
Research and Reports in Endocrine Disorders Dovepress

R e v i e w

open access to scientific and medical research

Open Access Full Text Article

© 2016 Brizola et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Research and Reports in endocrine Disorders 2016:6 17–30submit your manuscript | www.dovepress.com

Dovepress 
17

http://dx.doi.org/10.2147/RRED.S96578

Pathophysiology and therapeutic options in 
osteogenesis imperfecta: an update

evelise Brizola1

Temis M Félix2

Jay R Shapiro3

1Bone and Osteogenesis imperfecta 
Department, Kennedy Krieger 
institute, Johns Hopkins School 
of Medicine, Baltimore, MD, USA; 
2Medical Genetics Service, Hospital 
de Clínicas de Porto Alegre, Federal 
University of Rio Grande do Sul, 
Porto Alegre, Rio Grande do Sul, 
Brazil; 3Osteoporosis and Metabolic 
Bone Disorders Center, Bethesda, 
MD, USA

Correspondence: Jay R Shapiro  
Osteoporosis and Metabolic Bone 
Disorders Center, 10215 Fernwood Road, 
Suite 102, Bethesda MD 20817, USA  
Tel +1 443 923 2703  
email jayrshapiro@gmail.com

Abstract: Osteogenesis imperfecta (OI) is a rare, heritable systemic disorder of bone and 

 connective tissue, which in almost 90% of cases is due to mutations affecting the normal syn-

thesis of type I collagen. In 1979, four OI phenotypes were categorized which were inherited 

as autosomal dominant characteristics. Individuals with OI present both genetic and pheno-

typic variabilities. Major characteristics of OI are bone fragility, blue sclerae, dentinogenesis 

imperfecta, short stature, scoliosis, and joint hyperextensibility. Both autosomal dominant 

and recessive inheritance are now recognized. Advances in molecular diagnosis have led to 

a major expansion in our understanding of the genetic basis for different OI phenotypes. To 

date, sequence variants in 17 genes are described as causative of OI. These genes regulate the 

synthesis of type I collagen pro-alpha polypeptide chains, proteins involved in type I collagen 

processing in the endoplasmic reticulum and proteins involved in osteoblast function. These 

new genetic associations have also led to uncertainty with regard to the current classification 

of OI phenotypes. Bisphosphonates have been widely used to improve bone mass and decrease 

fractures in both children and adults with OI. While effective in many but not all children 

when administered for 2–4 years, bisphosphonates have not proven effective in adults with OI. 

Studies are limited for treatment of adults with teriparatide and denosumab. Advances have 

been reported in the surgical management of OI. Although the role of physical therapy in the 

management of children and adults was previously described, this important treatment modality 

is significantly underutilized.

Keywords: osteogenesis imperfecta, sequence variants, collagen, bisphosphonates, bone, 

treatment

Introduction
Osteogenesis imperfecta (OI) is a rare clinically and genetically heterogeneous systemic 

disorder of bone and connective tissue characterized by bone fragility and physical find-

ings related to the underlying connective tissue disorder. The incidence of OI is approxi-

mately 6–7/100,000 births, and approximately 500,000 persons worldwide have OI.1 In 

USA, there are between 25,000 and 50,000 affected individuals.2 Individuals with OI have 

a lifelong risk of fracture, which may occur at times spontaneously or following mini-

mal trauma. Other systemic manifestations are blue sclerae, dentinogenesis imperfecta 

(DI), early-onset hearing loss, short stature, kyphoscoliosis, and joint hyperextensibility. 

Less frequent are basilar invagination, cardiac valvular and vascular disease, and ocular 

complications, including glaucoma and decreased corneal thickness.1–5

There has been remarkable progress in understanding the molecular basis for this 

disease. Over the last decade, advances in molecular biology have greatly expanded 
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the association of previously unrecognized gene sequence 

variants with phenotypes now categorized as OI. As a conse-

quence, the spectrum of OI phenotypes is now considerably 

enhanced compared to the four phenotypes first described by 

Sillence et al.6 That classification employed clinical severity, 

radiological features, and inheritance, dividing OI into four 

types: mild (OI type I), lethal (OI type II), severe progres-

sive (OI type III), and moderately deforming (OI type IV).6 

These four types were inherited in an autosomal dominant 

manner and each was subsequently shown to involve muta-

tions affecting type I collagen pro-alpha chains.

The Online Mendelian Inheritance in Man database 

currently lists OI types I–XVII based on recently defined 

sequence variants including several proteins not in the 

classic collagen pathway. Approximately 90% of OI cases 

involve autosomal dominant inheritance with mutations 

in the COL1A1 or COL1A2 genes.5 To date, the Human 

Collagen Mutation Database (http://www.le.ac.uk/genetics/ 

collagen/) lists the following genes associated with a pheno-

type within the broad clinical spectrum considered OI: BMP1, 

COL1A1, COL1A2, CREB3L1, CRTAP, FKBP10, IFITM5, 

P3H1, P4HB, PLOD2, PLS3, PPIB, SEC24D, SERPINF1, 

SERPINH1, SP7, TMEM38B, WNT1, and SPARC.

OI classification
A classification of OI can be based on a definitive genotype 

or on a phenotype that is highly variable and more difficult 

to categorize in many individuals even within the same fam-

ily. Furthermore, expression of one gene locus can translate 

into different skeletal phenotypes. Access to genetic test-

ing is not available for many individuals. Therefore, many 

individuals with OI do not know what clinical type they 

represent or the genetic basis for their phenotype. Recogniz-

ing the emerging confusion due to the expansion of genetic 

data, the International Skeletal Dysplasia Society kept the 

Sillence classification with the inclusion of type V OI and 

without any direct molecular reference.7 The new causative 

OI genes have been arranged according to clinical severity 

into the five OI types (Table 1).5,7 In 2010, Van Dijk et al1 

proposed a revised classification of OI with the exclusion of 

type VII and VIII OI, since these types were added based on 

genotype but with clinical and radiological characteristics 

indistinguishable from Sillence types II and IV OI.

It is important to emphasize that the diagnosis of OI still 

requires historical, clinical, and radiological evidence of the 

disorder. Fracture history per se in a child does not establish 

the diagnosis of OI, and several other skeletal disorders 

including secondary causes of osteoporosis can mimic 

Table 1 Oi nomenclature according clinical severity

OI classification Clinical feature Gene Inheritance

1 Nondeforming Oi  
form

COL1A1 
COL1A2

AD 
AD

2 Perinatally lethal Oi  
form

COL1A1 
COL1A2 
CRTAP 
LEPRE1 
PPIB

AD 
AD 
AR 
AR 
AR

3 Progressively deforming 
Oi form

COL1A1 
COL1A2 
BMP1 
CRTAP 
FKBP10 
LEPRE1 
PLOD2 
PPIB 
SERPINF1 
SERPINH1 
TMEM38B 
WNT1 
CREB3L1

AD 
AD 
AR 
AR 
AR 
AR 
AR 
AR 
AR 
AR 
AR 
AR 
AR

4 Moderate Oi form COL1A1 
COL1A2 
WNT1 
CRTAP 
PPIB
FKBP10  
SP7
SERPINF1 
PLS3

AD 
AD 
AD 
AR 
AR
AR 
AR
AR 
XL

5 OI with calcification in  
interosseous membranes

IFITM5 AD

Note: Reproduced from Bonafe L, Cormier-Daire v, Hall C, et al. Nosology and 
classification of genetic skeletal disorders: 2015 revision. Am J Med Genet A. 2015;167(12): 
2869–2892.7 with permission from John wiley and Sons.
Abbreviations: AD, autosomal dominant; AR, autosomal recessive; XL, X-linked; 
Oi, osteogenesis imperfecta.

OI clinically. These include hypophosphatasia, idiopathic 

juvenile osteoporosis, celiac disease, Ehlers–Danlos syn-

drome, vitamin D deficiency, and hypophosphatemic disor-

ders. In addition, child physical abuse is relevant considering 

that this is more frequent than OI and usually presents a history 

of multiple fractures, but in a pattern different from OI.8

The recommendation of this review, from a clinical 

standpoint, is that a clinical classification such as the one 

suggested by Bonafe et al7 seems to be the best option. 

Probably, clinical features will continue being the basis for 

OI diagnosis and newer genetic findings will be adapted into 

recognizable phenotypes.

Phenotypes and genotypes of OI
The discovery of new genotypes related to OI pheno-

types has been significantly expanded with the advent of 

single-nucleotide polymorphism array technology and the 
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increased application of whole-exome sequencing.9 The 

genes described as OI-causative regulate the synthesis of 

type I collagen alpha polypeptide chains, several proteins 

involved in type I collagen processing, or proteins involved in 

osteoblast development and function.8 Nonetheless, the cor-

relation between genotype and phenotype in OI is extremely 

complex due to high variability in the expressivity of the 

disorder (Table 2).

The majority of OI cases are related to autosomal domi-

nant inheritance caused by heterozygosity for mutations in 

the COL1A1 or COL1A2 genes corresponding to OI types I, 

II, III, and IV. Individuals with OI type I may experience few 

fractures associated or not to mild deformities (Figure 1A). OI 

type II is characterized by severe bone fragility and neonatal 

mortality. OI type III is a severe form leading to multiple frac-

tures, even in utero, and bone deformities (Figures 1B and 2).  

OI type IV presents moderate bone involvement with high 

clinical variability.5,7 De novo mutations are responsible for 

approximately 60% of mild (OI-I) or moderately deforming 

OI (OI-IV), almost 100% of severely deforming OI (OI-III), 

and practically all perinatal lethal cases (OI-II).10 Occasion-

ally, type III and IV OI are the result of autosomal recessive 

inheritance.1,5

OI type V is an autosomal dominant disorder with 

a distinctive phenotype representing 4%–5% of OI 

cases.5 OI type V is the result of heterozygous mutations 

(approximately -14C.T) in the 5′UT region of the IFITM5 

gene, which encodes interferon-induced transmembrane 

protein 5.5,11,12 It is characterized by variable degree of 

severity and specific features such as hyperplastic callus, 

dislocation of the radial head, and progressive calcifica-

tion of the interosseous membranes of forearms and legs.12 

However, a child with clinical features of type III/IV OI 

was identified with a de novo IFITM5 mutation (approxi-

mately -14C.T) but without the classic features described 

for OI-V.13

OI types VI–XVI are recessively inherited. Collectively, 

these account for approximately 3%–5% of individuals with 

OI and express moderately severe to lethal phenotypes, which 

in some variants clinically resemble OI types II and III.8

OI-VI is associated with homozygous or compound 

heterozygous mutations in SERPINF1. This gene encodes 

pigment epithelium derived factor that is a multifunctional 

secreted glycoprotein of the serpin family with potent anti-

angiogenic activity.14,15 It functions in bone homeostasis 

and osteoid mineralization. Affected individuals have a 

moderate-to-severe OI, presenting decreased bone mineral 

density (BMD) with no fractures at birth and without blue 

sclerae or DI. Bone biopsy shows a characteristic “fish-scale” 

pattern caused by disorganization of the bone matrix, with 

large amount of unmineralized osteoid tissue simulating 

osteomalacia.15–17

Individuals with OI types VII, VIII, and IX have severe 

to lethal phenotypes caused, respectively, by mutations in 

the CRTAP, LEPRE1, and PPIB genes. Approximately 1.5% 

of West Africans and 0.4% of African Americans carry a 

founder mutation in LEPRE1 gene and three lethal cases of 

OI-VIII were reported in individuals of these ethnicities.18,19 

In addition to features common to severe OI phenotypes, 

mutations in CRTAP and LEPRE1 genes (OI-VII, OI-VIII) 

are associated with formation of bulbous epiphysis with 

popcorn calcifications at the distal femurs.19,20

Type X OI is the result of mutations involving the SER-

PINH1 gene, which regulates folding and trafficking of the 

collagen triple helix in the endoplasmic reticulum.5,21 This 

mutation was reported in a child from Saudi Arabia with 

triangular facies, blue sclerae, micrognatia, severe bone 

deformities, and bilateral renal calculi leading to impaired 

renal function.21

The main features of Bruck syndrome are bone fragility 

with congenital contractures of large joints. It is classified 

as types 1 and 2 according to the gene mutated, FKBP10 

(OI-XI) and PLOD2, respectively; however, the phenotypes 

are indistinguishable (Figure 3).22–24 PLOD2 mutation expres-

sion in a boy from nonconsaguineous Turkish parents led 

to congenital join contractures with pterygium and severe 

OI-like osteopenia including multiple fractures.25 Interest-

ingly, two brothers from a Spanish family also with PLOD2 

mutations had phenotypes of different severity, one had a mild 

form with few fractures and white sclerae and the second had 

a more severe form with multiple fractures and blue sclerae; 

however, neither had congenital joint contractures.24

SP7 gene is associated with OI type XII. This moderate 

form of OI was described in one child from an Egyptian 

family displaying decreased BMD, recurrent fractures, mild 

bone deformities, white sclerae, delayed teeth eruption, and 

absence of DI.26

Mutations in BMP1 gene are categorized as OI type 

XIII. It was identified in a few individuals with severe but 

variable phenotypes. Individuals of Egyptian origin had 

generalized decreased BMD, light blue sclerae, delay of 

motor development, severe growth deficiency, bone defor-

mities, platispondyly, kyphoscoliosis, umbilical hernia, 

and several spontaneous fractures.27 Nonetheless, Turkish 

individuals had increased BMD, white sclerae, and normal 

motor development, also, multiple fractures after minimal 
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Table 2 Expanded classification of OI on molecular basis

OI type OMIM Gene Locus Protein Defective mechanism Phenotype Inheritance

i 166200 COL1A1  
COL1A2

17q21.33 
7q21.3

Collagen alpha-1(i) chain 
Collagen alpha-2(i) chain

Collagen quantity Mild AD

ii 166220 COL1A1  
COL1A2

17q21.33 
7q21.3

Collagen alpha-1(i) chain 
Collagen alpha-2(i) chain

Collagen structure Lethal AD

iii 259420 COL1A1  
COL1A2

17q21.33 
7q21.3

Collagen alpha-1(i) chain 
Collagen alpha-2(i) chain

Collagen structure Progressive deformity AD; AR

iv 166220 COL1A1  
COL1A2

17q21.33 
7q21.3

Collagen alpha-1(i) chain 
Collagen alpha-2(i) chain

Collagen structure Moderate AD; AR

v 610967 IFITM5 11p15.5 interferon-induced 
transmembrane protein 5

Matrix mineralization/ 
ossification

Moderate, hypertrophic  
callus and ossification  
of the interosseous  
membrane

AD

vi 613982 SERPINF1 17p13.3 Pigment epithelium derived  
factor (PeDF)

Matrix mineralization/ 
ossification

Moderate to severe AR

vii 610682 CRTAP 3p22.3 Cartilage-associated protein  
(CRTAP)

Collagen modification Severe to lethal AR

viii 610915 LEPRE1/P3H1 1p34.2 Prolyl 3-hydroxilase 1(P3H1) Collagen modification Severe to lethal AR
iX 259440 PPIB 15q22.31 Peptidyl-prolyl cis-trans  

isomerase B/Cyclophilin B
Collagen modification Severe to lethal AR

X 613848 SERPINH1 11q13.5 Serpin H1/Heat shock  
protein 47 (HSP47)

Collagen chaperoning Severe AR

Xi 610968 FKBP10 17q21.2 Peptidyl-prolyl cis-trans  
isomerase FKBP10

Telopeptide  
hydroxylation

Progressive deformity  
with contractures  
(Bruck syndrome)

AR

Xii 613849 SP7 12q13.13 Transcription factor 7/Osterix Osteoblast development Moderate AR
Xiii 614856 BMP1 8p21.3 Bone morphogenic protein1  

(BMP1)
Collagen processing Severe AR

Xiv 615066 TMEM38B 9q31.2 Trimeric intracellular cation  
channel B (TRiC-B)

Osteoblast development variable severity AR

Xv 615220 WNT1 12q13.12 wingless-type MMTv  
integration site family,  
member 1 (wNT1)/ 
Proto-oncogene wnt-1

Osteoblast development variable severity AR

Xvi 616229 CREB3L1 11p11.2 cAMP responsive element  
binding protein 3-like 1/Old  
astrocyte specifically induced  
substance (OASiS)

Osteoblast development Severe AR

Xvii 182120 SPARC 5q33.1 Osteoconectin Collagen chaperoning Severe AR
Unclassified 609220 PLOD2 3q24 Procollagen-lysine,  

2-oxoglutarate  
5-dioxygenase 2

Collagen cross-linking Severe with congenital  
joint contractures  
(Bruck syndrome)

AR

 176790 P4HB 17q25.3 Protein disulfide-isomerase  
(PDi)

Collagen chaperoning Severe (Cole–Carpenter  
syndrome-1)

AR

 607186 SEC24D 4q26 Protein transport protein  
Sec24D

Collagen modification Severe (Cole–Carpenter  
syndrome-2)

AR

 300131 PLS3 Xq23 Plastin-3 “Bone development”  
“assembly and  
disassembly of the  
actin cytoskeleton”

Mild X-linked

Note: van Dijk FS, Sillence DO. Osteogenesis imperfecta: clinical diagnosis, nomenclature and severity assessment. Am J Med Genet A. 2014;164A(6):1470–1481.5 with 
permission from John wiley and Sons.
Abbreviations: AD, autosomal dominant; AR, autosomal recessive; Oi, osteogenesis imperfecta; OMiM, Online Mendelian inheritance in Man database.

trauma, and not all of them had deformities in lower 

limbs.28 In addition, a boy with consanguineous parents of 

Pakistani descent was identified with a homozygous muta-

tion in BMP1 associated with white sclerae, normal bone 

density, multiple fractures up to age 2, and delay of motor 

development.29

A homozygous mutation in TMEM38B gene is associated 

with OI type XIV, which appears to be an ancient mutation 
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in Israeli Bedouin and Saudi families from the Arabian 

Peninsula.30,31 Affected individuals had bone involvement 

of variable severity with decreased BMD, multiple fractures 

ranging from prenatal onset up to 6 years of age, white or 

blue sclerae, mild-to-moderate short stature, and normal 

teeth and hearing.30,31

Mutations in WNT1 gene are related to OI-XV. 

Components of the canonical Wnt/β-catenin signaling 

pathway are integral for normal osteoblast differentiation 

as well as the differentiation of several types of stem cells.32 

Fahiminiya et al33 have reported WNT1 mutations in four 

children from three families. These children had short stat-

ure, low bone density, and multiple vertebral compression 

fractures in addition to multiple long-bone fractures during 

the first years of life.33 A homozygous nonsense mutation 

was identified in two siblings, this led to brain malformation 

and severe intellectual disability not associated with major 

OI phenotypes.34

Keupp et al35 have also reported that hypofunctional 

alleles of WNT1 (one frameshift mutation, two missense 

mutations, one splice site mutation, and one nonsense 

mutation) cause autosomal-recessive OI in consanguineous 

families. Of note, these authors identified a heterozygous 

WNT1 missense mutation in a family affected by dominantly 

inherited early-onset osteoporosis.35 Studies indicated that 

altered WNT1 proteins fail to activate canonical LRP5-

mediated WNT-regulated β-catenin signaling.31,34,35 Pyott 

et al36 have reported biallelic loss-of-function mutations 

in WNT1 causing a phenotype consistent with recessively 

inherited type III OI.

OI-XVI is associated with mutations in CREB3L1 gene. 

It was reported in a Turkish family with consanguinity. One 

affected was a fetus from a pregnancy medically interrupted 

at 19 weeks where postmortem exam showed thin ribs and 

long-bone fractures. The second child showed intrauterine 

Figure 3 Male, 15-years-old, Oi type Xi (Bruck syndrome – FKBP10 mutation).
Note: Spine surgery for correction of kyphosis and scoliosis.
Abbreviation: Oi, osteogenesis imperfecta.

Figure 1 (A, B) Radiologic demonstration of marked differences in phenotype:  Oi 
types i and iii.
Notes: (A) Tibia/fibula of a patient with OI type I showing relative preservation of 
architecture, both the left tibia and fibula are fractured. (B) Femur of a patient with 
type iii Oi showing undertubulation of the femur.
Abbreviation: Oi, osteogenesis imperfecta.

Figure 2 Oi type iii, 2-month-old baby girl.
Notes: Oi diagnosis in utero with multiple fractures of both long and short bones. 
On X-ray multiple skeletal deformities and fractures in both the upper and lower 
extremities.
Abbreviations: Oi, osteogenesis imperfecta; R, right; L, left.
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fractures, pulmonary infections, and cardiac insufficiency 

leading to death in the first year of life.37

Mutations in P4HB and SEC24D genes are causative 

of Cole–Carpenter syndrome 1 and 2 (CCS-1 and CCS-2), 

respectively.38,39 CCS-1 is an OI-like disorder that is charac-

terized by severe bone fragility, fractures, craniosynostosis, 

ocular proptosis, hydrocephalus, and dysmorphic facial 

features.38 Individuals initially described with CCS-2 were 

from a German family and displayed severe pre- and postnatal 

bone fragility with multiple fractures, diminished ossification 

of the skull, craniofacial dysmorphism, and short stature.39 

A study with the zebrafish model showed that Sec24D plays 

an important role in the extracellular matrix secretion in 

cartilage. With reference to facial dysmorphism, Sec24D 

deficiency is shown to affect craniofacial morphogenesis in 

late stages of chondroblast development.40

In 2013, X-linked osteoporosis with early-onset fractures 

occurring in childhood was described in five families asso-

ciated with a mutation in PLS3, which encodes the actin-

binding protein, plastin 3. The rare heterozygous sequence 

variant (rs140121121) was associated with decreased BMD 

and an increased risk of fracture among women in the general 

population.41

SPARC (OI-XVII) is the gene most recently associated 

with an OI phenotype. Two distinctive homozygous missense 

mutations in SPARC were reported from two unrelated girls 

with severe bone fragility. Besides severe bone fragility, 

one had severe early-onset scoliosis requiring spinal fusion 

at age 6 years. The second girl was born prematurely of a 

consanguineous couple, with hypotonia and gross motor 

developmental delay. Histomorphometric study showed 

matrix hypermineralization.42

Current pharmacological 
management options
There is no “optimal treatment” for OI if the primary object 

of treatment is to limit or prevent fractures in children or 

adults. Relief from musculoskeletal pain and improvement of 

compressed vertebral bodies and mobility can also be sought 

as secondary outcomes. Critical assessment of treatment 

outcomes is limited by the small numbers of participants in 

clinical trials and the short duration of many trials, which is 

frequently limited to 1 or 2 years of observation.

Bisphosphonates
For over 2 decades, bisphosphonates (BPs) have been con-

sidered the first-line drug for treating children and adults 

with moderate or severe forms of OI. Individuals with type I  

OI may be treated with BPs depending on the frequency 

of fractures. As will be discussed, the use of BPs in OI 

has recently come under critical review. Third-generation 

BPs are nitrogen-containing analogs of pyrophosphate, 

which inhibit osteoclast bone resorption by interfering 

with the mevalonic acid pathway and protein prenelation.43  

Bone formation is subsequently increased as osteoblas-

tic bone formation completes mineralization at sites of 

active bone formation (transients). BPs have strong affinity 

for bone mineral, particularly at sites of increased bone 

turnover.43 In OI, the response to BP therapy differs between 

children and adults. BP treatment is generally efficient during 

childhood due to high bone turnover; however, after puberty 

there is a decrease in bone turnover, which limits the effec-

tiveness of BP in decreasing fracture rate.2,44

Currently, individual centers in the USA and Europe may 

use different BPs. Nonetheless, alendronate and risedronate 

by the oral route and pamidronate and zoledronate by intrave-

nous (IV) route are the most frequently used. It is important 

to note that there are significant differences with regard to 

schedules, doses, and duration of treatment among various 

centers and published studies (Table 3).45

Oral BPs are advantageous as they do not require IV 

access; however, the bioavailability is low and compliance 

may be poor. Several studies have reported the treatment 

effects of oral BPs in children and adults, but to date there is 

no conclusive evidence of its effect on sustained reduction of 

fracture rate. Two years of alendronate treatment in children 

with OI was associated with improved lumbar spine areal 

BMD (LS-aBMD) and decreased bone turnover; however, 

there was no significant difference in regard to the height of 

the vertebral bodies, cortical thickness, mobility, bone pain, 

and fracture incidence.46

Equally beneficial effects following 2 years of BP therapy 

including increase in BMD, decrease in bone turnover, and a 

trend to decrease fracture incidence were observed compar-

ing alendronate to pamidronate in a sample of 18 children 

with OI.47 In a randomized, double-blind, placebo-controlled 

trial, a daily dose of risedronate was administered for  

1 year to children with OI.48 Approximately 81% had a mild 

form of OI. After 12 months, risedronate treatment increased 

LS-aBMD and reduced the risk of recurrent fractures by 42%. 

However, during an extension open-label phase, 2–3 years 

after the placebo-controlled phase, there was no difference in 

lumbar spine and total body aBMD between the groups. In 

addition, 53% of patients in the treated group versus 65% of 

patients receiving placebo reported vertebral or nonvertebral 

fractures.48
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Palomo et al49 reviewed the results of pamidronate treat-

ment in 37 children with OI who started BP therapy before 

5 years of age, and who had a subsequent follow-up period of 

at least 10 years. At baseline, 35% of vertebrae were affected 

by compression fractures, whereas only 6% appeared com-

pressed at the final evaluation, indicating vertebral reshaping 

during growth. Although long-term pamidronate therapy was 

associated with higher Z-scores for LS-aBMD and vertebral 

reshaping, the long-bone fracture rate remained high and the 

majority of patients developed scoliosis.49

Bradbury et al50 treated 37 adults with type I OI with 

risedronate (35 mg/weekly) for 24 months following which 

there was an increase on lumbar spine BMD and a decrease 

in bone biomarkers; however, posttreatment, there was no 

difference in bone pain or fracture incidence. In addition, 

Shapiro et al51 reported a marginal decreased fracture inci-

dence associated with IV BP therapy in adult patients with 

moderate to severe OI but not in individuals with mild OI, 

and no significant change was observed with oral BP in any 

type of OI.

Pamidronate is the most used BP for children with OI; 

however, more recently zoledronate also has been adopted 

as a treatment option for this population. Zoledronic acid 

given intravenously is 200-fold more potent than pamidronate 

and longer-lasting, possibly up to 2 years in children, in 

suppressing bone turnover. To date, information is limited 

as regards efficacy and safety in OI patients. However, 

recent publications indicate the relative short-term safety 

of zolendronate administered at 6-month intervals in chil-

dren with OI.52,53 The advantage of this drug compared to 

pamidronate is the schedule of infusion, that is, a shorter 

infusion requires short time and is less frequent. Zoledronate 

is given for 30 minutes every 6 months and pamidronate is 

infused for 4 hours every 3–4 months.53,54 There is no data 

indicating that zoledronate is more effective in decreasing 

fracture rate compared to pamidronate. On the basis of this, 

zoledronate was designed to be administered yearly in adults 

with osteoporosis; the current practice of zoledronate therapy 

in children with OI remains to be assessed.

Positive effects have been described following BP therapy 

such as increase of BMD, reduced bone turnover, reduction of 

fractures in children, increase in vertebral body height, relief 

of musculoskeletal pain, and improvement in mobility.51,54–57 

Nonetheless, in contrast to the generally positive effect on 

fracture incidence in children, the effect on prevention of 

fractures in adults still requires further investigation.57,58

Recent Cochrane reports assessed the results of BP 

treatment from meta-analyses of randomized and quasi-

randomized controlled clinical trials.59,60 Including eight and 

14 trials (403 and 819 participants), respectively, both reports 

Table 3 Bisphosphonate treatment protocols for pediatric Oi

Study Drug Dose Route Age

Sakkers et al112 Olpadronate 10 mg/m2 daily Oral 3–18 yr
Antoniazzi et al113 Neridronate 2 mg/kg for 2 d, every 3 mo iv Neonatal
Rauch et al114 Risedronate 15 mg weekly (,40 kg); 30 mg weekly (.40 kg) Oral 6–17 yr
Bishop et al48 Risedronate 2.5 mg daily (10–30 kg); 5 mg daily (.30 kg) Oral 4–15 yr
Cho et al115 Alendronate 10 mg/d (.35 kg), 10 mg every other day (20–35 g),  

10 mg every 3 d (,20 kg)
Oral 6.3–15 yr

ward et al46 Alendronate 5 mg daily (,40 kg); 10 mg daily (.40 kg) Oral 4–19 yr
DiMeglio and  
Peacock47

Alendronate,  
Pamidronate

Alendronate, 1 mg/kg/d (max 20 mg/d); pamidronate,  
1 mg/kg/d for every 3 d, every 4 mo

Oral; iv .3 yr

Glorieux et al116 Pamidronate 1 mg/kg/d for every 3 d, every 4 mo iv .3 yr
Plotkin et al74 Pamidronate 0.5–1.0 mg/kg/d for every 3 d, every 2–4 mo iv #2 yr
Letocha et al117 Pamidronate 10 mg/m2/d for every 3 d, every 3 mo iv  4–16 yr
Kusumi et al118 Pamidronate 0.5 mg/kg/d every 3 d, every 2 mo (,2 yr) 

0.75 mg/kg/d every 3 d, every 3 mo (2–3 yr) 
1 mg/kg/d every 3 d, every 3 mo (.3 yr)

iv ,24 mo

Panigrahi et al54 Zoledronate 2 mg (age ,6 mo) to 4 mg (age .6 mo)  
over 30 min to 1 h; every 3–4 mo

iv 2.5 weeks to 7 yr

vuorimies et al52 Zoledronate 0.05 mg/kg up to 4.0 mg/d over 45 min every 6 mo iv 1.5–16.8 yr
Barros et al119 Zoledronate 0.025 mg/kg/d every 2 d, every 3 mo (,3 yr) 

0.05 mg/kg/day every 2 d, every 4 mo (.3 yr)
iv 2–10 yr

Otaify et al53 Zoledronate 0.1 mg/kg, every 6 mo iv 0.2–16 yr

Note: Republished with permission of endocrine Society, from Clinical review 1: bisphosphonate use in childhood osteoporosis, Bachrach LK, ward LM, J Clin Endocrinol 
Metab, 2009;94(2):400–409,45 Copyright © 1952, permission conveyed through Copyright Clearance Center, inc.45

Abbreviations: d, day; mo, months; yr, years of age; iv, intravenous; min, minutes; h, hour; Oi, osteogenesis imperfecta.
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stated an increase of BMD for children and adults with OI 

following either oral or IV BP treatment, but the effect on 

decreasing fracture rate was inconclusive. Moreover, the 

Dwan et al60 review found no significant evidence of posi-

tive effect of BP on improvement of clinical status such as 

reduction of pain and functional mobility.

Rijks et al61 reviewed ten randomized controlled trials 

(519 participants) with regard to effectiveness and safety 

of BP in children with OI. LS-aBMD increased and bone 

resorption biomarkers decreased following either oral or IV 

BP. Significant decrease in fracture incidence was reported 

in 70% of the studies following BP therapy. However, the 

authors highlighted a common problem in interpreting these 

treatment reports: 1) fracture incidence was reported in sev-

eral ways, 2) differentiation between vertebral fractures and 

fractures of extremities required definition, and 3) confound-

ing factors need to be considered, for example, age, pubertal 

status, and physical activity.

In 2015, Hald et al62 conducted a meta-analysis specifi-

cally to assess the effects of BP therapy on the prevention 

of fractures. Six randomized, placebo-controlled trials 

(424 subjects) were included. The results of BP therapy on 

fracture prevention were considered “inconclusive,” and the 

proportion of participants who experienced a fracture was 

not significantly reduced.62 The meta-analysis by Shi et al63 

reported the efficacy of BP treatment on BMD and fracture 

rate in patients with OI. In children, BPs were efficacious in 

reducing fractures (relative risk [RR] =0.80; 95% confidence 

interval [CI] =0.66–0.97), whereas in adults, BP seemed 

equivalent to placebo (RR =0.82; 95% CI =0.42–1.59). There 

was also no significant difference in fracture reduction when 

comparing oral and IV BPs.

BPs are stored in the skeleton for years, although more 

rapid turnover in children may shorten residence in bone 

compared to adults.64 Although data regarding the safety of 

BP is reported, issues such as bone turnover after several years 

of BP treatment go unreported. Delayed eruption of primary 

teeth following BP therapy is reported in children with OI, 

and Kamoun-Goldrat and Le Merrer65 described a mean delay 

of 1.67 years in tooth eruption associated to BP treatment. 

Atypical femoral fracture following prolonged BP therapy 

previously described in adults with osteoporosis is now 

reported in a small number of children and adults with OI.66–68 

It raises questions about oversuppression of bone remodel-

ing and its contribution to microdamage accumulation and 

increased bone fragility.64,69 Hegazy et al70 reported the 

occurrence of unusual femoral stress fractures in six children 

with OI on long-term pamidronate therapy. These fractures 

occurred around intramedullary rods in the subtrochanteric 

or diaphyseal regions of the femur and were caused by no 

or minimal trauma, similar to the atypical femoral fractures 

previously described in adults with osteoporosis on long-term 

BP therapy and with suppression of bone turnover.

Delayed healing of osteotomy sites secondary to BP 

therapy was previously reported in children and adolescents 

with OI.71 However, the same group recently published 

new data based on a protocol focused on patients treated 

with zoledronate, interval of 4 months without BP infusion 

after osteotomy, and a different surgical technique using 

a manual osteotomy rather than a high-powered saw.72 It 

was observed that, with the newer approach, delayed heal-

ing of the osteotomies over 12 months occurred in 42% of 

the osteotomies performed versus 72% with the previous 

approach (P=0.001).

In a review published in 2014 of four retrospective studies 

and one case report involving mean duration of BP from 4.5 

to 6.8 years, the authors concluded that there was no evidence 

to support a causal relationship between BP and osteonecrosis 

of the jaw in children and adolescents with OI.73

Other effects also associated with BP therapy in OI 

patients are gastrointestinal pain associated with oral BPs, 

flu-like symptoms after the first BP infusion, transient asymp-

tomatic hypocalcemia, and fracture nonunion.42,46,74,75

Teriparatide
Teriparatide (human recombinant parathyroid hormone) is a 

parathyroid hormone analog, which increases bone mass by 

increasing osteoblast bone formation. Highly effective in the 

treatment of age-related osteoporosis, teriparatide decreases 

the risk of fracture by increasing trabecular number and 

trabecular thickness.76,77 A randomized, double-blind placebo-

controlled trial assessed the effect of teriparatide treatment 

on 79 adults with OI.77 Positive effects on bone markers 

were observed with a significant increase in hip and spine 

aBMD, vertebral volumetric BMD, and estimated vertebral 

strength. This response was more pronounced in type I OI 

than in individuals with OI types IV and III. There was no 

significant difference in self-reported fractures when treated 

and control groups were compared.77

Thirteen postmenopausal women with type I OI previously 

treated with BPs received daily injections of teriparatide for 

18 months.78 Lumbar spine BMD increased significantly up 

to 3.5% but no difference was observed for total hip BMD. As 

in the Orwoll et al77 study, teriparatide significantly increased 

markers of bone formation and bone resorption suggesting 

a normal osteoblastic response to therapy. Fracture response 
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was not reported.78 Teriparatide is reported to promote healing 

of an atypical femoral fracture in an adult patient with OI.79 

This may be related to the ability of this drug to stimulate 

chondrocyte proliferation and differentiation and cartilage 

production at the site of fracture.

Denosumab (anti-RANK-ligand antibody)
The RANK, RANKL complex regulates bone-remodeling 

cycles by regulating osteoblast/osteoclast coupling and 

osteoclast differentiation. RANK is present on the osteo-

clast precursor, and RANKL produced by the osteoblast 

is part of the TNF superfamily and, along with the soluble 

decoy receptor osteoprotegerin, are essential regulators of 

osteoclast development and function.80 Denosumab is a 

human monoclonal antibody to RANKL; studies involving 

age-related osteoporosis have showed the efficacy of deno-

sumab in reducing signaling via RANK, leading clinically 

to prevention of bone loss.80,81 Due to poor response to BP 

treatment in OI-VI, Semler et al81 treated four children with 

denosumab who had shown continuously elevated urinary 

bone resorption markers during a previous treatment with 

BP.82 Treatment was well tolerated and bone resorption mark-

ers decreased to the normal range. However, this report did 

not address change in BMD or the impact on fracture rate 

in these children.81 Subsequently, these authors described 

long-term denosumab effects over 8–12 cycles of treatment 

on these same patients.83 There was a BMD increase, nor-

malization of vertebral shape, and decrease in fracture rate. 

Denosumab treatment also improved BMD and longitudinal 

bone growth in two children with COL1A1/A2 mutations 

previously treated with BPs.84

New therapeutic approaches
Antisclerostin antibody
Sclerostin is a negative regulator of bone formation released 

from osteocytes that modulates osteoblast activity acting 

through Wnt/β-catenin pathway. Preclinical studies have 

demonstrated that treatment with antisclerostin monoclo-

nal antibody improves bone mass and bone strength, and 

enhances repair of fractures in animal models.85,86 Interest-

ingly, at the tissue level, different mechanisms are involved 

when comparing osteoanabolic therapy (teriparatide) and 

sclerostin antibody (Scl-Ab). While osteoanabolic therapy 

increases bone remodeling through increase in both bone 

formation and resorption, Scl-Ab increases bone formation 

while decreasing bone resorption.87

In humans, anti-sclerostin antibody (romozumab) was 

administrated to postmenopausal women and healthy men 

(aged 45–59 years), and the results showed an increase of 

bone formation markers and a decrease of bone resorption 

markers. In addition, there was a significant increase in 

lumbar spine and hip aBMD.88 In patients with OI, Palomo 

et al89 did not find a relationship between circulating serum 

levels of sclerostin and LS-aBMD.

Sinder et al90 treated rapidly growing 3-week-old Brtl/+ 

mice model of OI for 5 weeks with Scl-Ab. Scl-Ab had 

anabolic effects in Brtl/+ and led to new cortical bone 

formation and increased cortical bone mass. This anabolic 

action resulted in improved mechanical strength to wild-

type levels without altering the underlying brittle nature of 

the material.90

However, Roschger et al91 reported somewhat different 

results using male Col1a1 (Jrt)/+ mice. Once-weekly IV 

Scl-Ab injections for growing and adult mice had no effect on 

weight or femur length. No significant treatment-associated 

differences occurred in alkaline phosphatase activity, pro-

collagen type I N-propeptide, or C-telopeptide. Micro-CT 

analyses at the femur showed that Scl-Ab treatment was 

associated with higher trabecular bone volume and higher 

cortical thickness in wild-type mice at both ages and in grow-

ing OI mice, but not in adult OI mice.91

Cathepsin K antibody
Cathepsin K is highly expressed in osteoclasts and is an essen-

tial enzyme involved in the degradation of type I collagen in 

the organic bone matrix.43 In an animal model, the cathepsin K  

monoclonal antibody (Odanacatib) effectively suppressed 

bone resorption.92 A Phase III randomized, placebo-controlled 

trial assessed the effect of Odanacatib on fracture risk over 

5 years of treatment in 16,713 women with osteoporosis aged 

65 years or older.93 There was an increase in lumbar spine and 

total hip BMD over the 5 years and a significant reduction 

in the risk of fractures of hip (47% reduction, P,0.001), 

spine (23% reduction, P,0.001), and nonvertebral (23% 

risk reduction, P,0.001).43,93 Applicability to the collagen 

defect in OI remains to be determined.

Transforming growth factor-β
TGF-β is produced by osteoblasts and acts to coordinate 

bone remodeling by coupling osteoblasts and osteoclasts 

in the process of bone remodeling. TGF-β is secreted 

predominantly in an inactive latent form and is deposited 

into the bone matrix.94 Several studies have reported on the 

effect of TGF-β over expression in bone cells and bone. In 

1996, Erlebacher et al95 used transgenic mice to evaluate 

the role of TGF-β2 in bone development and observed that 
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increased expression of TGF-β2 in osteoblasts resulted in an 

osteoporosis-like phenotype.

In 2000, Gebken et al96 studied the cell-surface expression 

and functional properties of TGF-β receptors I, II, and III on 

osteoblasts from a group of OI patients compared to healthy 

controls. The number of TGF-β receptors was significantly 

higher on OI osteoblasts than on age-matched control osteo-

blasts in spite of similar steady-state levels for TGF-β recep-

tor II mRNA in OI and control cells. Furthermore, receptor 

affinity was not significantly diminished. Thus, osteoblasts 

from OI patients were shown to have an elevated number of 

cell-surface receptors for TGF-β, without any evidence for a 

transcriptional regulation of TGF-β receptor II.96 Excessive 

TGF-β signaling has been identified in Marfan syndrome 

involving abnormalities in both lung and aorta.97

Grafe et al94 have reported that excessive TGF-β signal-

ing is a mechanism of OI in both recessive (Crtap–/–) and 

dominant (Col1a2tm1.1Mcbr) OI mouse models. Higher 

expression of TGF-β target genes, a higher ratio of phos-

phorylated Smad2 to total Smad2 protein, and higher in 

vivo Smad2 reporter activity were observed in these models. 

The binding of type I collagen of Crtap (–/–) mice showed 

reduced binding to decorin, a known regulator of matrix 

TGF-β activity. Treatment of Crtap (–/–) with the anti-TGF-β 

neutralizing antibody 1D11 corrected the bone phenotype and 

improved lung abnormalities in both recessive and dominant 

forms of OI.94

Prenatal and postnatal transplantation of 
mesenchymal stem cells
Severe to lethal forms of OI may be diagnosed in utero by 

ultrasonography starting at the 16th week. Signs include 

diffuse osteopenia, poor ossification of the skull, increased 

nuchal transluceny, fractures, delay of growth, micromelia, 

ventriculomegaly, and bowing of long bones.98 In the oim/oim 

mouse, allogenic transplanted wild-type donor mesenchymal 

stem cells (MSCs) homed to bone, improving collagen con-

tent and mineralization.99 In humans, improvement of linear 

growth and reduction of fracture rate followed prenatal and 

postnatal cell transplantation in OI.100,101 Additionally, prena-

tal transplantation of allogeneic MSCs in three OI pregnan-

cies indicated that it has appeared to be safe.100 A clinical trial 

in human pregnancy is currently in progress.101

Multidisciplinary management
Orthopedic treatment
Orthopedic management and/or surgical treatment may 

be necessary in cases of severe bone deformity impairing 

function, with recurrent fractures, nonunion of fracture, 

severe scoliosis, and basilar invagination where neurosurgical 

intervention may be required. Long periods of immobilization 

secondary to recurrent fractures or surgery may lead to 

reduction of bone mass and loss of muscle strength, thereby 

increasing the risk of further fractures.102 Straightening, 

realignment, and fixation of long bones by intramedullary 

rodding is a classic technique for limb stabilization in OI 

patients. The purpose of rodding is to provide fracture protec-

tion and to improve alignment of long bone, thus improving 

function in growing children.103 The main complication fol-

lowing intramedullary rod fixation is proximal migration of 

the rod and breakage or disassembly of the rod creating an 

unprotected segment in the bone.102–104

The need for rodding is not limited to severe types of 

OI. Lower limb deformities were treated with bone splint 

technique (osteotomies and internal plating combined with 

cortical strut allografts) in nine children with type I OI (aged 

5–12 years).102 Bone healing occurred within 12–16 weeks 

after surgery in all patients, and significant improvement 

on mobility was observed in eight patients. No participant 

experienced further fractures, deformity, or nonunion.

Nonunion of fractures occurs in approximately 20% of OI 

patients (Figure 4). Surgical repair can be difficult due to poor 

Figure 4 Male, 18-years-old, Oi type iii.
Notes: (A, B) Nonunion at the site of osteotomies in the left humerus around an 
intramedullary rod. Patient previously treated with pamidronate.
Abbreviation: Oi, osteogenesis imperfecta.
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bone quality.105 Recently, stabilization of long-bone nonunion 

fractures was performed through compressed sandwich 

allograft cortical struts method in 12 OI patients (aged 11–78 

years) at 13 sites of nonunion fractures.106 All nonunions 

healed with allograft incorporation to the bone diaphysis, with 

all patients recovering to the prefracture level of function, thus 

reinforcing this approach as durable and safe.106

Rehabilitation
An increased incidence of long-bone fractures is the defining 

feature in individuals with OI. The majority of these frac-

tures occur in early childhood, directly affecting the child’s 

motor development.106–108 The clinical type and severity of OI 

have a major bearing on functional status, including motor 

development, range of joint motion, and muscle strength.107 

Children with moderate to severe forms of OI have greater 

functional limitation, which negatively affects the develop-

ment of motor function and the level of ambulation when 

compared to children with mild forms of OI. In addition, gait 

acquisition is directly affected by joint range of motion and 

muscle strength.108 Young adults with type I OI demonstrate 

full independence, while limitations in self-care, mobility, 

and domestic life activities were observed in some individuals 

with OI types IV and V.109

To date, there are no physiotherapeutic treatment proto-

cols available for children and adults with OI. A recent study 

investigated a rehabilitation approach combining resistance 

training, body-weight-supported treadmill training, and neu-

rodevelopmental treatment associated with side-alternating 

whole-body vibration in 53 individuals with OI (ages 

2.5–24.8 years) for 6 months within a period of 12 months 

of treatment.110 There was improvement of mobility between  

0 and 6 months of treatment, and also an increase in lean 

mass and aBMD was observed. However, 46 patients had 

received BP treatment for years, and the program involved 

different approaches to treatment.

Further investigation is required, including targeted 

therapy, the acquisition of specific clinical data, and the evalu-

ation of physiotherapy over short- and long-term courses of 

intervention. The overall approach to effective physiotherapy 

for the OI patient will improve when experience is enlarged 

through the publication of more case reports and cohort 

studies aimed at outcome assessment.

Conclusion
Research in clinical and genetic fields has expanded speedily. 

Multiple new genes are now recognized as OI causative, rein-

forcing the need for extensive clinical investigation focused 

on improving pharmacological and nonpharmacogical therapy 

linked to these new genetic discoveries. After 20 years of BP 

therapy in children and adults with OI, questions have arisen 

about the long-term efficacy of this mode of treatment. In 

addition, new therapeutic approaches and surgical techniques 

have been investigated in OI. Efforts are required to improve 

techniques for gene replacement therapy, which to date has 

shown only limited success.111 Nevertheless, still there is no 

cure for OI and the treatment remains based on drug therapy, 

orthopedic care, rehabilitation, and nutrition.
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