
Bone Drugs in Pediatrics

Gordon L. Klein
Editor

Effi  cacy
and Challenges

123



  Bone Drugs in Pediatrics 



     



       Gordon L.   Klein     
 Editor 

 Bone Drugs in Pediatrics 

 Effi cacy and Challenges                       



 ISBN 978-1-4899-7435-8      ISBN 978-1-4899-7436-5 (eBook) 
 DOI 10.1007/978-1-4899-7436-5 
 Springer New York Heidelberg Dordrecht London 

 Library of Congress Control Number: 2014935872 

 © Springer Science+Business Media New York   2014 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifi cally the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfi lms 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. Exempted from this legal reservation are brief excerpts in connection 
with reviews or scholarly analysis or material supplied specifi cally for the purpose of being entered and 
executed on a computer system, for exclusive use by the purchaser of the work. Duplication of this 
publication or parts thereof is permitted only under the provisions of the Copyright Law of the Publisher’s 
location, in its current version, and permission for use must always be obtained from Springer. 
Permissions for use may be obtained through RightsLink at the Copyright Clearance Center. Violations 
are liable to prosecution under the respective Copyright Law. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specifi c statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
 While the advice and information in this book are believed to be true and accurate at the date of 
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for 
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with 
respect to the material contained herein. 

 Printed on acid-free paper 

 Springer is part of Springer Science+Business Media (www.springer.com)  

 Editor 
   Gordon L.   Klein ,  MD, MPH   
  Department of Orthopaedic Surgery and Rehabilitation 
 University of Texas Medical Branch and Shriners Burns Hospital 
  Galveston ,  TX ,  USA   

www.springer.com


    To Joann, Adrienne, Andrew Howard 
and Andrew George, and in memory 
of my late mentors Ivor H. Mills (Cambridge) 
and Jack W. Coburn (UCLA). 



     



vii

  Contents 

    1     Introduction .............................................................................................  1   
    Gordon   L.   Klein    

     2     Developmental Pharmacokinetics: 
Drug Disposition Relative to Age ...........................................................  5   
    Michael   D.   Reed     and     Michelle   L.   Bestic    

     3     Drug Development for Pediatric Diseases with Bone Loss .................  23   
    Chi   Zhang    

     4     Paediatric Bone Physiology and Monitoring the Safety 
and Effi cacy of Bone Drugs in Children ...............................................  37   
    John   G.   Logan,         J.  H.   Duncan   Bassett,     and     Moira   S.   Cheung    

     5     Bisphosphonates in Osteogenesis Imperfecta .......................................  67   
    Andrew   Biggin     and     Craig   F.   Munns    

     6     Use of Bisphosphonates in Genetic Diseases 
Other than Osteogenesis Imperfecta .....................................................  81   
    Maria   Luisa   Bianchi    

     7     Bisphosphonates in Pediatric Burn Injury ...........................................  101   
    Gordon   L.   Klein    

     8     Growth Hormone and Bone ...................................................................  117   
    Daisuke   Harada     and     Yoshiki   Seino    

     9     Growth Hormone and Oxandrolone in Burned Children ...................  135   
    Nigel   Tapiwa   Mabvuure,         Alexis   N.   Thomas,     
and     Linda   E.   Sousse    

    10     Pediatric Bone Drugs: Calcium and Vitamin D ...................................  153   
    Melissa   S.   Putman     and     Catherine   M.   Gordon    



viii

    11     Pediatric Maxillofacial Conditions and Drugs .....................................  183   
    Srinivas   M.   Susarla,         Christina   M.   Jacobsen,     
and     Shelly   Abramowicz    

    12     Newer Adult Bone Drugs ........................................................................  199   
    Natalie   E.   Cusano,         Aline   G.   Costa,         Barbara   C.   Silva,     
and John P. Bilezekian        

    13     Conclusion: Whither (or Wither?) the Pharmacology 
of Pediatric Bone? ...................................................................................  223   
    Gordon   L.   Klein     

   Index .................................................................................................................  225    

Contents



ix

  Contributors 

     Shelly     Abramowicz, DMD, MPH        Division of Oral and Maxillofacial Surgery, 
Department of Surgery ,  Emory University School of Medicine  ,  Atlanta ,  GA ,  USA     

      J.    H.     Duncan     Bassett, MD        Department of Molecular Endocrinology ,  Imperial 
College London, Hammersmith Hospital  ,  London ,  UK     

      Michelle     L.     Bestic, Pharm D        Division of Clinical Pharmacology and Toxicology, 
Department of Pediatrics ,  Rebecca D. Considine Research Institute, Akron 
Children’s Hospital, One Perkins Square  ,  Akron ,  USA     

      Maria     Luisa     Bianchi, MD        Bone Metabolism Unit ,  Istituto Auxologico Italiano 
IRCCS  ,  Milan ,  Italy     

      Andrew     Biggin, BSc, PhD, MBBS        Institute of Endocrinology and Diabetes, The 
Children’s Hospital at Westmead, University of Sydney  ,  Westmead ,  NSW ,  Australia     

      John P. Bilezekian  , MD        Metabolic Bone Diseases Unit, Department of Medicine , 
 College of Physicians and Surgeons, Columbia University  ,  New York ,  NY ,  USA     

      Moira     S.     Cheung, MBBS, MRCPCH, MSc, PhD        Department of Endocrinology , 
 Great Ormond Street Hospital for Children  ,  London ,  UK     

      Aline     G.     Costa, MD        Metabolic Bone Diseases Unit, Department of Medicine , 
 College of Physicians and Surgeons, Columbia University  ,  New York ,  NY ,  USA     

      Natalie     E.     Cusano, MD        Metabolic Bone Diseases Unit, Department of Medicine , 
 College of Physicians and Surgeons, Columbia University  ,  New York ,  NY ,  USA     

         Catherine     M.     Gordon, MD, MSc        Department of Endocrinology, Hasbro 
Children’s Hospital, Alpert School of Medicine, Brown University  ,  Providence , 
 RI ,  USA   

        Daisuke     Harada, MD, PhD        Department of Pediatrics ,  Osaka Koseinenkin 
Hospital  ,  Osaka ,  Japan     



x

      Christina     M.     Jacobsen, MD, PhD        Divisions of Endocrinology and Clinical 
Genetics ,  Boston Children’s Hospital  ,  Boston ,  MA ,  USA     

      Gordon     L.     Klein, MD, MPH        Department of Orthopaedic Surgery and 
Rehabilitation, University of Texas Medical Branch and Shriners Burns Hospital, 
Galveston, TX, USA        

      John     G.     Logan, PhD        Department of Molecular Endocrinology ,  Imperial College 
London, Hammersmith Hospital  ,  London ,  UK     

      Nigel     Tapiwa     Mabvuure, MBBS, BSc        Brighton and Sussex Medical School  , 
 Brighton ,  East Sussex ,  UK     

      Craig     F.     Munns, MBBS, PhD, FRACP        Institute of Endocrinology and Diabetes, 
The Children’s Hospital at Westmead, University of Sydney  ,  Westmead ,  NSW , 
 Australia     

      Melissa     S.     Putman, MD        Department of Endocrinology ,  Boston Children’s 
Hospital, Harvard Medical School  ,  Boston ,  MA ,  USA     

      Michael     D.     Reed, PharmD, FCCP, FCP        Division of Clinical Pharmacology and 
Toxicology, Department of Pediatrics ,  Rebecca D. Considine Research Institute, 
Akron Children’s Hospital, One Perkins Square  ,  Akron ,  USA     

      Yoshiki     Seino, MD, PhD        Department of Pediatrics ,  Osaka Koseinenkin Hospital  , 
 Osaka ,  Japan     

      Barbara     C.     Silva, MD, PhD        Metabolic Bone Diseases Unit, Department of 
Medicine ,  College of Physicians and Surgeons, Columbia University  ,  New York , 
 NY ,  USA     

      Linda     E.     Sousse, PhD, MBA        Department of Surgery ,  Shriners Hospitals for 
Children  ,  Galveston ,  TX ,  USA     

      Srinivas     M.     Susarla, DMD, MD, MPH        Department of Plastic and Reconstructive 
Surgery, Johns Hopkins Hospital, Baltimore, MD, USA         

      Alexis     N.     Thomas, MRCS, MBChB, BSc        Department of Plastic Surgery ,  Queen 
Victoria Hospital  ,  East Grinstead ,  West Sussex ,  UK     

      Chi     Zhang, MD, PhD        Department of Orthopaedic Surgery ,  University of Texas 
Southwestern Medical Center  ,  Plano ,  TX ,  USA      

Contributors



xi

  Abbreviations 

   1/3Rad    Distal 1/3 radius   
  25(OH)D    25-hydroxyvitamin D   
  A    Area   
  aBMD    Areal bone mineral density   
  AI    Adequate intake   
  ALP    Alkaline phosphatase   
  BA    Bone area   
  BAP    Bone alkaline phosphatase   
  BMAD    Bone mineral apparent density
BMC Bone mineral content   
  BMD    Bone mineral density   
  BMP    Bone morphogenetic protein   
  BMU    Basic multicellular unit   
  BP, BPs    Bisphosphonate(s)   
  BPCA    Best Pharmaceuticals for Children Act of 2002   
  BS    Bruck syndrome   
  BTT    Bone transmission time   
  BUA    Broadband US attenuation   
  CDER    Center for Drug Evaluation and Research   
  CF    Cystic fi brosis   
  CFTR    Cystic fi brosis transmembrane conductance regulator   
  Circ    Circumference   
  Cort    Cortical   
  CTX    C-terminal cross-linked telopeptides of type I collagen   
  CXSA    Cross-sectional area   
  D.Rad    Distal radius   
  DF    Distal femur   
  DMD    Duchenne muscular dystrophy   
  DPD    Deoxypyridinolin   
  DXA    Dual X-ray absorptiometry   
  EDS    Ehlers–Danlos syndrome   



xii

  ELISA    Enzyme-linked immunosorbent assays   
  Endost    Endosteal   
  ERT    Enzyme replacement therapy   
  FA    Forearm   
  FD    Fibrous dysplasia   
  FDA    Food and Drug Administration   
  FGF23    Fibroblast growth factor 23   
  FN    Femoral neck   
  FOP    Fibrodysplasia ossifi cans progressiva   
  GCs    Glucocorticosteroids   
  GH    Growth hormone   
  GSD    Glycogen storage diseases   
  HPLC    High-performance liquid chromatography   
  Ht    Height   
  HTS    High throughput screening   
  HYP    Hydroxyproline   
  IGFBP    Insulin-like growth factor binding protein   
  IGF-I    Insulin-like growth factor   
  IOM    Institute of Medicine   
  ISCD    International Society for Clinical Densitometry   
  IU    International unit   
  LBM    Lean body mass   
  LS    Lumbar spine   
  LTM    Lean tissue mass   
  MFS    Marfan syndrome   
  MMP    Matrix metalloproteinase   
  NICHD    National Institute of Child Health and Human Development   
  NTX    N-terminal cross-linked telopeptides of type I collagen   
  OC    Osteocalcin   
  OI    Osteogenesis imperfecta   
  OPPG    Osteoporosis-pseudoglioma syndrome   
  Osx    Osterix   
  P.Rad    Proximal radius   
  Periost    Periosteal   
  PICP    Procollagen type I C-terminal peptide   
  PINP    Procollagen type I N-terminal peptide   
  PPSR    Proposed pediatric study request   
  pQCT    Peripheral quantitative computed tomography   
  PREA    Pediatric Research Equity Act of 2003   
  PTH    Parathyroid hormone   
  PYD    Pyridinoline   
  QUS    Quantitative ultrasound   
  RANKL    Rank ligand   
  RDA    Recommended daily allowance   
  rHGH    Recombinant human growth hormone   

Abbreviations



xiii

  RIA    Radioimmunoassays   
  ROI    Region of interest   
  sc    Subcutaneously   
  SoS    Speed of sound   
  SSI    Strength–Strain Index   
  TB    Total body   
  TBSA    Total burn surface area   
  TGF-beta    Transforming growth factor beta   
  Thick    Thickness   
  Tot    Total   
  Trab    Trabecular   
  vBMD    Volumetric bone mineral density   
  VDR    Vitamin D receptor   
  WR    Written request    

Abbreviations



1G.L. Klein (ed.), Bone Drugs in Pediatrics: Effi cacy and Challenges, 
DOI 10.1007/978-1-4899-7436-5_1, © Springer Science+Business Media New York 2014

        This book is an attempt to bring together in one volume existing information on the 
use of drugs to treat or prevent bone loss in children. Unless a child suffers from a 
genetic condition in which bone loss is fl agrant the process of bone loss is often 
asymptomatic and if it occurs consequent to an underlying condition it does not 
attract medical attention. Therefore, this book undertakes to call to the reader’s 
attention the drugs available to prevent or treat pediatric bone loss. Even though no 
drugs have current approval for this purpose from the United States Food and Drug 
Administration (FDA), these chapters contain evidence of both safety and effi cacy 
of antiresorptive and anabolic medications that have been used off-label in a variety 
of pediatric conditions. 

 The outline of the book proceeds from the general to the specifi c, beginning 
with a chapter on the infl uence of age and development on drug pharmacokinetics 
(Chap.   2    ). This general chapter provides the justifi cation for producing this book 
inasmuch as children may metabolize drugs differently than adults. Then, in order 
to provide at least a glimpse of the process of drug discovery, we examine how drug 
discovery may potentially play a role in studies on the mechanism of bone formation 
as Chap.   3     focuses on the search for a compound with anabolic potential to stimulate 
 osterix  in the differentiation of marrow stromal cells into mature osteoblasts. 

 Because the detection of bone loss requires a variety of diagnostic techniques 
Chap.   4     describes the physiologic basis for the tools used to diagnose bone loss and 
to monitor the effi cacy of potential treatment. 

 Proceeding to the specifi c bone drugs used in children we have divided them into 
antiresorptives, more specifi cally the bisphosphonates, and anabolic drugs, at this 
time consisting of recombinant human growth hormone (rhGH) and oxandrolone. 

 While the mechanism of action of the bisphosphonates is briefl y discussed in 
Chap.   5     on the use of these agents to treat osteogenesis imperfecta, the detailed 

    Chapter 1   
 Introduction 

             Gordon     L.     Klein     

        G.  L.   Klein ,  M.D., M.P.H.      (*) 
  Department of Orthopaedic Surgery and Rehabilitation ,  University of Texas Medical Branch 
and Shriners Burns Hospital ,   301 University Boulevard ,  Galveston ,  TX   77550 ,  USA   
 e-mail: gordonklein@ymail.com  

http://dx.doi.org/10.1007/978-1-4899-7436-5_2
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mechanism of action of this class of drugs is already well described, even in the 
pediatric literature, in a clear and precise summary by Russell [ 1 ]. As the article is 
relatively recent there is no need to repeat it here. 

 Perhaps the most widely studied condition in which bisphosphonates have been 
used with success is osteogenesis imperfecta. The results of supporting studies 
 summarized in Chap.   5     explain not only why these drugs are now a therapeutic 
mainstay for this set of conditions but also why they do not solve all the diffi culties 
this group of conditions presents. While this chapter describes a signifi cant amount 
of supportive data we now go to the other extreme attempting the formidable task of 
culling the literature as well as personal experience for cases of other more rare 
genetic diseases being treated with bisphosphonates in Chap.   6    . The anecdotal 
nature of this evidence highlights the diffi culty encountered when attempting to 
study drug effi cacy and safety in a small and widely dispersed population. These 
contrasts are followed by Chap.   7    , which describes still another type of use for 
bisphosphonates, preliminary but promising data on the limited use of bisphospho-
nates, a single dose or at most two doses separated by 1 week acutely following 
severe burn injury in order to entirely prevent resorptive bone loss for up to 2 years 
following the burn injury. Chapters   4     and   5     also list some of the concerns voiced in 
the pediatric community regarding the use of bisphosphonates in children. 

 In the section on anabolic drugs the various uses of rhGH in children are dis-
cussed, specifi cally its effects on bone (Chap.   8    ). One inference to be drawn from 
this chapter is that much needs to be clarifi ed regarding the mechanism or mecha-
nisms of anabolic action of rhGH, inasmuch as it stimulates both bone formation 
and bone resorption and yet in some conditions has been reported to increase bone 
mineral density. When used in burned children as described in Chap.   9    , rhGH 
increases bone mineral content and bone area proportionately with increased bone 
resorption only occurring at the highest doses studied. It is also unclear how much 
of the anabolic effect of rhGH is secondary to skeletal loading resulting from its 
anabolic effect on muscle. Similar questions arise for oxandrolone, a non- 
aromatizable androgen that has also successfully increased bone mineral content 
following burn injury. 

 Next we consider vitamin D and calcium as bone drugs, and Chap.   10     carefully 
reviews the evidence supporting both effi cacy and safety of these medications, 
including a comment on whether it is advisable to treat all disorders involving bone 
loss with vitamin D and calcium. 

 The great majority of this book, as well as the fi eld of pediatric bone health in 
general, concerns cortical and trabecular bone. As a welcome addition, we have 
included a discussion of membranous bone (Chap.   11    ), most specifi cally disorders 
of craniofacial bones, and the role of pharmacotherapy in the management of these 
conditions. Of interest, special emphasis is given to osteonecrosis of the jaw as a 
consequence of bisphosphonate treatment. 

 Finally, we look into the future of bone drugs in pediatrics by examining the 
present array of drugs used in internal medicine. The discussion in Chap.   12     includes 
the bone drugs available to treat adults, their mechanisms of action, and the effi -
cacy of combination therapy. The aim of this chapter is to stimulate further study of 

G.L. Klein
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the safety and effi cacy of these newer drugs in children in the hope of offering the 
best selection of drugs for use singly or in combination to prevent or treat bone loss 
in pediatrics. 

 What you will encounter when reading these chapters is that the level of  evidence 
supporting the use of these drugs is highly variable. Therefore, the information pre-
sented here must be taken as the best available but still far from acceptable. I shall 
have more to say on this subject at the conclusion of the volume.    

   Reference 

    1.    Russell RG. Bisphosphonates: mode of action and pharmacology. Pediatrics. 2007;119 Suppl 
2:S150–62.    

1 Introduction
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           Introduction 

 The fundamental goal of drug therapy is to provide optimal effi cacy for disease 
management without adverse event, with the most important factor in achieving 
this goal being drug dose. A medication’s optimal dose is dependent on a number 
of chemical and patient-specifi c factors including desired target therapeutic 
effect(s) combined with a patient’s age, body habitus, genetics, disease state(s), 
major organ function (e.g., kidney, liver, heart), and concurrent therapies. Once 
the drug is administered these variables modulate overall drug exposure and for 
the treatment of systemic disease, a suffi cient amount of drug must be available to 
distribute and bind to its receptor for a suffi cient period of time to elicit a thera-
peutic effect. This balance of systemic drug exposure, receptor binding, and thera-
peutic effect is dependent on the integration of a drug’s pharmacokinetic (PK: 
drug disposition), pharmacodynamic (PD: mechanism of action), and pharma-
cogenomic (PG) characteristics. Pharmacokinetics describes a drug’s overall dis-
position profi le which is markedly infl uenced by patient age [ 1 ,  2 ]. Pharmacokinetics 
encompasses the  processes of drug absorption, distribution, metabolism, and 
elimination—the integration of these processes relative to patient age is the focus 
of this chapter.  

    Chapter 2   
 Developmental Pharmacokinetics: 
Drug Disposition Relative to Age 

                Michael     D.     Reed       and     Michelle     L.     Bestic     

        M.  D.   Reed ,  Pharm.D., F.C.C.P., F.C.P.    (*) •      M.  L.   Bestic ,  Pharm.D.     
  Division of Clinical Pharmacology and Toxicology, Department of Pediatrics , 
 Rebecca D. Considine Research Institute, Akron Children’s Hospital , 
  One Perkins Square ,  Akron ,  OH 44308 ,  USA   
 e-mail: mreed@chmca.org  ;   mbestic@chmca.org  

mailto:mreed@chmca.org
mailto:mbestic@chmca.org


6

    Drug Absorption 

 In the absence of topical administration for local effect, a drug must be absorbed 
into systemic circulation to distribute to its site of action to elicit the desired 
 therapeutic effect. The PK parameter describing drug absorption is termed bioavail-
ability and routinely abbreviated as “F.” Although drug F is often considered the 
amount of drug absorbed into systemic circulation, this PK parameter estimate also 
encompasses the rate of drug absorption. Thus, drug F is the composite of rate as 
well as overall extent of drug absorption. This distinction may seem minor but in 
fact is very important and clinically relevant. For example, if a drug’s effect is 
dependent on the peak drug concentration (e.g., certain antibiotics: aminoglyco-
sides) a drug with slow absorption characteristics may not achieve necessary peak 
concentrations for effi cacy. Similarly for a drug that requires prolonged systemic 
exposure, a timed- release/sustained-release preparation might be the best formula-
tion for optimal therapeutic effect. 

 Drug F is most often reported as a percent, i.e., the percent of the total amount of 
the drug dose administered that enters systemic circulation as the active drug. The 
absolute F for a drug is the ratio of the drug’s systemic exposure, as determined by 
a drug’s area under the serum (blood) concentration–time curve (AUC), after extra-
vascular administration (e.g., topical, oral, intramuscular [IM]) relative to the AUC 
achieved after intravenous (IV) administration, i.e., AUCex divided by the AUCiv. 
Most importantly the drug concentration used in these assessments is the amount of 
 active drug  that reaches systemic circulation. This important distinction accounts 
for those limited number of drugs that are administered as a pro-drug, i.e., an inac-
tive (minimally active) form of the drug requiring some form of in vivo alteration to 
liberate the active drug [ 3 ,  4 ]. The manufacturing of a drug as a pro-drug is a process 
pharmaceutical scientists use to chemically modify drugs that cannot be easily for-
mulated. For some drug chemicals such alteration is required for the drug to be 
absorbed or to manufacture a better fl avored liquid formulation. A pro-drug formu-
lation may also be necessary to assure that a drug distributes to anatomic sites that 
if chemically unaltered could not distribute to its target site. Examples of drugs 
administered as pro-drugs include codeine (converted to active morphine), the anti- 
infl uenza drug oseltamivir (Tamifl u ® ), and prednisolone (converted to active predni-
sone). In addition to pro-drug administration, certain drugs undergo substantial 
“fi rst-pass” metabolism, where a large amount of the drug dose may be absorbed 
into systemic circulation but after its “fi rst-pass” through the liver, only a fraction of 
the dose remains as the active drug with the remainder as metabolites (note: the 
metabolite(s) may be therapeutically active or inactive and/or be responsible for 
adverse effects). The bioavailability evaluation could be for the parent drug, the 
active metabolite(s), or both. It is important to determine and know what drug moi-
ety is included in the bioavailability data you are presented with. 

 It is important to recognize that topically or orally administered drugs may also 
be metabolized within the cells they traverse limiting the amount that reaches sys-
temic circulation. Furthermore, intestinal cells and many anatomic sites, including 

M.D. Reed and M.L. Bestic
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the blood–brain barrier, placenta, and others, contain drug transporters that can 
enhance or oppose drug absorption [ 1 ,  2 ,  5 – 9 ]. The importance of drug transporters 
is addressed in greater detail below. 

 Lastly, a drug’s physicochemical characteristics infl uence the rate and extent of 
drug absorption. These physicochemical characteristics include molecular weight/
size, degree of ionization under physiologic and pathophysiologic conditions, 
and degree of lipid solubility. The most favorable physicochemical characteristic 
for optimal drug F (and distribution—see below) is a small, highly lipid soluble 
molecule of low molecular weight that is un-ionized under physiologic and/or 
pathophysiologic conditions. 

 The importance of the factors outlined above cannot be overemphasized and 
patient age exerts many infl uences on the process of drug F. Blood fl ow characteris-
tics at the site of absorption, e.g., the muscle for IM injections, intestine for oral 
meds, as well as the type, amount, and pH of intestinal contents combined with the 
extent and variability of gastric emptying and intestinal motility, will all infl uence a 
drug’s F. In addition, maturity and functional capacity of drug metabolizing enzymes 
(e.g., cytochrome P450 isoenzymes—see below) and infl ux/effl ux transporters 
located within cells will also impact on the amount a drug is absorbed. Thus, the 
ontogeny of gastric and intestinal circulation combined with cellular and organ 
function can and will dramatically affect a drug’s F. 

    Drug Absorption: Physiologic Infl uences 

 For decades it has been believed that shortly after birth infants experience a relative 
period of achlorhydria. The original description of gastric pH by Miller in 1941 
reported a gastric pH at birth of ~7, rapidly falling to pH 3 within the fi rst few hours 
but slowly rising to >pH 4 [ 10 ,  11 ]. More recent data suggests that at birth gastric pH 
does rapidly decline to pH 2–3 but in fact fl uctuates throughout the day and is not 
universally more alkaline, i.e., defi ned as gastric pH > 4 [ 11 ]. A better assessment of 
the ontogenic infl uences on gastric pH has been proposed to focus on the proportion 
of time the gastric pH peaks above 4 in a 24 h period. In preterm infants, this propor-
tion of time has been reported to range from 46 to 70 % whereas for children up to 
2 years of age the value approaches 51 % and in older children 34 % [ 11 ]. The 
higher proportion in younger children may partially be explained by the buffering 
effects of milk formula; older children are less frequently fed and receive more solid 
foods. In addition to gastric pH, age and diet will infl uence the rate of gastric empty-
ing. Noting that most drugs are absorbed in the upper part of the small intestine the 
rate of an orally administered drug to transit from the stomach into the duodenum 
will infl uence drug F. Consumption of human milk and lower caloric substrates/
formulas can increase (prolong) gastric emptying whereas feeds of higher caloric 
density or long-chain fatty acids may shorten gastric emptying [ 10 ,  12 ]. Lastly, the 
developmental pattern of bile acid synthesis and secretion can infl uence the absorp-
tion of lipophilic drugs which are poorly soluble in the aqueous digestive fl uids [ 11 ]. 

2 Developmental Pharmacokinetics: Drug Disposition Relative to Age
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  Clinical relevance : With few exceptions, the maturational changes observed over 
the fi rst year of life in gastrointestinal functions (as described above) have a limited 
effect on routine drug therapy in the care of premature, newborn, and young infants. 
Routine dose recommendations accommodate for these developmental processes. 
Nevertheless, these maturational processes are refl ected in the much higher vari-
ability observed in drug F during this age period. Specifi c examples would include 
acid-labile compounds where F would be expected to be increased (e.g., penicillin g) 
and decreased F for weak acids (e.g., phenobarbital, ganciclovir) in premature and 
full-term infants as compared to adults. Also as discussed above, the type and quan-
tity of enteral feedings and the magnitude of gastric emptying and intestinal motility 
can and will infl uence the rate and extent of oral drug F. With respect to drug F after 
intramuscular (IM) administration, drug absorption can be highly variable, particu-
larly in the ill neonate and young infants, where cardiovascular function and, thus, 
blood fl ow dynamics can be compromised. For these reasons, the IV route for drug 
administration for ill premature and newborn infants is preferred. Nevertheless, if 
one is unable to establish IV access in an ill neonate/infant requiring prompt drug 
therapy, the IM route for drug administration, for a drug that can be administered 
IM, should be used initially until IV access becomes available. 

 Overall, these expected changes in drug F simply underscore the importance of 
close patient monitoring for dose–effect outcomes in each patient, that are best 
determined under steady-state conditions (see below). Furthermore and very impor-
tant in pediatric practice is the drug formulation. The formulation can have great 
infl uence on the rate of absorption which is expected to be faster after administra-
tion of a liquid dosing formulation (liquid > suspension) compared with a solid for-
mulation (capsule ≥ tablet > sustained-/delayed-release tablet). For a drug to be 
absorbed from any site it must be in solution before it is available to cross mem-
branes and enter systemic circulation.   

    Drug Distribution 

 Once drug is absorbed into systemic circulation, a dynamic equilibrium is achieved 
between drug bound to plasma proteins and the nonprotein-bound fraction, com-
monly referred to as the “free” drug. It is the free drug that is capable to distribute 
outside the vascular compartment, it is the free drug that crosses cells/membranes, 
and it is only the free drug that will bind to its receptor(s) and elicit a pharmacologic 
and/or toxicological response(s). The extent to which a drug distributes throughout 
the body is dependent upon a number of drug- and patient-specifi c variables includ-
ing the drug’s physicochemical characteristics as noted above (i.e., molecular 
weight, degree of ionization at physiologic/pathophysiologic pH, and degree of 
lipid solubility), affi nity for cellular transporters (see below), and degree of protein 
binding. As noted for drug F above, a small molecule un-ionized at physiologic/
pathophysiologic pH that is highly lipid soluble is associated with wide body 
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distribution or in PK terms, a drug with a large volume of distribution (    V  d ). The 
importance of the PK parameter Vd is that a drug’s  V  d  is used to determine the size 
of an individual dose. A drug’s  V  d  is infl uenced by a patient’s size and age. As a drug 
must be in solution for absorption and distribution, the ontogeny of physiologic 
fl uid compartments will infl uence a drug’s  V  d  value. The developmental pattern of 
body fl uid compartments is shown in Table  2.1  [ 13 ] and as a result, a drug’s  V  d  is 
infl uenced greatly by the age of the pediatric patient. The importance of these devel-
opmental changes cannot be overemphasized as the volume of these fl uid spaces 
will directly impact the absolute drug concentration and, thus, could directly infl u-
ence the magnitude and time course of drug effect.

   Understanding the body distribution characteristics for a drug is important 
when prescribing a drug and calculating the dose to be administered. For example, 
if target drug receptors are located within the central nervous system (CNS) the 
drug must distribute into the CNS for therapeutic effect. Although the absolute 
value of a drug’s  V  d  does not correlate with any real physiologic volume (i.e., 
hence the formal name for Vd is  apparent  volume of distribution), knowledge of 
this PK parameter provides insight into the total amount of drug present in the 
body relative to its concentration in blood and, thus, tissue distribution. Clinically 
it can be speculated with a moderate degree of certainty that a drug with a very 
large  V  d  (e.g., 10 L/kg) can be assumed to distribute widely throughout the body 
(possibly even into the CNS, e.g., anesthetics), whereas a drug with a very low  V  d  
value (e.g., 0.1 L/kg) might be expected to have limited body distribution. However, 
regardless of a drug’s  V  d  numeric value, what really matters is the drug effect. 
Independent of a drug’s Vd, what matters clinically is that a suffi cient amount of 
drug distributes to and binds to the necessary receptor site to stimulate the desired 
pharmacologic effect(s). 

 Identifi cation of the age-appropriate  V  d  for a drug can be obtained from most 
computer information/pediatric drug dosing references. The reported  V  d  value is 
unique to each individual drug and will change relative to age and possibly even by 
disease, particularly for those diseases that result in large volume shifts. A com-
parison of  V  d  values between neonates and adults for a few select drugs is shown in 
Table  2.2 .

   Table 2.1    The developmental aspects of fl uid compartment sizes   

 Patient age  Total body water a   Extracellular fl uid a   Intracellular fl uid a  

 <3-Month fetus  92  65  25 
 Term gestation  75  35–44  33 
 4–6 months  60  23  37 
 12 months  26–30 
 Puberty  ~60  20  40 
 Adult  50–60  20  40 

  Adapted from [ 2 ] 
  a Values expressed as percentage of total body weight  
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      Drug Distribution: Protein Binding 

 In addition to body fl uid compartments, the amount (%) of drug binding to protein 
will infl uence the amount of drug distributed within the body. Drug bound to pro-
teins (or other fractions) is not pharmacologically active or available for metabolism 
or excretion—it is only the free (unbound) fraction of the absorbed drug that is 
pharmacologically (also toxicologically) active, capable of diffusing outside the cir-
culatory compartment/across cell membranes distributing to the site(s) of action, 
and available for body elimination, e.g., liver metabolism and/or renal excretion. 
Important differences exist between the degree of drug–protein binding in prema-
ture and newborn infants compared to adults and examples are outlined in Table  2.3 . 
The concentration of plasma proteins is reduced in the immediate post-delivery 
period as well as there are select, endogenous circulating compounds found in a 
neonates circulation that may/will compete for plasma/albumin binding. The most 
important of these compounds is bilirubin for which controversy persists surround-
ing possible displacement of bilirubin from its albumin binding sites by drugs and 
possibly precipitating kernicterus.    Although such an albumin–drug–bilirubin dis-
placement interaction is possible, the magnitude of such an interaction depends on a 
number of variables but most notably, the absolute concentration of drug(s) and 

   Table 2.2    Comparison of volume of distribution and elimination half-life for selected drugs in 
neonates compared to adults   

 Example drug (brand name) 

 Neonate  Adult 

  V  d    t 1/2   V  d    t 1/2 

 Amikacin (Amikin ® )  0.6  8.4  0.3  2.3 
 Amoxicillin (Amoxil ® )  0.7  3  0.2  1.7 
 Bumetanide (Bumex ® )  0.22  6.5  0.13  1.5 
 Caffeine citrate (Cafcit ® )  0.85  84  0.6  5 
 Caspofungin (Cancidas ® )  0.43  8.3  0.25  13 
 Cefepime (Maxipime ® )  0.43  5.0  0.26  2.1 
 Gentamicin (Garamycin ® )  0.7  7.2  0.31  2.5 
 Levetiracetan (Keppra ® )  0.89  9  0.6  6 
 Morphine  2.3  7.0  3.0  2 
 Pantoprazole (Protonix ® )  –  3.1  –  1–1.5 
 Phenobarbital  0.71  108  0.54  60–80 
 Tobramycin (Nebcin ® )  0.7  8.3  0.33  2.2 
 Vancomycin (Vancocin ® )  0.57  6–10  0.39  6 

  The drug brand name noted is one example as many of the drugs listed may have multiple brand 
names 
 Data presented represent best estimate averages for comparative purposes and were obtained from 
published parameter estimates in premature and newborn infants usually during the fi rst week of 
life 
  V  d , apparent volume of distribution presented in L/kg (kg body weight);  t 1/2, elimination half-life 
in hours (h)  
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bilirubin relative to the circulating albumin concentration, number of available 
 albumin binding sites, and the presence of other albumin binding compounds that 
will compete for the same albumin binding sites. Fortunately, this combination of 
required events rarely occurs in clinical medicine. In fact more recent animal data 
suggests that the immaturity of the effl ux pump,    P-glycoprotein, in the blood–brain 
barrier may be the most important determinant of bilirubin-brain concentrations 
rather than a simple drug–protein displacement interaction [ 8 ]. Further complicating 
this controversy is the fact that our knowledge of the extent to which a drug is usu-
ally bound to albumin, e.g., 50 and 90 %, provides little to no dependable clinically 
relevant information as to the extent a drug might displace bilirubin from its albumin 
binding sites.    For example, two drugs frequently used in the care of premature and 
newborn infants furosemide (Lasix ® ) and midazolam (Versed ® ) are both highly 
bound to plasma albumin [ 14 ] and unassociated with any drug–bilirubin–albumin 
displacement reaction.

    Clinical relevance : Knowledge of the age-appropriate  V  d  in liters per kg body 
weight ( V  d  L/kg) for a given drug allows the clinician a simple yet accurate method 
to calculate the peak drug concentration achieved with the  fi rst dose  of drug. The 
peak concentration obtained after the fi rst dose can be calculated using the follow-
ing relationship: peak drug concentration = drug dose (μg or mg) divided by drug  V  d  
(l/kg) multiplied by the patient’s body weight in kg. For example, if you order a 
5 mg dose of a drug to be administered to an 800 g infant and the drugs  V  d  is 0.4 L/
kg, the estimated peak concentration right after the full dose is administered would 
be peak = (5,000 μg dose) divided by (320—infant body weight (0.8 kg) multiplied 
by the drug  V  d  in milliliters—400 mL); thus it would be ~15.6 μg/mL. Conversely, 
if you want to determine the dose of a drug to achieve a specifi c target blood con-
centration the equation can be rearranged to: dose (μg or mg) = (desired blood level 

    Table 2.3    Percent (%) 
protein binding of select 
representative drugs in 
newborn infants compared to 
that in adults  

 Drug 

 Percent bound 

 Newborn  Adult 

 Ampicillin  10  18 
 Diazepam (Valium ® )  84  99 
 Digoxin (Lanoxin ® )  20  32 
 Ibuprofen (Caldolor ® )  95  99 
 Micofungin (Mycamine ® )  96.7  99.6 
 Morphine  35  45 
 Nafcillin (Unipen ® )  69  89 
 Phenytoin (Dilantin ® )  80  90 
 Phenobarbital  32  47 
 Theophylline  36  56 

  The drug brand name noted is one example as many of 
the drugs listed may have multiple brand names 
 Data presented represent best estimate averages for 
comparative purposes and were obtained from pub-
lished parameter estimates in premature and newborn 
infants usually during the fi rst week of life  
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in μg/mL) multiplied by (the drug  V  d  in mL/kg) (patient body weight (kg). The most 
common errors observed in these simple mathematical calculations are those related 
to converting units properly, i.e., mg to μg and kg to g. Note: the reason this simple 
calculation is only valid after the fi rst dose is these equations assume no drug is 
present in the body at the time of the fi rst dose. After multiple doses the amount of 
drug must be inserted into the calculation (subtracted from the peak concentration) 
to accurately determine a drug’s  V  d . 

 With respect to drug binding to plasma proteins the extent of binding for a spe-
cifi c drug is most often of limited to no clinical signifi cance. The defi ned clinically 
used dosing strategy accounts for the amount of drug bound and the amount of free 
drug. However for certain drugs, the “target” serum drug concentration differs 
from that defi ned for infants as compared to older infants, children, or adults. This 
important clinical discrepancy is merely due to the reduced drug–albumin binding 
for various drugs in the neonate vs. older infants, children, and adults (see 
Table  2.3 ). The importance of this factor is that defi ned, target “therapeutic serum/
plasma drug concentrations” determined in adults may be totally appropriate for 
older infants and children but may be different in the neonate underscoring the 
importance of drug concentration defi nitions for different post-conceptional ages 
(PCA). Table  2.3  provides some estimates in the percent of protein binding for 
select drugs used in the NICU.   

    Drug Metabolism 

 Most drugs are not excreted from the body unchanged, but rather undergo biochem-
ical modifi cation usually by specialized enzymatic systems in a process known as 
xenobiotic metabolism or biotransformation. These enzymes are found in most 
human tissues (e.g., lung, kidney) with the highest concentrations in the liver and 
small and large intestines. While the liver is considered the major source of drug 
metabolizing activity, the enzymes located within the epithelial cells of the small 
intestine initiate the biotransformation of most orally administered medications. 
As noted in absorption above, once drugs are intestinally absorbed they enter the 
portal circulation for the aforementioned “fi rst-pass” through the liver. Any hepati-
cally metabolized drug that “escapes” this initial pass through the liver eventually 
undergoes suffi cient metabolism on subsequent passes through the portal circula-
tion. One can avoid or minimize the impact of intestinal and/or hepatic fi rst-pass 
drug metabolism by using the sublingual (e.g., nitroglycerine), nasal, and in some 
cases rectal routes for drug administration. Some drugs are not easily metabolized 
and, hence, remain in the body for longer periods of time whereas other drugs may 
not undergo any metabolism and will be eliminated from the body unchanged. 

 Historically, the enzyme systems responsible for drug biotransformation have 
been grouped into either Phase I or Phase II reactions. Phase I reactions are those 
involving oxidation, reduction, or hydrolysis reactions that will add or expose func-
tional groups on the drug molecule, thus increasing the compound’s polarity, 
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reducing its likelihood for absorption or reabsorption, and fostering its body 
 elimination. A drug may undergo Phase I metabolism resulting in inactive 
metabolite(s) that may either be excreted or act as a substrate for Phase II metabo-
lism. In some cases, a drug’s Phase I metabolism may result in converting a pharma-
cologically inactive compound (a pro-drug) into a pharmacologically active 
one—pro-drug conversions were addressed specifi cally in absorption above. 

 Phase II metabolism consists of conjugation reactions, including glucuronida-
tion, sulfation, acetylation, and methylation among others. Like Phase I reactions, 
the end product of a Phase II reaction is the genesis of a compound that is usually 
pharmacologically inactive but more water soluble (hydrophilic) promoting  effi cient 
body elimination. Occasionally Phase I and/or Phase II metabolism can result in the 
formation of a toxic metabolite, which can elicit an adverse reaction. An important 
example of such a reaction involves acetaminophen (e.g., Tylenol ® ), a drug that is 
metabolized via the cytochrome P450 enzyme system (CYP2E1) to the toxic 
metabolite,  N -acetyl- p -benzoquinoneimine (NAPQI), in overdose or in situations of 
excess acetaminophen consumption. A list of the enzymes responsible for carrying 
out Phase I and Phase II metabolism can be found in Table  2.4 .

      Phase I Metabolism 

 The cytochrome P450 enzyme superfamily (or CYPs) are the primary enzymes 
involved in Phase I metabolism. While this family of enzymes do play an important 
role in the biotransformation of numerous endogenous chemicals in the body, they 
also account for the transformation of up to 75 % of exogenously administered 
compounds. The human genome project identifi ed 57 genes divided into 18 families 
of CYPs. However, only a handful of CYPs (1A2, 2C9, 2C19, 2D6, 2E1, and 3A4) 
are responsible for the vast majority of drug metabolism (~90 %), with CYP3A4 
being the most prominent in drug metabolism [ 15 – 18 ]. Most CYPs have very broad 
substrate specifi city and can metabolize multiple compounds. This broad substrate 
specifi city also means that many drugs can be substrates for and metabolized by 
multiple CYPs. The selectivity of the CYPs for certain compounds is determined by 
the inherent characteristics of the drug (i.e., lipophilic vs. hydrophilic compounds) 
and cannot be predicted by drug class. This is perhaps best illustrated by the 
 antidepressant medications fl uoxetine (e.g., Prozac ® ), paroxetine (e.g., Paxil ® ), and 

   Table 2.4    Metabolic enzymes involved in human drug metabolism   

 Phase I metabolism  Phase II metabolism 

 Cytochrome P450 oxidases (CYPs)  UDP-glucuronosyltransferases (UGTs) 
 Flavin-containing monooxidases (FMOs)  Sulfotransferases (SULTs) 
 Monoamine oxidases  Glutathione- S -transferases (GSTs) 
 Alcohol/aldehyde dehydrogenase   N -acetyltransferases (NATs) 
 Peroxidases  Methyltransferases (MTs) 
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sertraline (e.g., Zoloft ® ), all members of the class of selective serotonin-reuptake 
inhibitors (SSRIs)—fl uoxetine and paroxetine are extensively metabolized by 
CYP2D6 whereas sertraline’s metabolism does not appear to be affected by any 
specifi c or predominate CYP.  

    Phase II Metabolism 

 A large number of physiologic enzymes are involved in Phase II metabolism 
 including, but not limited to, the UDP-glucuronosyltransferases (UGTs), sulfotrans-
ferases (SULTs), glutathione- S -transferases (GSTs),  N -acetyltransferases (NATs), 
and methyltransferases (MTs). Among the most important of the Phase II enzymes 
are the UGTs and, like the CYPs, the UGTs possess broad substrate specifi city. 
Unlike, the CYPs only two families of UGT enzymes exist (UGT1 and UGT2), with 
the vast majority of drug metabolism involving the UGT1 family.  

    Drug Metabolism: Physiologic Infl uences 

 The rate and extent of drug metabolism can vastly infl uence both the safety and 
effi cacy of a drug. Should a compound be metabolized to an inactive entity too 
quickly, its therapeutic effectiveness may be greatly diminished. Conversely, drugs 
that are metabolized very slowly can accumulate in the body, potentially resulting 
in an adverse drug reaction. The factors controlling the extent and rate of metabo-
lism are both complex and varied. Some of the known factors include age, disease, 
gender, environmental, drug dose, drug–drug interactions, diet, and genetics, among 
others. Some of these variables are discussed in more detail below. 

    Age 

 Important differences in the maturational pathways for both Phase I and Phase II 
drug metabolizing enzymes exist. These developmental changes can have signifi -
cant impact on the effi cacy and safety profi le of drugs administered to infants and 
children. These changes are best exemplifi ed by the administration of chloramphen-
icol to newborns, a lifesaving antibiotic once used but replaced by safer agents 
today. Glucuronyltransferase activity, which is greatly diminished at birth, is neces-
sary for converting chloramphenicol to the inactive glucuronide metabolite (more 
water soluble) for renal excretion. The immaturity of the glucuronyltransferase 
enzyme leads to very diminished chloramphenicol metabolism with accumulation 
of unaltered chloramphenicol and subsequent cardiovascular collapse or “Grey 
Baby Syndrome.” While not all drugs administered to infants and children will have 
such deleterious effects, it is nevertheless important to consider the age-related 
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changes in drug metabolizing enzymes. Huge variability in morphine metabolism is 
partially explained by variability in the UGT pathways. The importance of the mat-
uration and activity variability relative to patient age is becoming increasingly 
important at the bedside for many Phase I- and Phase II-metabolized drugs. 

 The greatest amount of research into the ontogeny of drug metabolism has 
focused on the aforementioned cytochrome P450 superfamily of enzymes known as 
the CYPs [ 18 ]. As previously mentioned, CYP3A4 is the most common drug 
metabolizing enzyme in humans. However, this enzyme is expressed at very low 
levels at birth. Instead, CYP3A7, a CYP usually undetectable in adults, is the pre-
dominant CYP in fetal liver [ 17 ]. After birth CYP3A4 activity increases upwards of 
60 % of adult levels within the fi rst week of life and achieves full adult levels by a 
child’s fi rst birthday. Conversely, CYP3A7 peaks shortly after birth and then rapidly 
declines. Other distinct patterns of CYP developmental expressions have also been 
observed. CYP2C19 and CYP2E1 activities appear shortly after birth and gradually 
increase until adult levels are reached at ~6 months and 1 year, respectively. Some 
CYPs, such as CYP2D6 and CYP2C9, do not exhibit vastly different activity across 
the age spectrum. As would be expected, the maturational changes of each CYP 
enzyme potentially represent an altered PK profi le for any substrate [ 15 – 18 ]. 

 Unfortunately, less information is known about the ontogenic expression of the 
Phase II enzymes [ 16 ]. Studies with specifi c drugs have shown that individual UGT 
isoforms have, like the CYPs, unique maturational profi les which result in differing 
PK profi les of drugs dependent on these enzymes for elimination from the body. An 
example of this would be the case of morphine, a UGT2B7 substrate. The drug and 
its metabolites, morphine 3-glucuronide and morphine 6-glucuronide, are detected 
in various proportions with increasing age and body weight.  

    Genetics 

 Both Phase I and Phase II drug metabolizing enzymes are infl uenced by an indi-
vidual’s genetic makeup. Genetic variation in the expression and/or activity of 
enzymes can infl uence an individual’s response to drug with respect to either thera-
peutic effi cacy or adverse events. Patients may inherit variable numbers of gene 
copies that defi ne the activity or functional capacity, of that enzyme.    To date, 
patients are classifi ed as to the expected activity of the enzyme based on their 
 genotype, i.e., two nonfunctional (or “inactive”) alleles—poor metabolizers (PM), 
two functional or “normal” copies or one functional allele and one reduced activity 
level allele—extensive metabolizers (EM), two reduced activity alleles or one func-
tional and one reduced activity allele (signifi cantly below capacity seen in PM)—
intermediate metabolizers (IM), and patients with multiple copies of functional 
alleles—ultrarapid metabolizers (UM). In reality and based on our family tree, the 
entire spectrum from zero to extremely rapid activity is possible and can result in 
altered patient response [ 17 ]. 

 Unfortunately, the clinical utility of genotyping test results has yet to keep up 
with the technology developed to identify various genotypes. Moreover, there are 
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apparent discrepancies in a patient’s clinical response and the predicted response 
based on genotype results, often termed the “genotype–phenotype discordance.” 
This discordance is primarily refl ective of the involvement of multiple genes in 
overall drug disposition and/or the drug’s pharmacologic effect rather than one 
polymorphism responsible for the observed phenotype [ 17 ]. In addition, multiple 
compensatory mechanisms are inherent to our genome which can be expressed to 
enhance or stop an encoded process thereby mitigating the effects of particular gen-
otypes. Similarly, environmental factors (e.g., age, disease severity) will infl uence 
the ultimate phenotypic expression within an individual patient.  

    Enzyme Inhibition and Induction 

 Not only can drugs and endogenous compounds act as substrates for the various 
drug metabolizing enzymes, but they are also capable in some cases of altering the 
activity of the enzymes themselves. A drug that is known to either induce or inhibit 
enzymes may either enhance or diminish the metabolism of other drugs but also its 
own metabolism. Enzyme-inducing drugs include various anticonvulsants and 
anti- infective agents, among others. This effect is usually only noticed after 
repeated use and can take days to weeks to reach maximum activity levels. Patients 
receiving enzyme-inducing drugs may require much higher doses of concurrent 
medication(s) to achieve a therapeutic effect as is the case with patients receiving 
chronic phenobarbital therapy requiring higher warfarin doses to achieve adequate 
anticoagulation. As noted, a drug may also induce its own metabolism potentially 
leading to reduced therapeutic effectiveness of the inducing drug as well as concur-
rent medications. The classic example of a drug that induces its own metabolism 
and the metabolism of many others is carbamazapine. In such circumstances 
the dose of the inducing drug may also require adjustments as well as the affected 
co-administered drug(s). A partial list of drugs that may enhance drug metabolism 
is provided in Table  2.5 .

   Conversely, drugs that inhibit certain enzyme activity do so either via competi-
tive substrate inhibition or via irreversible substrate-mediated enzyme inactivation 
and require less time, hours to days, to achieve this effect—enzyme stimulation 
requires time for the body to generate more enzyme whereas inhibition can occur 
immediately with the proper concentration. Enzyme inhibition may result in 
impaired elimination of a drug and potentiate its effects. This is especially true of 

  Table 2.5    Selected list of 
known inducers of CYP 
enzymes  

 CYP1A2  Tobacco 
 CYP2C9  Rifampin 
 CYP2C19  Carbamazepine, prednisone 
 CYP2D6  Dexamethasone, rifampin 
 CYP3A4  Phenytoin, phenobarbital, rifampin, 

St. John’s Wort 

   CYP  cytochrome P450  
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drugs with narrow therapeutic indices as was the case with terfenadine (e.g., 
Seldane ® , a second generation “nonsedating” antihistamine) leading to its removal 
from the market. Terfenadine requires metabolism by CYP3A4 to its active and safe 
metabolite fexofenadine (Allegra ® ). When terfenadine was co-administered with a 
CYP3A4 inhibitor (e.g., erythromycin), the cardiotoxic parent compound, terfena-
dine, accumulated leading to fatal cardiac arrhythmias prompting the drug to be 
withdrawn from the market. A partial list of drugs that may inhibit important 
enzymes is provided in Table  2.6 .

         Drug Transporters 

 All drugs undergo some form of passage through a cell membrane at various point(s) 
in the drugs’ sojourn throughout the body. This is required for absorption, distribu-
tion, metabolism, and excretion. The process by which this occurs can vary accord-
ing to, among other things, the cells involved and the inherent characteristics of a 
drug. These processes can happen passively, via simple diffusion, or require carrier- 
mediated transport. Carrier-mediated transport can require energy, as in active 
transport, or facilitated diffusion where no energy input is required, such as glu-
cose’s movement mediated via the GLUT4 transporter across a cell membrane. 
These mechanisms can be required for a drug to distribute to where it needs to go 
(absorption and distribution) or to remove it from the body (metabolism and 
 excretion). Transporters play an important role in defi ning a drug’s pharmacokinetic 
profi le. The most pharmacologically important transporters usually fall into one of 
the two superfamilies, the ATP binding cassette (ABC) and solute carrier (SLC) 
transporters. ABC transporters are active transporters while the SLC group involves 
facilitated or secondary activated transporters [ 5 – 9 ]. 

 Transporters, located in all cell membranes throughout the body, control the 
infl ux and effl ux of endogenous, usually nutrients and waste products, and 
 exogenously administered compounds like drugs. Because transporters can control 
the cell’s exposure to a drug, they can be crucial in a drug’s effi cacy as well as 
 toxicity profi les. Multiple transporters may work together to facilitate a drug’s 
movement into and out of cells affecting the absorption, distribution, and elimina-
tion from the body. 

 CYP1A2  Fluvoxamine, ciprofl oxacin 
 CYP2C9  Fluconazole 
 CYP2C19  Proton pump inhibitors 
 CYP2D6  Bupropion, fl uoxetine, paroxetine 
 CYP3A4  Itraconazole, ketoconazole, erythromycin, 

clarithromycin, grapefruit juice 

   CYP  cytochrome P450  

  Table 2.6       Selected list 
of known inhibitors 
of CYP enzymes  
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    Transporters in the Intestine: Absorption 

 Both ABC and SLC transporters are present in the apical membrane of the  enterocyte 
that work to facilitate drug absorption or decrease a drug’s bioavailability. The most 
extensively researched ABC transporter is P-glycoprotein (ABCB1). This protein 
transports drug from the enterocyte back into the intestinal lumen, thereby decreas-
ing a drug’s absorption into the body. Hence, P-glycoprotein and members of the 
ABC superfamily are often referred to as effl ux transporters [ 5 – 9 ]. The effl ux trans-
porters have a diverse group of substrates and can also serve as a source of the ever 
important drug–drug interaction. Like the CYP drug metabolizing enzymes, 
P-glycoprotein activity may be affected by exogenously administered substrates 
and/or genetics. Therefore, drugs that inhibit the transporter’s activity can result in 
increased absorption of a drug that would normally be removed from the enterocyte 
if the transporter was functioning at normal capacity. Likewise, if P-glycoprotein 
was induced or overactive, normally well-absorbed drugs may be “effl uxed” out of 
the enterocyte thereby limiting drug absorption. Unfortunately, the data involving 
these fi ndings in humans is incomplete and occasionally confl icting. This is also 
true of the SLC transporters whose role in drug absorption remains unclear. Most 
importantly, much more data is needed describing the ontogenic infl uences that 
infl uence transporter functional capacity along the age continuum and what effects, 
if any, are observed in clinical response.  

    Transporters in the Liver and Kidney: Elimination 

 Transporters play an important role in both the uptake of drug into the liver and 
removal of the drug from hepatocytes. The uptake of drug into the liver, when sim-
ple diffusion is not suffi cient, is usually accomplished by the SLC transporters. This 
entry into the hepatocytes allows for the drug to be presented to drug metabolizing 
enzymes. Once the drug enters the hepatocyte, the ABC transporters can then facili-
tate the removal of the drug or its metabolites into the blood or bile, eventually to be 
removed from the body completely [ 6 – 8 ]. 

 For drugs with little hepatic metabolism or biliary excretion and/or metabolites, 
the kidney represents the major process for drug elimination (see below). The secre-
tion of drugs into the renal tubular lumen is usually a transport-mediated multi-step 
process mostly carried out in the proximal tubule. For the clinician, the most impor-
tant aspect to remember about this process rather than how it occurs is that the 
process is saturable, modifi able, and subject to genetic mutations. Therefore, some 
drug’s renal elimination may be reduced at high concentrations. Further, drugs can 
compete for a similar transporter, resulting in reduced elimination of one com-
pound. This may not always be a disadvantage as exemplifi ed by the historical 
maneuver of co-administering probenecid along with penicillin derivatives to extend 
the limited supplies of penicillin during World War II, soon after the discovery of 
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penicillin. Finally, genetic mutations can infl uence protein function or expression. 
However, the clinical infl uences of these fi ndings are limited. 

  Clinical relevance : The metabolism for many drugs can involve multiple  metabolic 
pathways, i.e., primary and possibly one or more secondary pathways. Knowing the 
developmental pattern of the drug metabolizing pathways allows one to accurately 
calculate repeat doses for ongoing drug therapy. If a primary pathway is compro-
mised by enzyme inhibition or is modifi ed by inheritance, i.e., genetics, a secondary 
pathway(s) may become important to the body elimination of a drug ultimately 
leading to no or only minimal change in the drug’s overall body disposition and, 
thus, no observable change from that expected with the original routine drug dose. 
An example would include the drug amitriptyline (Elavil ® ), a tricyclic antidepres-
sant used for the treatment of depression and sleep disorder in adults and ADHD in 
select children.    Amitriptyline is metabolized by multiple CYP pathways but primar-
ily by two polymorphically expressed cytochrome P450 isoenzymes, CYP2C19 and 
CYP2D6. The patient may be a CYP2D6PM but a CYP2C19EM or similar pertur-
bations where the sum of the metabolic pathways results in the expected drug elimi-
nation and, thus, desired clinical response. This situation is often the basis for the 
discordance sometimes observed in patients receiving multiple medications and you 
expect a drug–drug interaction but it is not observed. This occurs as the metabolism 
of the drug or drugs has alternate pathways unaffected by the primary drug interac-
tion. With the case of amitryptyline, if the patient is a CYP 2D6 and CYP 2C 19 PM 
or receives a drug or drugs that interfere with both CYPs the patient may experience 
increased toxicity as the drug elimination is slowed because of diminished to null 
activity in both metabolic pathways. Lastly, enzyme inhibition may reduce or ame-
liorate enzyme activity thereby making an individual with “normal” enzyme activ-
ity function as a poor metabolizer. 

 The converse is true for enzyme inducers. It is important to recall that enzyme 
induction requires time to generate additional enzyme and the timing of when one 
might observe the clinical effects from an enzyme induction drug interaction varies 
(often 5 days to 3 weeks) and that the effect will be gradual until full induction is 
achieved.    If co-administered drug doses are increased to compensate for the 
observed induction one simply needs to recall that if the dose of the enzyme- 
inducing drug is decreased or the drug discontinued completely the doses of the 
other co-administered drugs can be reduced appropriately as well.   

    Drug Elimination 

 Drugs can be removed from the body by various processes of elimination, with the 
kidney and liver being the two most important organs involved. Drugs and their 
metabolites may also be eliminated from the body via sweat, saliva, bile, expired air, 
and other bodily fl uids, though the kidney and liver represent the pathways for the 
majority of clinically used agents. Drugs may either be eliminated as a “whole” or 
otherwise unaltered as the parent compound or, as described above, may be 
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metabolized to various metabolites which are then eliminated from the body via one 
mechanism or another, typically the kidney. The PK parameter clearance (CL) best 
describes the rate of drug elimination from the body. This PK parameter comprises 
all routes of drug clearance from the body, i.e., hepatic, renal, lung, etc., and is usu-
ally described as CL = renal CL + nonrenal CL. Obviously a drug’s CL is dependent 
on the functional capacity of the body to remove agents as well as any impact that 
the environment or disease may have on elimination routes. 

 Clearance is especially useful in designing a regimen for long-term drug admin-
istration as it provides the clinician insight into the subsequent or maintenance 
doses that should be administered in order to maintain drug concentrations within 
the therapeutic window and most importantly, achieve the desired therapeutic 
effect(s). When most drugs are eliminated from the body, they typically do so in a 
linear fashion. This means that the rate of elimination is the same, regardless of the 
dose and resultant plasma drug concentration—the CL is constant, a concept known 
as linear or fi rst-order PK. However, for a few drugs, most notably ethanol, aspirin, 
and phenytoin (e.g., Dilantin ® ), the rate of clearance is not constant as the rate of 
elimination is proportional to the plasma concentration of the drug. These drugs are 
said to undergo nonlinear or “saturable” elimination. The importance of this PK 
characteristic is for these later drugs a small increase in dose can lead to a substan-
tial increase in the amount of drug in the body (e.g., elevated plasma drug concen-
trations) and lead to toxic effects. 

 Another important PK parameter in relation to drug elimination from the body is 
the time it takes for the serum concentration of a drug to decrease by 50 %, otherwise 
known as the drug half-life ( t 1/2). This value is very helpful at the bedside in esti-
mating the time to reach steady-state conditions, i.e., steady state is where the rate of 
drug administration equals the rate of drug elimination. For drugs that follow linear 
or fi rst-order PK (proportional), it takes ~5 drug half lives to reach this state of equi-
librium, steady state. Furthermore, the  t 1/2 can be helpful in determining when to 
restart drug dosing or initiate new drug therapy after temporary discontinuation of a 
medication regimen. Total elimination from the body is usually complete by 
~10  t 1/2 s but clinically relevant elimination (i.e., >90 %) is usually achieved after 
four drug  t 1/2 s. For drugs that follow nonlinear or saturation PK, the  t 1/2 is often 
unhelpful as the  t 1/2 continues to change as the drug’s plasma concentration changes. 

  Clinical relevance : The functional capacity of renal function depends on gestational 
age as well as postnatal adaptations. Nephrogenesis begins as early as 9 weeks ges-
tation and is nearly complete by ~36 weeks gestation. Postnatally, changes in renal 
and intrarenal blood fl ow lead to increases in glomerular fi ltration rate (GFR). GFR 
rates vary widely among different PCA. Term infants have decreasing vascular 
resistance with concomitant increases in cardiac output as the infant grows until 
adult GFR values are reached by ~1 year. Adult values of renal tubular secretion and 
reabsorption are invariably reached by ~6–9 months of age, despite being only 
20–30 % of adult values at birth. For infants born preterm, there is tremendous vari-
ability in renal functional activities with relation to the infant’s gestational and post-
natal ages. The maturation of these activities is best correlated with the PCA 
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combined with any underlying disease state(s). These changes dramatically alter the 
CL of drugs or metabolites that undergo extensive renal elimination. A classic 
example would be the dosing regimens of aminoglycosides requiring every other 
day administration in preterm neonates but daily administration in term infants. 
Thus, the infant’s age which correlates directly with renal functional capacity must 
be accounted for in designing drug dosing in premature and young infants with the 
same principles employed in older infants and children with varying degrees of 
renal dysfunction.  

    Conclusion 

 Pharmacokinetics describes the overall disposition of a drug in the body accounting 
for the dosage form and route of drug administration. The disposition characteris-
tics are infl uenced by a number of important chemical as well as patient- and 
disease- specifi c variables. Age as it is refl ective of major organ function and matu-
ration is an important infl uence upon drug PK in the pediatric patient.    Using knowl-
edge of and by integrating a drug’s pharmacokinetic profi le with the drug’s 
pharmacodynamic and pharmacogenomic profi les we can design more optimal drug 
dose regimens for patients, regimens with the greatest likelihood of prompt effec-
tiveness with limited to no adverse effects.     
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           Current Treatment of Orthopedic Diseases 
with Bone Loss in Children 

 Osteoporosis is the most common metabolic bone disease, affecting about 44 million 
people in the USA. It is characterized by a marked decrease in bone mineral density 
and strength, resulting in fragility fractures associated with high morbidity and 
 mortality. Osteoporosis is becoming a global public health concern and represents 
a considerable medical and socioeconomic burden for modern societies. According 
to National Osteoporosis Foundation, osteoporosis was responsible for an esti-
mated two million fractures and $19 billion in costs in 2005. By 2025, it is predicted 
that osteoporosis will be responsible for about three million fractures and $25.3 
billion in costs each year. Basically, osteoporosis is due to the unbalanced bone 
remodeling process with lower bone formation than bone resorption. Traditionally, 
osteoporosis is considered a well-known health problem affecting adults, especially 
the elderly. Unfortunately, pediatric osteoporosis is not yet widely recognized. 
Since doctors may not think of the risk for osteoporosis in children, the disease may 
go untreated. In severe cases of osteoporosis, a child will even develop fractures [ 1 ]. 
With less severe but more chronic forms of bone loss, a child may never reach his 
or her genetically determined peak bone mass. Pediatric patients may also be at 
greater risk for adult-onset osteoporosis because the child will enter adulthood with 
lower bone mass than would otherwise be expected. This chapter summarizes 
 current treatment of orthopedic diseases with bone loss in children, for example, 
pediatric osteoporosis. 

 Approaches to prevent and treat pediatric osteoporosis are evolving. Doctors 
must take all risk factors into consideration by optimizing nutrition and activity 

    Chapter 3   
 Drug Development for Pediatric 
Diseases with Bone Loss 
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within the constraints of the underlying disease. Regrettably, these general  measures 
are sometimes overlooked. While the guidelines for osteoporosis treatment in adults 
are widely accepted, limited data for pediatric osteoporosis makes it more diffi cult 
to set accurate guidelines for children. No anabolic agent has been approved yet by 
the US Food and Drug Administration (FDA) as safe for children, although both 
recombinant human growth hormone (rhGH) [ 2 ] and oxandrolone [ 3 ] have been 
used in children who are catabolic following bone loss from burn injuries. 

    General Options of Treatments for Pediatric 
Osteoporosis in the USA 

 With regard to genetic diseases, few specifi c treatments are available short of gene 
therapy or stem cell transplantation. Exceptions to this include the use of intrave-
nous bisphosphonates in osteogenesis imperfecta resulting in short-term benefi t but 
with return of pain and fractures following treatment [ 4 ], and the use of phosphate 
and 1,25-dihydroxyvitamin D in XLH [ 5 ]. 

 Currently no drugs used in the prevention or treatment of osteoporosis in chil-
dren, anabolic or antiresorptive, are approved for these purposes by the FDA. 
Moreover, there has been a paucity of testing these drugs in children by the pharma-
ceutical industry. 

 The primary antiresorptives that have been used in children are the bisphospho-
nates, especially intravenously administered pamidronate. It has been used safely 
and with no adverse effects on growth in children with osteogenesis imperfecta [ 4 ] 
and it has been used safely and effectively in the fi rst 10 days following pediatric 
burn injury to prevent both acute [ 6 ] and chronic [ 7 ] bone loss. Otherwise, clinical 
experience in pediatrics has been anecdotal.  

    Recommendation of Medications to Treat Pediatric Osteoporosis 

 Treatment for pediatric osteoporosis usually begins with a nutritional approach. It is 
well known that inadequate vitamin D and calcium intake can result in rickets, osteo-
malacia, and osteoporosis. Due to uncertainties regarding use of some drugs for pedi-
atric osteoporosis (such as bisphosphonate), safe recommendation of medications to 
treat pediatric osteoporosis is the same as those for osteomalacia and rickets. 

  Vitamin D : Vitamin D is crucial for bone health and maintaining serum calcium and 
phosphate levels. Vitamin D treatments include intake of foods rich in vitamin D, 
increased sunshine, and the right amount of vitamin D products. Preventive doses 
of vitamin D defi ciency will depend on the age of child patients, in general, 
 400–800 U/day. Treatment of rickets with osteoporosis can be oral vitamin D 
2,000–4,000 U/day. If vitamin D cannot be taken orally or osteoporosis patients are 
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in serious conditions, an intramuscular injection of 20,000–30,000 U is needed, 
 followed by a change in vitamin D treatments to preventive doses 3 months later. 
Along with high doses of vitamin D treatment, supplement calcium 800–1,000 mg/
day is needed. Regular monitoring of serum calcium, phosphorus, and alkaline 
phosphatase (ALP) levels is required, and doses of vitamin D and calcium supple-
ment need to be adjusted accordingly. If the patient’s osteoporosis condition does 
not recover, the possibility of vitamin D-resistant rickets should be considered with 
osteoporosis. In that case, alternative selection of the treatments could be vitamin 
D2 capsules, vitamin AD products, etc. 

  Calcium supplement : Daily oral intake of calcium is essential for maintaining 
 adequate homeostasis and facilitating bone remodeling and growth. Breastfeeding 
intake of calcium is about 225 mg/day for a baby age 0–1, and the appropriate 
intake (AI) is 400 mg/day. AIs are 600, 800, and 800 mg/day for children 1–3, 4–6, 
and over 7 years old, respectively. For children aged 11–14, AI can be 1,000 mg/
day. AI is 800 mg/day for adults over 18 years of age. The intake of appropriate 
levels of calcium alone may not be enough on its own, but calcium product is an 
ideal supplement for osteoporosis treatments. 

  Other nutrients : Osteomalacia or rickets patients are often malnourished and suffer 
from various vitamin defi ciencies. As needed for pediatric osteoporosis, patients 
should receive enough protein and multivitamins for health maintenance. 

  Other treatments : There are still uncertainties regarding bisphosphonate use for 
pediatric osteoporosis. Both the length of maximal bone mass gain and the drug’s 
long-term effects and safety remain unclear. On the other hand, it is critical to treat 
the primary diseases leading to secondary osteoporosis. For example, tumor-caused 
osteoporosis patients should receive treatments for their tumor as early as possible; 
patients with high fl uoride intake should be isolated from the fl uorine source and 
receive fl uoride removal treatment; patients with osteoporosis caused by drugs 
should consider discontinued use of those medications;    patients with hypophos-
phatemic vitamin D-resistant osteomalacia or rickets should take oral neutral 
 phosphate medications along with vitamin D and calcium supplements; patients 
with renal tubular acidosis need to receive enough HCO 3  −  against excessive H +  to 
correct acidosis.   

    Rationale for Developing New Anabolic Drugs 
for Treatment of Pediatric Osteoporosis 

 Raising a child’s vitamin D level can rarely be achieved by nutrition alone. Although 
an improved diet and supplements are helpful in treatment of pediatric osteoporosis, 
they are not effective for all patients. Anabolic agents are not commonly used in 
children for the purpose of promoting bone density accrual or preventing bone loss. 
In fact, in the case of burn injury the anabolic agents available will not prevent bone 
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loss but will, if given daily over a 1-year period, increase bone mineral content and 
bone area proportionately so that the result is a bigger and hence a biomechanically 
stronger bone. There are two anabolic agents available for use in children: rhGH [ 2 ] 
and oxandrolone [ 3 ]. Both have been used without causing either premature epiphy-
seal closure or virilization. 

 The most effective anabolic agent in adults, recombinant human parathyroid hor-
mone (rhPTH), is not approved by the FDA for use in children. In the USA, its use 
is expressly prohibited by the FDA because experimental data in rats has demon-
strated an increased incidence of osteogenic sarcoma [ 8 ], a cancer predominant in 
children and young adults. This current ban is in effect despite the fact that use of 
PTH in larger animals has not produced the same increased incidence of osteogenic 
sarcoma. Furthermore, rhPTH is given to children who suffer from hypoparathy-
roidism [ 9 ], although long-term follow-up studies have not yet been carried out to 
assess the incidence of osteogenic sarcoma in this population. For conditions in 
which bone resorption is primary, treatment with an antiresorptive agent is the most 
appropriate option. For conditions in which the predominant fi nding is a lack of new 
bone formation, use of anabolic agents should be considered along with appropriate 
management of the underlying condition. In many conditions, the cause of pediatric 
osteoporosis is multifactorial. If nutritional supplements can help (e.g., in malab-
sorption), or the infl ammatory response is due to recurrent infections (e.g., in cystic 
fi brosis) then appropriate antibiotic therapy is indicated. Similarly, for immobiliza-
tion, either weight-bearing exercise or use of continuous vibration therapy should 
be considered. It is important to meet a child’s caloric and protein needs when deal-
ing with muscle wasting of malnutrition-associated diseases, and the development 
of newer, and safer, forms of cancer chemotherapy can hopefully spare the bone 
marrow as much as possible. 

 Distraction osteogenesis is a well-established surgical technique for limb length-
ening and replacement of bone loss due to trauma, infection, or malignancies in 
children. Exogenous application of bone morphogenetic proteins (BMPs) can 
increase bone formation during distraction osteogenesis. BMP2 has been shown to 
accelerate bone formation in numerous clinical and preclinical reports; however, 
BMP2 has many drawbacks and long-term concerns. An alternative method for 
increasing the rate of bone formation is needed. 

 Basically, osteoporosis is due to the unbalanced bone remodeling process with 
lower bone formation than bone resorption. So far, therapeutic options for the treat-
ment of osteoporosis comprise mostly antiresorptive drugs, aimed at inhibiting bone 
resorption. The limitations of these drugs are that they result in a low turnover state 
where bone formation continues to decrease with reduced bone remodeling activity. 
Thus, antiresorptive drugs alone are insuffi cient to achieve effi cient gain in bone 
mineral density. To treat osteoporosis, it is also important to stimulate new bone 
formation. Anabolic drugs may be an excellent option to treat osteoporosis in both 
children and adults. Identifi cation of novel anabolic agents that can stimulate bone 
formation in the treatment of osteoporosis has been recognized as a priority in the 
bone biology fi eld.  
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    Approaches for Drug Discovery 

 A rational and scientifi c approach to the drug discovery process is intended to defi ne 
the specifi c molecular mechanism to be targeted according to biological and clinical 
observations. In principle, certain diseases can be considered as an abnormality at 
the mechanistic level. This abnormality results in a functional defi cit that will cause 
the dysfunction of the cell or organ. These problems will spread and lead to second-
ary changes in the organism and cause symptoms and physiological changes that are 
used for the categorization of diseases. Based on this process, drug discovery strate-
gies can be summarized at three different levels: mechanism-based approach, 
function- based approach, and physiology-based approach. Each approach comes 
with its own specifi c strengths and limitations, and the choice of approach depends 
on the actual drug developmental needs and preferences. 

    Mechanism-Based Screening 

 The mechanism-based approach aims to produce a therapeutic effect by targeting a 
specifi c mechanism. Novel targets are identifi ed according to biological and clinical 
fi ndings and validated according to gene or protein expression patterns and knock-
out mice phenotypes. The novel target can normally address the specifi c mechanism 
of biological activity. After the target is selected, a functional in vitro assay will be 
developed to measure the selectivity of compounds to the target. Then the high 
throughput screening (HTS) will be performed. This normally leads to the identifi -
cation of many compounds, which probably belong to different chemical classes, 
with different degrees of effects on the target. In the lead identifi cation process, 
small-scale analoging is performed around these structure classes to determine fea-
sibility of reaching a selective compound with appropriate drug-like properties. In 
the lead optimization process, a number of analogues are produced around the lead 
structures and are screened for target selectivity as well as pharmacokinetic and 
metabolic properties. After the lead optimization process, candidate compounds can 
be tested in disease models in vivo for proof-of-principle. If the study is promising 
and reproducible, the compounds can be selected for further development. This 
mechanism-based approach has widely been used in drug discovery [ 10 ,  11 ].  

    Function-Based Approach 

 The function-based approach aims to induce a therapeutic effect by normalizing a 
disease-specifi c functional abnormality. It is supposed to identify compounds for 
their abilities to induce or normalize functional parameters in disease-relevant 
 models, such as axonal transport, growth processes, hormone secretion, or apop-
totic processes. Compared with mechanism-based approach, functional  parameters 
 provide a higher level of organism complexity because they involve integrated 
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action of many different mechanisms. In contrast to the physiology-based approach, 
the parameters of a function-based approach cannot be compared directly to the 
symptoms observed in patients. Examples of the function-based approach currently 
used in drug discovery are microdialysis and whole-cell or extracellular electro-
physiology. A limitation of this approach is that the screening capacity of these 
methods is low, so library screening cannot be performed with these methods. 
Basically, the initial step is to fi nd a functional defi cit that is unique to the disease 
state. For example, identify a problem by comparing cells or tissue from patients, or 
transgenic animals carrying a human mutation with healthy controls. The second 
step is to validate the specifi city of the unique dysfunction for the certain disease. 
The next steps are to transfer the assay to a format good for screening, to perform 
the screening assay, and to select candidate lead structures. Side-effect tests can be 
performed to ensure safety. In the end, the lead optimization can be started using the 
function assay to determine compound effi cacy, and related assays will be carried 
out to examine pharmacokinetic and metabolic properties.  

    Physiology-Based Approach 

 The physiology-based approach aims to induce a therapeutic effect by reducing 
disease-specifi c symptoms or physiological changes. It is intended to identify com-
pounds for these properties in animal models that usually mimic specifi c aspects of 
disease symptomatology, common treatment side effects, or characteristics of clini-
cally effective compounds. The screening is normally conducted in isolated organ 
systems in some cases or in whole animals in other cases. In fact, the physiology- 
based approach was the fi rst drug discovery paradigm and is still used extensively. 
However, it is limited by a very low screening capacity. Basically, the fi rst step is to 
develop a disease model that mimics certain symptoms of the disease. The second 
step is to provide predictive validity by showing that clinically effective drugs are 
effective in the disease model. Compounds can then be screened in the disease 
model, including measuring their ability to increase therapeutic effi cacy or improve 
a side effect. In the end, lead optimization can be performed using the disease model 
as well as different assays for pharmacokinetic parameters, side effects, and so on.   

    High Throughput Screening 

    Principle of the HTS Assay as an Approach 
of Mechanism- Based Screening 

 HTS has become an integral part of the mechanism-based, small-molecule drug 
discovery process. HTS is a relatively recent innovation, made feasible largely 
through modern advances in robotics and high-speed computer technology. This 
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drug discovery process is widely used in the pharmaceutical industry nowadays. 
It  leverages automation to quickly assay the biological or biochemical activity of 
a large number of drug-like small molecules. Normally, HTS assays are performed 
in “automation-friendly” microtiter plates. HTS has the capability to support cel-
lular and biochemical assays using absorbance, fl uorescent kinetics, fl uorescence 
anisotropy, time-resolved fl uorescence, time-resolved fl uorescence resonance 
energy transfer, bioluminescence (e.g., luciferase and green fl uorescent protein), 
scintillation proximity, and cellular fl uorescence imaging. Small molecules can be 
synthesized in high quantity and purity, as well as conveniently supplied or 
removed, giving them great potential to be useful for therapeutic and basic research 
applications. Permeable small molecules can control cellular processes by regulat-
ing different signal transduction pathways, gene expression, or metabolism and 
have been effectively used in drug discovery protocols. HTS of chemical libraries 
has become a critical tool in basic biology and drug discovery in universities or 
institutions. Use of this assay has led to the identifi cation of several marketed drugs 
and natural compounds promoting short-term stem cell maintenance and com-
pounds directing early lineage choice during differentiation. For example, HTS has 
been performed to identify novel small molecules that can support self-renewal of 
embryonic stem cells [ 12 ,  13 ] and the specifi cation of cardiomyocytes [ 14 ] and 
neural progenitors [ 15 ].  

    New Developments in Bone Biology Related 
to Drug Discovery Target 

 Recent improvements in our understanding of the molecular mechanisms for 
 regulation of bone formation provide important clues to help guide development of 
new specifi c anabolic therapeutic options for osteoporosis. 

    Regulation of Bone Formation 

 Bone formation includes two distinct processes. Most bones form by endochondral 
ossifi cation with a cartilage template. A small number of skeletal elements, mainly 
craniofacial bones, are formed by intramembranous ossifi cation by which bones 
form directly from condensations of mesenchymal cells without a cartilage interme-
diate. Osteoblast differentiation occurs through a multistep molecular pathway regu-
lated by different transcription factors and signaling proteins (Fig.  3.1 ). Indian 
hedgehog is required for endochondral but not for intramembranous ossifi cation [ 16 ]. 
This factor is essential for the differentiation of mesenchymal cells into osteoblasts. 
Runx2 is needed in both ossifi cation processes. Runx2-expressing cells are bipoten-
tial, which can be differentiated into either osteoblasts or chondrocytes [ 17 ]. Osterix 
(Osx) is an osteoblast-specifi c transcription factor required for bone formation [ 18 ]. 
Osx was fi rst discovered as a BMP2-inducible gene in mesenchymal stem cells. 
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Osx-null embryos have normal cartilage but show a complete absence of bone 
 formation [ 18 ]. Wnt pathway also has an essential role in osteoblast differentiation 
[ 19 – 21 ]. Osx coordinates both osteoblast differentiation and osteoblast proliferation 
during bone formation. The observation that Osx inhibits Wnt pathway highlights 
the potential for novel feedback control mechanisms involved in bone formation 
[ 22 ]. Osx is also critical for the osteoblast lineage [ 18 ,  22 ]. Following the lineage 
commitment, osteoprogenitors undergo a proliferative stage. Subsequently, they 
exit mitosis, transit to express genes (such as ALP, bone sialoprotein, and type I col-
lagen), and commence producing mature osteogenic extracellular matrix. Finally, 
they express genes involved in mineralization of extracellular matrix such as osteo-
calcin ( OC ). This highly regulated program of gene expression and cellular differ-
entiation is governed by the expression and activity of different factors described 
above, among which Osx is responsible for the fi nal commitment of preosteoblast 
differentiation into mature osteoblasts.

       Osx Is Required and Specifi c for Bone Formation 

 Osx is the only bone-specifi c transcription factor identifi ed so far which is required 
for bone formation. Osx knockout is lethal. Heterozygous  Osx  mutant mice were 
normal and fertile. Homozygous  Osx  mutant mice had diffi culty in breathing, and 
died within 15 min of birth [ 18 ]. Osteoblast marker genes such as ALP and OC are 
undetectable in Osx-null mutant. There is no bone formation without Osx. On 
the other hand, it was shown that Osx was suffi cient to induce the expression of 
osteoblast marker OC in mesenchymal stem cells in vitro [ 18 ]. Osx controls 
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  Fig. 3.1    Current model of osteoblast differentiation from stem cell. Ihh is the initiator of endo-
chondral ossifi cation. The  Runx2 -expressing bipotential progenitors can differentiate into either 
osteoblast or chondrocyte. Then cells differentiate into preosteoblasts, in which Runx2 plays an 
essential role. In the next step, preosteoblasts differentiate into mature osteoblasts, a process in 
which Osx plays a critical role. Osx is an osteoblast-specifi c transcription factor required for osteo-
blast differentiation and bone formation       
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osteogenesis as a downstream gene of Runx2 [ 18 ]. Runx2 is required for bone 
formation; however, Runx2 is expressed in different cells and tissues, including 
osteoblasts, chondrocytes, epithelial cells, glioma cells, brain tissues, and different 
tumor tissues [ 23 ]. Unlike Runx2, Osx is unique and bone-specifi c in that it is spe-
cifi cally expressed in osteoblasts and at low levels in prehypertrophic chondrocytes 
[ 18 ]. Osx is not only critical for embryonic bone formation but also essential in 
postnatal bone growth and in bone homeostasis using the conditional knockout 
approach [ 24 ]. 

 Despite the discovery of its signifi cance in skeletal physiology a decade ago [ 18 ], 
relatively little is known about direct target genes for Osx and molecular mecha-
nisms through which Osx controls gene transcription. Recently, our research labora-
tory has identifi ed several downstream bone-related target genes of Osx during bone 
formation, including Satb2, VDR, VEGF, SOST, DKK1, and MMP13 [ 25 – 30 ]. 
Identifi cation of VEGF as a downstream direct target of Osx also indicates that Osx 
plays an important role in coordinating osteogenesis and angiogenesis [ 27 ]. These 
Osx downstream targets each play important roles during bone formation (Fig.  3.2 ), 
supporting the notion that Osx, as a bone-specifi c transcription factor, is a master 
gene for osteoblast differentiation and bone formation.

       Identifi cation of Potential Chemical Leads from HTS 

 Identifi cation of anabolic agents that can stimulate bone formation to treat osteopo-
rosis has been recognized as a priority in the bone biology fi eld. Recent genome- 
wide association studies have shown that  Osx  are associated with bone mineral 
density in both children and adults, suggesting that Osx may contribute to the cause 
of osteoporosis [ 31 ,  32 ]. Because of the tissue specifi city and the critical role of Osx 
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in bone formation, Osx can be considered an ideal novel target for the development 
of a therapeutic strategy to induce the anabolic pathway of bone synthesis. At pres-
ent, no pharmacological approach to target Osx in osteoblasts has been identifi ed. 
Focusing on novel target Osx that are responsible for driving osteoblast differentia-
tion and bone formation increases the likelihood of discovering mechanism-based 
agents that are more effective and less toxic than drugs of the previous era. Therefore, 
HTS assay must be performed to identify compounds promoting osteoblast differ-
entiation and bone formation through Osx. In this case, this mechanism-based 
approach aims to identify potential anabolic agents by targeting a bone-specifi c 
factor Osx. Protocols for assay development and HTS execution are shown in 
Fig.  3.3 . Parameters and controls (positive, and neutral) for the proposed primary 
assay must be developed, refi ned, and validated such that it is robust ( Z ′ values ≥ 0.45 
over many assays and experimental days) [ 33 ], tolerant of effects from DMSO, free 
from systematic effects (e.g., plating artifacts, liquid handling errors), simple (most 
assays have less than three liquid additions and are endpoint assays), and effi cient 
in use of reagents and resources. Secondary assays will be developed in parallel to 
the primary assay and meet similar criteria. Candidate small molecules identifi ed by 
the process will be validated and characterized for their osteogenic activities using 
in vitro assays. The role of candidate small molecules in osteogenesis in vivo will 
be explored in osteoporosis animal models.

         Overview of Drug Development Approval Process in the USA 

    How Drugs Are Developed and Approved by FDA 

 The FDA is an agency of the federal government’s Department of Health and Human 
Services. Center for Drug Evaluation and Research (CDER) is the largest of the 
FDA’s fi ve centers in the USA. CDER is in charge of both prescription and 
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nonprescription or over-the-counter drugs. The CDER mission is to ensure that drugs 
marketed in the USA are safe and effective. CDER does not test drugs, although the 
Center’s Offi ce of Testing and Research does conduct limited research in the areas of 
drug quality, safety, and effectiveness. CDER activities include (1) reviewing drugs 
before marketing, (2) watching for drug problems, (3) monitoring drug information 
and advertising, (4) scientifi c research, and (5) protecting drug quality. 

 Companies must apply to the FDA in order to introduce a new drug into the US 
market. Companies have the responsibility to test the drug and submit evidence that 
the drug is safe and effective. A team of CDER physicians, statisticians, chemists, 
pharmacologists, and other scientists reviews new drug applications.  

    Pediatric Drug Development 

 The FDA Amendments Act of 2007 reauthorizes and amends the Best 
Pharmaceuticals for Children Act of 2002 (BPCA) and the Pediatric Research 
Equity Act of 2003 (PREA), both of which encourage more research in pediatric 
drug development. Some notable changes to BPCA and PREA are (1) authorization 
to establish an internal review committee (the Pediatric Review Committee will 
review requests for waivers and deferrals, pediatric assessments and pediatric plans 
prior to approval, and pediatric written requests prior to issuance); (2) clinical, clini-
cal pharmacology, and statistical reviews are to be made public for applications 
submitted in response to both PREA and BPCA; and (3) adverse event reporting 
now affects both PREA and BPCA (review of reports has been modifi ed to occur 1 
year after labeling approval).  

    Introduction of Best Pharmaceuticals for Children Act 

 The Eunice Kennedy Shriver National Institute of Child Health and Human 
Development (NICHD) needs to oversee the activities of BPCA. The BPCA pro-
gram aims to improve pediatric therapeutics through preclinical and clinical drug 
trials that result in drug labeling changes. Federal legislation and FDA regulations 
require that drugs be tested for safety and effi cacy in a specifi c population, at a spe-
cifi c dosage, and for a specifi c time period before the drugs are fi nally approved for 
clinical use. Use of drugs without appropriate testing is considered “off-label” use. 

 Testing drugs in children comes with scientifi c, clinical, ethical, technical, and 
logistical challenges. Several practical challenges have discouraged drug testing in 
pediatric populations. These challenges include (1) lack of incentives for companies 
to conduct research on drugs in neonates, infants, and children; (2) lack of necessary 
technology to monitor patients and assay very small amounts of blood; and (3) 
lack of suitable infrastructure for conducting pediatric pharmacology drug trials. 
As a result, the majority of drugs used in children are used off-label, without 
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adequate understanding of appropriate dose, safety, or effi cacy. This encourages 
 pharmaceutical companies to conduct pediatric studies of on-patent drugs that are 
used in pediatric populations, but are not labeled for such use, by extending their 
market exclusivity.  

    BPCA Prioritization Process 

 The Eunice Kennedy Shriver NICHD has sought public input and obtained differ-
ent collaboration within National Institutes of Health with experts in pediatrics to 
identify drugs in need of further study and to prioritize needs in pediatric therapeu-
tics. Following the 2007 legislation changes, the procedure for prioritization was 
revised to emphasize knowledge gaps in therapeutic areas as opposed to those about 
specifi c drug products. Specifi cally, the legislation authorizes that the NIH, in con-
sultation with the Commissioner of Food and Drugs as well as researchers with 
expertise in pediatric research, shall develop and publish a priority list of needs in 
pediatric therapeutics, including drugs or indications that require study. This list 
shall be revised every 3 years. The revised legislation also required that, in develop-
ing these priorities, the Secretary shall consider (1) therapeutic gaps in pediatrics 
that may include developmental pharmacology, pharmacogenetic determinants of 
drug response, metabolism of drugs and biologics in children, and pediatric clinical 
trials; (2) particular pediatric diseases, disorders, or conditions where more com-
plex knowledge and testing of therapeutics, including drugs and biologics, may be 
benefi cial in pediatric populations; and (3) the adequacy of necessary infrastructure 
to conduct pediatric pharmacological research, including research networks and 
trained pediatric investigators.  

    BPCA Clinical Studies for Pediatric Populations 

 The Eunice Kennedy Shriver NICHD at the National Institutes of Health and other 
institutes involved in the BPCA are working together with the FDA to design clini-
cal trials for pediatric populations. The process involves creation of a Proposed 
Pediatric Study Request (PPSR) or Written Request (WR), the formal mechanism 
by which FDA notifi es a drug maker that additional clinical information about a 
drug is needed. Once a drug company declines a WR, or if the FDA accepts a PPSR, 
a clinical study will be referred to the NICHD for development of a clinical trial. 

 Once the NICHD has initiated a funding mechanism to the most-qualifi ed group, 
the fi nal protocol for the trial is developed with input from and interaction with the 
appropriate institute or center (e.g., the BPCA Data Coordinating Center, the 
Pediatric Trials Network, the FDA, and the Institutional Review Boards). The pro-
tocol becomes the blueprint for the trial and the basis for the Investigational New 
Drug submission to FDA. 
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 To ensure the participant safety, all researchers and staff involved with clinical 
trials must follow every federal regulation and ethical guideline in conducting the 
study. Frequent evaluation by those involved and by independent entities through-
out the course of the trial provides added safety. Trial participant’s safety is over-
seen during the clinical study. When the clinical study is completed, data are 
submitted to the FDA for evaluation by its review staff and expert advisory panels 
with the intent of modifying the label to improve pediatric therapeutics.      
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           Bone Physiology 

 To appreciate why we particularly need to monitor the effects of bone drugs in 
 children, it is necessary to understand the molecular and cellular mechanisms 
underlying skeletal development and adult bone maintenance. In adults, bone size 
and shape remain relatively constant and bone is renewed via remodelling. In con-
trast, during childhood and adolescence, the size and shape of the skeleton change 
rapidly; bones become longer and wider, and cortical thickness and bone mass 
increase. Linear growth occurs at the epiphyseal growth plates and shape changes 
by the process of bone modelling. Approximately 90 % of bone mass is accrued 
during the fi rst 18 years of life and peak bone mass is achieved by the early twen-
ties [ 1 ]. This period of linear growth and bone mass accrual is important for long-
term bone health. Disruption of this process will affect patients during childhood 
and may also lead to an increased risk of fracture in adulthood [ 2 ]. Thus, inappro-
priate use of skeletal pharmacology during childhood could leave the patient with 
both abnormal bone development and impaired bone strength into adulthood. This 
chapter focuses on the physiology of bone development and the techniques used 
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to monitor the treatment of low bone mass in children. The monitoring of 
drugs used in the  treatment of calcium and phosphate disorders is specifi cally 
covered in other chapters. 

    Bone Structure 

 Bone strength is determined by the size and geometry of the bone, its material 
 properties and the cortical porosity. All these factors change during growth and can 
affect the determination of bone mineral density (BMD). 

 Bones initially form through either endochondral or intramembranous ossifi ca-
tion (see Chap.   3    ). Within a bone there are two different types of bone tissue, cortical, 
or compact, bone and trabecular, or cancellous, bone. Cortical bone forms the dense 
outer shell of a bone and is made up of osteons; parallel cones of concentric bone 
matrix layers, or lamellae, with a central Haversian canal containing a neurovascular 
bundle [ 3 ]. The osteons are further connected by transverse perforating canals 
known as Volkmann’s canals. Trabecular bone consists of an interconnected network 
of rod- or plate-like trabeculae that span the medullary cavity adding strength to 
bone. These also have layers of lamellae, but they are arranged longitudinally along 
the trabeculae and usually without any of the vascular canals found in osteons. 

 The geometry of bones changes throughout growth; this is explored in more detail 
later. The BMD of the developing skeleton increases with age due to both structural 
changes that result from bone modelling and increased accrual of mineral into the 
bone matrix. The changes in cortical porosity during growth, however, are more com-
plicated. The Haversian canals comprise the majority of cortical pores in cortical 
bone; thus, cortical porosity is intrinsically linked to the osteonal development. 
During growth there are fewer osteons, which are larger and have canals with a large 
diameter. As growth fi nishes the number of osteons increases but they are smaller 
with smaller canals [ 4 ]. This results in cortical porosity initially increasing with age, 
peaking between 4 and 9 years of age, before gradually decreasing to adult levels. An 
excessively high cortical porosity alters the mechanical properties of cortical bone, as 
well as lowers the BMD of the cortices and results in reduced bone strength.  

    Bone Remodelling 

 Over time mechanical loading results in an accumulation of microfractures and dete-
rioration of the structural integrity of the skeleton. The “bone remodelling cycle” is 
the physiological process by which damaged bone is repaired thus maintaining the 
biomechanical integrity of the skeleton. Discrete areas of remodelling termed “bone 
remodelling units”, or basic multicellular units (BMUs), are formed in regions of 
damaged bone. Within each BMU bone resorption and formation are tightly coupled 
by the coordinated activity of the specialised skeletal cells, bone resorbing osteo-
clasts, bone forming osteoblasts and regulatory osteocytes and bone lining cells [ 5 ]. 
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 Bone remodelling begins with the recruitment of osteoclast precursors to a site 
of skeletal damage, and subsequently their differentiation into mature bone resorp-
tion osteoclasts. Current evidence suggests that osteocytes, buried within the miner-
alised bone matrix, are responsible for initiating and regulating this formation of the 
BMU [ 6 ]. In response to skeletal loading and microdamage osteocytes express the 
key osteoclast differentiation factor Rank Ligand (RANKL), thus inducing local 
osteoclast differentiation [ 7 ,  8 ]. Bone resorption is further controlled through the 
actions of various other cell types; most notably osteoblasts. They also produce 
RANKL, as well as the RANKL inhibitor osteoprotegerin (OPG), and various other 
modulators of osteoclast formation and activity. 

 Once the remodelling cycle has been initiated osteoclasts adhere tightly to the 
bone surface to form a “sealed zone” and become polarised. Protons and chloride 
ions are secreted from the ruffl ed border adjacent to the bone surface reducing the 
pH and dissolving the inorganic hydroxyapatite present and thus exposing the 
organic portion of the bone matrix. The organic matrix is subsequently degraded by 
osteoclast-derived proteases cathepsin K and matrix metalloproteinase 9 (MMP-9) 
[ 9 ,  10 ]. These enzymes digest the type I collagen that makes up 90 % of the organic 
bone matrix, and its degradation products are used as clinical markers of bone 
resorption. The C- and N-terminal cross-linked telopeptides of type I collagen 
(CTX, NTX), as well as hydroxyproline (HYP), pyridinoline (PYD) and deoxypyr-
idinoline (DPD) [ 11 ] are examples of commonly used bone resorption markers. 

 Bone resorption ends once the osteoclasts have removed the region of bone and 
culminates with osteoclastic apoptosis. Subsequently, osteoblast precursors migrate 
to the site of resorption, in response to both growth factors released from the bone 
matrix by resorption and osteoclast-derived clastokines. They undergo differentia-
tion and secrete osteoid to repair the defect. Osteoid is an unmineralised organic 
bone matrix containing type I collagen and multiple non-collagenous proteins. The 
clinical bone formation markers procollagen type I N-terminal peptide (PINP) and 
its carboxy-terminal variant (PICP) are generated during osteoid synthesis [ 11 ]. 
The bone matrix then becomes mineralised through the formation and incorpora-
tion of inorganic hydroxyapatite crystals [ 12 ]. This process is known to be facili-
tated through the actions of bone alkaline phosphatase (BAP) which breaks down 
extracellular pyrophosphate inhibitors of mineralisation [ 13 ]. Once the skeletal 
defect has been repaired osteoblastic bone formation ceases.    The mature osteo-
blasts then apoptose, become embedded as osteocytes within the new bone matrix 
or form bone lining cells. The termination of bone formation marks the completion 
of the remodelling cycle.   

    Bone Growth and Modelling 

 The major difference between adult bone and paediatric or adolescent bone is that 
in addition to bone remodelling there are profound changes to skeletal shape and 
size. The mechanisms by which this occurs are collectively termed bone modelling 
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(see Fig.  4.1 ). While bone remodelling maintains the bone that is already present, 
modelling enables bones to increase in both length and width while maintaining 
optimal morphology.

   Long bones develop through a process of endochondral ossifi cation [ 14 ]. Linear 
growth occurs at the epiphyseal growth plates that lie between the epiphyses and 
metaphyses at either end of long bones. The growth plate chondrocytes form 
highly organised columns divided into three distinct zones; the reserve zone near-
est the epiphysis, the proliferative zone and the hypertrophic zone nearest the 
metaphysis. Reserve zone chondrocytes begin to proliferate in discrete columns 
extending the growth plate. Following a period of proliferation chondrocytes then 
undergo hypertrophic differentiation, expanding to ten times their previous volume 
and producing angiogenic factors. These factors lead to vascular invasion and 
apoptosis of the hypertrophic chondrocytes. The invading blood vessels also bring 
osteoclast and osteoblast precursors which convert the mineralised cartilage scaf-
fold into new bone through remodelling [ 15 ]. At cessation of growth, chondrocyte 
proliferation progressively slows ultimately leading to the fusion of the metaphysis 
and epiphysis. 

  Fig. 4.1    Growth of long bones. Schematic diagram illustrating the growth of long bones: ( a ) 
Longitudinal growth occurs due to hypertrophic differentiation of growth plate chondrocyte. ( b ) 
Bone morphology is maintained by osteoclast-directed metaphyseal in-waisting. ( c ) Bone remod-
elling removes the mineralised cartilage scaffold and deposits new trabecular bone. ( d ) Diaphyseal 
bone diameter is increased by osteoblast-mediated periosteal apposition       
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 During longitudinal growth the processes of bone modelling optimise the shape 
of skeletal elements to their required function. In bone modelling osteoclastic bone 
resorption and osteoblastic bone formation are not coupled but rather actively coor-
dinated to dynamically reshape the bone. In long bones the growth plate has the 
widest cross section and the diaphysis the narrowest, with the intervening tapered 
region termed the metaphysis. As linear growth occurs osteoclasts resorb the peri-
osteal surface of the metaphysis (metaphyseal in-waisting) and osteoblasts lay down 
new bone on its endosteal surface, thus reshaping the metaphysis into the diaphysis. 
Importantly, anti-resorptive agents can interfere with this process, leading to club- 
shaped metaphysis and bone deformities known as undertubulation [ 16 ]. During 
growth, periosteal bone formation (periosteal apposition) also increases the diaphy-
seal diameter and cortical thickness is determined by the net balance of this perios-
teal apposition and concurrent endosteal resorption [ 17 ].  

    What Are the Aims of Drug Therapy? 

 The aim of drug therapy for osteoporosis is covered in detail in other chapters in this 
book, but in essence it is to enable the skeleton to achieve maximal functional 
capacity. Overall the intention then is to reduce the frequency of fractures, control 
pain and improve linear growth. 

 Prior to 1998 pharmacological treatment for children with fragility fractures was 
very limited. However, the demonstration that the anti-resorptive bisphosphonates 
increased BMD and reduced fracture risk in children with osteogenesis imperfecta 
revolutionised the fi eld [ 18 ]. Intravenous bisphosphonates are now considered to be 
the mainstay of treatment for children with osteoporosis (see Chap.   5    ). More 
recently, the alternative anti-resorptive therapies have been developed and now 
RANKL antibody (denosumab) and cathepsin K inhibitors are also beginning to be 
used in children [ 19 ].  

    Benefi ts of Anti-resorptives 

 Anti-resorptive therapies act by impeding osteoclastic removal of bone while still 
allowing osteoblastic bone formation to continue. In the growing skeleton, the effect 
of anti-resorptive therapy on increasing bone mass is amplifi ed and related to the 
rate of growth, modelling and remodelling. This leads to increased trabecular bone 
and cortical thickness [ 20 ]. Osteoclasts have a major role in modelling trabecular 
bone adjacent to the growth plate. Anti-resorptives interfere with this process and 
result in the retention of trabecular bone and mineralised cartilage. This increases 
bone mineral content (BMC) and improves mechanical strength to this region of the 
bone. This increase in trabecular bone is particularly benefi cial in the vertebral bod-
ies and children treated with bisphosphonates show reduced vertebral compression 
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fracture and improved healing. The effects of anti-resorptives on growth remain 
uncertain. However, improvements in height  Z -scores in some studies suggest that 
treatment may also improve growth [ 18 ]. By contrast, the reduction in long bone 
fracture risk following anti-resorptive treatment is thought to be due to reduced 
endosteal resorption and thus an increased diaphyseal cortical thickness. 
Bisphosphonates have been used to reduce pain in fi brous dysplasia [ 21 ] and several 
uncontrolled trials have reported bisphosphonate-related pain relief; however, this 
has not yet been confi rmed by randomised controlled trials. 

    Long-Term Adverse Effects of Anti-resorptives 

 During growth, treatment with anti-resorptive medication impairs bone modelling 
and so inhibits the normal metaphyseal periosteal resorption. This results in reduced 
metaphyseal in-wasting and club-shaped long bones. Anti-resorptive treatment also 
impairs bone remodelling resulting in altered bone structure and quality. Impaired 
trabecular remodelling below the growth plate results in retention of calcifi ed carti-
lage [ 20 ]. Although adverse effects from retained calcifi ed cartilage have not been 
directly demonstrated, it is thought to increase the brittleness and reduce the tough-
ness of trabecular bone. Anti-resorptive treatment results in thicker and mechani-
cally stronger cortical bone but the concomitant reduction in microdamage repair is 
likely to result in bone of inferior quality. 

 In addition to the adverse structural consequences of anti-resorptives, concerns 
remain regarding the retention of bisphosphonates within the skeleton after cessa-
tion of treatment. This may be clinically important as the bisphosphonate can be 
re-released during periods of high bone turnover such as pregnancy and lactation. 
This consideration however remains only a theoretical risk as no adverse events 
have been reported. Nevertheless, it may be prudent to use the lowest dose of 
bisphosphonate to achieve the desired clinical outcome. As for any therapeutic 
intervention, the acute and long-term benefi ts and risks need to be carefully consid-
ered, and continued monitoring of treatment is essential for the optimisation of 
therapy and safeguarding against potential adverse effects.   

    How Do We Monitor the Effects of Drugs on Bone Physiology? 

 When monitoring bone health, a number of different properties of bone and bone 
metabolism can be measured that refl ect the state of the skeleton as a whole, or that 
of individual bones or bone types. There are various different techniques that can be 
used for this evaluation, each with benefi ts and limitations that must be taken into 
account when using them in children with bone disease. The most common tech-
niques for monitoring bone health are discussed below. 
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    X-Ray Analysis 

 The oldest and simplest way of monitoring the skeleton in children and adolescents 
is to use plane X-ray. While this does not yield information regarding material prop-
erties or micro-geometry, much information can still be gained. The gross morphol-
ogy, size and bone age can easily be determined and fractures and deformities 
readily identifi ed. Moreover, annual X-ray of the lateral spine can be particularly 
helpful in monitoring vertebral compression fractures (see Fig.  4.2 ) since vertebral 
morphometry can be used to quantify the degree of compression and healing [ 22 ]. 
A major drawback to the use of X-ray is the relatively high radiation doses involved. 
These can be as high as 0.7 mSv for lumbar spine X-rays, signifi cantly higher than 
other modalities [ 23 ].

   Abnormal vertebral geometry is quantitated by identifying the four corners of 
each vertebral body and the mid-points of the end plates and then determining 
the distances between these six points. The anterior, posterior and mid-point 
heights, the lower vertebral length and the vertebral height ratios are calculated. 
The concavity index is determined by calculating the average ratio between the 
mid-point height and the posterior height for each of the fi rst four lumbar verte-
brae (L1–L4). In general, the less tall and the more concave the vertebrae the 
worse its vertebral shape. The monitoring of paediatric compression fractures by 
this method is well established and it commonly forms part of annual screening 
protocols [ 24 ].  

  Fig. 4.2    Monitoring 
vertebral fracture healing 
during treatment using 
X-rays. Lateral X-rays of 
lumbar vertebral 
compression fractures in a 
13-year-old boy with 
osteoporosis. ( a ) Prior to 
treatment with pamidronate. 
( b ) After 2 years of 
treatment. Note how the 
shapes of the vertebrae have 
remodelled and healed. 
(Courtesy of Dr. J. Allgrove, 
Royal London Hospital, UK)       
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    Dual-Energy X-Ray Absorptiometry 

 Dual-energy X-ray absorptiometry (DXA) is the most widely used method for 
assessing bone health in children due to its availability, speed, low cost, non- invasive 
nature and low radiation dose, and is currently considered to be the “gold standard” 
for bone densitometry. Nevertheless, to prevent incorrect interpretation there are a 
number of important issues that must be considered when DXA is used for diagnos-
tic or monitoring purposes. These are discussed in detail below. 

 A DXA system consists of a scanning X-ray source, an X-ray detector that 
records absorption at both high and low energy X-rays and a computer system to 
analyse this data. DXA analysis makes the assumption that the body is divided into 
two tissue compartments; bone and non-bone. The high and low energy X-rays are 
differentially absorbed by these two compartments allowing the conversion of the 
absorption data into mass values for bone and non-bone. This can be done for the 
whole body or for selected regions such as the lumbar spine, proximal femur or 
distal radius. DXA can also be utilised for the assessment of other tissues of differ-
ing densities, such as lean body mass and fat mass, thus providing important infor-
mation about body composition. 

 DXA results are expressed in terms of either BMC or BMD. These parameters 
are calculated for a selected region of interest (ROI) that consists of bone tissue with 
the two-dimensional bone area (BA) measured in cm 2 . The X-ray attenuation within 
this ROI is then compared to a reference standard of known mineral density, thus 
allowing the BMC in grams to be calculated for each pixel. The total BMC for the 
ROI is then calculated by summing all these pixel values. The BMD of the ROI in 
g/cm 2  is calculated by dividing the BMC by the bone area (BMD = BMC/BA). 
Importantly, DXA does not measure the true bone BMD as it is a linear absorption 
method and so can only provide a two-dimensional analysis of a three-dimensional 
structure. This means DXA quantifi es the “areal” BMD or aBMD rather than the 
volumetric BMD or vBMD. Thus, in large bone aBMD will overestimate vBMD, 
while in a small bone it will underestimate it (see Fig.  4.3 ). In adults, bone size is 
constant and therefore this does not represent a major problem. However, the rapid 
increase in bone size in childhood means that the aBMD estimation of vBMD will 
progressively increase with age and this must be taken into account. Thus, DXA 
parameters should always be compared to normative range values for the appropri-
ate age, rather than making direct comparisons with previous values. Since bones 
grow at different rates, comparisons between different ROIs are also inherently 
more diffi cult. To ensure accuracy and reproducibility of DXA measurement it is 
important that the position of the child and the selection of the ROI are standardised. 
The most commonly used ROIs include (1) total skeleton minus head, (2) lumbar 
spine from L1/L2 to L4 and (3) femoral neck. Total skeleton aBMD is useful for 
estimating overall bone health while lumbar spine and femoral neck ROIs deter-
mine aBMD at the most common fracture sites. Because these DXA parameters are 
compared to a normative population reference range, poor position or ROI selection 
can invalidate the fi ndings (see Fig.  4.4 ). DXA analysis software uses algorithms to 

J.G. Logan et al.



45

distinguish between bone and non-bone compartments when selecting the ROI. 
As children have a lower BMD than adults the use of an adult algorithm will result 
in an inaccurate ROI with the exclusion of bone with lowest density and thus an 
overestimation of BMD [ 25 ]. It is, therefore, important to use a modifi ed child-
specifi c algorithm for DXA analysis.

    DXA data must be compared to a normative reference range for age before they 
can be interpreted. In adults the results are normally reported as a  T -score, defi ned 
as the number of standard deviations from the population peak adult BMD. The 

  Fig. 4.3    The effect of bone size on areal BMD. A small and a large bone are schematically repre-
sented by the  small  and  large cubes . Although both bones have identical volumetric BMD, the 
larger bone will have a higher areal BMD as measured by DXA       

  Fig. 4.4    Consistent 
positioning and ROI 
selection are required when 
comparing DXA scan 
results. The same femoral 
head is shown in both the 
lateral and AP orientations. 
While the volumetric BMD 
clearly remains the same, 
the change in position has 
altered the bone area, thus 
changing the areal BMD 
as measured by DXA       
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World Health Organisation uses this  T -score to defi ne osteoporosis and osteopenia 
( T  < −2.5 and  T  < −1, respectively) [ 26 ] but clearly such a defi nition is not useful in 
children, as they have not yet reached peak bone mass. Instead the  Z -score can be 
used, defi ned as the number of standard deviations from the average population 
BMD at the patient’s age. To accurately determine the  Z -score an appropriate refer-
ence range is therefore required. It is important to select the correct reference data-
base and not simply to use reference data provided by the manufacturer. Previously, 
obtaining appropriate paediatric reference ranges was a major problem, but there is 
now an increasing number of databases available (Table  4.1 ). However, there are also 
many demographic factors that must be considered when selecting appropriate DXA 
reference data including gender, ethnicity, age, height, weight and Tanner stage. 
When selecting a reference range it is important to also consider the ROIs studied, 
ROI selection algorithms, scanner brand, scanner model and software version.

      Even when an appropriate reference range has been selected, the diagnosis of 
childhood osteoporosis (as defi ned in [ 27 ]) should not be made on the basis of DXA 
alone, since incorrect interpretation of DXA data often results in misdiagnosis. The 
most frequent mistakes include the incorrect use of the  T -score, poor ROI selection, 
inappropriate reference range selection and failure to account for small body size. 

 To improve DXA as a paediatric diagnostic tool, several methods have been pro-
posed that adjust DXA data to take account of bone and body size. One such 
approach calculates bone mineral apparent density (BMAD) in the lumbar vertebrae 
by using the average bone width and the BA to estimate bone volume by modelling 
vertebrae as cubes [ 28 ] or cylinders [ 29 ]. However, individuals with abnormally 
narrow or wide bones will confound this adjustment, leading to an under- or over- 
approximation of true BMD, respectively. Furthermore, this correction must also be 
applied to the reference population and there are now several published BMAD 
reference ranges available (see Table  4.1 ). Recently Crabtree et al. studied the abil-
ity of unadjusted aBMD, BMAD and four other height adjustment methods to pre-
dict low trauma fractures in a paediatric population with a variety of chronic 
conditions [ 30 ]. They demonstrated that all height adjustment methods improved 
the diagnostic specifi city of DXA, but that no one adjustment technique was supe-
rior. In their study, BMAD measurements from L2 to L4 were most predictive of 
vertebral fractures, while total body less head BMC for lean body mass adjusted for 
height was most predictive for long bone fractures. 

    Advantages of DXA 

 DXA is the most commonly used bone monitoring method because it is widely 
available, takes less than 3 minutes, is dedicated to bone analysis, has a low cost and 
requires exposure of less than 1 day’s background radiation [ 23 ]. DXA is also more 
versatile than other techniques. It can be used to study the whole skeleton, or to 
analyse specifi c sites of interest, including both the long bones and vertebrae. This 
is of particular importance as compression fractures are common in patients with 
low BMD, and vertebrae are inaccessible to many other techniques.  
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    Disadvantages of DXA 

 The main disadvantages of DXA are its inability to discriminate between cortical 
and trabecular bone and its sensitivity to changes in position and bone size. These 
limitations are a particular problem in young children and DXA analysis is some-
times impossible in patients with severe contractures or scoliosis. Furthermore, cor-
rection of such scoliosis with spinal rods also prevents DXA analysis of the lumbar 
region. In such cases it is advisable to obtain baseline DXA measurements from 
other regions, such as proximal or distal femur, so that monitoring can continue 
after spinal surgery treatment. Finally children with skeletal dysplasias are particu-
larly diffi cult to assess as there are currently no relevant DXA normative ranges. 
Furthermore, DXA cannot clearly distinguish between osteomalacia and osteoporo-
sis as both result from insuffi cient bone mineral; however, the clinical history and 
appropriate biochemical analysis will differentiate these two conditions.   

    Peripheral Quantitative Computed Tomography 

 Peripheral quantitative computed tomography (pQCT) can be used to measure the 
true vBMD of the peripheral skeleton. It is a modifi ed version of full size QCT that 
is specifi cally designed to determine vBMD in the distal forearm or tibia. A scout 
scan is initially performed to defi ne the location of the bone end plate reference line 
(Fig.  4.5 ). X-ray images are then acquired from different angles at multiple sequen-
tial levels. Two-dimensional cross sections are then reconstructed and fi nally com-
bined to generate a three-dimensional structure. The image consists of individual 
voxels each of which has a defi ned Hounsfi eld unit value (a linear scale that defi nes 
0 as the attenuation of X-rays in water). By comparison to known standards the 
Hounsfi eld unit can be translated into BMD in g/cm 3 . Cross sections are then gener-
ated for set distances, determined as a percentage of total bone length, from the 
reference line. A cross section adjacent to the growth plate includes cortical and 

  Fig. 4.5    pQCT positioning. A scout scan of a distal ulnar and radius demonstrating end plate 
identifi cation and positioning       
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trabecular bone, while a cross section in the mid-shaft includes only cortical bone 
(Fig.  4.6 ). A variety of bone parameters are calculated from this cross-sectional 
data, including vBMD and surrogate measures of bone strength, and these can be 
compared to pQCT reference ranges (see Table  4.1 ). Currently, however, pQCT 
studies lack consistency in methodology and there is limited data to determine the 
optimal technique for data acquisition and analysis [ 31 ]. Furthermore, comparison 
of upper and lower limb parameters is limited by their poor correlation resulting 
from the differential effects of physical loading on the developing skeleton [ 32 ].

       Advantages of pQCT 

 The key advantage of pQCT over DXA analysis is its ability to measure true vBMD 
rather than aBMD. Furthermore, pQCT can differentiate between cortical and 
 trabecular bone, thus allowing these two compartments to be analysed separately. 
This is important since trabecular and cortical bone can be differentially affected in 
different pathological conditions and pQCT has been shown to detect the early tra-
becular bone loss associated with high bone turnover states.    In addition, pQCT can 
be used to determine geometric parameters and derive surrogate measures of bone 
strength including cross-sectional moment of inertia and the strength–strain index 
(SSI). The recent development of high resolution pQCT (HR-pQCT) has enabled 
bone micro-architectural parameters to be determined which include trabecular 
number, thickness and spacing and cortical porosity [ 33 ].  

    Disadvantages of pQCT 

 pQCT is currently not widely available and most pQCT has been performed in 
research centres. Although, whole body CT scanners, which could perform QCT of 

  Fig. 4.6    pQCT report. pQCT images located at 4 % of the radial length (distal to proximal) and at 
66 % of the radial length (distal to proximal). (Image courtesy of Novotec Medical)       
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both the axial and appendicular skeleton, are widely available they are rarely used 
for this purpose because the effective radiation dose is increased to 0.06–3 mSv or 
higher [ 23 ]. Radiation exposure is an important factor to consider in paediatric den-
sitometry due to concerns regarding the long-term risk of radiation induced cancers. 
The effective radiation dose in pQCT is far lower than whole body QCT due to the 
distance of the ROI from radiosensitive organs.    The effective radiation dose is 
<0.01 mSv in pQCT and 0.003 mSv in HR-pQCT [ 34 ,  35 ]. 

 The major disadvantage of pQCT is that its analysis is limited to the peripheral 
skeleton and derived bone parameters correlated poorly with vertebral fracture risk 
during growth. Consequently, in children monitoring of vertebral bone requires the 
use of an additional imaging method. A further limitation of pQCT is its poor spe-
cial resolution which leads to a “partial volume” effect. Simply, at the edge of corti-
cal bone a number of voxels will contain both bone and soft tissue; thus, their 
assigned BMD will be an underestimate of the true BMD. If the resolution of the 
pQCT system is low, partial volume effect can cause signifi cant problems where 
cortical bone is thin and algorithms to adjust for this are required [ 36 ]. 

 pQCT analysis in children can be particularly challenging. In very young chil-
dren movement between the scout scan and imaging of the selected slices will cause 
errors and while positioning devices have been developed to try to prevent this, 
movement remains a problem. Obesity can interfere with both the results and 
obtaining the pQCT measurements, and skeletal dysplasia or contractures can make 
it impossible to position a limb accurately into the pQCT device. Finally, in growing 
children it can be diffi cult to obtain pQCT measurements at the same locations in 
successive scans. Standard protocols attempt to adjust for this by locating cross sec-
tions at specifi c percentage of total bone length. However, uneven longitudinal 
growth means that this cannot be exact, and even a small discrepancy can result in 
changes in trabecular indices.   

    Quantitative Ultrasound 

 Quantitative ultrasound (QUS) is a novel non-invasive method for assessing bone 
status. The technique uses ultrasonic waves to interrogate peripheral bone quality 
[ 37 ]. Currently, the technique is not yet widely used, but its low cost, lack of radia-
tion exposure, portability and speed have resulted in growing interest. However, 
uncertainties over what the QUS-derived parameters represent have limited its 
uptake. There are currently two different QUS methodologies; the fi rst assesses the 
transmission of ultrasound waves through a peripheral bone and the second uses a 
pulse-echo system to measure the refl ection of ultrasound waves from the surface of 
a peripheral bone. Transmission QUS of the calcaneus is the most commonly used 
method although analysis of the tibia, radius or proximal phalanges can be per-
formed. Ultrasound probes are coupled to the foot, by use of either a water bath or 
coupling gel, and ultrasound vibrations applied. The shape, intensity and speed of 
the transmitted ultrasonic wave are determined. The velocity, measured as speed of 
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sound (SoS) in m/s, and the attenuation, measured as broadband ultrasound 
 attenuation (BUA) in dB/MHz, refl ect the bone density, architecture and strength. 
Thus, a porous or osteoporotic bone will cause the ultrasound wave to travel more 
slowly (lower SoS) and result in less attenuation (lower BUA). Some QUS systems 
also use SoS and BUA to calculate a stiffness index and the QUS index. All QUS 
parameters are then compared to normative data (Table  4.1 ). 

    Advantages of QUS 

 There are several reasons why QUS is an attractive technique for the long-term 
monitoring of children, the most important of which is the lack of ionising radiation 
exposure. In addition, QUS is easy to use, quick, portable, low cost and does not 
require extensive training. This makes QUS ideal for assessing bone in newborns 
and the very young where DXA and pQCT are impractical. Furthermore, QUS 
analysis provides both bone strength and quality parameters suggesting that chil-
dren at risk of fracture but with normal BMD might be identifi ed. Indeed, several 
studies have shown that a reduction in BUA or SoS is associated with an increased 
risk of fracture, but that the patients identifi ed are not the same as those identifi ed 
by DXA [ 38 ].  

    Disadvantages of QUS 

 The main disadvantage of QUS is that, while it may be a useful indicator of overall 
bone health, it remains unclear how BUA and SoS correlate with BMD, macro- and 
microstructure and stiffness. Furthermore, inconsistent probe location can easily 
result in errors, soft tissue thickness must be corrected for and appropriate reference 
ranges for age, size and Tanner stage must be used (Table  4.1 ).   

    Bone Markers 

 Biochemical markers of bone resorption and bone formation have been developed 
to assess the rate of bone turnover and the dynamics of bone metabolism. The most 
commonly used markers in paediatric patients are summarised in Table  4.2 . Bone 
formation markers refl ect osteoblast activity and are by-products of collagen syn-
thesis, osteoblast enzymes or bone matrix proteins. By contrast, bone resorption 
markers refl ect osteoclast activity and are collagen degradation products or osteo-
clast enzymes. Importantly, levels of many bone turnover markers are affected by 
both bone resorption and formation, and may also derive from non-skeletal tissues. 
Thus, changes in bone markers do not inevitably indicate altered bone metabolism. 
Bone markers may be measured in blood or urine samples with values determined 
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by enzyme-linked immunosorbent assays (ELISA), high-performance liquid 
 chromatography (HPLC), electrophoresis or radioimmunoassays (RIA). The level 
of bone markers can be affected by the timing and mode of sample collection, sam-
ple handling and variation between laboratories and assay kits. Bone markers show 
a signifi cant diurnal variation, particularly in urine samples, and consistent timing 
of sample collection is therefore essential if longitudinal comparisons are to be 
made [ 39 ]. In adults, 24 h urine collection can be performed but in children this is 
generally impractical and inaccurate so that determination of bone markers in serum 
samples is preferred. Furthermore, bone markers determined in urine samples must 
be expressed in terms of the urine creatinine level, which is subject to considerable 
variation with age as muscle mass increases. Finally, food intake and exercise can 
affect levels of some bone markers and so must also be controlled for [ 39 ].

   In adults, bone markers simply refl ect the rate of bone remodelling. However, in 
children bone markers are also affected by the rate of bone modelling and growth 
which results in considerable variation during childhood [ 40 ]. Bone markers are very 
high at birth but levels decline rapidly over the fi rst few years of life. During pre-
pubertal growth bone markers are relatively stable but higher than those in adults. 
Levels increase again during the pubertal growth spurt but then decrease to adult 
levels. Since the timing of pubertal growth differs between boys and girls, gender- and 
age-specifi c reference ranges are required to interpret bone markers in children [ 41 ]. 

    Advantages of Bone Markers 

 The major advantage of bone markers over other bone monitoring approaches is that 
they can be repeated frequently without adverse consequences. Thus, bone makers 

   Table 4.2    Commonly used biochemical markers of bone turnover   

 Acronym  Marker type 

  Bone resorption markers  
 Hydroxyproline  HYP  Collagen degradation product 
 Pyridinoline  PYD  Collagen degradation product 
 Deoxypyridinoline  DPD  Collagen degradation product 
 N-terminal cross-linked telopeptide 

of type I collagen 
 NTX  Collagen degradation product 

 C-terminal cross-linked telopeptide 
of type I collagen 

 CTX  Collagen degradation product 

 MMP generated variant of C-terminal 
cross-linked telopeptide of type I collagen 

 ICTP  Collagen degradation product 

 Tartrate-resistant acid phosphatase type 5b  TRAcP5b  Osteoclast enzyme 
  Bone formation markers  
 Procollagen type I N-terminal propeptide  PINP  Collagen synthesis by-product 
 Procollagen type I C-terminal propeptide  PICP  Collagen synthesis by-product 
 Osteocalcin  OC  Bone matrix protein 
 Bone alkaline phosphatase  BAP  Osteoblast enzyme 
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can be used to rapidly determine whether skeletal abnormalities are a consequence 
of high or low bone turnover and can also be used to closely monitor the effect of 
treatments on bone formation and resorption.  

    Disadvantages of Bone Markers 

 The use of bone markers is limited by the diffi culties of sample collection, the assay 
variability and the lack of good age- and gender-specifi c reference ranges. As a 
consequence, in childhood, the predictive value of any individual marker is rela-
tively poor. Thus, it is recommended that multiple markers of bone resorption and 
bone formation are used when monitoring bone health in children. However, such 
an approach may be limited by the restricted availability of these assays. 

 Bone markers give an overall rather than site-specifi c indication of formation and 
or resorption.    This means that they can only determine whether a treatment has 
reduced net bone turnover and do not provide any indication of bone strength or 
fracture healing. Consequently, many centres do not routinely monitor bone turn-
over markers as they rarely change clinical management.   

    How Frequently Should Treatment Be Monitored? 

 In children treated for skeletal disorders the ideal monitoring interval will depend 
upon disease progression, growth velocity and type of treatment. Prior to commenc-
ing bisphosphonate treatment, children with skeletal fragility should have baseline 
investigations that include DXA, bone markers and skeletal surveys. If the develop-
ment of a severe scoliosis is likely it is important that baseline DXA data is obtained 
from lumbar vertebrae and alternative sites that can be assessed after surgical 
intervention. 

 Before the next assessment of DXA BMD, suffi cient time should elapse to exceed 
the expected inter-measurement variability. The International Society for Clinical 
Densitometry (ISCD) 2007 offi cial positions state that the minimum time interval 
for monitoring treatment with a bone active agent or disease should be 6 months [ 42 ] 
but many centres only monitor BMD on an annual basis. Currently, there is no con-
sensus on when to stop treatment. Some centres discontinue treatment when BMD 
approaches normal levels, while others reduce the dose when BMD becomes ele-
vated with the aim to fully discontinue treatment when growth is complete (Fig.  4.7 ).

   Although the regular determination of bone markers can be useful for monitoring 
patient compliance and in the research setting, they are rarely suffi cient alone to 
alter management. 

 Spinal X-rays are frequently performed on an annual basis if there is a suspicion 
of a vertebral fracture, or to monitor healing of a known compression fracture. 
X-rays are also used to monitor healing after orthopaedic intervention as delayed 
osteotomy healing due to bisphosphonate therapy has been reported [ 43 ].   
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  Fig. 4.7    Lumbar spine DXA reports. DXA scans of children receiving bisphosphonate treat-
ment. ( a ) 10.3-Year-old child is commenced on bisphosphonate treatment. BMD  Z -score initially 
increases gradually but then during puberty the BMD increases at a rapid rate before again 
 slowing down and remains around +1. ( b ) 5.4-Year-old child was started on bisphosphonate treat-
ment and did not have a repeat DXA scan until 8.5 years. Her BMD  Z -score increased from −3.1 
to +1 after which her treatment was reduced. (Courtesy of Dr. C. De Vile, Great Ormond Street 
Hospital, UK)       
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    Summary 

 When managing children with skeletal disorders it is important to monitor the 
safety and effi cacy of treatment. During growth the skeleton changes rapidly in size, 
shape and structure and to correctly interpret data from X-rays, DXA, pQCT, QUS 
and bone markers it is essential to understand the physiological basis of skeletal 
development. 

 Currently, the majority of treatments available for children with osteoporosis and 
other skeletal conditions are anti-resorptives. The most widely used method of mon-
itoring such treatment is DXA bone densitometry, but its limitations in children are 
rarely fully appreciated. Other imaging modalities may provide additional informa-
tion but have limitations in terms of site specifi city, in the case of pQCT, or uncer-
tainty with regard to interpretation, in the case of QUS. 

 Despite guidance regarding the frequency of skeletal monitoring, there is cur-
rently no consensus as to when treatment should be reduced or discontinued. 

 This chapter has outlined the physiology of skeletal development and described 
the modalities used to monitor the treatment of skeletal disorders in children. Such 
careful follow-up of skeletal responses to pharmacological intervention is important 
not only to determine the benefi ts of treatment but also to identify known side 
effects and detect long-term adverse consequences.     
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           Introduction 

 Osteogenesis imperfecta (OI) is a genetic bone fragility disorder characterised by 
multiple fractures, reduced bone mass, deformity and disability. Management 
requires a multidisciplinary approach involving paediatrician, endocrinologist 
(bone and mineral physician), rehabilitation specialist, orthopaedic surgeon, dentist, 
physiotherapist and occupational therapist. Bisphosphonate treatment is the main-
stay of medical treatment in OI and has been shown to decrease bone pain, enhance 
well-being and improve mobility and muscle strength, in addition to reducing the 
incidence of fractures. This chapter summarises the historical use, safety and 
 effi cacy of bisphosphonate therapy in children and adolescents with OI.  

    Bisphosphonates 

 Bisphosphonates are synthetic analogues of naturally occurring inorganic pyro-
phosphates which act by inhibiting osteoclast function [ 1 ]. Their basic structure is a 
phosphate–carbon–phosphate bond that results in a very stable compound (Fig.  5.1 ). 
Once administered, bisphosphonates avidly bind to the hydroxyapatite crystals of 
bone and are quickly removed from general circulation. They therefore have a short 
plasma half-life but comparatively longer functional half-life as they are directly 
incorporated into bone mineral. As the bone is resorbed by osteoclast activity, the 
bisphosphonate is released and can act locally. Bisphosphonates inhibit the differ-
entiation of osteoclast precursors and induce apoptosis of osteoclasts [ 2 ]. Newer 
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bisphosphonates, such as pamidronate and zoledronate, also inhibit the mevalonate 
pathway of cholesterol synthesis and prevent post-translational prenylation of small 
guanosine triphosphate-binding proteins in osteoclasts [ 3 ].

   Pamidronate and zoledronate are the most widely used intravenous bisphospho-
nates in children with OI, with zoledronate being about 850 times more potent [ 4 ]. 
Zoledronate has a high affi nity for bone and has a 100-fold bone concentration 
compared to plasma. Adult studies have shown that the effects of zoledronate are 
also longstanding with only a slight decline after 6 months [ 5 ]. 

 The use of bisphosphonates has been well established in adult patients for treat-
ment of osteoporosis, Paget disease of bone, myeloma, hypercalcaemia and bone 
metastases. Its use in children is relatively more recent but bisphosphonate therapy 
is now the mainstay of medical treatment for osteogenesis imperfecta (OI) [ 6 ].  

    Osteogenesis Imperfecta 

 Before discussing the role of bisphosphonates in OI it is important to understand the 
pathogenesis and heterogeneity of this condition. OI is characterised by increased 
bone fragility and decreased bone mass. There is signifi cant variability in the clini-
cal features and severity within OI, with presentation at any age from intrauterine 
life to adulthood. The extreme variability in OI results in part from genetic and 
biochemical heterogeneity.    The diagnosis can be straightforward in the more severe 

  Fig. 5.1    Molecular structure of bisphosphonates. The generic bisphosphonate structure ( left ) with 
two phosphonate groups binding to a central carbon atom. Modern bisphosphonates have a 
hydroxyl group and specifi c nitrogen-containing side chain ( right ) attached to the central carbon 
atom. ( Black sphere : central carbon atom,  orange spheres : phosphorus,  red spheres : oxygen,  grey 
spheres : hydrogen)       
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cases or when there is a positive family history and the typical features of blue 
sclera, fracture and Wormian bones of the skull are present (Fig.  5.2 ). However, a 
defi nitive diagnosis can be more diffi cult on clinical grounds alone in milder cases 
that lack these features and it is not uncommon for mildly affected adults to only be 
identifi ed when their affected child presents with fractures. Other features associ-
ated with OI include joint hypermobility, hearing impairment, basilar invagination 
and brittle teeth (dentinogenesis imperfecta).

   Various classifi cation systems have been previously proposed to describe the 
heterogeneity of OI. In 1979, Sillence proposed a classifi cation of OI types I–IV 
based on clinical fi ndings with radiological subclassifi cation [ 7 ]. Despite recent 
revisions of this classifi cation to encompass the expanding molecular diagnosis, 
a variation of the original Sillence classifi cation is still widely used in clinical 
practice (Table  5.1 ).

  Fig. 5.2    Features of osteogenesis imperfecta. Blue sclerae ( a ), fractures (( b ) multiple upper limb 
fractures, ( c ) vertebral compression fractures) and Wormian bones of the skull ( d ) are associated 
features of osteogenesis imperfecta       

 

5 Bisphosphonates in Osteogenesis Imperfecta



70

   Type I OI is the most common type of OI and is distinctive because of blue 
sclerae and minimal bony deformity. Type I OI is classically due to reduction in the 
quantity of collagen type I protein due to a stop, frameshift or splice site mutation 
in either  COL1A1  or  COL1A2 . As this leads to a quantitative defect, the phenotype 
of this group tends to be mild with patients attaining normal height and having mini-
mal functional limitations. Recurrent long-bone or vertebral fractures can however 
result in signifi cant disability in some. They can present as back pain, scoliosis or be 
asymptomatic and during growth there is good potential to respond to treatment. 
The incidence of hearing impairment increases during adult life. 

 Type II OI is associated with perinatal lethality. These infants are the most 
severely affected individuals with multiple fractures and bone deformities in utero 
and at birth. The sclerae of these children are often deep blue or grey but can be 
normal. Skeletal survey reveals bones that are short and broad with very low den-
sity. Respiratory insuffi ciency is the leading cause of mortality due to multiple rib 
fractures and pulmonary insuffi ciency. Mutations in these babies tend to be sporadic 
and typically involve a glycine substitution in  COL1A1  or  COL1A2 . 

 Type III is the most severe form of OI in those who survive the neonatal period. 
They often have multiple long-bone deformities and fractures at birth, have blue or 
grey sclerae, severe dentinogenesis imperfecta and triangular facies. Over 50 % are 
wheelchair dependent at an early stage and have very short stature. These children 
have severe bone fragility throughout their childhood, which can in turn lead to limb 
and spinal deformities and result in respiratory compromise. Genetic mutations in 
these individuals are often due to a glycine substitution in  COL1A1  or  COL1A2  
leading to a qualitative defect in the collagen protein. Mutations in other genes (see 
below) can lead to a very similar severe phenotype. 

 Type IV OI is characterised by osteoporosis leading to bone fragility without the 
typical features of the type I phenotype (i.e. blue sclerae and deafness). Fractures 
may present at any age and a majority of these patients have short stature. A small 
proportion experience a severe, progressive lower limb deformity rather than 

   Table 5.1    Expanded Sillence classifi cation illustrating fi ve clinically distinct OI phenotypes   

 OI type  Phenotypic features  Inheritance 

 OI type I  Osseous fragility (variable from none through moderately severe), 
distinctly blue sclerae (at all ages), presenile hearing loss 
(or family history of hearing loss) 

 AD 

 OI type II  Perinatally lethal OI. Extremely severe osseous fragility, stillbirth or 
death in the newborn period. Rare long-term survival 

 AR and AD 

 OI type III  Moderately severe to severe osseous fragility, normal sclerae 
(blue in infancy) ± severe deformity of long bones and spine. 
A range of clinical and radiographic phenotypes 

 AR and AD 

 OI type IV  Osseous fragility with normal sclerae (blue in infancy) ± severe 
deformity of long bones and spine 

 AD 

 OI type V  Osseous fragility with normal sclerae ± severe deformity + calcifi cation 
in interosseous membranes ± hyperplastic callus 

 AD 

   AD  autosomal dominant,  AR  autosomal recessive  
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recurrent fractures. Dentinogenesis imperfecta is variable but when present is 
 associated with a greater frequency of fractures. Inheritance is autosomal dominant 
with mutations in  COL1A1  and  COL1A2 . 

 Type V OI was the fi rst non-collagen OI type to be identifi ed and constitutes 
about 4 % of the OI population. Mutations of the  IFITM5  gene have been shown to 
cause this autosomal dominant form of OI [ 8 ]. Classically, patients have a distinc-
tive phenotype with moderate-to-severe bone fragility although recent family stud-
ies have shown the phenotype is variable. The hallmark of this subtype is the 
presence of hypertrophic callus formation and early calcifi cation of the interosse-
ous membrane between the bones of the forearm, which limits pronation and supi-
nation. Radial head dislocation can be identifi ed from a young age and predates 
interosseous membrane calcifi cation. Scleral colour is normal. Upon histological 
examination, the lamellar organisation of the bone has an irregular mesh-like 
appearance, clearly distinct from the normal lamellar organisation seen in type I 
and IV OI. 

 A number of other subtypes of OI have been classifi ed based on different genetic, 
phenotypic or histomorphometric features. While it is important to distinguish the 
genetic cause for genetic counselling, the most salient clinical feature regarding the 
role of bisphosphonate treatment is the severity of bone fragility. Type VI OI clini-
cally resembles other forms of moderate-to-severe OI but it has a characteristic 
“fi sh-scale” pattern of bone lamellation on bone histology. Blue sclerae and den-
tinogenesis imperfecta are absent in type VI OI. Mutations in  SerpinF1  have been 
shown to cause this subtype of OI [ 9 ] and there is evidence suggesting that response 
to bisphosphonate therapy, particularly gains in mobility scores and reductions in 
fracture incidence, is less than in other types of OI [ 10 ]. Type VII OI is a rare auto-
somal recessive condition that was described in the First Nations community in 
northern Quebec [ 11 ]. It is caused by mutations in  CRTAP  [ 12 ] and is associated 
with a moderate-to-severe phenotype involving fractures from birth, bluish sclerae, 
early lower limb deformity, coxa vara and osteopenia. Rhizomelia is a prominent 
clinical feature that distinguishes this form of OI. 

 Over 90 % of European individuals with OI have mutations in collagen type I 
genes ( COL1A1  or  COL1A2 ) [ 13 ]. In other populations such as Southern Asian or 
Samoan populations, evidence suggests that mutations in other genes may be more 
prevalent as causes of moderate-to-severe OI. 

 Collagen type I has a triple helical structure consisting of two α1 and one α2 
chains. For the triple helix to fold correctly, every third amino acid residue must be 
a glycine with the remaining amino acids rich in proline and hydroxyproline [ 13 ]. 
The α-chains are initially synthesised as pro-α-chains with polypeptide extensions 
at either end. The carboxy propeptide extension is essential for pro-α-chain associa-
tion prior to triple helix assembly, which occurs in a carboxy to amino direction. 
Using  COL1A1  and  COL1A2  mutation analysis alone, it is diffi cult to make geno-
type–phenotype correlations in OI. In general, however, mutations resulting only in 
a quantitative defect in collagen type I production result in a milder phenotype than 
those leading to a qualitative defect [ 14 ]. A number of additional genes have been 
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identifi ed that play a role in type I collagen traffi cking and these have been  implicated 
in autosomal recessive types of OI; FKBP10 [ 15 ], SerpinH1 (coding for HSP47) 
[ 16 ], SerpinF1 [ 9 ] and SP7/0SX (Osterix) [ 17 ]. Mutations in these genes result in 
moderate-to-severe OI and have subtle radiological features that may help to distin-
guish them from OI caused by  COL1  mutations. 

 Disruption of collagen results in a disorder of the mineral phase of OI bone. 
Human OI bone has a higher average material density than normal bone, and the 
murine model of moderate-to-severe OI (OIM mouse) has smaller and less well- 
aligned mineral crystals than the wild-type mouse [ 18 ]. It is the combination of the 
organic and inorganic abnormalities of OI bone that alters its biomechanical proper-
ties and makes it brittle. Histomorphometric studies of OI bone have shown a 
decrease in core width, cortical thickness and trabecular number and thickness [ 19 ]. 
Individual osteoblasts produce a reduced amount of bone in OI, but due to their 
increased number, the bone formation rate is increased. Osteoclastic activity is also 
increased so this does not lead to a net gain in bone mass. Together these fi ndings 
indicate a high turnover state with minimal net gain in bone mass. The increase in 
bone turnover is refl ected in increased serum and urinary levels of markers of bone 
resorption (deoxypyridinoline and N-telopeptide) and bone formation (alkaline 
phosphatase and osteocalcin). The reduction in core width seen on trans-iliac bone 
biopsies translates into thinner long bones with a reduced polar moment of inertia, 
further increasing the propensity to fracture.  

    Bisphosphonates in OI 

 The aim of treatment in OI is to reduce fracture frequency, maximise mobility and 
improve functional outcomes [ 20 ]. The use of bisphosphonates to treat OI was fi rst 
described in a case report in 1987 [ 21 ]. A 12-year-old girl with OI was treated with 
oral pamidronate. The dosing regime comprised 250 mg daily for 2 months alternat-
ing with 2 months of abstinence for a total duration of 1 year. She showed a 33 % 
increase in lumbar spine bone mineral content by dual photon densitometry but still 
went on to sustain at least two low-trauma fractures within the following year. The 
fi rst systematic assessment of bisphosphonates in OI was undertaken over a decade 
later when the effects of cyclic intravenous pamidronate were investigated in 30 
children with severe OI [ 22 ]. 

 Intravenous pamidronate in children with OI has been reported to decrease bone 
pain, enhance well-being, improve mobility and muscle strength, reduce fracture 
incidence, increase long bone cortical thickness, increase vertebral size with verte-
bral reshaping and increase bone mass and bone mineral density [ 22 ,  23 ]. In an 
attempt to prevent growth disturbance and spine and limb deformity, cyclical intra-
venous pamidronate has also been used in babies and infants with OI [ 24 ]. The 
treatment response in the younger children was more pronounced than in the older 
cohort and there was also an improvement in the time taken to attain motor 
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milestones [ 25 ]. Histomorphometry has provided valuable insight into the actions 
of pamidronate in children with OI [ 26 ]. The major bone effects of pamidronate 
were to increase cortical thickness and trabecular number. Trabecular thickness was 
not enhanced. Bone turnover was signifi cantly reduced with a decrease in both bone 
resorption and formation below that of age-matched normal controls. There was 
also an increase in residual calcifi ed cartilage within the bone. In adults with OI, 
pamidronate has been shown to increase spine and hip areal bone mineral density 
and decrease fracture rates [ 27 ]. The results in adults have not been as marked as 
those in children, suggesting that bisphosphonate therapy should be instigated dur-
ing childhood to obtain maximal benefi t. 

 A prospective randomised trial of 23 children with OI was carried out to assess 
the dosage, effi cacy and safety of zoledronate compared to pamidronate [ 28 ]. This 
study showed a similar response in terms of improvements in serial bone density 
and quality of life. An increased frequency of fracture was seen in the zoledronate 
treatment group, which may have been due to inclusion of some children with more 
severe OI. Zoledronate has the benefi ts of being able to be administered more rap-
idly and of having a longer dosing interval than pamidronate, both of which may 
prove advantageous to patients and health care facilities. 

 As mentioned above, the primary aim of bisphosphonate treatment in OI is to 
reduce fracture frequency in order to maximise mobility. The best possible outcome 
is the ability to walk and bisphosphonates have revolutionised this aspect of patient 
management, particularly in those with moderate-to-severe disease (Figs.  5.3  and 
 5.4 ). Cyclical intravenous bisphosphonate therapy improves linear growth and bone 
structure via improvements in bone shape and biomechanics. Orthopaedic interven-
tion in combination with bisphosphonate therapy has resulted in improvements in 
patient mobility [ 29 ].

    There is growing interest in the utility of oral bisphosphonates in OI. In a placebo- 
controlled trial of 34 patients, olpadronate was associated with an increase in lum-
bar spine bone mineral density, but did not improve muscle strength, mobility, 
function or vertebral height [ 30 ]. A small randomised controlled study of oral rise-
dronate showed an improvement in spine bone density and decrease in bone turn-
over but no change in bone biopsy or bone density data in 26 children with type I OI 
[ 31 ]. A large multicentre, double-blind, randomised, placebo-controlled trial of 139 
patients looked at the effects of alendronate in children with moderate-to-severe OI. 
This study showed that while there was an improvement in bone density and 
decrease in bone turnover, there was no improvement in fracture rate, bone pain, 
vertebral height, bone histomorphometry or physical activity with treatment [ 32 ]. 
More recently, a large multinational placebo-controlled trial of 147 patients evalu-
ated oral risedronate in children with milder OI. This study showed an increase in 
areal bone mineral density and reduction in fracture frequency [ 33 ]. The drug was 
generally well tolerated and the authors concluded that risedronate should be 
regarded as a valid treatment option for children with OI, particularly those with 
milder phenotypes. These data would suggest that until there is data to the contrary, 
oral bisphosphonates should not be used in favour of intravenous bisphosphonates 
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  Fig. 5.3    Improvements in appendicular skeleton following bisphosphonate treatment. Multiple 
fractures in the neonatal period of ( a ) right leg and ( b ) left leg in a child with osteogenesis imper-
fecta. Cyclical intravenous bisphosphonate therapy aided fracture prevention and allowed linear 
growth ( c ). Note sclerotic bisphosphonate treatment lines, particularly in distal femur and proxi-
mal tibia. The bisphosphonate-treated bones were more amenable to orthopaedic intervention 
allowing the insertion of Fassier-Duval telescopic rods ( d ) resulting in the ability to mobilise inde-
pendently ( e )       
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in the early treatment of children with moderate-to-severe OI. Oral therapy may 
however be of benefi t as maintenance therapy in children with moderate-to-severe 
OI, or as initial therapy in mild OI. Once bisphosphonate therapy is discontinued 
entirely, there is little if any effect on the new bone produced following growth and 
modelling [ 34 ]. It is usually necessary to have children with OI on a maintenance 
dose of bisphosphonate following their acute treatment regimen. The best mainte-
nance therapy is uncertain but is likely to be between 30 and 50 % of the acute 
 treatment dose [ 35 ].  

    Side Effects and Complications 

 There have been numerous reports of serious adverse effects associated with 
 bisphosphonate therapy in adults [ 36 ]. These include acute systemic infl ammatory 
reactions, ocular complications, renal failure, nephrotic syndrome, electrolyte abnor-
malities and osteonecrosis of the jaw. By far the most frequent adverse effect seen in 
children is an acute-phase reaction following the fi rst dose. This typically includes 
fever, nausea, diarrhoea, malaise and muscle and bone pain. These symptoms begin 
24–48 h following the initiation of treatment and rarely recur with subsequent doses 
[ 37 ]. This appears to be mediated by T-cell release of interferon gamma and tumour 

  Fig. 5.4    Improvements in axial skeleton following bisphosphonate treatment. Lateral thoracolum-
bar spine radiograph showing vertebral crush fracture of L1 in a 3-year-old with osteogenesis 
imperfecta ( a ). Improvements in vertebral morphology were evident following 2 years of bisphos-
phonate therapy ( b )       
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necrosis factor [ 38 ]. These side effects can be minimised by the administration of 
acetaminophen (paracetamol) or the anti-infl ammatory medication Ibuprofen [ 39 ]. 
Bisphosphonates lower serum calcium concentrations and this is most marked fol-
lowing the fi rst infusion cycle [ 40 ]. In vitamin D-replete individuals receiving the 
recommended calcium intake, the hypocalcaemia is self-remitting. 

 Infants with severe OI and pre-existing respiratory compromise have been 
reported to experience an acute respiratory distress associated with the fi rst pami-
dronate infusion [ 41 ]. The aetiology remains unclear, but may relate to cytokine 
release and/or haemodynamic compromise from fl uid administration during the fi rst 
infusion. This highlights the fragile state of young children with severe OI and the 
need for close monitoring during treatment. 

 Animal studies have shown that high-dose bisphosphonates can suppress growth 
and concerns have been raised of this possibility in children. Counter to these con-
cerns, pamidronate has been shown to signifi cantly improve the growth of children 
and adolescents with moderate-to-severe OI compared to historical controls over a 
4-year treatment period by preventing limb and spine deformity [ 42 ]. In the same 
report, rapid weight gain was noted in a number of children with severe OI. The 
aetiology of the weight gain remains unclear, but excessive weight could have a 
detrimental effect upon function and increase fracture risk. 

 Pamidronate suppresses bone turnover in children with OI to well below that of 
normal-aged matched controls [ 26 ]. At high doses, pamidronate can interfere with 
bone modelling and result in undertubularisation of long bones. In the growing skel-
eton, a reduction in bone remodelling results in the accumulation of mineralised 
cartilage within the bone, which contributes to the increase in bone density seen 
with pamidronate treatment [ 43 ]. Further, acute reductions in remodelling and the 
persistence of calcifi ed cartilage in bone account for the characteristic sclerotic 
metaphyseal lines seen on long-bone radiographs of children receiving pamidronate 
therapy [ 44 ] (Fig.  5.3 ). Pamidronate therapy has also been associated with delayed 
healing of osteotomy sites after intramedullary rodding procedures [ 45 ] but multi-
variate analysis did not show a signifi cant delay in healing after fractures. However, 
when children with OI sustain a fracture and are due a scheduled bisphosphonate 
dose, the general pragmatic approach is to delay treatment until there is radiological 
evidence of callus formation. 

 Osteonecrosis of the jaw has emerged as a major issue in adult patients treated 
with high-dose or potent bisphosphonates. It is most simply described as non- 
healing, painful jaw wounds following dental extraction or other dental proce-
dures. At the present time the risk from normal exfoliation of deciduous teeth in 
children is not quantifi ed but presumed to be extremely small. There has been no 
report of children treated with bisphosphonates long term developing osteonecro-
sis of jaw. A study of 64 young people with OI treated with bisphosphonates for 
up to 12 years revealed no instance of jaw osteonecrosis [ 46 ]. Current clinical 
practice varies but a pragmatic approach is for children to undergo dental review 
prior to staring  bisphosphonate treatment and have necessary reparative work 
undertaken. This is then followed by annual review by a paediatric dentist. There 
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are no data to guide recommendations on timing of dental extractions once 
bisphosphonate treatment has commenced.    A reasonable approach may be to pre-
serve teeth where possible, but extraction is required to undertake this at least 3 
months from the last bisphosphonate infusion and to wait for gingival healing 
before the next dose is given. 

 Bisphosphonates are contraindicated during pregnancy, and all females of repro-
ductive age should have a negative pregnancy test before each bisphosphonate treat-
ment cycle or before commencing oral bisphosphonates. Because bisphosphonates 
persist in mineralised bone for many years, concern has also been expressed that 
bisphosphonates administered before conception could be released from the mater-
nal skeleton during the pregnancy and effect the foetus [ 47 ]. Reports have been 
published of two women with OI who became pregnant after 5 years of pamidronate 
therapy. No pamidronate was administered following conception. Both pregnancies 
went to term and there were no maternal complications noted. It could not be 
excluded, however, that the adverse events noted in the babies, hypocalcaemia and 
talipes equinovarus, were related to maternal pamidronate therapy [ 48 ]. Clearly, 
further systematic follow-up of pregnancy outcome in this cohort is required and 
females should be counselled about the uncertainty surrounding this aspect of 
bisphosphonate treatment.  

    Summary 

 Over the last 20 years, the use of bisphosphonates has proven to be very effective in 
the treatment of OI. It has led to a reduction in fracture rate, pain and disability in 
children with this disorder. Through a multidisciplinary approach and the appropri-
ate use of bisphosphonate therapy, the quality of life for children with OI and their 
families has been signifi cantly improved. Bisphosphonates have potential side 
effects and their use should remain limited to children with skeletal fragility. 
Treatment needs to be monitored closely by institutions experienced in the care of 
children with OI and the use of bisphosphonates. Despite the widespread use 
of bisphosphonates in the management of patients with OI, there remain a number of 
unanswered questions. Key areas requiring further elucidation include the long- 
term effects of treatment, the optimal treatment regimen to maximise benefi t and 
minimise potential long-term side effects, the use of newer bisphosphonate prepara-
tions and the outcome following cessation of therapy. These issues can only be 
addressed through the continued systematic evaluation of patients receiving 
bisphosphonate therapy and ability to obtain long-term follow-up data on these indi-
viduals (Box  5.1 ).    
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   Box 5.1 Summary of Bisphosphonates in Osteogenesis Imperfecta 

     1.    Cyclic intravenous bisphosphonates, particularly pamidronate, have good 
short-term safety and effi cacy in children and adolescents with moderate-
to- severe osteogenesis imperfecta.   

   2.    Bisphosphonate therapy should be offered to children with moderate-to- 
severe OI as defi ned by: two or more long-bone fractures per year, and/or 
vertebral crush fractures, and/or long-bone deformities, and/or children 
with OI type III.   

   3.    In severe cases, treatment can be started during infancy, but these children 
need to be monitored very closely, especially during the fi rst infusion cycle.   

   4.    Treatment continues to be effective in older teenagers and the upper age 
limit of responsiveness still remains to be defi ned.   

   5.    Several dosage regimens appear to be effective:

    (a)    Low dose frequent administration—pamidronate 0.5–1 mg/kg/month [ 49 ].   
   (b)    High dose infrequent administration—pamidronate 9 mg/kg/year, 

with a dose and treatment interval that vary with age [ 40 ]. Zoledronate 
0.05 mg/kg 6-monthly.       

   6.    All children treated with a bisphosphonate should be part of a comprehen-
sive surveillance programme, preferably in the context of a clinical trial. 
This will enable the short- and long-term safety and effi cacy of these com-
pounds can be adequately evaluated.   

   7.    After completion of the acute treatment phase, most children will require 
ongoing maintenance therapy.     
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           Introduction 

 This chapter focuses on the bone complications—i.e., low bone mineral density 
(BMD) and fragility fractures—of genetic diseases other than osteogenesis imper-
fecta (OI), and on their treatment with bisphosphonates (BPs). What we currently 
know about the effi cacy of BPs in these diseases is essentially based on case 
reports on single patients or small patient samples. Studies with BPs on suffi -
ciently large populations or placebo-controlled studies are very few, since most 
genetic diseases are quite rare and their bone complications have only recently 
aroused interest. 

 In the genetic diseases characterized by low bone mass and fractures, treatment 
with BPs is justifi ed by their effi cacy in increasing bone density and reducing frac-
ture risk, well demonstrated in postmenopausal osteoporosis and also in osteogen-
esis imperfecta. In other genetic diseases, characterized by abnormal formation of 
bone, the use of BPs is justifi ed as an attempt to prevent calcifi cation through their 
physiochemical action on the calcifi cation process (inhibition of formation and 
delay of aggregation of calcium phosphate crystals) [ 1 ]. 
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 It is recommended that in all cases of primary or secondary osteoporosis 1  in 
children and adolescents, whether of genetic origin or not, BP treatment should be 
decided only with the advice of a pediatric bone expert. Adequate calcium intake 
and vitamin D levels, and, whenever possible, regular physical activity are always 
recommended as a basic intervention, before and during BP treatment. 

 The fi rst section of this chapter is dedicated to the rare genetic diseases, for 
which little data is available, and the second to the more prevalent genetic 
diseases.  

    Rare Genetic Diseases 

  Bruck Syndrome (OMIM 259450     )  

  Inheritance :  Autosomal recessive. 
  Genetic defect :  1. Mutations in  PLOD2  gene (probably located in the 

chromosome 17p12 region) resulting in defi ciency of a 
bone-specifi c telopeptidyl lysyl hydroxylase that catalyzes 
the formation of cross-links in the telopeptide region of 
type I collagen in bone (but not ligaments or cartilage). 
The defi ciency leads to aberrant cross-linking due to 
under-hydroxylation of the lysine residues [ 2 ]. 

 2. Mutations in  FKBP10  gene, encoding FKBP65, an extracellular 
matrix binding protein, whose mutations affect type I 
procollagen production [ 3 ]. 

  Prevalence :  Very rare, only few cases reported worldwide. 

   Bruck syndrome (BS) is a rare, autosomal recessive disorder, with only few 
cases known. 

 Like OI (see Chap.   5    ), it is characterized by deformity of the spine and 
extremities, low bone mass, bone fragility fractures, wormian bones, and blue or 
white sclerae [ 2 – 4 ]. The main differences are the presence of congenital joint 
 contractures—a prominent fi nding in BS—and the absence of the typical altera-
tions in type I collagen that characterize OI [ 5 ]. 

1   According to the Pediatric Position Development Conference (PPDC) 2013 of the International 
Society of Clinical Densitometry (ISCD), the diagnosis of osteoporosis in children and adolescents 
should not be made on the basis of densitometric criteria alone. Osteoporosis can be diagnosed 
in the presence of one or more vertebral compression (crush) fractures, not attributable to local 
disease or high-energy trauma. In the absence of such fractures, a diagnosis of osteoporosis 
requires the presence of both a BMD Z-score ≤ −2.0 and a clinically signifi cant fracture history 
(defi ned as “two or more long bone fractures by age 10 years” or “three or more long bone frac-
tures at any age up to 19 years”). The ISCD PPDC 2013 document can be read at:  http://www.iscd.
org/2013-iscd-offi cial-positions-pediatric/. 
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 In this disease, the rationale for using BPs is much the same as for OI: low bone 
mass and fragility.    BPs seem to improve bone quality and strength, with fewer frac-
tures, and to reduce bone pain. 

 The few published case reports have shown a positive effect of BPs. Shaheen 
et al. used a parenteral BP in two brothers with BS, and observed a reduction of 
fractures [ 3 ]. Cyclic pamidronate was successfully used by Andiran et al. to treat a 
boy with multiple fractures: an increase in BMD, a reduction of pain, and fewer 
fractures (only two during 2 years of treatment) were observed [ 6 ].

  Osteoporosis-Pseudoglioma Syndrome (OMIM 259770)  

  Inheritance :  Autosomal recessive. 
  Genetic defect :  Mutations (likely loss-of-function) in the  LRP5  gene in osteoblasts. 

The  LRP5  gene (probably located in the chromosome 11q13.4 
region) encodes the low-density lipoprotein receptor-related 
protein 5 (LRP5), whose defects impair the Wnt and Norrin 
signal transduction [ 7 – 9 ]. At least 12 homozygous and 15 
heterozygous mutations have been described [ 8 – 12 ]. 

  Prevalence :  1:2,000,000 [ 9 ]. 

   The osteoporosis-pseudoglioma syndrome (OPPG) is a rare autosomal recessive 
disease [ 9 ]. It has some of the characteristics of moderate-to-severe OI—such as 
reduced bone mass, short stature, and skeletal deformity—but a major difference is 
the presence of congenital or infancy-onset blindness, due to the presence of a pseu-
doglioma. Obligate heterozygotes may have a slightly reduced BMD but do not 
have ocular pathology. 

 The affected children develop osteoporosis with vertebral and limb fractures that 
may cause severe pain. The rationale for BP use in OPPG is the same as for Bruck 
syndrome (see above) and OI. Positive effects have been observed in a few case 
reports. Three children (aged 9–11 years) with vertebral fractures were treated with 
pamidronate or clodronate for 2 years and had less pain, improved mobility, greater 
vertebral body size, no new fractures, and normal growth and puberty, leading to the 
conclusion that BPs are justifi ed in OPPG in the presence of symptomatic vertebral 
fractures [ 12 ]. A 21-year-old woman treated with pamidronate had less bone pain, 
improved mobility, and increased BMD at lumbar spine (LS) and femoral neck (FN) 
[ 13 ]. Different BPs (oral risedronate, intravenous pamidronate, oral alendronate) 
were used in four children (aged 2–8 years) for 1.5–6.5 years: the highest increase 
in BMD  Z -score was observed with alendronate (1 mg/kg/day) [ 14 ]. Barros et al. 
treated two brothers with pamidronate for 3 years and observed an increase in BMD 
and a decrease in fracture rate [ 15 ]. Three Turkish children, in whom three novel 
 LRP5  mutations were discovered, were treated with BPs for 3.5–7 years and showed 
improved BMD  Z -scores at lumbar spine, reduced bone pain, and better quality of 
life [ 16 ].
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  Homocystinuria (OMIM 236200)  

  Inheritance :  Autosomal recessive. 
  Genetic defect :  Most commonly, mutations in the cystathionine beta-synthetase 

(CBS) gene, encoding a key enzyme of the trans-sulfuration 
pathway (conversion of methionine to cysteine). 

  Prevalence :  1:344,000. 

   Homocystinuria is an autosomal recessive connective tissue disease, due to 
defects in methionine metabolism, resulting in elevated plasma levels and urinary 
excretion of homocysteine. The disease is characterized by mental retardation, 
ectopia lentis, marfanoid habitus, early-onset thrombotic vascular disease, and 
osteoporosis. Homocysteine reacts with many biological substances, including 
proteins. In particular, it may damage the glycoprotein fi brillin-1, a major compo-
nent of elastin (found in arteries, cartilage, skin, the suspensory ligament of the 
lens, and bone). This explains the many similarities of homocystinuria with Marfan 
syndrome (MFS). 

 Homocysteine-induced bone damage (due to alterations of the growth plate dur-
ing endochondral ossifi cation) has been investigated in cellular and animal studies, but 
systematic studies on bone density and fractures in patients affected by homocystinuria 
are lacking. 

 Only a few case reports mention the problem of low BMD in this disease, and BP 
treatment has been reported in only one case, a 22-year-old woman with multiple 
vertebral fractures and reduced BMD (measured by dual-energy X-ray absorptiom-
etry, DXA), who received zoledronic acid by i.v. infusion once every 12 months. No 
adverse effects were reported but the fi nal results have not yet been published [ 17 ]. 
Like most diseases with increased bone fragility, homocystinuria may benefi t from 
BP treatment in the presence of reduced BMD and increased fracture risk, also con-
sidering that the standard treatment with betaine has not shown positive effects on 
bone [ 18 ].

  Fibrodysplasia Ossifi cans Progressiva (OMIM 135100)  

  Inheritance :  Autosomal dominant in hereditary cases; most cases due to 
spontaneous new mutations. 

  Genetic defect :  Mutations of the  ACVR1  gene. ACVR1/ALK2 (activin A type I 
receptor/activin-like kinase 2) is a type I receptor for bone 
morphogenetic proteins (BMPs). An identical heterozygous 
substitution of a single nucleotide (G → A) has been demonstrated 
in all individuals with the classic presentation of fi brodysplasia 
ossifi cans progressiva (FOP). The diagnosis can be confi rmed 
by DNA testing (determination of the DNA sequence of the 
 ACVR1  gene). 

  Prevalence :  1:2,000,000. Fewer than ten families with inheritance of FOP 
known worldwide [ 19 ]. 
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   FOP (formerly called myositis ossifi cans) is a rare but extremely disabling 
genetic disease of the skeletal system, characterized by the formation of extraskel-
etal (heterotopic) ossifi cation within connective tissues (skeletal muscles, liga-
ments, tendons). The involved tissues are destroyed and replaced by bone through 
a process of endochondral ossifi cation, leading to progressive restriction of mobil-
ity, particularly of the upper limbs. Heterotopic ossifi cation can also be induced 
by trauma, including surgical attempts to remove the newly formed bone. The 
affected children appear normal at birth except for some typical malformations, 
such as short great toes, hallux valgus, short thumbs, and hypoplasia of digital 
phalanges. Skeletal malformations may also develop during embryonic develop-
ment [ 19 – 24 ]. The diagnosis can be made even before radiographic evidence of 
heterotopic ossifi cation, on the basis of rapidly appearing, painful soft tissue 
infl ammatory swellings (fl are-ups) during the fi rst years of life, associated with 
deformity of the great toes [ 25 ]. The diagnosis can be confi rmed by sequencing 
the  ACVR1  gene. 

 FOP was the fi rst disease in which a BP (etidronate) was therapeutically used in 
humans [ 26 ]. The rationale was based on the physiochemical properties of BPs as 
inhibitors of calcifi cation and bone formation [ 1 ,  27 ]. Over some years, a few other 
publications reported positive results with BPs (mainly etidronate) [ 28 ,  29 ], but 
there are no recent publications.

  Fibrous Dysplasia (OMIM 174800)  

  Inheritance :  None. 
  Genetic defect :  Activating mutations of the GNAS gene (in chromosome 

20q13), with increased expression or function of the alpha 
subunit of the stimulatory G protein (G s -alpha) of adenylyl 
cyclase. The mutations occur in a postzygotic phase, resulting 
in mosaicism. The affected cells suffer from excessive 
production of cAMP. 

  Prevalence :  ? 

   Fibrous dysplasia (FD) is today the preferred name for a disease also known as 
osteitis fi brosa, polyostotic fi brous dysplasia, and McCune–Albright syndrome. FD 
is a complex syndrome, characterized by single or multiple skeletal alterations 
(commonly but superfi cially described as an overgrowth of fi brous tissue in bone, 
hence the name “osteitis fi brosa”), often but not invariably associated with various 
endocrinopathies and skin pigmentation. 

 In FD, bone growth and modeling are abnormal, due to localized formation of 
excess bone tissue, and bone remodeling is abnormally high. The result is an archi-
tecturally defi cient bone, in which the organization of cortical bone, trabecular 
bone, and marrow space is lost, with bone deformities and fractures. In particular, 
in the dysplastic lesions, bone trabeculae are thinner and more numerous than 
normal [ 30 ]. 
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 FD develops during bone growth, and an earlier presentation usually means a 
more widespread disease. Thus, FD more often appears as the polyostotic form in 
infants, and as the monostotic form in adolescents. The ratio of polyostotic to mono-
stotic disease is about 1:10. 

 The craniofacial, axial, or appendicular skeleton may be variably involved, and 
the disease severity depends on the number and extension of bone lesions. After 
puberty, new major skeletal lesions do not usually appear, but the existing lesions 
may still evolve. Monostotic lesions may be asymptomatic, and the diagnosis is 
usually made after a fragility fracture, or because of deformity or persistent bone 
pain. The polyostotic forms are diagnosed on the basis of a combination of pain, 
fracture, and deformity. In some cases there are extraskeletal complications, such as 
precocious puberty in females, that may appear even before any apparent skeletal 
involvement. Bone cysts are very common, but are different from those observed in 
hyperparathyroidism (brown tumors). 

 In FD, the high rate of bone remodeling and the production of low-quality, frag-
ile bone are the rationale for BP use, considering its inhibitory action on osteoclasts 
and bone turnover. 

 Many patients with FD have been treated with BPs (mainly i.v. pamidronate, but 
also oral alendronate or risedronate), usually in combination with calcium and vitamin 
D supplementation, often with positive results [ 31 ]. However, Plotkins et al. reported 
that in seven patients treated with pamidronate for 2.2 years on average, the dysplastic 
bone lesions were not signifi cantly improved [ 32 ]. 

 We treated two cases of polyostotic cystic fi brous dysplasia (unpublished 
data). The fi rst was a 15-year-old girl sent to our attention, after her 13th fracture, 
by an orthopedist who had followed her for 10 years. The diagnosis had been 
made at 4 years of age, after a fracture of the left foot and X-ray evidence of cysts 
in the left leg. After a second fracture of left femur, histological examination 
confi rmed the diagnosis. The disease was locally destructive and painful, and led 
to 11 further left leg fractures for minor trauma, or even spontaneous, in the fol-
lowing years. The clinical and radiological evolution was continuous, until cysts 
were present in the whole limb. BMD was always within normal range. We 
decided to start treatment with pamidronate (0.8 mg/kg i.v., once a month, then 
30 mg every 2 months). The girl was successfully treated for 4 years, with resolu-
tion of bone pain, no new fractures, and stabilization of the cystic lesions at MRI 
(Figs.  6.1  and  6.2 ). Our second case was a 23-year-old young lady affected by 
polyostotic cystic fi brous dysplasia localized in the frontal-parietal area of the 
skull. She suffered from frequent headaches and presented with moderate left 
exophtalm and a wide area of softened or destroyed cystic cranial bone, where 
pulsating endocranial structures could be felt. We started i.v. neridronate, 50 mg 
every month at fi rst, then every 2 months. After 4 years of treatment, she had no 
more headaches, the exophtalm was signifi cantly improved, and MRI demon-
strated reduction of the cystic bone area.
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  Fig. 6.1    A 15-year-old girl affected by polyostotic cystic fi brous dysplasia interesting the whole 
left lower limb, with a history of multiple fractures. Effect of pamidronate therapy on number of 
fractures and bone pain       

  Fig. 6.2    ( a–c ) MRI images of the left lower limb in the same patient before and after pamidronate, 
showing stabilization of the cystic lesions       
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  Fig. 6.3    Lumbar spine BMAD  Z -scores in boy and girl affected by unbalanced translocation 
t(9;14) ( left ). Multiple vertebral fractures in the girl before pamidronate therapy ( right )       

  Trisomy 9p (OMIN 190685)  

  Inheritance :  In some cases, due to balanced chromosomal rearrangement in 
one of the parents; in others, arising from de novo errors in early 
embryonic development. 

  Genetic defect :  Duplication of the short arm of chromosome 9. 
  Prevalence :  200 cases reported worldwide. 

   Trisomy 9p is a rare chromosomal abnormality, fi rst described by Rethoré in 
1970 [ 33 ]. Unbalanced translocation t(9;14) (i.e., trisomy of the short arm of chro-
mosome 9 and monosomy of the short arm of chromosome 14) is a rarer variant. 
These anomalies are compatible with long survival. The clinical manifestations are 
very variable: mental retardation, short height, prominent or bulbous nose, down-
turned corners of the mouth, hypertelorism, strabismus, and foot and hand anoma-
lies are most often described [ 33 – 36 ]. Only delayed bone maturation has been 
reported [ 35 ], but not low BMD and fragility fractures. 

 We personally observed both low BMD and fragility fractures (osteoporosis 
according to the ISCD PPDC 2013 defi nition) in two Italian children with unbal-
anced translocation t(9;14), referred to our institute (Fig.  6.3 ). The fi rst was a 
12-year-old boy who had sustained two subsequent fractures after minimal trauma, 
and the second was a 6-year-old girl with multiple, apparently atraumatic, vertebral 
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fractures. In both cases, DXA revealed very low lumbar spine BMAD  Z -scores 
(−2.5 and −3.0, respectively), 2  and we decided to start treatment with i.v. pamidro-
nate (0.5 mg/kg, for 3 consecutive days every 3 months). After, respectively, 
8 months (boy) and 2 years (girl) of treatment, both had a signifi cant BMAD 
increase (+8.9 %, boy; +11.4 %, girl) and, above all, no more fractures. As often 
happens in the growing age, the girl also showed a good recovery in height of the 
crushed vertebral bodies (unpublished data).

       More Frequent Diseases 

  Ehlers–Danlos Syndrome (OMIN 13000–13050)  

  Inheritance :  Autosomal dominant; autosomal recessive; due to spontaneous 
new mutations. 

  Genetic defect :  Various defects in extracellular matrix proteins. Gene mutations 
described for  ADAMTS-2 ,  COL1A1 ,  COL1A2 ,  COL3A1 , 
 COL5A1 ,  COL5A2 ,  PLOD1 , and  TNX-B . 

  Prevalence :  1:5,000. 

   Ehlers–Danlos syndrome (EDS) refers to at least nine different genetic disor-
ders of connective tissues, caused by defects in one of the genes encoding extra-
cellular matrix proteins (including collagens and small leucine-rich proteoglycans 
like decorin). The main clinical features are skin hyperextensibility, joint hyper-
mobility, and tissue fragility of the skin, ligaments, blood vessels, and internal 
organs. 

 Yen et al. measured BMD in 11 patients with EDS (children, adolescents, and 
young adults) and observed osteoporosis in all of them [ 37 ]. Dolan et al. reported an 
increased fracture rate in EDS patients [ 38 ]. These fi ndings suggest reduced bone 
strength, but further studies on larger patient samples affected by the various EDS 
forms are needed to assess the actual impact of this disease on bone. There are no 
published data on BP use in EDS. However, if the presence of reduced BMD and 
increased fracture rate are confi rmed, treatment with BPs might improve the condi-
tion and should be investigated.

2   DXA measures an “areal” BMD (aBMD, i.e., BMC in g/cm 2  of bone projection area) and not the 
true “volumetric” BMD (vBMD, i.e., BMC in g/cm 3  of bone volume). For mathematical reasons, 
if two bones of equal vBMD (g/cm 3 ) are analyzed with DXA, the smaller bone will have a lower 
aBMD than the larger bone; that is, DXA overestimates aBMD as bone size increases. For this 
reason, aBMD is unsuitable for the study of growing subjects, and a surrogate of vBMD, called 
“bone mineral apparent density” (BMAD, g/cm 3 ), and its  Z -score are preferred. The BMAD is 
calculated by assuming that the vertebral body is a cube or a cylinder, whose volume can be easily 
calculated from the projection height and width. 
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  Marfan Syndrome (OMIN 154700)  

  Inheritance :  Autosomal dominant. 
  Genetic defect :  Mutations in  FBN1  gene, one of the two genes encoding 

fi brillin-1 (the main structural component of elastin-associated 
cross-links). Rare mutations in  COL1A2  gene. Rare mutations in 
 TGFBR2  gene, encoding transforming growth factor beta 
(TGF-beta) receptor 2. 

  Prevalence :  1:5,000. 

   MFS is a relatively common autosomal dominant genetic disease, variably 
affecting the skeleton, eye, and cardiovascular system. The most characteristic clini-
cal feature is long, thin, hyperextensible fi ngers (arachnodactyly). The most com-
mon gene mutations ( FBN1 ) lead to an increased activation of TGF-beta, which 
stimulates osteoblast proliferation and differentiation, infl uencing bone mass and 
the properties of bone matrix [ 39 ]. Some studies evaluated BMD in adults and chil-
dren affected by MSF: the fi ndings are inconsistent for children, reporting reduced 
as well as normal BMD, while both reduced BMD and increased fracture risk are 
observed in adults [ 40 – 42 ]. These features may constitute the rationale for BP treat-
ment, at least in selected cases. Currently, there is only one published study that 
used alendronate in an animal model, Fbn1 (mgR/mgR) mice with severe MFS and 
osteopenia [ 43 ]. These mice have normal osteoblast differentiation and bone forma-
tion, but excessive osteoblast-stimulated pre-osteoclast differentiation and increased 
osteoclastogenesis, leading to osteopenia. Alendronate treatment improved bone 
quality by reducing osteoclast activity, but had no effect on aneurysm progression.

  Duchenne Muscular Dystrophy (OMIN 310200)  

  Inheritance :  X-linked recessive. 
  Genetic defect :  Mutation in the dystrophin gene (at locus Xp21, in the short arm 

of chromosome X). 
  Prevalence :  1:3,500 male births. 

   Duchenne muscular dystrophy (DMD) is the most frequent muscular disease 
affecting children. In most cases, proximal muscle weakness begins before 3 years 
of age, then patients become progressively unable to walk. Notwithstanding sub-
stantial therapeutic advances, essentially due to early treatment with glucocortico-
steroids (GCs), most patients still die in early adulthood. 

 The presence of low bone mass, mainly due to both physical inactivity and 
GC treatment, has been frequently reported in DMD. Fractures are a common 
complication and a major factor in the precocious loss of independent ambula-
tion [ 44 ]. The few published studies on bone density in DMD concluded that 
BMC and BMD were lower than normal at different skeletal sites [ 45 – 51 ], par-
ticularly at lower limbs [ 47 ,  49 ]. In a retrospective study on 143 DMD boys, the 
GC-treated subjects had 2.6 times more long-bone fractures than the untreated; 
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and vertebral fractures occurred in 32 % of GC-treated patients, versus none in 
the untreated [ 45 ]. In a study on 33 boys with DMD, treated with GCs for 100 
months, 24 sustained vertebral fractures [ 46 ]. In 46 boys with DMD, treated with 
defl azacort for 4 years, 26 suffered 37 fractures (14 vertebral) and signifi cant 
BMD decrease was observed [ 47 ]. A recent study on 25 boys (mean age 
7.4 years), however, did not show any detrimental effects of GCs (given for 30 
months) on lumbar vertebrae [ 48 ]. 

 The use of BPs in children affected by DMD is justifi ed by the increased fracture 
rate due to low BMD (cytokine-induced increased osteoclastogenesis and disuse 
osteopenia) and long-term GC treatment, a well-known cause of osteoporosis. 
Different BPs (pamidronate, alendronate, risedronate) have been used in DMD boys 
on long-term GC treatment. The few published studies consistently report increases 
in BMD and fewer fractures. In 23 defl azacort-treated boys, with only a slight 
decrease of the BMD  Z -score and no fractures, alendronate treatment plus calcium 
and vitamin D supplements for 2 years improved total body and lumbar spine BMD 
 Z -scores [ 52 ]. In three patients with reduced BMD  Z -score, fractures, and general-
ized bone pain, oral alendronate (10 mg/day, for 14–25 months) was well tolerated, 
without adverse effects, and led to increased lumbar spine BMD, reduction of bone 
pain, and no incident fractures [ 53 ]. A recent retrospective study on a cohort of 44 
Canadian patients, treated with GCs (prednisone or defl azacort) at a single center, 
even reported that BP treatment was associated with a signifi cant improvement in 
survival rate, compared with treatment with steroids alone. This interesting fi nding 
should however be confi rmed by larger studies [ 54 ]. We have been using BPs (i.v. 
pamidronate or oral alendronate) in children and adolescents with DMD and osteo-
porosis (i.e., BMD  Z -score less than or equal to −2 and a history of fragility frac-
tures) in the last 4 years, and observed improvements in BMD and fewer fractures 
(Fig.  6.4 ) (unpublished data).

  Cystic Fibrosis (OMIN 219700)  

  Inheritance :  Autosomal recessive. 
  Genetic defect :  Mutations in a gene ( CFTR ) encoding the cystic fi brosis 

transmembrane conductance regulator (CFTR) protein. 
  Prevalence :  1:2,000 newborns in Europe and 1:3,000 white newborns in 

the USA. 

   Cystic fi brosis (CF) is among the most frequent genetic diseases. It is caused by 
mutations in the  CFTR  gene, encoding a chloride channel that modulates the trans-
port of salt and water across the membranes of epithelial cells. The genetic defect 
leads to alteration in the quantity, viscosity, and/or salt concentration of the secre-
tions of exocrine glands, with severe pulmonary, pancreatic, hepatic, and gastroin-
testinal complications and premature death. The most severe clinical manifestations, 
including osteoporosis, and the highest mortality are seen in the presence of delta-
 F508 mutations. 
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 Reduced bone mass in CF seems due to both inadequate calcium deposition and 
excessive bone resorption. Reduction of fracture risk is extremely important, because 
all fractures lead to reduced mobility and a higher risk of pulmonary infections, and 
rib and vertebral fractures limit the possibility of respiratory physical treatment and 
lung transplantation. BPs have been successfully used in adult CF patients in the 
presence of fragility fractures or signifi cant BMD reduction, while waiting for solid 
transplants, or when long-term treatment with systemic GCs was being started [ 55 – 57 ]. 
In children and adolescents they have been rarely used, mainly after vertebral frac-
tures. We recently published the results of a 12-month randomized controlled trial 
with oral alendronate versus placebo, showing that alendronate is able to signifi -
cantly improve BMD in young patients with CF [ 58 ]. Two recent articles [ 59 ,  60 ], 
the fi rst a Cochrane review, evaluated the effects of BPs in adult patients with CF and 
concluded that they are superior to placebo in improving BMD and reducing fracture 
risk, but may have adverse effects such as bone pain with i.v. administration. The 
recent European CF guidelines [ 61 ] suggest that BP treatment can be considered for 
CF children, after failure of optimal conservative treatment for BMD, in the presence 
of total body or lumbar spine BMD  Z -score less than or equal to −2 and a history of 
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  Fig. 6.4    Vertebral fractures in a child affected by Duchenne muscular dystrophy, on long-term 
glucocorticosteroid treatment ( right ). Effect of i.v. pamidronate or oral alendronate in fi ve chil-
dren/adolescents affected by DMD, with low bone density. Spine BMAD increased +22 % on 
average after 24 months of therapy ( left )       
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low trauma fractures. In particular, BP treatment should be considered for CF chil-
dren with low BMD who are taking continuous systemic GCs, or have undergone 
solid organ transplantation or are waiting for it. Figure  6.5  shows the response to 
alendronate treatment in six children affected by cystic fi brosis, and Fig.  6.6  shows 
the recovery of vertebral fractures in one of these patients (unpublished data).

  Gaucher Disease (OMIN 23100: 23080–23090)  

  Inheritance :  Autosomal recessive. 
  Genetic defect :  Mutations in the  GBA  gene (1q21) encoding lysosomal acid 

beta-glucosidase (glucocerebrosidase). 
  Prevalence :  1:50,000 (type I; most common among Ashkenazi Jews); 

1:100,000 (type II); 1:100,000 (type III). 

   Gaucher disease is the most common lysosomal storage disease. It is character-
ized by lysosomal accumulation of a sphingolipid (glucosylceramide) in the macro-
phages of liver, spleen, bone marrow, lung, and other organs. The lipid-repleted 
cells (Gaucher cells) cause tissue damage, fi brosis, and increased release of cyto-
kines. Three clinical types, of different severity, are recognized: non-neuropathic 
(type I); acute infantile neuropathic (type II); and chronic neuropathic (type III). 
Types II and III are characterized by extensive brain infi ltration and lead to prema-
ture death, respectively, in infancy/childhood or adolescence/early adulthood. Since 
1991, a corrective treatment for Gaucher disease type I (enzyme replacement ther-
apy, ERT) is available and has become the standard of care. 

 Skeletal involvement is common, and bone architecture, bone strength, BMD, 
and bone metabolism are all affected. Bone pain, deformities, osteonecrosis, and 
pathological fractures are the main clinical features [ 62 ,  63 ]. ERT, good nutrition, 
and judicious exercise are the fi rst-line measures to help achieving a satisfactory 
peak of bone mass in young patients with Gaucher disease. ERT restores bone 
growth in children, reduces the frequency of avascular necrosis and nonspecifi c bone 
pain [ 64 ], and according to recent evidence may also help improving BMD [ 65 ]. 
Several characteristics of the bone derangements observed in Gaucher disease, 
including bone pain, may justify a trial with BPs, and they have sometimes been 
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used, although few data are available [ 66 ]. Oral BPs rapidly increase BMD in adult 
patients treated with enzyme infusions [ 67 ], but their effect on bone strength and 
fracture risk is unknown. In children, parenteral administration of BPs (e.g., pami-
dronate) has been reported to alleviate bone pain [ 68 – 72 ]. Overall, the current 
 evidence is insuffi cient to recommend BPs as a standard of care, except in children 
or young adults with vertebral collapses or recurrent pathological fractures due to 
severe osteoporosis. 

    Other Genetic Diseases 

 In several genetic diseases with inborn errors of metabolism (glycogen storage dis-
eases (GSD), Niemann–Pick disease, mucopolysaccaridoses), progressive reduc-
tion of BMD, osteoporosis, and increased risk of fractures have been described. In 

  Fig. 6.6    Vertebral fractures in a 11-year-old boy with cystic fi brosis and vertebral fractures, show-
ing improvement of vertebral wedging after only 1 year of pamidronate (PAM) treatment. ( a ) 
 Before PAM treatment  reveals a reduction in height of vertebrae D5–D9, with initial anterior wedg-
ing of D5-D6-D7-D8. ( b )  After 12-month PAM treatment  shows an improvement in the height 
reduction of all vertebrae, with less anterior wedging of D5-D6-D7 and no more wedging of D8       
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particular, muscle weakness, loss of muscle function, and reduced mobility could be 
major factors of bone impairment in GSD type II (Pompe’s disease) [ 73 – 75 ]. 

 In at least some of these diseases, despite the lack of published data, treatment 
with BPs might be considered in the presence of severe bone loss and high frac-
ture risk. We treated a 7-year-old male child (affected by Niemann–Pick disease 
type A/B) with a history of multiple fractures: i.m. clodronate (25 mg every 10 
days for 2 years 5 months) led to BMD increase and no more fractures (unpub-
lished data).   

    Looking Ahead 

 Most genetic diseases are so rare that a single medical center, even at a national 
level, will never be able to recruit suffi ciently large patient samples to perform ran-
domized controlled trials of BPs for their bone complications. A way to overcome 
this substantial diffi culty would be the creation of an international rare disease data-
bank to permit the accumulation of a suffi cient number of cases to attempt multi-
center trials.     

   References 

     1.    Russell RGG. Bisphosphonates: the fi rst 40 years. Bone. 2011;49:2–19.  
     2.    Bank RA, Robins SP, Wijmenga C, Breslau-Siderius LJ, Bardoel AF, van der Sluijs HA, et al. 

Defective collagen crosslinking in bone, but not in ligament or cartilage, in Bruck syndrome: 
indications for a bone-specifi c telopeptide lysyl hydroxylase on chromosome 17. Proc Natl 
Acad Sci U S A. 1999;96:1054–8.  

     3.    Shaheen R, Al-Owain M, Sakati N, Alzayed ZS, Alkuraya FS. FKBP10 and Bruck syndrome: 
phenotypic heterogeneity or call for reclassifi cation? Am J Hum Genet. 2010;87:306–8.  

    4.    Yapicioğlu H, Ozcan K, Arikan O, Satar M, Narli N, Ozbek MH. Bruck syndrome: osteogen-
esis imperfecta and arthrogryposis multiplex congenita. Ann Trop Paediatr. 2009;29:159–62.  

    5.    Breslau-Siderius EJ, Engelbert RH, Pals G, van der Sluijs JA. Bruck syndrome: a rare combination 
of bone fragility and multiple congenital joint contractures. J Pediatr Orthop B. 1998;7:35–8.  

    6.    Andiran N, Alikasifoglu A, Alanay Y, Yordam N. Cyclic pamidronate treatment in Bruck 
syndrome: proposal of a new modality of treatment. Pediatr Int. 2008;50:836–8.  

    7.    Balemans W, Van Haul W. Minireview: the genetics of low density lipoprotein receptor-related 
protein 5 in bone: a story of extremes. Endocrinology. 2007;148:2622–9.  

    8.    Gong Y, Slee RB, Fukai N, et al. LDL receptor-related protein 5 (LRP5) affects bone accrual 
and eye development. Cell. 2001;107:513–23.  

      9.    Ai M, Heeger S, Bartels CF, Schelling DK, the Osteoporosis-Pseudoglioma Collaborative 
Group. Clinical and molecular fi ndings in osteoporosis-pseudoglioma syndrome. Am J Hum 
Genet. 2005;77:741–53.  

   10.    Narumi S, Numakura C, Shiihara T, Seiwa C, Nozaki Y, Yamagata T, et al. Various types of LRP5 
mutations in four patients with osteoporosis-pseudoglioma syndrome: Identifi cation of a 7.2-kb 
microdeletion using oligonucleotide tiling microarray. Am J Med Genet. 2010;152A:133–40.  

6 Use of Bisphosphonates in Genetic Diseases Other than Osteogenesis Imperfecta



96

   11.    Marques-Pinheiroa A, Levasseurb R, Cormierd C, Bonneau J, Boileau C, Varret M, et al. 
Novel LRP5 gene mutation in a patient with osteoporosis-pseudoglioma syndrome. Joint Bone 
Spine. 2010;77:151–3.  

     12.    Zacharin M, Cundy T. Osteoporosis pseudoglioma syndrome: treatment of spinal osteoporosis 
with intravenous bisphosphonates. J Pediatr. 2000;137:410–5.  

    13.    Bayram F, Tanriverdi F, Kurtoğlu S, Atabek ME, Kula M, Kaynar L, Keleştimur F. Effects of 3 
years of intravenous pamidronate treatment on bone markers and bone density in a patient with 
osteoporosis-pseudoglioma syndrome (OPPG). J Pediatr Endocrinol Metab. 2006;19:275–9.  

    14.    Streeten EA, McBride D, Puffenberger E, Hoffman MC, Pollin TI, Donnelly P, et al. 
Osteoporosis-pseudoglioma syndrome: description of 9 new cases and benefi cial response to 
bisphosphonates. Bone. 2008;43:584–90.  

    15.    Barros ER, da Silva MR D, Kunii IS, Lazaretti-Castro M. Three years follow-up of pamidro-
nate therapy in two brothers with osteoporosis-pesudoglioma syndrome (OPPG) carrying an 
LRP5 mutation. J Pediatr Endocrinol Metab. 2008;21:811–8.  

    16.    Tüysüz B, Bursali A, Alp Z, Suyugül N, Laine CM, Mäkitie O. Osteoporosis-pseudoglioma 
syndrome: three novel mutations in the LRP5 gene and response to bisphosphonate treatment. 
Horm Res Paediatr. 2012;77:115–20.  

    17.    Szafrański T, Pawlak-Buś K, Leszczyński P. Kwas zoledronowy w leczeniu wtórnej osteopo-
rozy w przebiegu homocystynurii [Zoledronic acid in the treatment of secondary osteoporosis 
due to homocystinuria]. Reumatologia. 2010;48:133–8.  

    18.    Gahl WA, Bernardini I, Chen S, Kurtz D, Horvath K. The effect of oral betaine on vertebral 
body bone density in pyridoxine-non-responsive homocystinuria. J Inherit Metab Dis. 
1998;11:291–8.  

     19.    Shore EM, Feldman GJ, Xu M, Kaplan FS. The genetics of fi brodysplasia ossifi cans progres-
siva. Clin Rev Bone Miner Metab. 2005;3:201–4.  

   20.    Shore EM, Kaplan FS. Inherited human diseases of heterotopic bone formation. Nat Rev 
Rheumatol. 2010;6:518–27.  

   21.    Kaplan FS, Le Merrer M, Glaser DL, Pignolo RJ, Goldsby RE, Kitterman JA, et al. 
Fibrodysplasia ossifi cans progressiva. Best Pract Res Clin Rheumatol. 2008;22:191–205.  

   22.    Shore EM, Xu MQ, Feldman GJ, Fenstermacher DA, Cho TJ, Choi IH, et al. A recurrent 
 mutation in the BMP type I receptor ACVR1 causes inherited and sporadic fi brodysplasia 
ossifi cans progressiva. Nat Genet. 2006;38:525–7.  

   23.    Connor JM, Evans DA. Fibrodysplasia ossifi cans progressiva. The clinical features and natural 
history of 34 patients. J Bone Joint Surg Br. 1982;64:76–83.  

    24.    Shore EM, Kaplan FS. Insights from a rare genetic disorder of extra-skeletal bone formation, 
fi brodysplasia ossifi cans progressiva (FOP). Bone. 2008;43:427–33.  

    25.    Kaplan FS, Xu MQ, Glaser DL, Collins F, Connor M, Kitterman J, et al. Early diagnosis of 
fi brodysplasia ossifi cans progressiva. Pediatrics. 2008;121:E1295–300.  

    26.    Bassett CAL, Donath A, Macagno F, Preisig R, Fleisch H, Francis MD. Diphosphonates in the 
treatment of myositis ossifi cans. Lancet. 1969;2:845.  

    27.    Fleisch H. Heterotopic calcifi cation and ossifi cation (Chapter 3.6). In: Fleisch H, editor. 
Bisphosphonates in bone disease. From the laboratory to the patient. 4th ed. San Diego: Academic; 
2000. p. 160–5.  

    28.    Geho WB, Whiteside JA. Experience with disodium etidronate in diseases of ectopic calcifi ca-
tion. In: Frame B, Parfi tt AM, Duncan H, editors. Clinical aspects of metabolic bone diseases. 
Amsterdam: Excerpta Medica; 1973. p. 506–11.  

    29.    Smith R, Russell RGG, Woods CG. Myositis ossifi cans progressiva clinical features of eight 
patients and their response to treatment. J Bone Joint Surg. 1976;58-B:48–57.  

    30.    Tempstra L, Rauch F, Plotkins H, Travers R, Glorieux FH. Bone mineralization in polyostotic 
fi brous dysplasia: histomorphometric analysis. J Bone Miner Res. 2002;17:1949–53.  

    31.    Chapurlat RD, Orcel P. Fibrous dysplasia of bone and McCune-Albright syndrome. Best Pract 
Res Clin Rheumatol. 2008;22:55–69.  

M.L. Bianchi



97

    32.    Plotkins H, Rauch F, Zeitlin L, et al. Effect of pamidronate treatment in children with polyos-
totic fi brous dysplasia of bone. J Clin Endocrinol Metab. 2003;88:4569–75.  

     33.    Rethoré MO, Larget-Piet L, Abonyi D, Boeswillwald M, Berger R, Carpentier S, et al. 4 Cases 
of trisomy for the short arm of chromosome 9. Individualization of a new morbid entity. Ann 
Genet. 1970;13:217–32.  

   34.    San Román Muñoz M, Herranz Fernández JL, Tejerina Puente A, Arteaga Manjón-Cabeza R, 
López Grondona F. Trisomía 9p. An Pediatr (Barc). 2004;61:336–9.  

    35.    Temtamy SA, Kamel AK, Ismail S, Helmy NA, Aglan MS, El Gammal M, et al. Phenotypic 
and cytogenetic spectrum of 9p trisomy. Genet Couns. 2007;18:29–49.  

    36.    Littooij AS, Hochstenbach R, Sinke RJ, van Tintelen P, Giltay JC. Two cases with partial tri-
somy 9p: molecular cytogenetics characterization and clinical follow-up. Am J Med Genet. 
2002;109:125–32.  

    37.    Yen YL, Lin SP, Chen MR, Niu DM. Clinical features of Ehlers-Danlos syndrome. J Formos 
Med Assoc. 2006;105:475–80.  

    38.    Dolan AL, Arden NK, Grahame R, Spector TD. Assessment of bone in Ehlers Danlos syn-
drome by ultrasound and densitometry. Ann Rheum Dis. 1998;57:630–3.  

    39.    Mohammad KS, Chen CG, Balooch G, Stebbins E, McKenna CR, Davis H, et al. Pharmacologic 
inhibition of the TGF-beta type I receptor kinase has anabolic and anti-catabolic effects on 
bone. PLoS One. 2009;4:e5275.  

    40.    Kohlmeier L, Gasner C, Bachrach LK, Marcus R. The bone mineral status of patients with 
Marfan syndrome. J Bone Miner Res. 1995;10:1550–5.  

   41.    Grover M, Brunetti-Perri N, Belmont J, Phan K, Tran A, Shypailo RJ, et al. Assessment of bone 
mineral status in children with Marfan syndrome. Am J Med Genet A. 2012;158A:2221–4.  

    42.    Moura B, Tubach F, Sulpice M, Boileau C, Jondeau G, Muti C, et al. Bone mineral density in 
Marfan syndrome. A large case–control study. Joint Bone Spine. 2006;73:733–5.  

    43.    Nistala H, Lee-Arteaga S, Carta L, Cook JR, Smaldone S, Siciliano G, et al. Differential effects 
of alendronate and losartan therapy on osteopenia and aortic aneurysm. Hum Mol Genet. 
2010;19:4790–8.  

    44.    Siegel IM. Fractures of long bones in Duchenne muscular dystrophy. J Trauma. 1977;
17:219–22.  

     45.    Vestergaard P, Glerup H, Steffensen BF, Rejnmark L, Rahbek J, Moseklide L. Fracture risk in 
patients with muscular dystrophy and spinal muscular atrophy. J Rehabil Med. 2001;
33:150–5.  

    46.    Bothwell JE, Gordon KE, Dooley JM, MacSween J, Cummings EA, Salisbury S. Vertebral 
fractures in boys with Duchenne muscular dystrophy. Clin Pediatr. 2003;42:353–6.  

     47.    Larson CM, Henderson RC. Bone mineral density and fractures in boys with Duchenne 
 muscular dystrophy. J Pediatr Orthop. 2000;20:71–4.  

    48.    Crabtree NJ, Roper H, McMurchie H, Shaw NJ. Regional changes in bone area and bone 
 mineral content in boys with Duchenne muscular dystrophy receiving corticosteroid therapy. 
J Pediatr. 2010;156:450–5.  

    49.    Söderpalm AC, Magnusson P, Ahlander AC, Karlsson J, Kroksmark AK, Tulinius M, Swolin 
Eide D. Low bone mineral density and decreased bone turnover in Duchenne muscular dystro-
phy. Neuromuscul Disord. 2007;17:919–28.  

   50.    Aparicio LF, Jurkovic M, DeLullo J. Decreased bone density in ambulatory patients with 
Duchenne muscular dystrophy. J Pediatr Orthop. 2002;22:179–81.  

    51.    Bianchi ML, Mazzanti A, Galbiati E, Saraifoger S, Dubini A, Cornelio F, et al. Bone mineral 
density and bone metabolism in Duchenne muscular dystrophy. Osteoporos Int. 2003;14:761–7.  

    52.    Hawker GA, Ridout R, Harris VA, Chase CC, Fielding LJ, Biggar WD. Alendronate in the 
treatment of low bone mass in steroid-treated boys with Duchenne’s muscular dystrophy. Arch 
Phys Med Rehabil. 2005;86:284–8.  

    53.   Palomo Atance E, Ballester Herrera MJ, Márquez de La Plata MA, Medina Cano E, Carmona 
Vilchez RM. Alendronate treatment of osteoporosis secondary to Duchenne muscular dystro-
phy. An Pediatr (Barc). 2011;74:122–5.  

6 Use of Bisphosphonates in Genetic Diseases Other than Osteogenesis Imperfecta



98

    54.    Gordon KE, Dooley JM, Sheppard KM, MacSween J, Esser MJ. Impact of bisphosphonates on 
survival for patients with Duchenne muscular dystrophy. Pediatrics. 2011;1272:e353–8.  

    55.    Haworth CS. Impact of cystic fi brosis on bone health. Curr Opin Pulm Med. 2010;
16:616–22.  

   56.    Aris RM, Merkel PA, Bachrach LK, Borowitz DS, Boyle MP, Elkin SL, et al. Consensus state-
ment: guide to bone health and disease in cystic fi brosis. J Clin Endocrinol Metab. 2005;
90:1888–96.  

    57.    Sermet Gaudelus I, Nove Josserand R, Loeille GA, Dacremont G, Souberbielle JC, Fritsch J, et al. 
Fédération française des centres de ressource et de compétence en mucoviscidose. 
Recommandations pour la prise en charge de la demineralization. Arch Pediatr. 2008;15:301–12.  

    58.    Bianchi ML, Colombo C, Assael BM, Dubini A, Lombardo M, Quattrucci S, et al. Treatment 
of low bone density in young people with cystic fi brosis: a multicentre, prospective, open-label 
observational study of calcium and calcifediol followed by a randomised placebo-controlled 
trial of alendronate. Lancet Respir Med. 2013;1(5):377–85.  

    59.    Conwell LS, Chang AB. Bisphosphonates for osteoporosis in people with cystic fi brosis. 
Cochrane Database Syst Rev. 2012;4, CD002010. doi:  10.1002/14651858.CD002010.pub3    .  

    60.    Haworth CS, Sharples L, Hughes V, Elkin SL, Hodson ME, Conway SP, et al. Multicentre trial 
of weekly risedronate on bone density in adults with cystic fi brosis. J Cyst Fibros. 2011;
10:470–6.  

    61.    Sermet-Gaudelus I, Bianchi ML, Garabédian M, Aris RM, Morton A, Hardin DS, et al. European 
cystic fi brosis bone mineralisation guidelines. J Cyst Fibros. 2011;10 Suppl 2:S16–23.  

    62.    Mikosch P, Hughes D. An overview on bone manifestations in Gaucher disease. Wien Med 
Wochenschr. 2010;160:609–24.  

    63.    Pastores GM, Meere PA. Musculoskeletal complications associated with lysosomal storage 
disorders: Gaucher disease and Hurler-Scheie syndrome (mucopolysaccharidosis type I). Curr 
Opin Rheumatol. 2005;17:70–8.  

    64.    Elstein D, Foldes AJ, Zahrieh D, Cohn GM, Djordjevic M, Brutaru C, Zimran A. Signifi cant 
and continuous improvement in bone mineral density among type 1 Gaucher disease patients 
treated with velaglucerase alfa: 69-month experience, including dose reduction. Blood Cells 
Mol Dis. 2011;47:56–61.  

    65.    Wenstrup RJ, Kacena KA, Kaplan P, et al. Effect of enzyme replacement therapy with imiglu-
cerase on BMD in type 1 Gaucher disease. J Bone Miner Res. 2007;21:119–26.  

    66.    Cox TM, Aerts JM, Belmatoug N, Cappellini MD, vom Dahl S, Goldblatt J, Grabowski GA, 
Hollak CE, Hwu P, Maas M, Martins AM, Mistry PK, Pastores GM, Tylki-Szymanska A, Yee 
J, Weinreb N. Management of non-neuronopathic Gaucher disease with special reference to 
pregnancy, splenectomy, bisphosphonate therapy, use of biomarkers and bone disease monitor-
ing. J Inherit Metab Dis. 2008;31:319–36.  

    67.    Wenstrup RJ, Bailey L, Grabowski GA, Moskovitz J, Oestreich AE, Wu W, Sun S. Gaucher 
disease: alendronate disodium improves bone mineral density in adults receiving enzyme ther-
apy. Blood. 2004;104:1253–7.  

    68.    Harinck HI, Bijvoet OL, van der Meer JW, Jones B, Onvlee GJ. Regression of bone lesions in 
Gaucher’s disease during treatment with aminohydroxypropylidene bisphosphonate. Lancet. 
1984;2:513.  

   69.    Bembi B, Agosti E, Boehm P, Nassimbeni G, Zanatta M, Vidoni L. Aminohydroxypropylidene- 
biphosphonate in the treatment of bone lesions in a case of Gaucher’s disease type 3. Acta 
Paediatr. 1994;83:122–4.  

   70.    Samuel R, Katz K, Papapoulos SE, Yosipovitch Z, Zaizov R, Liberman UA. Aminohydroxy 
propylidene bisphosphonate (APD) treatment improves the clinical skeletal manifestations of 
Gaucher’s disease. Pediatrics. 1994;94:385–9.  

   71.    Ciana G, Cuttini M, Bembi B. Short-term effects of pamidronate in patients with Gaucher’s 
disease and severe skeletal involvement. N Engl J Med. 1997;337:712.  

M.L. Bianchi

http://dx.doi.org/10.1002/14651858.CD002010.pub3


99

    72.    Robinson C, Baker N, Noble J, King A, David G, Sillence D, et al. The osteodystrophy of 
mucolipidosis type III and the effects of intravenous pamidronate treatment. J Inherit Metab 
Dis. 2002;25:681–93.  

    73.    Case LE, Hanna R, Frush DP, Krishnamurthy V, DeArmey S, Mackey J, et al. Fractures in 
children with Pompe disease: a potential long-term complication. Pediatr Radiol. 2007;
37:437–45.  

   74.    van den Berg LE, Zandbergen AA, van Capelle CI, de Vries JM, Hop WC, van den Hout JM, 
et al. Low bone mass in Pompe disease: muscular strength as a predictor of bone mineral den-
sity. Bone. 2010;47:643–9.  

    75.    Khan A, Weinstein Z, Hanley DA, Casey R, McNeil C, Ramage B, et al. In vivo bone architec-
ture in Pompe disease using high-resolution peripheral computed tomography. JIMD Rep. 
2013;7:81–8.    

6 Use of Bisphosphonates in Genetic Diseases Other than Osteogenesis Imperfecta



101G.L. Klein (ed.), Bone Drugs in Pediatrics: Effi cacy and Challenges, 
DOI 10.1007/978-1-4899-7436-5_7, © Springer Science+Business Media New York 2014

           Background: The Pathophysiology of Post-Burn 
Bone Loss in Children 

 Use of bisphosphonates in the prevention of post-burn bone loss in children 
 represents a unique situation in which the novel off-label use of a drug has been 
studied in children before being studied in adults. The reason for this is entirely 
circumstantial in that the mechanisms of bone loss following burn injury were being 
studied in a children’s hospital setting. 

 While discussed elsewhere in this book, mechanisms of secondary bone loss 
 following burn injury are diverse and constitute at least three distinct entities. First, 
the damage done to the body’s main barrier to infection, the skin, allows entry of a 
wide variety of organisms into the body through the burn wound. Furthermore, by a 
mechanism not as yet clarifi ed, gut permeability increases allowing for transloca-
tion of intestinal bacteria into the blood. This invasion of the body from both  without 
and within triggers a  systemic infl ammatory response . The immediate consequence 
of this infl ammatory response is a markedly increased production of cytokines by 
the infl ammatory cells. In particular there is a threefold rise in circulating interleu-
kin (IL)-1β and a hundredfold rise in circulating IL-6 [ 1 ]. 

 These cytokines in particular are known to stimulate osteoblast production of the 
ligand for the  r eceptor  a ctivator of the  n uclear transcription factor  ĸ B, otherwise 
known as RANK Ligand or RANKL. RANKL has been shown to stimulate the dif-
ferentiation of bone marrow stem cells into osteoclasts [ 2 ] as opposed to white 
blood cells, thereby increasing osteoclastic bone resorption. 

 Also, within 24 h of the burn injury itself, by uncertain mechanisms and possibly 
in conjunction with the systemic infl ammatory response, a  stress response  is elicited 
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within the body. This stress response entails the increased endogenous production 
of catecholamines and glucocorticoids. In the case of the former, catechols repre-
sent the end product of sympathetic nervous system activation, and the sympathetic 
nervous system, through β-adrenergic receptors on the osteoblast, is postulated to 
increase osteoblastic production of RANKL and therefore increases bone resorption 
[ 3 ]. Endogenous glucocorticoids, as measured by urine free cortisol, are elevated 
3- to 8-fold post-burn depending on whether 50 or 125 μg/24 h is taken as the upper 
limit of normal for urinary excretion of free cortisol [ 1 ,  4 ]. The endogenous gluco-
corticoids appear to have a biphasic effect on bone. Initially, while the osteoblasts 
are viable they stimulate osteoblast production of RANKL and increase osteoclastic 
bone resorption. It is currently not known whether the infl ammatory and glucocor-
ticoid effects on RANKL production by the osteoblasts are additive. However, by 
approximately 2 weeks post-burn osteoblasts disappear from the bone surface [ 1 ,  4 ] 
and tetracycline labeling demonstrates both the absence of the double label and 
shortening of the length of surface uptake [ 1 ,  4 ,  5 ]. Moreover, glucocorticoid 
 receptors in bone show a trend toward reduction when analyzed by RT-PCR and 
culture of marrow stromal cells from burned children demonstrates signifi cantly 
reduced markers of osteoblast differentiation, including alkaline phosphatase, 
cbfa1, otherwise known as runx2, and BMP-2 [ 4 ]. All of these fi ndings are hall-
marks of glucocorticoid- induced toxicity to bone. 

 The role of  immobilization  in the pathogenesis of bone loss is a bit more contro-
versial. After burn injury patients are restricted in movement not only by pain but 
also by necessity to allow operative skin grafts to take in situ. Therefore, especially 
in the early weeks post-burn patients are intermittently immobilized. In studies of a 
rat model of burn injury and immobilization by Baer et al. [ 6 ] immobilization led to 
increased bone turnover and burn injury to reduced biomarkers of bone formation 
and decreased bending strength. The most severely affected rats were those which 
were both immobilized and subject to burn injury. Thus it is entirely possible that 
children who are victims of severe burn injury are subject to the synergistic effects 
of burn injury, i.e., infl ammation and stress, and the effects of early immobilization. 
What remains puzzling, however, is that the effects of immobilization are purported 
to be mediated by the sympathetic nervous system [ 3 ,  6 ]. If this is so, then much like 
the catecholamines driven by the stress response sympathetic nervous system stimu-
lation should affect the osteoblastic β-adrenergic receptor. This signaling pathway 
poses two problems. The fi rst is that due to the effects of endogenous glucocorticoid 
production as part of the stress response, osteoblasts become apoptotic by approxi-
mately 2 weeks post-burn [ 4 ]. Osteoblast apoptosis then should limit the duration of 
sympathetic infl uence on bone unless other as yet undescribed pathways also exist. 
Further, in a pilot study the β blocker propranolol when administered to burned 
children from time of hospital admission failed to improve bone mineral content by 
6 months post-burn as compared to placebo controls [ 7 ]. 

 There is preliminary evidence that bone resorption begins within the fi rst week 
following burn injury in that Leblebici and colleagues [ 8 ] found elevated urinary 
pyridinoline excretion in adults who suffered a burn injury of at least 25 % of their 
body surface area. Urinary pyridinoline is a biomarker of type I collagen cross-link 
breakdown as would uniquely occur with bone resorption.  
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    Efforts to Treat the Bone Loss 

 At fi rst, the anabolic agents recombinant human growth hormone and oxandrolone 
were studied in an attempt to treat the bone loss and to restore bone density to 
 normal [ 9 ]. These efforts are described elsewhere in this book. 

 The off-label use of bisphosphonates, especially limited to one or at most two 
doses, had not been previously attempted in children. The only clear-cut successful 
use of bisphosphonates prior to the work with burns patients has been for the symp-
tomatic treatment of children with osteogenesis imperfecta, and this experience is 
also described elsewhere in this volume.  

    Rationale for Clinical Trials of Bisphosphonates 

 With regard to the prospective use of bisphosphonates in children following burn 
injury several questions needed to be addressed. The fi rst question involved the 
route of administration, oral versus intravenous. Given that little work had been 
done on intestinal absorption following burn injury we elected to use the intrave-
nous route to ensure delivery of the drug. The next question was timing. Should the 
drug be given acutely following the burn injury or should it be given after the patient 
was stabilized? The answer was not clear. If it is assumed that bone resorption 
begins within 24 h of the injury then clearly the earlier the drug could be given the 
less bone the patient might lose. It was arbitrarily decided to administer a dose 
within the fi rst 10 days following the burn injury after the initial determination of 
bone mineral content of the total body and bone mineral content and density of the 
lumbar spine. 

 With acute administration came the question of whether giving a bisphosphonate 
would block bone calcium release and lead to profound hypocalcemia. Inasmuch as 
burned children become hypocalcemic and hypoparathyroid [ 10 ] most likely sec-
ondary to cytokine-mediated up-regulation of the parathyroid calcium-sensing 
receptor [ 11 ] this concern was disturbing. There was no experience available to 
guide us in the resolution of this issue, so it was decided arbitrarily to closely moni-
tor ionized calcium concentrations in the blood during the infusion of bisphospho-
nate. Furthermore, we would monitor the amounts of calcium required to be given 
intravenously in order to maintain blood ionized calcium concentrations in the nor-
mal range throughout the period of hospitalization in both the group receiving a 
bisphosphonate and the group receiving a saline placebo. 

 The fi nal concern was growth. Given that children burned over 40 % of their body 
surface area have been shown to have retarded growth velocity most pronounced in 
the fi rst post-burn year [ 12 ] might it be possible that the bisphosphonate will further 
impair bone growth by migrating to the growth plate and preventing osteoclasts 
from resorbing the cartilage that needed to be replaced by bone in order for bone 
growth to occur? Different bisphosphonates have different affi nities for bone matrix. 
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The more tightly bound the drug to the bone matrix the less likely it will be to 
migrate to the growth plate. Thus, for example, in the case of oral bisphosphonates 
alendronate is more tightly bound to the matrix than is risedronate [ 13 ]. Therefore, 
risedronate would be more likely to migrate to the growth plate than alendronate. 
With regard to bisphosphonates for intravenous administration pamidronate did not 
affect bone growth in children with osteogenesis imperfecta and therefore we 
assumed its affi nity for bone matrix was suffi ciently strong so as it would not migrate 
to the growth plate. Based on the overall positive experience of the patients with 
osteogenesis imperfecta we selected pamidronate to use in this study of acute 
bisphosphonate administration to children who suffered severe burn injuries.  

    The Clinical Trials Themselves 

 The initial design of the study was that of a double-blind randomized controlled trial 
of administration of pamidronate at a dose of 1.5 mg/kg intravenously in 1 L of a 
5 % dextrose and water solution over 12 h or of an equivalent volume of saline pla-
cebo. This calculated dose regimen was extrapolated downward from the 60–90 mg 
doses given to adult women with body weights ranging from 40 to 60 kg. It was 
mandatory that the fi rst dose be administered within 10 days of the burn injury and 
following an initial dual energy X-ray absorptiometry (DXA) scan of the total body 
and lumbar spine with a second and fi nal dose given 1 week after the fi rst. The 
administration of the second dose did not always take place for a variety of clinical 
reasons, so the subjects in the experimental arm of the study received no more than 
two doses and no less than a single dose. Subjects were unblinded 6 months after the 
burn injury and preliminary results were evaluated [ 14 ]. Afterward the unblinded 
subjects were studied on follow-up visits to the outpatient clinic at 6-month inter-
vals till they reached 2 years post-burn [ 15 ]. 

 Parameters followed included total body bone mineral content, lumbar spine bone 
mineral content, and bone mineral density, as well as bone mineral density  Z  scores 
for age and sex at the conclusion of the study 2 years post-burn. In addition we evalu-
ated blood ionized calcium concentrations and amounts of calcium  administered 
intravenously that were necessary to maintain normal blood levels of ionized calcium. 
Intraoperative iliac crest bone biopsies with double tetracycline labeling were per-
formed at 2 weeks and approximately 1 year post-burn. The study results were strik-
ing in terms of both which outcome parameters were affected and which were not. 

 In the blinded part of the evaluation by 2 months post-burn, or the approximate 
time of hospital discharge following treatment for the acute burn injury, total body 
bone mineral content did not differ signifi cantly between pamidronate ( n  = 18) and 
placebo ( n  = 15) groups [ 15 ], although there was a trend toward increasing total 
body bone mineral content in the pamidronate group and a downward trend in the 
placebo group. These trends became signifi cant at 6 months post-burn (Fig.  7.1 ) 
when total body bone mineral content demonstrated a 5 % increase from baseline 
in the pamidronate group ( n  = 14) and a 3 % reduction from baseline in the placebo 
group ( n  = 11).
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   Of interest is that this pattern of change was more striking in the lumbar spine, 
where bone mineral content at discharge increased by around 5 % in the pamidro-
nate group ( n  = 17) and decreased by 7 % in the placebo group ( n  = 12), a difference 
that was statistically signifi cant at hospital discharge. By 6 months post-burn lum-
bar spine bone mineral content rose by 10 % from baseline admission levels in the 
pamidronate group ( n  = 7) while stabilizing at 7 % below admission baseline in the 
placebo group ( n  = 6), also being signifi cantly different from the pamidronate group 
(see Fig.  7.2 ).

   Bone resorption at 2 weeks post-burn did not appear to differ between pamidro-
nate and placebo groups either by measure of free deoxypyridinoline biomarkers 
in the urine or by quantitative iliac crest resorptive surface. This would ordinarily 
be surprising in light of the potential mechanisms of bone loss discussed earlier in 
the chapter. It is possible, however, that the evaluation methods were not ideal. In 
the case of the free deoxypyridinoline, it is not as sensitive to changes in resorption 
as total deoxypyridinoline, the assay for which was not available at the time this 
study was carried out. Also, the iliac crest consists of both cortical and trabecular 
bone, and inasmuch as cortical bone changes relatively little following burn injury 
compared to trabecular bone, it is possible that any increase in resorptive surface 
of the trabecular component may have been offset by the stability of the larger 
cortical component. 

 One other consideration regarding bone resorption must also be addressed here. 
That is that urine calcium excretion remained elevated in both placebo and pamidro-
nate groups. Although the quantity of calcium excreted in the urine over 24 h was 
about 25 % lower in the pamidronate group at about 2 weeks post-burn the differ-
ence from the placebo group was not statistically signifi cant. Could the increased 
urinary calcium excretion in both groups indicate increased resorption? 

  Fig. 7.1    Changes in total body bone mineral content (BMC) at discharge (2 months) and at 6 
months post-burn, expressed as a percentage of baseline (admission) values. Data are shown as 
mean and standard error. Statistical signifi cance versus control is designated by an asterisk. 
(Reproduced from Klein et al   . [ 14 ] by permission of Springer Science + Business Media.)       
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 While it is tempting to think so interpretation of the hypercalciuria is confounded 
by the inappropriately low levels of parathyroid hormone (PTH) in the blood in 
response to the low circulating ionized calcium concentrations (Fig.  7.3 ). This hypo-
calcemic hypoparathyroidism, which has previously been noted [ 10 ], is likely due to 

  Fig. 7.2    Changes in lumbar spine (LS) bone mineral content (BMC) at discharge (2 months) and 
at 6 months post-burn, expressed as a percentage of baseline (admission) values. Data are shown 
as mean and standard error. Statistical signifi cance versus control is designated by an asterisk. 
(Reproduced from Klein et al. [ 14 ] by permission of Springer Science + Business Media.)       
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the infl ammatory cytokine-mediated up-regulation of the calcium-sensing receptor 
of the parathyroid gland, which has been documented to occur in a sheep model of 
burn injury [ 11 ]. The consequence of this up-regulation is that a lower, often abnor-
mally low, level of circulating calcium is suffi cient to suppress PTH secretion by the 
parathyroid glands and the resultant hypoparathyroidism is permissive of urinary 
calcium excretion. Therefore, at the present time it is unclear if the hypercalciuria 
refl ects bone resorption or simply the oversupply of calcium given intravenously in 
an attempt to correct the hypocalcemia. What was shown in this present study, how-
ever, is that the amount of calcium administered to patients receiving pamidronate 
and those receiving placebo was not signifi cantly different in the attempt to achieve 
normal circulating levels of ionized calcium. Therefore, by blocking bone resorption 
pamidronate is not exacerbating existing hypocalcemia and its lack of effect in 
reducing hypercalciuria underscores the likelihood that the source of the urinary 
calcium excretion is the parenterally administered calcium. One additional consid-
eration is the timing of the urine collection. Inasmuch as patients underwent the 
urine collection by 10 days post-burn it is possible that at the time of collection 
active resorption was slowing down due to onset of osteoblast apoptosis. In this case 
the urinary calcium from the placebo group might have been higher if it had been 
quantitated earlier post-burn and the differences in urinary calcium excretion 
between the two groups might then have reached statistical signifi cance.

   Now that we have addressed though not solved the bone resorption issues raised 
by this study, we must address the fi nding that pamidronate failed to prevent the loss 
of osteoblasts as seen on histomorphometry of the specimens taken from the iliac 
crest. Given this observation how do we explain the continued gain in bone mineral 
content over 6 months’ time in the burned children receiving pamidronate, espe-
cially in the lumbar spine region? 

 Studies have shown that bisphosphonates have antiapoptotic properties [ 16 ]. 
While this may be the case the failure to preserve osteoblasts at the bone surface at 
2 weeks post-burn must be addressed. One possibility that was not examined by this 
study is that the antiapoptotic properties become manifest at a later time than the 
antiresorptive properties. This may be plausible due to initially large quantities of 
endogenous glucocorticoids produced by the adrenal glands in response to the stress 
of the burn injury [ 1 ,  4 ]. As these levels drop off it is possible that the antiapoptotic 
activity of pamidronate is unmasked. This explanation may have been better 
addressed by examining bone biopsies between 2 weeks and the 1 year post-burn 
follow-up specimens or by systematically and sequentially examining biomarkers 
of bone formation. These data were not available in the study discussed here. 
Another possible explanation would be that the antiapoptotic properties of pamidro-
nate are more clearly discernible in purely trabecular bone, such as in lumbar spine. 
That possibility also needs to be pursued. 

 While it would appear that pamidronate acts only on bone and on no other aspect 
of the abnormal calcium homeostasis brought about by burn injury, data on muscle 
mass, which were available from total body DXA studies, were not included in the 
data analysis or the publication. Given the present degree of interest in the interac-
tion between muscle and bone this oversight requires attention. While it is clear that 
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during this 6-month time period the catabolic response and likely the heightened 
production of endogenous glucocorticoids as part of the stress response produce 
negative nitrogen balance and muscle wasting [ 17 ] it is not certain whether the anti-
resorptive activity of the bisphosphonates and the positive effect they have on bone 
mineral content by whatever mechanism could attenuate the loss of lean body mass. 
If not, then bisphosphonates can be directly targeted to reduce bone loss without any 
likelihood of affecting any other adaptive response. If there were to be an attenua-
tion of muscle wasting concomitant with improvement in bone mineral content then 
perhaps bisphosphonates could play an adjunctive role in the limiting of post-burn 
catabolic response as well. 

 We will next examine the longer-term effects of the acute administration of 
pamidronate up to 2 years following the burn injury. Subjects were unblended after 
6 months but new subjects had also been added to both groups in randomized fash-
ion to provide a total of 57 subjects, 32 having received pamidronate and 25 having 
received saline placebo. Enrolled children were followed every 6 months with DXA 
studies. After 2 years attrition resulted in having a complete set of values in only 21 
subjects, 8 of whom received pamidronate and 13 of whom received saline placebo. 
There appeared to be no attribution of dropout to any side effects of pamidronate. 

 The results demonstrated that total body bone mineral content as a percentage 
change from acute admission values exhibited a steady increase over the 6-month 
intervals until reaching 2 years post-burn in those who were given pamidronate. In 
contrast those subjects who had received placebo remained signifi cantly behind in 
the total body accretion of bone mineral content until 18 months post-burn, at which 
point the percentage change from admission rapidly rose to equal the percentage 
change from admission in the experimental group (see Fig.  7.4 ).
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   As was seen at 6 months post-burn in the acute study [ 14 ], the benefi cial effect 
of pamidronate was more pronounced in the trabecular bone of the lumbar spine. In 
the lumbar spine the signifi cant difference between pamidronate and control groups 
in bone mineral content but not bone area persisted for the entire 2-year follow-up 
period (see Figs.  7.5  and  7.6 ). With lumbar spine bone mineral density the signifi -
cant difference in percentage change persisted throughout the fi rst 12 months 
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  Fig. 7.5    Percent change in lumbar spine bone mineral content (d/c: hospital discharge). Values are 
presented as means and standard error of the means. Signifi cant differences between placebo and 
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Przkora et al. [ 15 ] with permission of Elsevier.)       
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post- burn and while statistical signifi cance was not observed between the two 
groups at 18 and 24 months post-burn the differences trended in the same way as 
during the fi rst year and the failure to demonstrate statistically signifi cant differ-
ences between pamidronate and placebo groups at these time points may be attribut-
able to the reduced number of subjects in each group and the large variability in 
percentage change from admission during that second year post-burn (see Fig.  7.7 ). 
More to the point, however, the signifi cant difference in lumbar spine bone mineral 
density  Z  scores between the pamidronate and placebo subjects at 2 years post-burn 
(see Fig.  7.8 ) speaks to the persistence of the benefi cial effect of acute pamidronate 

#
*

placebo

pamidronate

d/c 6 months 9 months

after burn

12 months 18 months 24 months

15

10

5

0

-5

-10

-15

-20

%
ch

an
g

e 
L

S
-B

M
D

  Fig. 7.7    Percent change in lumbar spine bone mineral density when measured by dual energy 
X-ray absorptiometry (d/c: hospital discharge). Values are means and standard errors of the means. 
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Signifi cant time effect within each group when compared to changes at 24 months is designated by 
 hash , with  p  < 0.05. (Reproduced from Przkora et al. [ 15 ] with permission of Elsevier.)       
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  Fig. 7.8    Lumbar spine bone mineral density  Z  scores at 2 years after burn. Note  Z  scores represent 
the number of standard deviations from normal, healthy age- and sex-matched children. Values are 
displayed as means and standard deviation of the means. Signifi cant difference between pamidro-
nate and placebo is designated by  asterisk , with  p  < 0.05. (Reproduced from Prkzora et al. [ 15 ] with 
permission of Elsevier.)       
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administration for at least 2 years on the bone mineral content and bone mineral 
density of burned children.

      Finally, this study examined changes in bone histomorphometry in both pami-
dronate and placebo groups of subjects from 2 weeks post-hospital admission for 
acute severe burn injury to 12 months following the burn injury. We measured 
static parameters of bone turnover, including bone area, osteoid area, surface, and 
width, all measures of matrix calcifi cation, and eroded surface, a measure of 
resorption. We also measured the dynamic parameters of bone formation, such 
as mineral apposition rate and bone formation rate based on double tetracycline 
labeling. 

 What was a clear-cut outcome of this part of the study was that by 12 months 
post-burn bone remodeling resumed in the 16 patients, 8 who received pamidronate 
and 8 who received placebo, who took up at least a single tetracycline label (see 
Fig.  7.9 ). There were no signifi cant differences in either static or dynamic parame-
ters of bone histomorphometry mainly because the range of normal values in pedi-
atric patients is so widely variable. Furthermore, a variety of factors may have 
contributed to the histological picture seen in these patients.

   Among the variables that may have affected the acute bone histomorphometry 
are the precise timing of bone resorption and the shutdown of bone formation in 
individual subjects, the quantity of endogenous glucocorticoid production, and the 
intensity and duration of the infl ammatory response. It is unclear how any of these 
factors might have infl uenced the resumption of bone remodeling at 1 year post- 
burn, nor do we know with certainty whether the rate of bone remodeling is uni-
formly normal by that time as too few specimens have been quantitated.  

    Summary of Findings 

 In summary, the timely intravenous administration of one or at most two doses of 
pamidronate actually prevented acute post-burn bone loss and permitted serial 
increases in both cortical and trabecular bone mineral content as well as in trabecu-
lar bone mineral density. These results are consistent with acute resorption being the 
chief mechanism of post-burn bone loss for reasons previously discussed and they 
also suggest that bisphosphonates given intravenously have not only an antiresorp-
tive effect but also an osteoprotective effect, whether it be by an antiapoptotic mech-
anism or by some other as yet unidentifi ed mode of action. 

 While there are no data currently available as to whether bisphosphonates exert 
any secondary effects on muscle catabolism in the setting of acute burn injury, or 
whether they exert any effects on any other aspects of calcium homeostasis, it must 
be assumed for the present that the changes observed following bisphosphonate 
administration are bone-specifi c. These fi ndings are summarized by the diagram 
shown as Fig.  7.10 .
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       Potential Applications and Implications 

 The manner in which the bisphosphonate administration was shown to be effective 
in preventing bone loss, i.e., the acute one-time, or at most two-time, intravenous 
dosing, may offer prospects for success in managing other types of acute bone loss 
that do not result from chronic conditions in pediatrics. 

  Fig. 7.9    ( a ) A Goldner trichrome stain of the iliac crest at 100× magnifi cation. The sample was 
taken at approximately 2 weeks post-burn. Note the absence of a signifi cant osteoid seam. ( b ) Iliac 
crest bone biopsy from the same patient at 12 months following burn injury. Note the presence of 
a long, smooth lamellar seam lined with active osteoblasts. These photomicrographs were pro-
vided courtesy of Susan M. Ott MD, Department of Medicine, University of Washington School 
of Medicine, Seattle, WA. (Reproduced from Przkora et al. [ 15 ] with permission of Elsevier.)       
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 Consideration might be given for bisphosphonate use in clinical trials for 
 conditions in which bone loss occurs as a consequence of an isolated event, for 
which a single dose of bisphosphonate might prevent bone loss from ever occurring. 
Thus conditions that might be appropriately considered for acute use of bisphospho-
nate as prevention might be the initiation of glucocorticoid therapy or pre- 
transplantation of solid organs, such as kidney, heart, or liver. In both settings 
glucocorticoid administration may play a role in bone loss along with the unspeci-
fi ed roles of other immunosuppressives given concomitantly. In fact successful 
bisphosphonate treatment for glucocorticoid-associated bone loss has already been 
employed in adults and now has approval from the United States Food and Drug 
Administration (FDA) as an indicated therapeutic use. 

 Despite receiving FDA approval for use in adults, no such clinical trials have 
been undertaken in children even though the incidence of pediatric vertebral frac-
ture is 6 % in children with rheumatologic conditions treated with glucocorticoids 
[ 18 ]. Furthermore, a single oral or intravenously administered dose of alendronate 
was shown by Nakhia et al. [ 19 ] to have a bioavailability that was similar to children 
receiving this treatment for osteogenesis imperfecta and the single dose received by 
the subjects was reported to be generally well tolerated. 

 With regard to post-transplant bone loss, a study by Mitterbauer and colleagues 
[ 20 ] entailing a meta-analysis of fi ve randomized controlled trials of bisphospho-
nates in 180 subjects found that bone loss at the lumbar spine was signifi cantly 
attenuated and bone loss at the femoral neck demonstrated a trend toward becoming 
signifi cantly lower in those subjects receiving bisphosphonates. More recently 

  Fig. 7.10    A schematic diagram illustrating the presumptive effects of bisphosphonates on both 
post-burn bone resorption and bone formation       
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Torregrossa et al. [ 21 ] showed that a single dose of 30 mg pamidronate given 
 intravenously at the time of renal transplantation and repeated 3 months later sig-
nifi cantly reduced lumbar spine bone loss and normalized biomarkers of bone for-
mation compared to controls. The authors found no difference between the groups 
in terms of fracture incidence. However, this conclusion was drawn because no 
subject enrolled in the studies experienced a fracture during the relatively short 
period of follow-up. The data for brief acute use of bisphosphonates in renal trans-
plantation patients thus appear promising, but no studies have been published 
regarding pediatric patients who have undergone solid organ transplantation. On the 
basis of the fi ndings reported in pediatric burns patients perhaps the same type of 
study should be considered in the former category. 

 Single-dose treatment with a bisphosphonate has the theoretical advantage of 
limiting toxicity given the infrequency of administration. However, the implication 
of the successful use of limited-dose therapy with bisphosphonates for pediatric burn 
victims is that other conditions which involve the infl ammatory or stress responses, 
or perhaps immobilization as well, may also render patients susceptible to subclini-
cal bone loss by means of these same operative nonspecifi c adaptive responses. 

 Therefore, it would be instructive to consider designing studies in which bisphos-
phonates are used as a treatment adjunct in conditions such as pediatric rheumatoid 
arthritis, infl ammatory bowel disease, and various connective tissue disorders, such 
as lupus, in which not only may there be an acute infl ammatory response but also 
acute exacerbations may be treated with glucocorticoids. Lack of randomized clini-
cal trials involving large numbers of subjects is the chief impediment to obtaining 
the data needed to ultimately evaluate the safety and effi cacy of this class of drugs 
in children [ 22 ]. Until the data available become adequate for such an evaluation, 
the debate over the use of this class of drugs in children will continue.     
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           Physiology of Growth Hormone 

    Regulatory Mechanism of GH Secretion 

 Daily rhythmical growth hormone (GH) secretion controls its serum concentration. 
A total of 70 % of daily GH secretion occurs with the fi rst episode of slow-wave 
sleep [ 1 ]. GH secretion is also affected by serum glucose density, amino acids, free 
fatty acids, drugs, and GH itself. These various conditions stimulate the hypothala-
mus and regulate secretion of three hypothalamic hormones, growth hormone 
releasing hormone (GHRH), ghrelin, and somatostatin. These signals eventually 
control GH secretion from GH-producing cells, expressing the specifi c receptors for 
them, in the pituitary gland [ 2 ] (Fig.  8.1 ).

   GHRH selectively induces GH secretion from the pituitary gland through the 
GHRH receptor [ 3 ,  4 ]. Somatostatin suppresses GH pulse amplitude and fre-
quency, and inhibits central GHRH release via direct synaptic connections with 
hypothalamic neurons, but does not affect GH biosynthesis [ 2 ]. Hypothalamic 
GHRH and somatostatin are secreted in independent waves and interact to gener-
ate pulsatile GH release together with additional GH secretagogues (GHS). Ghrelin 
binds to the GHS receptor to induce hypothalamic GHRH and pituitary GH [ 5 ,  6 ]. 
The greatest amount of ghrelin is secreted from gastric cells rather than from the 
hypothalamus. Plasma ghrelin concentrations increase when fasting, and decrease 
after food intake [ 7 ].  
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    Mechanism of GH Action 

 GH stimulates linear body growth through differentiation and proliferation of the 
cells in the growth plate in children. GH also acts on many peripheral tissues other 
than the growth plate, and plays important roles in homeostasis, such as glycemic 
effects, hydration, protein anabolism, and lipid degradation [ 8 ] (Fig.  8.1 ). 

 At least part of the growth effect by GH is through endocrine, autocrine, and 
paracrine mechanisms of insulin-like growth factor I (IGF-I). GH action in body 
growth may be explained through three pathways involving IGF-I. In one pathway, 
GH acts through GH receptor (GHR) expression in hepatocytes and generation of 
IGF-I [ 9 ]. Consequently, serum IGF-I levels increase and IGF-I acts on peripheral 
tissues as a hormone by an endocrine mechanism. In a second pathway, GH acts on 
peripheral tissues, not the liver, promoting IGF-I generation, and this IGF-I affects 
local tissues by an autocrine/paracrine system [ 10 ]. Expression of GHR, IGF-I, 
and IGF-I receptor has been detected in chondrocytes, osteoblasts, osteoclasts, 
myocytes, and adipocytes. In a third pathway, GH affects peripheral tissues directly. 
For Laron syndrome in which there is defi ciency of GHR, extrinsic IGF-I adminis-
tration does not have a suffi cient effect on growth in spite of its biological activi-
ties, such as improvement of hyperglycemia [ 11 ]. This phenomenon implies a 
direct action of GH.   

  Fig. 8.1    Stimulation and action of intrinsic GH. GH is secreted in the pituitary gland and stimu-
lated by hypothalamic hormones, such as GHRH and ghrelin, and is suppressed by somatostatin. 
GH acts on many peripheral tissues and plays a role in linear growth, bone metabolism, adipose 
metabolism, protein metabolism, and saccarometabolism       
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    GH Treatment 

    History 

 In the 1950s, human GH was fi rst used to stimulate linear growth in a child with 
hypopituitarism [ 12 ]. At that time, GH was extracted and purifi ed from the pituitary 
grand. Because the supply of the extracted GH was limited, GH treatment was 
restricted to children with the most severe and unequivocal GH defi ciency (GHD). 
Delays in diagnosis and treatment, interruptions in treatments, and dosage restric-
tions were common during this time. Consequently, while GH accelerated growth 
of these individuals, adult height was usually less than average [ 13 – 15 ]. 

 In 1985, Creutzfeldt–Jakob disease (CJD) was recognized in patients who had 
received GH. Distribution of pituitary-derived GH was stopped. Subsequently, in 
the United States, CJD was diagnosed in seven recipients of GH [ 16 ,  17 ]. Fortunately, 
192- and 191-amino-acid biosynthetic GHs were approved in 1985 and 1987, 
respectively. The production of GH by biological systems transplanted with the  GH  
gene yields a virtually unlimited supply of GH. 

 Biosynthetic GH treatment eliminated the risk of CJD and offered children with 
severe GHD an opportunity for optimal treatment. Children with milder forms of 
inadequate GH secretion, previously excluded from receiving GH, could become 
treated. In addition, metabolic effects of GH, apart from linear growth promotion, 
are now being studied extensively, leading to new indications for GH treatment [ 18 ].  

    Approved Disorders and the Effi cacy of GH Treatment 

 Approved disorders for GH treatment have been expanding in the world in spite of 
its high cost, with expectations of promoting linear growth. Currently, these growth 
disorders are GHD, short children with small for gestational age (SGA), Turner 
syndrome (TS), chronic renal insuffi ciency (CRI), Prader–Willi syndrome (PWS), 
short stature homeobox (SHOX) haploinsuffi ciency, achondroplasia (ACH), hypo-
chondroplasia (HCH), Noonan syndrome (NS), and idiopathic short stature (ISS) 
(Table  8.1 ). The type of approved disorders, criteria of diagnosis, and treatment 
dose vary and depend on the country.

   GH treatment was started primarily for classical GHD patients to promote linear 
growth. Untreated patients with GHD have profound short stature, averaging nearly 
−5 standard deviation (SD) [ 19 – 21 ]. In many countries, pediatric endocrinologists 
have developed guidelines for diagnosis, criteria for starting treatment, treatment 
regimens, criteria for continuing treatment, and criteria for fi nishing treatment. GH 
treatment in GHD patients gradually improved their adult height SD score by 
approximately −1.3 SD, although most patients failed to reach their genetic target 
heights [ 22 ,  23 ]. 
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 SGA is a term used to describe a neonate’s birth size based upon appropriate 
auxological standards for healthy infants. Approximately 86 % of SGA children 
achieve a length within the normal range by 12 months [ 24 ,  25 ]. Catch-up growth in 
the normal range is virtually always complete by 2 years of age [ 26 ]. Overall, 
8–14 % of SGA infants become short in stature with an adult height of approxi-
mately 1 SD [ 27 ,  28 ]. SGA children achieve a fi nal height within the normal height 
range after 7.8 years of GH treatment [ 29 ]. The effects of GH extend beyond linear 
growth and potentially include important effects on body composition, muscle mass 
and function, bone mass, metabolism, behavior, and cognitive function, and even 
quality of life, IQ, and bone mineral content [ 30 ,  31 ]. 

 TS is characterized by short stature, cubitus valgus, webbing of the neck, and 
sexual infantilism [ 32 ]. Over 95 % of TS patients eventually fall below the −2 SD, 
and their adult height is typically approximately 20 cm below the mean for females 
of their respective ethnic group. GH treatment in TS patients improves their fi nal 
height to 8.5 cm above the mean projected adult height and there is a mean height 
gain due to GH of +7.2 cm [ 33 ,  34 ]. 

 Growth failure is still a major obstacle to successful rehabilitation of children 
with CRI. The mean height SD score at the start of renal replacement therapy is 
approximately −2, indicating that half of the patients have a short stature [ 35 ,  36 ]. 
Similarly, the mean fi nal height SD score of CRI patients is reported to be signifi -
cantly reduced and varies between −1.4 in girls and −2.2 in boys in various reports 
[ 37 ,  38 ]. GH treatment for short stature in CRI became available approximately 20 
years ago [ 39 ]. The fi nal height of CRI patients after extended GH treatment appears 
to be an average of 1.0–1.5 SD [ 40 ,  41 ]. 

 PWS is a neurogenetic disorder characterized by mental and physical abnormali-
ties. The mean adult height achieved by men and women with PWS is 155–162 and 
148–150 cm, respectively [ 42 ,  43 ]. The GH-defi cient state commonly associated 
with PWS, as evidenced by reduced GH secretion, low serum IGF-I levels, and 
clinical features typical of GHD, has provided a rationale for trials assessing the 

    Table 8.1    Approved diseases for GH in various countries as of 2013   

 GHD 
 Adult 
GHD  SGA  TS  CRI  PWS 

 SHOX 
haploinsuffi ciency  ACH  HCH  NS  ISS 

 USA  ○  ○  ○  ○  -  ○  ○  -  -  ○  ○ 
 UK  ○  ○  ○  ○  ○  -  ○  -  -  -  - 
 France  ○  ○  ○  ○  ○  ○  ○  -  -  -  - 
 Germany  ○  ○  ○  ○  ○  ○  ○  -  -  -  - 
 Sweden  ○  ○  ○  ○  ○  ○  -  -  -  -  - 
 Japan  ○  ○  ○  ○  ○  ○  -  ○  ○  -  - 
 Taiwan  ○  ○  ○  ○  -  -  -  -  -  -  - 
 Australia  ○  ○  -  ○  ○  -  -  -  -  -  - 

  ○: Approved, -: not approved;  USA  United States of America,  UK  United Kingdom of Great 
Britain,  GHD  growth hormone defi ciency,  TS  Turner syndrome,  CRI  chronic renal insuffi ciency, 
 SGA  small for gestational age,  PWS  Prader–Willi syndrome,  ACH  achondroplasia,  HCH  hypo-
chondroplasia,  NS  Noonan syndrome,  ISS  idiopathic short stature  
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effi cacy of GH treatment. However, currently, the duration of treatment is limited. 
Longitudinal growth has been shown to increase by GH treatment in PWS [ 44 ,  45 ]. 
Some reports have shown that growth continues to improve by GH treatment in 
PWS, with the result that the target height SD score can be reached [ 46 ]. 

 NS is a genetic syndrome with many features similar to TS, and is characterized 
by pulmonary valvular stenosis, visual problems, clotting disorders, and short stat-
ure [ 47 ]. Although approximately half of NS patients will reach an adult height 
within 2 SD of the population mean, the mean adult height of NS is approximately 
162.5 cm and 153 cm for males and females, respectively  [ 48 ]. GH treatment in NS 
improves the fi nal height SD score to 1.7 [ 49 ]. Additionally, pretreatment baseline 
cortical bone mineral density (BMD) is reported to be in the low–normal range and 
it increases over 2 years of GH therapy [ 50 ]. In the majority of reports, GH treat-
ment induced catch-up growth in most of the NS patients. First data on long-term 
outcome demonstrate an effect comparable with or even better than that in TS. 

 ISS is a purely descriptive term that refers to a child, adolescent, or adult with a 
height below the age reference for population and sex, in whom, with current diag-
nostic tools, no etiological diagnosis is made [ 51 ]. The mean fi nal height is similar 
to the mean predicted height in ISS. There is a large interindividual variation that is 
primarily correlated with the initial height SD score and bone age delay at start of 
GH treatment [ 52 ]. GH for ISS in a supraphysiological dosage increases the fi nal 
height by approximately 7 cm, but for the individual child, the height gain is diffi -
cult to predict.  

    Side Effects 

 Recombinant biosynthetic GH preparations are highly purifi ed and free of contami-
nants. The possibility of viral transmission through GH has been virtually elimi-
nated. Antigenicity of GH preparations is also low, although GH antibodies can be 
detected in 10–30 % of treated children [ 53 ]. With rare exceptions (less than 0.1 %), 
these antibodies do not impede effects of GH. 

 Laboratory indications of hypothyroidism can be found in as many as 25 % of 
GHD children treated with GH [ 54 ]. GHD patients, who display subnormal noctur-
nal thyroid-stimulating hormone surges, signifying preexisting central hypothyroid-
ism, are more likely to display subnormal T4 and free T4 levels during GH therapy 
[ 55 ]. However, most studies have indicated that children with normal thyroid func-
tion before treatment do not develop signifi cant perturbations in thyroid hormone 
metabolism during GH therapy. 

 Administration of unphysiological high concentrations of GH may lead to 
defects in glucose metabolism [ 56 ]. When intrinsic GH secretion is increased, as in 
sleep, oral or intravenous glucose tolerance tests show a defect in glucose metabo-
lism [ 57 ]. This defect of glucose metabolism lasts even after fi nishing GH treatment 
and normalization of serum GH concentrations. 
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 Edema and sodium retention rarely occur early in the course of GH therapy, 
which is attributable to an anti-natriuretic effect on the renal tubules of GH and/or 
IGF-I. Minor elevations in plasma renin activity and aldosterone observed in the fi rst 
3 days of treatment resolve within 1 or 2 weeks [ 58 ]. Occasionally, fl uid shifts within 
the central nervous system are suffi cient to cause benign intracranial hypertension, 
with symptoms of headache, visual loss, vomiting, and papilledema. Direct fl uid-
retaining properties of GH and/or action of locally produced IGF-I on cerebrospinal 
fl uid production are speculated to be causative. Cessation of GH therapy reverses 
symptoms in spite of continued GH treatment [ 59 ]. Resumption of GH treatment has 
been successfully accomplished with re-initiation at a lower dosage and a gradual 
return to the initial dosage. Performing a fundoscopic examination is recommended 
in all patients before initiation of GH therapy and periodically thereafter [ 60 ].   

    Growth Hormone and Bone 

    Effect of GH on Bone and Cartilage Metabolism 

 GH acts directly on the perichondrial layer in the growth plate of growing bones, 
and promotes proliferation and differentiation of pre-chondrocytes, as well as pro-
motes IGF-I synthesis (Fig.  8.2 ). Pre-chondrocytes proliferate and differentiate to 

  Fig. 8.2    Schematic representation of bone metabolism by GH. GH stimulates differentiation and 
proliferation of chondrocytes directly and through IGF-I synthesis. This endochondral ossifi cation 
leads to linear growth. GH also stimulates differentiation and proliferation in osteoblasts and 
osteoclasts. Consequently, GH affects bone metabolism and, consequently, linear growth and bone 
mineral density       
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chondrocytes in the proliferative zone of growth plates by acquiring the ability for 
reaction to IGF-I and for generation of IGF-I [ 61 ].

   Osteoblasts express GHR and IGF-I receptor, and have the ability of generating 
IGF-I [ 62 ]. Therefore, GH promotes synthesis of IGF-I in osteoblasts, and IGF-I 
acts on these cells through the autocrine/paracrine system. In osteoblastic culture, 
IGF-I stimulates differentiation of osteoblasts to osteocytes by promoting prolifera-
tion of osteoblasts, expression of type I collagen, and activation of alkaline phos-
phatase, and by suppressing expression of matrix metalloproteinase 1 [ 63 ]. However, 
it is still unclear whether GH action on osteoblasts occurs through IGF-I or there is 
a direct pathway. 

 GH action is also detected in osteoclasts. Precursors of osteoclasts express GHR, 
and GH promotes their differentiation to osteoclasts. Factors promoting osteoclast 
differentiation are generated by GH-stimulated osteoblasts and bone marrow cells 
[ 64 ]. These fi ndings show that GH promotes bone resorption through its direct 
effect on bone marrow cells or through osteoblasts. In fact, when GH is adminis-
tered in pediatric patients, bone resorption markers are elevated before growth is 
detected and bone formation markers are elevated. 

 GH promotes bone turnover, including bone generation and bone resorption; GH 
consequently promotes longitudinal bone growth while maintaining BMD suitable 
for increasing quantities of bone (Fig.  8.2 ). Since GH also increases mass and 
strength of the skeletal muscles, mechanical stress may be another factor for GH 
effect on increasing BMD [ 65 ]. Although the effect of GH on BMD is still contro-
versial in certain conditions such as burn injury, BMD is indeed correlated with 
nocturnal GH secretion in young healthy men and acromegaly [ 66 ,  67 ]. Moreover 
lumbar BMD is reduced in pediatric GHD patients, and GH treatment increases 
BMD in GHD and other diseases [ 68 – 71 ]. 

 For the considerable variability in response to GH treatment, several prediction 
models that attempt to estimate the growth response to GH treatment have been 
developed [ 72 – 75 ]. As a result, in growing children, markers of bone metabolism 
refl ect skeletal growth and development. For example, urinary deoxypyridinoline 
and serum pyridinoline, bone resorption markers, are strongly related to height 
velocity. These results imply that bone metabolism and linear growth are closely 
related to each other.  

    Approved GH Treatment in Skeletal Dysplasia 

 Skeletal dysplasia is a heterogeneous group of diseases affecting the skeleton. The 
estimated incidence is 30–45 in every 100,000 newborns. The fi nal height differs 
substantially between the various disorders, but is often in the range of 110–130 cm 
[ 76 ]. Currently, although a remarkably short stature has been detected in various 
skeletal dysplasias, only three skeletal dysplasias have been approved for GH treat-
ment: ACH, HCH and SHOX haploinsuffi ciency [ 77 ] (Table  8.1 ). 
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 ACH is the most common type of rhizomelic short-limb dwarfi sm caused by 
activating point mutations in the fi broblast growth factor receptor 3 ( FGFR3 ) gene 
[ 78 ,  79 ]. The incidence of ACH is estimated as 1 in 25,000 live births. The average 
adult height of ACH is approximately 132 cm (−6.8 SD) for males and 124 cm (−6.4 
SD) for females [ 80 ]. FGFR3 is expressed in the growth plate, and its activation 
suppresses IGF-I expression and cell proliferation, and promotes apoptosis of 
 chondrocytes. GH administration increases  IGF-I  expression in chondrocytic cell 
lines expressing mutated  FGFR3  and prevents these cells from apoptosis [ 81 ]. This 
could explain one of the mechanisms by which GH therapy improves disturbed 
bone growth in ACH. 

 GH treatment in ACH has been approved only in Japan, since 1997. As a short- 
term effect, GH administration increases height velocity from (mean ± SD) 3.8 ± 0.9 
to 6.6 ± 1.6 cm/year in patients with ACH for at least 6 months [ 81 ]. In longer-term 
studies, GH treatment in ACH patients promotes their height velocity in the fi rst 
treatment year and promotes their linear growth, with a gain of 1–1.5 SD over 3–6 
years, although height velocity is low after the second year of treatment (Fig.  8.3 ) 
[ 82 – 84 ]. More than 15 years have passed since approval, but reports on the long- 
term effect of GH on ACH regarding the prognosis of height and bone mineral 
metabolism have still not been published.

   HCH is also mainly caused by mutations of the  FGFR3  gene and is characterized 
by short stature and abnormal body proportions, although not as severe as in ACH. 
The fi nal height in HCH is compromised and in the range of 132–147 cm [ 85 ,  86 ]. 
GH treatment for HCH has been approved only in Japan at the same time as ACH 
in 1997. Several reports have shown that the median height SD score is approxi-
mately −3.2 SD at the start of GH therapy for HCH and it improves plus 1 SD after 
2–5 years of GH treatment [ 87 ,  88 ]. Because some HCH patients have no mutation 
in the  FGFR3  gene, but characteristic facial features, bone deformities, and dispro-
portionate short stature are observed, there are still some doubts as to the certainty 
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of the diagnosis in some of the patients diagnosed with HCH. Therefore, clinical 
studies of GH treatment, including genetic background data, are required. 

 Dyschondrosteosis, or Leri–Weill syndrome, is a mesomelic skeletal disorder 
caused by a deletion or mutation in the  SHOX  gene [ 89 ]. In dyschondrosteosis, 
there are abnormal proportions due to short legs, and the adult height in these indi-
viduals is variable, but in most patients it is reduced. However, a reduction in height 
appears to be sex-specifi c, with a greater loss of height in females compared with 
males [ 90 ]. Isolated SHOX haploinsuffi ciency is observed in 56–100 % of patients 
with Leri–Weill dyschondrosteosis and in 1–14 % of ISS [ 91 ]. Short stature 
observed in patients with TS is partially explained by haploinsuffi ciency of the 
 SHOX  gene [ 92 ]. Because GH treatment in TS improves the fi nal height SD score, 
GH treatment in patients with SHOX haploinsuffi ciency has been approved in some 
countries. Prepubertal children with isolated SHOX defects treated with GH during 
2 years present with a similar growth response to that of TS patients [ 93 ] and reach 
their fi nal height with a height SD score gain of 1.1 ± 0.7 after 4.7 years [ 94 ]. The 
gain in the height SD score during the fi rst year of GH therapy for patients with 
SHOX haploinsuffi ciency shows an increase of 0.7 SD [ 95 ]. The sitting height ratio 
SD score does not change during 1 year of GH treatment in patients with SHOX 
haploinsuffi ciency. Adult height in GH treatment for dyschondrosteosis has not 
been published yet.   

    Challenging Trials of GH Treatment 

 GH treatment has been attempted in many diseases with short stature, such as Down 
syndrome, Cornelia de Lange syndrome, Kabuki syndrome, Fanconi anemia, 
Rubinstein–Taybi syndrome, Klippel–Feil syndrome, Diamond–Blackfan anemia, 
and skeletal dysplasia. We discuss below regarding GH treatment in skeletal dyspla-
sia, focusing on GH and bone, such as osteogenesis imperfecta (OI) and X-linked 
hypophosphatemic (XLH) rickets. Because the fi nal height of each disorder has not 
been determined yet, further evidence of GH treatment in all challenging disorders 
needs to be gathered. 

    Osteogenesis Imperfecta 

 OI is an autosomal dominant disorder caused by dysfunction of type I collagen pro-
teins. OI is characterized by congenital-decreased BMD, bone fragility, short stat-
ure, blue sclerae, progressive bone deformities, and dentinogenesis imperfecta [ 96 , 
 97 ]. Clinical severity varies widely from lethal to mild with non-deformity. Recently, 
OI patients were classifi ed into eight types according to their severity [ 98 ,  99 ]. 
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 The most popular internal treatment of OI is bisphosphonates suppressing bone 
resorption. Bisphosphonates in OI children increase BMD and result in dramati-
cally decreased bone fractures [ 97 ]. Because growth defi ciency is constantly present 
in severe OI and common in mild to moderate forms of OI, GH could be used in OI 
for stimulating bone metabolism or for increasing linear growth [ 100 ,  101 ]. 

 Although there are few reports of GH treatment in patients with OI, GH action 
positively affects bone growth and bone turnover by stimulating osteoblasts, colla-
gen synthesis, and longitudinal bone growth [ 102 ,  103 ]. A recent study also sug-
gested that combined bisphosphonate and GH treatment in OI patients for 1 year 
positively increases BMD and growth velocity, and does not affect the peripheral 
fracture rate [ 104 ]. Although GH treatment in OI has not been approved yet, GH 
may be expected to improve symptoms of OI patients.  

    X-Linked Hypophosphatemic Rickets 

 XLH rickets is the most common form of hereditary rickets and is characterized by 
short stature, rickets, osteomalacia, and hypophosphatemia [ 105 ]. XLH rickets is 
due to mutations in the phosphate-regulating gene with homologies to endopepti-
dases on the X chromosome ( PHEX ), which encodes a membrane-bound endopep-
tidase expressed in mineralizing tissues (i.e., bone and teeth) [ 106 ]. Although the 
precise function of PHEX protein still remains to be determined, inactivation of 
PHEX reduces serum phosphate levels by suppressing proximal tubular phosphate 
reabsorption and intestinal phosphate absorption though synthesis of fi broblast 
growth factor 23 [ 107 ]. This has been shown to be causative for renal phosphate 
wasting and diminished 1α-hydroxylation of 25(OH) vitamin D [ 108 ,  109 ]. 

 Combined treatment with oral phosphates and activated vitamin D (calcitriol) 
has been shown to improve growth and skeletal abnormalities in XLH rickets [ 110 –
 112 ]. Even with optimal medical treatment, many XLH rickets patients do not dem-
onstrate catch-up growth to achieve normal stature [ 113 – 115 ]. Mean adult height in 
cohorts of treated XLH rickets patients ranges from −2.8 to −1.7 SD [ 116 ]. 

    IGF-I increases  Phex  expression in bone and sodium-dependent phosphate 
cotransporter mRNA expression in the kidney, and increases circulating phos-
phate concentration through these two mechanisms [ 117 ]. Previous studies have 
shown that administration of GH increases renal tubular phosphate reabsorption 
and serum concentrations of 1,25(OH) 2 D, suggesting that GH is involved in phos-
phate homeostasis and in renal 1α-hydroxylation of vitamin D through IGF-I 
[ 118 ,  119 ]. Although some studies have shown that GH treatment increases the 
growth rate of XLH rickets patients, some studies have suggested that GH might 
make deformities of XLH rickets worse. The effect of GH in XLH rickets is still 
controversial  [ 118 – 122 ]. Further investigation may be able to add GH treatment to 
the standard choice in the future.  
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    Other Skeletal Dysplasias 

 Metaphyseal chondrodysplasia (MCD) Schmid type is caused by inactive mutations 
in the  type X collagen  gene and treatment-free adult height is approximately 
 130–160 cm [ 123 ]. One-year GH treatment in patients with MCD Schmid type was 
reported to improve height from −3.2 SD to −2.7 SD [ 124 ]. No fi nal heights from 
GH treatment in patients with MCD Schmid type are available. 

 MCD McKusick type, also known as cartilage-hair hypoplasia (CHH), is charac-
terized by short-limbed short stature, hypoplastic hair, defective immunity, and 
diminished erythrocyte generation [ 125 ]. CHH is caused by several mutations in the 
 RNA component of mitochondrial RNA processing endoribonuclease  gene [ 126 ]. 
Adult height of CHH patients is reported as approximately 131.1 cm in males and 
122.5 cm in females [ 127 ]. GH treatment increased height of a CHH patient from 
−4.2 to −2.1 SD together with limb lengthening [ 128 ], but another report showed no 
benefi t of the treatment [ 129 ]. 

 Spondyloepiphyseal dysplasia is caused by the mutation or deletion of the type 
II collagen ( COL2A1 ) gene and is characterized by severe short stature and a mark-
edly short trunk, with a fi nal height of 100–125 cm [ 130 ]. GH treatment in 17 
patients with spondyloepiphyseal dysplasia did not result in a signifi cant increase in 
the height SD score during the fi rst year of treatment, although some patients did 
appear to benefi t [ 123 ]. However, the sitting height SD score was improved from 2.7 
to 1.8. No adult heights from GH treatment in patients with spondyloepiphyseal 
dysplasia are available. 

 Pseudoachondroplasia is caused by mutation in the cartilage oligomeric matrix 
protein ( COMP ) gene and is characterized by severe short stature with a waddling 
gait, deformity of the legs, short fi ngers, loose joints, and ligamentous laxity [ 131 ]. 
The fi nal height is approximately 80–130 cm. Only one report described that GH 
treatment was given to four patients with pseudoachondroplasia, and that GH did 
not increase annual height gain in the fi rst year of the treatment [ 124 ]. The increase 
in height of seven patients with pseudoachondroplasia was not signifi cant, with a 
median gain of 0.2 SD [ 123 ]. No adult heights in patients with pseudoachondropla-
sia who had GH treatment have been reported.   

    Conclusion 

 Physiological GH secreted by the pituitary gland and extrinsic recombinant GH 
have the ability to promote bone elongation and linear growth of children, as well as 
regulate bone mineral metabolism with accelerating bone turnover. Currently, GH 
treatment has been established for many disorders. However, there are many types 
of diseases with short stature, and treatment of these patients is still limited. 
Although more evidence is required, GH has the possibility to be useful for other 
skeletal dysplasias, including metabolic bone diseases, because of its potential 
capacity for regulating bone mineral metabolism.     
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           Introduction 

 The persistent catabolic and hypermetabolic stress responses from thermal injury 
lead to several adverse outcomes in pediatric patients. These include an increase in 
resting energy expenditure, a negative muscle protein balance, and bone wasting. 
These secondary consequences result in stunted overall growth and weight, although 
it is important to note that we have yet to fi nd evidence to support a direct link 
between bone loss and growth impairment. 

 Animal models were used to initially explore the mechanisms of post-burn bone 
loss. In Edelman et al.’s mouse model of burn injury, burned mice had signifi cantly 
lower total femur dry and ash weights 10 days after burn injury compared with sham 
and control mice [ 1 ]. Total calcium, as well as the percentage of fl uorochrome- 
labeled bone surfaces (i.e., those that are actively bone-forming) and bone forma-
tion rates, was also signifi cantly lower in burned mice. In a follow-up study, Miller 
et al. investigated the effects of a 20 % total body surface area (TBSA) burn on bone 
mass, structure, elongation, and dynamics of C3H/HeN and Balb/c mice [ 2 ]. There 
was signifi cantly less bone volume and total bone mass in the burned models of both 
strains compared to their respective controls. The burned mice exhibited increased 
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osteoclast counts and signifi cant growth velocity  impairment. Miller’s results 
showed that within 10 days of thermal injury, a marked increase in bone resorption 
and a decrease in bone formation led to the reduced total bone mass. 

 Human studies have corroborated the fi ndings from these animal studies. A ret-
rospective analysis by Rutan et al. of 80 burned children (>40 % TBSA burn, ages 
2–18 years) found that both height and weight velocities were reduced up to 3 years 
post-burn [ 3 ]. Growth arrest occurred despite the patients receiving adequate nutri-
tional support and performing rehabilitative exercises such as long bone stresses, 
cardiovascular exercises on the elliptical, and treadmill and weight-bearing exer-
cises such as leg extensions and curls. An earlier study by Mooney et al. demon-
strated that even localized fl ame burns to the hands may result in premature 
metacarpal and/or phalangeal epiphyseal fusions, causing arrested bone growth [ 4 ]. 

 Post-burn bone disease may result in bone loss with bone mineral content (BMC) 
reductions and growth velocity impairment [ 2 ]. The problems of bone disease are 
compounded in burned patients by (1) the use of albumin, (2) the risk of aluminum 
exposure from use of antacids, (3) partial immobilization, and (4) hypercortisolae-
mia from possible suppression of intestinal calcium absorption [ 2 ,  5 ]. Several strat-
egies have been employed to investigate the mechanisms underlying burn-related 
bone disease. Bone biopsies of burned patients show a disproportionate reduction in 
bone formation, leading to a loss in bone mineral density (BMD) [ 5 ]. The effects of 
burns on BMD have been demonstrated by assessing the lumbar BMDs and clinical 
outcomes (such as fracture incidence) of 68 burned children (15–36 % TBSA burn 
[ n  = 16] and >40 % TBSA burn [ n  = 52]) [ 6 ]. Children with larger burns had signifi -
cantly lower BMDs than those with moderately sized burns and experienced more 
fractures within the 5-year follow-up period. The observed reduced serum level of 
osteocalcin (a marker of bone formation) and increased serum levels of type I col-
lagen telopeptide and urinary calcium (both markers of bone resorption) suggest 
that bone formation is reduced while resorption is increased (although no precise 
pathophysiological link between the two mechanisms has yet been elucidated). 
Histomorphometric investigation by Klein et al. in 1995 corroborated these fi ndings 
by revealing a lack of bone-forming osteoblasts at the osteoid seam in bone biopsies 
of burned children [ 7 ]. 

 However, there remains some controversy—some studies have found no statisti-
cally signifi cant decrease of osteocalcin levels in patients with burns covering 
>25 % TBSA up to 4 weeks post-burn [ 8 ], so it may be that bone formation may 
only be affected by extremely large burns. In smaller burns, a statistically signifi cant 
increase in deoxypyridinoline levels (a marker for bone resorption), supporting pre-
vious fi ndings was noted. This suggests that increased resorption may be a more 
important mechanism than decreased bone formation in short-term post-burn osteo-
penia. Hypercalciuria, bone marrow suppression, reduced skeletal loading, and 
magnesium depletion may also contribute to post-burn osteopenia [ 5 ]. Post-burn 
osteopenia may increase the risk of early-onset osteoporosis [ 6 ], so it is crucial that 
remedial strategies are instituted in the early treatment pathway. 
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 A multifaceted and targeted therapeutic approach is needed in burns bone 
 management [ 9 ]. Exogenous recombinant human growth hormone (rhGH) and 
oxandrolone are anabolic drugs that have been shown to modulate the hypercata-
bolic stress response to burns. These drugs also improve immune function and, thus, 
wound healing. This chapter focuses on their effects on bone health following 
 thermal injuries.  

    Rationale for Exogenous Augmentation of Growth 
Hormone Concentrations 

 Growth hormone (GH), or somatotropin, is a 91-amino acid, single-chain polypep-
tide hormone secreted from the anterior pituitary. The hypothalamus regulates GH 
levels by altering the concentrations of GH-releasing hormone and GH-inhibiting 
hormone (somatostatin) (see Fig.  9.1 ) [ 10 ]. The anabolic properties of GH are par-
ticularly important during prepubescent linear growth. Reduced levels of GH during 
pediatric development result in growth impairment and short stature.

   Growth hormone, initially from cadaveric pituitaries, was fi rst used clinically in 
1958 to treat disorders of reduced stature, but it was not until the development of 
rhGH in 1985 that its use beyond growth hormone replacement therapies became a 
possibility. In severe burns, rhGH, injected subcutaneously daily, acts to improve 
wound healing rates [ 11 ], muscle protein kinetics [ 12 ], and overall mortality [ 13 ], 
with a good safety profi le in a pediatric population [ 11 ]. 

 The physiology of GH is described in detail elsewhere in this book. Briefl y, 
 several mechanisms may explain the effects of GH on bone turnover and linear bone 
growth but this remains an area that is not yet fully understood [ 14 ]. Although GH 
improves both bone growth and bone remodeling, the mechanistic link between 
these two processes is yet to be proven. One potential mechanism begins with the 
activation of chondrocyte GH receptors, which activate the MAPK/ERK pathway 
and stimulate proliferation [ 14 ]. Another potential mechanism focuses on growth 
hormone’s activation of the JAK-STAT signaling pathway in the liver, which results 
in the production of insulin-like growth factor-1 (IGF-1). IGF-1 circulates as part of 
a complex formed by one molecule of IGF-1, IGF-binding protein-3 (IGFBP-3), 
IGF-binding protein-5 (IGFBP-5), and an acid-labile subunit [ 14 ]. In excess, 
IGFBP-3 and -5 inhibit IGF-1 action [ 14 ]. IGF-1 has anabolic effects in a wide 
range of organs including in bone, where it stimulates osteoblasts and growth plate 
chondrocytes [ 15 ], promoting bone growth [ 16 ]. 

 Several animal studies have demonstrated the anabolic effects of GH on bone. In 
one study, infusion of [14]C-labeled-GH into hypophysectomized male rats resulted 
in dose-related increases in the width of the tibial epiphyseal cartilage [ 17 ]. Jeschke 
et al. also used animal models to defi ne the relationship between rhGH, hepatic 
IGF-1 expression, and subsequent serum levels of IGF-1 [ 18 ]. Sprague–Dawley rats 
received a 60 % TBSA third-degree scald burn and were randomized to receive 
either rhGH (2.5 mg/kg/day by intramuscular injection) or saline (control). Serum 
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IGF-1, hepatic IGF-1 mRNA, and IGF-1 protein expression were signifi cantly 
increased in rhGH-treated rats, whereas levels decreased in untreated rats. This, 
coupled with the observation that IGF-1 increased both liver and muscle protein 
concentrations, led to the conclusion that rhGH modulated post-burn hypermetabo-
lism through an IGF-1-mediated mechanism. The observation that the decreased 

  Fig. 9.1    This fi gure illustrates the interlinking cascade of the growth hormone system throughout 
the body.  GH  growth hormone,  GHBP  GH binding protein,  GH-S  GH secretagogues,  IGF-1  
insulin- like growth factor-1,  IGFBPs  IGF-binding proteins.  Arrows  indicate direction and mecha-
nism of action, either stimulatory or inhibitory. Adapted by permission from BMJ Publishing 
Group Limited. [Molecular Pathology, Z Laron, 54, 311–316, ©2001]       
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IGF-1 mRNA levels in bone from hypophysectomized rats are restored following 
GH replacement supports this proposed IGF-1-mediated mechanism [ 19 ]. Several 
other studies of hypophysectomized rats have also demonstrated the positive effect 
of GH on bone formation and mass [ 20 ,  21 ].  

    Clinical Trials: Growth Hormone 

 Several studies in humans have also demonstrated the effects of GH on bone 
(Table  9.1 ). In a study examining the effects of rhGH on circulating levels of sev-
eral catabolic hormones, Fleming et al. in 1992 demonstrated that 0.2 mg/kg/day 
of rhGH given to six children with large burns (>40 % TBSA) signifi cantly ele-
vated IGF-1 levels [ 22 ]. The hypothesis that rhGH improves the impaired bone 
turnover state associated with severe burns was derived from these observations 
and from several studies including those in which rhGH was administered to chil-
dren with GH defi ciency [ 23 ]. These studies demonstrated that rhGH increases the 
levels of IGF-1 [ 24 ], BMD [ 25 ], osteocalcin [ 24 – 26 ], and type I procollagen pro-
peptide (PICP) [ 25 ].

   In 1995, Klein et al. studied bone histomorphometry and biochemistry following 
large severe burns (>42 % TBSA) in 24 pediatric patients. Five of these patients 
received 0.2 mg/kg/day of subcutaneous rhGH to improve wound healing during 
their in-patient treatment period [ 7 ]. No histomorphometric or biochemical differ-
ences were seen between the treatment and control groups. However, this study’s 
small sample size and lack of randomization limit its applicability at a pediatric 
population level. Therefore, better designed prospective studies with larger sample 
sizes were performed to further investigate the effect of GH on bone. 

 In 1998, Klein et al. performed the fi rst study testing the hypothesis that rhGH 
improves bone turnover in burned children [ 23 ]. In this randomized double-blind 
controlled trial, 19 children with large burns (>40 % TBSA) were treated with either 
subcutaneous rhGH (0.2 mg/kg/day,  n  = 10) or saline ( n  = 9) from admission to 
wound healing completion. Blood levels of IGF-1, IGFBP-3, IGFBP-4, IGFBP-5, 
osteocalcin, and serum procollagen type I C-terminal peptide (PICP) were mea-
sured on admission and on completion of wound healing. These measures were then 
correlated with lumbar BMD. On completion of wound healing, IGF-1 and IGFBP-3 
levels were signifi cantly higher in the rhGH-treated group. IGFBP-4 (an inhibitor of 
the anabolic effects of GH on bone and other tissues) was raised on admission and 
continued to increase beyond the normal range, regardless of rhGH administration. 
Serum concentrations of IGFBP-5 (a binding protein that may link IGF-1 to bone), 
osteocalcin, and PICP did not differ signifi cantly between the study groups. These 
fi ndings suggest that short-term acute treatment with rhGH does not increase bone 
formation, but this may have been secondary to the short study treatment period. 
There is also a possibility that increased keratinocyte production of IGFBP-4 during 
wound healing may have inhibited IGF-1. These fi ndings necessitated larger-scale 
studies with longer rhGH treatment periods. 
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 Hart et al. randomized 72 severely burned children (>40 % TBSA) to receive 
either rhGH or saline in their double-blinded study [ 27 ]. Treatment with rhGH 
(0.05 mg/kg) or control was continued for 1 year post-burn. Only 40 children com-
pleted the study: 19 within the treatment and 21 in the control groups, respectively. 
Height, lean body mass (LBM), BMC, and serum levels of GH, IGF-1, and IGFBP-4 
and -5, among other markers, were determined at discharge, 6, 9, and 12 months 
post-burn. Children treated with rhGH demonstrated a signifi cant increase in height 
compared to controls at 12 months (1.4 ± 1.5 cm versus 7.9 ± 2.1 cm) ( p  < 0.05). 
Both groups showed bone loss for the fi rst 6 months. However, the control group 
demonstrated no further change in BMC, whereas the rhGH-treated children contin-
ued to gain BMC. The difference between the BMC of both groups neared signifi -
cance at 6 months ( p  = 0.06) and reached signifi cance at the 12-month time point 
( p  < 0.05). Unlike Klein et al.’s fi ndings [ 23 ], IGF-1, IGFBP-4, and IGFBP-5 levels 
did not differ between groups. However, there was concordance with their fi nding 
that IGFBP-4 levels remained persistently elevated throughout the trial. Osteocalcin 
levels remained low despite rhGH therapy, signifying low or no bone formation. 
Hart’s study demonstrated that low dose rhGH for 1 year post-burn increased linear 
growth, LBM, and BMC. Although no rise in IGF-1 was shown, this fi nding is not 
enough to disprove the suggested IGF-1-mediated mechanism of GH [ 27 ]. LBM 
increased approximately 3 months before BMC—these results do not exclude the 
possibility that BMC rises were stimulated by skeletal loading. Although a limita-
tion of this study was the large drop-out rate, the numbers of children completing 
the trial were similar for both groups, reducing bias [ 27 ]. 

 A criticism of the studies by Klein, Hart, and their respective teams [ 23 ,  27 ] is 
that they neglected to assess whether GH resulted in functional improvements. 
Concerns were also raised about the possibility of the suppression of endogenous 
GH production secondary to extended rhGH treatment, resulting in a rebound phe-
nomenon upon cessation of treatment. Przkora et al. addressed these concerns in a 
study to investigate functional improvements up to 2 years post-burn [ 28 ]. In this 
double-blinded study, children were randomized to receive daily doses of either 
rhGH (0.05 mg/kg) ( n  = 19) or control ( n  = 25) for 12 months from discharge. 
Follow-up was performed at 6, 12, 18, and 24 months post-burn. The following 
bone-related measurements were taken at each follow-up appointment: child height, 
LBM, BMC, GH, IGFBP-3, IGF-1, and osteocalcin (among other serum markers). 
Strength testing of children aged ≥7 years was also conducted on their dominant leg 
extensors. The percentage change in height from baseline was signifi cantly higher 
in the rhGH-treated group from 12 months up to 24 months post-burn. Likewise, 
BMC in rhGH-treated patients continued to improve with a steeper gradient than in 
controls and was signifi cantly greater from 12 to 24 months post-burn. Strength was 
signifi cantly greater in the treated group at 12 months, but this effect did not persist 
after drug discontinuation. Although GH, IGF-1, and IGFBP-3 were all signifi -
cantly increased in the treated group during the fi rst 12 months, only IGF-1 was 
persistently elevated after the discontinuation of treatment (via mechanisms not yet 
elucidated). Osteocalcin was elevated 18 months post-burn in the treated group. No 
adverse effects were recorded. Up to 1 year after the discontinuation of rhGH treat-
ment, no rebound phenomenon was observed. 

N.T. Mabvuure et al.
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 Przkora’s study provided the fi rst data on the functional improvements from 
rhGH treatment, including improved muscle strength and cardiac function. The 
rises in IGF-1 and IGFBP-3 following rhGH treatment are supportive of the hypoth-
esis that GH acts through the IGF-1 complex. However, several study limitations 
were raised. There was no “healthy” control group with which expected develop-
ment in the absence of morbidity could be compared. This study, like that by Hart 
et al., also suffered from a high drop-out rate. A possible explanation for this is that 
70 % of the children treated at Shriners Hospital for Children (Galveston, USA), 
where both studies were performed, came from Mexico and this patient population 
does not tend to remain in the USA for the extended time period of the trial. 

 The positive effects of GH on bone health were further confi rmed in a 2009 study 
by Branski et al. [ 29 ]. Burned children (>40 % TBSA) were randomized to receive 
either subcutaneous placebo ( n  = 94) or rhGH in doses of 0.05, 0.1, or 0.2 mg/kg 
( n  = 101) for up to 12 months post-burn. The same bone-related markers described 
above were measured at discharge, 6, 9, 12, 18, and 24 months post-burn. The 
heights of patients receiving rhGH were signifi cantly greater than controls from 9 to 
24 months and approached normalcy (50th percentile) from 12 to 24 months. rhGH 
doses of 0.1 mg/kg led to the most sustained height gains whereas 0.2 mg/kg did not 
lead to any signifi cant height improvement. As might be expected, 0.2 mg/kg doses 
led to the greatest increases in LBM, although this fi nding was only signifi cantly 
better than the control group within the period of active treatment. Overall, BMC 
values did not differ signifi cantly between the groups. Surprisingly, only the lower 
dose of 0.05 mg/kg led to signifi cant differences in BMC in the two groups 
 (12–24 months). Serum IGF-1 levels were only signifi cantly higher in the entire 
rhGH group from 6 to 12 months post-burn. Only rhGH doses of 0.2 mg/kg resulted 
in signifi cantly raised osteocalcin levels. Hence, no signifi cant differences in osteo-
calcin levels were observed between the controls and the entire rhGH group. Two 
cases of hypercalcemia following 0.2 mg/kg doses of rhGH and one case of hyper-
glycaemia were the only adverse effects recorded. These results suggest that some 
effects of GH may be dose-related. For example, the decrease in BMC with 0.2 mg/
kg/day rhGH was thought to be due to sustained suppression of parathyroid hor-
mone and high bone turnover (as indicated by a raised osteocalcin) in this group. 
The authors therefore suggested using 0.2 mg/kg rhGH in the acute phase post-burn 
to maximize gains in LBM and 0.1 mg/kg rhGH for at least 1 year post-burn to 
maximize gains in other bone health indices.  

    Summary of GH Studies 

 These randomized placebo-controlled clinical trials provide high level evidence 
(level 1 on the American Society of Plastic Surgeons Evidence Rating Scale for 
Therapeutic Studies) [ 30 ] of the effi cacy and safety of rhGH in improving bone 
health. Although this chapter has focused solely on bone health indices, GH has 
myriad other benefi ts to burned patients. These include improved cardiac function, 
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improved muscle protein kinetics, maintained muscular growth, improved wound 
healing, and improved resting energy expenditure, denoting a less heightened meta-
bolic state [ 31 ]. Considering the wide range of possible side effects of GH in chil-
dren [ 32 ], only minor, easily correctible adverse affects were seen. Despite the 
apparent positive safety profi le of rhGH, there remain concerns following recent 
trials in adults which demonstrated signifi cantly higher mortality rates (up to 44 %) 
compared with controls when administered to adult ICU patients [ 33 ]. In addition, 
GH is administered subcutaneously, potentially reducing compliance. These issues, 
combined with rhGH treatment costs of approximately $18,000 per patient in the 
USA, have made alternative anabolic agents desirable.  

    Rationale for Exogenous Augmentation 
of Androgen Concentrations 

 Testosterone levels fall below baseline from approximately 60 days post-burn up to 
3 years, suggesting the need for an anabolic replacement and/or augmentation [ 34 , 
 35 ]. Animal models have supported the rationale for androgen supplementation. In 
2000, Erben et al. showed that androgen-defi cient orchidectomized rats suffered 
substantial global loss of trabecular bone and sustained increases in bone turnover 
[ 36 ]. Other studies have corroborated these results. Short-term androgen defi ciency 
caused signifi cant increases in markers of bone turnover in aged male rats [ 37 ]. 
Several androgens including testosterone and 5 alpha-dihydrotestosterone effec-
tively prevented this rise in bone turnover. 

 In severely burned male patients (>70 % TBSA), the supplementation of testos-
terone has been shown to attenuate muscle catabolism and improve protein synthe-
sis and LBM [ 38 ]. However, testosterone may cause signifi cant side effects such as 
virilization and hepatotoxicity. Testosterone also causes premature epiphyseal mat-
uration [ 39 ]. It may therefore be inappropriate in burned children, who may already 
be predisposed to premature epiphyseal maturation [ 4 ]. Alternatives may also be 
necessary in women to avoid virilization. 

 The non-aromatizable androgen, oxandrolone, is a synthetic orally active testos-
terone derivative. Oxandrolone has lower hepatotoxicity and only 5 % of the viril-
izing activity of testosterone. It is less androgenous than testosterone, but has been 
implicated in causing premature puberty in some case studies [ 40 ]. Oxandrolone is 
therefore favored for use in treating women and prepubescent boys. In skeletal mus-
cle, oxandrolone binds to intracellular androgen receptors (ARs). The androgen 
receptor–oxandrolone complex then moves to the cell nucleus and binds to DNA, 
stimulating protein synthesis and anabolism. 

 The hypothesis that oxandrolone positively improves bone health is derived from 
both basic science and clinical studies. In 2007, Bi et al. investigated whether oxan-
drolone increased osteoblastic production of type I collagen and whether this action 
occurs via oxandrolone transactivating the androgen receptor (AR), a mediator of 
androgen activity [ 41 ]. Thirty micrograms per milliliter oxandrolone was suffi cient 
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to transactivate the AR, as shown by increased fl uorescence in the nuclei of 
 oxandrolone-treated osteoblasts. Control cultures did not fl uoresce. Fifteen micro-
grams per milliliter and 30 μg/mL oxandrolone-treated osteoblasts expressed sig-
nifi cantly more type I collagen than controls, as confi rmed by immunohistochemistry 
and immunoquantitative assays. Oxandrolone also increased expression of alkaline 
phosphatase (ALP), a marker of osteoblast activity, in a dose-dependent manner. 
Levels of osteocalcin, a marker of bone turnover, mirrored ALP and were signifi -
cantly greater in 10, 15, and 30 μg/mL oxandrolone-treated cultures as compared 
with controls. These results suggest that oxandrolone may act directly on the osteo-
blast in addition to effects that result in increasing skeletal loading [ 41 ]. Similar 
results to this in vitro study were observed in murine models [ 42 ]. Although serum 
levels of ALP rose following oxandrolone administration, this also occurs 
3–6 months following an increase in LBM, so the in vivo applicability of Bi et al.’s 
fi ndings remains unclear [ 43 ]. 

 Oxandrolone is the only androgenic steroid that is FDA approved to maintain 
body weight in catabolic states, including AIDS, major surgery, infections, malnu-
trition, and neuromuscular diseases. Oxandrolone’s androgenic properties have also 
been harnessed since the 1970s to stimulate growth in children with constitutional 
short stature or other causes such as Turner’s syndrome [ 44 – 46 ]. Some studies have 
actually found oxandrolone to be more effi cacious than rhGH in children with con-
stitutional growth delay [ 47 ]. In burned children, several studies (discussed below) 
have demonstrated that oxandrolone attenuates hypercatabolism and increases 
LBM, BMC, strength, and BMD [ 43 ,  48 – 50 ].  

    Clinical Trials: Oxandrolone 

 Several studies have investigated the effects of oxandrolone on BMC in burned 
children (Table  9.2 ). The fi rst was a single center study by Murphy et al. in 2004 
[ 43 ]. A double-blinded randomized controlled trial (RCT) was performed to inves-
tigate the effect of twice-daily oral oxandrolone (0.1 mg/kg) in pediatric patients 
(ages 0.5–18 years). Eighty-four children in total were randomized into demograph-
ically matched treatment and control arms ( n  = 42 per group). Oxandrolone treat-
ment began at discharge and continued for 1 year. Baseline bone measurements 
included LBM, BMC, and BMD via dual energy X-ray absorptiometry (DEXA). 
Serum osteocalcin levels were also measured. Measurements were repeated at 6, 9, 
and 12 months after the burn and the experience of side effects was explored via 
patient questionnaires.

   Oxandrolone signifi cantly increased LBM in burned children whereas the con-
trol group lost an additional 4.5 % of their LBM in their 6-month post-burn period. 
The treatment group consistently showed signifi cant rises in LBM at every follow-
up assessment. A signifi cant 15 % improvement in BMC was observed in the oxan-
drolone group compared with a smaller 4 % rise in the control group. The majority 
of bone deposition occurred between 9 and 12 months. A steeper rise in BMC was 
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seen in the oxandrolone group. From 6 months onwards, the treated group had 
 signifi cantly higher levels of ALP compared to controls, which continued up to the 
12-month point. With regard to adverse events, clitoromegaly was seen in two sub-
jects, although the authors hypothesized that post-burn edema was a more likely 
explanation since the clitoral hypertrophy resolved after drug discontinuation. 

 Murphy’s study provided the fi rst evidence that oxandrolone could improve bone 
formation in severely burned children. However, since BMC improvements occurred 
6 months after LBM rises, these data did not explain the exact mechanism by which 
oxandrolone promotes bone formation. At least two possibilities exist: oxandrolone 
either directly stimulates bone-forming osteoblasts or fi rst increases LBM, causing 
increased skeletal loading and, hence, increased BMC [ 41 ]. Although the rise in 
BMC likely leads to reduced fracture risk, longer follow-up was required to investi-
gate this further. 

 A study by Przkora et al. investigated the effects of oxandrolone in severely 
burned pediatric patients up to 2 years after the burn [ 48 ]. The 2-year period com-
prised of twice-daily oral oxandrolone (0.1 mg/kg) for the 12 months immediately 
post-burn followed by a further 12 months of follow-up after the drug was discon-
tinued. Sixty-one pediatric patients with burns covering more than 40 % of their 
TBSA were included and randomized to oxandrolone ( n  = 30) or placebo ( n  = 31). 
At 18 and 24 months, there were signifi cantly more patients from the oxandrolone 
group with heights above the 25th percentile. Contrary to the fi nding by Murphy 
et al. [ 43 ] LBM rise did not precede BMC rise. Both variables were signifi cantly 
better in the oxandrolone group at 12 months. However, there was no evidence of 
premature epiphyseal plate closure which has been demonstrated in other studies 
[ 4 ]. Three patients with perineal burns suffered clitoral hood edema, which, as in the 
previous study, resolved after drug discontinuation. 

 One of the main fi ndings of Przkora et al.’s study in relation to bone health was 
that although the positive effects of oxandrolone on LBM and BMC were only seen 
during the treatment period, height and weight percentiles were signifi cantly 
improved even after the discontinuation of treatment. Another important suggestion 
was that since oxandrolone did not cause premature epiphyseal fusion, height 
improvements were likely to be permanent. However, the authors conceded that 
larger series were needed to study the effects of diet and exercise, to assess whether 
the frequency, duration, and intensity of growth spurts were affected by oxandro-
lone treatment. Continuation of oxandrolone for at least 2 years was deemed neces-
sary in order to evaluate its effect on functionality, rather than weight and height 
gains alone, along with other clinical outcomes such as bone fracture risk. 

 A further study was therefore undertaken to investigate outcomes of oxandrolone 
treatment at 5 years post-burn. Burned pediatric patients ( n  = 222, ages 0.5–18 years, 
>30 % TBSA burn) were randomized to receive either oxandrolone ( n  = 70) or pla-
cebo ( n  = 152). Oxandrolone was given at 0.1 mg/kg twice daily for 12 months after 
the burn. Measurements of osteocalcin, LBM, BMC, and BMD were made at dis-
charge, 6, 9, 12, 18, and 24 months after burn, then annually up to 5 years post- burn. 
Bone age was calculated at each time point using radiographs of patients’ hands 
and knees. Height velocities were not signifi cantly different between the groups at 
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3 years post-burn, although signifi cance was seen at 2 years post-burn. Patients 
receiving oxandrolone had positive change in height percentiles whereas controls 
had negative changes. These differences were only signifi cant up to 2 years post-
burn. Growth arrest was signifi cantly more likely to occur in the control group. 
Oxandrolone was most benefi cial to patients who were aged between 7 and 18 years 
at the time of injury. These children had a signifi cantly greater gain in BMC than 
age-matched controls from 2 to 5 years post-burn. The differences in LBM 
approached but did not reach signifi cance ( p  = 0.06) at any time point. No viriliza-
tion was observed and bone ages did not differ signifi cantly between the groups. As 
in the previous studies, the patients who suffered clitoral edema ( n  = 3) had full 
reversal of the hypertrophy within 3 months of discontinuing treatment. 

 These results support the previous fi nding of sustained improvements in growth 
2 years post-burn in children receiving oxandrolone for 12 months immediately 
after the burn. In the 7–18 age groups, gains in BMC persisted up to 5 years post- 
burn. However, this study was not powered to determine eventual adult heights of 
these children. Side effects were minimal and easily reversible.  

    Summary and Potential Implication of Findings 

 In addition to attenuating hypermetabolism, oxandrolone and growth hormone have 
long-term bone-protective properties in pediatric burn patients. These drugs are 
relatively safe to administer to burned children for periods of up to a year following 
thermal injury. These drugs are therefore useful additions to consider in multifac-
eted burn management and rehabilitation programs. However, several questions 
remain unanswered and require consideration before universal adoption of these 
treatments. 

 Several drugs, apart from oxandrolone and GH, have been shown to reduce the 
metabolic sequelae of burn injury including the beta-blocker propranolol, metfor-
min, insulin, and incretin analogues [ 31 ]. It is likely that optimum treatment regi-
mens will integrate concurrent use of two or more of these drugs. It is therefore 
important to further delineate the specifi c roles each drug would have in such a 
pharmaceutical cocktail. Comparative studies have not yet been performed to ascer-
tain the most effi cacious protocol. For example, oxandrolone has been administered 
as an adjunct to GH in other conditions. It is thought to reduce the waning effect 
often seen during sole GH therapy [ 51 ,  52 ], as well as increasing the sensitivity of 
somatotrophs to GH [ 53 ]. This has not yet been investigated in burn cohorts. Studies 
comparing the effects of sole GH and sole oxandrolone therapy or combined GH 
and oxandrolone may defi ne additive benefi cial effects but may also identify unfa-
vorable effects. 

 It is important to note that these drugs comprise only one aspect of a multifaceted 
approach to burn management. As large burn injuries present long-term biological, 
psychological, and social challenges to patients, it is important to also investigate 
the long-term biopsychosocial functional recovery of these patients. Despite these 
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limitations, the discussed studies provide the fi rst data on pediatric outcomes up to 
5 years post-burn. Further studies, particularly on long-term quality of life, will 
provide additional variables to factor into cost–benefi t analyses.     
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           Introduction 

 Calcium and vitamin D play an important and interconnected role in bone health 
across the age spectrum. Vitamin D is a prohormone that exerts critical effects on 
calcium homeostasis via the actions of its metabolite, calcitriol [ 1 ,  2 ]. As is illus-
trated by cases of severe calcium and/or vitamin D defi ciency resulting in rickets 
and osteomalacia, these nutrients are essential for the normal growth and mainte-
nance of the skeleton. Childhood and adolescence are a particularly important time 
for the acquisition of bone mass that occurs during periods of rapid growth [ 3 ,  4 ]. 
The effects of calcium and vitamin D intake on the improvement of pediatric skel-
etal health, as well as the optimal method of calcium and vitamin D administration, 
have received increasing attention over the past decade. However, studies focusing 
on short- and long-term outcomes are currently limited in this population. As a 
result, controversies remain regarding the use of calcium and vitamin D as pediatric 
bone drugs. 

 This chapter will review the dietary and supplemental sources, metabolism, and 
physiology of calcium and vitamin D, along with the effects of these nutrients on 
the skeleton. Focusing in particular on pediatric studies, we will discuss the medical 
literature that has shaped our understanding of calcium and vitamin D requirements 
across infancy, childhood, and adolescence. Current recommendations regarding 
the supplementation of calcium and vitamin D in the healthy pediatric population, 
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as well as those young patients who are at risk for vitamin D defi ciency and/or low 
bone density, will be reviewed, along with approaches to the treatment of rickets 
and vitamin D defi ciency.  

    Calcium Metabolism and Physiology 

 Calcium is required for multiple cellular and tissue functions, exhibited in a variety 
of different mechanisms. Complexed with phosphate, calcium forms hydroxyapa-
tite, the primary mineral in bone that provides strength and hardness to the skeleton. 
Ninety-nine percent of the body’s calcium is contained in bone, which serves as the 
primary reservoir for this mineral. Only a small fraction of the body’s calcium cir-
culates in plasma, where it is available for function as an intracellular messenger 
involved in vascular reactivity, nerve conduction, muscle contraction, and hormone 
secretion and action [ 5 ]. Tight control of blood calcium is required to maintain these 
adequate cellular functions, representing a highly regulated balance of dietary 
intake, intestinal absorption, bone formation and resorption, and urinary excretion. 
Parathyroid hormone (PTH) and vitamin D, through its activated form calcitriol, are 
the primary regulators of this critical calcium balance [ 6 – 8 ]. 

 Calcium is absorbed through the intestinal mucosa through a combination of 
active and passive transport. Active transport is under the control of calcitriol, which 
acts on vitamin D receptors (VDRs) in intestinal cells, primarily in the duodenum 
[ 9 ,  10 ]. Passive transport occurs throughout the intestine across electrochemical 
gradients between the lumen and serosa [ 11 ]. Because calcium is absorbed pas-
sively down a gradient, this process typically occurs under conditions of higher 
calcium intake, and active transport increases during times of low-to-moderate cal-
cium intake in response to increased calcitriol levels. Selective calcium channels of 
the transient receptor potential (TRP) family of membrane proteins, particularly 
TRPV6, are expressed in intestinal epithelial cells and play an important role in 
calcium absorption [ 12 ,  13 ]. In general, approximately 25 % of ingested calcium is 
absorbed, and this amount can vary based on multiple factors including calcium 
intake, vitamin D status, and age [ 14 – 16 ]. For example, when calcium intake is low, 
the fraction of calcium absorbed rises, mediated by increased active transport, to 
improve calcium availability. In addition, age has a signifi cant effect on intestinal 
calcium absorption, and the fraction of calcium absorbed is highest in infants and 
adolescents and declines with age in adulthood [ 16 – 19 ]. 

 Calcium homeostasis is also maintained by the kidney and skeleton. 
Approximately 98 % of fi ltered calcium is reabsorbed by passive or active pro-
cesses in the kidney throughout the proximal tubule, loop of Henle, distal tubule, 
and collecting ducts, mediated by a number of mechanisms including PTH, the 
calcium sensing receptor, and calcitriol. Epithelial TRPV5 channels, similar in 
structure to intestinal TRPV6 proteins, are involved in this renal calcium  reabsorption 
[ 20 ,  21 ]. The skeleton, as the primary storage reservoir for calcium and phosphate, 
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also plays a critical role in maintaining normal serum calcium concentrations. The 
balance of bone formation and bone resorption is mediated by complex interactions 
from multiple hormonal controls and cellular actions that will be reviewed in fur-
ther detail below.  

    Vitamin D Metabolism and Physiology 

 Vitamin D exists in two forms, vitamin D2 (ergocalciferol) and vitamin D3 (chole-
calciferol), whose chemical structure varies based on differences in side chain struc-
ture (Fig.  10.1 ). Vitamin D2 is primarily plant-derived (from yeast), whereas vitamin 
D3 is synthesized in the skin and is present in animal-based foods such as oil-rich 
fi sh. The primary source of vitamin D in humans has historically been production of 
vitamin D3 in the skin from UV exposure. Both forms of vitamin D are used in food 
fortifi cation and are available in a supplement form.    Food sources such as milk and 
orange juice are fortifi ed with approximately 400 IU (international unit)/L of vita-
min D3, and other foods such as some bread products, cereals, yogurt, and cheeses 
can also be vitamin D fortifi ed (Table  10.1 ) [ 22 ].

    Both vitamin D2 and vitamin D3 are converted in the liver to 25-hydroxyvitamin 
D [25(OH)D], also known as calcidiol, which is the primary storage form and pri-
mary metabolite of vitamin D that circulates in human blood. Because of its long 
half-life and direct relationship to vitamin D exposure and supply, 25(OH)D is con-
sidered to be the best indicator of total body vitamin D status [ 22 – 24 ]. The metabo-
lite, 25(OH)D, is converted to the activated form of vitamin D, 1,25-dihydroxyvitamin 
D [1,25(OH)2D or calcitriol], by 1-alpha-hydroxylase (CYP27B1) in the kidney [ 1 ]. 

  Fig. 10.1    Molecular structure of D2 and D3       
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Calcitriol synthesis comprises a tightly regulated process controlled primarily by 
PTH and fi broblast growth factor 23 (FGF23). PTH acts to increase calcitriol levels 
by up-regulating 1-alpha-hydroxylase, whereas FGF23 down-regulates this 
enzyme’s activity and subsequently decreases circulating calcitriol levels. In an 
important feedback loop, calcitriol can then suppress PTH secretion via action on 
VDRs in parathyroid cells [ 25 ]. In addition, calcitriol functions to regulate itself by 
ensuring a net positive calcium balance through increased calcium availability, 
which subsequently decreases the stimulus for PTH secretion. The metabolism of 
vitamin D is illustrated in Fig.  10.2 .

   The primary role of calcitriol is to maintain calcium and phosphate homeostasis. 
Through interaction with the VDR in the nuclei of target cells, calcitriol acts to 
increase the availability of calcium in the blood by three primary mechanisms: (1) 
stimulation of intestinal calcium absorption through active transport processes (2), 
mobilization of calcium from bone (with PTH), and (3) increased renal distal tubule 
calcium reabsorption. Calcitriol also affects phosphate metabolism, though this 
mechanism of action is less clear. Calcitriol stimulates increased intestinal phos-
phate absorption along with calcium and also induces FGF23 synthesis by osteo-
cytes, thus exerting both positive and negative effects on phosphate levels. 

 As detailed above, active calcium absorption in the intestine is mediated by cal-
citriol action on VDRs among intestinal cells. In adults, studies have suggested that 
intestinal calcium absorption varies by serum 25(OH)D level, ranging from 10 to 
15 % without vitamin D present, to 30–40 % in vitamin D suffi cient states [ 26 ,  27 ]. 
During puberty, an increase in calcitriol production allows for increased intestinal 

    Table 10.1    Food sources of vitamin D and calcium   

 Dietary sources of calcium and vitamin D  Calcium content  Vitamin D content 

 Breast milk  250 mg/L  16 IU/L 
 Standard infant formula (8 oz)  130 mg  100 IU 
 Fortifi ed milk (8 oz)  300 mg  100 IU 
 Fortifi ed almond or soy milk (8 oz)  300 mg  100 IU 
 Cheese (1 oz)  200–300 mg  30 IU 
 Yogurt (6 oz)  250 mg  200 IU 
 Ice cream (4 oz)  100 mg  – 
 Fortifi ed tofu (4 oz)  435 mg  50 IU 
 Fortifi ed juice (8 oz)  300 mg  100 IU 
 Fortifi ed cereal (1 serving)  1,000 mg  400 IU 
 Egg (1)  43 mg  20–40 IU 
 Almonds (24 nuts)  70 mg  – 
 Dark leafy vegetables (4 oz cooked)  50–135 mg  – 
 Beans (4 oz)  60–80 mg  – 
 Canned fi sh with bones (salmon, mackerel, sardine, 

tuna) 3.5 oz 
 70–100 mg  230–600 IU 

 Fresh salmon, wild (3.5 oz)  –  600–1,000 IU 
 Fresh salmon, farmed (3.5 oz)  –  100–250 IU 
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calcium absorption to ensure adequate calcium availability during peak bone accrual 
that occurs during this period of rapid growth [ 28 ,  29 ]. 

 Calcitriol also acts in concert with PTH to mobilize calcium from bone by stimu-
lating bone resorption via inducing the expression of the receptor activator of 
nuclear factor kappa-B (RANK) ligand, which induces osteoclast differentiation 
and activation [ 30 ]. There may also be a possible direct anti-resorptive effect of 
calcitriol on bone [ 31 ]. At the same time, calcitriol positively affects bone mineral-
ization by ensuring the availability of calcium and phosphate through the above- 
mentioned intestinal and renal effects on the absorption of these nutrients.  

    Effects of Calcium and Vitamin D on the Skeleton 

 Recently, calcium and vitamin D have received signifi cant attention regarding their 
role in pediatric and adult bone health. The amount of vitamin D and/or calcium 
supplementation required for optimal bone accrual and maintenance, as well as for 
the prevention of bone loss across the age spectrum, is controversial. In addition, 
the optimal 25(OH)D concentration to ensure skeletal health, including at what 
level bone turnover markers, PTH, and gut calcium absorption are optimized, is 
under debate. 

  Fig. 10.2    The metabolism of vitamin D and its major effects on calcium regulation       
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 Despite these uncertainties, it is well known that calcium and vitamin D are 
important to maintain skeletal integrity. This point is perhaps best illustrated by the 
physiological changes noted within the setting of calcium and/or vitamin D defi -
ciency. When a negative calcium balance occurs, PTH secretion is stimulated, lead-
ing to increased calcitriol production, which in turn stimulates intestinal and renal 
calcium absorption. Increased bone resorption from enhanced osteoclastogenesis 
may also ensue. This secondary hyperparathyroidism maintains normal blood cal-
cium concentrations, but does so at the expense of calcium loss from bone. Thus, 
vitamin D and/or calcium defi ciency can cause secondary osteoporosis, and in more 
severe cases, defi ciency can result in inadequate mineralization of osteoid, leading 
to rickets in children and osteomalacia in adults. 

    Rickets and Osteomalacia 

 Calcipenic rickets occurs in the setting of insuffi cient calcium substrate to accom-
modate the needs of the growing pediatric skeleton. This condition is marked by 
defective mineralization of cartilage in the epiphyseal growth plates and failure of 
normal mineralization of newly formed osteoid. Classic features of rickets include 
widening of the long bone epiphyses, progressive bowing of the limbs (genu varus 
or valgus), craniotabes, delayed closure of fontanelles, parietal and frontal bossing, 
rachitic rosary from enlargement of the costochondral junctions of the ribs, hypo-
plasia of dental enamel, muscle weakness, and bone pain. In severe cases, hypocal-
cemia can result in seizures, particularly in infants less than a year of age [ 32 ]. 

 Nutritional rickets can be due to inadequate calcium and/or phosphorus, insuffi -
cient vitamin D (from diet and/or sun exposure), or a combination of both. Low 
calcium intake of less than 200–300 mg/day has been associated with an increased 
risk of rickets, although the exact amount of calcium intake required to prevent 
rickets is unclear [ 33 ]. Similarly, the degree of vitamin D defi ciency associated with 
the development of nutritional rickets is not well defi ned. However, in a recent 
review, a serum 25(OH)D concentration below 11 ng/mL (27.5 nmol/L) was found 
to be consistently associated with rickets, although the level above which rickets did 
not occur could not be determined [ 34 ]. Concurrent low calcium intake may also 
increase the level of vitamin D required for rickets prevention. 

 Nutritional rickets is a worldwide problem, most common in underdeveloped 
nations, but also occurring in industrialized countries. Although rickets may be less 
prevalent in the United States, one review noted at least 166 case reports of nutri-
tional rickets identifi ed between 1986 and 2003 [ 35 ], and the incidence appears to 
have risen over the past decade [ 36 ]. Patients at risk for rickets include infants who 
are solely breast-fed (due to low amounts of vitamin D present within breast milk), 
children with dark skin pigmentation, premature infants, and malnourished chil-
dren. In addition, children with chronic medical disorders may be at high risk for 
rickets, particularly those with gastrointestinal malabsorption, pancreatic insuffi -
ciency, renal insuffi ciency, liver disorders, signifi cant burn injury, and receiving 
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medications that alter vitamin D metabolism (i.e., anticonvulsant and antiretroviral 
medications) [ 32 ]. In children who have sustained burn injuries, cutaneous vitamin 
D synthesis is not normal even a year after the burn. Interestingly, unburned 
adjacent skin has similarly decreased conversion of 7-dehydrocholesterol to 
1,25-dihydroxyvitamin D3 [ 37 ]. Moreover, the vitamin D defi ciency after the burn 
injuries is progressive, with low 25(OH)D levels noted 2 years postburn, while 
1,25(OH)2D levels are normal [ 38 ]. 

 Underlying genetic abnormalities can also result in the development of rickets, 
either by affecting the production of calcitriol or by inducing resistance to the 
actions of vitamin D. For example, vitamin D-dependent rickets type 1 is an autoso-
mal recessive disorder that causes abnormally low activity of 1-alpha-hydroxylase 
leading to low calcitriol levels. This results in the classic skeletal manifestations of 
rickets and can cause signifi cant hypocalcemia, typically presenting in the fi rst year 
of life. Treatment includes calcitriol administration along with adequate calcium 
intake [ 39 ,  40 ]. Hereditary vitamin D-resistant rickets, formerly known as vitamin 
D-dependent rickets type 2, is an autosomal recessive condition that causes cal-
citriol resistance due to a mutation in the VDR gene. Patients typically present in the 
fi rst several years of life with skeletal fi ndings, including rachitic changes and often 
alopecia [ 41 ,  42 ]. In these patients, increased calcium supplementation or intrave-
nous calcium infusions may be effective in treating rickets [ 43 – 46 ]. In the setting of 
end-organ resistance to vitamin D, the fact that calcium alone can treat this condi-
tion illustrates the important point that one of the principal roles of vitamin D is 
related to its effects on calcium availability, and that calcium (along with phospho-
rus) may be more critical than vitamin D in regard to effects on bone. 

 After closure of the growth plates, severe calcium and/or vitamin D defi ciency 
can result in defective mineralization referred to as osteomalacia. Histologically, the 
resulting bone is marked by an abundance of undermineralized osteoid. This is not 
an uncommon fi nding in the general adult population and contributes to increased 
bone fragility [ 47 – 50 ]. Like rickets, the specifi c serum 25(OH)D concentration that 
leads to the development of osteomalacia is unknown, although a recent study of 
postmortem bone biopsies and blood 25(OH)D levels among 675 adults, aged 
20–100 years, suggested that osteomalacia is most likely to occur at a 25(OH)D 
level below 20 ng/mL and does not occur at levels above 30 ng/mL [ 51 ]. 

 Treatment approaches for rickets and osteomalacia with calcium and vitamin D 
will be reviewed later in this chapter.   

    Calcium and Pediatric Bone Health 

    Calcium Requirements in the Pediatric Population 

 Bone accretion occurring in growing infants, children, and adolescents leads to 
varying calcium requirements across the age spectrum. Infancy in particular is a 
time of high calcium requirement, typically met with a combination of high 
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intestinal calcium absorption and high calcium content in breast milk and/or 
 formula. Premature infants require even higher amounts of calcium due to the high 
rate of growth and bone mineralization that occurs in the third trimester, and these 
infants typically require fortifi ed formula with a dose of calcium of 80–120 mg/kg/
day in addition to that received in milk, for a total of 200 mg/kg/day [ 52 ]. If this 
calcium need is not met, these infants are at risk for “osteopenia of prematurity” 
(previously known as “rickets of prematurity”). In term infants, total body calcium 
mass at birth is estimated at 30 g, increasing to approximately 80 g by 12 months of 
age [ 53 ,  54 ]. To account for this gain, calcium accretion rate approximates 100 mg/
day during the fi rst year of life [ 55 ], which is readily available in breast milk and 
infant formulas. 

 Calcium absorption in infants is initially primarily passive [ 56 ,  57 ] and then 
gradually involves more active transport [ 58 ]. Breast-fed infants have the highest 
calcium absorption rate at approximately 60 %, and this rate is somewhat lower in 
formula-fed infants at 30–40 %, compensated by the higher calcium content in for-
mula compared to breast milk [ 19 ,  55 ,  59 ,  60 ]. According to the recent guidelines 
of the Institute of Medicine (IOM), the recommended daily allowance (RDA) for 
infants 0–6 months is 200 mg/day, and increases to 260 mg/day from 6 to 12 months 
as solid foods are introduced [ 61 ]. 

 Bone growth and calcium accrual continue into childhood and reach a peak dur-
ing adolescence. In children, average calcium accretion rate is estimated at approxi-
mately 140 mg/day, increasing to 140–160 mg/day as puberty approaches [ 55 ,  62 , 
 63 ].    The pubertal growth spurt leads to increases in bone mass and size, such that up 
to 40 % of bone mass is acquired in a 3- to 5-year period [ 3 ,  64 ]. The average cal-
cium accretion during this period varies by gender ranges from 90 to 200 mg/day 
[ 65 ] and can peak at 300–400 mg/day [ 66 ]. At the completion of puberty, a small 
amount of bone accretion may occur after the age of 20 years, although at a much 
lower rate [ 67 ], and peak bone mass is typically reached by age 30 years [ 68 ]. To 
accommodate this increased calcium requirement during adolescence, intestinal 
calcium absorption rises as puberty progresses, from approximately 28 % during 
childhood to 34 % during adolescence, and back down to 25 % thereafter [ 18 ]. This 
increased absorption is primarily mediated through rise in circulating PTH concen-
trations, leading to higher calcitriol levels [ 29 ]. In order to meet these calcium 
needs, the IOM has set the RDA for calcium as 700 mg/day in ages 1–3 years, 
1,000 mg/day in 4–8 years, and 1,300 mg/day in 9–18 years [ 61 ].  

    Pediatric Studies Evaluating the Effects of Calcium 
on Bone Health 

 Although it is clear that insuffi cient calcium intake is harmful to skeletal health, 
whether calcium intake above this amount, particularly via calcium supplementa-
tion, is benefi cial is less apparent. A majority of studies assessing calcium intake and 
bone health have been performed in adults, particularly focusing on postmenopausal 
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women and patients with osteoporosis. These studies have confi rmed the  importance 
of adequate calcium intake in maintaining bone health in adults and have driven 
recommendations for daily calcium requirements. Although less well represented 
than in the adult literature, multiple studies evaluating calcium intake and bone 
health in pediatrics have been performed, providing important insights into our 
understanding of this complex issue. 

 As detailed above, calcium requirements in infants are primarily met in breast 
milk and formula, allowing for bone accrual to occur. Whether additional calcium 
during this period improves long-term bone health is unclear. In one study, prema-
ture infants receiving formula with 700 mg/L of calcium had greater bone mineral 
content (BMC) at a corrected gestational age of 3 and 9 months compared to those 
receiving formula with 350 mg/L [ 69 ]. However, other studies suggest that the 
effects of higher calcium intake on bone mass accrual in infancy may be transient 
[ 70 ,  71 ], and further studies are required. 

 More data are available assessing calcium interventions in childhood and adoles-
cence. Multiple randomized controlled trials have been performed in this popula-
tion, and the majority have suggested neutral or modest improvement in bone 
outcomes. Several studies have suggested that bone mineral density (BMD) and 
bone accretion are improved with calcium intake that is increased above a baseline 
of 900 mg/day [ 72 – 78 ]. However, other studies suggest that this may only be a 
transient effect [ 79 – 81 ]. For example, in a trial of adolescents in the United States 
ages 15–18 years, improvement in hip and forearm BMD was noted after calcium 
supplementation [ 78 ]. A 3-year randomized controlled trial evaluated the effect of 
1,000 mg of calcium supplementation compared to placebo in twins, revealing 
increased BMD in prepubertal supplemented subjects, although not in pubertal or 
postpubertal subjects [ 72 ]. A meta-analysis of 19 trials involving 2,859 subjects 
treated with calcium supplementation at a dose of 300–1,200 mg daily showed a 
1.7 % increase in upper limb BMD compared to placebo, without an effect on other 
sites [ 82 ,  83 ]. Overall, these studies suggest that increased calcium intake and sup-
plementation may increase skeletal size and mineralization, although it is unclear 
whether the effect is sustained. 

 The effect of calcium supplementation on fractures in the pediatric population is 
also unclear. In the above-mentioned meta-analysis, there was uncertain benefi t on 
fracture rate [ 82 ,  83 ]. Epidemiologic studies suggest that there is an inverse associa-
tion between calcium intake and childhood fracture rate [ 84 – 88 ]. For example, one 
case–control study in 100 Caucasian girls aged 3–15 years with distal forearm frac-
tures and 100 controls without fractures found that older girls with fractures reported 
lower calcium intake than controls [ 85 ]. Another study suggested a decreased odds 
ratio for fracture in children, mean age 14 years, with higher calcium intake [ 88 ]. 

 The effect of calcium supplementation in childhood and adolescence on the 
future development of low bone density and osteoporosis in adulthood also remains 
to be elucidated. Although intuitively it would be reasonable to hypothesize that any 
intervention that could optimize the achievement of peak bone mass might improve 
bone health into adulthood, this has not been proven to date in prospective long- 
term interventional studies. In observational and retrospective studies, there may be 
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a suggestion of support for this hypothesis. For example, BMD measured by pQCT 
of the dominant radius in postmenopausal women correlated with retrospective 
recall of dietary history of calcium intake in childhood [ 89 ]. Given the limits of this 
type of data, the question remains as to the long-term effi cacy of calcium supple-
mentation on future osteoporosis risk.   

    Vitamin D and Bone Health in the Pediatric Population 

    Defi ning Vitamin D Defi ciency and Suffi ciency 

 The level of 25(OH)D required for the optimization and maintenance of bone health 
is controversial, and recommendations from different academic and professional 
medical societies vary. Many of the studies used in the determination of defi nitions 
for vitamin D defi ciency and suffi ciency have primarily involved adults, and data in 
the pediatric population are limited. In assessing optimal vitamin D status, studies 
have focused on determination of the PTH plateau (i.e., the 25(OH)D level at which 
PTH levels stabilize), calcium absorption studies, bone turnover markers, BMD 
measures, and fracture outcomes. Because many of these factors are affected by 
multiple confounders, such as concurrent calcium intake, age, and sunlight expo-
sure, it has been diffi cult to establish consensus on this issue. 

 In adults, several studies have evaluated the association between serum 25(OH)
D and PTH concentrations to determine whether there is a minimum 25(OH)D level 
that elicits a rise in PTH, as well as the maximum level of 25(OH)D at which PTH 
no longer declines. This is referred to as the PTH plateau. Initial infl uential studies 
in adults suggested that a PTH plateau occurs at a 25(OH)D level of 30 ng/mL 
(75 nmol/L) [ 90 ,  91 ]. However, this has been called into question, and more recent 
data suggest that there may not be an absolute threshold of 25(OH)D at which the 
PTH plateau occurs, but rather this may range from a 25(OH)D level as low as 
12 ng/mL (30 nmol/L) to over 50 ng/mL (125 nmol/L) depending on multiple other 
confounding factors [ 92 ]. In the pediatric population, fewer studies have evaluated 
this question, and a clear point of PTH infl ection based on 25(OH)D level has not 
yet been identifi ed in children and adolescents [ 93 ]. 

 Calcium absorption studies have also been used as a consideration for determin-
ing the ideal serum concentration of 25(OH)D that maximizes intestinal absorption 
of calcium, as this has important implications on calcium availability for bone 
health. In adults, a threshold of 32 ng/mL (80 nmol/L) was suggested as the level at 
which maximal effi cacy in intestinal calcium absorption is reached [ 27 ]; however, 
other studies in adults have suggested that calcium absorption is not necessarily 
optimized at levels above 30 ng/mL [ 17 ,  94 ,  95 ]. Studies addressing this question in 
children are fewer. In one dual-labeled calcium absorption study in 251 children and 
adolescents ages 5–17 years, higher 25(OH)D level was not found to affect total or 
fractional calcium absorption in school-age children, and there was a modest effect 
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of higher 25(OH)D on calcium absorption in early pubertal subjects [ 96 ]. In this 
study, highest calcium absorption was noted at the range of 11–20 ng/mL. Other 
pediatric studies have also suggested that calcium absorption may not necessarily be 
increased with the achievement of a higher 25(OH)D level [ 97 ,  98 ]. 

 Adult studies have also illustrated that bone turnover markers are affected by 
circulating 25(OH)D level, such that higher 25(OH)D levels were associated with 
lower bone turnover markers such as serum osteocalcin and C-telopeptides, and 
urinary N-telopeptides [ 99 ]. In children, cross-sectional studies have similarly indi-
cated that an inverse association exists between bone turnover markers and serum 
25(OH)D, with lower markers of bone resorption with an improved vitamin D status 
[ 100 – 102 ]. In clinical trials of vitamin D supplementation in children and adoles-
cents, effects on markers of bone turnover have been varied, with some reporting a 
decline in bone resorption markers [ 103 ], an increase in bone formation markers 
[ 104 ], or no change [ 105 ,  106 ]. 

 Studies assessing associations between serum 25(OH)D concentration and both 
BMD and fracture risk have primarily focused on adults, with a particular emphasis 
on postmenopausal women because this population is at highest risk for osteoporo-
sis and fracture. Although out of the scope of this chapter, observational data have 
supported the association of higher 25(OH)D with improved BMD and reduced frac-
ture risk, although randomized controlled trials have yielded more variable results 
[ 34 ,  107 ]. Clinical studies assessing these outcomes in children, as well as how this 
affects future adult BMD and fracture risk, will be reviewed in more detail below. 

 Based on the above data regarding vitamin D and skeletal outcomes, the Institute 
of Medicine 2010 Report redefi ned vitamin D suffi ciency in the healthy pediatric 
and adult population as a 25(OH)D level above 20 ng/mL and vitamin D insuffi -
ciency as less than 20 ng/mL [ 61 ], a level that is lower than many experts have 
recommended [ 22 ,  108 ,  109 ]. The IOM Committee interpreted available data as 
showing that higher serum 25(OH)D levels were not consistently associated with 
greater benefi t, and possible U-shaped associations were seen with some outcomes 
suggesting that both high and low levels of 25(OH)D may be associated with greater 
risk of negative skeletal outcomes [ 61 ]. In contrast, The Endocrine Society pub-
lished a Clinical Practice Guideline aimed at pediatric and adult individuals at risk 
for vitamin D defi ciency or low bone density, defi ning vitamin D suffi ciency in 
these patients as a 25(OH)D level above 30 ng/mL, vitamin D insuffi ciency as a 
level 20–30 ng/mL, and vitamin D defi ciency as a level less than 20 ng/mL [ 110 ]. 
Future studies will be required to determine the long-term effects of these recom-
mendations, particularly in children as they progress to adulthood.  

    Studies Evaluating Vitamin D and Bone Health 
in the Pediatric Population 

 In the following section, the important observational studies, randomized control 
trials, meta-analyses, and reviews involving infants, school-age children, and ado-
lescents will be reviewed. 

10 Pediatric Bone Drugs: Calcium and Vitamin D



164

    Infants 

 During development, fetal 25(OH)D concentrations are dependent on transplacental 
passage of vitamin D from the mother; therefore, 25(OH)D levels in neonates are 
directly related to mother’s vitamin D status. Apart from the previously presented 
data on rickets, the effects of vitamin D on bone health in infants and long-term 
repercussions are largely unknown. Studies in a relatively small number of infants 
have shown inconsistent results regarding associations between serum 25(OH)D 
levels and BMC in this age group [ 111 – 116 ]. Although some case–control studies 
suggest a direct association between BMC and 25(OH)D [ 113 ,  114 ], clinical trials 
have not confi rmed this fi nding. In a randomized controlled trial of 18 breast-fed 
infants testing 400 IU as a supplementation dose, the treated infants had higher 
25(OH)D levels and a transient increase in BMC at the radius at 12 weeks, although 
BMC changes did not persist at 26 weeks [ 111 ]. In a similar study in 46 infants, no 
difference in BMC was noted at 6 months [ 115 ]. Recently, a double-blind random-
ized clinical trial of 132 1-month old breast-fed infants receiving vitamin D supple-
mentation at doses of 400, 800, 1,200, or 1,600 IU found that 97 % of all infants 
achieved a 25(OH)D level of 20 ng/mL after 3 and 12 months of supplementation 
regardless of dose [ 116 ]. There were no differences in growth or BMC between 
groups at 12 months. Only the dose of 1,600 IU daily led to 25(OH)D levels above 
30 ng/mL at 3 months in 97.5 % of subjects; however, supplementation with this 
dose resulted in 25(OH)D levels that exceeded the healthy population target of 
50 ng/mL, raising the possibility that this dose may lead to vitamin D toxicity in this 
population [ 116 ]. 

 Long-term effects of vitamin D supplementation are also unclear. In one retro-
spective cohort study of 106 girls, higher BMD was noted at age 7–9 years in sub-
jects who had received vitamin D supplementation during the fi rst year of life [ 117 ] 
Similarly, whether low vitamin D levels are associated with increased fracture risk 
in infancy or in future childhood or adulthood has yet to be established. For exam-
ple, a cross-sectional study of 380 healthy infants and toddlers found that 12 % had 
25(OH)D <20 ng/mL, and of these 33 % had demineralization on wrist and knee 
radiographs [ 118 ]. In those 40 infants with 25(OH)D levels less than 20 ng/mL, 
none sustained a fracture after 2 years of follow-up [ 119 ]. Further studies evaluating 
the effects of vitamin D supplementation in infancy on bone health, fracture risk, 
and future peak bone mass are required.  

    Children and Adolescents 

 Observational studies in children and adolescents have suggested a direct associa-
tion between serum 25(OH)D levels and BMC or BMD [ 100 ,  101 ,  120 – 122 ]. One 
of the largest cross-sectional studies in this population evaluating 576 12-year-olds 
and 489 15-year-olds showed that girls (although not boys) with higher 25(OH)D 
levels had signifi cantly greater forearm BMD [ 101 ]. Vitamin D intake in 
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adolescence has also been associated with higher adult BMD in males (although not 
females) [ 122 ]. 25(OH)D levels were directly associated with cortical BMD at the 
radius and tibia in another study of 10- to 12-year-old girls [ 100 ]. In the recent 
AHRQ review published in 2009, experts determined that there was fair evidence 
from observational studies in older children and adolescents to support a direct 
association between serum 25(OH)D levels and baseline BMD, as well as a change 
in BMD or BMC [ 107 ]. 

 However, randomized control trials in this population have shown inconsistent 
results of vitamin D supplementation on bone density across different skeletal sites, 
ages, and gender [ 107 ]. For example, a trial of 26 healthy girls did not fi nd an effect 
of supplementation with 400 IU vs. 800 IU daily of vitamin D for 1 year on BMC 
compared to placebo [ 123 ]. However, a larger study of 179 girls ages 10–17 years 
randomized to weekly oral vitamin D doses of 1,400 or 14,000 IU or placebo found 
that bone area and total hip BMC increased signifi cantly after 1 year in the high 
dose group compared with the placebo and lower dose groups [ 124 ]. In a meta- 
analysis of available pediatric randomized clinical trials encompassing a total of 
541 subjects receiving vitamin D supplementation and 343 controls [ 125 ], vitamin 
D supplementation did not have a statistically signifi cant effect on total body BMC 
or hip or forearm BMD, although a slight effect (nonsignifi cant trend) was noted at 
the lumbar spine. However, in subjects with a low serum vitamin D (less than 14 ng/
mL or 35 nmol/L), total body BMC and lumbar spine BMD had a signifi cantly 
greater increase from baseline, by 2.6 % and 1.7 %, respectively, in supplemented 
subjects compared to placebo. Authors concluded that vitamin D supplementation 
was unlikely to be benefi cial in pediatric subjects with normal vitamin D levels, but 
may result in clinically useful improvements in BMD in those with vitamin D defi -
ciency [ 125 ]. Given the variability in these prior fi ndings, further studies are needed. 
These confl icting results may also be due to varying corrections for bone size, or 
the lack thereof. Dual X-ray absorptiometry (DXA) measures in children can be 
confounded by short stature. Therefore, height will be an important variable for 
which the BMD  Z -score should be adjusted in future clinical trials. In addition, 
studies utilizing quantitative computed tomography to evaluate three-dimensional 
bone geometry and strength may be helpful to evaluate the effect of vitamin D on 
growing bones. 

 The effect of vitamin D levels and supplementation on fracture risk in childhood 
and later in adulthood is also unclear. In one observational study, there was 50 % 
reduced risk of stress fracture in preadolescent and adolescent girls with higher 
vitamin D intake compared to those with lower intake [ 126 ]. However, these results 
have yet to be replicated in prospective trials of vitamin D supplementation. 

 In conclusion, a direct association between 25(OH)D and BMD or BMC in chil-
dren and adolescents has been suggested in observational studies, but randomized 
clinical trials have not yet confi rmed that vitamin D supplementation improves 
bone health in healthy children and adolescents. Further studies are needed to 
delineate the short- and long-term effects of vitamin D on future BMD and fracture 
risk in adulthood.    
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    Calcium as a Pediatric Bone Drug 

 As detailed in Table  10.2 , the IOM has developed recommendations for calcium 
intake in infants, children, and adolescents based on available calcium balance stud-
ies, with the tolerable upper limit of calcium set at 3,000 mg/day [ 61 ]. Although 
these recommendations are believed to account for the calcium requirements of the 
growing skeleton, it has yet to be confi rmed that these recommendations will have 
long-term effects on BMD in children. However, these recommendations appear to 
be safe [ 127 ], and it is known that extremely low intakes (e.g., less than 600 mg/
day) may put children at risk for inadequate calcium retention [ 128 ], suggesting that 
adequate intake (AI) at these levels could prevent inadequate mineralization.

   Calcium within food is primarily found in dairy products such as milk, cheese, 
and yogurt, as well as some vegetables, legumes, fi sh, and grains. Foods such as 
orange juice and cereal may also be fortifi ed with calcium (Table  10.1 ). Recent 
studies have suggested that the actual amount of dietary calcium intake in children, 
and particularly in adolescents, is likely signifi cantly lower than the recommended 
amounts. In adolescents, calcium intake likely ranges between approximately 500–
1,000 mg/day [ 18 ,  29 ,  129 ,  130 ], rather than the RDA of 1,300 mg/day. Calcium 
supplements are also an option for ensuring adequate calcium intake and optimizing 
bone health; however, calcium supplementation also is associated with both benefi ts 
and potential side effects. 

 Oral calcium supplements are primarily available as calcium carbonate and cal-
cium citrate, and less commonly calcium glubionate. Intravenous forms, such as 
calcium gluconate and calcium chloride, may be used for the treatment of severe 
hypocalcemia or for stabilization of the myocardium during emergency situations. 
Calcium availability varies based on the form of calcium administered (Table  10.3 ), 
and oral amounts above 500 mg should be administered in divided doses due 
to limitations on the amount of calcium that can be absorbed at a given time [ 131 ]. 
The most common form of calcium supplement, calcium carbonate, contains 

   Table 10.2    2010 Institute of Medicine report on dietary reference intakes for calcium and vitamin D   

 IOM recommendations for calcium and vitamin D intake by age [ 61 ] 

 Vitamin D  Calcium 

 RDA  UL  RDA  UL 

  Infants  
 0–6 months  400 IU a   1,000 IU  200 mg a   1,000 mg 
 6–12 months  400 IU a   1,500 IU  260 mg a   1,500 mg 
  Children  
 1–3 years  600 IU  2,500 IU  700 mg  2,500 mg 
 4–8 years  600 IU  3,000 IU  1,000 mg  2,500 mg 
  Adolescents  
 9–13 years  600 IU  4,000 IU  1,300 mg  3,000 mg 
 14–18 years  600 IU  4,000 IU  1,300 mg  3,000 mg 

   a Adequate intake (AI) was provided in these age groups due to insuffi cient evidence for the 
 development of a recommended daily allowance (RDA)  
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approximately 40 % elemental calcium. Because acid is required for absorption, it 
is best taken with food and is less well absorbed with medications that reduce 
 stomach acid (e.g., proton pump inhibitor or H 2  blocker medications). Calcium 
citrate has a lower elemental calcium content of approximately 21 %, but this form 
may be better absorbed than calcium carbonate [ 131 ] and is less dependent on an 
acidic gastric environment, making it a better choice in patients on acid blockade 
[ 132 – 134 ]. Calcium glubionate has low elemental calcium content but is also avail-
able in a liquid form. Head-to-head trials comparing different forms of calcium 
supplements on bone outcomes are lacking, particularly in pediatrics.

      Risks of Calcium Supplementation 

 Calcium supplementation may also be associated with risks, particularly when total 
calcium intake is excessive. These risks include hypercalcemia, which can lead to 
anorexia, weight loss, polyuria and dehydration, constipation, and renal insuffi -
ciency. Milk alkali syndrome is a condition marked by excess intake of calcium 
leading to hypercalcemia, metabolic alkalosis, and renal failure, typically seen at 
levels of intake greater than 3,000 mg/day [ 135 – 137 ]. Hypercalciuria can also 
develop with calcium supplementation, considered to be a urinary calcium level of 
above 250 mg/day in women, above 275–300 mg/day in men, and above 4 mg/kg/
day in children over age 2 years. Hypercalciuria can predispose to nephrocalcinosis 
and nephrolithiasis. Although the development of kidney stones is often multifacto-
rial related to different dietary and non-dietary factors, there may be an increased 
risk of nephrolithiasis with calcium supplementation in adults. For example, in the 
Women’s Health Initiative, where 36,000 postmenopausal women were randomized 
to calcium and vitamin D supplementation (1,000 mg/day and 400 IU/day, respec-
tively) or placebo, the supplemented group had an increased risk of kidney stones 
(HR 1.17) [ 138 ]. Both supplemented and placebo groups in this study were noted to 
have a high baseline dietary intake of calcium of 1,100 mg/day, which may have 
contributed to this fi nding. Studies in children are limited, but two studies suggested 
that calcium supplementation does not signifi cantly affect urinary calcium excretion 
at daily intakes (diet plus supplement) of 1,800 mg/day [ 139 ] or 1,560–1,740 mg/
day [ 140 ]. In addition, because IV calcium gluconate formulations contain alumi-
num, prolonged administration of IV calcium gluconate may lead to aluminum tox-
icity, including osteomalacia and bone pain [ 141 ]. 

   Table 10.3    Types of calcium supplements and elemental calcium content   

 Type of calcium 
 Route of 
administration 

 Elemental calcium per 1 g 
calcium salt (mg) 

 Calcium carbonate  Oral (tablet)  400 
 Calcium citrate  Oral (tablet)  211 
 Calcium glubionate  Oral (liquid)  66 
 Calcium gluconate  IV  93 
 Calcium chloride  IV  273 
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 Recent studies in adults have also raised the question as to whether calcium 
supplementation may predispose to vascular and soft tissue calcifi cation, potentially 
leading to increase in cardiovascular disease and higher mortality. For example, a 
recent meta-analysis evaluating 15 randomized controlled trials of calcium supple-
mentation involving 20,000 adult participants suggested an increased risk of myo-
cardial infarction with this intervention [ 142 ]. Although these data are not available 
in the pediatric population, this does raise concern regarding the advisability of 
routine calcium supplementation, and optimizing dietary calcium may be a safer 
approach than supplements.   

    Vitamin D as a Pediatric Bone Drug 

 As previously reviewed, the level of serum 25(OH)D at which bone health is opti-
mized in the pediatric population remains controversial, and various professional 
societies have differed regarding the 25(OH)D level that represents suffi ciency. 
Depending on the defi nition used, low vitamin D concentrations are common among 
individuals across the United States. Data from the 2001–2006 National Health and 
Nutrition Examination Survey showed that 18 % of children ages 1–11 years had a 
25(OH)D level less than 20 ng/mL, and 1 % had a level less than 10 ng/mL, although 
this varied by age, gender, and race [ 143 ]. Reasons for vitamin D defi ciency most 
commonly include inadequate intake or sun exposure, and other potential causes 
may be inadequate absorption due to underlying gastrointestinal issues or malab-
sorption, accelerated metabolism (i.e., from antiepilectic drugs or certain HIV 
 medications), impaired liver hydroxylation due to hepatic disease, impaired 1-alpha-
hydroxyaltion due to renal disease, or excess adipose tissue leading to vitamin D 
sequestration in obese patients. 

 Vitamin D supplements are administered orally in the form of vitamin D2 and 
vitamin D3. These supplements can be taken on an empty stomach and are available 
in a liquid form or in pill or capsule form. In the United States, vitamin D is not 
currently available in intravenous or intramuscular formulations. In patients depen-
dent on intravenous parental nutrition, these preparations typically contain multivi-
tamins that include 400 IU/L of vitamin D, although this may not be adequate to 
prevent vitamin D defi ciency in these patients [ 144 ]. 

    Vitamin D2 vs. Vitamin D3 

 Although vitamin D2 and vitamin D3 are often considered bioequivalent and inter-
changeable, recent questions have been raised as to whether differences in effi cacy 
may exist. As previously mentioned, these two forms of vitamin D differ based on 
side change structure (Fig.  10.1 ), but available evidence suggests that the steps 
involved in their metabolism and action are the same [ 1 ], including hydroxylation 
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[ 145 ,  146 ], binding to vitamin D binding protein [ 147 ], and binding of their  activated 
forms to VDR [ 148 ]. 

 In adults, some clinical studies suggest equal potency between vitamin D2 and 
vitamin D3 [ 149 ,  150 ] whereas others have suggested that vitamin D3 may be more 
effective [ 151 – 153 ]. A recent meta-analysis of seven trials involving supplementa-
tion with vitamin D2 vs. D3 found a signifi cantly greater overall change in 25(OH)
D levels with vitamin D3 over vitamin D2; however, the studies included in this 
meta-analysis utilized a variety of supplementation regimens ranging from a single 
very high dose of vitamin D to daily supplementation with lower doses [ 154 ]. When 
studies evaluating only daily supplementation regimens were evaluated, no signifi -
cant difference between D2 and D3 was noted, suggesting that this difference in 
effi cacy may only be present at very high doses of vitamin D. 

 Pediatric studies evaluating vitamin D2 and D3 regimens have been fewer and 
have also come to varying conclusions regarding the effi cacy of these formulations. 
In 40 otherwise healthy infants and toddlers with serum 25(OH)D levels below 
20 ng/mL, three different supplementation regimens (vitamin D2 50,000 IU weekly, 
vitamin D2 2,000 IU daily, or vitamin D3 2,000 IU daily) resulted in a similar tri-
pling of serum 25(OH)D over a 6-week period, without signifi cant differences 
between regimens [ 155 ]. In contrast, in a study of children and adolescents ages 
5–20 years with underlying infl ammatory bowel disease, the authors found that a 
regimen of vitamin D3 2,000 IU daily and vitamin D2 50,000 IU weekly was supe-
rior to vitamin D2 2,000 IU daily in raising 25(OH)D [ 156 ]. Whether compliance 
differences were at play, especially among the adolescent subjects, is unclear. 

 Given the current available data, vitamin D3 may potentially be more effective in 
raising serum 25(OH)D in adults. However, no difference in effi cacy between the 
two forms used in daily supplementation has been confi rmed, and the effects of 
these different formulations in children remain unclear. In addition, whether vita-
min D2 or vitamin D3 has differential effects on bone health and fracture risk in 
children and adults requires study. Provision of vitamin D and optimal compliance 
with whichever regimen that is prescribed appear to be the most critical issues.  

    Recommendations for Vitamin D Supplementation 
in Healthy Infants, Children, and Adolescents 

 The dose of supplemental vitamin D that should be recommended in the pediatric 
population has been debated, and recommendations have changed over the past sev-
eral years. In the most recent Institute of Medicine Report in 2010, the vitamin D 
supplementation dose recommended for infants 0–12 months was 400 IU; the dose 
for children and adolescents was 600 IU daily [ 61 ]. Prior to this Report, the IOM 
had previously recommended 200 IU daily in all pediatric age groups [ 157 ]. In con-
trast, the American Academy of Pediatrics previously recommended 200 IU daily 
for children and adolescents [ 158 ], which was increased to 400 IU daily in 2008 
[ 159 ]. Based on the variability among these recommendations, it is often up to the 
individual clinician and the specifi c patient to decide what should be administered. 
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 In healthy adults, studies have suggested that each 100 IU of vitamin D will 
increase serum 25(OH)D by approximately 1 ng/mL [ 150 ,  160 ]. Some pediatric 
studies have shown similar effects on serum 25(OH)D with vitamin D supplementa-
tion [ 124 ,  155 ]. For example, two clinical trials in healthy children and adolescents 
compared vitamin D administered weekly at doses of 1,400 IU (equivalent to 200 IU 
daily), 14,000 IU (equivalent to 2,000 IU daily), or placebo over 1 year [ 124 ,  161 ]. 
Both of these studies showed a signifi cant difference in mean change in serum 
25(OH)D levels between treatment groups, with an increase in serum 25(OH)D 
over 12 months of 3–4 ng/mL with low dose supplementation (similar to placebo) 
and 21–24 ng/mL with the higher dose. These studies also suggest that at least 
2,000 IU daily may be required to maintain 25(OH)D levels above 30 ng/mL in 
healthy adolescents [ 161 ]. In contrast, in a clinical trial of healthy adolescents with 
baseline vitamin D suffi ciency (serum 25(OH)D above 20 ng/mL), supplementation 
with doses of 200 IU daily and 1,000 IU daily over 11 weeks during winter main-
tained stable 25(OH)D levels without a difference between treatment groups [ 106 ]. 
Differences in study outcomes are likely related to multiple factors including study 
design, subject age, baseline 25(OH)D level, and confounders such as sunlight 
exposure, race, and compliance. Further studies are needed to identify the specifi c 
dose of vitamin D required for both the healthy pediatric population.  

    Recommendations for Vitamin D Supplementation 
in At-Risk Pediatric Populations 

 Some pediatric patient populations may be at higher risk for compromised bone 
density and vitamin D defi ciency and may, therefore, require different vitamin D 
supplementation doses to maintain optimal serum 25(OH)D concentrations than 
those recommended by the IOM, which was intended to address the needs of 97.5 % 
of the healthy population. Table  10.4  includes conditions that may warrant special 
attention to vitamin D levels and supplementation. Patients with underlying gastro-
intestinal diseases, malabsorption, malnutrition, metabolic bone diseases, infl am-
matory disorders, endocrinopathies, renal diseases, and signifi cant burn injury, and 
those treated with medications detrimental to bone are at risk for not attaining peak 
bone mass and may benefi t from higher vitamin D doses and target serum 25(OH)
D levels to optimize their bone health,

   To address the care of these “at-risk” patients, The Endocrine Society developed 
a Clinical Practice Guideline in 2011 [ 110 ]. Among these patients, a serum 25(OH)
D level of less than 20 ng/mL is consistent with vitamin D defi ciency, a level 
between 20 and 29 ng/mL with vitamin D insuffi ciency, and above 30 ng/mL with 
vitamin D suffi ciency. These defi nitions are in agreement with other professional 
societies, including the International Osteoporosis Foundation [ 162 ] and the 
National Osteoporosis Foundation [ 163 ]. To achieve suffi cient 25(OH)D levels, the 
Endocrine Society Guideline-recommended doses of supplemental vitamin D were 
400–1,000 IU daily in infants 0–12 months and 600–1,000 IU daily in children and 

M.S. Putman and C.M. Gordon



171

adolescents, though authors acknowledge that higher doses may be required in 
order to maintain 25(OH)D levels in the suffi cient range [ 110 ]. Whether these rec-
ommendations will result in long-term bone health improvements in these at-risk 
patients requires further study.  

    Treatment Regimens for Rickets and Vitamin D Defi ciency 

 Treatment of pediatric patients with rickets and vitamin D defi ciency requires higher 
doses of vitamin D than standard supplementation along with concurrent close atten-
tion to adequate calcium intake in diet or supplement form. For infants and young 
children diagnosed with vitamin D defi ciency rickets, recommendations for treat-
ment regimens vary but typically consist of at least 6 weeks of vitamin D2 or D3 
1,000–2,000 IU daily in infants 0–12 months old, and 2,000 IU daily in children over 
12 months old. Alternatively, vitamin D2 50,000 IU weekly for 6 weeks can be pre-
scribed [ 110 ,  155 ,  164 ]. Other regimens have also been studied, including observed 
administration of a single dose of 150,000–600,000 IU orally (also known as “stoss 
therapy”), particularly when compliance or follow-up is uncertain; however, con-
cerns about possible hypercalcemia limit this option [ 165 ,  166 ]. Higher doses, some-
times 2–3 times more than standard recommendations, may be required if the patient 
has underlying obesity, malabsorption, or increased vitamin D metabolism [ 110 ]. To 
avoid the complication of hypocalcemia from “hungry bone syndrome” as vitamin 
D defi ciency is corrected and calcium is mobilized back into bone, patients should 

   Table 10.4    At-risk pediatric populations   

 Pediatric patient populations at risk for vitamin D defi ciency and low bone density 

 Solely breast-fed and/or premature infants  Liver failure 
 Individuals with dark skin pigmentation  Chronic kidney disease 
 Metabolic bone diseases  Endocrinopathies 
  Idiopathic juvenile osteoporosis   Hyperthyroidism 
  Primary hyperparathyroidism   Hypogonadism 
  Hereditary forms of rickets   Diabetes mellitus 
  Osteogenesis imperfecta   Growth hormone defi ciency 
  Connective tissue disorders  Solid organ or bone marrow transplant 
 Infl ammatory diseases  recipients 
  Rheumatoid arthritis  Medication use 
  Systemic lupus erythematosis   Glucocorticoids 
  Infl ammatory bowel disease   GnRH agonists 
 Gastrointestinal malabsorption   Aromatase inhibitors 
  Celiac disease   Antiepileptic drugs 
  Short gut syndrome   Immunosuppressants 
 Malnutrition   Chemotherapeutic agents 
  Anorexia nervosa   Depot medroxyprogesterone acetate 
 Burn injury 
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also be prescribed concurrent calcium supplementation, typically at a dose of 
 elemental calcium 30–75 mg/kg/day in three divided doses. If a patient presents with 
hypocalcemic seizure, then intravenous calcium gluconate 10–20 mg/kg/dose run 
over 5–10 min may be required for rapid correction of hypocalcemia. 

 After initiation of therapy, serum studies should be monitored at least monthly in 
patients with rickets, including PTH, calcium, phosphorus, alkaline phosphatase, 
25(OH)D, and a spot urine calcium/creatinine ratio; the latter should be repeated 
with a 24-h urine collection if the spot sample is abnormal. These results can deter-
mine if the intervention is effective, as well as guide the duration of treatment. In 
most patients, biochemical and radiologic improvement can be appreciated after 3 
months of treatment, and the patient can be changed to maintenance vitamin D 
supplementation once labs have normalized and healing is noted on X-ray. In 
patients with vitamin D defi ciency without rickets, documentation of normalization 
of 25(OH)D after treatment can be helpful to guide subsequent management. 
Maintenance vitamin D supplementation is required after completion of high dose 
therapy to prevent recurrence of vitamin D defi ciency. 

 Of note, rickets can also be seen in cases of severe dietary calcium defi ciency 
even in the face of normal serum 25(OH) levels, and in these cases, calcium supple-
mentation is the primary treatment. In addition, rickets due to genetic resistance to 
vitamin D (VDDR1 and hereditary vitamin D resistance rickets) requires a different 
treatment approach, consisting of calcium and activated vitamin D (calcitriol), 
although the detailed approach to this clinical scenario is out of the scope of the 
present chapter.  

    Vitamin D Toxicity 

 Vitamin D intoxication can result in hypercalcemia, leading to clinical effects previ-
ously discussed including altered mental status, anorexia, dehydration, constipa-
tion, hypercalciuria, and renal insuffi ciency. The precise level of serum 25(OH)D 
that is associated with toxicity is not well established in children or in adults, and 
studies suggest a wide range of serum 25(OH) levels that have been reported to 
cause hypercalcemia, with most cases occurring at levels above 100–140 ng/mL 
[ 167 – 170 ]. This variability is likely due to the fact that multiple other factors affect 
calcium levels in addition to serum 25(OH)D, especially concurrent dietary calcium 
intake, renal function, and so forth. 

 Interestingly, some studies in adults have suggested a possible U-shaped curve 
signifying an increased risk of mortality occurring at low levels of 25(OH)D, as 
well as potentially at higher levels [ 171 – 173 ]. In addition, there has been a sugges-
tion in the adult literature that single large doses of vitamin D may also be deleteri-
ous. For example, in a randomized trial of 2,300 elderly subjects greater than 70 
years old, subjects receiving vitamin D supplementation with 500,000 IU annually 
for 3 years had a higher fall and fracture rate compared to placebo. This fi nding was 
particularly apparent during the fi rst 3 months after vitamin D was administered, a 
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time when serum vitamin D would be the highest [ 174 ]. Data in children are  limited, 
but have not suggested the presence of this U-shaped curve. 

 Based on the available, albeit limited, data on vitamin D intoxication and the 
suggestion of potential deleterious effects of higher 25(OH)D levels, the IOM has 
recommended that upper limits of vitamin D supplementation be set at 1,000 IU 
daily in infants 0–6 months, 1,500 IU daily in infants 6–12 months, 2500 IU daily 
in toddlers 1–3 years, 3,000 IU daily in children 4–8 years, and 4,000 IU daily in 
older children and adolescents [ 61 ]. The Endocrine Society recommendations for 
safe upper level of intake were higher, consisting of 2,000 IU daily in infants under 
12 months and 4,000 IU daily in ages 1–18 years [ 110 ]. As illustrated by the 
recently published clinical trial of vitamin D supplementation in infants by Gallo 
et al. [ 116 ], it would be prudent to monitor 25(OH)D levels and routinely assess for 
potential signs or symptoms of vitamin D toxicity in pediatric patients in whom 
higher 25(OH)D levels are targeted and higher doses of vitamin D are recom-
mended. Supplemental doses below these suggested upper limits appear safe based 
on available data.   

    Conclusion 

 In conclusion, calcium and vitamin D play an important and interrelated role in 
maintaining and optimizing pediatric bone health. Although controversies exist 
regarding the optimal level of serum 25(OH)D and dose of vitamin D supplementa-
tion, it is clear that defi ciency in this vitamin as well as insuffi cient calcium intake 
is harmful for the growing skeleton, as best illustrated by cases of nutritional rickets. 
Studies evaluating calcium and vitamin D supplementation on bone health in pedi-
atric populations and the long-term effects on adult skeletal health are currently 
limited but suggest that both are important in optimizing peak bone mass, particu-
larly in at-risk populations. Although calcium and vitamin D supplementation may 
not be suffi cient to prevent compromised bone health in patients at risk for low bone 
density complicating underlying medical conditions, ensuring adequate calcium 
intake and maintaining higher serum 25(OH)D levels (e.g., 30 ng/mL) is a reason-
able approach to optimizing the care of these patients. Future studies on this impor-
tant area of pediatric care are awaited with great anticipation.     
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           Introduction 

 There are several systemic conditions involving bone and/or bone metabolism in 
craniofacial skeleton (maxilla, mandible, midfacial, orbital, and frontal bones). 
Primary bone pathology in these locations is unique because it is often asymptomatic. 
It is usually incidentally discovered during routine dental or maxillofacial imaging 
or as part of ongoing treatment or routine care. Many craniofacial bone disorders 
involve areas that cannot be easily examined and undergo signifi cant natural change 
(e.g., eruption and exfoliation of teeth, growth of facial bones, and associated soft 
tissue changes). When the condition appears prior to completion of facial growth, 
intervention may impede facial skeletal development. Clinicians must consider the 
risks and benefi ts of intervention, and affects of treatment on skeletal growth and 
development, and determine length and method of surveillance. 

    Patients with maxillofacial bony lesions typically have diagnostic plain fi lms 
(panoramic radiographs, skull fi lms, or cephalograms) and/or maxillofacial com-
puted tomography scans (CT; cuts ≤ 3mm thickness, with the fi eld extending from 
the supraorbital rims to the hyoid bone). These are used for diagnosis, characteriza-
tion, extent of involvement, three- dimensional views for operative planning, and 
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follow-up. Patients with vascular malformations are typically imaged with magnetic 
resonance imaging (MRI) with gadolinium contrast and plain fi lms and/or CT if 
there is skeletal involvement. 

 In this chapter, we will focus on management of craniofacial syndromes with 
bony involvement and vascular malformations. While the management of these 
patients can be complex, there are general principles to guide treatment.  

    Craniofacial Syndromes 

    Giant Cell Tumors and Associated Syndromes 

    Giant Cell Tumor 

 Giant cell tumor (GCT) is thought to be mesenchymal in origin, though the cell type 
of origin has not been identifi ed [ 1 – 3 ]. GCTs can be categorized as infl ammatory, 
osteoclastic, or vascular in nature, as they possess clinical and histological charac-
teristics that are consistent with each of these classifi cations. GCTs occur over a 
wide range of ages (2–80 years), with most patients under 30 years of age [ 4 ]. They 
are more common in females and are more often seen in the mandible than the max-
illa [ 1 – 4 ]. The anterior portions of the jaws are most commonly involved, with large 
mandibular lesions often seen crossing the midline [ 4 ]. 

 Clinically, the majority of lesions are asymptomatic; they are detected on routine 
radiographs for dental or orthodontic purposes. Physical examination may be nota-
ble for painless expansion of the bony cortices sometimes leading to facial asym-
metry. Less commonly, patients present with pain, paresthesia, or mucosal 
ulcerations. Radiographically, the lesions appear as uni- or multiloculated radiolu-
cencies that may be associated with resorption of tooth roots, displacement of teeth, 
cortical thinning, or perforation (Fig.  11.1 ). There is a large variability in size (<1 to 
>10 cm). Smaller lesions may be confused with periapical pathology, whereas larger 
lesions must be distinguished from odontogenic/non-odontogenic neoplasms.

   Based on biologic behavior, GCTs are classifi ed into two groups, as originally 
described by Chuong and Kaban in 1985 [ 3 ]. Aggressive lesions are ≥5 cm in size, 
display recurrence after treatment, or have three of the following characteristics: 
root resorption, tooth displacement, cortical bone thinning, or cortical perforation. 
The more common non-aggressive lesions lack these criteria and are typically 
asymptomatic. There is some evidence to suggest that the difference in biologic 
behavior may be related to increased levels of angiogenic factors in aggressive 
lesions [ 5 ,  6 ]. 

 Treatment protocols are based on biologic behavior. Non-aggressive lesions pre-
dictably respond to enucleation/curettage. Aggressive lesions are treated with en 
bloc resection to achieve histologically clear margins (1 cm), or with nerve/tooth- 
sparing enucleation with adjuvant anti-angiogenic therapy (such as interferon-alpha, 
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IFN) [ 7 – 9 ]. Patients who have diffi culty with interferon therapy (lethargy, malaise, 
fevers, etc.) can be successfully managed with bisphosphonate therapy. However, 
bisphosphonates should be used with caution if dental extractions are anticipated, 
due to the potential risk of osteonecrosis [ 1 ,  2 ].  

    Cherubism 

 Cherubism is a rare autosomal dominant condition resulting from mutation in the 
SH3BP2 gene (4p16.3) [ 10 – 18 ]. Cherubism is characterized by bilateral, symmetric 
GCTs in the facial bones most commonly in the mandible. Maxillary lesions and 
extragnathic involvement (ribs, humerus) have been reported [ 10 ,  15 – 17 ]. The con-
dition is typically diagnosed around ages 7–10 with initial presentation around 2–5 
years of age [ 10 ]. Replacement of mandibular bone with fi brous tissue gives rise to 
the classic appearance of “cherubic” faces, originally described by Dr. William A. 
Jones in 1933 [ 11 ,  12 ]. Involvement of the bones of the orbit can result in an upward 
gaze (“eyes towards heaven”). The presence of these lesions may be associated with 
premature loss of primary teeth and delayed eruption of permanent teeth. Extensive 
bony involvement can result in vision and hearing changes. In most cases, the con-
dition becomes quiescent during late adolescence, with the facial features of most 
adult patients approaching normalcy by age 40 [ 13 ,  14 ]. 

 Radiographically, the lesions appear as bilateral symmetric multilocular radiolu-
cencies with associated expansion of the bony cortices (Fig.  11.2 ). Treatment con-
sists of observation. Once the lesions become quiescent, treatment is aimed at 
recontouring excessive fi brous tissue to reestablish normal bony contours. Early, 
aggressive intervention has been associated with regrowth and worsening 

  Fig. 11.1    Panoramic radiograph of a 31-year-old male patient with giant cell tumors of the 
right  maxilla and mandible ( arrows ). The lesions are associated with root resorption of the 
 adjacent teeth       
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deformity. Radiation therapy is contraindicated due to reports of sarcomatous 
degeneration [ 10 ]. During active clinical growth, annual plain fi lm imaging is 
 recommended. Following established quiescence, plain fi lm imaging is recom-
mended every 3–5 years [ 10 ,  14 ].

       Noonan/Multiple Giant Cell Lesion Syndrome 

 Noonan syndrome was fi rst described in 1963 by Dr. Jaqueline Noonan at the 
University of Iowa. Patients with the classic phenotype have short stature, hyper-
telorism, posteriorly angulated and low-set ears, congenital cardiac defects (most 
commonly pulmonic valve stenosis), bleeding diatheses (von Willebrand disease, 
factor defi ciencies, thrombocytopenia), developmental delay, and cryptorchidism in 
males [ 19 ,  20 ]. In 1991, Cohen and Gorlin identifi ed 15 cases of patients with 
Noonan syndrome and giant cell lesions of the jaws [ 21 ]. They coined the term 
Noonan/multiple giant cell lesion syndrome (NMGCLS) and considered it to be a 
distinct entity from Noonan syndrome and cherubism. 

 More recently, mutations in the SOS1 and PTPN11 genes have been identifi ed in 
patients with Noonan syndrome, allowing for a molecular distinction between 
Noonan syndrome and cherubism [ 22 ,  23 ]. Molecular analyses have provided evi-
dence to suggest that NMGCLS is a variant along the spectrum of Noonan syn-
drome [ 24 ,  25 ]. 

 It is important for the clinician to distinguish between NMGCLS and cherubism. 
Clinical behavior of the associated GCTs, and thus, treatment, can be dramatically 
different. In NMGCLS, GCTs can demonstrate aggressive behavior and lead to sig-
nifi cant damage to surrounding tissues [ 10 ,  26 ]. Genetic testing becomes particu-
larly important in cases where there is bilateral, symmetric jaw involvement, as it 
may be diffi cult to distinguish cherubism from NMGCLS clinically or 
 radiographically (Fig.  11.3 ).

  Fig. 11.2    Panoramic radiograph of a 4-year-old male with cherubism. Bilateral multilocular 
radiolucencies are seen in the posterior mandible ( arrows )       
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   Differentiation between the GCTs in NMGCLS and cherubism has important 
consequences for management. Typically, GCTs in Noonan syndrome behave more 
aggressively and usually require surgical intervention with adjuvant treatment [ 10 ]. 
Thus, it is imperative that the practitioner utilize clinical exam and diagnostic test-
ing to differentiate between the different entities.   

    Fibrous Dysplasia 

 In fi brous dysplasia (FD), fi brous tissue and woven bone replace normal bone and 
marrow [ 27 ,  28 ]. FD is caused by somatic activating mutations in the a-subunit of 
the G s  protein of GNAS gene [ 29 ,  30 ]. Monostotic FD is more common; polyostotic 
FD may include McCune–Albright syndrome (polyostotic fi brous dysplasia, café-
au- lait macules, precocious puberty, endocrinopathy). Patients are typically between 
ages 5 and 20 [ 27 ]. Clinically, patients may be asymptomatic or present with a pain-
less swelling. Growth of the lesions tends to correlate with somatic growth and 
hormonal changes, with the fastest rates observed during childhood and adoles-
cence. Quiescence typically occurs by age 25. Recrudescent growth may be seen 
during periods of hormonal changes (e.g., pregnancy, use of oral contraceptives). 
Major growth changes outside of these events are unusual and should alert the clini-
cian to pursue additional workup. 

 In the maxillofacial skeleton, the most common sites of involvement are the 
maxilla and the mandible. In the maxilla, involvement of the orbital fl oor may 
 produce paresthesia or proptosis [ 27 ]. Mandibular FD is most common at the angle; 
it must be distinguished from masseter hypertrophy, primary jaw tumors, or 

  Fig. 11.3    Panoramic radiograph of a 19-year-old female with Noonan multiple giant cell lesion 
syndrome. An expansile, multilocular radiolucency is seen in the anterior mandible ( red arrows ). 
A smaller lesion is evident in the right mandibular ascending ramus ( white arrow ) (Radiograph 
courtesy of Leonard B. Kaban, DMD, MD)       
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osteomyelitis. Radiographically, FD appears as multilocular radiolucencies or 
mixed radiolucent–radiopaque appearance (Fig.  11.4 ). On CT, FD has characteristic 
“ground glass” appearance (Fig.  11.5 ) [ 28 ]. Delayed dental eruption and splaying of 
the roots in the affected regions are frequently seen (Fig.  11.6 ). Serum levels of 
calcium, phosphate, and alkaline phosphatase are typically normal for monostotic 

  Fig. 11.4    Panoramic radiograph of a 44-year-old female with fi brous dysplasia of the mandible. 
Multilocular, mixed lesions are seen in the left mandibular body and mandibular symphysis, with 
associated cortical expansion ( arrows ) (Radiograph courtesy of Leonard B. Kaban, DMD, MD)       

  Fig. 11.5    Maxillofacial axial computed tomography of the patient from Fig.  11.4 . Notice classic 
“ground glass” appearance and cortical expansion ( arrows )       
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fi brous dysplasia. In patients with McCune–Albright syndrome, disease activity can 
be monitored with serum alkaline phosphatase levels [ 31 ].

     Management of FD is twofold [ 8 ]. First, biopsy is done to confi rm the diagnosis. 
Asymptomatic, quiescent, or slow growing FD can be enucleated, observed, or con-
toured. Patients with signifi cant asymmetry, paresthesia, and/or proptosis are 
considered to have aggressive/rapidly growing FD. Management consists of symp-
tomatic debulking/contour resection [ 27 ]. Among patients with quiescent disease, 
rapid growth, new onset of pain, paresthesia, and/or functional defi cit 
(e.g., hearing or vision changes, trismus, nasal obstruction) can indicate disease 
reactivation and surgical intervention should be considered. Among adult patients, 
contouring can be performed after 1 year of documented clinical stability. Similar to 
cherubism, sarcomatous change has been reported following radiotherapy; such 
treatment should be avoided [ 2 ,  10 ].  

    Vascular Malformations 

 Vascular malformations occur as a result of aberrant morphogenesis of blood ves-
sels or lymphatic structures [ 32 – 35 ]. Vascular malformations are present at birth but 
may not become clinically apparent until late infancy or childhood [ 33 ,  34 ]. Unlike 
vascular tumors, vascular malformations grow proportionately with the patient and 
do not regress. They may increase in size at any time including somatic growth, 
trauma, infection, or hormonal changes such as puberty and pregnancy [ 32 – 36 ]. 

  Fig. 11.6    Panoramic radiograph of an 11-year-old female with fi brous dysplasia of the right man-
dible. There is a large, expansile, multilocular radiolucency in the right posterior mandible, with 
displacement of the right mandibular third molar ( arrow ) (Radiograph courtesy of Leonard B. 
Kaban, DMD, MD)       
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Vascular malformations are categorized according to the vessel type involved 
 (capillary, lymphatic, venous, arterial) and the rate of fl ow (slow or fast) [ 32 – 35 ]. 
While most are composed of a single-type of vascular entity, combined malforma-
tions have been described such as capillary-lymphatic, capillary-venous, lymphatico- 
venous, and capillary lymphatico-venous [ 34 – 36 ]. The biology of vascular 
malformations has been studied extensively. Distinction between a vascular malfor-
mation and a vascular tumor must be made. Vascular malformations enlarge by dila-
tation of abnormal vasculature, whereas vascular tumors demonstrate proliferative 
growth. As such, vascular malformations are typically not treated by resection, with 
the exception of some low-fl ow venous malformations (VMs) of the jaws. 

 The clinical presentations of vascular malformations vary according to the type 
of vessel involved. Capillary malformations (CMs) change from pink, with a smooth 
surface in infancy, darkening through childhood, and appearing purple, with a tes-
sellated surface in older patients. Venous malformations (VMs) are typically soft, 
easily compressible, bluish-hued lesions that may have associated palpable masses 
(phleboliths). They may be present on the skin or mucosa, or may span multiple 
tissue planes. Their size typically changes with maneuvers that increase venous 
pressure (dependency or Valsalva) [ 35 ]. Lymphatic malformations (LMs) are typi-
cally colorless while lymphatic-venous malformations are blue-purple. LMs can 
expand secondary to intralesional bleeding, bacterial infection, or during a period of 
lymphatic “stress” (e.g., upper respiratory infections). LMs with large cystic cavi-
ties (historically referred to as “cystic hygromas”) can be identifi ed with transillu-
mination. Both lymphatic and capillary-lymphatic malformations have irregular 
surfaces [ 34 ,  35 ]. 

 Arteriovenous malformations (AVMs) are high fl ow lesions and are typically 
warm and tender to palpation. In cases where there is shunting, pulsatile fl ow and a 
palpable bruit may be present. Intraoral AVMs cause gingival hypertrophy, mucosal 
staining, and intraoral gingival bleeding. Teeth in the vicinity may be periodontally 
compromised and may demonstrate gross mobility [ 36 – 38 ]. 

 In approximately 30 % of cases, vascular malformations are associated with 
skeletal changes such as difference in morphology or bone density adjacent to the 
malformation, or a frank intraosseous malformation [ 33 – 36 ]. The most common 
associated skeletal anomaly is overgrowth or expansion of bone deep to a slow-fl ow 
malformation [ 33 – 36 ]. The evolution of these changes has been diffi cult to eluci-
date, due to a paucity of radiographs taken at birth. However, it has been reported 
that approximately 80 % of patients with LM demonstrate evidence of altered skel-
etal growth by 10 years of age [ 35 ,  36 ]. 

 Management of vascular malformations depends upon the vessel type and rate of 
fl ow. CMs typically do not require special precautions; tooth extractions, orthodon-
tic treatment, and osteotomies can all be safely performed. LMs of the maxillofacial 
region typically involve the fl oor of mouth, mandible, and submandibular/cervical 
tissues. As such, feeding diffi culties and airway obstruction become sources of con-
siderable morbidity. These patients are typically managed with serial-staged exci-
sions. Orthognathic surgery can take place once skeletal growth is completed. 
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 Patients with venous or lymphatic-venous malformations who have dental or 
dentoskeletal deformities but no concomitant intraosseous involvement can have 
orthodontic treatment and orthognathic surgery without fear of excessive bleeding. 
Intraosseous involvement (i.e., microshunting) is associated with a higher risk for 
major hemorrhage, either from the malformation or from local or systemic coagu-
lopathy [ 35 ]. In the latter situations, stasis and turbulence within the malformation 
lead to localized and, occasionally, disseminated intravascular coagulation. 
Prothrombin and partial thromboplastin times may be normal, but fi brin split prod-
ucts may be elevated and fi brinogen and platelet levels are reduced [ 35 ,  36 ]. Surgical 
intervention can take place once the coagulopathy is corrected; in the interim, 
patients are typically systemically anti-coagulated [ 35 ]. In cases of large venous 
malformations, direct injection of 100 % ethanol to sclerose the area has been dem-
onstrated to be effective [ 35 ]. Smaller malformations may be sclerosed with injec-
tion of 1 % sodium tetradecyl sulfate [ 35 ,  36 ]. Tender phleboliths may be effectively 
treated with aspirin (325 mg daily) for an indefi nite course [ 35 ]. 

 High fl ow lesions, such as AVMs, are currently managed by staged procedures. 
The fi rst stage involves occlusion of the nidus by arterial embolization. Proximal 
embolization and ligation are contraindicated due to the rapid formation of collat-
eral fl ow. In the second stage (24–72 h post-embolization), surgical resection is 
completed, with the goal of complete resection. Unfortunately, AVMs are typically 
not well localized and the recurrence rates may be high (approximately 40 %) [ 39 ]. 
In recurrent cases, reoperation is not always feasible and repeat embolization is 
 palliative [ 35 ,  39 ].  

    Osteogenesis Imperfecta 

 Osteogenesis imperfecta (OI) refers to a group of heritable disorders related to 
defects in collagen maturation. Both autosomal dominant and recessive patterns 
have been described. Most cases are associated with mutations in two genes involved 
in the formation of type I collagen: COL1A1 (Chromosome17) and COL1A2 
(Chromosome 7) [ 40 ]. Due to the ubiquitous nature of type I collagen as a constitu-
ent of multiple types of connective tissues (bone, dentin, ligament, skin, etc.), the 
clinical manifestations vary. Abnormalities in collagen formation result in diffuse 
osteoporosis, bone with thin cortices, and aberrant callus formation with injury. In 
addition, affected individuals may have blue sclera, hearing loss, joint hyperexten-
sibility, and alterations in tooth structure. 

 There is no defi nitive treatment for OI. Patients with OI are prone to fractures 
and aberrant healing and management can be complicated. Severe attrition of tooth 
structure and premature tooth loss are common. Surgical rehabilitation with osseo-
integrated implants is challenging due to the poor quality of bone. Among patients 
with skeletal malocclusion, orthognathic surgery can be performed, albeit with judi-
cious planning [ 41 – 43 ].  
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    Systemic Conditions Affecting Maxillofacial Structures 

 Patients with signifi cant hematologic, renal, oncologic, or immunosuppressive con-
ditions can be challenged with maxillofacial problems ranging from dental caries to 
osteonecrosis. These patients, while complicated from a medical treatment stand-
point, do not necessarily require complex regimens for management of dental and 
maxillofacial conditions. In general, a patient should be medically optimized to the 
extent possible prior to elective surgical interventions.    In situations where the risks 
of surgical interventions (e.g. sepsis, endocarditis, risks from anesthesia) outweigh 
the benefi ts, improvement of overall health and non-invasive intervention to improve 
oral health are performed. Fortunately, common surgical procedures in and around 
the oral cavity carry low attendant risks and, in most instances, can be carried out 
with minimal modifi cations to patient treatment protocols.  

    Treatment 

 Pharmacological therapies for conditions involving the pediatric maxillofacial skel-
eton are limited. No drugs are currently approved for the prevention of low bone 
density and possible pathologic fractures in children. However, therapies are cur-
rently in use off-label in clinical practice. 

    Vitamin D and Calcium Supplementation 

 Vitamin D defi ciency is extremely common in the pediatric population [ 44 ,  45 ]. 
Although the level of vitamin D needed for bone health remains somewhat contro-
versial, it has been shown that levels of 25-hydroxy vitamin D below 20 ng/mL 
increase bone turnover and the risk of low bone density [ 46 ]. In patients with condi-
tions causing low bone density such as OI, supplementation to ensure a higher level 
of 25-hydroxy vitamin D of 30 ng/mL may be appropriate [ 47 ]. Evidence of the 
benefi ts of higher levels of supplementation on organ systems besides the skeleton 
is mixed [ 48 ]. There are few risks to vitamin D supplementation such as hypervita-
minosis D and resulting hypercalcemia. Although rare, they have been reported at 
doses needed to maintain the above levels, indicating the need for monitoring of 
patients on supplementation [ 49 ]. 

 Calcium supplementation has been shown to increase bone density in children 
with low dietary intake [ 50 ]. In general, children require 1,000–1,500 mg of ele-
mental calcium a day. Patients with low bone density and high bone turnover may 
have increased requirements [ 51 ]. Patients not receiving adequate dietary calcium 
should receive supplementation. However, if vitamin D levels and dietary calcium 
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are adequate, supplementation is not required. The risks of calcium supplementa-
tion are also relatively low. Studies in adult patients disagree whether calcium sup-
plementation may increase the risk of nephrocalcinosis and cardiovascular 
calcifi cations [ 48 ,  50 ,  52 ,  53 ].  

    Bisphosphonates 

 Bisphosphonates decrease bone turnover by preventing osteoclasts from breaking 
down bone, increase bone density, and reduce risk of pathologic fracture. They 
increase bone mass but not bone quality in high bone turnover conditions such as OI 
[ 54 – 57 ]. In FD, they reduce bone pain and decrease the risk of pathologic fractures, 
but do not affect the natural history of the disease [ 58 ]. 

 Although they have not been approved in children, in most instances, bisphos-
phonates are used off-label as treatment for systemic pediatric conditions known to 
cause decreased bone density such as cerebral palsy, infl ammatory conditions 
requiring long-term steroid treatment, and oncologic disorders. Most protocols 
originate from initial studies done in children with OI [ 54 ,  55 ]. Oral bisphospho-
nates are less effective in children and have been shown to increase bone density but 
not reduce fracture risk in patients with OI [ 56 ]. 

 Pediatric patients are generally not treated with bisphosphonates regardless of 
diagnosis until they have experienced at least one pathologic fracture and are at risk 
for more, with the exception of FD patients treated for pain relief. Standard dosing 
is 1 mg/kg of pamidronate up to a maximum of 60 mg/kg every 6 weeks to 2 months. 
Patients with severe bony disease may experience fever, body aches, and bone pain 
with infusions, especially with the fi rst administration. All patients receiving 
bisphosphonates are at high risk for hypocalcemia due to inactivation of the osteo-
clasts and resulting decrease in calcium release from the skeleton [ 59 ]. Vitamin D is 
critical to maintain adequate calcium absorption from the diet and patients should 
be documented to have a 25-hydroxy vitamin D level of at least 20 ng/mL prior to 
therapy. Patients also must maintain adequate calcium intake before and after the 
infusions either through dietary sources or by supplementation. Some studies sug-
gest that prior or concurrent bisphosphonate therapy adversely affects bone healing, 
although other studies report no clinically signifi cant effects when bisphosphonates 
are given before or soon after a fracture [ 60 – 62 ]. 

 Among patients exposed to bisphosphonates, a small number will develop 
bisphosphonate-related osteonecrosis of the jaws (BRONJ). Most cases reported in 
literature were in adult patients with oncologic disorders treated with bisphospho-
nates who subsequently underwent dental procedures or had local trauma to the jaw. 
While the etiology is unknown, an anti-angiogenic effect of the medication has been 
proposed [ 63 ]. The estimated frequency of BRONJ ranges from 0.0004 to 0.06 % 
for oral bisphosphonates. Estimates for those exposed to parentral bisphosphonates 
are lacking, but are higher than for oral bisphosphonates [ 43 – 46 ]. The risk for 
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BRONJ is higher among patients receiving parenteral bisphosphonates, patients on 
oral bisphosphonates for >3 years, or those who have been exposed for <3 years but 
received concomitant steroids [ 44 ]. 

 Though expected to parallel the effects seen in adults, there is a paucity of lit-
erature describing the risk for BRONJ in children and adolescents. There are two 
European studies of 102 and 64 children and adolescents treated with bisphospho-
nates which did not reveal any cases [ 64 ,  65 ]. A study in Canada specifi cally 
looked at 15 pediatric patients with OI who were treated with bisphosphonates, 
mostly IV pamidronate, and underwent dental procedures including tooth extrac-
tion but did not report any cases of ONJ [ 66 ]. As such, clinicians should use expe-
rience and clinical judgment regarding the necessity of dental or oral surgical 
interventions. Discussion with parent, patient, and pediatric dental practitioners 
prior to initiation of treatment should take place. Signifi cant efforts should be 
made to treat decayed, infected, or impacted teeth, and other maxillofacial pathol-
ogy. Among children who require treatment with bisphosphonates, initiation of 
treatment should be delayed, where feasible, until dental evaluation and any nec-
essary dental and/or oral surgical treatment is completed. A drug holiday of at 
least 3 months prior to oral surgical intervention is currently recommended [ 67 , 
 68 ]. Among some patients, given the long half-life of intravenous bisphospho-
nates, cessation is not practical [ 68 ]. It is possible that BRONJ may not become 
evident until skeletal maturity is reached, but further research is necessary to 
explore this area.  

    New Therapies: Denosumab and Recombinant Parathyroid Hormone 

 In the past several years, two new therapies became available for the treatment of 
skeletal disorders. Denosumab is a humanized monoclonal antibody to the NF-kB 
ligand (RANKL), a cell surface protein involved in osteoclastogenesis. Similar to 
bisphosphonates, it reduces bone turnover by preventing osteoclast activity although 
through a different mechanism. It has not been widely used “off-label” in the pedi-
atric population since the relatively recent FDA approval for use in adult patients. 
There are reports in literature of successful pain management in patients with FD as 
well as the treatment of hypercalcemia following a stem cell transplant for osteope-
trosis. However, the FD patients developed secondary hyperparathyroidism during 
treatment and severe hypercalcemia after the discontinuation of therapy requiring 
hospitalization and IV bisphosphonate therapy [ 69 ,  70 ]. 

 Teriparatide is a truncated version of parathyroid hormone (PTH) given by sub-
cutaneous injection to increase bone density in adult patients. Teriparatide is differ-
ent than other mentioned therapies in that it has an anabolic effect on bone, 
increasing bone formation instead of preventing bone turnover. However, animal 
studies showed an increase in bone tumors in juvenile rats. Thus, it is not used in the 
pediatric population [ 71 ].    
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    Conclusion 

 The management of systemic conditions of bone metabolism affecting the 
 maxillofacial skeleton is complex and requires collaboration from multiple special-
ists. Craniofacial pathology may be asymptomatic and diagnosed incidentally by 
imaging. Surgical management is appropriate for some conditions and medical 
management with pharmacologic intervention necessary for others. Treatment must 
consider risks and benefi ts of the interventions on the immature maxillofacial skel-
eton undergoing rapid growth. 

 New therapies for disorders of bone metabolism are currently in clinical trials, 
including new anabolic therapies that act on osteoblasts to increase bone produc-
tion. For example, therapies targeting Sclerostin, an endogenous inhibitor of a cell 
signaling pathway known to increase bone density, are currently being studied [ 72 ]. 
Although the side effects of these therapies in children are unknown, they may 
affect future treatment regimens with ultimate improvements in patient outcomes.     
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           Introduction 

 In this chapter we review new concepts in pharmacologic therapy for osteoporosis 
in adults. We cover denosumab, the most recent addition to the antiresorptive cate-
gory of medications; innovations in osteoanabolic and combination therapy; and 
newer therapeutic classes that show promise in clinical trials. A summary is pro-
vided in Table  12.1 . We will not discuss FDA-approved therapies that have been 
available for more than 5 years or agents that have not yet been studied in humans 
or that are no longer under active investigation.

       Antiresorptive Therapy 

 Bisphosphonates are the mainstay of osteoporotic therapy. The only recent innova-
tion in this class is the approval of a delayed-release form of risedronate. All oral 
bisphosphonates require patients to take the drug in the fasting state with plain water 
and to wait approximately 30–60 min before eating, drinking, or taking other medi-
cations. These stipulations help to ensure maximal absorption of the bisphospho-
nates which are at best poorly absorbed [ 1 ]. Less than 1 % of the administered oral 
bisphosphonate dose is absorbed under these optimized conditions. Some individu-
als cannot tolerate this approach because they are unable to take drugs while fasting. 
Other individuals report upper gastrointestinal intolerance under these conditions. 
To deal with these concerns, a weekly 35 mg delayed-release form of risedronate 
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   Table 12.1    Novel drugs in the treatment of osteoporosis   

 Class  Drug 
 Route of 
administration  Timing  Mechanism of action 

 Antiresorptive  Denosumab a   Subcutaneously  Twice 
yearly 

 Decreases bone resorption 
by inhibiting RANKL 

 Osteoanabolic  PTH(1-34) 
(teriparatide) b  

 Subcutaneously, 
transdermal, 
chip 

 Daily, 
weekly 

 Increase bone turnover, 
with the increase in 
bone formation 
preceding and 
exceeding bone 
resorption, 
characterizing the 
“anabolic window” 

 PTH(1-84) c   Subcutaneously  Daily, 
weekly 

 PTHrP(1-36)  Subcutaneously  Daily 
 PTHrP analog  Subcutaneously  Daily 

 Cathepsin K 
inhibitors 

 ONO-5334  Oral  Daily  Inhibit cathepsin K, a key 
enzyme for bone 
collagen breakdown. 
The effect on 
osteoclast function is 
limited so that 
osteoclasts continue to 
positively signal 
osteoblasts. As a 
result, bone resorption 
is reduced without 
suppressing bone 
formation to an 
appreciable degree 

 Odanacatib  Oral  Weekly 

 Antisclerostin 
antibodies 

 Romosozumab  Intravenous and 
subcutaneously 

 Not 
defi ned 
yet 

 Inhibition of sclerostin 
subsequently prevents 
the inhibition of 
Wnt/β-catenin 
signaling. The release 
of inhibition in this 
pathway increases 
bone formation and 
reduces bone 
resorption 

 Blosozumab  Subcutaneously  Not 
defi ned 
yet 

 Nitric oxide  Isosorbide 
mononitrate 

 Oral  Daily  Direct effect on 
osteoclasts and 
osteoblasts, leading 
to a decrease in bone 
resorption and an 
increase in bone 
formation 

 Nitroglycerin  Transdermal  Daily 

   a Denosumab is approved by the FDA for the following indications: treatment of postmenopausal 
women with osteoporosis who are at high risk for fracture; treatment to increase bone mass in men 
with osteoporosis at high risk for fracture; treatment to increase bone mass in women at high risk 
for fracture receiving adjuvant aromatase inhibitor therapy for breast cancer; and treatment to 
increase bone mass in men at high risk for fracture receiving androgen deprivation therapy for 
nonmetastatic prostate cancer. In Europe, denosumab is approved for the treatment of osteoporosis 
in postmenopausal women at increased risk for fracture and for bone loss due to hormone ablation 
in men with prostate cancer 
  b PTH(1-34) by subcutaneous injection daily is approved worldwide for advanced osteoporosis in 
men and women at high risk of fracture as well as glucocorticoid-induced osteoporosis; PTH(1-34) 
by subcutaneous injection weekly is approved for use in Japan 
  c PTH(1-84) by subcutaneous injection daily is approved for use in Europe for postmenopausal 
osteoporosis  
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was developed to be taken postprandially, after breakfast. The delayed- release 
 formulation was demonstrated to be effective compared to immediate- release rise-
dronate in a non-inferiority trial in which both groups showed similar gains in bone 
mineral density (BMD) at the lumbar spine and hip [ 2 ]. As with other oral bisphos-
phonate preparations, patients are advised to remain upright for 30 min after taking 
the medication to ensure successful transit of the medication. 

 The most recent addition to the antiresorptive class of therapeutics for osteoporo-
sis, denosumab, is based on a mechanism that is completely different from the 
bisphosphonates. Receptor activator of nuclear factor-kB ligand (RANKL) is a key 
mediator of osteoclast formation, activity, and survival [ 3 ]. Denosumab, a fully 
human monoclonal antibody, binds with high affi nity and specifi city to RANKL and, 
thus, prevents its access to mature and developing osteoclasts. As a result, osteoclast-
mediated bone resorption is profoundly affected. By reducing bone turnover, deno-
sumab increases BMD [ 4 – 6 ]. At vertebral, hip, and other nonvertebral sites [ 7 ,  8 ], 
denosumab reduces fracture incidence, as compared to placebo controls. 

 The FREEDOM trial was a 3-year international, randomized, placebo-controlled 
trial that enrolled 7,868 postmenopausal women with osteoporosis. Subjects were 
randomized to receive either 60 mg of denosumab or placebo subcutaneously (SC) 
every 6 months [ 7 ]. Compared to placebo, subjects taking denosumab had a signifi -
cant reduction in the risk of new radiographic vertebral fractures by 68 % (relative 
risk (RR), 0.32; 95 % confi dence interval (CI), 0.26–0.41;  p  < 0.001), hip fracture by 
40 % (RR, 0.60; 95 % CI, 0.37–0.97;  p  = 0.04), and all nonvertebral fractures by 
20 % (RR, 0.80; 95 % CI, 0.67–0.95;  p  = 0.01). By 3 years, patients in the deno-
sumab group had a 9.2 % increase in lumbar spine BMD and a 6 % increase at the 
total hip. Although infections are a theoretical concern [ 9 ,  10 ] because RANKL is 
expressed in lymphocytes, the rate of serious infections was not higher with deno-
sumab treatment. However, cellulitis and eczema were seen with greater frequency 
in those who took denosumab. 

 The gains in BMD were progressive. In the phase III trials, a linear increase was 
seen at all sites over the entire 3-year period [ 9 ]. Gains for as long as 8 years have 
been reported in the phase II trial [ 10 ]. In a subset of 99 subjects from the FREEDOM 
trial, quantitative computed tomography of the spine and hip was performed to esti-
mate bone strength using fi nite element modeling [ 11 ]. Hip and spine strength 
increased for the denosumab group compared with the placebo group by 14.3 % 
( p  < 0.0001) and 22.4 % ( p  < 0.0001), respectively, at 36 months. 

 Denosumab treatment for 36 months has also been shown to reduce the inci-
dence of new vertebral fractures in men receiving androgen deprivation therapy for 
nonmetastatic prostate cancer (RR, 0.38; 95 % CI, 0.19–0.78;  p  = 0.006). Rates of 
adverse events and overall incidence of infections were similar for both the treat-
ment and placebo groups [ 8 ]. 

 A phase III trial compared effi cacy of denosumab vs. alendronate on BMD and 
bone turnover markers [ 12 ]. A total of 1,189 postmenopausal women with low bone 
mass were randomized to receive either denosumab 60 mg every 6 months or alen-
dronate 70 mg weekly. At 12 months, subjects in the denosumab group had a greater 
increase in BMD at the lumbar spine, total hip, femoral neck, and 1/3 radius. 

12 Newer Adult Bone Drugs



202

Denosumab reduced the bone formation marker procollagen type I intact N-terminal 
propeptide (P1NP) to a greater extent than alendronate, but the median reduction in 
the bone resorption marker C-terminal telopeptide (CTX) was similar for both 
groups. There was no difference in the overall incidence of adverse events between 
the two treatment groups. 

 The reversibility of the antiresorptive effects of denosumab was shown in a 
2-year extension study of a randomized, blinded, placebo-controlled, dose-ranging 
trial in which patients were randomly allocated to further treatment with active drug 
or placebo [ 13 ]. Despite a marked suppression during the treatment period with 
denosumab, bone turnover markers rapidly increased after the drug was discontin-
ued, with the most pronounced changes within the fi rst 6 months off-therapy. The 
increase in bone turnover markers temporarily exceeded the control, pretreatment 
values. This “overshoot” was associated with a reduction in BMD. Bone turnover 
markers and BMD returned to values near baseline after 24 months off-treatment. 
Subjects in whom treatment was discontinued for 12 months before denosumab was 
reintroduced for an additional 12 months showed increments in BMD to an extent 
similar to that observed during the fi rst period of denosumab treatment. 

 Denosumab is approved by the FDA for the following indications: treatment of 
postmenopausal women with osteoporosis who are at high risk for fracture; treat-
ment to increase bone mass in men with osteoporosis at high risk for fracture; 
treatment to increase bone mass in women at high risk for fracture receiving adju-
vant aromatase inhibitor therapy for breast cancer; and treatment to increase bone 
mass in men at high risk for fracture receiving androgen deprivation therapy for 
nonmetastatic prostate cancer. Denosumab is also approved to prevent skeletal-
related events in patients with bone metastasis from solid tumors. In Europe, deno-
sumab is approved for the treatment of osteoporosis in postmenopausal women at 
increased risk for fracture and for bone loss due to hormone ablation in men with 
prostate cancer.  

    Osteoanabolic Therapy 

 Parathyroid hormone (1-84) [PTH(1-84)] and its fully active, foreshortened variant, 
PTH(1-34) (teriparatide), represent the only currently available osteoanabolic thera-
pies for osteoporosis. Teriparatide was demonstrated to be effective in the pivotal 
clinical trial conducted by Neer et al. [ 14 ]. It is indicated for the treatment of men 
and women with advanced osteoporosis at high risk for fracture. It is also approved 
for the treatment of glucocorticoid-induced osteoporosis. PTH(1-84) is approved in 
Europe, but not in the United States, for the treatment of postmenopausal osteopo-
rosis. Both teriparatide and PTH(1-84) are administered by subcutaneous injection 
daily for up to a 2-year course. Teriparatide carries an FDA-instructed “black box” 
warning because of toxicity noted in rats, osteosarcoma [ 15 ]. PTH(1-84) also causes 
osteosarcoma in rats. Concerns that this rat toxicity might also be seen in human 
subjects have not been substantiated. Reviews of this subject have established that 
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after 10 years of teriparatide use and 6 years of PTH(1-84) use amounting to a 
cumulative experience of over one million subjects and several million patient- 
years, the incidence of osteosarcoma is not greater than what would be expected in 
the general population not exposed to these PTH formulations [ 16 ,  17 ]. 

 In contrast to antiresorptive therapies, osteoanabolic agents directly stimulate 
bone formation. PTH therapy increases BMD in the lumbar spine, a site comprising 
primarily cancellous bone. Increases in the hip region are more modest and PTH 
therapy may actually be associated with a reduction in BMD at the distal 1/3 radius, 
a cortical site. PTH therapy results in an initial rapid increase in bone formation 
markers subsequently followed by an increase in bone resorption markers. These 
changes in markers of bone formation are accompanied by histomorphometric 
observations that confi rm an effect of PTH to increase processes associated with 
bone formation without any early evidence for bone resorption. This effect is remi-
niscent of bone metabolism in growing children in whom bone  modeling  is the 
dominant process. Thereafter, teriparatide leads to an increase in bone resorption 
giving rise to the more typical characteristics of bone metabolism in adults, namely 
bone  remodeling . The “anabolic window” describes the period of time when PTH 
stimulates bone formation directly, before bone remodeling is stimulated [ 18 ]. Even 
after bone turnover is stimulated, there is more ongoing bone formation than bone 
resorption, thus maintaining the anabolic window at least for a fi nite period of time. 

    Different Timing and Delivery Systems of Teriparatide 

    Weekly Administration of PTH(1-84) or Teriparatide 

 A randomized, double-blind, placebo-controlled trial [ 19 ] examined the use of 
weekly teriparatide 200 IU (56.5 μg) in healthy Japanese men and postmenopausal 
women (65–95 years) with 1–5 prevalent vertebral fractures and low lumbar spine 
BMD (<80 % of young adult mean) at any site. Subjects were randomly assigned to 
receive a 72-week course of weekly teriparatide injection ( n  = 286; 13 men) or pla-
cebo ( n  = 286; 10 men). Compared to placebo, treatment with teriparatide increased 
BMD at the lumbar spine (0.3 % vs. 6.7 %), total hip (0.1 % vs. 3.1 %), and femoral 
neck (−0.5 % vs. 1.8 %), and reduced the relative risk of vertebral fracture by 80 % 
(14.5 % vs. 3.1 %) ( p  < 0.01 for all). In a subset of these patients [ 20 ], a single dose 
of teriparatide led to a transient decrease in bone formation markers with a subse-
quent increase over baseline levels up to 72 h later, lasting more than 7 days after 
administration. Markers of bone resorption transiently increased after administra-
tion and then decreased to below baseline levels from 24 h until the next injection. 
Computed tomographic imaging studies of a subgroup of these patients [ 21 ] showed 
that teriparatide treatment increased cortical thickness and area in the femoral neck, 
inter-trochanter, and shaft, while tending to decrease cortical perimeter and cortical 
volumetric BMD in the inter-trochanter (but not the femoral neck or shaft), com-
pared to placebo. Weekly teriparatide also improved the biomechanical properties 
of section modulus and buckling ratio. 
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 After the completion of the original weekly teriparatide trial [ 19 ], 465 subjects 
were enrolled in a follow-up study in which patients were treated for 1 year with 
bisphosphonates or other therapeutic regimens at the discretion of their physicians 
[ 22 ]. Among the 447 subjects who completed the study, 205 were in the post- 
teriparatide group and 242 in the post-placebo group. Approximately 45 % of sub-
jects in the post-teriparatide group and 54 % in the post-placebo group were treated 
with bisphosphonates. The other regimens included selective estrogen receptor 
modulators, calcitonin, alfacalcidol, or no osteoporosis drugs. New vertebral frac-
ture occurred in 3.4 % of subjects in the post-teriparatide group and 13.7 % in the 
post-placebo group (RR, 0.23; 95 % CI, 0.10–0.52;  p  < 0.05). 

 Outcomes from the original weekly teriparatide trial are comparable to those 
obtained with daily teriparatide [ 14 ], with the exception that daily teriparatide 
decreased cortical BMD of the femoral neck. Weekly teriparatide is now approved 
for use in Japan [ 23 ]. 

 Weekly PTH(1-84) administration has also been studied [ 24 ]. A double-blind, 
placebo-controlled trial randomized 50 postmenopausal women 45–70 years of age 
with low BMD at the femoral neck to receive PTH(1-84) 100 μg or placebo daily for 
1 month, followed by weekly injections of PTH or placebo for 11 months. At 1 year, 
lumbar spine BMD increased by 2.1 % in PTH-treated women, signifi cantly greater 
than placebo ( p  = 0.03), although there were no signifi cant differences at the hip [ 25 ].  

    Transdermal Teriparatide 

 In phase I trials, a transdermal teriparatide delivery system was shown to deliver 
PTH(1-34) with a rapid time to maximal concentration, comparable area under the 
curve, and shorter half-life than the subcutaneous route [ 26 ]. A subsequent 6-month, 
randomized, placebo-controlled, positive control, multidose phase II trial compared 
a daily transdermal microneedle teriparatide patch with a placebo patch and subcu-
taneous teriparatide 20 μg injection in 165 postmenopausal women [ 27 ]. Bone turn-
over markers (P1NP and CTX) increased in all treatment groups in a dose-dependent 
manner compared to placebo. At 6 months, lumbar spine BMD increased by 3.0 %, 
3.5 %, and 5.0 % in the 20-, 30-, and 40-μg teriparatide patch groups, respectively, 
and by 3.6 % in the subcutaneous teriparatide group ( p  < 0.001 vs. placebo (−0.3 %) 
for all). The 40 μg teriparatide patch increased total hip BMD compared to both 
placebo patch and subcutaneous teriparatide injection ( p  < 0.05). The 40 μg dose is 
entering into phase III trials [ 28 ].  

    Delivery of Teriparatide by Chip Technology 

 A novel approach to deliver teriparatide through a wirelessly controlled implantable 
microchip was recently described [ 29 ]. The microchip-based devices, containing 
discrete doses of lyophilized teriparatide, were implanted in the subcutaneous tissue 
of the abdomen of eight osteoporotic postmenopausal women for 4 months and 
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wirelessly adjusted to release doses once daily for up to 3 weeks. A computer-based 
programmer communicated wirelessly with the implant to program the dosing 
schedule and to receive implant status verifying proper operation. For comparison, 
each study subject subsequently received subcutaneous injections of teriparatide in 
escalating doses. The device produced similar pharmacokinetics of teriparatide to 
standard daily subcutaneous injections with a lower coeffi cient of variation in seven 
of the eight study subjects. This novel approach to deliver teriparatide increased the 
bone formation marker P1NP, confi rming that the device was clinically effective. 
There were no toxic or adverse events due to the device or to the drug, and patients 
stated that the device did not compromise quality of life. This new cutting edge 
technology has promise.   

    PTH-Related Peptides (PTHrP(1-36); PTHrP Analog) 

 PTH-related peptide (PTHrP) was fi rst brought to medical attention as a cause of 
humoral hypercalcemia of malignancy. It was subsequently demonstrated to have 
key physiological actions in the skeleton as well as other systems [ 30 ]. Despite the 
fact that both PTH and PTHrP act at a common receptor, the proteins are products 
of different genes. While there is limited overall sequence homology between the 
two peptides, the N-terminal regions are intensely homologous. This N-terminal 
sequence homology helps to explain the shared interaction with a common PTH–
PTHrP receptor. In the normal state, PTHrP has evolved to regulate local tissue 
functions, as opposed to the systemic hormonal role of PTH [ 31 ]. Similar to PTH in 
primary hyperparathyroidism, PTHrP is catabolic to bone when administered con-
tinuously, and therefore intermittent administration has been studied. Intermittent 
administration of PTHrP increases bone mass in rodents with varying potency in 
relationship to PTH [ 32 ]. 

 Initial short-term studies with PTHrP(1-36) by Horwitz et al. [ 33 ,  34 ] showed 
early effects that appeared to favor a rather exclusive stimulation of bone forma-
tion. Results from a phase II study [ 35 ] in 105 postmenopausal women aged 45–75 
years ( n  = 35 in each group) are now available.    Subjects were randomized to daily 
treatment with PTHrP(1-36) 400 μg, PTHrP(1-36) 600 μg, or PTH(1-34) 20 μg for 
3 months. The primary outcome measures were bone turnover markers, with sec-
ondary outcome measures of BMD and safety. PTH(1-34) and PTHrP(1-36) stimu-
lated bone formation early (day 15), although by day 90 PTH(1-34) increased bone 
formation markers two to fourfold greater than PTH(1-36) at the 600 or 400 μg 
doses, respectively ( p  < 0.05). As expected, the increase in bone resorption occurred 
later (day 60 for PTH(1-34) and day 90 for both PTH(1-36) groups), and was not 
as dynamic. The increase in bone resorption at day 90 was threefold greater for the 
PTH(1-34) arm than either of the PTH(1-36) dosage groups ( p  < 0.05), which were 
not different from each other. At 3 months, PTH(1-34) and PTHrP(1-36) at both 
doses signifi cantly increased BMD by about 2 % at the lumbar spine. There were 
small but signifi cant increases in hip BMD in the PTHrP(1-36) groups but not in 

12 Newer Adult Bone Drugs



206

the PTH(1-34) group. There were no signifi cant differences in BMD at the  forearm. 
Adverse effects were similar between the PTH(1-34) and PTHrP(1-36) groups, 
with the exception of more frequent episodes of mild hypercalcemia in the 
PTHrP(1-36) group. 

 A PTHrP analog is being developed by Radius Health, Inc. [ 36 ]. The fi rst 22 resi-
dues are identical to PTHrP but thereafter, from amino acids 22 to 34, the molecule 
contains several replacement residues designed to optimize its osteoanabolic poten-
tial. The results of a multicenter, randomized, double-blind, placebo-controlled 
phase II investigation of safety and effects on BMD and bone markers were recently 
presented [ 36 ]. Postmenopausal women with osteoporosis, aged 55–85 years, were 
randomized to placebo, BA058 20, 40, or 80 μg, or teriparatide 20 μg for 24 weeks. 
After completion of the 24-week study, subjects were then eligible to participate in 
a 24-week extension study. One hundred and eighty-four of 221 patients completed 
6 months of treatment. The mean percent change in lumbar spine BMD at 24 weeks 
was 1.6 % with placebo, 2.9 %, 5.2 %, and 6.7 % with BA058 20 μg, 40 μg, and 
80 μg, respectively, and 5.5 % with teriparatide ( p  < 0.001 compared to placebo for 
BA058 40 and 80 μg and teriparatide). Further dose-dependent increases in lumbar 
spine BMD were noted during the extension ( n  = 55), with a mean percent change at 
48 weeks of 0.7 % with placebo, 5.1 %, 9.8 %, and 12.9 % with BA058 20 μg, 
40 μg, and 80 μg, respectively, and 8.6 % with teriparatide. The investigators also 
found dose-dependent increases in total hip BMD. At 24 weeks, changes were noted 
in serum and urine bone turnover markers from baseline ( p  ≤ 0.05) for BA058 40 
and 80 μg and for teriparatide. BA058 was well tolerated, with an adverse event 
profi le comparable with blinded placebo. BA058 is the focus of a phase III placebo- 
controlled, 18-month international study in postmenopausal women [ 24 ]. The pri-
mary endpoint is the incidence of new vertebral fractures at a dose of 80 μg in 
comparison to placebo. A transdermal microneedle technology is also under devel-
opment for BA058 and in phase I and II trials (  www.radiuspharm.com    ).  

    Combination Osteoanabolic and Antiresorptive Therapy 

 In theory, the combination of an antiresorptive and osteoanabolic agent offers the 
potential for increased effi cacy over monotherapy with either drug class given their 
differing mechanisms of action. If bone resorption is inhibited by an antiresorptive 
while bone formation is stimulated by an osteoanabolic agent, combination therapy 
might give better results than therapy with either agent alone. Despite the intuitive 
attraction of this reasoning, important data to the contrary have been provided by 
Black et al. [ 25 ] and Finkelstein et al. [ 37 ]. These two groups independently con-
ducted trials using a form of PTH alone, alendronate alone, or the combination of 
the PTH formulation and alendronate. Black et al. studied postmenopausal women 
treated with 100 μg of PTH(1-84) and Finkelstein et al. studied men given 40 μg of 
teriparatide. PTH monotherapy was associated with greater densitometric gains 
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than with combination therapy or alendronate alone at the lumbar spine with both 
dual energy X-ray absorptiometry (DXA) and quantitative computed tomography. 
Combination therapy was not different from alendronate alone. Bone turnover 
markers followed the expected course for monotherapy with anabolic or antiresorp-
tive agents. For combination therapy, however, bone markers followed the course of 
alendronate, not PTH, with reductions in bone formation and bone resorption mark-
ers. The fi ndings from these two trials suggest that the impaired response to combi-
nation therapy was due to the dominating effects of alendronate on bone remodeling 
dynamics when both drugs are used in combination. 

 The results of these combination therapy studies with alendronate led to the con-
cept that an antiresorptive agent that did not impair the anabolic actions of PTH to 
increase bone formation while mitigating its effects on bone resorption may be a 
more effective approach to combination therapy. Deal et al. [ 38 ] studied the effects 
of raloxifene, a less potent antiresorptive agent than the bisphosphonates, in combi-
nation with teriparatide over 6 months. Their results support the idea that combina-
tion therapy might be advantageous with a mild antiresorptive drug but are not 
conclusive because of the short duration of the study. As a further test of this hypoth-
esis, Walker et al. [ 39 ] investigated the combination of teriparatide and risedronate, 
a bisphosphonate with less potent effects on bone turnover than alendronate or zole-
dronic acid. Men with low BMD were randomized to receive risedronate 35 mg 
weekly plus daily injected placebo, teriparatide 20 μg subcutaneously daily plus 
weekly oral placebo, or risedronate plus teriparatide (combination) for 18 months. 
At study conclusion, all three treatment arms signifi cantly increased lumbar spine 
BMD, the primary endpoint, but there were no between-group differences. In con-
trast, at the total hip, BMD increased to a greater extent in the combination group 
(3.86 ± 9.2 %) vs. teriparatide (0.29 ± 8.0 %) or risedronate alone (0.82 ± 8.0 %; 
 p  < 0.05 for both). Bone turnover markers in the combination group paralleled the 
teriparatide alone arm, supporting the idea that an antiresorptive that does not have 
a profound effect on bone turnover might permit salutary effects of combination 
therapy with an osteoanabolic agent. The results of this proof-of-concept study are 
favorable but require further investigation. 

 Cosman et al. [ 40 ] studied the use of a single dose of zoledronic acid in combina-
tion with daily teriparatide. This approach was based upon animal studies of Gasser 
et al. [ 41 ] in which a single dose of zoledronic acid led to greater improvements in 
BMD in rats treated simultaneously with teriparatide than those treated with 
bisphosphonate therapy alone. With the combination of zoledronic acid and teripa-
ratide, BMD increased after 6 months at the spine and hip to a greater degree than 
in either monotherapy arm. With combination therapy, there was a rapid, but only 
transient, reduction in bone turnover markers. At the lumbar spine, there were sig-
nifi cantly greater changes after 6 months with combination therapy but by the end 
of the study at 12 months, there were no differences between combination therapy 
and teriparatide alone (7.3 % vs. 7.3 %;  p  = NS). At the hip, similar results were 
observed with the combination therapy arm showing a greater enhancement of 
BMD than zoledronic acid alone, but by the 12-month endpoint of the study, 
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differences were no longer appreciated (2.3 % vs. 2.2 %;  p  = NS). However, if one 
considered the lumbar spine and hip sites together as a composite endpoint, only 
combination therapy provided improvement in BMD that was greater than either 
zoledronic acid or teriparatide alone. 

 The fi rst section of this chapter is devoted to denosumab, a potent inhibitor of 
RANKL. Several interesting properties have surfaced over continued investigation 
of this therapy. The distal 1/3 radius, a cortical site, increases and remains above 
baseline for 8 years. The second observation is that PTH levels rise after denosumab 
administration by approximately twofold and remain above baseline for about 3 of 
the 6-month interval between doses [ 5 ,  42 ,  43 ]. To relate these observations to each 
other requires appreciation of the fact that PTH requires RANKL for its catabolic 
actions [ 44 – 46 ]. As a RANKL inhibitor, denosumab blocks this catabolic pathway. 
The increase in PTH associated with denosumab, therefore, may preferentially 
exploit the anabolic  Wnt  signaling pathway [ 47 ,  48 ]. The increase in cortical bone 
density (distal 1/3 radius) is compatible with this hypothesis. Seeman et al. [ 49 ] 
have provided additional evidence for this view when they showed that the higher 
PTH in connection with denosumab is associated with lower cortical porosity. In 
the control arm of this study, alendronate administration was associated with 
increases in PTH but there was a positive relationship with higher PTH levels asso-
ciated with greater porosity. These observations led to the hypothesis that deno-
sumab and teriparatide in combination may be more benefi cial than the combination 
of teriparatide with other antiresorptives. The Denosumab and Teriparatide 
Administration (DATA) Study [ 50 ] has in fact shown a densitometric benefi t to 
combination therapy in postmenopausal women. At 12 months, lumbar spine BMD 
increased more in the denosumab and teriparatide combination group ( n  = 30; 
9.1 %) than the teriparatide alone group ( n  = 31; 6.2 %,  p  = 0.014) or denosumab 
alone ( n  = 33; 5.5 %,  p  = 0.0005). Femoral neck BMD also increased to a greater 
extent in the combination group (4.2 %) than the teriparatide alone (0.8 %, 
 p  = 0.0007) or denosumab alone arms (2.1 %,  p  = 0.0238), with similar fi ndings at 
the total hip site. There was an increase of 2.6 % in BMD at the distal 1/3 radius in 
the combination therapy arm and 1.7 % in the denosumab alone arm without 
between-group differences, although both groups differed when compared to terip-
aratide alone, which demonstrated a 1.8 % decline in BMD. As expected, teripara-
tide alone increased bone turnover markers and denosumab alone decreased bone 
turnover markers. While the combination therapy group decreased the bone resorp-
tion marker CTX to a similar extent as the denosumab alone group, bone formation 
decreased more gradually and to a lesser extent. 

 It should be noted that these and other combination studies have not been 
designed with fracture outcome as a defi nitive endpoint. These trials have only tar-
geted surrogate endpoints such as BMD and bone turnover markers, and have also 
been shorter than typical defi nitive fracture trials. One must therefore exercise cau-
tion in the interpretation of these data. In addition, the use of two pharmacologic 
therapies simultaneously carries with it the potential for more adverse events than 
the use of a single therapy as well as added expense.   
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    Newer Therapies 

    Cathepsin K Inhibitors 

 Cathepsin K, a member of the papain family of cysteine proteases, is highly 
expressed by activated osteoclasts, and promotes degradation of type I collagen 
(Fig.  12.1 ) [ 51 ]. It plays an important role in the process of bone resorption through 
its actions to remove collagen, an initial step in the creation of the bone remodeling 
unit [ 51 ]. Clues to the therapeutic potential of inhibiting the actions of cathepsin K 
came from studies of a human genetic disorder, pycnodysostosis, a disorder of 
excess bone due to an inactivating point mutation in the gene encoding cathepsin K 
[ 52 ,  53 ]. Several oral compounds have been designed to inhibit cathepsin K [ 54 ]. 
Preclinical studies of cathepsin K inhibitors noted that the drug reduces bone resorp-
tion without suppressing bone formation to an appreciable degree [ 55 – 57 ]. Different 
from the bisphosphonates, cathepsin K inhibitors appear to permit certain functions 
of the osteoclast such as signaling to the osteoblast while preventing its classical 
actions to excavate bone.

  Fig. 12.1    Cartoon depicting osteoclast-mediated bone resorption. Hydrochloric acid and prote-
ases, including cathepsin K (Cath K), are secreted into the sealing zone created by the adhesion of 
the osteoclast to bone through integrin αvβ3. The organic collagen matrix, 90 % of which is com-
posed of type I collagen, is subsequently degraded. Reprinted by permission from Macmillan 
Publishers Ltd: Costa AG, Cusano NE, Silva BC, Cremers S, Bilezikian JP. Cathepsin K: its 
 skeletal actions and role as a therapeutic target in osteoporosis. Nat Rev Rheumatol. 2011;7(8):
447-456       
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   Several molecules in this new class are noteworthy. They are all under 
 investigation at this time. The cathepsin K inhibitors, ONO-5334 and odanacatib, 
have shown encouraging results in clinical trials so far. ONO-5334 is a hydrazine-
based cathepsin K inhibitor developed in Japan. A double-blind, placebo-controlled, 
single-dose escalation study enrolled 52 healthy postmenopausal women to evalu-
ate safety, tolerability, pharmacokinetics, and pharmacodynamics of ONO-5334. 
ONO-5334 was administered at 3, 10, 30, 100, 300, or 600 mg to patients and com-
pared to a placebo control. ONO-5334 was well tolerated at all doses. Suppression 
of bone resorption markers was observed for at least 24 h with doses of 100 mg and 
above vs. placebo. Food ingestion did not interfere with total drug exposure, 
although the time to reach peak maximal concentration was delayed by about 
30 min [ 58 ]. In another early study, little effect was noted on bone formation mark-
ers while bone resorption markers were suppressed by once and twice daily admin-
istration of ONO-5334 at doses of 10–600 mg/day for up to 28 days [ 58 ]. 

 A phase II randomized, placebo- and active-controlled parallel group study eval-
uated the effi cacy, safety, and tolerability of ONO-5334 in 285 Japanese postmeno-
pausal women with osteoporosis (55–75 years old). There were four study arms: 
daily 100 or 300 mg, twice daily 50 mg or placebo; the active comparator group 
received 70 mg of weekly alendronate [ 59 ]. Treatment with ONO-5334 suppressed 
bone resorption markers (serum and urinary CTX and urinary N-terminal telopep-
tide (NTX)), but had a much smaller effect on bone formation markers bone- specifi c 
alkaline phosphatase (BSAP) and P1NP. Dose-related increases in BMD were noted 
with the 300 mg dose, showing gains that were similar to alendronate. Increments 
in femoral neck and total hip BMD were similar at the 50 and 300 mg dose regimens 
[ 59 ,  60 ]. Serious adverse events were reported in 11.1 % of patients on study drug, 
as compared to a 7 % incidence in the placebo and alendronate groups. The most 
frequent adverse events reported by patients treated with the active drug were hyper-
tension and dyspepsia. There was no imbalance among the ONO-5334 arms and the 
placebo and alendronate arms in dermatologic reactions, an area of potential con-
cern because cathepsin K is found in dermal fi broblasts [ 61 ]. 

 Odanacatib (MK-0822) is another cathepsin K inhibitor in development at this 
time. Similar to ONO-5334, odanacatib inhibits bone formation markers to a much 
smaller extent than its effects on bone resorption markers. A randomized, multi-
center, placebo-controlled trial enrolled 399 postmenopausal women with low 
BMD (T-score ≤–2.0 and ≥3.5 at the lumbar spine, femoral neck, total hip, or tro-
chanter) [ 62 ]. Designed to be a 12-month study with a 12-month extension phase, 
patients received one of the four odanacatib weekly regimens (3, 10, 25, and 50 mg) 
or placebo. By 12 months, lumbar spine and proximal femoral BMD increased in a 
dose-dependent manner, except at the lowest odanacatib dose. Further BMD incre-
ments were noted after 24 months. Bone resorption markers were suppressed in a 
dose-dependent manner, and remained below baseline levels at months 12 and 24. 
Despite an initial decline, bone formation markers gradually increased after 6 
months to levels similar to controls, except at the 50 mg dose in which P1NP levels 
remained lower than controls through the 2-year study. At the lowest dose of 
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odanacatib (3 mg) bone resorption and formation markers increased. At all doses, 
odanacatib was well tolerated and adverse events were similar among the groups 
[ 62 ]. This 2-year study was extended for a third year in a subset of patients main-
taining the double-blind, placebo design. Patients were re-randomized to odana-
catib 50 mg weekly or placebo, such that three groups were created with the 
2-year:1-year extension periods following this sequence for the three groups: ODN/
ODN; PLB/PLB; ODN/PLB [ 63 ]. Further gains in BMD (lumbar spine: +2.3 %; 
femoral neck: +1.6 %) were noted in the ODN/ODN group, with a cumulative den-
sitometric gain of 7.9 % at the lumbar spine, 5.8 % at the total hip, and 5.0 % at the 
femoral neck. There was an initial decline of bone formation markers (P1NP and 
BSAP) but after reaching a nadir, P1NP levels returned to baseline and BSAP levels 
rose thereafter to above baseline values by the end of year 3. Bone resorption mark-
ers CTX and urinary deoxypyridinoline showed a transient suppression, but returned 
to baseline levels, whereas urinary NTX showed a cumulative 50 % decline in the 
ODN/ODN group. Tartrate-resistant acid phosphatase  5b , a marker of osteoclastic 
number, increased above baseline similarly in the ODN/ODN and placebo groups, 
which confi rms preclinical studies that have shown either no change or an increase 
in osteoclast numbers with odanacatib [ 51 ,  64 ]. 

 In the ODN/PLB group, the switch to placebo after 2 years of active drug was 
followed by signifi cant bone loss, particularly during the fi rst 6 months after the 
study drug was discontinued. After 12 months without further odanacatib treat-
ment, femoral neck BMD still remained slightly above baseline (+2.3 %) but BMD 
at the lumbar spine, total hip, and trochanter returned to baseline levels. A rapid 
increase in urinary NTX and serum CTX was seen after odanacatib was discontin-
ued, reaching levels that were above baseline 12 months after stopping odanacatib. 
Bone formation markers increased during the fi rst 6 months off-treatment, fol-
lowed by a return to baseline levels. The rapid reversibility observed upon discon-
tinuation of odanacatib is similar to that seen with most other antiresorptive agents, 
such as estrogens, selective estrogen receptor modulators, and denosumab [ 13 ,  51 , 
 65 ,  66 ]. Odanacatib was well tolerated. More uncomplicated urinary tract infec-
tions were seen in the odanacatib group compared to placebo (12 vs. 3), but all 
other adverse events, including dermatologic ones, were similar between the two 
groups [ 63 ,  67 ]. 

 In a phase III trial, 214 postmenopausal women with low BMD were randomized 
to receive weekly oral odanacatib 50 mg or placebo for 2 years [ 68 ]. Women receiv-
ing active drug showed signifi cantly greater gains in BMD at lumbar spine, femoral 
neck, total hip, and trochanter sites as early as 1 year of treatment, and treatment 
difference at 2 years were 5.4 %, 3.8 %, 3.3 %, and 5.5 %, respectively. By com-
puted tomography, trabecular volumetric BMD increased with odanacatib at the 
spine, hip, and hip subregions; integral volumetric BMD at the hip and hip subre-
gions at 2 years. The treatment difference between odanacatib and placebo for volu-
metric trabecular BMD at spine was 11.5 % ( p  < 0.001). Finite element- estimated 
strength also increased at both the hip and spine with odanacatib [ 68 ]. Other phase 
III trials are currently ongoing.  
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    Sclerostin 

 The canonical Wnt/β-catenin pathway has profound effects upon osteoblast 
 proliferation, differentiation, and survival (Fig.  12.2 ) [ 69 ]. When enhanced, Wnt 
signaling promotes bone formation [ 70 ]. Components of the Wnt/β-catenin path-
way are potential targets for osteoanabolic treatment. Sclerostin and DKK-1, two 
negative regulators of this pathway, are the subjects of great interest in this regard 

  Fig. 12.2    Schematic depiction of sclerostin and the canonical Wnt signaling pathway. Wnt binds 
to the osteoblast receptors LRP5/6 and Frizzled, leading to stabilization of cytoplasmic β-catenin 
and subsequent translocation into the nucleus. In the nucleus, genes that regulate bone formation 
are activated. Sclerostin inhibits Wnt binding and reduces this anabolic pathway. Inhibition of 
sclerostin with antisclerostin antibodies alleviates this inhibition. Adapted by permission from: 
Lewiecki EM. Sclerostin: a novel target for intervention in the treatment of osteoporosis. Discov 
Med. 2011;12(65):263-73       
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[ 71 ]. Drug development has concentrated so far on the development of human 
 antibodies capable of inactivating sclerostin [ 72 ,  73 ].

   Preclinical studies have shown benefi cial effects of sclerostin antibodies on 
bone formation in several different animal models of bone loss [ 74 – 77 ]. 
Ovariectomized rats treated for 5 weeks with murine sclerostin antibodies had 
higher BMD than controls, in addition to increased trabecular thickness (+57 %). 
Trabecular volumetric BMD of the distal femur recovered to levels similar to sham 
controls. Trabecular bone volume at the proximal tibia was restored, and bone 
strength was enhanced in the animals treated with sclerostin antibody as compared 
to controls [ 74 ]. The anabolic effects of sclerostin antibodies were also noted in 
rats, which were previously or concurrently treated with bisphosphonates [ 78 ]. 
Aged male rats demonstrated positive results with the sclerostin antibodies with 
dose-related increments in BMD, bone microarchitecture, and bone strength [ 77 ]. 
Adolescent female cynomolgus monkeys that received monthly administration of 
sclerostin antibodies showed a general increase in BMD associated with incre-
ments in bone formation in a dose-dependent manner. A reduction in bone resorp-
tion was seen at the 10 mg/kg dose [ 73 ]. 

 Other studies using sclerostin antibodies have focused on animal models of sec-
ondary causes of osteoporosis such as glucocorticoid-induced bone loss, ulcerative 
colitis, and immobilization [ 75 ,  76 ,  79 ]. Treatment with sclerostin antibodies coun-
tered the deleterious effects of dexamethasone on bone mass, although deleterious 
effects on linear growth in young mice were not prevented [ 75 ]. The use of scleros-
tin antibodies in a mouse model of ulcerative colitis did not infl uence the infl amma-
tory features of the disease; however, bone loss was prevented when given 
prophylactically [ 79 ]. Sclerostin antibodies were shown to be effective in increasing 
bone formation and decreasing bone resorption when given to hind limb- immobilized 
rats [ 76 ]. In two other experimental models, sclerostin antibodies improved fracture 
healing through increased callus size at the fracture site, increased bone mass and 
bone strength not only at the site of the fracture but also in nonfractured bone, and 
by enhancing the fracture healing process overall [ 80 ,  81 ]. 

 These preclinical studies in rats and monkeys have been followed by studies in 
human subjects. Early clinical trial results with romosozumab (AMG-785) are 
promising [ 82 ]. In the phase I study, a total of 72 healthy patients (16 men, 56 
women) aged 45–59 years were randomized to receive different dosing regimens of 
the drug SC (0.1, 0.3, 1, 3, 5, and 10 mg/kg) or IV (1 mg and 5 mg/kg). Romosozumab 
reached peak concentration within 1 week of subcutaneous administration, present-
ing a biphasic decline thereafter [ 82 ]. Bone turnover markers changed in a dose- 
dependent manner, with remarkable increments in bone formation (with 10 mg/kg 
SC, P1NP: +184 %, BSAP: +126 %, OCN: 179 %; and with 5 mg/kg IV, P1NP: 
+167 %, BSAP: +125 %, OCN: +143 %) and substantial reduction of bone resorp-
tion marker CTX (10 mg/kg SC: −54 % and 5 mg/kg IV: −49 %). After 3 months, 
BMD had increased in a dose-dependent manner at nearly all doses at the lumbar 
spine (10 mg/kg SC: +5.3 %; 5 mg/kg IV: +5.2 %) and at the total hip (10 mg/kg 
SC: +2.8 % and 5 mg/kg IV: +1.1 %) [ 82 ]. Adverse events were not different 
between romosozumab and placebo. The most common adverse events included 
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injection site bleeding, erythema, headache, constipation, back pain, arthralgia, and 
dizziness. Overall, there was no apparent relationship between adverse events and 
dose or route of administration of study drug, except for the injection-related 
adverse events such as injection site erythema and minor bleeding. Antibodies 
against the drug developed in 6 out of the 54 subjects, and neutralizing antibodies 
were positive in two subjects on the highest doses [ 82 ]. 

 Preliminary results of a phase II randomized, placebo-controlled trial evaluated 
safety, effi cacy, and tolerability of romosozumab and tested different subcutaneous 
monthly doses (70, 140, 210 mg) and every 3-month doses (140, 210 mg) compared 
to placebo and to open-label active comparators: teriparatide 20 mg SC daily and 
oral alendronate 70 mg once weekly [ 83 ]. After 12 months, all regimens of romoso-
zumab were associated with increments in lumbar spine, total hip, and femoral neck 
BMD ( p  < 0.005) when compared to placebo. The largest BMD gains were obtained 
with the 210 mg monthly dose (11.3 % at lumbar spine and 4.1 % at total hip). The 
BMD increase was signifi cantly less with alendronate and teriparatide ( p  < 0.0001). 
Markers of bone formation (P1NP) increased whereas CTX was reduced when 
compared to baseline by 1 week. Overall, adverse events were balanced between 
romosozumab groups and placebo; however, mild injection site reactions were 
higher with romosozumab (12 %) vs. placebo (4 %) [ 83 ]. 

 Other studies are being conducted [ 84 ,  85 ], including a phase II multicenter, 
double-blind, randomized alendronate-controlled study in postmenopausal women 
with osteoporosis. The primary endpoints are the incidence of clinical and new 
nonvertebral fractures and the study is designed to last 24 months [ 49 ]. 

 Blosozumab, another antisclerostin antibody, is also under investigation [ 86 ,  87 ]. 
A randomized, parallel-design, double-blind, placebo-controlled study was designed 
to study the effects of different doses of blosozumab in postmenopausal women 
with low BMD. There were fi ve subcutaneous regimens: 270 mg every 12 weeks, 
180 mg every 4 weeks, 180 mg every 2 weeks, 210 mg every 2 weeks, and placebo. 
The primary endpoint was the densitometric response at the lumbar spine at 1 year. 
A total of 154 postmenopausal women were enrolled with a mean baseline age of 65 
years and an average lumbar spine  T -score of −2.8. The percent change from base-
line for these fi ve groups are noted here: +6.7 %; +8.4 %; +14.9 %; +17.8 %; and 
−1.5 % for placebo. Adverse events did not differ across treatment groups. Mild-to-
moderate injection site reactions were observed in those receiving blosozumab.  

    Nitric Oxide 

 Nitric oxide, a short-lived free radical implicated in several physiological processes, 
has been shown to promote bone formation and to reduce bone resorption by direct 
benefi cial effects on osteoblast/osteoclast function and number [ 88 ,  89 ]. In 
population- based case–control studies, moderate doses of nitrates have been associ-
ated with increased BMD and a reduction in hip and overall fracture risk [ 90 ,  91 ]. 
However, while intermediate exposure to organic nitrates appears to be benefi cial to 
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bone, higher doses and/or continuous nitrate exposure might be detrimental to the 
skeleton [ 89 ,  91 – 93 ]. 

 Randomized clinical trials in postmenopausal women have shown that nitric 
oxide donors, such as nitroglycerin or isosorbide mononitrate, have positive effects 
on BMD, bone size, and bone remodeling. In healthy postmenopausal women, 5 or 
20 mg/day of isosorbide mononitrate for 12 weeks increased the bone formation 
marker BSAP and decreased the bone resorption marker NTX [ 94 ]. Nitroglycerin 
ointment at a dose of 15 mg/day for 24 months led to a signifi cant increase in BMD at 
the lumbar spine (+6.7 %), total hip (+6.2 %), and femoral neck (+7 %) as compared 
to placebo [ 95 ]. Peripheral qualitative computed tomography studies of the radius 
and tibia in these subjects also showed increased volumetric trabecular and cortical 
BMD, cortical thickness, and periosteal circumference with a consequent increase in 
bone strength. Compared with placebo, nitroglycerin-treated patients displayed 
uncoupling of bone formation and resorption, with a 34.8 % increase in BSAP and 
54 % decrease in NTX [ 95 ]. Additionally, a randomized trial involving osteoporotic 
postmenopausal women taking either isosorbide mononitrate 20 mg daily or alendro-
nate 70 mg weekly for 12 months showed a comparable effect between the two treat-
ments, with a 10.8 % and 12.1 % increase in lumbar spine BMD, respectively [ 96 ]. 

 In contrast, the Nitroglycerin as an Option: Value in Early Bone Loss (NOVEL) 
study, a randomized, double-blind, placebo-controlled trial, failed to demonstrate a 
positive effect on BMD in women treated with nitroglycerin ointment at 22.5  mg/
day as compared to placebo-treated subjects [ 97 ].   

    Conclusions 

 We have reviewed new developments in the established therapeutic categories and 
new dosing regimens and formulations of osteoanabolic therapy with PTH, PTHrP, 
and their analogs. We have also presented information about new molecules with 
therapeutic potential currently under active investigation, including cathepsin K 
inhibitors, antisclerostin antibody, and nitric oxide. The advances summarized in 
this chapter suggest that further important developments in this fi eld will be appre-
ciated over the next decade.     
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        You have now read a summary of the availability and use of drugs to prevent or to 
treat bone loss in children. When you compare the pediatric chapters with current 
progress in adult pharmacology it is clear that we in pediatrics have a long way to 
go to reach the level of sophistication at which internists select and use these drugs 
to benefi t their patients. So, how do we get to that level? Clearly a wealth of infor-
mation is still required and in order to obtain it we pediatricians need to change our 
mind-set. 

 To illustrate the dilemma we face I will describe what I call “The Coke Bottle 
Paradigm.” Many years ago when I lived in Peru I recall becoming very thirsty for 
a Coca Cola one hot day. I walked into the corner bodega and asked the owner if I 
could buy a bottle of Coke.    He said, “certainly, just bring in an empty one fi rst.” As 
this was my fi rst time attempting to buy a Coke I asked him how I would procure an 
empty bottle, in answer to which he simply shrugged his shoulders. The analogy to 
pediatric drug testing is clear. We are reluctant to test a drug in children unless we 
have some assurances that it is safe to do so, but we cannot be certain that a drug is 
safe for children unless we test it in children. Furthermore, we in pediatrics tend to 
interpret the fi rst part of the Hippocratic Oath: “First do no harm” to mean “do noth-
ing.” In other words, if testing a drug involves a risk of harm do not test. I would ask 
those who feel this way whether we do not violate this Oath by consequently with-
holding from children the potential benefi ts a drug may have to offer. All potential 
studies must balance potential risks against potential benefi ts in order to provide 
Institutional Review Boards with suffi cient data to make an informed decision 
regarding approval of a drug study. 

 In the chapter on Drug Discovery (Chap.   3    ) you can fi nd a description of the Best 
Pharmaceuticals for Children Act passed by the United States Congress and 
designed to identify candidate drugs for testing in children under the sponsorship 
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of the Eunice Kennedy Shriver National Institute for Child Health and Human 
Development. This mechanism covers drugs that are FDA approved for a specifi c 
purpose in adults and proposes that they be tested for those approved indications in 
children. These candidate drugs would not have been tested in children by the phar-
maceutical companies that developed them. As a participant in this process for the 
past 3 years I have witnessed the identifi cation of many candidate drugs but only a 
relative few can afford to be tested by cooperating medical centers. Where does this 
leave the bulk of the drugs? Whose responsibility is it to test them in children? 

 I would argue that it is our collective responsibility to undertake the testing of 
new drugs that offer the most potential benefi t for children we care for. These stud-
ies should be carefully designed with the most current pharmacologic and pharma-
cokinetic information available. Study subjects should be carefully screened to 
minimize the possibility of side effects. Similarly, statistical methods should be well 
thought out to minimize the chances of inconclusiveness. Once safety and effi cacy 
have been suggested by a pilot study, a large multicenter study should be undertaken 
to confi rm the fi ndings. For patients suffering from rare genetic disorders, specifi c 
international registries should be established to identify them and to facilitate their 
inclusion in multicenter international studies. 

 To conclude, we cannot leave the testing of drugs with potential benefi ts to 
 others. If the patients we care for suffer from conditions which can potentially be 
helped by experimental drugs, we must fi nd the resources and the funding to under-
take these studies, and any information, however minimal, can be a step toward the 
comprehensive evaluation of these drugs.   

G.L. Klein
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