found to be effective in the treatment of bipolar depression (Chang et al. 2006).
Results on the effectiveness of topiramate in treating pediatric BD have been mixed
(Barzman et al. 2005; DelBello et al. 2002, 2005).

Table 2 Lithium and AED FDA psychiatric indications and positive trials in youth

Medication
FDA
indication

Other positive
trials Daily dose Schedule

Lithium BD
(ages 7–17)

Initiate 600–900 mg daily
Titrate to trough target
level of 1.0 mEq/L
Max dose: 40 mg/k/day

BID-TID

Valproic acid BD Initiate 125 mg BID and titrate
up to max trough level of
125 ug/mL

BID

Lamotrigine BD (add-on) Initiate at 25 mg daily
Max dose: 152–240 mg daily
(initiate with lower doses if
on valproic acid or <12 years
of age)

BID

Carbamazepine BD Initiate 200 mg QPM
May titrate up to
1,200 mg/day in divided doses

QPM

Topiramate BD (showed
possible
benefit in post
hoc analyses)

25–300 mg QD

Oxcarbazepine None 150–1,200 mg BID
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4 ADHD Medications

4.1 Stimulants

For pediatric patients to be diagnosed with attention-deficit hyperactivity disorder
(ADHD), the DSM-5 requires six or more persistent (at least 6 months in duration)
symptoms of inattention and/or six or more persistent symptoms of hyperactivity-
impulsivity that begin before age 12 and impair functioning in two of three settings:
home, school (work if adult), and social (APA 2013).

Stimulants are the most frequently used medications for the treatment of ADHD
in children and adolescents (National Institute of Mental Health 2016; Table 3). Both
methylphenidate- and amphetamine-based products can improve core symptoms of
inattention, hyperactivity, and impulsivity within 30 min of administration (Bradley
1937; Conners et al. 1967, 1969; Pelham et al. 1999). The most frequent side effects
of stimulant medication include appetite suppression, sleep difficulties, transient
headache, and increased heart rate or blood pressure. Less frequent side effects
may include nausea, irritability, tics, and rarely, psychosis (Brown et al. 2018).

4.2 Other ADHD Treatments

When children and adolescents fail to respond to stimulant medication, experience
significant side effects or if psychostimulant treatment may be either contraindicated
or not desired, there are several non-stimulant medications that are effective for
treating ADHD (Table 4). The selective norepinephrine reuptake inhibitor (SNRI)
atomoxetine has demonstrated efficacy for ADHD with a modestly smaller effect
size compared to stimulant treatments (Cheng et al. 2007; Faraone and Glatt 2010;
Kratochvil et al. 2008). However, atomoxetine carries an FDA-required boxed
warning for suicidality – though at rates lower than those seen in the antidepressants
(Lilly USA LLC 2017). Clonidine and guanfacine are alpha-2 adrenergic agents that
were initially developed as antihypertensives but have long-acting preparations that
are effective in treating pediatric ADHD (Palumbo et al. 2008; Sallee et al. 2009).
Both medications are available in short- and long-acting forms and can be used either
alone or in conjunction with a stimulant (Kollins et al. 2011; Spencer et al. 2009).

5 Antipsychotics

Antipsychotic medications are generally divided into first-generation or “typical”
antipsychotics and second-generation or “atypical” antipsychotics. There is less
evidence for the use of first-generation antipsychotics (FGA), such as haloperidol,
molindone, and pimozide, in the pediatric population, compared to the second-
generation antipsychotics (SGA), including risperidone, quetiapine, olanzapine,
and others (Amor 2012). The FDA approved several antipsychotics for the treatment
of schizophrenia, BD, and irritability associated with autism spectrum disorder
(ASD; Table 5).
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Table 3 FDA-approved stimulant medications used in the treatment of ADHD in youth

Medication Daily dose Schedule

Dexmethylphenidate (Focalin) 2.5–10 mg BID

Dexmethylphenidate (Focalin XR) 5–30 mg QD

Methylphenidate (Methylin chewable
tablets)

5–10 mg BID or
TID

Methylphenidate (Methylin solution) 5–10 mg BID or
TID

Methylphenidate (Ritalin) 5–10 mg BID or
TID

Methylphenidate (Ritalin SR) 20–60 mg QD

Methylphenidate (Metadate ER) 20–60 mg QD

Methylphenidate (Metadate CD) 20–60 mg QD

Methylphenidate (Ritalin LA) 20–60 mg QD

Methylphenidate (Concerta) Children: 18–54 mg
Adolescents: 18–72 mg

QD

Methylphenidate (Quillivant XR) 20–60 mg QD

Methylphenidate (Quillichew ER) 20–60 mg QD

Methylphenidate (Contempla
XR-ODT)

17.3–51.8 mg QD

Methylphenidate (Aptensio XR) 10–60 mg QD

Methylphenidate (Adhansia XR) 25–70 mg QD

Methylphenidate (Jornay PM) 20–100 mg QPM

Methylphenidate (Daytrana) 10–30 mg patch 9 h QD

Amphetamine mixed salts (Adderall) Children 3–5 years old: 2.5 mg QD
Children �6 years old and adolescents:
5–10 mg

QD or
BID

Amphetamine mixed salts (Adderall
XR)

5–30 mg QD

Amphetamine mixed salts (Mydayis) Not for children under 13 years old
Adolescents: 12.5–25 mg

QD

d- and l-amphetamine (Adzenys
XR-ODT)

Children (6–12 years old): 6.3–18.8 mg
Adolescents: 6.3–12.5 mg

QD

d- and l-amphetamine (Adzenys ER) Children (6–12 years old): 6.3–18.8 mg
Adolescents: 6.3–12.5 mg

QD

d- and l-amphetamine (Dyanavel) 2.5–20 mg QD

d-amphetamine (Zenzedi) Children 3–5 years old: 2.5 mg QD
Children �6 years old and adolescents:
5–15 mg

BID

d-amphetamine (Dexedrine Spansule) 5–15 mg QD

d-amphetamine (ProCentra) Children 3–5 years old: 2.5 mg QD
Children �6 years old and adolescents:
5–15 mg

BID

Lisdexamfetamine (Vyvanse) 30–70 mg QD
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5.1 Schizophrenia

To be diagnosed with schizophrenia, a child must exhibit two or more of the
following symptoms: delusions, hallucinations, disorganized speech, grossly disor-
ganized or catatonic behavior, or negative symptoms. These symptoms must cause
severe impairment in the child’s daily life and be present for at least 6 months

Table 4 FDA-approved non-stimulant medications used in the treatment of ADHD in youth

Medication Daily dose (mg) Schedule

SNRI

Atomoxetine (Strattera) 18–100 QD

Alpha-2 agonists long-acting

Clonidine (Kapvay) 0.1–0.2 BID

Guanfacine (Intuniv ER) 1–4 QD

Table 5 FDA-approved uses of SGAs in children and adolescents

Medication
FDA-approved
indication

Age range,
years

Recommended dose
range, mg

Risperidone Schizophrenia 13–17 1–6

BD (mixed/manic
episode)

10–17 1–6

Irritability, associated
with ASD

5–18 0.5–3

Aripiprazole Schizophrenia 13–17 10–30

BD (mixed/manic
episode)

10–17 10–30

Irritability, associated
with ASD

6–17 5–15

Tourette’s disorder 6–18 <50 kg – 5 to 10
�50 kg – 10 to 20

Olanzapine Schizophrenia 13–17 10

BD (mixed/manic
episode)

13–17 10

Asenapine BD (mixed/manic
episode)

10–17 2.5–10 twice daily

Quetiapine Schizophrenia 13–17 400–800

BD (mixed/manic
episode)

10–17 400–600

Lurasidone Schizophrenia 13–17 40–80

BD (depressive
episode)

10–17 20–80

Paliperidone Schizophrenia 12–17 <51 kg – 3 to 6
�51 kg – 3 to 12

Olanzapine/fluoxetine
combination

BD (depressive
episode)

10–17 3/25–12/50
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(American Psychiatric Association 2013). Early-onset schizophrenia (EOS) occurs
prior to age 17 and is associated with increased morbidity and functional impairment
when compared to the adult-onset form of this disorder (Gillberg 2001). The primary
treatment of this disorder focuses on the psychopharmacotherapy (McClellan et al.
2007), but psychosocial interventions are an important adjunct to medication
management and should include CBT, social skills training, and family involvement.
Several SGAs are currently approved by the FDA for the treatment of EOS,
including risperidone, olanzapine, quetiapine, aripiprazole, lurasidone, and
paliperidone. Some of the older FGAs are also approved for this indication, but
the regulatory approval for these older drugs is not the result of methodologically
stringent research.

While most of the trials in adolescents with schizophrenia compared active
treatment to placebo, the Treatment of Early-Onset Schizophrenia Spectrum
Disorders Study (TEOSS) evaluated the efficacy of olanzapine, risperidone, and
molindone in youth with EOS (Sikich et al. 2008). While the side effects did
differ across the different medicines, the reduction of psychotic symptoms was
similar. However, participants that showed improvement during the first 8 weeks
of treatment did not demonstrate additional reduction in psychotic symptoms with
longer treatment (Findling et al. 2010). When paliperidone extended release and
aripiprazole were compared in adolescents with schizophrenia, both medications
were effective in reducing psychotic symptoms (Savitz et al. 2015). Clozapine is
considered superior to other antipsychotics for treatment-resistant schizophrenia
(Shaw et al. 2006; Siskind et al. 2016). However, due to the requirements for
monitoring and side effect profile, it is not used as a first-line agent and is not
FDA approved for pediatric patients.

Generally when treating EOS, clinicians should start with one of the
FDA-approved SGAs (McClellan 2018). It is recommended that olanzapine should
not be the first option due to the increased risk for metabolic AEs. Clozapine may
be considered after failure of several other antipsychotic medications.

5.2 Bipolar Disorder

In addition to the mood stabilizers discussed previously, antipsychotics may be
used to treat pediatric BD. Based on randomized placebo-controlled trials, the
FDA approved several antipsychotic medications for the management of acute
mixed and manic episodes of BD, including aripiprazole, asenapine, risperidone,
olanzapine, and quetiapine (Stepanova and Findling 2017; Findling et al. 2012,
2013a). Lurasidone and olanzapine/fluoxetine combination are the only two
medications that are approved by the FDA for the treatment of bipolar depression
(Lee et al. 2018). A trial of ziprasidone showed reduction of manic symptoms in
youth but was not FDA approved due to trial design (Findling et al. 2013a, b, c).
Quetiapine was not effective for treatment of pediatric bipolar depression (DelBello
et al. 2009; Findling et al. 2014).

406 G. S. Cardwell et al.



5.3 Autism Spectrum Disorder

ASD is a pervasive developmental disorder characterized by persistent deficits
in social interactions and restricted, repetitive patterns of behavior or interests
(APA 2013). In addition to these core symptoms of ASD, many children suffer
from irritability, aggression, mood lability, and other emotional and behavioral
disturbances (Simonoff et al. 2008). While there is no psychopharmacological
intervention for the management of core symptoms of ASD, the FDA has approved
two medications (risperidone and aripiprazole) for the management of irritability
associated with ASD (Stepanova et al. 2017). In a comparison study, aripiprazole
and risperidone similarly reduced irritability scores in children with ASD, but
aripiprazole showed effects more quickly (Ghanizadeh et al. 2014). Olanzapine
and paliperidone may also be effective in reducing irritability in youth with ASD
(Hollander et al. 2006; Kemner et al. 2002; Stigler et al. 2012). Trials of quetiapine
showed mixed results (Findling et al. 2004; Golubchik et al. 2011), while lurasidone
was not effective in treating irritability associated with ASD (Loebel et al. 2016).

6 Conclusion

The medications discussed in this chapter should be used as part of a comprehensive
treatment plan. Before prescribing any medications, clinicians should complete a
detailed psychiatric and family history from the patient and their family and identify
target symptoms to be treated with medication. Clinicians should initiate all
medications at the labeled starting dose and titrate to reach the recommended dose
and should clearly explain this process to patients and their families. Side effects
should be closely monitored in the first few weeks following initiating or titrating
medication, especially in medications with boxed warnings.

Currently, there are far fewer FDA-approved pharmacotherapies available for
treating psychiatric illnesses in children and adolescents than for adults. For exam-
ple, while there are 26 FDA-approved antidepressants to treat MDD in adults,
only one medication (fluoxetine) is FDA approved to treat MDD in children and
adolescents. For this reason, many medications discussed in this chapter are pre-
scribed off-label. Thus, while the body of research on pharmacotherapy for psychi-
atric illnesses in children and adolescents has grown substantially over the past few
decades, further research is needed to ensure this population receives optimal care.
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Abstract
Pharmacotherapy in paediatric oncology is a difficult task. It is challenging to
determine the optimal dose in children of different age groups. In addition,
anticancer drugs display severe side effects reducing the quality of life. Late
effects like secondary tumours and cardiotoxicity can be apparent years after
treatment and must be taken into account when planning treatment schedules.
Classical cytoreducing agents are still of great importance in treating children
with leukaemia and solid tumours. In addition, drugs developed by rational drug
design (targeted drugs) are a very important part of many treatment protocols, and
newer drugs are emerging in several types of cancer. Unfortunately, there is only
limited experience with newer drugs in children, because new drugs are mostly
developed for adults. Complicated therapy regimens require a solid knowledge of
the pharmacology of the drugs applied. This chapter attempts to introduce some
pharmacological knowledge for the most important anticancer drugs in children
with a focus on side effects and age-specific considerations.

Keywords
Busulfan · Cancer · Cytarabine · Daunorubicin · Doxorubicin · Leukaemia ·
Methotrexate

1 Introduction

Cytotoxic drugs generally target all proliferating cells. As cancer cells are rapidly
proliferating, this explains in part their selective killing of cancer cells and their side
effects: rapidly proliferating cells in the bone marrow and skin are mainly affected.
However, this does not explain the high anticancer activity of certain cytotoxic drugs
for specific tumour types, such as platinum derivatives in germ cell tumours. Some
aspects to be considered to explain are specific tissue distribution but also the
distribution of drugs and/or their active metabolites into cells of different types
(Peterson 2011).

Several malignancies occurring in children and adolescents are curable with
chemotherapy including acute lymphoblastic leukaemia (ALL), lymphoma, germ
cell tumours, osteo- and Ewing sarcoma and neuroblastoma, among others
(Nygren 2001). In general, haematopoiesis recovers much better after chemother-
apy in children in comparison with older patients. Therefore, high-dose therapy is
usually much better tolerated than in older patients.

Changes in the pharmacokinetic properties of anticancer drugs in children occur
mainly in the first 3 years of life. In children 3 years or older, the pharmacokinetic
parameters correlate with size parameters such as weight or body surface area, and
dose adjustment can be done using these size parameters. With cytotoxic drugs,
however, one needs to consider possible late effects after therapy, which may be less
relevant in adults with their reduced life expectancy. In addition, younger children
are more prone to certain toxicities than adults.
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Toxicities like hearing loss due to platinum chemotherapy has much more serious
consequences in small children than in adults, because language development will be
impaired by hearing loss early in life. Secondary malignancies after treatment with
topoisomerase inhibitors are a severe problem in children with up to 5% of patients
concerned. Children are more prone to cardiotoxicity of anthracyclines than adults,
and they need their heart to work for many decades.

Dosing based on body surface area (BSA) is used in clinical routine. BSA is
calculated according to the formula of Mosteller (1987):

BSA ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

W � H
3600

r

with W weight kg½ � and H height cm½ �: ð1Þ

This formula produces slightly other results than the formula of Du Bois and Du
Bois (1916) commonly used in adults. Especially for smaller children and infants
with a body weight of less than 10 kg, clearance better correlates with weight
according to the 3/4 power law (Anderson et al. 1997). This concept is often termed
allometry. However, for dosing of anticancer drugs in practise, the use of BSA is
justified, because BSA correlates with the clearance of most anticancer drugs and the
deviation to allometry is negligible (Hempel and Boos 2007). For children less than
12 months of age, it is common practise to reduce the dose by 25–33% due to
toxicity concerns.

2 Alkylating Agents

Alkylating agents directly interact with DNA and produce DNA strand breaks
resulting in cell death. Due to the mentioned better recovery of the bone marrow in
children, they tolerate higher dose intensity of alkylating agents than adults. How-
ever, this finding is only applicable for drugs without substantial non-haematological
toxicity. For example, cisplatin has substantial nephro- and ototoxicity.

2.1 Busulfan

Busulfan (Fig. 1) is part of many conditioning regimens before haematopoietic stem
cell transplantation (HCT) for the treatment of leukaemia and other malignancies.
Since the 1950s, the drug was used for the treatment of chronic myeloid leukaemia in
low doses. Today, it is used in combination with cyclophosphamide or fludarabine in
high-dose therapy regimens. The intravenous formulation should be standard of care

S
O

CH3 O

O

O
S

CH3

O
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in children, because oral busulfan results in highly variable AUCs due to fluctuation
in the absorption of the drug. In addition, it is much more convenient for the patients,
because swallowing of a great number of busulfan tablets is unpleasant and may
cause vomiting.

For conditioning before HCT, 16 administrations every 6 h are the standard
schedules. Figure 2 shows a typical plasma-concentration time curve. With
i.v. busulfan, once-daily dosing offers some practical advantages and appears to be
as safe and effective as the standard schedule (Bartelink et al. 2008).

The drug is metabolised in the liver, mainly by the enzyme glutathione
S-transferase (GST), by forming a sulphonium ion and subsequent oxidation
resulting in inactive products (Myers et al. 2017). Genotyping of patients for
polymorphisms in genes encoding for GST was extensively investigated, but there
is no recommendation to genotype patients before busulfan administration, because
GST polymorphism can only explain a part of the variability in busulfan clearance.
Therefore, therapeutic drug monitoring is recommended in order to reduce the
variability in individual exposure (Palmer et al. 2016).

Busulfan is hepatotoxic with sinusoidal obstruction syndrome (SOS, formerly
termed veno-occlusive disease (VOD)) occurring with an incidence of about 20%
(Kerl et al. 2014). VOD is lethal in a substantial number of patients. Other severe
side effects are myelosuppression, convulsions and interstitial pneumonia. Anticon-
vulsive prophylaxis with midazolam or phenytoin is recommended.

Fig. 2 Plasma concentration time curve in a 6-year-old child receiving 1 h infusions of 0.8 mg/kg
busulfan every 6 h for 4 days. The line represents post hoc estimates of a population pharmacoki-
netic model (Trame et al. 2011)
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2.2 Treosulfan

Although treosulfan (Fig. 3) is an old drug which is on the market for more than
50 years, it has gained interest in the last years as an alternative to busulfan in HCT
due to reduced hepatotoxicity (ten Brink et al. 2014). Treosulfan is infused in a dose
of 10–14 g/m2 on three consecutive days, often in combination with fludarabine or
cyclophosphamide.

Activation of the drug requires no drug-metabolising enzymes. Therefore,
polymorphisms in the genes encoding for the enzymes as a source of pharmacoki-
netic variability are not relevant. The active metabolite diepoxybutane is formed
when the pH is higher than six with a half-live of about 2.2 h (medac Gmbh 2014).
Myelosuppression is the dose-limiting toxicity making the drug a suitable option for
HCT. Other important toxicities in children are mucositis, skin toxicity, diarrhoea
and some liver toxicity with an SOS rate of 5% in older and 12% in younger
children, respectively (ten Brink et al. 2014). Seizures were also reported, but a
general anticonvulsive prophylaxis is not routinely done (Slatter et al. 2011). Drug
monitoring of treosulfan requires immediate stabilisation of blood samples due to the
spontaneous degradation of the treosulfan and is therefore difficult to apply in
clinical routine (Hilger et al. 1998).

2.3 Melphalan

Melphalan (Fig. 4) belongs to the group of N-Lost derivatives. The chloroethyl side
chains bound to the nitrogen form highly reactive metabolites after removal of the
chlorine and subsequent cyclisation to an aziridinium ion displaying alkylating
properties. Of note, activation requires no drug-metabolising enzymes.

It is used in conditioning regimes for autologous or allogenic HCT in combina-
tion with busulfan, fludarabine or cyclophosphamide in patients with high-risk
neuroblastoma or other severe malignancies such as relapsed Ewing sarcoma.
High-dose melphalan is administered in a dose range of 140–200 mg/m2 (total
dose). It is questionable if dose escalation above 140 mg/m2 is useful. Busulfan in
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combination with melphalan (BuMel) appears to be better than BuCy in adult AML
patients (Gorin et al. 2018). BuMel also appears in many treatment protocols for
Ewing sarcoma patients (Abate et al. 2018). However, this scheme is hepatotoxic
with a 7% incidence of SOS. Defibrotide appears to offer some protection against
hepatotoxicity (Park et al. 2013). Adjustment of melphalan dose in renally impaired
patients is required. Typical side effects are alopecia, myelosuppression and muscu-
loskeletal toxicity. In high-dose therapy, gastrointestinal toxicity (diarrhoea,
vomiting and stomatitis) is dose-limiting. More seldom, interstitial pneumonia is a
serious side effects, which can also occur with many alkylating agents.

A population pharmacokinetic analysis in children revealed that weight, GFR and
previous carboplatin therapy influenced the clearance ofmelphalan (Nath et al. 2007).
These factors must be taken into account when selecting the dose of melphalan. The
terminal half-live was found to be about 1 hour.

2.4 Cyclophosphamide and Ifosfamide

Cyclophosphamide (Fig. 5) is one of the oldest anticancer drugs. It was discovered as
early as 1958 and introduced into cancer therapy in 1959. It remains a mainstay in the
therapy of haematological malignancies as well as of various tumours. The drug is
applied in many conditioning regimens before HCT for haematological malignancies
(AML, MDS) as well as for aplastic anaemia.

Important side effects are leuco- and thrombocytopenia, anaemia and cardio-
and bladder toxicity. To avoid haemorrhagic cystitis, MESNA (sodium
2-sulfanylethanesulfonate) must be administered before cyclophosphamide admin-
istration to neutralise the toxic metabolite acrolein in the urine. In addition,
nephrotoxicity, cardiotoxicity and liver toxicity occur. All these effects are highly
dose-dependent. Cardiotoxicity is dose-limiting in high-dose schedules of cyclo-
phosphamide. Ifosfamide appears to be less cardiotoxic; however, neurotoxicity
appears more often after ifosfamide administration.

Similar to melphalan, the active metabolite phosphoramide mustard forms a
highly reactive cyclic aziridinium cation, which can react with the N(7) of the
guanine and with cytidine from the DNA. The active metabolite of ifosfamide,
ifosfamide mustard, is formed in a similar same way.

Although cyclophosphamide is in therapeutic use for many decades, new
therapies were developed such as metronomic- and high-dose therapy. Currently,
low-dose cyclophosphamide is used in many experimental protocols with the aim to
overcome immunosuppression in advanced cancer (Ahlmann and Hempel 2016).
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Ifosfamide (Fig. 5) displays similar efficacy and toxicity profiles, although
neurotoxicity occurs more often in children with ifosfamide. The drug is usually
applied as a daily dose of up to 3 g/m2 for 5 days in one cycle. Continuous infusions
over 24 h were associated with a higher rate of neurotoxicity than 1 h infusions.
Urotoxicity was less pronounced with continuous infusions (Carli et al. 2003). As an
inactivating pathway, cleavage of one dichloroethyl side chains occurs parallel with
the activation, and chloroacetaldehyde is formed. This also occurs with cyclophos-
phamide, however, to a much lesser extent (Kamen et al. 1995). Both activation and
deactivation are catalysed by CYP 2B6 and CYP3A4, and autoinduction of the
metabolism can be observed after repeated courses (Boddy et al. 1995). This
phenomenon can be observed with both drugs, whereas saturation of the activation
pathway was only observed with cyclophosphamide given at doses higher than 4 g/
m2 (Boddy and Yule 2000). The co-administration of inhibitors of P450 enzymes
such as voriconazole or aprepitant often used in supportive care may reduce the
anticancer effect of the drugs. Fatal encephalopathy was observed in adults receiving
aprepitant in combination with ifosfamide (Séjourné et al. 2014). This observation
may be explained by a shift in the metabolite pattern in favour of the inactive
dichloroethyl metabolites and the neurotoxic chloroacetaldehyde (Durand et al.
2007).

2.5 Cisplatin and Carboplatin

Platinum complexes like cisplatin and carboplatin (Fig. 6) exert their antitumour
effects by forming DNA adducts and subsequent inhibition of DNA replication and
transcription. The active form is the aquo-complex Pt (NH3)2(H2O)2 which is formed
intracellularly due to the low chloride concentration. Formation of this complex from
carboplatin is much slower than from cisplatin (Murry 1997). Consequently, the
dose administered for cisplatin is 40–80 mg/m2, whereas carboplatin can be
administered in about fivefold higher amounts.

Platinum derivatives have an important role in the treatment of several solid
tumours. Besides myelosuppression, nephrotoxicity and ototoxicity are dose-
limiting for cisplatin, whereas thrombocytopenia is dose-limiting for carboplatin.
Cisplatin significantly reduces fertility in male patients (Chow et al. 2016).
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Cisplatin is extensively bound to plasma proteins, and clear pharmacokinetic-
pharmacodynamic correlations have been identified for the ultrafiltrable, i.e.,
unbound fraction of the drug in plasma and toxicity as well as therapeutic effect
(de Waal et al. 1990).

As carboplatin is preferentially eliminated through the kidney, clearance can be
predicted using parameters of the renal function. Calvert et al. proposed and
validated a formula to calculate the dose of carboplatin for a desired AUC from
the glomerular filtration rate calculated using 51Cr-EDTA clearance (Calvert et al.
1989). For children, modified formulae have been developed (Newell et al. 1993;
Chatelut et al. 1996).

Formulae to calculate the carboplatin dose are today widely applied in clinical
routine. They can reduce the variability in the AUC to about 25% in comparison with
an up to fourfold variability in AUC when the dose is adjusted to BSA (Calvert and
Egorin 2002). Dose individualisation based on plasma concentration measurements
is recommended for infants. More recent studies suggested a bodyweight-based dose
calculation for neuroblastoma patients (Duong et al. 2019). Of note, neuroblastoma
patients are very young (median age 3.5 years in the study of Duong), and the
findings of this relatively small study cannot be applied for all children. In summary,
the optimal method for carboplatin dosing differs between age groups and, possibly,
tumour entities.

2.6 Other Alkylating Agents: Dacarbazine, Procarbazine
and Temozolomide

The hydrazine derivatives dacarbazine and procarbazine are used for the treatment of
melanoma and brain tumours and display substantial toxicity. Procarbazine inhibits
spermatogenesis and results in azoospermia in males treated with the drug for
Hodgkin disease (Howell and Shalet 2005). Therefore, this drug should be avoided
in post-pubertal boys. Girls and boys with poor prognostic features with Hodgkin
lymphoma receive procarbazine as part of a polychemotherapy protocol (Dörffel
et al. 2013). The typical daily dose is 100 mg/m2 for up to 14 days.

In an attempt to develop similar anticancer alkylating agents with reduced
toxicity, temozolomide (Fig. 7) was developed (Stevens et al. 1987). The drug is
mainly used for the treatment of brain tumours such as gliomas, because it shows
some activity in this very difficult to treat tumour and can be administered orally.
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However, the activity in children with brain tumours is limited (Lashford et al.
2002; Cohen et al. 2011). Temozolomide is administered orally in a dose of
150–200 mg/m2 for 28 days following a 23-day therapy-free interval. The drug
is hepatotoxic, and neutropenia is usually dose-limiting.

3 Antimetabolites

The group of antimetabolites show similarity to endogenous compounds necessary
for normal cell functions. The drugs or their metabolites bind to their target enzymes
resulting in inhibition of essential cell functions. Many of the antimetabolites are
also used as immunosuppressant or anti-inflammatory drugs in other diseases such
as multiple sclerosis, rheumatoid arthritis, or autoimmune disorders.

3.1 Methotrexate

Methotrexate (Fig. 8) is used in the treatment of childhood ALL, osteosarcoma in
children, as well as for non-Hodgkin lymphoma. It belongs to the group of antime-
tabolite cytostatics as they were developed to replace endogenous substances neces-
sary for cell metabolism resulting in subsequent inhibition of proliferation. The drug
is an inhibitor of dihydrofolate reductase, an enzyme responsible for the formation of
tetrahydrofolate, which is the carrier for the transfer of carbon units. Inhibition of
dihydrofolate reductase results in reduced thymine production necessary for DNA
synthesis.

The main metabolites found in plasma are 7-hydroxy-methotrexate and 4-amino-
4-deoxy-N10-methylpteroic acid. However, the drug is mainly excreted unchanged
through the kidneys. When entering the cell, methotrexate is conjugated with two to
seven glutamate moieties to methotrexate polyglutamates and can be stored in
this form. The polyglutamates also display pharmacological activity. Similarly,
7-hydroxy-methotrexate can be polyglutamated and stored inside the cell.

Figure 9 shows the serum concentration time curve after administration as a 24 h
infusion. Methotrexate is the only cytotoxic drug where a specific antidote, folinic
acid, is available. This fact allows dose escalations beyond the usually lethal dose of
the drug by administering folinic acid at least 36 h after starting the methotrexate
infusion. In fact, for certain tumour entities like osteosarcoma, a positive correlation
between dose intensity and therapeutic outcome has been found in retrospective
analyses (Graf et al. 1994).
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Sufficient hydration, alkalisation of the urine by infusion of hydrogen carbonate
and avoiding drugs which may impair Mtx elimination such as benzimidazoles
(i.e. omeprazole or pantoprazole), ciprofloxacin or nonsteroidal antirheumatic
drugs (NSAIDs) are essential for the safe administration of Mtx. Monitoring of
serum concentrations during high-dose therapy is necessary in order to identify
delayed elimination which can be lethal without adequate treatment. Methotrexate
is both nephro- and hepatotoxic at higher doses.

Low-dose oral methotrexate is part of maintenance therapy in the therapy of ALL.
Children receive a weekly dose of 20 mg/m2. It is very important for patients and
other caregivers that methotrexate is administered only once in a week, whereas
mercaptopurine is administered daily, because daily administration of methotrexate
may result in serious overdosing. Other drugs influencing the folate pathway such as
sulfamethoxazole/trimethoprim cannot be administered on the same day due to
increased toxicity.

3.2 Thiopurines: 6-Mercaptopurine

Mercaptopurine (Fig. 10) is one of the oldest cytostatic drugs and is used in
remission induction and maintenance therapy of ALL in children (Burchenal et al.
1953). Mercaptopurine requires activation by conjugation to the respective nucleo-
tide catalysed by the enzyme hypoxanthine phosphoribosyltransferase. The mono-
phosphate can be converted to the respective triphosphates which can subsequently
be incorporated into DNA or RNA (Bostrom and Erdmann 1993). Another route
catalysed by xanthine oxidase leads to inactive metabolites. Further, mercaptopurine
is methylated at the sulphur leading to products which can also catabolised to the
respective nucleotides. The enzyme responsible for the methylation, thiopurine
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Fig. 9 Serum concentration of methotrexate (solid line) and 7-OH methotrexate (dotted line) in a
child receiving 1 g/m2 as a 24 h infusion
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methyltransferase (TPMT), displays a genetic polymorphism with up to 0.6% of
patients showing very low activity of this enzyme (Stanulla et al. 2005). Patients
receive the drug as a daily oral dose of 50 mg/m2 for several months. Dose
adjustment is usually done according to the leucocyte count. Hepatotoxicity is
apparent, and liver enzymes must be controlled during therapy.

3.3 Cytosine-Arabinoside (Cytarabine, Ara-C)

1-β-d-arabinofuranosylcytosine (Fig. 11) is a mainstay in the treatment of acute
myeloid leukaemia (AML) and also shows activity in ALL. Combination with
anthracyclines is standard in induction therapy for AML. The standard dose is
200 mg/m2 for 7 days, but high-dose Ara-C with twice-daily dosing of up to 3 g/m2

is very popular as induction therapy (Boos 1992). It remains an open question if high-
dose therapy is superior to standard-dose Ara-C (Magina et al. 2017). In adolescents
and adults, a slight advantage for high-dose Ara-C can only be seen for disease-free
survival, but not overall survival (Löwenberg 2013).

Ara-C needs to be transformed to the respective nucleotide to be cytotoxic.
Deoxycytidine kinase is responsible for the formation of the monophosphate
Ara-CMP. After catabolism to the respective triphosphate Ara-CTP, inhibition of
the DNA polymerase due to its similarity to deoxycytidine triphosphate (dCTP) is
the main mechanism of action.

N

N

NH2

O
O

OH

OH

OH

Fig. 11 Cytarabine

N

N

NH

N

SHFig. 10 Mercaptopurine

Pharmacotherapy in Children and Adolescents: Oncology 425



Ara-C is one of the few drugs which can be administered by the intrathecal route,
although the drug is potentially neurotoxic. Such a CNS therapy is necessary to
protect CNS relapse and avoid CNS irradiation. A liposomal formulation
(DepoCyte) has been developed with the aim to achieve extended exposure after
intrathecal administration (Peyrl et al. 2014).

CPX-351 is a liposomal formulation containing Ara-C and daunorubicin as a fixed
combination in a ratio of 5:1. It shows promising results in the treatment of leukaemia
in adults and could be a good option for children in the future (Carol et al. 2015).

3.4 Cladribine (2-CdA)

This drug (Fig. 12) is used in the treatment of AML and ALL in children during
induction and maintenance therapy. It can be administered both i.v. and orally.
2-CdA is an inhibitor of ribonucleotide reductase and can augment the bioactivation
of Ara-C. By inhibiting ribonucleotide reductase, concentrations of deoxyadenosine
(dAdo) decrease. dAdo inhibits deoxycytidine kinase, the key enzyme responsible
for the activation of Ara-C. Therefore, combination with cytarabine was tested in
several investigations (Freyer et al. 2015). For children with newly diagnosed or
relapsed/refractory AML, 2-CdA alone and in combination with Ara-C, topotecan or
idarubicin was evaluated. 2-CdA was mostly administered as a continuous infusion
over 5 days with a daily dose of up to 9 mg/m2 (Chaleff et al. 2012). Besides
myelosuppression, neurotoxicity occurs when administered in higher doses. Pro-
gressive multifocal leukoencephalopathy (PML) is a severe neurological disease
which is believed to be the result of proliferation of the polyomavirus JC due to
immunosuppression. PML was reported, sometimes years after treatment with
cladribine, however, JC virus could not be detected (Berghoff et al. 2013).
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3.5 Clofarabine

This nucleoside analogue is approved for the treatment of leukaemia in children
since 2004. As with other drugs of this class, clofarabine (Fig. 13) requires
phosphorylation to the respective trinucleotide to exert its anticancer effect. The
drug not only acts on proliferating blasts but also on quiescent nondividing
lymphocytes (Hijiya et al. 2012). It can be administered in combination with
cytarabine. The drug is administered as a 2-h infusion in a dose of 52 mg/m2 on
5 consecutive days. About 60% of the administered dose is excreted unchanged in
the urine within 24 h. A recent study indicates that clofarabine may replace
anthracyclines in remission induction for children with AML (Rubnitz et al.
2019). Reducing the cumulative anthracycline dose for children is desirable due
to the cumulative cardiotoxicity of this class of cytostatics (see below). As with
cladribine, the risk of infections due to neutropenia is very high. Systemic inflam-
matory response syndrome (SIRS) occurred in 5% of paediatric patients treated
with clofarabine for AML.

3.6 Fludarabine

For intravenous administration, the monophosphate ester is used because of the
good solubility in water (Fig. 14). It is used during conditioning before bone
marrow transplantation. It is also used in combination with Ara-C in AML patients
in order to increase the accumulation of Ara-C within malignant cells (FLAG
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schemes), often in combination with anthracyclines like the Ida-FLAG with
idarubicin and G-CSF (Fleischhack et al. 1998). Fludarabine is administered
with a daily dose of 30 mg/m2 for 4 days. Besides myelosuppression, upper
respiratory tract infections, herpes virus infections and fever of unknown origin
are quite common after therapy with fludarabine (Schmitt et al. 2002).

4 Topoisomerase Inhibitors

Topoisomerase is necessary for DNA unlinking and thus for normal DNA replication.
The topoisomerase inhibitors discussed here interact with topoisomerase IIa forming
a topoisomerase-drug-DNA complex which is poisonous by inhibition of the elonga-
tion reaction. Unfortunately, this mode of action is associated with the development
of secondary cancers and cardiotoxicity (Delgado et al. 2018). Topoisomerase I
poisons like topotecan and irinotecan are not often used in children and are therefore
not discussed here.

4.1 Anthracyclines

The first drug from the group of anthracyclines, daunorubicin (Fig. 15), was isolated
from Streptomyces strains in 1961 (Cassinelli 2016). They are still the most active
anticancer agents available (Peterson 2011) and exert their anticancer effect mainly
by inhibiting or poisoning of the eukaryotic topoisomerase II. Other mechanisms
like formation of free radicals or DNA intercalation identified in vitro with high
concentrations do not appear to play a role in vivo at therapeutic concentrations
(Gewirtz 1999).

Daunorubicin and idarubicin are mainly used for the treatment of leukaemia,
whereas the less lipophilic doxorubicin is part of many treatment protocols for solid
tumours including neuroblastoma, Ewing- and osteosarcoma. Epirubicin, an epimer
of doxorubicin, is rarely used in children.

Anthracyclines are metabolised by carbonyl reductase and aldo-keto reductase
to their respective 13-hydroxy metabolites. Less than 10% are excreted renally,
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while most of the drug and the metabolites undergo biliary excretion.
Age-dependent pharmacokinetics was observed in a recent study analysing plasma
concentrations from children receiving doxorubicin for leukaemia and solid
tumours (Völler et al. 2015) (Fig. 16).

Dauno- and doxorubicin are administered in a dose of 20–60 mg/m2, whereas
idarubicin is administered in fourfold to fivefold lower doses. Only for idarubicin, an
oral formulation is available, because the bioavailability of the other anthracyclines
is very low. The duration of infusion should not be shorter than 1 h, because
preclinical and clinical evidence exists that shorter infusion times resulting in high
peak plasma concentrations are more cardiotoxic than longer infusion times (Loeffen
et al. 2018). Nevertheless, some paediatric oncologists are in favour of
short infusions and the addition of dexrazoxane as a cardioprotectant (Asselin
et al. 2016). However, dexrazoxane inhibits topoisomerase II and may increase the
risk for secondary malignancies (Tebbi et al. 2007). In a retrospective investigation,
no higher incidence of secondary tumours with dexrazoxane was found (Seif et al.
2015). Another approach to reduce cardiotoxicity is the administration as a
liposomal formulation (Creutzig et al. 2013). Unfortunately, liposomal daunorubicin
is currently not available.

Cardiotoxicity is a very serious side effect especially for children because heart
failure due to anthracyclines may appear decades after treatment. Risk factors for

Fig. 16 Clearance of doxorubicin vs. age in a population of 99 children receiving doxorubicin for
different tumour entities. Data from Völler et al. (2015)
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anthracycline-induced cardiotoxicity are the cumulative dose, mediastinal radiation,
younger age and female sex (Kremer et al. 2002; Fig. 17).

4.2 Etoposide

Etoposide (VP-16), Fig. 18) is a semi-synthetic drug derived from podophyllotoxin,
a poison found in Podophyllum peltatum, a plant in medical use for more than
1,000 years. It is a topoisomerase II poison that is used extensively in the treatment
of leukaemia and germ cell tumours. It is administered in an i.v. formulation
containing polyethylene glycol, Tween 80, ethanol and benzylalcohol due to the
low water solubility of the compound. Especially the latter two excipients are not
suited for the use in children due to their potential neurotoxicity. Therefore,
etoposide phosphate as a more hydrophilic prodrug should be preferred in children.
Etoposide can also be administered orally, and capsules containing 50 or 100 mg are
on the market. The bioavailability is approximately 50% with a high variability
(Slevin 1991).

The elimination of etoposide is highly dependent on renal function, because
20–50% of the applied dose are excreted in the urine (Lowis et al. 1993). In addition,
the drug is metabolised by P450 3A4 and is a substrate of several ABC transporters
(Lagas et al. 2010). Etoposide is highly protein-bound, and interindividual changes
in protein binding are apparent (Würthwein et al. 2002).
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Conventional dosing of etoposide is in the range of 50–150 mg/m2 administered
on 3–5 days. In high-dose schemes before SCT, up to 50 mg/kg are administered.
High-dose therapy is possible because neutropenia is the dose-limiting toxicity.
Secondary malignancies occur mainly as AML in about 8% of patients receiving
etoposide-containing polychemotherapy. Oral etoposide is administered with daily
dosing of 25–50 mg/m2.

4.3 Drugs Interacting with Tubulin

α- and β-tubulin form the microtubule responsible for the separation of the
chromosomes during cell division. Drugs inhibiting the formation like Vinca
alkaloids or drugs stabilising microtubuli like taxanes lead to cell cycle arrest in
the metaphase and apoptosis. Of therapeutic interest in children is vincristine,
whereas taxanes like paclitaxel do not show a clear benefit in children over other
anticancer drugs due to toxicity like neuropathy and pseudo-allergic reactions (Doz
et al. 2001). These side effects were mainly due to formulation for i.v. use containing
Cremophor EL as a surfactant. However, even when administered in the novel
innovative formulation nab-paclitaxel adsorbed to nanoparticular albumin, the
response rates with paclitaxel are only modest (Moreno et al. 2018).

4.4 Vinca Alkaloids: Vincristine

Vinca alkaloids are a group of endogenous compounds from Catharanthus roseus.
They bind to the β-subunit of tubulin and thereby impose the formation of
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microtubuli. Vincristine is the most important drug from this group of drugs. It is
used in the treatment of ALL as part of the multiagent induction therapy in combi-
nation with several other drugs in a dose of 1–2 mg/m2 in weekly intervals.
Elimination of vincristine from the body is mainly by biliary excretion and metabo-
lism by cytochrome P450 3A4. Neurotoxicity is dose-limiting starting with neurop-
athy. Accidentally administered intrathecal vincristine due to confusion in the
multiagent therapy results in ascending paralysis and death within days (Hennipman
et al. 2009). ABCB1 (also called P-glycoprotein, PGP) is – at least in part –

responsible for keeping the drug out of the CNS. Therefore, combining vincristine
with inhibitors of ABCB1 such as voriconazole and related drugs increases neuro-
toxicity and should therefore be avoided (Moriyama et al. 2012).

5 “Targeted” Drugs

Since the beginning of this century, many authors and textbooks distinguish anti-
cancer agents in the newer targeted drugs like imatinib which were invented by
rational drug design and the older nontargeted drugs mainly developed by screening
for cytotoxicity in cell lines.

However, it must be noted that these categories are not correctly assigned as many
of the old drugs like the antimetabolites target specific enzymes within the cell.
Moreover, it was found that the so-called targeted drugs address several targets in the
body. Tyrosine kinase inhibitors inhibit several enzymes which is usually desirable,
because blocking a single pathway can be easily circumvented by the cancer cell. An
exemption is the Bcr-Abl protein targeted by imatinib, which is obviously the
protein responsible for the proliferation of certain types of leukaemia (see below).

5.1 Asparaginase

This enzyme is already in use for decades but should be categorised as a targeted
drug, because it depletes asparagine from the serum. ALL blasts lack the enzyme
asparagine synthetase, and treatment with asparaginase results in cell death, whereas
other cells are able to synthetize asparagine (Asselin and Rizzari 2015). Currently, a
recombinant asparaginase (originally derived from E.coli), a product derived from
Erwinia chrysanthemi called Erwinase, and a PEGylated asparaginase (Oncaspar)
are on the market in Europe. The recombinant asparaginase is administered i.m. or
i.v. as a 1-h infusion with a dose of 2,500–10,000 U/m2 every 2–3 days, whereas
therapy with Erwinase requires a higher dose of up to 25,000 U/m2. Oncaspar is the
preparation of choice, because it can administered with a dose of 1,000 U/m2 in
dosing intervals of 14 days due to its lower clearance in comparison to the prepara-
tion without polyethylene glycol (Würthwein et al. 2017).

Thrombosis, pancreatitis and hepatotoxicity are very relevant toxicities. Patients
may develop antibodies binding to the protein and/or to PEG inactivating the
enzyme (Tong et al. 2014). In this case, therapy has to be modified by applying
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asparaginase from another biological source, which does not cross-react with the
antibodies to ensure sufficient therapy intensity (Boos 1997). Antibody formation
can occur with or without an allergic reaction. In the latter case, the so-called silent
inactivation results in worse outcome for the patients (Salzer et al. 2018). Monitoring
of asparaginase activity in patients serum is now generally recommended in order to
identify patients with inactivating antibodies (van der Sluis et al. 2016).

5.2 Bortezomib

Bortezomib (Fig. 19) was the first proteasome inhibitor introduced to the clinic.
Proteasome inhibition means inhibition of protein degradation within the cell
resulting in cumulation of proteins in the cytosol. Nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) appears to play a key role for the
anticancer effect as bortezomib is able to block the tumorigenic and
pro-inflammatory NF-κB pathway by inhibition of the degradation of i-κB (Cvek
and Dvorak 2011). It was developed for the treatment of multiple myeloma in adults
and showed clear benefits over existing therapies with regard to overall survival
(Scott et al. 2016). Some efficacy was demonstrated in paediatric patients with
relapsed ALL in combination with vincristine, dexamethasone, PEG-asparaginase
and doxorubicin (Messinger et al. 2010), whereas the antileukemic effect as a single
agent is low (Horton et al. 2007). Additional studies in relapsed ALL with
bortezomib in different combinations show some activity, for example, in T-ALL
(Kaspers et al. 2018; Horton et al. 2007). The drug is administered i.v. in a dose of
1.3 mg/m2 in weekly or shorter intervals depending on the combination partners.
Febrile neutropenia is dose-limiting in contrast to the situation in adults where
neuropathy is the most serious toxicity. Bortezomib clearance increases linearly
with body surface area in an age range from 2 to 16 years justifying dosing based on
BSA (Hanley et al. 2017).
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5.3 Tyrosine Kinase Inhibitors (TKIs): Imatinib, Dasatinib,
Ponatinib, Sorafenib and Vemurafenib

The breakpoint cluster region – Abelson (Bcr-Abl) tyrosine kinase inhibitor imatinib
(Fig. 20) – is probably the most extensively used TKI in children because it was the
first drug of this class approved in 2001. Bcr-Abl displays tyrosine kinase activity and
is formed as a fusion gene product as a result of a t(9;22) translocation known as
Philadelphia chromosome (Barr 2010). Imatinib blocks the dysregulated proliferative
signal of Bcr-Abl. This protein is expressed in chronic myeloid leukaemia, which is a
rare disease in children. In a subgroup of children with ALL, the t(9;22) translocation
is also present, and imatinib shows high activity in this subgroup. Response rates
were almost doubled in comparison with other treatment options by introduction of
imatinib (Schultz et al. 2009).

TKI’s are administered daily over longer time periods in comparisonwith classical
anticancer drugs. Oral administration is much more convenient to the patient
but introduces an additional source of variability and the risk of nonadherence.
300 mg/m2 is a standard daily dose for imatinib. Bioavailability is very high, and
the drug can be metabolised by CYP 3A after entering the hepatocyte with the help of
the organic cation transporter 1 (OCT1). However, the first-pass effect is low with an
oral bioavailability of more than 95%. Elimination via the bile is achieved after
glucuronidation (Takahashi and Miura 2011). Enterohepatic recirculation occurs
which means that diarrhoea, use of antibiotics or any other disturbance of the normal
gastrointestinal function may influence exposure to imatinib. Dasatinib, nilotinib and
ponatinib are drugs showing activity if resistance to imatinib occurs. In addition,
TKIs targeting other proteins with tyrosine kinase domains such as the epidermal
growth factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR) or
members of the vascular endothelial growth factor receptor (VEGF) family are
increasingly used in solid tumours such as neuroblastoma or sarcomas. However,
so far the results of clinical studies with TKI’s in children with solid tumours are
disappointing (Kim et al. 2015; Okada et al. 2016).
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Side effects of TKI’s are substantial and include hypertension, obstruction,
diarrhoea, hepatotoxicity and many more. Growth retardation during imatinib ther-
apy has been observed but is reversible after drug cessation (Vandyke et al. 2009).
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Abstract
The goal of immunosuppressive therapy post-transplantation in pediatric
renal transplant recipients is to prevent acute and chronic rejection while
minimizing drug side effects. Most therapies alter immune response mechanisms
but are not immunologically specific, and a careful balance is required to find the
dose that prevents rejection of the graft while minimizing the risks of
overimmunosuppression leading to infection and cancer. While this chapter
because of space constraints focuses on immunosuppressive therapy in pediatric
renal transplant recipients, many aspects can be applied on pediatric recipients of
other solid organ transplants such as the liver and heart. The major maintenance
immunosuppressive agents currently used in various combination regimens are
tacrolimus, cyclosporine, mycophenolate mofetil, azathioprine, everolimus,
sirolimus, and glucocorticoids (steroids). Although data from adult renal trans-
plantation trials are used to help guide management decisions in pediatric
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patients, immunosuppressive therapy in pediatric renal transplant recipients often
must be modified because of the unique dosage requirements and clinical effects
of these agents in children, including their impact on growth and development.
The optimal immunosuppressive therapy post-transplant is not established. The
goal remains to find the best combination of immunosuppressive agents that
optimizes allograft survival by preventing acute rejection while limiting drug
toxicities.

Keywords
Calcineurin inhibitors · Cyclosporine · Everolimus · Glucocorticoids (steroids) ·
Immunosuppressive induction therapy · Immunosuppressive maintenance
therapy · Mycophenolate mofetil · Pediatric renal transplantation · Tacrolimus

1 Introduction

Ideally, a host would accept a renal transplant by induction of antigen-specific
non-responsiveness (immunologic tolerance). Current immunosuppressive agents
reduce acute rejection but do not induce tolerance. It is true that a few patients
with organ transplants successfully can withdraw their immunosuppression without
rejecting their grafts for long periods of time. However, these are rare exceptions,
and such patients may eventually reject, even after years. Even though antigen-
specific T cells with reactivity to the foreign antigen persist in the host indefinitely,
some graft and host adaptation must occur, since the level of immunosuppression
required long-term is very low compared to the levels required within the first weeks.
This adaptation makes long-term immunosuppression possible; however, the long-
term risk of cancer in the immunosuppressed patient remains increased. Thus, the
distinction between immunosuppression and tolerance induction is partly artificial:
any immunosuppression involves some apparent antigen-specific adaptation, i.e.,
downregulation of the host response to the graft; and many tolerance protocols
involve some nonspecific immunosuppressive therapies.

The common immunosuppressive agents used in pediatric renal transplantation
include antibodies to cell surface antigens on lymphocytes (antithymocyte globulin
(ATG)), anti-interleukin 2 (IL-2) receptor antibodies, the calcineurin inhibitors
tacrolimus and cyclosporine, the lymphocyte proliferation inhibitors mycophenolate
mofetil (MMF) and azathioprine, and the mammalian target of rapamycin (mTOR)
inhibitors sirolimus and everolimus and glucocorticoids. Although an adequate
maintenance level of immunosuppression is required to dampen the immune
response to the allograft, the level of chronic immunosuppression is slowly
decreased over time to help lower the overall risk of infection and malignancy;
these risks directly correlate with the degree of overall immunosuppression. Mainte-
nance regimens consist of a combination of immunosuppressive agents that differ in
their mechanism of action. This strategy minimizes morbidity and mortality
associated with each class of agent while maximizing overall effectiveness. Allograft
survival rates vary among the various immunosuppressive agents due to patient-
specific clinical characteristics, such as age, obesity, ethnicity, hyperlipidemia,
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arterial hypertension, and/or delayed allograft function. Immunosuppressive agents
should therefore be chosen in part based on patient characteristics. Other issues to be
taken into account are related to the immunologic history of the patient, such as the
degree of HLA matching, pre-sensitization, re-transplant, history of acute rejection
episodes, and the risk of recurrent disease.

The immunosuppressive and immunomodulatory drugs can be pharmaco-
logically categorized on the basis of their mechanism of action (Table 1). Figure 1
depicts a schematic representation of the three-signal model along with the site of
action of common immunosuppressive drugs. The three-signal model of T-cell
activation and proliferation is helpful in understanding the molecular mechanisms
and site of action of various immunosuppressive drugs (Halloran 2004).
Signal 1 features antigen-presenting cells (APCs; macrophages and dendritic cells)
presenting the foreign antigen to the T lymphocyte, activating the T-cell receptor
(TCR), which further relays the signal through the transduction apparatus known as
the CD3 complex. Signal 2 is a nonantigen-specific costimulatory signal which
occurs as a result of binding of the B7 molecule on the APC to CD28 on the T
cell. Both signal 1 and signal 2 activate signal transduction pathways: the calcium–

calcineurin pathway, mitogen-activated protein (MAP) pathway, and the nuclear
factor-κB (NF-κB) pathway. This in turn leads to increased expression of
interleukin-2 (IL-2), which through its receptor (IL-2R) activates the cell cycle
(signal 3). Signal 3 activation requires the enzyme target of rapamycin for
translation of mRNA and cell proliferation. Thus, various drugs act on different
cellular signals and achieve immunosuppression by a number of mechanisms:
depleting lymphocytes, diverting lymphocyte traffic, or blocking lymphocyte
response pathways.

Table 1 Immunosuppressive agents categorized according to mechanism of action

Mechanism of action Drugs

Polyclonal antibodies Antithymocyte globulin

Thymoglobulin (rabbit)

ATGAM (equine)

Monoclonal antibodies Anti-CD3 antibody: OKT3 (murine)

Anti-CD52 antibody: Alemtuzumab (human)

Anti-CD20 antibody: Rituximab

Anti-CD25 antibody: Daclizumab (human) Basiliximab
(chimeric)

Selective blocker of CD86-CD28 costimulation: Belatacept

Calcineurin inhibitors Cyclosporine

Tacrolimus

Target of rapamycin
inhibitors

Sirolimus

Everolimus

Antimetabolites Azathioprine

Purine synthesis inhibitors Mycophenolate mofetil

Others Glucocorticoids

Intravenous immunoglobulin G
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Immunosuppressive agents are also classified on the basis of the phase of
transplantation for which they are used (Table 2). Different immunosuppressive
drugs are used for induction versus maintenance of immunosuppression, while
others may be used for the treatment and reversal of graft rejection. The commonly
used agents in immunosuppressive protocols are discussed in greater detail in the
following section.

2 Induction Immunosuppressive Therapy

Induction refers to the administration of an intensive immunosuppressive regimen
during the perioperative period. The rationale behind this approach is that the risk of
acute rejection is greatest in the first weeks or months post-transplant. Induction
therapies often involve the use of polyclonal or monoclonal antibodies to achieve
rapid and profound early immunosuppression. Polyclonal antibodies used for this
purpose include those against thymocytes (antithymocyte globulin (ATG)); mono-
clonal antibodies include basiliximab (a chimeric human–murine anti-CD25 or anti-
interleukin (IL)-2 receptor antibody) and alemtuzumab (an anti-CD52 antibody
targeting both B and T cells); the latter is not readily available and will therefore
not be discussed here.

Each protocol may have specific advantages and/or disadvantages in a particular
patient population, none is yet proven to be superior when all relevant factors are
taken into account. The optimal prophylactic induction immunosuppressive therapy
to prevent renal transplant rejection therefore remains controversial. Figure 2
presents the induction antibody use from 1996 to 2013, as reported by North
American Renal Trials and Collaborative Studies (NAPRTCS) 2014 Annual
Report (The NAPRTCS 2014), Fig. 3 reports the respective use in Europe reported
by the Cooperative European Paediatric Renal Transplant Initiative (CERTAIN)

Table 2 Immunosuppressive agents categorized according to phase of immunosuppression

Phase of immunosuppression Drugs

Induction phase Basiliximab

Thymoglobulin

Glucocorticoids

Maintenance phase Tacrolimus

Cyclosporine

Mycophenolate mofetil, azathioprine

Sirolimus, everolimus

Glucocorticoids

Belatacept

Treatment of rejection Glucocorticoids

Thymoglobulin

Intravenous immunoglobulin G

Rituximab
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(Cooperative European Paediatric Renal Transplant Initiative (CERTAIN) Registry
2019). The frequency of use of the different immunosuppressive antilymphocyte
regimens for induction therapy varies markedly between North America and Europe.

Fig. 2 Induction antibody use in North American pediatric renal transplant recipients, by year of
renal transplantation (Data are from The NAPRTCS 2014 Annual Report. https://web.emmes.com/
study/ped/index.htm)

Fig. 3 Induction antibody use in European pediatric renal transplant recipients, by year of renal
transplantation (Data are from the Cooperative European Paediatric Renal Transplant Initiative
(CERTAIN) registry. www.certain-registry.eu)
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Induction therapy produces the greatest benefits in groups at high risk for allograft
rejection. These high-risk groups include African-Americans, recipients of kidneys
with prolonged (>24 h) cold ischemia time, and those at high immunologic risk,
particularly individuals who are presensitized. The sequential induction regimen of
thymoglobulin followed by tacrolimus or cyclosporine is recommended in these
high-risk groups.

2.1 Polyclonal Lymphocyte-Depleting Antibody Thymoglobulin

Because of the redundancy of the immune system, polyclonal antibodies, which
have a broad specificity, should theoretically be more effective in induction therapy
than monoclonal antilymphocyte agents. Thymoglobulin is a rabbit-derived poly-
clonal antibody preparation approved for the treatment of rejection and recently
also for induction therapy by the US Federal Drug Administration (FDA).
Thymoglobulin contains antibodies to a wide variety of T-cell and major histocom-
patibility complex (MHC) antigens. Polyclonal antibodies act in three ways: By
activating or altering the function of lymphocytes, by lysing lymphoid cells, and by
altering the traffic of lymphoid cells and sequestering them. These antibodies are
potently immunosuppressive but often produce side effects. By triggering T cells,
they generate significant first-dose effects, with the release of tumor necrosis factor
alpha (TNFα), interferon γ (IFN-γ), and other cytokines, causing a first-dose reaction
(flu-like syndrome, fever, and chills).

Thymoglobulin induction is usually dosed from 1 to 6 mg/kg per dose, and the
duration may range from 1 to 10 days, although a more typical regimen is 1.5 mg/kg
per dose for 3 to 5 days (Peddi et al. 2002; Stratta et al. 2005; Wong et al. 2006;
Gurk-Turner et al. 2008). The optimal induction dose is felt to total 6 mg/kg (Wong
et al. 2006; Stevens et al. 2008). Higher doses and prolonged duration of
induction agents are thought to be associated with an increased risk of infection
and the potential development of lymphoma, whereas cumulative doses of less than
3 mg/kg may not effectively prevent acute rejection (Goggins et al. 2003).

2.2 Monoclonal IL-2 Receptor Antibody Basiliximab

Full T-cell activation leads to the calcineurin-mediated stimulation of the transcrip-
tion, translation, and secretion of IL-2, a key autocrine growth factor that induces
T-cell proliferation. Thus, an attractive therapeutic option is abrogation of IL-2
activity via the administration of anti-IL-2 receptor antibodies. The only anti-IL-
2 receptor antibody currently available is basiliximab, a chimeric monoclonal
antibody that has been approved by the FDA for use in renal transplantation in
adults and pediatric patients. Basiliximab is directed against CD25, the IL-2 recep-
tor 55 kDa α-chain. However, IL-2 receptor functions are partially redundant,
because other cytokine receptors have overlapping functions, e.g., IL-15 receptors.
Therefore, saturating IL-2 receptors produces stable but relatively mild immunosup-
pression and is only effective in combination with other immunosuppressants.
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The dosing schedule for basiliximab is the following: Intravenous administration
of two 10 mg doses to children<35 kg body weight and two 20 mg doses to children
�35 kg, with the first dose given during transplant surgery and the second on post-
transplant day four. In patients on concomitant immunosuppression with cyclospor-
ine and azathioprine, the mean duration of IL-2 receptor saturation is 42 � 16 days
(Sterkers et al. 2000). In patients on cyclosporine in conjunction with MMF, MMF
reduces basiliximab clearance and prolongs CD25 saturation from 5 to 10 weeks
(Höcker et al. 2008).

In pediatric renal transplant recipients, two large prospective randomized con-
trolled trials showed that induction therapy with basiliximab in patients with low to
standard immunological risk on maintenance therapy with tacrolimus in conjunction
with azathioprine and steroids or on cyclosporine in conjunction with MMF and
steroids did not lead to a statistically significant reduction in the incidence of acute
rejection episodes (Grenda et al. 2006; Offner et al. 2008). As a result, there is
presently no consensus among pediatric renal transplantation centers regarding the
use and regimen for immunosuppressive induction therapy. Considerations in
choosing the appropriate agent include the efficacy in the patient population (e.g.,
recipients with high or low risk of graft loss), the side effect profile, and the
concomitant immunosuppressive therapy (steroid avoidance, early steroid with-
drawal, or conventional steroid therapy).

3 Maintenance Immunosuppressive Therapy

Maintenance immunosuppressive therapy is administered to renal transplant
recipients to help prevent acute rejection. Although an adequate level of immuno-
suppression is required to dampen the immune response to the allograft, the level of
chronic immunosuppression is slowly decreased over time to help lower the overall
risk of infection and malignancy; these risks directly correlate with the degree of
overall immunosuppression. The type of immunosuppression may also be varied to
decrease the risk of developing chronic antibody-mediated rejection, the most
common underlying long-term cause of allograft loss. Conventional maintenance
regimens consist of a combination of immunosuppressive agents that differ in their
mechanism of action. This strategy minimizes morbidity and mortality associated
with each class of agent while maximizing overall effectiveness. Such regimens may
vary by transplant center and geographic area.

There are a number of important issues to consider when deciding upon the
immunosuppressive protocol to administer in a particular patient: The risk for acute
rejection and allograft loss is highest in the first 3 months after transplantation. As a
result, immunosuppression should be at its highest during this period. The occur-
rence of the most serious side effects of immunosuppressive therapy, infections and
malignancy, correlate with the total amount of immunosuppression. It is therefore
essential that immunosuppression is gradually tapered to a maintenance level by
6–12 months post-transplant.
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Allograft survival rates vary among the various immunosuppressive agents due to
patient-specific clinical characteristics, such as age, obesity, ethnicity, hyperlipid-
emia, arterial hypertension, and/or delayed allograft function. Immunosuppressive
agents should therefore be chosen in part based on patient characteristics. Other
issues to be taken into account are related to the “immunologic” history of the patient
such as the degree of HLA matching, presensitization, re-transplant, number and
severity of previous acute rejection episodes, and the risk of recurrent disease.

The optimal maintenance immunosuppressive therapy in pediatric renal trans-
plantation is not established. The major immunosuppressive agents currently used in
various combination regimens are tacrolimus, cyclosporine, MMF, azathioprine,
everolimus, sirolimus, and glucocorticoids (primarily oral prednisone or methyl-
prednisolone). Most transplant centers currently utilize a maintenance regimen
consisting of triple immunosuppression therapy with a calcineurin inhibitor
(tacrolimus or cyclosporine), an anti-metabolite (MMF or azathioprine), and in
some patients methylprednisolone. Everolimus or sirolimus are also used by some
transplant centers in triple therapy regimens, sometimes in place of the calcineurin
inhibitor or the antimetabolite. Within the NAPRTCS registry, marked changes in
the type of maintenance immunosuppression and dosing strategies have been
observed over time (The NAPRTCS 2014). These are substantially caused by the
introduction of newer drugs such as MMF and tacrolimus (Table 3).

3.1 The Calcineurin Inhibitors Cyclosporine and Tacrolimus

Cyclosporine, a lipophilic cyclic peptide of 11 amino acid residues, and tacrolimus, a
macrolide antibiotic, are drugs with similar mechanisms of action that have become
major maintenance immunosuppressive agents used in transplantation. Cyclosporine
and tacrolimus act by inhibiting the calcium-dependent serine phosphatase
calcineurin, which normally is rate-limiting in T-cell activation.

3.1.1 Pharmacokinetics and Dosing
Cyclosporine and tacrolimus are both variably absorbed and are metabolized exten-
sively by the liver (via the cytochrome P450 system). Neither cyclosporine nor
tacrolimus is affected by alterations in renal function. Both cyclosporine and
tacrolimus bind to cells and to plasma components (primarily lipoproteins for
cyclosporine and albumin for tacrolimus) in the blood; consequently, they must be
assayed in whole blood. Many drugs and agents can affect cyclosporine and
tacrolimus levels through effects on their absorption or metabolism (Table 4).

Since the absorption of cyclosporine is decreased and its metabolism increased in
children compared to adults, relatively higher dosages are required in pediatric
patients. Cyclosporine is usually administered initially as 8–15 mg/kg daily in two
divided doses (or intravenously using one third the oral dose over a 24-h period)
during the induction phase, with target trough blood levels of 150–300 μg/L for the
first 3–6 months post-transplant. Doses are reduced after 3–6 months (typically
4–6 mg/kg daily); long-term target trough blood levels of 75–125 μg/L appear to

Immunosuppressants in Organ Transplantation 449



Ta
b
le

3
O
bs
er
ve
d
dr
ug

ut
ili
za
tio

n
ra
te
s
in

N
or
th

A
m
er
ic
an

pe
di
at
ri
c
re
na
l
tr
an
sp
la
nt

re
ci
pi
en
ts
am

on
g
tr
an
sp
la
nt
ed

gr
af
ts
w
ith

�3
0
da
ys

fu
nc
tio

n
th
at
ha
ve

oc
cu
rr
ed

si
nc
e
19

96

P
er
ce
nt

dr
ug

ut
ili
za
tio

n
–
po

st
tr
an
sp
la
nt

(p
at
ie
nt
s
w
ith

fu
nc
tio

ni
ng

gr
af
ts
)

T
ra
ns
pl
an
t
E
ra

19
96

–
20

01
T
ra
ns
pl
an
t
E
ra

20
02
–
20

07
T
ra
ns
pl
an
tE

ra
20

08
–
20

13

30
da
ys

1
ye
ar

3
ye
ar
s

5
ye
ar
s

30
da
ys

1
ye
ar

3
ye
ar
s

5
ye
ar
s

30
da
ys

1
ye
ar

3
ye
ar
s

5
ye
ar
s

P
re
dn

is
on

e/
C
sA

/M
M
F

35
.6

38
.2

30
.7

22
.5

10
.0

8.
8

8.
0

7.
9

1.
7

2.
4

0.
9

–

P
re
dn

is
on

e/
C
sA

/A
za

23
.1

17
.7

14
.2

8.
9

0.
8

0.
8

0.
6

0.
7

0.
2

0.
1

0.
4

–

P
re
dn

is
on

e/
C
sa

11
.5

5.
4

4.
8

5.
4

3.
4

1.
6

1.
0

1.
4

0.
8

0.
3

0.
0

–

P
re
dn

is
on

e-
/T
A
C
/M

M
F

14
.6

19
.7

24
.5

30
.2

52
.0

50
.3

44
.6

42
.7

52
.0

46
.8

42
.3

–

P
re
dn

is
on

e-
/T
A
C
/A
za

2.
3

4.
9

6.
5

6.
9

1.
8

2.
4

2.
6

4.
0

2.
2

2.
1

4.
0

–

P
re
dn

is
on

e/
T
A
C

6.
1

7.
7

10
.5

11
.8

9.
6

11
.4

11
.5

8.
4

4.
0

10
.9

13
.2

–

T
A
C
/M

M
F

0.
4

1.
1

1.
7

2.
7

10
.7

9.
7

11
.8

13
.5

28
.7

22
.3

22
.5

–

O
th
er

co
m
bi
na
tio

n
6.
3

5.
3

7.
2

11
.6

11
.6

15
.1

20
.0

21
.5

10
.4

15
.1

16
.7

–

D
at
a
ar
e
fr
om

th
e
N
A
P
R
T
C
S
20

14
an
nu

al
re
po

rt
.h

ttp
s:
//w

eb
.e
m
m
es
.c
om

/s
tu
dy

/p
ed
/in

de
x.
ht
m

450 B. Tönshoff

https://web.emmes.com/study/ped/index.htm


provide comparable patient and graft survival as higher blood levels but with less
risk of malignancy (Dantal et al. 1998). Generic forms of cyclosporine are available,
but they may not be equivalent and readily interchangeable, and knowledge of the
characteristics of the oral formulations is necessary before switching between them.

Table 4 Examples of common drug interactions of immunosuppressants used in solid-organ
transplantation: cyclosporine, tacrolimus, sirolimus, and everolimus

Common types of drug interactions Examples of interacting drugs

Coadministration of drugs that inhibit CYP3A
metabolism and/or P-gp efflux can increase
immunosuppressant whole blood
concentrations, leading to significant toxicities

Amiodarone
ART-boosting agents (e.g., ritonavir,
cobicistat)
Azole antifungals (e.g., fluconazole,
posaconazole, voriconazole)
HIV protease inhibitors (e.g., atazanavir,
nelfinavir, saquinavir)
Macrolide antibiotics (except azithromycin)
Non-dihydropyridine calcium channel
blockers
Ombitasvir-paritaprevir-ritonavir with or
without dasabuvir (an HCV, direct-acting
antiviral regimen)
Grapefruit juice

Coadministration of drugs that induce CYP3A
metabolism and/or P-gp efflux pumping can
decrease immunosuppressant whole blood
concentrations, increasing the risk of organ
rejection

Antiseizure drugs, enzyme inducing (e.g.,
carbamazepine, fosphenytoin, oxcarbazepine,
phenobarbital, phenytoin, primidone)
Enzalutamide
Nafcillin
Rifamycins (e.g., rifabutin, rifampin,
rifapentine)
St. John’s wort

Coadministration of nephrotoxic drugs with
cyclosporine or tacrolimus can cause additive or
synergistic kidney injury

Aminoglycosides
Amphotericin B
Colchicine
Nonsteroidal anti-inflammatory drugs
(NSAIDs)

Coadministration of drugs that increase serum
potassium with cyclosporine or tacrolimus may
cause severe hyperkalemia

ACE inhibitors/ARBs
Amiloride
Spironolactone
Triamterene
Trimethoprim, trimethoprim-
sulfamethoxazole (cotrimoxazole)

Coadministration of statin drugs with
cyclosporine can increase statin levels and risk
of myotoxicity

Atorvastatin
Lovastatin
Pitavastatin
Rosuvastatin
Simvastatin

CYP cytochrome P450 metabolism, P-gp P-glycoprotein drug efflux pump, ART HIV antiretroviral
therapy, HIV human immunodeficiency virus, HCV hepatitis C virus, ACE angiotensin-converting
enzyme, ARB angiotensin II receptor blocker
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Tacrolimus is 20- to 30-fold more potent than cyclosporine and, therefore, is
administered at a 20-fold lower dose. Initial dosing is usually 0.2–0.3 mg/kg daily in
two divided doses orally (or 0.05–0.1 mg/kg daily intravenously over 24 h), and
target trough levels are 5–15 μg/L. Since tacrolimus is more water-soluble than
cyclosporine, it is not as dependent upon bile salts for absorption. However, food
intake can reduce the absorption of tacrolimus by up to 40%; thus, it is recommended
that this agent be taken on an empty stomach (Venkataramanan et al. 1991). In
addition, tacrolimus is best absorbed in the morning. Tacrolimus granules
(Modigraf™) are also available, developed for patients who are unable to swallow
capsules, in particular infants (Webb et al. 2019). The guidelines for dosing and
therapeutic drug monitoring are the same as for tacrolimus capsules. There is also a
prolonged-release tacrolimus formulation available for older children and
adolescents (Advagraf™ in Europe, Astagraf™ in the United States). Comparative
pharmacokinetic studies have shown that stable pediatric transplant recipients can be
converted from immediate-release to prolonged-release-tacrolimus at the same
total daily dose, using the same therapeutic drug monitoring method (Rubik et al.
2019a, b).

3.1.2 Drug Interactions
Because of the prime importance of the intestinal P-glycoprotein and the CYP3A4
and CYP3A5 systems in absorption and metabolism of CNIs, a large number of
drugs that affect these systems can cause significant interactions (van Gelder 2002;
Campana et al. 1996), as shown in Table 4. Additive toxicity may also occur with
other drugs, such as hyperkalemia with ACE inhibitors; nephrotoxicity with
aminoglycosides, amphotericin B, and nonsteroidal anti-inflammatory drugs; and
myopathy and rhabdomyolysis with lipid-lowering statins.

3.1.3 Efficacy and Adverse Effects
The overall conclusion from data in adult renal transplant recipients is that
tacrolimus-based immunosuppression is associated with decreased acute rejection
rates, a superior long-term renal function, and more favorable cardiovascular risk
profile than cyclosporine microemulsion-based immunosuppression which translates
into improved long-term renal allograft survival. In pediatric patients, the efficacy
and safety of tacrolimus and cyclosporine were compared in one multicenter trial in
196 patients, who were randomly assigned to receive either tacrolimus or cyclospor-
ine microemulsion administered concomitantly with azathioprine and corticosteroids
(Trompeter et al. 2002). Tacrolimus therapy resulted in a significantly lower inci-
dence of acute rejection (36.9%) compared with cyclosporine therapy (59.1%)
(P ¼ 0.003). The incidence of steroid-resistant rejection was also significantly
lower in the tacrolimus group compared with the cyclosporine group (7.8%
vs. 25.8%, P ¼ 0.001). The difference was also significant for biopsy-confirmed
acute rejection (16.5% vs. 39.8%, P< 0.001). At 1 year, patient survival was similar
(96.1% vs. 96.6%); ten grafts were lost in the tacrolimus group compared with
17 graft losses in the cyclosporine group (P¼ 0.06). At 1 year, the tacrolimus group
had a significantly better estimated glomerular filtration rate (GFR). A follow-up
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study at 4 years showed that patient survival was similar (94% vs. 92%, P ¼ 0.86),
but graft survival (86% vs. 69%; P ¼ 0.025) and mean estimated GFR significantly
favored tacrolimus (Filler et al. 2005). Cholesterol remained significantly higher
with cyclosporine throughout follow-up. Three patients in each arm developed
PTLD. Incidence of insulin-dependent diabetes mellitus was not different. Hence,
tacrolimus is significantly more effective than cyclosporine in preventing acute
rejection in pediatric renal transplant recipients, and renal function and graft survival
are also superior with tacrolimus.

Cyclosporine and tacrolimus have similarities and differences in their toxicity
profiles (Table 5). Both can cause nephrotoxicity, hyperkalemia, hyperuricemia with
occasional gouty attacks, hypomagnesemia secondary to urinary loss, arterial hyper-
tension, diabetes mellitus, and neurotoxicity, especially tremor. In the European
pediatric study, the incidence of hypomagnesemia was significantly higher in the
tacrolimus-treated group (34%) compared with the cyclosporine-treated group
(12.9%) (Trompeter et al. 2002). Similarly, diarrhea was more frequent in
tacrolimus-treated patients (13.6% vs. 3.2%). Hypertrichosis, gum hyperplasia,
and flu syndrome were reported only in cyclosporine-treated patients, and tremor
was reported only in tacrolimus-treated patients (Trompeter et al. 2002). Those
results are similar to adults where tremor is consistently more common with
tacrolimus and hirsutism and gum disease more common in cyclosporine (Tanabe
2003). Also arterial hypertension and hyperlipidemia are more commonly observed
with cyclosporine. In the European pediatric study, the mean total cholesterol levels
were reported to decrease in the tacrolimus group and increase in the cyclosporine
group at the end of 6 months (Trompeter et al. 2002). In the multicenter analysis
from the European CERTAIN Registry, the prevalence of dyslipidemia was 95%
before engraftment and 88% at 1 year post-transplant; the use of tacrolimus and of
MMF was associated with significantly lower concentrations of all lipid parameters
compared to regimens containing cyclosporine and mTOR inhibitors (Habbig et al.
2017). Regimens consisting of cyclosporine, MPA, and steroids as well as of
cyclosporine, mTOR inhibitors, and steroids were associated with a 3- and 25-fold
increased risk of having more than one pathologic lipid parameter as compared to the
use of tacrolimus, MMF, and steroids (Habbig et al. 2017). Similarly in adults,
several studies have shown that lipid levels are much lower in tacrolimus-treated
patients than in those receiving cyclosporine (Tanabe 2003). The improved lipid
profiles on tacrolimus may contribute to a better long-term outcome with less
cardiovascular morbidity.

On the other hand, tremor and glucose intolerance are more common with
tacrolimus. In the pediatric multicenter European study, there was, however, no
difference in the incidence of new onset insulin-dependent diabetes mellitus between
tacrolimus- (3%) and cyclosporine-treated patients (2.2%) (Trompeter et al. 2002;
Filler et al. 2005). The incidence of diabetes mellitus with tacrolimus immunosup-
pression has become less frequent in recent randomized trials comparing these two
calcineurin inhibitors. Post-transplant diabetes regresses after dose reduction in some
but not all patients. Both reduction of steroid dosage and a low target trough
tacrolimus concentrations contribute to the recent marked reduction of the incidence
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of diabetes mellitus under tacrolimus immunosuppression in both adults and
children. Cyclosporine may also be associated with coarsening of facial features,
especially in young children. Bone pain that is responsive to calcium channel
inhibitors may also occur with cyclosporine use and sometimes may require chang-
ing to tacrolimus.

The most common serious problem with the calcineurin inhibitors is nephrotoxi-
city, with both a reversible vasomotor component and an irreversible component
(Tönshoff and Höcker 2006; Nankivell et al. 2003). Both cyclosporine and
tacrolimus can cause acute elevations in serum creatinine that reverse with reduction
of the dose, apparently caused by renal vasoconstriction which itself may be
mediated by calcineurin inhibition. Chronically, cyclosporine and tacrolimus can
induce tubular atrophy and interstitial fibrosis with characteristic hyalinosis of the
afferent arteriole (Nankivell et al. 2003). The importance of this lesion is apparent
from studies in cardiac and liver transplant recipients, in whom cyclosporine or
tacrolimus use is associated with chronic kidney disease progressing to end-stage
renal disease in a significant fraction of patients (Ojo et al. 2003). This problem was
more acute at a time, when higher doses of cyclosporine were administered for
longer periods. Currently, cyclosporine and tacrolimus toxicity is associated with
only mild-to-moderate declines in renal function. However, as the number of
patients with long-standing nonrenal transplants increases, there is increasing con-
cern about future end-stage renal disease in this population. It is important to
establish the diagnosis of calcineurin inhibitor toxicity by renal biopsy and reduce
or stop calcineurin inhibition whenever possible (Tönshoff and Höcker 2006;
Höcker and Tönshoff 2009, 2011).

There is no difference in the incidence of PTLD between tacrolimus-treated and
cyclosporine-microemulsion-treated recipients when used in combination with aza-
thioprine and steroids [1% (1/103) vs. 2.1% (2/93)] (Filler et al. 2005) or when used
in conjunction with MMF/steroids (1.4% vs. 2%) (Neu et al. 2003). This is similar to
adults, in whom recent large, randomized studies could not show any difference in
the incidence of malignancy between patients treated with tacrolimus or cyclospor-
ine (Tanabe 2003).

3.1.4 Therapeutic Drug Monitoring
Tacrolimus and cyclosporine are drugs with a narrow therapeutic index and a broad
intraindividual and interindividual pharmacokinetic variability. Serious clinical
consequences may occur because of underdosing or overdosing. Hence, individuali-
zation of calcineurin inhibitor dosage by therapeutic drug monitoring is required.
When tacrolimus is utilized, a monitoring strategy based on trough levels is in
general sufficient, because trough levels are good indicators of systemic exposure.
In most transplant centers, doses are adjusted to attain target whole-blood trough
concentrations of 8–12 μg/L during the first 3 months after transplantation, between
5 and 10 μg/L during month 4–12, and 4–8 μg/L thereafter. It must be emphasized
that these target ranges are dependent on the concomitant immunosuppressive
therapy. In the SYMPHONY trial for example, low tacrolimus exposure (trough
levels between 3 and 7 μg/L) in the first year post-transplant in conjunction with
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MMF, prednisone and daclizumab induction was associated with excellent efficacy
and little tacrolimus-associated toxicity (Ekberg et al. 2007). Also for cyclosporine
individualization of dosage by therapeutic drug monitoring is required. The tradi-
tional monitoring strategy for cyclosporine is based on pre-dose trough level
measurements (C0). Many centers aim for the following trough levels in conjunction
with MMF therapy and prednisone: months 0–3 post-transplant, 120–200 μg/L,
thereafter 80–160 μg/L.

3.2 Antiproliferative Agents

3.2.1 Mycophenolate Mofetil
Mycophenolate mofetil (MMF) impairs lymphocyte function by blocking purine
biosynthesis via inhibition of the enzyme inosine monophosphate dehydrogenase
(IMPDH). MMF was developed as a replacement for azathioprine for maintenance
immunosuppression. It is not nephrotoxic and has less bone marrow toxicity than
azathioprine. However, gastrointestinal toxicity can occur, usually manifested by
gastritis and diarrhea. Mycophenolic acid (MPA), the active ingredient of the
prodrug MMF, acts by blocking de novo purine synthesis in lymphocytes. Further-
more, MPA impairs the ability of dendritic cells to present antigen, suppresses the
recruitment of monocyte lineage cells, suppresses the glycosylation of adhesion
molecules, inhibits vascular smooth muscle proliferation, improves endothelial
function, and inhibits mononuclear cell recruitment into allografts and nephritic
kidneys (Allison and Eugui 2005). MPA also decreases cytokine-induced nitric
oxide synthesis and prevents the formation of reactive species such as peroxynitrite.
Furthermore, MPA exhibits antioxidant effects in experimental nephropathies.
These properties of MPA likely augment its immunosuppressive properties by
limiting fibrosis and vascular sclerosis after immunological injury (van Leuven
et al. 2006).

Pharmacokinetics and Dosing
MMF, a semisynthetic ethyl ester of MPA, is rapidly and completely absorbed and
hydrolyzed by esterases to yield the active drug MPA. The recommended dose in
pediatric patients in conjunction with cyclosporine is 1,200 mg/m2 per day in two
divided doses, the recommended MMF dose in conjunction with tacrolimus is
800 mg/m2 per day in two divided doses. However, data from a large prospective
randomized study in both pediatric and adult renal transplant recipients on fixed dose
MMF vs. a concentration-controlled regimen, the FDCC study, indicate that a higher
initial MMF dose, for example, 1,800 mg MMF/m2 per day in conjunction with
cyclosporine and 1,200 mg MMF/m2 per day in conjunction with tacrolimus for the
first 2–4 weeks post-transplant, is required to achieve adequate MPA exposure in the
majority of patients (van Gelder et al. 2008; Höcker et al. 2011). The MMF dose
should be reduced with active CMV infection. When MMF is associated with
diarrhea (a side effect of MMF, see below), dividing up the daily dosing to three
to four doses per day may be effective in controlling the diarrhea.
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The difference in MMF dosing depending on the concomitant calcineurin
inhibitor is explained by a pharmacokinetic interaction of cyclosporine with the
main MPA metabolite 7-O-MPA glucuronide (7-O-MPAG). Cyclosporine inhibits
the multidrug resistance protein 2-mediated transport of 7-O-MPAG into the bile.
MPAG is subject to enzymatic and nonenzymatic hydrolysis in the bile and more
importantly in the intestine, thereby liberating the unconjugated drug MPA, which is
then reabsorbed into the systemic circulation. This enterohepatic circulation is
responsible for a secondary MPA peak occurring 6–12 h after administration. The
impact of the enterohepatic cycle on the MPA plasma concentration varies within
and between individuals due to factors such as meal times or co-medication of drugs
that interrupt the enterohepatic circulation (e.g., bile acid sequestrants, antibiotics).
These factors should be considered when evaluating MPA concentrations (particu-
larly pre-dose concentrations) in clinical practice. Furthermore, genetic
abnormalities and disease can affect enterohepatic cycling and thus the bioavailabil-
ity of MPA (Shipkova et al. 2005). When using MMF in combination with
tacrolimus, lower MMF doses can be used to achieve comparable MPA exposure,
guided by therapeutic drug monitoring, to that seen with cyclosporine (Shipkova
et al. 2005).

The metabolism of MPA due to glucuronidation can also be affected by drug
induction. Glucocorticoids are known inducers of UDP-glucuronosyltransferases
in vitro. When steroids were completely withdrawn 12 months after transplantation,
a 33% increase in the mean dose-normalized MPA pre-dose concentrations and
MPA-AUCs was observed compared with concentrations at 6 months, when the
patients were still receiving maintenance doses of steroids (Cattaneo et al. 2002).
The relevant drug-drug interactions are summarized in Table 6.

Efficacy and Adverse Effects
Following the success of the early MMF studies in adults, MMF was investigated in
pediatric renal transplant recipients in open-label studies with historical controls.
Data from three large multicenter studies (Bunchman et al. 2001; Höcker et al. 2005;
Staskewitz et al. 2001; Jungraithmayr et al. 2003; Cransberg et al. 2005) and one
smaller study (Ferraris et al. 2005) provided support for the safety and efficacy of
MMF in the pediatric renal transplant population when used with cyclosporine and
prednisone. The incidence of acute rejection within the first 6 months to 1 year for
patients receiving MMF in these studies ranged from 28% to 37% (Bunchman et al.
2001; Staskewitz et al. 2001; Cransberg et al. 2005). Those studies comparing MMF
patient groups to historical controls reported significant reductions in the incidence
of acute rejection with MMF versus AZA (Staskewitz et al. 2001; Cransberg et al.
2005). There was also a significant improvement in the incidence of acute rejection
between patients receiving MMF and those receiving azathioprine at 3 years in a
follow-up report to one study (Jungraithmayr et al. 2003). In one large study
(Bunchman et al. 2001; Höcker et al. 2005), there were no differences in the
incidence of acute rejection when the results were stratified by age. Long-term
(3-year) graft and patient survival were excellent, with a 30% incidence of acute
rejection (Höcker et al. 2005). MMF has a role in the prevention and/or treatment of
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chronic rejection. Among children with chronic rejection, some evidence suggests
that substituting MMF for azathioprine may improve renal function (Ferraris et al.
2000; Henne et al. 2003).

The major toxicity of MMF is gastrointestinal, mainly diarrhea, possibly as a
result of the high concentrations of acyl-MPAG in the gut. In the MMF suspension
trial in pediatric renal transplant recipients, safety of MMF was evaluated based on
the occurrence of adverse events, including the development of opportunistic
infections and malignancies. The most frequently noted adverse events were hema-
tological problems such as leukopenia and gastrointestinal disorders such as diar-
rhea, which occurred in 25% and 16% of all patients, respectively, and were
observed more often in the youngest age group. In general, the risk of developing
side effects declines with increasing age. MMF is devoid of intrinsic renal, cardio-
vascular, or metabolic toxicities but can increase the risk for CMV infections,
leukopenia, and mild anemia (Table 5). MMF should not be used in pregnant
transplant patients.

Therapeutic Drug Monitoring
Patients on standard-dose MMF therapy show considerable between-patient
variability in pharmacokinetic parameters. This variability is attributable to factors
that influence exposure to MMF, such as patient renal function, serum albumin
levels, concomitant medications such as cyclosporine that inhibit enterohepatic
recirculation of the active metabolite of MMF, MPA (Table 6) and genetic
polymorphisms of MPA-metabolizing enzymes. This variability is clinically rele-
vant, as higher plasma concentrations of MPA are correlated with reduced risk of
acute rejection after kidney transplantation (Weber et al. 2002; van Gelder et al.
2006; Tönshoff et al. 2011). These findings have suggested that individualizing the
dose regimen of MMF may further improve clinical outcomes compared with a
standard-dose regimen.

Table 6 Drug interactions between mycophenolate mofetil and frequently used comedications

Drug Effect Site of interaction

Antacids MPA AUC # Absorption

Cholestyramine MPA AUC #
MPAG AUC #

Absorption

Corticosteroids MPA trough #
MPA AUC #
MPAG "

Glucuronidation

Cyclosporine MPA trough #
MPA AUC #

Enterohepatic cycling

Metronidazole MPA AUC #
MPAG AUC #

Enterohepatic cycling
Suppression of anaerobic bacterial glucuronidase

Norfloxacin MPA AUC #
MPAG AUC #

Enterohepatic cycling
Suppression of anaerobic bacterial glucuronidase

Phosphate binder MPA AUC #
Cmax #

Absorption

MPA-AUC area under the concentration-time curve of mycophenolic acid, MPAG mycophenolic
acid glucuronide
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There has been considerable debate regarding the utility of measuring MPA
levels. Advocation for MPA monitoring is based on the premise that monitoring
will result in avoiding both underdosing, which prevents rejection, and overdosing,
which increases the risk of adverse reactions (van Gelder et al. 2006; Tönshoff et al.
2011). One study in adults, for example, showed significantly fewer treatment
failures and acute rejection episodes in the monitoring arm compared with the
fixed dose arm with no significant difference in side effects (Le Meur et al. 2007).
Within this study, MMF dosing and MPA exposure were higher in the monitoring
arm based on three levels measured over the first 3 h post-dose (limited sampling
strategy for the calculation of the area under the concentration time curve
(MPA-AUC). Therefore, some transplant centers monitor MPA levels and target
levels between 1.5 and 4 mg/L. In addition, they use therapeutic drug monitoring as a
measure of adherence to the immunosuppression plan. In general, monitoring of
MPA exposure by MPA pre-dose plasma levels is more popular in clinical
practice than monitoring of the area under the concentration time curve
(MPA-AUC), for example, by a limited sampling strategy, but less precise. A
MPA-AUC > 40 mg � L/12 h has been recommended for sufficient MPA exposure
in conjunction with a calcineurin inhibitor for the prevention of acute rejection
episodes (Tönshoff et al. 2011).

3.2.2 Azathioprine
Azathioprine is a purine analog derived from 6-mercaptopurine (6-MP). It has been
widely used in renal transplantation for four decades but is now substituted by the
more efficacious MMF in most transplant centers. Azathioprine is metabolized in the
liver to 6-MP and further converted to the active metabolite thioinosinic acid (TIMP)
by the enzyme hypoxanthine–guanine phosphoribosyltransferase. Some but not all
of the immunosuppressive activity of azathioprine is attributable to 6-MP. Azathio-
prine acts mainly as an antiproliferative agent by interfering with normal purine
pathways, by inhibiting DNA synthesis, and by being incorporated itself into DNA,
thereby affecting the synthesis of DNA and RNA (Elion 1993). By inhibiting the
synthesis of DNA and RNA, azathioprine suppresses the proliferation of activated B
and T lymphocytes. In addition, azathioprine has been shown to reduce the number
of circulating monocytes by arresting the cell cycle of promyelocytes in the bone
marrow.

Azathioprine is administered orally at 1.5 mg/kg per day in conjunction with
calcineurin inhibitors and 2.5 mg/kg per day, when used without calcineurin
inhibitors. It is metabolized in the liver to 6-MP and further converted to the active
metabolite TIMP. Because 6-MP is degraded by xanthine oxidase, allopurinol
(a xanthine oxidase inhibitor) will increase the levels of TIMP. Severe leukopenia
can occur if allopurinol (used for the treatment of hyperuricemia and gout) is given
with azathioprine. Thus, allopurinol should generally be avoided in patients treated
with azathioprine. The major side effect of azathioprine is bone marrow suppression.
All three hematopoietic cell lines can be affected, leading to leukopenia, thrombo-
cytopenia, and anemia. The hematologic side effects are dose-related and can occur
late in the course of therapy. They are usually reversible upon dose reduction or
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temporary discontinuation of the drug. Azathioprine should be temporarily withheld
if the white cell count falls below 3,000/mm3 or if the count drops by 50% between
blood draws. Recovery usually occurs within 1–2 weeks. The drug can then be
restarted at a lower dose and increased gradually to the usual maintenance dose while
monitoring the white cell count. Another potentially serious side effect of azathio-
prine, which requires decreasing the dose or even stopping the drug, is hepatotoxic-
ity. Azathioprine has also been linked to the development of skin cancer, the most
common malignancy in renal transplant patients. As a result, patients taking azathi-
oprine for a prolonged period should be instructed to avoid direct exposure to
sunlight or to use heavy sunscreens when exposed. Other side effects include
increased susceptibility to infection and hair loss.

3.3 The Target of Rapamycin (TOR) Inhibitors Everolimus
and Sirolimus

Sirolimus (rapamycin) is a macrocyclic triene antibiotic that is produced by the
actinomycete Streptomyces hygroscopicus. Sirolimus was approved in September
1999 by the United States Food and Drug Administration and in December 2000 by
the European Medicines Agency for use in adult renal transplant recipients.
Everolimus is an analog of sirolimus that has similar effectiveness and side effect
profile as sirolimus, but different pharmacokinetics (shorter half-life). Sirolimus and
everolimus display a novel mechanism of immunosuppressive action, which is
distinct from that of the other immunosuppressive drugs. They first bind to the
cytosolic immunophilin FK-binding protein 12 (FKBP12). This complex binds to
and inhibits the activation of the mammalian target of rapamycin (mTOR), a key
regulatory kinase. This inhibition suppresses cytokine-mediated T-cell proliferation
inhibiting the progression from the G1 to the S-phase of the cell cycle. Thus,
sirolimus and everolimus act at a later stage in the cell cycle than do the calcineurin
inhibitors cyclosporine and tacrolimus (Fig. 1). Everolimus can, therefore, be used in
combination with the calcineurin inhibitors to produce a synergistic effect
(Ganschow et al. 2013).

3.3.1 Pharmacokinetics and Dosing
Everolimus and sirolimus are both macrolide derivatives and share many pharmaco-
kinetic features, including a close correlation between total exposure and trough
concentration, low absorption that varies between and within patients, and
differences in absorption between adults and children (Mahalati and Kahan 2001;
Kirchner et al. 2004). Everolimus is the 40-O-(2-hydroxyethyl) derivative of
sirolimus, a modification that results in some important pharmacokinetic differences
between the two drugs. Everolimus is more hydrophilic than sirolimus and is
absorbed more rapidly from the gut with more systemic clearance than sirolimus
(Crowe et al. 1999). As a result, the elimination half-life of everolimus is shorter than
for sirolimus (mean 28 h vs. 62 h) (Rapamune 2011; Certican 2012). The clinical
effect is that no loading dose is required for everolimus and that is administered
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twice a day both in adults in children. Because more data are available on the use of
everolimus than sirolimus in pediatric renal transplantation, only data on everolimus
are presented here.

Everolimus is available as tablets and dispersible tablets for administration in
water. The current evidence from pediatric kidney transplantation suggests that
everolimus be administered at an initial dose of 0.8 mg/m2 body surface area twice
daily when given in combination with cyclosporine therapy, adjusted to target a
trough concentration of 3–8 μg/L (Ettenger et al. 2008; Pape et al. 2007). There is a
well-documented drug–drug interaction between mTOR inhibitors and cyclosporine
(Kirchner et al. 2004), arising from a shared metabolic pathway (via the cytochrome
P450 CYP3A4 isoenzyme system) and the fact that both are substrates for the drug
transporter P-glycoprotein. Everolimus exposure is increased by up to threefold in
patients receiving concomitant cyclosporine (Kovarik et al. 2002, 2006), while
tacrolimus exerts only a minimal effect (Kovarik et al. 2002; Brandhorst et al.
2008). In patients receiving everolimus with concomitant tacrolimus, a dose of
2 mg/m2 BSA twice daily is therefore appropriate (Kovarik et al. 2006).

3.3.2 Efficacy and Adverse Events
The most frequent reason to include an mTOR inhibitor in the immunosuppressive
regimen is to facilitate a reduction in calcineurin inhibitor exposure or to eliminate
calcineurin inhibitor therapy entirely. The current evidence suggests that de novo
administration of everolimus with low-exposure calcineurin inhibitor therapy in
children undergoing renal transplantation is efficacious and safe. The recently
published 12-month, multicenter, open-label randomized study investigated
everolimus with reduced-dose tacrolimus and steroid elimination from month
5 post-transplant compared with a standard-dose tacrolimus regimen with MMF
and steroids (control) (Tönshoff et al. 2019). The cumulative incidence of a
co-primary efficacy end point (biopsy-proven acute rejection, graft loss, or death
from randomization to month 12) was 10.3% in the everolimus group and 5.8% in
control. Biopsy-proven acute rejections occurred in 9.6% and 5.6% of patients,
respectively. Patient and renal allograft survival were 100%. The co-primary end
point of mean estimated glomerular filtration rate at month 12 was comparable.
Longitudinal growth and sexual maturation were equivalent between groups. The
randomized drug regimen was discontinued in 34.6% and 13% of patients in the
everolimus group and control group, respectively (P¼ 0.024), and discontinued due
to adverse events/infections in 25.0% and 11.1% of patients (P¼ 0.062). These data
show that early conversion of pediatric kidney transplant patients from standard-
dose tacrolimus, MMF, and steroids to everolimus in conjunction with reduced dose
tacrolimus and steroid withdrawal maintains immunosuppressive efficacy and
preserves renal function (Tönshoff et al. 2019).

Use of de novo everolimus with complete calcineurin inhibitor avoidance has not
been explored in large trials in pediatric transplant recipients but is unlikely to be
preferable to concomitant reduced-exposure calcineurin inhibitor. Switching main-
tenance patients to an mTOR inhibitor to facilitate calcineurin inhibitor minimization
can improve renal function or avoid further functional deterioration, particularly
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when undertaken before irreversible damage has developed. Late switch below an
eGFR of 40 mL/min/1.73 m2, however, may be associated with an increase in
preexisting proteinuria due to podocytopenia, favoring early conversion. It remains
unresolved whether calcineurin inhibitor therapy should be reduced or, indeed,
eliminated in maintenance patients regardless of whether renal dysfunction is
believed to be due to calcineurin inhibitor-related nephrotoxicity. Currently, many
transplant centers use mTOR inhibitors as part of a maintenance immunosuppressive
regimen only in the following patient subsets in which this drug class may have
particular utility: (1) in patients who have histologically proven calcineurin inhibitor
nephrotoxicity despite low levels and doses of the calcineurin inhibitor; (2) in
patients with malignancy (e.g., skin cancers and Kaposi sarcoma), either in remis-
sion or being actively treated; (3) during and after treatment of B-cell PTLD; and
(4) in patients with recurrent CMV viremia, because everolimus has anti-CMV
activity in vitro and is associated with less CMV replication and disease in vivo
compared to MMF (Tedesco-Silva et al. 2015; Höcker et al. 2016). Notably, the
incidence of Epstein–Barr virus (EBV) or BK polyoma virus infection is not lower in
everolimus- compared to MMF-treated patients (Tönshoff et al. 2019).

Clinically relevant adverse effects of everolimus that require a specific
therapeutic response or can potentially influence short- and long-term patient
morbidity and mortality as well as graft survival include hypercholesterolemia,
hypertriglyceridemia, infectious and noninfectious pneumonia, anemia, lymphocele
formation, and impaired wound healing (Table 5). These drug-related adverse effects
are important determinants in the choice of a tailor-made immunosuppressive drug
regimen that complies with the individual patient risk profile. Equally important in
the latter decision is the lack of severe intrinsic nephrotoxicity associated with
everolimus and its advantageous effects on arterial hypertension, post-
transplantation diabetes mellitus, and esthetic changes induced by calcineurin
inhibitors. Mild and transient thrombocytopenia, leukopenia, gastrointestinal
adverse effects, and mucosal ulcerations are all minor complications of everolimus
therapy that have less impact on the decision for choosing this drug as the basis for
tailor-made immunosuppressive therapy.

3.4 Glucocorticoids

Glucocorticoids, developed in the early 1950s, represent one of the principal agents
used for both maintenance immunosuppression and treatment of acute rejection.
Glucocorticoids have both anti-inflammatory and immunosuppressive actions
(Franchimont 2004). Lymphopenia and monocytopenia occur with the inhibition
of lymphocyte proliferation, survival, activation, homing, and effector functions.

3.4.1 Pharmacokinetics and Dosing
The major glucocorticoids used are prednisone or prednisolone (given orally with
comparable efficacy) and methylprednisolone (given orally or intravenously with
25% more potency). These agents are rapidly absorbed and have short plasma half-
lives (60–180 min) but long biological half-lives (18–36 h).
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In many transplant centers, the initial dose of glucocorticoids is usually
administered during surgery as intravenous methylprednisolone, at doses between
2 and 10 mg/kg body weight. The oral dose of glucocorticoids used for maintenance
therapy varies between 15 and 60 mg/m2 per day (0.5–2 mg/kg body weight per
day), which is gradually tapered over time to approximately 3–5 mg prednisone per
m2 surface area, usually taken as a single morning dose. Alternate-day dosing is
often administered 6–12 months post-transplant to minimize the effect of
corticosteroids on growth.

3.4.2 Adverse Effects
Glucocorticoids (steroids) have multiple side effects in children, including growth
impairment, susceptibility to infections, cushingoid appearance, body disfigurement,
acne, cardiovascular complications, arterial hypertension, hyperglycemia, aseptic
bone necrosis, osteopenia, cataracts, poor wound healing, and psychological effects
(Table 5). The negative impact that steroids have on appearance may play a role in
poor adherence, especially in the body image-conscious adolescent. The risk for
infection is excessive if high-dose pulse therapy is prolonged (typically >3 g per
1.73 m2). Steroid dosage should, therefore, be decreased gradually during rejection
treatment even if serum creatinine fails to improve. Interestingly, glucocorticoids are
not associated with increased risk for malignancy. One of the most important reasons
for stopping corticosteroids or switching to alternate day therapy is statural growth
impairment, which is frequently observed in those on continuous treatment.

3.4.3 Steroid Minimization Protocols
Because of the multiple adverse effects of maintenance corticosteroid therapy,
attempts have been made to withdraw or minimize corticosteroid therapy in children
with a renal allograft (Ingulli and Tejani 1994; Benfield et al. 2010; Sutherland et al.
2009; Barletta et al. 2009; Höcker et al. 2009, 2010; Sarwal et al. 2003). There are
two major approaches in steroid minimization in pediatric renal transplantation:
(1) late steroid withdrawal (>1 year post-transplantation) and (2) either complete
steroid avoidance or early steroid withdrawal (<7 days post-transplantation). In the
late steroid withdrawal approach, the patients suitable for minimization are identified
by stable post-transplant clinical course and renal function. In late steroid with-
drawal, there is no need for an antibody induction in the perioperative period
(Höcker et al. 2009, 2010). In early withdrawal or complete avoidance protocols,
the criteria of suitability are predefined before transplantation (e.g., criteria of low
immunological risk), and antibody induction is used in all enrolled patients (Sarwal
et al. 2003, 2012; Shapiro et al. 2006; Chavers et al. 2009; Grenda et al. 2010; Webb
et al. 2015). There is also an “intermediate” approach, combining elements from
early and late withdrawal protocols, in which antibody induction is used; however,
the decision of steroid withdrawal is delayed until 6–9 months post-transplant, when
stable renal graft function (sometimes combined with normal picture of protocol
biopsy) allows to identify suitable candidates (as in the late withdrawal approach)
(Pape et al. 2010). Steroid withdrawal has the advantage over steroid avoidance that
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immunologically high-risk patients and those with unstable graft function can easily
be identified beforehand and be excluded from steroid-free immunosuppression.

Steroid avoidance or early withdrawal protocols have been used successfully both
in the United States and in Europe. However, many of these protocols have chosen
low-risk individuals and utilized intensive induction therapy with induction therapy
with thymoglobulin, tacrolimus, and MMF (Sarwal et al. 2003). Regarding the
efficacy and safety of early steroid withdrawal or complete steroid avoidance, in a
randomized controlled study of 196 pediatric renal transplant recipients, two doses
of daclizumab in patients treated with a regimen of tacrolimus and MMF allowed
early steroid withdrawal on day 5 post-transplant (Grenda et al. 2010). There was a
comparable rate of biopsy-proven acute rejection rates after 6 months in patients off
steroids compared with controls (10.2% vs. 7.1%). In addition, prepubertal patients
with early steroid withdrawal showed better growth and lipid and glucose metabo-
lism profiles compared with controls, without increases in graft rejection or loss.
These favorable effects were confirmed in a follow-up study over a 2-year observa-
tion period (Webb et al. 2015). The results of the North American randomized
controlled multicenter study with a follow-up of 3 years post-transplant showed
that the steroid-free group showed lower systolic blood pressure and lower choles-
terol levels (Sarwal et al. 2012). The authors concluded that complete steroid
avoidance is safe and effective in nonsensitized children receiving primary kidney
transplants (Sarwal et al. 2012).

Nevertheless, steroid withdrawal or avoidance following renal transplantation
remains a controversial issue. Although the benefits of using steroid-free protocols in
pediatric patients shows great promise, further study is needed to determine the
impact on long-term allograft function and to identify patients (e.g., low immuno-
logic risk) who can be successfully converted to steroid-free immunosuppression
without increasing the risk of acute rejection.

4 Conclusions

Transplantation in children carries unique challenges. While issues such as
controlling rejection and minimizing side effects are similar between adults and
children, maintenance immunosuppressant regimens that affect developmental pro-
cesses have a disproportionate impact on children. This is particularly true for
glucocorticoids (steroids) which have many side effects including some that can
be quite devastating in pediatric patients. Steroid avoidance has been successful in
the short term, when MMF is combined with tacrolimus and either basiliximab or
antithymocyte globulin is added. With the goal of eliminating steroids, the combi-
nation of MMF and tacrolimus may strike the correct balance between adequate and
overimmunosuppression (Fig. 4). Recently, the use of everolimus has been
advocated for minimizing calcineurin inhibitor exposure after renal transplantation,
but its use is limited by mTOR-related side effects. There is at present no consensus
for immunosuppressive therapy following renal transplantation in children.
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Newer drugs such as belatacept have not been systematically studied in the
pediatric transplant patient population. Since the approval of belatacept in 2011 for
use in de novo adult kidney transplantation, this CD80/86–CD28 co-stimulation
blocker has been shown to be a valuable treatment option for maintenance immuno-
suppression (Noble et al. 2019). Belatacept in adults has been associated with
superior glomerular filtration rate as compared to calcineurin inhibitor-based
treatments because of the absence of nephrotoxicity. Additionally, belatacept avoids
the cardiovascular side effects (e.g., hypertension and dyslipidemia) caused by a
calcineurin inhibitor-based regimen (Noble et al. 2019). Clearly, much additional
work is needed to define optimal immunosuppressive regimens in pediatric renal
transplant patients, particularly with respect to newer and evolving regimens. The
safety and efficacy of these protocols with special emphasis on long-term graft
survival and PTLD need to be established.

References

Allison AC, Eugui EM (2005) Mechanisms of action of mycophenolate mofetil in preventing acute
and chronic allograft rejection. Transplantation 80:181–190

Barletta GM, Kirk E, Gardner JJ et al (2009) Rapid discontinuation of corticosteroids in pediatric
renal transplantation. Pediatr Transplant 13:571–578

Benfield MR, Bartosh S, Ikle D et al (2010) A randomized double-blind, placebo controlled trial of
steroid withdrawal after pediatric renal transplantation. Am J Transplant 10:81–88

Brandhorst G, Tenderich G, Zittermann A et al (2008) Everolimus exposure in cardiac transplant
recipients is influenced by concomitant calcineurin inhibitor. Ther Drug Monit 30:113–116

Bunchman T, Navarro M, Broyer M et al (2001) The use of mycophenolate mofetil suspension in
pediatric renal allograft recipients. Pediatr Nephrol 16:978–984

Fig. 4 Observed drug utilization rates in European pediatric renal transplant recipients among
transplanted grafts with �30 days function, by year of renal transplantation (Data are from the
Cooperative European Paediatric Renal Transplant Initiative (CERTAIN) registry. www.certain-
registry.eu)

Immunosuppressants in Organ Transplantation 465

http://www.certain-registry.eu
http://www.certain-registry.eu


Campana C, Regazzi MB, Buggia I et al (1996) Clinically significant drug interactions with
cyclosporin. An update. Clin Pharmacokinet 30:141–179

Cattaneo D, Perico N, Gaspari F et al (2002) Glucocorticoids interfere with mycophenolate mofetil
bioavailability in kidney transplantation. Kidney Int 62:1060–1067

Certican (2012) Basic prescribing information. Novartis Pharma AG, Basel
Chavers BM, Chang C, Gillingham KJ et al (2009) Pediatric kidney transplantation using a novel

protocol of rapid (6-day) discontinuation of prednisolone: 2-year results. Transplantation
88:237–241

Cooperative European Paediatric Renal Transplant Initiative (CERTAIN) Registry (2019) www.
certain-registry.eu. Accessed 15 Aug 2019

Cransberg K, Marlies Cornelissen EA, Davin JC et al (2005) Improved outcome of pediatric kidney
transplantations in the Netherlands–effect of the introduction of mycophenolate mofetil? Pediatr
Transplant 9:1004–1011

Crowe A, Bruelisauer A, Duerr L et al (1999) Absorption and intestinal metabolism of SDZ-RAD
and rapamycin in rats. Drug Metab Dispos 27:627–632

Dantal J, Hourmant M, Cantarovich D et al (1998) Effect of long-term immunosuppression in
kidney-graft recipients on cancer incidence: randomised comparison of two cyclosporin
regimens. Lancet 351:623–628

Ekberg H, Tedesco-Silva H, Demirbas A et al ELITE-Symphony Study (2007) Reduced exposure
to calcineurin inhibitors in renal transplantation. N Engl J Med 357:2562–2575

Elion GB (1993) The pharmacology of azathioprine. Ann N Y Acad Sci 685:400–407
Ettenger R, Hoyer PF, Grimm P et al (2008) Multicenter trial of everolimus in pediatric renal

transplant recipients: results at three year. Pediatr Transplant 12:456–463
Ferraris JR, Tambutti ML, Redal MA et al (2000) Conversion from azathioprine [correction of

azathioprina] to mycophenolate mofetil in pediatric renal transplant recipients with chronic
rejection. Transplantation 70:297–301

Ferraris JR, Ghezzi LF, Vallejo G et al (2005) Improved long-term allograft function in pediatric
renal transplantation with mycophenolate mofetil. Pediatr Transplant 9:178–182

Filler G, Webb NJ, Milford DV et al (2005) Four-year data after pediatric renal transplantation: a
randomized trial of tacrolimus vs. cyclosporin microemulsion. Pediatr Transplant 9:498–503

Franchimont D (2004) Overview of the actions of glucocorticoids on the immune response: a good
model to characterize new pathways of immunosuppression for new treatment strategies. Ann N
Y Acad Sci 1024:124–137

Ganschow R, Pape L, Sturm E et al (2013) Growing experience with mTOR inhibitors in pediatric
solid organ transplantation. Pediatr Transplant 17:694–706

Goggins WC, Pascual MA, Powelson JA et al (2003) A prospective, randomized, clinical trial of
intraoperative versus postoperative thymoglobulin in adult cadaveric renal transplant recipients.
Transplantation 76:798–802

Grenda R, Watson A, Vondrak K et al (2006) A prospective, randomized, multicenter trial of
tacrolimus-based therapy with or without basiliximab in pediatric renal transplantation. Am J
Transplant 6:1666–1672

Grenda R, Watson A, Trompeter R et al (2010) A randomized trial to assess the impact of early
steroid withdrawal on growth in pediatric renal transplantation: the TWIST study. Am J
Transplant 10:828–836

Gurk-Turner C, Airee R, Philosophe B et al (2008) Thymoglobulin dose optimization for induction
therapy in high risk kidney transplant recipients. Transplantation 85:1425–1430

Habbig S, Volland R, Krupka K et al (2017) Dyslipidemia after pediatric renal transplantation-the
impact of immunosuppressive regimens. Pediatr Transplant 21(3):e12914

Halloran PF (2004) Immunosuppressive drugs for kidney transplantation. N Engl J Med
351:2715–2729

Henne T, Latta K, Strehlau J et al (2003) Mycophenolate mofetil-induced reversal of glomerular
filtration loss in children with chronic allograft nephropathy. Transplantation 76:1326–1330

466 B. Tönshoff

http://www.certain-registry.eu
http://www.certain-registry.eu


Höcker B, Tönshoff B (2009) Treatment strategies to minimize or prevent chronic allograft
dysfunction in pediatric renal transplant recipients: an overview. Paediatr Drugs 11:381–396

Höcker B, Tönshoff B (2011) Calcineurin inhibitor-free immunosuppression in pediatric renal
transplantation: a viable option? Paediatr Drugs 13:49–69

Höcker B, Weber LT, Bunchman T et al (2005) Mycophenolate mofetil suspension in pediatric
renal transplantation: three-year data from the tricontinental trial. Pediatr Transplant 9:504–511

Höcker B, Kovarik JM, Daniel V et al (2008) Pharmacokinetics and immunodynamics of
basiliximab in pediatric renal transplant recipients on mycophenolate mofetil comedication.
Transplantation 86:1234–1240

Höcker B, Weber LT, Feneberg R et al (2009) Prospective, randomized trial on late steroid
withdrawal in pediatric renal transplant recipients under cyclosporine microemulsion and
mycophenolate mofetil. Transplantation 87:934–941

Höcker B, Weber L, Feneberg R et al (2010) Improved growth and cardiovascular risk after late
steroid withdrawal: 2-year results of a prospective, randomized trial in paediatric renal trans-
plantation. Nephrol Dial Transplant 25:617–624

Höcker B, van Gelder T, Martin-Govantes J et al (2011) Comparison of MMF efficacy and safety in
paediatric vs. adult renal transplantation: subgroup analysis of the randomised, multicentre
FDCC trial. Nephrol Dial Transplant 26:1073–1079

Höcker B, Zencke S, Pape L et al (2016) Impact of everolimus and low-dose cyclosporin on
cytomegalovirus replication and disease in pediatric renal transplantation. Am J Transplant
16:921–929

Ingulli E, Tejani A (1994) Steroid withdrawal after renal transplantation. In: Tejani AH, Fine RM
(eds) Pediatric renal transplantation. Wiley-Liss, New York, pp 221–238

Jungraithmayr T, Staskewitz A, Kirste G et al (2003) Pediatric renal transplantation with
mycophenolate mofetil-based immunosuppression without induction: results after three years.
Transplantation 75:454–461

Kirchner GI, Meier-Wiedenbach I, Manns MP (2004) Clinical pharmacokinetics of everolimus.
Clin Pharmacokinet 43:83–95

Kovarik JM, Kalbag J, Figuerredo J et al (2002) Differential influence of two cyclosporine
formulations on everolimus pharmacokinetics: a clinically relevant pharmacokinetic interaction.
J Clin Pharmacol 42:95–99

Kovarik JM, Curtis JJ, Hricik DE et al (2006) Differential pharmacokinetic interaction of tacrolimus
and cyclosporine on everolimus. Transplant Proc 38:3456–3458

Le Meur Y, Büchler M, Thierry A et al (2007) Individualized mycophenolate mofetil dosing based
on drug exposure significantly improves patient outcomes after renal transplantation. Am J
Transplant 7:2496–2503

Mahalati K, Kahan BD (2001) Clinical pharmacokinetics of sirolimus. Clin Pharmacokinet
40:573–585

Nankivell BJ, Borrows RJ, Fung CL et al (2003) The natural history of chronic allograft nephropa-
thy. N Engl J Med 349:2326–2333

Neu AM, Ho PL, Fine RN et al (2003) Tacrolimus vs. cyclosporine A as primary immunosuppres-
sion in pediatric renal transplantation: a NAPRTCS study. Pediatr Transplant 7:217–222

Noble J, Jouve T, Janbon B et al (2019) Belatacept in kidney transplantation and its limitations.
Expert Rev Clin Immunol 15:359–367

Offner G, Toenshoff B, Höcker B et al (2008) Efficacy and safety of basiliximab in pediatric renal
transplant patients receiving cyclosporine, mycophenolate mofetil, and steroids. Transplantation
86:1241–1248

Ojo AO, Held PJ, Port FK et al (2003) Chronic renal failure after transplantation of a nonrenal
organ. N Engl J Med 349:931–940

Pape L, Ahlenstiel T, Ehrich JH et al (2007) Reversal of loss of glomerular filtration rate in children
with transplant nephropathy after switch to everolimus and low-dose cyclosporine A. Pediatr
Transplant 11:291–295

Immunosuppressants in Organ Transplantation 467



Pape L, Offner G, Kreuzer M et al (2010) De novo therapy with everolimus, low-dose
cyclosporine A, basiliximab and steroid elimination in pediatric kidney transplantation. Am J
Transplant 10:2349–2354

Peddi VR, Bryant M, Roy-Chaudhury P et al (2002) Safety, efficacy, and cost analysis of
thymoglobulin induction therapy with intermittent dosing based on CD3+ lymphocyte counts
in kidney and kidney-pancreas transplant recipients. Transplantation 73:1514–1518

Rapamune (2011) Summary of product characteristics. Pfizer, New York
Rubik J, Debray D, Iserin F et al (2019a) Comparative pharmacokinetics of tacrolimus in stable

pediatric allograft recipients converted from immediate-release tacrolimus to prolonged-release
tacrolimus formulation. Pediatr Transplant 23:e13391

Rubik J, Debray D, Kelly D et al (2019b) Efficacy and safety of prolonged-release tacrolimus in
stable pediatric allograft recipients converted from immediate-release tacrolimus – a Phase
2, open-label, single-arm, one-way crossover study. Transpl Int. https://doi.org/10.1111/tri.
13479

Sarwal MM, Vidhun JR, Alexander SR et al (2003) Continued superior outcomes with modification
and lengthened follow-up of a steroid-avoidance pilot with extended daclizumab induction in
pediatric renal transplantation. Transplantation 76:1331–1339

Sarwal MM, Ettenger RB, Dharnidharka V et al (2012) Complete corticosteroid avoidance is
effective and safe in children with renal transplants: a multicentre randomized trial with three
year follow-up. Am J Transplant 12:2719–2729

Shapiro R, Ellis D, Tan HP et al (2006) Antilymphoid antibody preconditioning and tacrolimus
monotherapy for pediatric kidney transplantation. J Pediatr 148:813–818

Shipkova M, Armstrong VW, Oellerich M et al (2005) Mycophenolate mofetil in organ transplan-
tation: focus on metabolism, safety and tolerability. Expert Opin Drug Metab Toxicol
1:505–526

Staskewitz A, Kirste G, Tönshoff B et al (2001) Mycophenolate mofetil in pediatric renal trans-
plantation without induction therapy: results after 12 months of treatment. Transplantation
71:638–644

Sterkers G, Baudouin V, Ansart-Pirenne H et al (2000) Duration of action of a chimeric interleukin-
2 receptor monoclonal antibody, basiliximab, in pediatric kidney transplant recipients. Trans-
plant Proc 32:2757–2759

Stevens RB, Mercer DF, Grant WJ et al (2008) Randomized trial of single-dose versus divided-dose
rabbit anti-thymocyte globulin induction in renal transplantation: an interim report. Transplan-
tation 85:1391–1399

Stratta RJ, Sundberg AK, Farney AC et al (2005) Experience with alternate-day thymoglobulin
induction in pancreas transplantation with portal-enteric drainage. Transplant Proc
37:3546–3548

Sutherland S, Li L, Concepcion W et al (2009) Steroid-free immunosuppression in pediatric renal
transplantation: rationale for and outcomes following conversion to steroid based therapy.
Transplantation 87:1744–1748

Tanabe K (2003) Calcineurin inhibitors in renal transplantation: what is the best option? Drugs
3:1535–1548

Tedesco-Silva H, Felipe C, Ferreira A et al (2015) Reduced incidence of cytomegalovirus infection
in kidney transplant recipients receiving everolimus and reduced tacrolimus doses. Am J
Transplant 15:2655–2664

The NAPRTCS (2014) Annual report. https://web.emmes.com/study/ped/index.htm
Tönshoff B, Höcker B (2006) Treatment strategies in pediatric solid organ transplant recipients with

calcineurin inhibitor-induced nephrotoxicity. Pediatr Transplant 10:721–729
Tönshoff B, David-Neto E, Ettenger R et al (2011) Pediatric aspects of therapeutic drug monitoring

of mycophenolic acid in renal transplantation. Transplant Rev (Orlando) 25:78–89
Tönshoff B, Ettenger R, Dello Strologo L et al (2019) Early conversion of pediatric kidney

transplant patients to everolimus with reduced tacrolimus and steroid elimination: results of a
randomized trial. Am J Transplant 19:811–822

468 B. Tönshoff

https://doi.org/10.1111/tri.13479
https://doi.org/10.1111/tri.13479
https://web.emmes.com/study/ped/index.htm


Trompeter R, Filler G, Webb NJ et al (2002) Randomized trial of tacrolimus versus cyclosporin
microemulsion in renal transplantation. Pediatr Nephrol 7:141–149

van Gelder T (2002) Drug interactions with tacrolimus. Drug Saf 25:707–712
van Gelder T, Le Meur Y, Shaw LM et al (2006) Therapeutic drug monitoring of mycophenolate

mofetil in transplantation. Ther Drug Monit 28:145–154
van Gelder T, Silva HT, de Fijter JW et al (2008) Comparing mycophenolate mofetil regimens

for de novo renal transplant recipients: the fixed-dose concentration-controlled trial. Transplan-
tation 86:1043–1051

van Leuven SI, Kastelein JJ, Allison AC et al (2006) Mycophenolate mofetil (MMF): firing at the
atherosclerotic plaque from different angles? Cardiovasc Res 69:341–347

Venkataramanan R, Jain A, Warty VW et al (1991) Pharmacokinetics of FK 506 following oral
administration: a comparison of FK 506 and cyclosporine. Transplant Proc 23:931–933

Webb N, Douglas S, Rajai A et al (2015) Corticosteroid-free kidney transplantation improves
growth: two-year follow-up of the TWIST randomised controlled trial. Transplantation
99:1178–1185

Webb NJA, Baumann U, Camino M et al (2019) Pharmacokinetics of tacrolimus granules in
pediatric de novo liver, kidney, and heart transplantation: the OPTION study. Pediatr Transplant
23:e13328

Weber LT, Shipkova M, Armstrong VW et al (2002) The pharmacokinetic-pharmacodynamic
relationship for total and free mycophenolic acid in pediatric renal transplant recipients: a report
of the German study group on mycophenolate mofetil therapy. J Am Soc Nephrol 13:759–768

Wong W, Agrawal N, Pascual M et al (2006) Comparison of two dosages of thymoglobulin used as
a short-course for induction in kidney transplantation. Transpl Int 19:629–635

Immunosuppressants in Organ Transplantation 469



Pharmacotherapy in Pediatric
Hematopoietic Cell Transplantation

R. Admiraal and J. J. Boelens

Contents
1 Allogeneic Hematopoietic Cell Transplantation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 472
2 Principles of HCT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 473
3 Limitations of HCT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 477

3.1 Transplant-Related Mortality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 477
3.2 Relapse of Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 478
3.3 Late Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 478

4 Pharmacological Considerations in HCT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 479
4.1 Drug Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 479
4.2 Therapeutic Drug Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 480

5 Toward Individualized Dosing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 480
6 Adjuvant Cellular Therapies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 482
7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 483
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 483

Abstract
Hematopoietic cell transplantation (HCT) is a curative treatment option for both
malignant and nonmalignant diseases. Success of the procedure mainly depends
on disease control and treatment-related complications. Pharmacotherapy plays a
major role in HCT and significantly impacts the outcomes. Main drug use within
HCT includes conditioning, GvHD prophylaxis, and prevention/treatment of
infections.
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Increasing evidence suggests individualized dosing in (pediatric) HCT may
improve outcome. Dose individualization may result in a better predictable drug
treatment in terms of safety and efficacy, including timely immune reconstitution
after HCT and optimal tumor or disease control, which may result in improved
survival chances.

Keywords
Cellular therapies · Conditioning · Graft-versus-host disease · Hematopoietic cell
transplantation · Individualized dosing · Relapse · Therapeutic drug monitoring

1 Allogeneic Hematopoietic Cell Transplantation

Allogeneic hematopoietic cell transplantation (HCT) is a potentially life-saving
procedure by transplanting donor-derived hematopoietic stem cells and lymphocytes
into a patient. The technique is also referred to as stem cell transplantation; however
this is not fully correct due to co-infusion of lymphocytes and other hematopoietic
cells. Indications for HCT include malignant (leukemia, lymphoma) and nonmalig-
nant disorders (primary immune deficiencies, bone marrow failure, inborn errors of
metabolism, and hemoglobinopathies) (Tolar et al. 2012; Gratwohl et al. 2000;
Passweg et al. 2014). During this procedure, the diseased bone marrow and cellular
immune system are replaced by a healthy, donor-derived hematopoietic system.

The donor cells can be harvested from a donor in several ways and can be either
from related or unrelated donors. Historically, an identical sibling was the most
predominant stem cells source used in HCT. As two siblings only have a 25% chance
of being human leukocyte antigen (HLA) identical, expansion of the donor pool was
needed to be able to offer HCT to more patients. Bone marrow donor registries for
unrelated donors were established; the first registry was introduced in 1973 in the
United Kingdom (Apperley et al. 2012). During the late 1980s, better HLA typing
expanded the possibilities to use grafts from both related and unrelated donors
(Apperley et al. 2012; Heemskerk et al. 2005). Nowadays, transplanted donor cells
can be either derived from bone marrow (BM), mobilized peripheral blood stem cells
(PBSC), or umbilical cord blood (CB), from either related or unrelated donors. Each
source has its advantages and disadvantages. Compared to BM, the main advantage
of PBSC includes the harvesting of cells that can be performed without anesthesia
and sedation (Molineux et al. 1990). Cord blood on the other hand has less stringent
HLA-matching criteria and has the advantage to be promptly available (Heemskerk
et al. 2005). However, the number of cells is lower in CB and BM when compared to
PBSC, although the latter is associated with a higher incidence of chronic graft-
versus-host disease (Holtick et al. 1996).

In 2014, approximately 1 in 40,000 US inhabitants received an allogeneic HCT
(Pasquini and Zhu 2018). In the Netherlands a total of 350 first HCTs are performed
annually, of which approximately 80–90 in children (Claas et al. 2016).
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2 Principles of HCT

This paragraph highlights the most important aspects of HCT and thus serves as an
overview of the procedure. A more in-depth focus on pharmacotherapy involved in
HCT can be found in the paragraph Pharmacotherapy in HCT.

The treatment plan for HCT depends on the disease, age, comorbidities, previous
treatments, stem cell source, and local protocols and can therefore vary considerably
between patients. Still, the main components for any HCT are the same and are
depicted in Fig. 1.

The donor search starts when a patient becomes eligible for HCT and is
registered to the HCT unit. Based on center preference and donor availability,
HLA matching, and donor cell counts, the most optimal donor is selected
(Heemskerk et al. 2005).

The conditioning phase starts approximately 1 week before infusion of the stem
cells; however some centers start conditioning earlier (Lindemans et al. 2014). The
main goal of the conditioning is to deplete the bone marrow and suppress the host
immune system. Additionally, in case of malignancy, the conditioning regimen
depletes any residual leukemic cells. Bone marrow depletion, or myeloablation, is
mostly performed using chemotherapy, while some patients receive chemotherapy
combined with total body irradiation (TBI) (Uberti et al. 2011; Davies et al. 2000).
Chemotherapy-based conditionings mostly consist of an alkylating agent (busulfan,
melphalan, treosulfan) combined with a second cytostatic drug (fludarabine, cyclo-
phosphamide) (Rambaldi et al. 2015; Nagler et al. 2015; Hough et al. 2015).
The alkylators mainly give myeloablation, while fludarabine and cyclophosphamide
are used for immunosuppression and immune ablation. Clofarabine, a purine
antinucleotide, can be added to the conditioning regimen for malignant indications
(El-Jawahri et al. 2016). In TBI-containing regimens, TBI is used for myeloablation
as well as immunosuppression and is combined with one or more cytostatic drug. In
recent years, non-myeloablative regimens or reduced intensity conditioning (RIC)
has been increasingly used for older patients (>60 years) and those in poor clinical

Fig. 1 Overview of treatment plan for HCT
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condition (Gyurkocza and Sandmaier 2014; Passweg et al. 2015; Sengsayadeth et al.
2015). In children, RIC conditioning is reserved for patients with DNA instability
who are expected to experience significant toxicity from standard protocols. These
patients usually receive either low-dose TBI, cyclophosphamide, or low-dose busul-
fan or thiotepa, all combined with fludarabine. The choice of chemotherapy agents
depends on the conditioning intensity (myeloablative versus RIC), underlying
disease, stem cell source, and center preferences. This introduces substantial varia-
tion in actual treatment between centers, which can be suboptimal for comparing
results between centers and getting optimal experience and control over the condi-
tioning used in a single center. Besides differences in the choice of drugs, the actual
drug exposure varies due to variability in pharmacokinetics and pharmacodynamics
between patients. By using individualized dosing regimens, this variability in PK
and PD is accounted for, resulting in more patients reaching optimal drug exposure
and thereby drug effects. An individualized dosing regimen is available and being
used in clinical care for busulfan (Bartelink et al. 2013a) and is being developed for
fludarabine (Langenhorst et al. 2019a, b; McCune et al. 2014a). Additionally,
exposure of ATG before and after HCT has shown to have impact on the outcomes.
Individualized dosing regimen for ATG seems therefore crucial to influence the
outcomes; currently clinical studies for individualized ATG are recruiting. To our
best knowledge, these are the only drugs used in the conditioning regimen in
allogeneic HCT for which individualized dosing regimens are available. However,
efforts have been made to characterize the PK and PD of other drugs used including
fludarabine (Long-Boyle et al. 2011; McCune et al. 2014a), treosulfan (Brink et al.
2014), and cyclophosphamide (Laínez et al. 2014), which however did not yet result
in practical guidelines or dosing recommendations.

Serotherapy is another important component of the conditioning regimen,
introduced to prevent graft-versus-host disease (GvHD) and rejection (Theurich
et al. 2013). The main mechanism of action of serotherapy is in vivo
lymphodepletion, mainly of T cells, although it is thought to have some immune-
modulatory properties as well (Mohty 2007). Anti-thymocyte globulin (ATG) and
alemtuzumab (Campath®) are the two drugs used for this indication (Willemsen
et al. 2015; Marsh et al. 2014; Soiffer et al. 2011). ATG is the product of vaccinating
rabbits or horses with human lymphocytes or whole thymus tissue and is therefore a
polyclonal non-humanized IgG antibody with many epitopes directed to various
human cell-bound targets (Mohty 2007; Storek et al. 2015). Additionally, the
number of IgG molecules targeted against human markers (referred to as active
ATG) may differ from animal to animal (Mohty 2007). Therefore, IgG from many
immunized animals is pooled aiming for a stable and comparable product. Addition-
ally, the percentage of active ATG differs between the different ATG products. In
thymoglobulin, the most commonly used ATG preparation in HCT, approximately
9% of total rabbit IgG is directed to human markers (Jol-van der Zijde et al. 2009;
Waller et al. 2003). Alemtuzumab on the other hand is a monoclonal humanized
anti-CD52 IgG antibody. At first, Campath was a monoclonal rat antihuman IgM
antibody and was later humanized. This served as the basis for the currently used
drug alemtuzumab, an anti-CD52 IgG antibody (Riechmann et al. 1988). CD52 is
mainly expressed on cells originating from the lymphoid lineage and is not
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expressed on hematopoietic stem cells. In 1991, alemtuzumab was approved as a
treatment for chronic lymphatic leukemia and as serotherapy in HCT. Nowadays it is
most frequently used in the United Kingdom and in selected treatment protocols.

Starting with the infusion of the stem cells, immune suppression is given to
prevent GvHD. GvHD can be prevented by strategies both before (serotherapy or
T-cell depletion of the graft) and after (GvHD prophylaxis, posttransplant cyclo-
phosphamide) graft infusion.

The cornerstone of GvHD prophylaxis is cyclosporin A (CsA), a calcineurin
inhibitor, which is combined with prednisolone, methotrexate (MTX),
mycophenolate mofetil (MMF), and tacrolimus (TAC), depending on the stem cell
source (Apperley et al. 2012). For bone marrow and peripheral blood with MAC
conditioning, CsA and MTX remains the most often used combination of agents in
Europe. Some trials in adults suggest that TAC combined with MTX is equally safe
as GvHD prophylaxis and made TAC-MTX the most often used regimen in America
(Ratanatharathorn et al. 1998; Nash et al. 2000). For cord blood transplant, most
centers resort to CsA in combination with prednisolon (Apperley et al. 2012). CsA or
TAC in combination with MMF is the preferred combination in patients receiving
reduced intensity conditioning. In case of CsA toxicity, patients are switched to
tacrolimus or sirolimus (Wang et al. 2015). Immune suppressive therapy is given up
to 3–4 weeks after HCT, after which it is carefully tapered, starting with the second
agent, after which CsA is tapered.

Despite numerous strategies to prevent GvHD, still 20–30% of children develop
severe GvHD. Two forms of GvHD after HCT are recognized: acute (aGvHD) and
chronic (cGvHD) GvHD. Historically, GvHD occurring before or after day +100
was classified as aGvHD and cGvHD, respectively. With recent criteria, there is no
time limit on either classification. The diagnosis is currently made based on the
clinical features with the addition of an overlap syndrome. Both aGvHD and cGvHD
can be staged, where aGvHD is graded 1–4 and cGvHD is graded as mild, moderate,
and severe. Acute GvHD manifests in the skin, gut, and liver and is graded based on
percentage affected and erythrodermia (skin), quantity of diarrhea, and ileus (gut)
and bilirubin levels (liver). Chronic GvHD can affect many organ systems, mainly
involving the skin and mucous membranes, eyes, lungs, and the gastrointestinal
tract.

Grade 1 aGvHD and mild cGvHD (skin only) are usually treated with topical
steroids alone. More advanced grades of GvHD are treated in the first line with
steroids, either prednisolone or methylprednisolone for 7–14 days. Patients failing to
respond to this therapy are treated with second-line therapy, mainly consisting of
steroids combined with monoclonal antibodies (daclizumab, basiliximab,
inolimomab; interleukin-2 receptor blockers, abatacept; CD80/86 blocker, ATG, or
alemtuzumab; both serotherapy) or mesenchymal stem cells. GvHD remains an
important cause for mortality and morbidity. More effective treatment is needed,
either as new agents or by optimizing current therapies.

Supportive care consists of infectious prophylaxis as well as treatment in high-
efficiency, particle-free, positive-pressure rooms (Apperley et al. 2012; Mank and
Davies 2008; O’Grady et al. 2002). All medical and nursing staff perform barrier
nursing during the admission of any patient to minimize changes of infections. Main
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threats during neutropenia and intensive immune suppression include bacteria and
fungi. Most patients receive infectious prophylaxis to prevent bacterial and/or fungal
infections. These can be divided in gut decontamination, aiming to completely or
selectively deplete the gut of mainly gram-negative bacterial burden. Main drugs
used for gut decontamination include ciprofloxacin and oral nonabsorbable drugs
like piperacilline/tazobactam, amphotericin B, gentamicin, and vancomycin. Fur-
thermore, patients are at a high risk for pneumocystis jiroveci pneumonia (PJP) and
therefore receive co-trimoxazole as PJP prophylaxis. Fungi and yeasts are another
serious cause of morbidity and mortality, mainly by the Aspergillus and Candida
species. Patients receive fungal prophylaxis, mainly consisting of voriconazole or
posaconazole. Both drugs have a narrow therapeutic window, and serum
concentrations should be monitored.

Immune reconstitution following HCT can be separated in neutrophil recovery
and lymphocyte reconstitution. When focusing on neutrophil recovery, patients will
experience a phase of neutropenia starting approximately 14 days after the first dose
of busulfan or TBI, which reflects the transit time for neutrophils (Friberg et al. 2002;
Van Kesteren et al. 2005). From this moment onward, the patient will depend on
donor-stem cell-derived neutrophils, which will enter the peripheral blood around
day 14–25 after HCT (Bartelink et al. 2013b). Patients are highly susceptible for
bacterial and fungal infections during this time of neutropenia. Lymphocytes on the
other hand are mainly depleted by serotherapy, which causes a rapid decline in
peripheral blood lymphocyte counts and to a lesser extent of tissue lymphocytes
(Willemsen et al. 2015; Petersen et al. 2003). Within the lymphocyte compartment,
reconstitution of NK cells occurs parallel to neutrophil reconstitution, while B cells
start to be detectable on day +40 after HCT (Petersen et al. 2003). Reconstitution of
T cells following HCT is markedly different compared to other lymphocytes
(Willemsen et al. 2015; Bosch et al. 2012; Veys et al. 2012). Two distinct routes
of T-cell reconstitution can be identified: peripheral expansion and thymopoiesis.
Under the influence of interleukin (IL)-7, IL-15, and IL-21 and tumor growth factor
(TGF) β, graft-infused T cells divide to give rise to a relatively oligoclonal T-cell
population (Bosch et al. 2012; Williams et al. 2008). However, although this T-cell
population has a skewed T-cell receptor (TCR) repertoire, these cells seem effective
in clearing viral infections, which is most pronounced in CB (Williams et al. 2008;
Chiesa et al. 2012). Depending on thymic function, output of naïve T cells through
thymopoiesis commences 3–6 months after HCT (Krenger et al. 2011; Kanda et al.
2012). Several factors negatively influence thymic function, including steroid use,
GvHD, and age (Krenger et al. 2011). In light of the relatively long time window
between HCT and thymopoiesis, patients fully depend on peripheral expansion
during the most critical time after HCT in terms of mortality (Bartelink et al.
2013b; Williams et al. 2008; Parkman et al. 2006). Hence, the graft-infused T cells
are crucial and must be protected against rigorous depletion (Bosch et al. 2012;
Szabolcs and Niedzwiecki 2007; Lucchini et al. 2015; Oshrine et al. 2013). Exposure
of donor T cells to serotherapy and immuno-ablative cytotoxic agents as fludarabine
can potentially result in severe lymphodepletion, thereby abrogating early T-cell
immune reconstitution. Serotherapy is more potent and has a significantly longer
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half-life compared to fludarabine (McCune et al. 2014a; Waller et al. 2003; Call et al.
2009; Kakhniashvili et al. 2005) and therefore has a greater influence on T-cell
immune reconstitution following HCT.

3 Limitations of HCT

The major limitations of HCT include (1) transplant-related mortality, (2) relapse of
disease, and (3) late effects.

3.1 Transplant-Related Mortality

The main causes of transplant-related mortality include alloreactivity and infections.
Alloreactivity in HCT can manifest as either GvHD or graft rejection. GvHD can
present acutely, manifesting in the skin, gut, or liver or in a more chronic way,
mainly in the skin, mucous membranes, and lungs and as cytopenias (Shulman et al.
1980; Filipovich et al. 2005; Glucksberg et al. 1974). A three-step model is mostly
used to describe the pathophysiology of acute GvHD (Ferrara et al. 2009). First,
tissue damage, either pre-existing or caused by the conditioning regimen, leads to
antigen-presenting cell (APC) activation. Next, host APCs activate donor T cells,
which finally give rise to an inflammatory reaction. This process leads to tissue
damage, followed by more APC activation, resulting in a self-reinforcing process.
The pathophysiology of chronic GvHD on the other hand is poorly understood. The
main treatment for acute and chronic GvHD is steroids; steroid refractory GvHD has
abominable outcome.

As opposed to GvHD, graft rejection is an immunological reaction of host cells
toward the donor. Here, host T cells give rise to a cellular response against the donor
stem cells (Locatelli et al. 2014). Outcome following graft rejection is negatively
impacted by infections as well as a high chance on developing a second graft failure
(Lund et al. 2015).

The main predictor for GvHD and rejection is HLA disparity between donor and
recipient; however many other factors including viral reactivations, the gut
microbiome, and pharmacotherapy may also play a role (Ferrara et al. 2009;
Locatelli et al. 2014; Lindemans et al. 2015; Kanda 2013).

Infections are another important contributor to morbidity andmortality. Following
the conditioning regimen, patients will go through a period of 2–3 weeks of neutro-
penia dependent on rate of engraftment, leaving the patient vulnerable for bacterial
and fungal infections for which prophylaxis is given (Akan et al. 2013; Robinson
et al. 2016). During and after this neutropenic period, cellular immunity may be
hampered up to months after HCT depending on the level of immunosuppression and
T-cell depletion (Willemsen et al. 2015; Bartelink et al. 2013b; Bosch et al. 2012).
The main effector cells for cellular immunity are lymphocytes, including T cells, B
cells, and NK cells. This puts patients at risk for reactivations of previously encoun-
tered viral infections, including adenovirus (AdV), cytomegalovirus (CMV), human
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herpes virus 6 (HHV-6), and Epstein-Barr virus (EBV) (Hiwarkar et al. 2013; Park
et al. 2014; Servais et al. 2014; Gotoh et al. 2014; Bruno et al. 2003; Admiraal et al.
2017a) but also relapse. Antiviral drugs are available for most of these viral
infections. These include ganciclovir and foscarnet for CMV and HHV-6, with
cidofovir as a second-line treatment for CMV. Cidofovir is the first-line treatment
for AdV reactivations. EBV can be treated with rituximab, thereby depleting B cells
as the reservoir for the viral infection. The use of most antiviral drugs is limited by
their toxicity, mainly hepato- and nephrotoxicity. Another possibility to treat viral
reactivations is by infusion of virus-specific T cells cultured from the graft donor,
which is mainly used for AdV and CMV infections. Moreover, promoting early and
adequate T-cell reconstitution seems an attractive solution to prevent viral
reactivations post-HCT. As dosage and timing of serotherapy play a major role in
the early T-cell reconstitution, optimization of serotherapy may help prevent the
incidence of viral reactivations (Admiraal et al. 2015, 2017a; de Koning et al. 2017).

3.2 Relapse of Disease

Relapse of the underlying malignancy is another major limitation of HCT, occurring
in 10–30% of patients (Wagner et al. 2014; Ponce et al. 2015; Eapen et al. 2010).
Disease status, remission status, and tumor burden before HCT expressed in minimal
residual disease (MRD) are predictors for relapse (Krejci et al. 2003; Knechtli et al.
2014; Lankester et al. 2010; Grimwade and Freeman 2014). The main mechanisms
for tumor control by HCT include high doses of myeloablative chemotherapy and
the so-called graft-versus-leukemia (GvL) effect, a donor T-cell-driven response
against residual leukemic blasts (Falkenburg and Warren 2011). This stresses the
importance of T-cell reconstitution after HCT for preventing relapse (Parkman et al.
2006).

3.3 Late Effects

With the higher survival rates after HCT, late effects become increasingly important.
Late effects may have a significant impact on the quality of life, which particularly in
children is pivotal. Chronic GvHD requiring systemic immune suppression is
associated with infections, poor quality of life, and premature death. Growth and
cognitive capabilities may be impaired in children following HCT, the latter mainly
following central nervous system irradiation (Bieri et al. 2011). Fertility may be
hampered in patients receiving a HCT as a child due to ovarian dysfunction or
decreased spermatogenesis (Sayan et al. 2016; Leader et al. 2011; Green et al. 2009).
Secondary malignancies as a result of any chemotherapy treatment and/or radiation
are rare but serious late effects.

In recent years, HCT has become a safer procedure through less toxic condition-
ing regimens, novel therapeutic options for treatment and prevention of relapse and
GvHD, improvements in donor selection, promising alternative donor sources, and
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better supportive care (Gratwohl et al. 2000; Passweg et al. 2014; Pai et al. 2014;
Boelens et al. 2013). However, therapy- and relapse-related mortality as well as
long-term morbidity remains to be a limitation of HCT. Further enhancement of the
safety of the procedure as well as getting better disease control can further improve
the outcomes of HCT (Mohty et al. 2014). As pointed out above, the number of
characteristics introduced to the treatment is significant, including patient, donor,
conditioning, and supportive care. A uniform treatment plan for all patients may
therefore lead to under- or overtreatment in certain part of patients. Therefore, a
promising approach to improve outcomes is by individualizing the treatment. This
includes risk stratification for treatment intensity, individualized dosing of agents
used in the conditioning regimen, and adjuvant cellular therapies targeting specific
tumor markers (Lankester et al. 2010; McCune et al. 2014b; de Haar et al. 2015).
Besides improved outcomes, safer and more effective treatment may extend the
indications for HCT toward lower-risk malignancies and milder phenotypes of
benign disease.

4 Pharmacological Considerations in HCT

Most commonly used drugs and their indications are described in the paragraphs
above. Some special considerations frequently apply to drugs used in HCT, includ-
ing drug interactions and therapeutic drug monitoring, which are further explored in
the following paragraphs.

4.1 Drug Interactions

Most patients receive multiple drugs during the treatment, which may result in
pharmacological interactions. These can be either pharmacokinetic or pharmacody-
namic interactions, where the former is most important and perhaps best understood.
Most pharmacokinetic interactions involve competition for metabolic enzymes (i.e.,
cytochrome P450 [CYP]) and drug transporters (i.e., P-glycoprotein [PgP]). An
important group of interactions is competition on CYP-3A4, which is involved in
many pharmacological pathways including drugs frequently used in HCT. Examples
on CYP-3A4 inhibitors include azoles, ciprofloxacin, and erythromycin, while
phenytoin, carbamazepine, and corticosteroids induce the enzyme. Many
immunosuppressants used in HCT including cyclosporin A, tacrolimus, and
sirolimus are metabolized by CYP-3A4, and concentrations of these drugs will be
influenced by introduction of an inductor or inhibitor. As the number of potential
drug interactions of drugs used in HCT is high and cannot be summarized in a book
chapter, involvement of a clinical pharmacist in daily clinical care is highly
recommended.
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4.2 Therapeutic Drug Monitoring

A significant number of drugs used in HCT have a narrow and/or critical therapeutic
window and may also be involved in drug-drug interactions. Individualized dosing
regimens are available for some drugs to minimize variability in drug exposures (see
also Sect. 5). In order to address remaining variability, therapeutic drug monitoring
(TDM) is often performed in HCT. Most centers use standard TDM for drugs
including busulfan, voriconazole, posaconazole, cyclosporin A, tacrolimus, and
sirolimus.

5 Toward Individualized Dosing

Historically, the vast majority of drug development studies were performed in adults.
Many drugs are not evaluated in children, contributing to off-label or unlicensed use
in as high as 49–87% of drugs used in tertiary care hospitals (Kimland and Odlind
2012; Knibbe et al. 2011). Pediatric dosing regimens are often empirical, linearly
extrapolated from adult dosing based on body weight. When using a per
kilogram dose, the assumption is made that the PK (e.g., clearance, volume of
distribution) also increases linearly with body weight in order to reach comparable
concentrations. In addition, the assumption is made that the concentration-effect
relationship is comparable between children and adults. However, since develop-
mental changes are mostly nonlinear (Kearns et al. 2003), empirical dosing can lead
to underdosing or overdosing. This is especially true in the very young children and
adolescents, thereby introducing toxicity or reduced efficacy (Knibbe et al. 2011;
Knibbe and Danhof 2011). In order to reach optimal exposure in all patients, the PK
and pharmacodynamics (PD) need to be described, including the influence of
predictors such as body size on PK and PD. With these models, the optimal dose
for any individual patient can be predicted to reach optimal exposure. This approach
has been demonstrated in pediatric HCT (Bartelink et al. 2012a). While most
cytostatic agents used in HCT are dosed using a fixed mg/kg or mg/m2 dose for all
patients, busulfan dose is fully individualized and controlled using therapeutic drug
monitoring (TDM) (Bartelink et al. 2012a). Recent work has shown that actual
exposure to busulfan impacts outcome in terms of toxicity, graft failure, and relapse
(Bartelink et al. 2009, 2012b; Lalmohamed et al. 2015).

The population approach, using advanced nonlinear mixed effects modeling and
high computing power, is the preferred method for PK analyses according to both the
FDA and EMEA guidelines (EMEA 2007; FDA 1999). Previously, the so-called
two-step approach was the method of choice. In this approach, PK parameters are
individually determined for which full sampling is required in all patients. Next,
descriptive statistics are applied to the PK parameters in the whole population. In the
population approach, data from all patients is pooled to estimate a population mean
for all PK parameters (Bauer 2011). Next, based on individual concentrations,
interindividual variability and residual error are calculated for each patient. Main
advantage of the population approach is the ability to use sparsely sampled and
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unbalanced (differences in number of samples and sample times between patients, as
often the case) data (Sheinerm 1984). This makes the population approach particu-
larly attractive in pediatrics, where few samples are available and the absolute dose
varies significantly between children. Additionally, the estimation of PK parameters
is more robust as the software is able to differentiate between real interindividual
variability and residual error (a combination of incorrect sample times, measurement
errors, and model misspecification) (Sheiner and Beal 1980). Altogether, from an
ethical, practical, and methodological point of view, the population approach is the
preferred method for PK analyses.

After describing the population pharmacokinetics, the relationship between
concentrations or exposure and effects or toxicity (PD) needs to be determined.
The PD analysis will give further insight into the therapeutic window and will set an
optimal target exposure. Next, an individualized dosing regimen can be designed
using the population PK model, aiming for optimal exposure. The proposed
individualized dosing regimen should be evaluated in a prospective trial, both
for external validation of the PK model and the clinical safety and efficacy (Ince
et al. 2009).

Individualized drug dosing is increasingly incorporated, especially in pediatrics
where differences in PK between children of different age groups are major. While
individualized dosing regimens are designed according to the above in many fields,
we feel HCT is at the front of incorporating the individualized dosing in clinical
practice. As such, most centers use individualized busulfan dosing with therapeutic
drug monitoring (Bartelink et al. 2012a, 2016). Individualized dosing for ATG has
been designed and is currently evaluated in clinical trials (Admiraal et al. 2015,
2017b). In the coming years, we expect to see more individualized dosing regimens
emerging in the field of HCT, especially in pediatric transplantations, where
differences in PK are major. In our view, we need fully individualized conditioning
regimens including all drugs used. This way, outcome will be predictable and
adjustable based on individual patients’ needs. Additionally, other drugs used in
HCT may need individualization as well, including GvHD prophylaxis and the
treatment and prophylaxis for infectious diseases. Finally, the currently available
models may be further sophisticated, describing not only PK or PD but rather the
complete spectrum of drug treatment, including dose, PK, biomarker response,
clinical efficacy, and toxicity in one comprehensive model. We expect development
and implementation of individualized dosing to take place in the next 10 years,
thereby improving the knowledge and efficacy of clinical drug therapy and improv-
ing clinical outcome following HCT. With individualized dosing, unwanted
variability in drug exposure will be reduced, leading to predictable, adjustable, and
improved outcome of HCT. Such a predictable conditioning regimen can also be
used as a transplantation platform in the context of harmonized clinical trial design to
study the effects of adjuvant therapies, e.g., concomitant chemotherapy in condi-
tioning or adjuvant immunotherapies.

Currently, cost-effectiveness is playing an increasingly larger role in healthcare
decision-making. In this perspective, we hypothesize that dose individualization
may be quite cost-effective, especially in the field of HCT where all complications
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are very costly (e.g., treatment of GvHD, expensive antiviral drugs, VOD, graft
failure) (Bartelink et al. 2013a; Corbacioglu et al. 2012). Additionally, the costs of
the development of individualized dosing regimens are relatively low.

6 Adjuvant Cellular Therapies

Adjuvant cellular therapies, given posttransplantation, are strategies being used and
developed to get better disease control in patients receiving a HCT, including CBT
for malignant disease as this remains an unmet need for certain indications.

Historically and still in some protocols, unmanipulated lymphocyte infusions are
given, while nowadays also more specific cell therapies are being developed, such as
engineered T cells and cellular vaccines.

As relapse remains the main obstacle even after potentially curative HCT, novel
combinational immunotherapeutic strategies are being developed aiming at
preventing relapse after HCT. Currently the most widely used type of additional
immunotherapy combined with allogeneic HCT is donor lymphocyte infusion
(DLI), where alloreactive T cells may help to eradicate residual tumor cells. Unfor-
tunately, this “non-specific” strategy suffers from severe toxic side effects, such as
GvHD (Deol and Lum 2010). Other approaches aim to increase innate or adaptive
antitumor responses by transferring ex vivo-generated cells, such as (chimeric
antigen receptor (CAR)-modified) tumor-specific cytotoxic T lymphocytes (CTL)
or natural killer (NK) cells (Lee et al. 2015; Grupp et al. 2013; Maude et al. 2014;
Brentjens et al. 2013; Porter et al. 2011; Louis et al. 2011; Zhou et al. 2014).
Although initial results seem promising, these procedures are often time-consuming
(up to months) and may have limitations, such as HLA restriction and uncertain
functionality. Additionally, there is a highly variable induction of immunological
memory upon transfer in the patient, which may restrict the broad eligibility of these
treatments. Although CAR-modified T cells look promising, at least on the short
term, several drawbacks, such as (life)-long B-cell lymphopenia in CAR T cells
against CD19. Furthermore, the duration of effect, which may reflects the life span of
these engineered T cells, remains unclear.

Another intriguing option is development of cell vaccines: increased antigen
presentation provided by a dendritic cell (DC) vaccine combined with the intrinsic
increased proliferative capacity of the grafted CB cells may result in fast differentia-
tion and proliferation of tumor-specific CTL early after CBT (de Haar et al. 2015;
Palucka and Banchereau 2013). This early and mass expansion of tumor-specific
CTL may subsequently result in clearance of minimal residual disease and preven-
tion of relapses in cancer patients. Naïve CB T cells display exceptional proliferative
capacities, suggesting that efficient priming of these cells using a tumor-specific DC
vaccine will provide powerful antitumor activity. This may result in clearance of,
and long-term immunological memory against, tumor cells. That CB T cells mediate
a stronger antileukemic activity compared to adult cells was recently shown
(Hiwarkar et al. 2015).
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For all these adjuvant immunotherapies, predictable T-cell immune reconstitution
is essential as the effect relies on the absence of circulation ATG but also on presence
of adequate number of T cells to mediate the desired antitumor effect.

7 Conclusion

HCT provides a final and potentially curative treatment option for a number of
malignant and benign disorders. However, there is a need for improved survival
chances after HCT, which may be accomplished by improving disease control and
reducing the toxicity of the procedure. Pharmacotherapy plays a major role in both
the conditioning phase as in the prevention and treatment of GvHD and infectious
complications. There is a stringent need for an evidence-based, individualized
dosing regimen agents used in HCT.
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Abstract
Effective analgesia in neonates is relevant not only because of ethical aspects
or empathy, but it is a crucial and integral part of medical and nursing
care. However, there is also emerging evidence – although mainly in animal
models – on the relation between the exposure to narcotics and impaired
neurodevelopmental outcome, resulting in a CATCH-22 scenario. Consequently,
a balanced approach is needed with the overarching intention to attain adequate
pain management with minimal side effects. Despite the available evidence-based
guidance on narcotics in ventilated neonates, observations on drug utilization
still suggest an overall increase in exposure with extensive variability between
units. This increased exposure over time and the extensive variability is
concerning given the limited evidence of benefits and potential harm.

Implementation strategies are effective to reduce exposure to narcotics but
result in increased paracetamol exposure. We therefore summarized the evidence
on paracetamol use in procedural pain management, in minor to moderate as well
as major pain syndromes in neonates. While there are sufficient data on short-term
safety, there are still concerns on long-term side effects. These concerns relate to
neurobehavioral outcome, atopy or fertility, and are at present mainly driven
by epidemiological perinatal observations, together with postulated mechanisms.

We conclude that future clinical research objectives should still focus on
the need to develop better assessment tools to quantify pain and on the need
for high-quality data on long-term outcome of therapeutic interventions – also for
paracetamol – and exploration of the mechanisms involved.

Keywords
Narcotics · Newborn · Outcome · Pain management · Paracetamol

1 Introduction: The CATCH-22 of Neonatal Pain and Stress
Management

The paradigm that immaturity of pain processing systems in (pre)term infants
protected them from pain- and stress-related adverse events was rejected when
Anand et al. demonstrated that untreated perioperative pain resulted in increased
short-term mortality and morbidity (Anand et al. 1987). As a consequence of these
pivotal observations and the subsequent accumulating evidence, it became obvious
that effective analgesia in neonates is a crucial part of any treatment during neonatal
admission: effective analgesia is relevant not only because of ethical reflections
or empathy, but it is a crucial and integral part of medical and nursing care.

However, there is also emerging evidence on the relation between the exposure
to narcotics and impaired neurodevelopmental outcome, resulting in a CATCH-22
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scenario (Schiller et al. 2018; van den Bosch et al. 2017). These findings are further
supported by a variety of animal experimental observations related to exposure to
narcotics such as altered apoptosis, axonal growth, or synaptogenesis (van den
Bosch et al. 2017; Andropoulos 2018). In the human neonate, it has been suggested
that the limbic system is a specific vulnerable target structure for overexposure to
pain, stress, or narcotics. This can be explained based on the observation that the
limbic system undergoes rapid development in the third trimester of pregnancy and
early infancy, while related to this structure, the hippocampus and its connections
are crucial for encoding, consolidation, and retrieval of memory. These deficits are
commonly reported in NICU graduates (Schiller et al. 2018).

The long-term outcome results further add to the available short-term side
effects of narcotics – mainly morphine – that were observed and quantified as safety
outcome data of randomized controlled trials in ventilated neonates and relate to
respiratory depression, hypotension, intestinal hypoperistalsis, and urinary retention.
The respiratory depression has been quantified and results in prolonged (+1 day,
7 (4–20) instead of 6 (3–19) days) duration of ventilation (Bhandari et al. 2005).
The available data on hypotension reported in different studies likely reflect
differences in morphine doses. Simons et al. were unable to document differences
in arterial blood pressure, the use of inotropics, or blood pressure variability related
to the morphine maintenance infusion (10 μg/kg/h), irrespective of the post-
menstrual age (Simons et al. 2006). In contrast, the morphine maintenance infusion
(10–30 μg/kg/h), additional morphine administration, and lower age have been
associated with hypotension in the NEOPAIN study (Anand et al. 2004). Similarly,
morphine delayed the attainment of full enteral feeds (+3 days, 20 (13–29) instead
of 17 (12–26) days) in the NEOPAIN trial (Menon et al. 2008). Finally, data on the
incidence and extent of urinary retention were not retrieved but have been observed
in the clinical setting.

This CATCH-22 scenario results in the need of a balanced approach, considering
wanted as well as side effects with the overarching intention to attain adequate
pain management with minimal side effects caused by either pain itself or the kind
or amount of narcotics administered. Besides neurodevelopment, other compound-
specific side effects (e.g., bleeding tendency, hepatic impairment, atopy, renal
impairment, blood pressure) should also be considered. Moreover, assessment of
pain in neonates as pharmacodynamic outcome variable is at best based on
pain scales that do not go beyond intersubjectivity at present. Finally, new pharma-
cological options such as intravenous paracetamol, locoregional techniques,
clonidine, or dexmedetomidine to treat pain became available and have been
introduced in the neonatal intensive care, commonly off-label and with limited
data on efficacy and safety (Thewissen and Allegaert 2011). This is also true
for intravenous paracetamol. Likely because of the uncertainties related to the
assessment of the analgesic effects (PD validity of assessment tools) during registra-
tion studies, the product failed registration in the United States, while registration
in Europe is still limited to term neonates. However, there is extensive off-label
use of this product in neonates (Pacifici and Allegaert 2014; van den Anker and
Allegaert 2018).
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In this review, we aim to provide the reader with an overview on drug utilization
on narcotics in neonatal intensive care to show how scientific evidence is imple-
mented or not in clinical practice. This will be followed by a focused overview on the
currently available data on pharmacokinetics, safety, and efficacy of paracetamol
in neonates to treat pain, to subsequently highlight some knowledge gaps, and
to suggest a research agenda. We will not discuss the more recent trend to use
paracetamol for treatment of a patent ductus arteriosus and refer the interested reader
to other recent reviews on this topic (Jasani et al. 2018; Aranda et al. 2017).

2 Drug Utilization Research on Narcotics in Neonatal
Intensive Care

Drug utilization research is a tool to assess whether pharmacotherapy is rational.
In neonates, this goal is obviously hampered because of the extensive off-label
and unlicensed prescription practices. For research on drug utilization of narcotics,
the anatomic therapeutic chemical (ATC, N02) classification can be applied, be it
that newborn-specific indications exist for ibuprofen or paracetamol for noncentral
nervous system-related indications, like patent ductus arteriosus closure (Jasani et al.
2018; Aranda et al. 2017). Still, quality (compare practices to guidelines, local
drug formularies), patterns (extent or profiles of drug use, trends), outcomes (health
outcomes, both benefits and adverse effects) of drug utilization, or determinants
(prescriber characteristics, impact of interventions) can be explored to describe
patterns on narcotics used and provide early signals of potential irrational drug
utilization, benchmarking, or to guide research priorities (Rosli et al. 2017).

In the latest meta-analysis on the appropriateness to use opioids in ventilated
preterm neonates (‘Neopain studies’), Bellu et al. concluded almost a decade ago
that there is good evidence not to administer routinely opioids to these neonates
(Bellu et al. 2010). Instead, the authors suggested that opioids should only be
administered selectively, when indicated by clinical evaluation of pain indicators.
Based on this meta-analytic evidence, one may anticipate that this has resulted in
reduced exposure to narcotics and more homogeneity in prescription practices.
However, evidence in itself does not result in better practices and lower exposure
but necessitate implementation strategies. To further illustrate this, we report on
recent publications on drug utilization of narcotics in neonates to provide data on
trends over time, on variability between units, and on the impact of implementation
of guidelines on practices.

2.1 Trends in Prescription Practices over Time for Narcotics

The Pediatrix consortium reported on medication use in two consecutive time
intervals (1997–2004 and 2005–2010), exploring a prospectively collected adminis-
trative database. When we compare both databases, it is worth to notice that fentanyl
and morphine were in the top 30 list (19 and 25/30) with an estimated exposure
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of 56 and 35/1000 admitted neonates in the 1997–2004 cohort, to increase to
positions 7 and 14 with an estimated exposure of 70 and 51/1000 admitted neonates,
with appearance of paracetamol on position 16 with 43/1000 in the more recent
(2005–2010) analysis (Clark et al. 2006; Hsieh et al. 2014). Using the same Pediatrix
database with focus on the use of sedatives, analgesics, and paralytics in preterm
neonates (<1,500 g,<32 weeks’ gestational age, 1997–2012, n ¼ 85,911 ventilated
preterm neonates), Zimmerman et al. documented that – despite the meta-analytical
evidence – the exposure to opioids and sedatives increased, respectively, from 5%
to 32% and 5% to 24% of ventilated infant days (Zimmerman et al. 2017). Similarly,
a recent Canadian network analysis on 20,744 preterm neonates (2010–2014,
<33 weeks’ gestational age) documented that, respectively, 17%, 23%, and 29%
of neonates were exposed to either a sedative, a narcotic, or one of these compounds
as continuous infusion (Borenstein-Levin et al. 2017).

2.2 Variability Between Units in Prescription Practices
for Narcotics

In the Canadian network analysis, extensive variability in practices between
units was observed (2–48% for sedatives, 3–41% for narcotics), not explained
by clinical characteristics (Borenstein-Levin et al. 2017). A similar pattern with
extensive variability between units and common exposure to opioids (26%),
sedatives/hypnotics (12%), or paracetamol (14%) has been described in the
EUROPAIN prospective cohort (243 units, 6,680 neonates) study (Carbajal et al.
2015). Exposure was much more common in cases with tracheal ventilation, when
compared to noninvasive ventilation or spontaneous ventilation (Carbajal et al.
2015). Finally, large differences in neonatal drug use were observed between
Dutch neonatal units, and these differences were most pronounced for nervous
system (ATC)-related drugs with a range of 919–2,278 (2.5-fold) prescriptions
per 1,000 neonates (Flint et al. 2017).

Increased exposure to narcotics over time and the extensive variability is
concerning given the limited evidence of benefit and the potential for harm (Clark
et al. 2006; Hsieh et al. 2014; Zimmerman et al. 2017; Borenstein-Levin et al. 2017;
Carbajal et al. 2015; Flint et al. 2017). This is line with the opioid epidemic across
the globe, as reflected in the significant increase in the incidence of newborns
diagnosed with neonatal withdrawal syndrome up to 2–6/1,000 newborns (Allegaert
and van den Anker 2016).

2.3 Implementation Strategies Are Effective Tools to Reduce
Exposure to Narcotics

Implementation of guidelines on the use of opioids and sedatives is effective
to reduce the utilization of these drugs and its variability (Rana et al. 2017).
This reduction in exposure was reflected in the number of patients (63–33%) and
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the cumulative dose (morphine �68%; midazolam �37%). Interestingly, this inter-
vention also resulted in a significant reduction in the number of cases (�75%)
requiring methadone treatment for iatrogenic opioid withdrawal (Rana et al. 2017).
Unfortunately, the authors have not provided information on paracetamol consump-
tion, but the appendices of their paper suggest that this protocol resulted in an
increased paracetamol exposure, both in number of cases and in duration (Rana
et al. 2017). Along the same line, Baarslag et al. documented that adherence to
clinical implementation of intravenous paracetamol as primary analgesia after major
surgery resulted in a similar low additional morphine exposure when compared to
the observations collected during the original placebo-controlled randomized trial on
the effect of intravenous paracetamol on postoperative morphine requirements in
non-cardiac surgery newborns and infants (Baarslag et al. 2018; Ceelie et al. 2013).

In essence, both examples resulted in a reduction of exposure to narcotics
and a parallel increase in exposure to paracetamol, reflecting some rational for the
earlier-mentioned increase in paracetamol exposure in neonates (Hsieh et al. 2014).
This makes it valuable to summarize the currently available evidence on the efficacy
and safety of paracetamol in neonates, taking into account that intravenous paracet-
amol is still off-label in the United States for all neonates and on label in Europe from
term neonates onward, but not in preterm neonates (Pacifici and Allegaert 2014).

3 Paracetamol for Pain Management in Neonates: In Search
for the Available Evidence

3.1 Pharmacokinetics and Metabolism of Paracetamol
in Neonates

Data on the pharmacokinetics and metabolism of paracetamol disposition have
been described for the full range of gestational age and weight, except for
perhaps very specific clinical settings like cardiac bypass and extracorporeal
membrane oxygenation. Pooled pharmacokinetic analyses have been reported
for both intravenous and enteral (oral, rectal) administration, including external
validation efforts (Anderson et al. 2002; Allegaert et al. 2011; Cook et al. 2016a).
Obviously, intravenous administration hereby avoids the additional absorption-
related variability following oral or rectal administration (Anderson et al. 2002,
Allegaert et al. 2011, Cook et al. 2016a). Besides overall clearance, detailed
information on the various routes of elimination (glucuronidation, sulfation, oxida-
tion, renal) and their maturational trends have been reported (Cook et al. 2016b).
More recently, Flint et al. described the gestational age-driven increase in
glucuronidation without evidence for saturation of a specific pathway as there was
a proportional increase in exposure of paracetamol and its metabolites in extreme
preterm neonates between 24 and 32 weeks’ gestational age (Flint et al. 2017).
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3.2 Paracetamol for Procedural Pain Management in Neonates:
A Misguided Rocket

The data on paracetamol-related pain management for procedural pain in neonates
are relatively limited but overall suggest that there is no analgesic effect when used
for procedural pain relief. To further illustrate this, Table 1 provides an overview of
reported randomized studies on the use of paracetamol for procedural pain for heel
lancing (4 studies, 352 cases) or eye examination during screening for retinopathy of
prematurity (3 studies, 252 cases) in (pre)term neonates. Compared to placebo, there
was no benefit in the cases exposed to paracetamol, while the effect of paracetamol
was inferior when compared to non-pharmacological interventions (like sucrose or
dextrose).

These findings are in line with the Cochrane review on interventions to
reduce needle- and vaccine injection-related pain in infants, since this analysis
confirmed the positive impact of breastfeeding, topical anesthetics, and sweet-tasting
solutions on acute distress in infants, while there was no benefit for paracetamol
or ibuprofen (Shah et al. 2015). Similarly, Roofthooft et al. also concluded that
intravenous paracetamol is not suitable as analgesic for PICC placement in preterm
neonates, despite the fact that paracetamol target concentration was reached
(Roofthooft et al. 2017). So in conclusion, paracetamol is not effective for proce-
dural pain management.

3.3 Minor to Moderate Pain Syndromes

The effects of paracetamol to treat minor to moderate pain syndromes in (pre)term
neonates has been described after minor surgery (1 study, circumcision) or following
birth-related trauma (vacuum extraction, bruising, 3 studies) (Table 2). Paracetamol
(oral, 15 mg/kg, q6h for 24 h) was not effective to reduce immediate postoperative
pain during and following circumcision but provided some benefit (postoperative
comfort score lower) after this immediate postoperative period (>6–24 h) (Howard
et al. 1994). In a randomized, placebo-controlled study design in 122 neonates
delivered by vacuum extraction, a single dose of paracetamol (20 mg/kg, rectal)
significantly improved the initial clinical condition (e.g., drinking behavior), but
without difference in pain scores. Subsequent doses of paracetamol did not show any
additional effect (van Lingen et al. 2001). Using a similar design in 123 (near)term
neonates (20–25 mg/kg, rectal at 2 and 8 h after delivery) following assisted vaginal
delivery, early neonatal pain score were low, irrespective of paracetamol exposure.
Intriguingly, neonates exposed to paracetamol after birth displayed an aggravated
subsequent stress response during heel lancing on days 2–3 of postnatal life (Tinner
et al. 2013). Both these studies used a preemptive approach.

In contrast, an open-label intravenous paracetamol study in neonates with
elevated pain scores following birth-related trauma in 19 cases resulted in lower
pain scores within 30 min after administration, with a slight increase in pain scores
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Table 1 Overview of studies investigating the use of paracetamol for procedural pain (heel prick,
eye examination) in (pre)term neonates

Reference
Study design and pain
model Paracetamol dosing Results

Shah et al.
(1998)

Double-blind placebo-
controlled trial
75 term neonates, heel
prick
Facial action pain scores
and cry score

Single oral paracetamol
20 mg/kg or placebo,
60–90 min before prick

No differences in facial
action pain scores or in
cry score

Bonetto
et al. (2008)

Prospective randomized
trial
76 term neonates, heel
prick
Pain scores (NIPS
neonatal infant pain
score > 4)

Placebo, dextrose
(25%), lidocaine-
prilocaine (EMLA)
cream, or oral
paracetamol (20 mg/kg,
60 min before prick)

NIPS < 4 similar
between placebo,
paracetamol, and EMLA
(47%, 42%, and 63%)
Oral dextrose was most
effective (84%
NIPS < 4, NNT 2.7)

Badiee and
Torcan
(2009)

Randomized placebo-
controlled trial in
72 preterm (mean
32 weeks) neonates, heel
prick PIPP (premature
infant pain profile) score

Single (high dose) oral
paracetamol (40 mg/kg)
90 min before prick

PIPP scores placebo
(9, 7, SD 4.2) were
similar to paracetamol
(11.1, SD 3.8)

Foronda
et al. (2014)

Randomized, single-
blind study in
129 neonates, heel prick,
NIPS and PIPP score,
paracetamol (n ¼ 42) to
dextrose (n ¼ 47) or
placebo (n ¼ 40)

No information on
paracetamol dose used

PIPP and NIPS score
lower in dextrose group
Duration of crying
shorter in dextrose group
(30 instead of 79 s)

Kabatas
et al. (2016)

Blinded, placebo-
controlled trial,
114 preterm neonates,
eye examination
retinopathy of
prematurity. PIPP score

Topical anesthetics +
paracetamol (15 mg/kg,
oral, 60 min before
prick) or placebo

Significant lower PIPP
in paracetamol exposed
cases [12(9–13) vs
14(13–15)] but very
modest effect (cutoff
PIPP score < 7)

Seifi et al.
(2013)

Prospective randomized
trial, 120 preterm
neonates, eye
examination retinopathy
of prematurity. PIPP
score

Sucrose 25% vs oral
paracetamol (15 mg/kg)
vs placebo

Sucrose was effective,
paracetamol not when
compared to placebo at
eye examination

Manjunatha
et al. (2009)

Double blind,
randomized, placebo
controlled. Eye
examination retinopathy
of prematurity,
18 preterms recruited
(63 intended), PIPP

Oral morphine
(200 μg/kg), or
paracetamol (20 mg/kg)
or placebo

Morphine cases tended
to have lower pain
scores (PIPP), but no
significant differences
(underpowered study)
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from 5 h onward after administration (Allegaert et al. 2013). So in conclusion, these
data suggest that paracetamol is likely an effective therapeutic intervention when
minor to moderate pain is present, but not when used as part of a preventive strategy.

3.4 Paracetamol Has Opioid-Sparing Effects to Treat Major Pain,
Also in Neonates

Systematic reviews support the opioid-sparing effect of perioperative nonsteroidal
anti-inflammatory drugs (NSAIDs) and paracetamol for perioperative pain manage-
ment in children (Wong et al. 2013). However, the evidence for a relevant reduction
in opioid-related adverse effects is much less robust, and data in neonates were only
more recently reported after major non-cardiac surgery (Ceelie et al. 2013). Using a

Table 2 Overview of studies investigating the use of paracetamol for different minor to moderate
pain syndromes in (pre)term neonates

Reference
Study design and pain
model

Paracetamol
dosing Results

Van
Lingen
et al.
(2001)

Randomized placebo-
controlled trial
122 term neonates after
vacuum extraction
Facies scale + objective
clinical symptoms

Rectal (20 mg/kg.
q6h) 24 h,
paracetamol or
placebo after
delivery

No differences in pain
scores, objective
Clinical symptoms (nurse
assessment) only better in
para-group 1 h after first
dose

Tinner
et al.
(2013)

Randomized double-blind
placebo-controlled trial.
EDIN (Echelle de douleur et
d’inconfort du nouveau né)
score in the 24 h after
vacuum extraction in
123 (near)term neonates

Rectal paracetamol
(20–25 mg/kg)
2 and 8 h after
delivery

No differences in mean
EDIN score
No differences in EDIN
score � 5

In the same group, BPSN
(Bernese pain score) after
heel prick on days 2–3

0.2 mL sucrose in
all cases
No other
interventions

BPSN after heel prick
higher in the “former”
paracetamol group [5 (3–9)
vs 3 (0–6)]

Howard
et al.
(1994)

Randomized double-blind
placebo-controlled trial in
44 healthy term neonates,
undergoing neonatal
circumcision (Gomco),
postoperative comfort score

Oral paracetamol
15 mg/kg.q6h for
24 h start 2 h before
surgery

No effects during
circumcision
Postoperative score similar
until 6 h when paracetamol
group scored better

Allegaert
et al.
(2013)

Open-label intravenous
paracetamol in the
PARANEO study (19/60
monotherapy) Vacuum
extraction or medical
condition with LNPS
(Leuven neonatal pain
score) above threshold

Loading dose of
intravenous
paracetamol
(20 mg/kg)

Decrease in LNPS from
30 min onward, with a slight
increase in pain scores from
5 h onward
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placebo-controlled randomized study design, Ceelie et al. indeed documented
a clinical significant (�66%) morphine-sparing effect in neonates and infants
co-treated with intravenous paracetamol after major, non-cardiac surgery (Ceelie
et al. 2013). This reduction was most pronounced in neonates. The morphine-sparing
effect (�54% for the cumulative morphine dose, �59% for the number of morphine
boluses administered) has also been observed in a retrospective analysis on
morphine consumption in preterm neonates (<32 weeks) before and after introduc-
tion of intravenous paracetamol in one single Finnish unit (Härmä et al. 2016).

3.5 Short- and Long-Term Safety of Paracetamol in Neonates

3.5.1 Short-Term Safety
Short-term side effects of paracetamol described in other populations mainly relate
to hepatotoxicity or hemodynamic effects. Prospective data suggest good hepatic
tolerance, but individual cases with hepatic toxicity potential related to paracetamol
in newborns have been observed, and more advanced tools for pharmacovigilance
have been suggested. Similarly, hemodynamic effects of paracetamol in neonates are
modest with the suggestion to be more careful in the specific setting of impaired
hemodynamics in neonates (Allegaert and van den Anker 2017; Pacifici and
Allegaert 2014).

3.5.2 Long-Term Safety
While short-term safety has been well documented, there is active research going
on exploring potential associations and causal links between perinatal (mainly
prenatal) paracetamol exposure and neurobehavioral issues, increased incidence of
atopy, or reduced fertility. For readers who want to have a more complete overview
on the data as published, we refer to a recently published overview on the available
epidemiological data, while here we focus on mechanisms that may support
causality (Allegaert and van den Anker 2017; Bauer et al. 2018).

Neurodevelopmental Outcome The available studies suggested an association
between prenatal paracetamol exposure and indicators (attention deficit hyperactiv-
ity disorder, autism spectrum disorders, less intelligence) of neurodevelopmental
outcome. Signals were strongest for hyperactivity and attention deficits. Moreover,
a relationship between the extent of exposure and outcome was documented,
irrespective of the maternal indication (Allegaert and van den Anker 2017, Bauer
et al. 2018). Suggested mechanisms relate to cerebral inflammation or to metabolites
like cannabinoids. Intriguingly, in an animal experimental model, paracetamol and
Δ(9)-tetrahydrocannabinol, but not ibuprofen, resulted in developmental neurotox-
icity (Philippot et al. 2016, 2018). Animal experimental observations documented
differences in serotonin and non-adrenaline degradation products in different regions
of the central nervous system, including the cerebellum, spinal cord, and medulla
oblongata (Blecharz-Klin et al. 2016; Mian and Allegaert 2017). However, it is not
yet clear to what extent these prenatal observations also can be extrapolated to early
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neonatal exposure (Allegaert and van den Anker 2017). Moreover, the Food and
Drug Administration (FDA) and European Medicine Agency (EMA) examined the
available observations in 2016 and 2014, respectively, and concluded that
the clinical relevance of these potential associations is still unknown, leading
to the decision not to change their advices (Mian and Allegaert 2017).

Atopy Epidemiological studies suggest a link between fetal/maternal exposure and
atopy (eczema, nutrition driven allergy, wheezing) during infancy. Interestingly,
maternal antioxidant gene polymorphisms (e.g., nuclear erythroid 2 p45-related
factor 2 (Nrf2) polymorphism, glutathione S-transferase (GST)) in mothers and
their offspring may modify this relation between prenatal paracetamol exposure
and childhood asthma, strengthening evidence for causality (Shaheen et al. 2010).
Furthermore, it has been suggested that these atopy-driven effects are based on the
nonselective inhibitory action on peripheral cyclooxygenase activity of paracetamol.
This action is besides its central action and only occurs in the absence of inflamma-
tion and in a low prostaglandin environment. In this setting, and related to matura-
tional immunity (TH1 vs TH2 lymphocytes), this may affect the normal development
of tolerance and may induce autoimmune deviations (Langhendries et al. 2016).

Fertility Epidemiological cohort studies also have generated evidence for an
association between prenatal paracetamol exposure and subsequent risk for cryptor-
chidism (NNH ¼ 32), or hypospadias in second trimester of pregnancy, or shorter
anogenital distance in male infants as marker for impaired masculinization
after first trimester paracetamol exposure (Kilcoyne and Mitchell 2017; Allegaert
and van den Anker 2017). The suggested mechanism explaining impaired masculin-
ization relates to reduced fetal testicular testosterone production following fetal
paracetamol exposure (Fisher et al. 2016). Genitals of male mammals are actively
masculinized during fetal and early postnatal life by androgens and prostaglandins,
and both androgens and prostaglandins are known to be inhibited by paracetamol
exposure (Hay-Schmidt et al. 2017). Again, it is not clear to what extent these
fetal observations are causal and if so, to what extent these findings also apply to
(extreme) preterm neonates.

4 Paracetamol in Neonates: Toward a Better Benefit-Risk
Balance

Effective analgesia is a crucial and valid part of the care provided to neonates.
However, there is emerging evidence on the amount of exposure to narcotics in
neonates and impaired neurodevelopmental outcome, in addition to some short-term
outcome side effects. Consequently, a balanced approach is needed with the over-
arching intention to attain adequate pain management with minimal side effects
caused by pain or narcotics.
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Despite the available guidance on narcotics in ventilated neonates, observations
on drug utilization still suggest an overall increase in exposure with extensive
variability in practices. Implementation strategies are effective to reduce exposure
to narcotics but result in increased paracetamol exposure.

As illustrated by the papers on implementation strategies, a structured approach is
needed to translate knowledge into good practice (Rana et al. 2017; Baarslag et al.
2018). Such a structural pain management plan should be based on prevention,
assessment, and treatment followed by a reassessment. Effective pain control
is based on preventive strategies including the decrease of the number of painful
procedures and environmental stress, driven by systematic assessment of pain based
on a validated assessment tool, and followed by titrated administration of the best
fitted analgesic and subsequent reassessment. The most appropriate approach should
start with the routine use of a validated pain assessment score for the given age
group, followed by a condition-specific pain management protocol with a limited
number of compounds (“tool box”) of which caregivers are aware of (side) effects.
Moreover, such a pain management protocol should also focus on the titration of
analgesics, including a decision tree on when and how to increase and decrease
exposure to analgesics. For each of these levels, a research agenda is needed.

We summarized the evidence on paracetamol use in procedural pain manage-
ment, in minor to moderate as well as major pain syndromes in neonates. We hereby
concluded that the absence of benefit of paracetamol for procedural analgesia has
consistently been shown, irrespective of dose or route of administration. For minor
to moderate pain syndromes, there are data that support the use of a symptomatic,
but not a preemptive approach. For major pain syndromes, relevant opioid-sparing
effects have been documented after major non-cardiac surgery in term neonates
and infants and have been suggested for preterm neonates.

While there are sufficient data on short-term safety, there are still concerns on
long-term side effects. These concerns relate to neurobehavioral outcome, atopy or
fertility, and are at present mainly driven by epidemiological perinatal observations,
supported by postulated mechanisms and animal experimental observations. So even
more than three decades after the pivotal findings of Anand et al. (1987), we are still
in search for a better benefit-risk balance, also for an old compound like paracetamol.

At present, assessment of pain in neonates as pharmacodynamic outcome variable
is at best based on pain scales that do not go beyond intersubjectivity, while real
reflection of the nociceptive stimulus on the nervous system is far from clear.
A relationship between nociceptive brain activity, spinal reflex withdrawal, and
behavior in newborn infants has been described in an effort to shift form clinical
behavioral to electrophysiological signal analysis as more objective tool to assess
pain or nociception (Hartley et al. 2015). Interestingly, the same group recently
reported on the maturational changes in both clinical behavioral and electrophysio-
logical signal analysis following procedural pain in neonates, resulting in
discrepancies in pain behavior and electrophysiological pain signals, most pro-
nounced in extreme preterm neonates. Although these observations reflect objective
changes, the question still remains whether conscious input also occurs especially in
the youngest neonates.
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Another line of research should focus on long-term outcome data following
exposure to narcotics and paracetamol, with additional focus on the mechanisms
related to the variability observed. This exploration on mechanisms should cross talk
with animal experimental studies. This research should be conducted using the
best available research models (prospective, multivariable, valid measurements)
and should be supported by data on human perinatal physiology and pharmacology
(e.g., placental transfer and metabolism) and animal experimental studies (dose,
models) relevant to the human setting. Such animal experimental studies should
be tailored to the clinical needs and practices and therefore should include, e.g., the
effects of repetitive painful procedures, assess the outcome (mechanical sensitivity,
post-injury hypersensitivity, microstructures) at adult equivalent age, or assess
the effect of paracetamol (van den Hoogen et al. 2017). To illustrate the potential
relevance of such a cross talk between clinical and experimental studies, it was
documented that paracetamol administration in the neonatal rat had no effect upon
short-term mechanical hypersensitivity during the first postnatal week or upon long-
term baseline sensitivity from 3 to 8 weeks in a procedural pain prick model.
However, neonatal paracetamol administration significantly reduced the postopera-
tive mechanical hypersensitivity in young adults, caused by repetitive needle
pricking (van den Hoogen et al. 2016). Within this context the choice of the most
suited animal model is fundamental as many suggestions are based on carrageen
induced chronic inflammation as a model (Ruda et al. 2000). In the clinical setting,
however, a chronic osteomyelitis model is not commonly applicable to the neonatal
pain events since this hardly even occurs in clinical practice (van den Hoogen et al.
2016).

In conclusion, effective analgesia in neonates is relevant not only because of
ethics or empathy, but it is a crucial and integral part of medical and nursing
care. However, there is emerging evidence on the relation between the exposure
to narcotics and impaired neurodevelopmental outcome, resulting in a CATCH-22
scenario. Consequently, a balanced approach is needed. Future clinical research
objectives should focus on the need to develop better assessment tools to quantify
pain and on the need for high-quality data on long-term outcome of therapeutic
interventions – also for paracetamol – and exploration of the mechanisms involved.
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Abstract
During puberty, with activation of the hypothalamic pituitary axis that has been
quiescent since the neonatal period, linear growth accelerates, secondary sexual
characteristics develop, and adult fertility potential and bone mass are achieved,
together with psychosocial and emotional maturation.

Disordered pubertal onset and progress, either early or late, presents frequently
for endocrine care. Where a disorder is found, due either to a central hypothalamic
pituitary cause or to primary gonadal failure, pharmacotherapeutic interventions
are required to alter the trajectory of disturbed pubertal onset or progress and for
maintenance of adolescent and adult sex hormone status. This paper describes
pharmacologic interventions used for pubertal disorders but is not intended to
address the diagnostic cascade in detail.

Keywords
Aromatase inhibitor · Estrogen · Gonadotropin · Hormone replacement ·
Progestin · Puberty induction · SERM · Testosterone

Introduction
Puberty is a time of major changes in linear growth, development of secondary
sexual characteristics and bone mass accrual, together with attainment of adult
fertility potential, psychosocial and emotional maturation.

The average onset of puberty occurs around age 10–12 in girls, characterized by
breast development rather than pubic hair, and by age 11–13 in boys, with testicular
enlargement of 4 mL or more. Disordered pubertal onset occurs when puberty starts
below age 8 in girls and 10 in boys or after age 13 in girls and 14 in boys. Puberty
occurs upon reactivation of the hypothalamic pituitary gonadal axis, normally
inactive after the first 4–6 months of infancy.

Disorders of the hypothalamic pituitary gonadal axis may occur in relation to
early onset of puberty, due either to structural or functional changes within the HPG
axis or to peripheral sex hormone secretion, adrenal or gonadal in origin.

Conversely, puberty will be delayed, arrested or absent if any part of the HPG
axis fails to function, due either to central hypothalamic pituitary disorders or to
primary gonadal failure. Hypogonadism may also result from a chronic illness or its
treatment.

Pharmacotherapies used to alter the trajectory of disturbed pubertal onset or
progress and for maintenance of adolescent and adult sex hormone status will be
reviewed in this paper, intended as a guide to management strategies but not as a
pathway to diagnosis.

Precocious Puberty
When a child has apparent pubertal onset at an age earlier than expected, endocrine
referral is common. Thorough clinical assessment is essential, to establish whether
there may be a familial, central or peripheral cause. A careful history to include
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features of age of onset, change in linear growth parameters, rapidity of pubertal
progress and examination for concordance or discordance between the breast and
pubic hair in girls or testicular size and virilization in boys will provide a useful
pathway for preliminary investigation.

1 Pharmacotherapies Used for Precocious Puberty

1.1 GnRH Agonist

1.1.1 Structure
GnRH agonists are structural analogues of natural GnRH, all commonly sharing a
hydrophobic D-amino acid substituting for glycine 6, with higher receptor binding
than natural GnRH. Further structural modifications differ between agonists but are
not required for effect (Perrin et al. 1980). Bioactivity is dependent on resistance to
enzymatic degradation.

1.1.2 Pharmacokinetics
Microcapsules or micro-granules of a biodegradable polymer, coupled to the ago-
nist, release peptide progressively for several weeks in two phases: immediate
release of peptide molecules on the surface of the microcapsules and a slower,
long-lasting release of the internal peptide molecules. After initial rapid release, a
stable serum level of agonist is achieved (Lahlou et al. 2000; Roger et al. 1986) until
the end of 4 weeks. Of injected triptorelin, 38% is released during the first 13 days,
and 0.9% is released daily thereafter, with a similar profile seen for leuprolide (Happ
et al. 1987).

1.1.3 Mechanism of Action
In contrast to pulsatile GnRH that stimulates pituitary gonadotropin secretion,
continuous GnRH has been thought to reduce secretion. Frequency and amplitude
of GnRH pulses are not altered by agonist use, and desensitization of the hypothala-
mus does not occur. Increase in alpha subunit and decrease in beta subunit
secretion of endogenous LH occur, with inhibition of gonadotropin secretion
(Lahlou et al. 2000).

1.1.4 Clinical Trials
A number of non-randomized trials of GnRH agonists to try to increase final adult
height outcome in short stature have not demonstrated effectiveness. Attempts to
increase the height achieved by treatment of girls with normal but early puberty have
also not been effective (Bertelloni et al. 2017; Lazar et al. 2002). Recent clinical trial
meta-analysis of GnRH agonist plus growth hormone studies [6 RCTs (162 patients)
and 6 controlled studies (247 patients)] indicated a very small mean increase
(2.81 cm) in overall height achieved, with combination treatment (Liu et al. 2016;
Paul et al. 1995).
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1.1.5 Early Use
Studies comparing actual height outcome to predicted height are limited by the
complexities of prediction capacity, possible other hormone deficiencies, secular
changes in height with time and severity at time of first presentation. Results have
been conflicting, ranging from little to no change in height achieved compared to
height prediction, to several cm increase in treated versus non-randomized untreated
cohorts (Carel et al. 2009). The key features of outcome relate to early age of
commencement of puberty, early intervention and underlying condition if any, in
terms of achieving a better height outcome (Cisternino et al. 2000; Kauli et al. 1997;
Kletter and Kelch 1994; Palmert et al. 1999; Paul et al. 1995).

1.1.6 Long-Term Use
By contrast with attempts to increase height in girls with early puberty, GnRH
agonists have been used for treatment of progressive CPP for 40 years and have
consistently been shown to have been of benefit in terms of reduced gonadotropin
and growth velocity, slowing skeletal maturation, with a mean increase in predicted
final height of around 4 cm, although in many studies compared to target, final height
was 0.4–5.2 cm shorter than target height. A comprehensive critical review of
outcomes is referenced (Bereket 2017).

1.1.7 Dosing Recommendations
Representative preparations are given although others are available: (Teutonico
et al. 2012).

Triptorelin (leuprolide) 4 weekly IMI 3.75 mg, 12 weekly IMI 7.5 mg, 11.25 mg,
and 15 mg 11.25 mg and 30 mg for 3-month administration. It is recommended that
dosing and follow-up should be performed in an informed healthcare facility, due to
delivery difficulties with current preparations.

Goserelin s/c delivery, 4 weekly, 3.6 mg and 10.8 mg 12 weekly.

1.1.8 Adverse Effects
Leuprolide and histrelin have been associated with sterile abscess formation (Miller
and Shukla 2010). Careful mixing of solid with liquid phase of preparation may
diminish risk.

1.1.9 Availability
GnRH agonists are available in most countries to treat CPP but are frequently
extremely costly, with patient access curtailed by cost constraint. Government
subsidy in some countries improves accessibility. Monthly, three monthly long-
acting and occasionally six monthly preparations are used.

510 M. Zacharin



1.2 Progestins (Progestogens): Oral and Parenteral

Medroxyprogesterone acetate and cyproterone acetate are the only two progestins
likely to be considered for menstrual suppression in children with precocious
puberty. Further information can be found in Sect. 2.2.

1.2.1 Structure
Progestins, as synthetic forms of progesterone, are steroid hormones, activities
varying from agonist (medroxyprogesterone acetate [MPA]) to antagonist (cyprot-
erone acetate[CPA]) depending on side chain form. CPA functions both as progestin
and anti-androgen. MPA is a synthetic pregnane steroid, a derivative of progesterone
and 17α-hydroxyprogesterone (6α-methyl-17α-acetoxyprogesterone).

1.2.2 Mechanism of Action
Progestins bind to the progesterone receptor, resulting in receptor phosphorylation
and transcription activation via interaction with transcription factors, lowering
estrogen levels via reduction of the number of estrogen receptors, together with
increasing estrogen metabolism. Endometrium is attenuated. However, MPA acts as
an agonist for progesterone, androgen and glucocorticoid receptors with little effect
on the estrogen receptor (Schindler et al. 2008). It has therefore been used as an
inhibitor of both central and peripheral precocious puberty.

1.2.3 Pharmacokinetics
Oral MPA is almost all bioavailable, with a T1/2 around 30 h. Depo-Provera has a
T1/2 of 40 days. Doses of Depo-Provera of 25, 50, 100 and 150 mg administered to
women demonstrated a longer mean time for return of follicular and luteal activity
with increasing doses (Fotherby et al. 1980). No woman receiving 50 or 100 mg
Depo-Provera had return of luteal function within 100 days of injection.

Cyproterone acetate (CPA) is also almost all bioavailable, with steady-state levels
reached after about 8 days, most studies having been performed using low doses of
2 mg in reverse sequential OCP (Miller and Jacobs 1986).

1.2.4 Early Use
Progestins have been used for menstrual suppression for over 30 years in children,
largely supplanted by the more efficient GnRH agonists (Brito et al. 2008; Laron and
Kauli 2000; Neumann 1994).

1.2.5 Long-Term Use
MPA has a central effect on inhibition of the hypothalamic-pituitary-adrenal (HPA)
and hypothalamic-pituitary-gonadal (HPG) axes, with suppression of gonadotropin,
androgen, estrogen, adrenocorticotropic hormone (ACTH) and cortisol levels.

Both MPA and CPA can be used in combination with GnRH agonist if persistent
bleeding occurs (Brito et al. 2008). In countries where GnRH agonist is not available
or is not a viable proposition, due to cost factors, progestins are a useful alternative
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and may not only cause endometrial atrophy but have a central effect as well, with
relative switch off of the hypothalamic-pituitary-gonadal axis.

CPA has been used for suppression of gonadotropin stimulation over the first
month of GnRH use but has not been reported to usefully prevent withdrawal
bleeding (Seminara et al. 2010). It has been used for male-limited familial preco-
cious puberty with moderate effect on pubertal control (Almeida et al. 2008).

1.2.6 Dosing Recommendations
MPA 2.5, 5 and 10 mg tabs. 10–20 mg/day provides menstrual suppression in most
children with CPP.

CPA 50 mg, 100 mg tabs. For menstrual suppression 50 mg/day is adequate for
most children.

1.2.7 Adverse Effects
These are usually limited to a degree of fluid retention with occasional headache or
altered mood, but CPA has rarely been reported to have risk for B12 deficiency and
at high dose for adrenal suppression (Ramsay and Rushton 1990).

1.2.8 Availability
Both MPA and CPA are widely available, at accessible cost in most countries. CPA
may not be available or approved for use in the USA. Whilst not as efficient as
GnRH agonist, progestins are a useful alternative option for menstrual control
in CPP.

1.3 Aromatase Inhibitors

Aromatase, cytochrome P-450 CYP19A1, catalyzes conversion of C-19 androgens
to C-18 estrogens, as the rate-limiting step in conversion of testosterone to estradiol
and androstenedione to estrone. It is primarily expressed in ovary and is also found
in fat, muscle, liver and breast. Aromatase inhibitors can be steroidal, with irrevers-
ible action, or non-steroidal with reversible action.

1.3.1 Structure of Non-steroidal Aromatase Inhibitors
Anastrozole 2,20[5-(1H-1,2,4-triazol-1-ylmethyl)1,3-phenylene] bis-(2-methyl
propiononitrile).

Letrozole (4,40-[(1H-1,2,4- -1-yl) methylene] bis-benzonitrile.

1.3.2 Mechanism of Action
The third-generation non-steroidal aromatase inhibitors are highly selective compet-
itive inhibitors of the aromatase enzyme, with 98% aromatase inhibition in humans
(Geisler 2011; Geisler et al. 1996), resulting in more than 90% suppression of plasma
estrogen. Letrozole 2.5 mg daily resulted in more estrogen suppression compared
with 1.0 mg anastrozole (Bhatnagar et al. 2001).
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1.3.3 Pharmacokinetics
After oral administration, letrozole is rapidly and completely absorbed and exten-
sively distributed to tissues where approximately 60% is bound to plasma proteins,
mainly to albumin (55%). Studies have been performed in healthy postmenopausal
female volunteers or women with breast cancer. The half-life (T1/2) of letrozole is
42 h, with a steady state of plasma levels reached in 2–6 weeks (Sioufi et al. 1997).
Hepatic metabolism is responsible for roughly 85% elimination of anastrozole, with
around 11% contribution from renal excretion.

1.3.4 Clinical Trials
Clinical trials in children with peripheral precocious puberty have been limited, due
to rarity of these conditions, mainly reported for children with McCune-Albright
syndrome, most use being directed towards attempts to improve final height in
conditions of short stature (Feuillan et al. 2007). A Cochrane database review of
four randomized controlled trials (RCTs) of boys with these conditions, for only
84 children, suggested height to be greater in boys with constitutional delay in
growth and puberty (CGDP) and did not report in relation to pubertal changes
(McGrath and O’Grady 2015).

A prospective study of anastrozole for treatment of PP in 27 girls with MAS
reported that it was not effective to stop menstruation or to attenuate growth or bone
age advance (Mieszczak and Eugster 2007; Mieszczak et al. 2008; Neyman and
Eugster 2017).

A more recent long-term study of 28 letrozole-treated girls demonstrated slowed
skeletal maturation with sustained improvement in predicted adult height, without
change in ovarian volume or uterine size. No adverse events were reported over
years of study (Estrada et al. 2016).

Treatment of boys with MAS is rarely reported and has utilized multiple treat-
ment modalities together (Messina et al. 2015; Schoelwer and Eugster 2016).

Use for male-limited familial precocious puberty in children reported reduced
growth and rate of bone age advance.

1.3.5 Dosing Recommendations
Oral doses of letrozole 1.5–2 mg/m2/day or 1 mg/day anastrazole.

1.3.6 Adverse Effects
Early concerns were raised, regarding abnormalities of vertebral endplate in rats
treated with anastrazole (Bajpai et al. 2010). Vertebral body morphology changes
were seen in 5/11 (45%) adolescents with idiopathic short stature who were prepu-
bertal prior to treatment with aromatase inhibitor, compared to none in the placebo
group (Hero et al. 2010). These changes were not seen in boys after treatment who
had constitutional delay in puberty, perhaps due to older age and shorter duration of
treatment (Eugster et al. 2003; Wickman et al. 2003).

A small retrospective study of 21 boys treated for short stature has raised
concerns regarding an adverse effect of increased testosterone levels on haematocrit,
acne and BMI, without reduction in estradiol level (Ferris and Geffner 2017).
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Nausea, vomiting, abdominal pain, diarrhoea, headache, erythrocytosis, bone
pain, arthralgia and skin rashes have been reported in adults, but no reports of similar
conditions other than a single case of cyclical vomiting have been seen in a child.
Due to mode of excretion, avoidance of use in renal or hepatic disorders has been
recommended.

Rare reports of men with aromatase deficiency suggest a possibility of adverse
effects on bone mass accrual and hyperlipidaemia, but these have not been seen in
children, where use is limited to a few years.

1.3.7 Availability
Aromatase inhibitors are available in many countries, but use may be restricted to
special access or government-authorized prescription. They may be purchased easily
between countries where local access is limited.

1.4 Anti-androgens and Selective Estrogen Receptor Modulators
(SERMS)

These are discussed together as most use has been in multiple drug combinations for
gonadotropin-independent precocious puberty.

1.4.1 Mechanism of Action

Anti-androges

1. Bicalutamide, as a potent non-steroidal anti-androgen, binds to the androgen
receptor, inhibits its action and increases its degradation.

2. Spironolactone is a steroidal mineralocorticoid antagonist, with a short T1/2 after
oral administration of 1.4 h, mainly metabolized in the liver to metabolites with a
longer T1/2 that allows effective drug response, with renal excretion.

3. Ketoconazole inhibits both adrenal and testicular androgen biosynthesis.

SERMs

1. Tamoxifen is a selective estrogen receptor modulator acting by competitive
binding.

2. Fulvestrant, a synthetic estrane steroid, as an anti-estrogen, acting by
antagonizing and degrading the estrogen receptor.

1.4.2 Clinical Trials
Girls with McCune-Albright syndrome were treated with 20 mg tamoxifen/day, with
reported improvement in growth velocity and reduced rate of bone age advance,
together with marked reduction in menstruation. Increase in uterine size raised
possible concerns regarding stromal tumours. Surveillance is recommended with
long-term use (Eugster et al. 2003).
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Bicalutamide has been used for boys with testotoxicosis in combination with
aromatase inhibitors (Lenz et al. 2010; Reiter et al. 2010).

Fulvestrant has also been reported to slow puberty and growth in girls with
McCune-Albright syndrome (Sims et al. 2012).

1.4.3 Early Use
The majority of reports have been confined to treatment of girls:

A retrospective review of girls aged 3–8 years with McCune-Albright
syndrome reported reduced rate of bone age advance, menstrual suppression and
possible improvement in final height but, in some, less than predicted (de Passone
et al. 2015).

1.4.4 Long-Term Use
Reports are mainly for girls (Neyman and Eugster 2017), but a report of combined
tamoxifen with spironolactone in boys with familial male-limited precocious puberty
suggested good response with pubertal arrest and without adverse effects over
several years (Leschek et al. 1999). A single case report of combined treatment
with an aromatase inhibitor suggested a good response in a boy with McCune-
Albright syndrome (Tessaris et al. 2012).

Ketoconazole has been used successfully to treat small numbers of boys with
gonadotropin-independent precocious puberty since its first description in 1985
(Almeida et al. 2008; Holland et al. 1985; Soriano-Guillen et al. 2005).

1.4.5 Dosing Recommendations
Bicalutamide 2 mg/kg, once daily.
Spironolactone 100–150 mg/day (5 mg/kg).
Ketoconazole reported at 16.2 mg/kg/day.
Tamoxifen, 10–20 mg/day in two doses.

1.4.6 Availability
Spironolactone is universally available.

Bicalutamide has limited availability and approval in some countries. Whilst
ketoconazole is available in some countries, it has been withdrawn from the market
in others, due to safety concerns.

SERMs are generally available in most countries at modest cost, although use for
management of precocious puberty is off label.

1.4.7 Adverse Effects
Gynecomastia and breast pain are reported. Hepatotoxicity that may be severe is
reported with ketoconazole.

Delayed Puberty
Delayed puberty in males is probably the most common reason for referral to an
endocrinologist. Although equally prevalent in girls, fewer attend for similar
complaints, probably related to the discrepancy in timing of pubertal onset and
linear growth spurt between sexes. Although constitutional delay in puberty
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numerically far outweighs all other diagnoses, establishing a possible underlying
cause remains of paramount importance. The need for hormonal support to induce
puberty or to sustain pubertal progress must be determined by diagnosis and by
individual requirement, such as failure to enter puberty, versus pubertal arrest or late
pubertal failure.

HRT, where needed, should aim to provide normal linear growth, together with
an appropriate rate of feminization or virilization in keeping with that of peers, thus
maximizing bone mass accrual and ensuring emotional and social maturation.
Management should encompass adolescent sexual health and consideration for
optimizing capacity for future fertility. Long-term maintenance of adult hormonal
status is required for many conditions of hypogonadism. Attention must be given to
preferred hormone formulation and delivery modality, in order to meet needs for
compliance, and for harm minimization in terms of adverse and side effects, plus
contraception if needed.

2 Pharmacotherapies Used for Delayed Puberty in Girls

2.1 Estrogens

2.1.1 Oral

Structure
Estrogen as a steroid hormone is usually presented as 17 beta estradiol (estradiol
17β-estra-1,3,5(10)-triene-3,17β-diol 17β-pentanoate), an esterified form of natural
estradiol, improving absorption and bioavailability after oral administration.

Pharmacokinetics
Estradiol is rapidly absorbed after oral administration, dose dependent, with 95% of
estradiol metabolized via the first pass in the liver with less than 5% systemic
availability (Longcope et al. 1985; Stanczyk et al. 2013). Most is excreted in
urine, as glucuronide. Similar rapid absorption is seen for estradiol valerate. Conju-
gated equine estrogens contain more than 100 estrogen moieties, and no pharmaco-
kinetic studies are available.

Clinical Trials
Controversy continues to exist regarding optimal methods for inducing puberty and
maintaining HRT in girls with hypogonadism, the most studied group being those
with Turner syndrome. In general, transdermal estrogen is considered the most
physiological choice with best absorption and least adverse effect on lipid or
coagulation profiles, but local skin allergy, patient choice and adherence to treatment
can limit use. Comparison of pharmacokinetics and pharmacodynamics of oral and
transdermal 17β-estradiol in girls with Turner syndrome confirmed the transdermal
route as most approximating natural estrogen, but effects on IGF1 and lipid profile
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were inconclusive in terms of absolute levels (Mauras et al. 2012; Taboada et al.
2011; Torres-Santiago et al. 2013).

Linear growth has been demonstrated to be better if estrogen replacement is not
delayed (Ross et al. 2011).

Long-Term Use
Once an adult dose of 2 mg/day has been reached, this can be continued long term, with
cyclical addition of progestogen for regular withdrawal bleeds. For either primary or
secondary hypogonadism, continuous estrogen is necessary to prevent bone loss during
a “pill-free” week, as occurs with oral contraceptive pill (OCP) use.

Dosing Recommendations
Estradiol valerate:

For pubertal induction: 0.5 mg second daily for 3 months, increasing to 0.5 mg/
day for 6–12 months, depending upon rate of clinical response, then to 1 mg/day for
12–18 months until linear growth is near complete and the majority of adult femini-
zation has been achieved. Dose should then be increased to 2 mg/day, with addition
of progestin at that time.

For adult maintenance: 2 mg/day continuous.

Availability
Estradiol valerate is inexpensive and available in most countries.

Transdermal preparations are infrequently available in developing countries, have
problems of adherence in tropical or hot climates and must be imported outside of
regulatory authorities if needed for specific patients. Conjugated equine estrogens
(Premarin) remain the most commonly prescribed estrogen for pubertal induction
and later HRT despite the availability of 17 beta estradiol, the latter not being widely
recognized as available and a cheaper option.

2.1.2 Transdermal (TD) Patch

Structure
Three layers: translucent polyethylene film, estradiol as estra-1,3,5(10)-triene-3 and
17ß-diol with a cover of siliconized or fluoropolymer-coated polyester film to be
removed prior to application.

Mechanism of Action, Pharmacokinetics
The skin is permeable to estradiol, with diffusion of drug, directly absorbed into
capillaries. A depot effect in the skin and subcutaneous fat allows continuous
delivery into the circulation and a constant level of plasma estradiol for the duration
on patch life, usually 7 days with most modern patches (T1/2 36 h). The skin lacks
enzymes to metabolize estradiol. Adhesive plastic matrix patches release
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approximately 25 μg 17β-estradiol/24 h. Active ingredient per patch: Climara
25 contains 2 mg of estradiol, Climara 50: 3.8 mg of estradiol, Climara 75: 5.7 mg
of estradiol and Climara 100: 7.6 mg of estradiol.

Clinical Trials
Although TD patches have been used for years for pubertal induction, particularly in
girls with Turner syndrome (Klein et al. 2018), few RCTs of their use have been
performed (Shah et al. 2014). Most studies (Norjavaara et al. 2016) have been
performed in girls with Turner syndrome, who have particular potential risks for
hepatic steatosis and metabolic syndrome. Those reports may not be representative
of other hypogonadal populations (Nabhan and Eugster 2013).

Increasing evidence suggests possible overall benefit over oral estrogen for
long-term HRT, to be negotiated with patients regarding preferred delivery modal-
ity. See Sect. 4.1.2.

Dosing Recommendations
These are described for a commonly available preparation. Others are available also.

For pubertal induction:
Commencing dose is usually 0.5 mg/week ¼ 1/4 of a Climara 25 patch, increas-

ing slowly over 2–2.5 years to an adult dose of 3.8–5.7 mg estradiol/week, to mimic
a normal pattern of linear growth and feminization.

Availability Varies Between Countries
Generally obtainable at competitive pricing compared with oral preparations. Lim-
ited access in many countries.

Adverse Effects
Skin allergy is common and may prevent ongoing use. Even if available in tropical
climates or hot weather, poor adhesion and allergy may preclude ongoing use.

2.1.3 Transdermal Gel
Gels are not commonly used for pubertal induction. Although absorption is satisfac-
tory, dosing can be erratic and is user dependent for successful application. Gels are
rejected by some girls as messy and time-consuming to use.

Early Use
TD gel was first described as successful for pubertal induction nearly 30 years ago
(Piippo et al. 2004), mimicking normal pubertal growth and rate of development.
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2.2 Progestins (Progestogens)

Also see Sect. 1.2.

2.2.1 Structure
Two classes of progestins are used most commonly, either as progestin alone or in
combination with estrogen as an OCP: 17α-acetoxyprogesterone derivatives
(pregnanes) include medroxyprogesterone acetate(MPA). Estranes are norethin-
drone derivatives (lynestrenol, norgestrel, norgestimate, desogestrel, norethindrone,
norethynodrel, norethindrone acetate, ethynodiol diacetate and desogen).

2.2.2 Oral
During pubertal induction and early months of HRT for hypogonadism, progestins
are not required. Once an adult dose of estrogen has been reached, addition of
progestin is required to ensure adequacy of endometrial shedding. MPA or
norethisterone acetate are the commonest choices for initial management.

Menorrhagia is common during adolescence. A recent addition to the choices
available for these girls includes a combined contraceptive pill containing estradiol
valerate plus dienogest, with trials demonstrating significant reduction in menstrual
losses, both for menorrhagia and for girls with normal periods (Fraser et al. 2011).

2.2.3 Dosing Recommendations
MPA (Provera) 10 mg/day for 14 days every second or third calendar month is
usually sufficient to ensure regular endometrial shedding without breakthrough
bleeding. Monthly use is possible if patients wish.

NEA (norethisterone acetate) 5 mg/day in the same regime as MPA.

2.2.4 Availability
Progestins are inexpensive and generally available in all countries.

2.2.5 Adverse Effects
Headache, weight gain and fluid retention are common, but side effects differ widely
between individuals. Choice of progestin relates solely to any side effects experi-
enced. Changing to an alternative preparation usually is effective.

3 Pharmacotherapies Used for Delayed Puberty in Boys

Constitutional delay in growth and puberty (CDGP) in boys is the commonest reason
for referral to a paediatric endocrinologist. Often, assessment and reassurance
suffice, and no intervention is required. However, extreme pubertal delay, usually
accompanied by short stature, may need a short course of testosterone, aimed to
prime the HPG axis. Differentiation from primary hypogonadism should not be
difficult to differentiate from CDGP by adolescence, as gonadotropins are likely to
be raised by then, but central hypogonadism can be difficult to diagnose with
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certainty prior to puberty because even a GnRH test may not accurately predict
permanent hypogonadism at that time. It may be necessary to complete pubertal
induction to the end of linear growth and full adult virilization in some cases and
then cease treatment to reassess. This option may also be needed for chronic disease
with pubertal delay or arrest.

3.1 Testosterone Preparations

3.1.1 Testosterone Undecanoate (Oral)

Structure
C17β undecylate (undecanoate) ester of testosterone.

Mechanism of Action

Pharmacokinetics
Peak plasma total testosterone occurred 2–7 h after a 40 mg dose of testosterone
undecanoate in prepubertal boys (Geere et al. 1980; Nieschlag et al. 1975).

Dosing Recommendations
For pubertal induction, 40 mg of oral testosterone undecanoate should be
administered second daily for 3 months, then 40 mg/day for 6–12 months depending
on clinical effect, increases to be judged on linear growth and virilization rate of
bone age advance, increasing progressively to 80, 120 mg/day by 18–24 months
from commencement. A change to parenteral testosterone is usually made above
this dose.

Availability
Variable. Widely available in many countries, limited in some developing countries.

3.1.2 Testosterone Esters

Structure
Androstane esterified steroids.

Mechanism of Action
Testosterone binds to and activates the androgen receptor. Hepatic metabolism to
inactive metabolites.

Pharmacokinetics
Rapid increase to supraphysiological levels of testosterone is achieved after a single
injection of 250 mg, decreasing to a hypogonadal range by 14 days (Behre et al.
2004). Measured plasma testosterone and LH after 25 mg testosterone remained in
an adult range for 1 day, for 2 days after 50 and 14 days after 250 mg testosterone
enanthate (Nieschlag et al. 1976).
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Uses

1. Priming prior to growth hormone testing are usually around 100–125 mg.
2. For short-term treatment of boys with constitutional delay in growth and puberty

(CDGP) (Howard and Dunkel 2016).
3. For pubertal induction when oral androgens are unavailable.

Dosing Recommendations

1. For priming: Doses of testosterone esters used for priming prior to growth
hormone testing are usually around 100–125 mg.

2. For CDGP: Several different regimes are used. A common choice is 100 mg/
month for 6 months, with clinical review to assess for spontaneous entry to
puberty. An alternate option is 125 mg as a first dose then two further doses of
250 mg, 3–4 weeks apart, with review after 6 months.

3. For puberty induction: 50–100 mg monthly, increasing to 250 mg every month,
rate of dose change predicated by linear growth and virilization rate and rate of
bone age advance, 250 mg every 2 weeks if needed for long-term treatment.

Recent data has suggested that subcutaneous administration of testosterone esters
may be equally effective to induce virilization, compared with intramuscular injec-
tion (Spratt et al. 2017).

Adverse Events
Priapism has been reported rarely even after a single dose of 100–125 mg (Albrecht
et al. 2018).

Availability
Worldwide.

3.1.3 Testosterone Undecanoate (Parenteral)

See Long-Term Use
Due to prolonged duration of action of parenteral T undecanoate, it is not
recommended for pubertal induction as is likely to advance bone age too rapidly
with a potential for truncating final height. Its use should be limited to boys with
hypogonadism who have completed the majority of their linear growth potential.

3.1.4 Testosterone Gel

Structure
Hydroalcoholic gel (Sitruk-Ware 1989; Wang et al. 2000).

Direct rapid skin absorption to a reservoir state in the stratum corneum, with
steady-state levels reached over several hours.
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Pharmacokinetics
Testosterone gel 1.62% was evaluated in a randomized controlled study of men aged
18–80. Normal adult range testosterone levels were seen in 81.6% after 16 weeks
administration. Similar pharmacokinetics were seen using a pump actuation of 2%
gel (Efros et al. 2016; Kaufman et al. 2012).

Clinical Trials
A recent comparison between IM testosterone and testosterone gel for pubertal
induction over 6 months suggested gel to be comparable, at least in the short term
(Chioma et al. 2018).

Dosing Recommendations
Unknown to date.

Availability
Widely available in many countries.

Adverse Events
See long-term use adverse events.

If a female parent/carer is administering testosterone gel to an adolescent boy, she
must be advised to wear protective gloves.

3.2 Gonadotropins (Human Chorionic Gonadotropin (hCG)
and Follicle-Stimulating Hormone (FSH))

3.2.1 Structure

hCG
hCG is a 237 heterodimeric amino acid glycoprotein, sharing an alpha subunit
identical to LH, FSH and TSH but a unique beta subunit.

FSH
FSH is also a glycoprotein heterodimer, sharing an alpha subunit as above, with a
unique 111 amino acid beta subunit.

3.2.2 Mechanism of Action
Both hCG and FSH act via interaction with their specific hormone receptor, for
downstream signaling and hormonal response.

3.2.3 Pharmacokinetics

(1) hCG
The T1/2 of hCG has been estimated as approximately 30 h, with doses equal to or
greater than 125 mcg, with a shorter T1/2 for a low dose of 25 mcg of 2 h, with a
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uni-phasic response in testosterone in hypogonadal men and a biphasic response in
normal men who had a pool of active Leydig cells. Response occurred 12 h after
administration with testosterone levels not returning to baseline by 8 days
(Trinchard-Lugan et al. 2002).

(2) FSH
After IM compared with subcutaneous administration of 75 or 150 IU, peak plasma
levels of FSH achieved were reported as later, due to slower absorption, but levels
achieved were the same by 21 h, within a eugonadal range (Handelsman et al. 1995).

3.2.4 Early Use
hCG and FSH use has been reported in mixed cohorts of childhood and adult onset
hypogonadism for 20 years, limiting conclusions as to benefits for those solely with
childhood onset hypogonadism.

Childhood onset male hypothalamic hypogonadism is reported to be associated
with poorer adult fertility outcomes. FSH has a key role in spermatogonial develop-
ment and Sertoli cell proliferation and function. FSH and endogenous testosterone
are required for normal spermatogenesis. Prolonged use of androgen administration
alone for puberty induction and HRT prevents spermatogenesis and may reduce
efficiency of future fertility induction.

3.2.5 Clinical Trials
In the past 10 years, small cohorts with childhood onset hypogonadism, prepubertal
prior to hCG exposure, had puberty induction with hCG, FSH being added to induce
fertility. Linear growth and virilization mimicked natural puberty; spermatogenesis
was achieved after 6–9 months of combination treatment. Testicular imprinting at
puberty may reduce duration of later fertility induction treatment (Rohayem et al.
2017; Zacharin et al. 2012).

A survey of men on long-term treatment for these disorders reported a lasting
impact on psychosexual functioning despite adequate physical management,
adding to need for reviewing methods of pubertal induction (Dwyer et al. 2015;
Zacharin 2015).

3.2.6 Dosing Recommendations
hCG for pubertal induction in hypothalamic hypogonadism: 500 mg � 2/week for
6 months, increasing to 1,000 u � 2/week for 12–8 months, dose increases to be
made judged by linear growth, rapidity of virilization and bone age advance. Further
increase to 1,500 u � 2/week should only be made if virilization is incomplete and
plasma testosterone is below adult levels. NB hCG is more efficient than exogenous
testosterone, so intermittent measurement of testosterone levels will help guide need
for dosage change.

Once testosterone is in the adult range, FSH can be added at 150 IU � 3/week.
Observation of increasing testicular size is of more value than frequent measurement
of Inhibin B, but a rising Inhibin B guides timing of semen analysis or possible need
to increase FSH to 300 IU � 3/week for adequate spermatogenesis. Once this has
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occurred, preferably with semen storage, HRT can be maintained using testosterone
preparations.

3.2.7 Availability
hCG is more generally available, but FSH use is severely curtailed by expense and
thus lack of access in many places. Subsidized treatment can be obtained for fertility
induction in some countries.

Long-Term Hormone Replacement Pharmacotherapies
Many of the following preparations have been described in detail for pubertal
induction. Those preparations will be discussed, regarding evidence for long-term
use and beneficial and possible adverse effects. Detailed analysis of oral and
parenteral contraceptive agents is beyond the scope of this article. Many thousands
of publications exist. Recent reviews are referenced.

4 Pharmacotherapies Used for Long-Term Hormone
Replacement in Girls

4.1 Estrogen

4.1.1 Oral

Dosing Recommendations
Estradiol valerate 2 mg/day on a continuous basis. See Sect. 2.1.

For Turner syndrome or other conditions where there may be a significant risk for
hypertension, a natural estrogen is preferred long term, and OCP containing ethinyl
estradiol should not be used as the ethinyl radical induces renin substrate at 40 times
the rate of natural estrogens (Crane and Harris 1969; Crane et al. 1966).

4.1.2 Transdermal Patch

Clinical Trials

Recent Information
New data compared stored plasma samples from girls who had been treated with oral
or TD estrogen with normal controls on no medication. LCMSMS measurement of
12 estrogen metabolites demonstrated several estrogen metabolites at higher,
unphysiologic levels in those who had oral estrogen, increasing concerns regarding
first pass effect in the liver (Mauras et al. 2018).

A meta-analysis of available trials has confirmed an overall benefit of transdermal
estrogen patches as the optimal method of estrogen delivery in girls with Turner
syndrome, in terms of improved lipid profile, but no statistically significant differences
were seen between oral and TD preparations IGF1, BMI, fat mass, fasting insulin,
estradiol or estrone levels. However, compliance and patient preference remain
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significant factors in choice ofHRT agent. An apparent increase inBMDz score should
be interpreted with caution as adult BMD values are not currently available between
groups (Zaiem et al. 2017).

Availability

Transdermal Gel and Estrogen Spray
These are not used in adolescent practice in most countries and will not be addressed.

4.1.3 Oral Contraceptive Pills (OCP) Summary

Structure and Pharmacokinetics
Estrogen, as ethinyl estradiol, is rapidly absorbed after oral ingestion, with levels
90–130 pg/mL found within 1–2 h after intake, levels being proportionate to dose.
After the first pass effect in the liver, metabolism being less than that of natural
estrogen, there remains around 45% bioavailability, variable between women
(Fotherby 1982).

Progestins used in most OCPs are commonly 19-nortestosterone derivatives
estranes (NEA) or acetoxyprogesterone derivatives pregnanes (medroxyprogesterone
acetate (MPA) and megestrol acetate). Drospirenone is derived from spironolactone,
with anti-androgenic and antimineralocorticoid activity, and reported to be less
androgenic than estranes (Dragoman et al. 2018; Stanczyk et al. 2013).

Mechanism of Action
Inhibition of ovulation.

Dosing Recommendations
Combined OCPs have been used for over 50 years. Reduction in estrogen content
has clearly contributed to reduced thromboembolic risk in users. First-generation
progestogens remain as likely the safest in this regard (Dragoman et al. 2018),
although recent formulations may change recommendations (Bastianelli et al.
2017; Farris et al. 2017).

The lowest dose that achieves menstrual control without breakthrough bleeding
or side effects should be the primary aim of treatment.

Attention to specific individual needs is of particular importance in the adolescent
age range, such as anticonvulsant use increasing rate of estrogen metabolism
(lamotrigine) or via enzyme induction (phenobarbitone, phenytoin, carbamazepine
and oxcarbazepine), in women with epilepsy, where increased seizure activity, with
adverse brain effects, is reported (Reddy 2017). Unintended pregnancy was also
more commonly seen in younger women with epilepsy using OCP, compared with
other contraceptive modalities (Herzog et al. 2017). Alternatively, if OCP is the
preferred method of contraception, high estrogen dose preparation (50 mcg ethinyl
estradiol) should be given.
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Antibiotics do not interfere with estrogen metabolism, except for rifampicin and
griseofulvin which increase hepatic metabolism via the CYP450 enzyme. OCP use
should be avoided in women taking these drugs.

Migraine may be a contraindication to use of the OCP, but level of evidence
from all studies is low. A recent consensus is inconclusive, recommending that
desogestrel OCP may be a preferred option if OCP use is undertaken for this group.
Confirmation is needed regarding a recent report which described a sixfold increase
in stroke risk in OCP users who have migraine with aura but not those without
(Champaloux et al. 2017).

Menstrual migraine during the pill-free week may be ameliorated by addition of
an estrogen patch, but published evidence is lacking (Sacco et al. 2018).

When choosing a contraceptive option for the adolescent, adherence capacity,
risk-taking behaviours and potentially interfering medications must be carefully
weighed. OCP is often prescribed for control of dysfunctional uterine bleeding in
adolescents, as well as for contraception. Mood disturbance may be induced or
exacerbated by any OCP. Careful evaluation as to possible contribution from OCP
may require a change to a preparation containing a different progestin.

Availability
OCP are available worldwide, but in many developing countries, access is limited to
a very few preparations – usually containing 30 mcg ethinyl estradiol plus L
norgestel or NEA.

Depot Preparations of Estrogen Are Not Commonly Used or Available
in Adolescence and Will Not Be Discussed

4.2 Progestins

4.2.1 Oral
See Sect. 2.1.1.

4.2.2 Parenteral
Comprehensive reviews of long-acting reversible contraceptive agents (IUD and
implants) used in women less than age 25 indicated that high 12-month continuation
of these options exists and that this type of contraception should be offered to all
adolescents as a first-line option (Curtis and Peipert 2017; Diedrich et al. 2017).

4.2.3 Subcutaneous Progestin-Bearing Rod

Structure
Implantable plastic rod impregnated with etonogestrel, an estrane derivative of
norethisterone.
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Pharmacokinetics
Steady-state levels are reached within a week of implant, with 100% bioavailability.
Implants need replacement every 3 years.

Early Use
The Implanon rod was first used 20 years ago, effective as a long-acting
reversible contraceptive, but with problems of continued irregular bleeding,
including polymenorrhoea in around 10% of users. Weight gain, depression and
acne are usually cited as reasons for early removal although a recent study did not
support differences in weight after 12 months use between Implanon and other long-
acting contraceptive agents (Silva Dos Santos et al. 2017).

Availability
Widely available in many countries.

Adverse Events
Rod migration has been reported, into areas distant from insertion site. Including
vasculature and the lung (Kang et al. 2017).

4.2.4 Intramuscular: Depot
Depot medroxyprogesterone acetate (DMPA).

Long-Term Use
DMPA has a significant central progestin action and often switches off the hypotha-
lamic pituitary ovarian axis. The FDA instituted a black box warning on DMPA
packaging in 2004. This is of particular importance in an adolescent who has a major
disability, where this secondary effect will further reduce bone mass accrual and
predispose to osteoporotic fracture, in a high-risk population where DMPA may be
used long term. A study reported improvement to normal bone density after discon-
tinuation, over 2–3 years in adolescent girls who had used DMPA, and adult studies
were reported to provide similar reassurance (Harel et al. 2010; Isley and Kaunitz
2011). A recent study of college students reported lower BMD in DMPA users
(Nieves et al. 2016). Caution should be exercised in considering DMPA in girls who
have not achieved peak bone mass or who intend DMPA as a long-term contracep-
tive option. A recent report suggested possible shift in management choices for this
group, with none of 80 adolescents with disability using DMPA (Chuah et al. 2017).

Dosing Recommendations
MPA 150 mg IMI every 12 weeks will usually result in complete amenorrhoea.

Availability
Depo-Provera is widely available at low cost in almost all countries.

4.2.5 Transdermal Patch
See Sect. 4.1.2.
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4.2.6 Intra-uterine system
The major use of IUDs in this age group is for menstrual control in adolescent girls
who have a major physical or intellectual disability and where amenorrhoea is
desired, along with contraception. IUD may be first choice, particularly in presence
of anticonvulsant use or considered after OCP failure for any reason.

Structure
Plastic T shaped device coated with a membrane containing L-norgestrel
(Luukkainen 1991).

Mechanism of Action
The L-norgestrel IUD acts via causing change in cervical mucus, thus impairing
sperm penetration. It may have some additional effect on ovulation in some women
(Xiao et al. 1990). More recently marketed devices are smaller, allowing easier
insertion in a nulliparous cervix.

Pharmacokinetics
Slow continuous release of L-norgestrel over 3–5 years, most over 5 years. The gold
standard Mirena IUD contains 52 mg L-norgestrel, continuously released. A newer
device, Kyleena (Bayer Healthcare, Whippany, NJ, USA), contains 19.5 mg of LNG
released at 17.5 μg/day after 24 days, decreasing progressively to 9.8 μg/day after
1 year and 7.4 μg/day after 5 years, with an average of 9 μg/day over 5 years (Grandi
et al. 2018).

Recent Information
Analysis of nine studies of IUD adherence and acceptance for women under age
25 versus other long-acting methods of contraception, from an extensive database
search, suggests better acceptance of this method (Usinger et al. 2016). Evidence
from a systematic review of safety suggests that the risk of adverse outcomes related
to infection, heavy bleeding, pregnancy, perforation or removals among young IUD
users is low but that expulsion rate is higher than for older women raising need for
awareness regarding alternative contraceptive (Jatlaoui et al. 2017).

Availability
IUDs are available worldwide, limited only by cost and importation restrictions in
certain countries.

4.2.7 Vaginal Ring
The vaginal rings used for contraception are uncommonly prescribed in adolescence
and will not be discussed in detail. They contain norgestrel progestins (desogestrel,
levonorgestrel, etonogestrel, gestodene, norgestimate), acting via transmucosal
absorption. Due to need for regular replacement, compliance is required for efficacy.
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5 Pharmacotherapies Used for Long-Term Hormone
Replacement in Boys

5.1 Testosterone Esters

5.1.1 Long-Term Use
Largely supplanted by long-acting testosterone undecanoate, wherever available.

Dosing Recommendations
Testosterone esters: 250 mg IMI every 14–21 days.

Availability
Worldwide.

Adverse Effects
High endogenous T concentrations are not associated with increased risk of VTE,
DVT or PE (Holmegard et al. 2014; Roetker et al. 2018). However all parenterally
administered testosterone has a risk for progressively increasing haemoglobin,
particularly seen with the long-acting preparations, presumably related to more
steady-state maintenance of androgen levels compared with the peaks and troughs
of shorter-acting testosterone esters. Regular full blood count assessment should
be undertaken, with consideration for possible interventions of dose reduction,
longer intervals between doses and occasional need for regular venesection (Ponce
et al. 2018).

5.2 Testosterone Undecanoate Oral

5.2.1 Long-Term Use
As oral administration of this form of testosterone requires at least twice daily
dosing, with multiple capsules/day, long-term use in adolescent boys with
hypogonadism is likely to be limited by acceptability and compliance issues.

5.2.2 Dosing Recommendations
Doses around 160–240 mg/day are usually required to maintain testosterone levels
in an adult range. Occasional dose reductions may be considered if there is problem
of excessive, disinhibited, sexualized behaviour in boys who have intellectual
disability. Provided the testosterone level can be maintained above 5–6 nmol/L,
bone health should not deteriorate, but BMD evaluation would be desirable in this
small group. Alternative medications to reduce behavioural disorder should be
considered if needed rather than rendering the boy hypogonadal.
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5.2.3 Adverse Events
Inadvertent transfer of gel to female children or partners or other male children due
to skin contact of administered areas has been reported several times, with potential
for virilization (Hewitt and Zacharin 2012).

5.3 Testosterone Undecanoate Parenteral

5.3.1 Recent Information
Many studies have demonstrated safety and tolerability (Minnemann et al. 2007).

5.3.2 Adverse Events
Long-acting preparations have been linked with microembolization of the oil vehi-
cle, most frequently resulting in acute cough (Middleton et al. 2015). Drug delivery
should be administered in a facility with available facilities for management of an
emergency situation.

5.3.3 Dosing Recommendations
Parenteral testosterone undecanoate 1,000 mg by deep intramuscular injection,
preferably in the far lateral buttock, delivered slowly over at least 90 s, using a
21 gauge needle will help prevent haematoma and embolization.

5.3.4 Availability
Widely available but availability is currently limited in many developing countries.

5.4 Testosterone Gel

This is only likely to be a treatment choice during adolescent years for boys who
have a complex disability, where parents and carers may have preference for a
non-invasive method of androgen delivery for a boy who has permanent
hypogonadism of any cause or where chronic illness and low body weight preclude
regular HPG axis function. Inability to maintain adult sex hormone levels after
puberty has been reported in patients attending young adult cerebral palsy clinics
(Trinh et al. 2016).

5.5 Testosterone Spray

This preparation is not used in adolescent practice.
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5.6 Testosterone Pellets

These pellets are only available in a few countries and are not commonly used in the
adolescent population due to surgical requirement for insertion.

5.7 Gonadotropins FSH/hCG

See Sect. 3.2 for further information.

5.7.1 Dosing Recommendations
FSH and hCG are used for fertility induction at any post-pubertal age, dosing at same
levels as the final adult dose used during pubertal induction:

Parenteral testosterone should be ceased prior to administration of hCG.
hCG 1,500 IU � 2/week s/c until a level of testosterone in the normal adult

range has been achieved. Addition of FSH 150 IU � 3/week, increasing to
300–450 IU � 3/week as required after at least 4 months of observation of testicular
size increase, with measurement of inhibin B to predict onset of spermatogenesis.

Combined treatment should be continued until confirmed pregnancy, at 12 weeks
gestation. IM testosterone can then be substituted until future fertility is desired.

Disclosure Prof Zacharin has from time to time received unrestricted educational grants from
Novartis, Pfizer, Ipsen and Bessins. She participated in a symposium on precocious puberty,
sponsored by Sandoz, at the 2014 53rd Annual Meeting of the European Society of Paediatric
Endocrinology. She has no conflicts of interest to disclose in relation to this paper.
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