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The constantly changing information about the genetic nature of osteogenesis imperfecta (OI), new approaches to classification and
diagnosis, and the growing interest in this pathology require careful analysis and generalization of the available data in the recent
literature. Purpose Analysis of recent literature on epidemiology, pathogenesis, etiology, classification of osteogenesis imperfecta.
Materials and methods The literature search was carried out in the scientific literature databases of PubMed, Web of Science, Scopus,
eLIBRARY, RSCI, and references of the key works. The following inclusion criteria were used: literature reviews, review articles,
multicenter studies, cohort studies of patients with osteogenesis imperfecta. Results This systematic review included 18 publications
that met the inclusion criteria. All selected publications were published within the period from 2012 to 2020. The study designs were
review articles or literature reviews. Discussion Osteogenesis imperfecta is one of the most common types of skeletal dysplasia,
a phenotypically and genetically heterogeneous group of hereditary bone diseases. Ol is characterized by high variability of
manifestations, even within the same type and one family. The results of the analysis of the prevalence of this disease in different
population groups remain not fully covered. The degree of genetic heterogeneity of the disease has not yet been determined. Research
is ongoing to identify new genes involved in the pathogenesis of OI. The introduction of modern methods for determining mutations
in genes contributed to the progress of research into the molecular pathogenesis of osteogenesis imperfecta, and identification of new
genes, mutations in which lead to OI. The large number of causative genes complicates the process of creating an optimal classification
of OL. The difficulty of creating a comprehensive classification of OI subtypes is the fact that there is no clear phenotype-genotype
relationship; based on the mutation, conclusions about its clinical severity cannot be drawn. Conclusion The classification of various

types of osteogenesis imperfecta is still the subject of ongoing debate and research.
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INTRODUCTION

Osteogenesis imperfecta (OI) is known as a
brittle bone disease, a phenotypically and genetically
heterogeneous group of hereditary bone dysplasias
[1, 2]. It is a hereditary generalized heterogeneous
connective tissue condition that mainly affects bones,
ligaments, dentin, and sclera [3—7]. The incidence of
OI is 1/10,000 — 1/20,000, which makes this disease
one of the most common skeletal dysplasias [§—10].

The growing interest in this pathology over the
past ten years has been evidenced by several recent
publications, which provide excellent reviews of
the pathophysiology and genetics of OI and related
diseases [3, 4, 11, 12].

Osteogenesis imperfecta is a heterogeneous
disease, the severity of which varies from a slight
increase in the frequency of fractures to death in
the perinatal period [1]. People with osteogenesis
imperfecta have reduced bone mass and bone fragility
resulting in fractures of long bones and compression
of vertebrae, various deformities of long bones, ribs

and spine, and significant growth deficit [2, 7, 13, 14].

Typical clinical descriptions of patients with
osteogenesis imperfecta may also include blue
or gray scleral coloration, dental abnormalities
called dentinogenesis imperfecta [4, 15], joint
hypermobility, ligamentous laxity [3, 14, 16], hearing
loss, and some others. But these non-skeletal features
may often be absent [3]. The clinical manifestations
of osteogenesis imperfecta vary considerably. The
appearance of patients can vary significantly even
within the same OI type [17, 18].

Constant widening of the information about the
genetic nature of osteogenesis imperfecta [2-5, 7, 19,
20], new approaches to classification and diagnosis
[3, 21-24] and the growing interest in this pathology
require careful analysis and generalization of the data
available in the current literature.

The aim of this work was to analyze the current
literature on epidemiology, pathogenesis, etiology,
classification of osteogenesis imperfecta.

MATERIAL AND METHODS

A search of literature in English, Russian and
German was carried out in the electronic databases
PubMed, Web of Science, Cochrane Library,
E-library. References from the studies found were

also analyzed. We selected articles published in the
period from 2010 to 2021.

The following inclusion criteria were used:
literature reviews, review articles, multicenter studies,
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controlled cohort studies, uncontrolled cohort studies,
case-control studies of patients with osteogenesis
imperfecta.

Search keywords were: osteogenesis imperfecta,
epidemiology of osteogenesis imperfecta, etiology
and pathogenesis of osteogenesis imperfecta,
classification of osteogenesis imperfecta.

Exclusion criteria were: animal studies, case reports
or case series, abstracts, conference proceedings, re-
publications.

The study was carried out in accordance with
international guidelines for writing systematic reviews
and PRISMA checklist for meta-analyses [25]. First,
we searched for literature sources using keywords,
reviewed abstracts of the articles found and excluded
publications that did not meet the criteria. At the final
stage, full texts of the selected articles were analyzed
for compliance with the inclusion criteria and the
list of references for the presence of relevant studies

(Fig. 1).
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Fig. 1 Search strategy and selection of literature data for inclusion in a systematic review

RESULTS

This systematic review included 18 publications.
All selected according to the inclusion criteria
studies were published between 2012 and 2020 and

were either review articles or literature reviews.
The geography of publications was wide enough
(Table 1).

Table 1
Articles included into analysis
Authors Year of publication Country, town Study design
Forlino et al. [15] 2012 USA, Bethesda Review
Biggin, Munns [26] 2014 Australia, Westmead Review
Marini et al. [27] 2013 USA, Bethesda Review
Salzmann et al. [17] 2014 Germany, Munich Review
Hoyer-Kuhn et al. [18] 2015 Germany, Cologne Review
Bourgeois et al. [28] 2016 Switzerland, Lausanne Review
Forlino et al. [4 ] 2016 Italy, Pavia Review
Trejo et al. [3] 2016 Canada, Quebec Review
Liu et al. [5] 2017 China, Beijing Review
Marini et al. [2] 2017 USA, Bethesda Review
Palomo et al. [6] 2017 Brazil, Sao Paulo Review
Bypues ¢ coasr. [29] 2019 Russia, Moscow Review of literature
Cho et al. [30] 2020 South Korea, Seoul Review
Gehlen et al. [14] 2020 Germany, Bad Pyrmont Review
Steiner et al [31] 2020 USA, Marshfield Review
Zaripova et al. [ 23] 2020 Russia, Ufa Review of literature
Marini,Dang Do et al. [20] 2020 USA, Bethesda Review
Marom et al. [24] 2020 USA Review
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Epidemiology

Osteogenesis imperfecta is one of the most common
skeletal dysplasias. Ol occurs in approximately
1/10,000 — 1/20,000 newborns [8-10, 32]. It is a
genetically heterogeneous skeletal dysplasia with a
higher mortality rate than in the general population [6].

The results of studies conducted in Europe and
the United States have shown that the prevalence
of osteogenesis imperfecta at birth is 0.3-0.7 per
10,000 births [33, 34]. These neonatal cohort studies
reflect severe types of osteogenesis imperfecta and
do not include the milder types that become apparent
after birth.

A population study using the Danish National
Patient Registry showed that the annual incidence of
osteogenesis imperfecta between 1997 and 2013 was
1.5 per 10,000 births [35].

Population surveys in the countries with large
medical databases, such as Finland, found an
incidence of about 0.5 per 10,000 [36], most of them
were phenotypically milder osteogenesis imperfecta
types (types I and IV).

Since these cohort and population surveys at birth
are based on clinical data and tend to identify mutually
exclusive populations, an acceptable incidence of
osteogenesis imperfecta is about 1/10,000 [2].

In the populations with a high level of
consanguinity or a large number of carriers, the
incidence of osteogenesis imperfecta is higher than in
unrelated populations [37-39]. For example, among
African Americans in the United States, the carrier
frequency for one pathogenic variant in P3HI1 is
approximately 1 per 240 individuals [38].

Etiology and pathogenesis of osteogenesis
imperfecta

Mutations in the genes encoding type I collagen
(COL1A1 and COL1A2) are the most common
causes of osteogenesis imperfecta [2, 21, 40]. Type
I collagen is a heterotrimer protein containing two
al(I) and one a2(I) chains [21]. It is synthesized as
a procollagen molecule and undergoes many post-
translational modifications. Flanking propeptides are
removed by specific proteases; then the molecule is
spontaneously assembled into fibrils in the tissue and
then stabilized by cross-linking [4, 6, 21].

The resulting mutations lead to negative shifts in the
a-chain, disorders in post-translational modification,
and cross-linking of collagen molecules into fibrils [4,
40, 41]. The result of these events is altered collagen
fibers and disorders in the bone tissue structure.

It cannot be ruled out that these changes may
contribute to negative deviations in the process of
bone tissue remodeling (its acceleration) [19].

Accordingtomostauthors, osteogenesis imperfecta
develops due to autosomal dominant mutations in the
COLIA1 and COL1A2 genes in 70-90 % of cases
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which lead to quantitative and qualitative changes in
type I collagen [2, 4, 21, 40]. With quantitative shifts,
the structure of collagen is preserved but its amount is
reduced almost by half.

More than 80 % of mutations that change the
structure of type I collagen are changes in one base
pair, leading to substitutions of glycine residues in
the a1(I) or a2(I) chain. The larger side chain of the
substitution residue causes a delay in helical folding
and subsequent post-translational overmodification
of lysine and proline residues along the helical
site. Phenotypic expression depends on amino acid
substitution, chain and position [4, 40].

The study of the genome of patients with OI in
the last twenty years has shown the presence of other
causes in the development of this disease, that are
defects in the genes of proteins that interact with
collagen for folding or post-translational modifications
[4, 19]. Disorders in bone formation were identified
that were not associated with collagen, but were
caused by impaired bone mineralization, functioning
and differentiation of osteoblasts [4].

Apart from the autosomal dominant inheritance,
X-linked, autosomal recessive, and additional
pathways have been identified.

In 2000, the first mutation not associated with
collagen synthesis in the IFITMS5 gene with an
autosomal dominant inheritance pathway was identified
[21,42,43]. A characteristic feature of this mutation was
the formation of hypertrophic callus and ossification of
the interosseous membrane. In 2006 R. Morello et al
described the first mutation with an autosomal recessive
inheritance in the CRTAP gene [44].

Currently, the study of the genome in the families
of Ol patients has identified the presence of more than
20 genes, mutations in which lead to various forms
of OI [7, 23]. More than 1,500 mutations have been
identified and registered in the OI database [45].

Accordingto T.J. Choetal [30], given the multitude
of causal genes and their phenotypic similarities, it is
advisable to test all known Ol genes simultaneously.
The authors performed molecular genetic analysis
using next-generation sequencing and/or Sanger
sequencing in 177 Korean OI patients and found that
96 patients (54 %) had COL1A1 mutations, 39 (22 %)
COL1A2, 10(6 %) IFITMS, 5(3 %) FKBPI10,
1 BMP1 and 1 WNT1, and no mutations were found
in 25 patients (14%). The authors concluded that 88 %
of all identified mutations were associated with type I
collagen genes, compared with 6.6 % of IFITM5
(type V) cases and 4.6% of autosomal recessive cases
in the surveyed cohort of patients.

Classification of osteogenesis imperfecta

Osteogenesis imperfecta is a heterogeneous disease,
the severity of which varies from a slight increase in
the frequency of fractures to death in the perinatal



Genij Origpedii Vol. 27, no 4, 2021

period [1, 26]. Therefore, when planning its treatment,
it is necessary to classify all subtypes. The difficulty
of creating a comprehensive classification of OI
subtypes is that there is no clear phenotype-genotype
relationship; based on the mutation, conclusions about
clinical severity cannot be drawn [14, 26].

In addition, the introduction of modern next-
generation  sequencing  technologies  (NGS)
contributed to the progress of research into the
molecular pathogenesis of osteogenesis imperfecta,
the identification of new genes, mutations in which
can lead to OI (about 20 genes). A large number of
causative genes complicate creation of an optimal OI
classification [23].

D.O. Sillence (1979) proposed the first OI
classification, based on clinical, radiological and
genetic features of patients that included four types -
I, II, I1L, IV [46]. All of them are caused by autosomal
dominant mutations in the COL1A1 and COL1A2
genes, which are responsible for the synthesis of type
I collagen. The OI distribution may be represented as
follows: 1 < IV < III < II. However, many authors
note that OI is characterized by high variability of
manifestations even within one type and one family
[1,2,4,47,48].

Currently, the Sillence classification (OI types I,
IL, III, IV) has been still used much in the practical
work [7, 28, 29, 30].

OI type I is a non-deforming and the mildest
Ol form with distinctly blue sclera. It is the most
common type in the world with the exception of some
isolated unique populations in which rare recessive
types are more common [31]. Incidence of fractures
is relatively low and decreases in the period of sexual
maturation while severe deformities are rare. The
patients' stature is usually normal or slightly below
average. There is predisposition to progression of
hearing loss that may start in the adolescent age and
progress throughout life [21]. This type is autosomal
dominant inheritance.

OI type II is perinatal lethal and patients die soon
after birth. Multiple fractures are identified at the
stage of intrauterine development [49]. Typically,
these patients have short and misshapen limbs, blue
or gray sclera. They die due to respiratory failure
[50]. OI type II usually results from heterozygous
mutations in type I collagen genes, but the phenotypic
presentation is similar to some forms of OI caused
by biallelic mutations (recessively inherited) in non-
collagen genes (CRTAP, P3H1, PPIB, TMEM38§B,
CREB3LI, and others). Repetition in families may
result from recessive inheritance or, in some cases,
parental mosaicism of a causal dominant mutation in
the type I collagen gene.

Ol type IlI is a progressively deforming type, and
the patients are the most severely affected survivors
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with blue sclera. They present with numerous, almost
uncountable fractures from birth [51], frequently
leading to severe limb deformity if not aggressively
managed. Patients show profound short stature. They
feature imperfect dentinogenesis, platybasia, basilar
impression, compression of the vertebral bodies,
scoliosis. The shape of the face is often triangular,
with prominent frontal tubercles, blue or gray
sclera. Life expectancy is reduced due to pulmonary
insufficiency. Inheritance is wusually autosomal
dominant due to mutations in type I collagen
genes, but biallelic mutations in non-collagen genes
(recessive inheritance) have been proven in some
individuals who were originally referred by clinical
classification to this group.

OI type 1V is of moderate severity and has a wide
phenotypic range, overlapping types I and III. Most
patients are able to walk but the number of fractures
is counted by dozens. The patients with this type of
disease feature growth variability, basilar impression,
imperfect dentinogenesis, and hearing impairment.
The formation of OI type IV is a consequence of
mutations in the genes of type I collagen (COL1A1
and COL1A2) with autosomal dominant inheritance.

In 2000, the classification was supplemented with
type V which is characterized by moderate to severe
bone fragility. A distinctive feature of this type is
the formation of hypertrophic callus (after fractures
or surgery) and ossification of the interosseous
membrane in the forearm, which can lead to
secondary dislocation of the radial head [52]. Type V
osteogenesis imperfecta has an autosomal dominant
pattern and is caused by repeated mutation that results
in the addition of five amino acids at the amino acid
terminal of a protein that interferes with function.

Osteogenesis imperfecta has been known since
the early 1980s as a dominantly inherited disease
caused by mutations in any of the genes encoding
type I collagen (COL1A1 and COL1A2), a major
component of the extracellular matrix of bone and
skin [40].

Since 2006, it has been determined that new
mutations in genes associated with collagen have
different types of inheritance and form osteogenesis
imperfecta [2, 4]. The identification of these new
causal genes led to the adaptation of the original
classification system for osteogenesis imperfecta to
the new results of genetic studies. Both clinical and
genetic classifications have appeared, covering rare
forms of osteogenesis imperfecta, since most of the
new genes do not have specific diagnostic features.

In the clinical classification, new forms of the
disorder have been grouped into Sillence’s types
from I to IV in terms of their clinical severity. Type
IT osteogenesis imperfecta, a perinatal lethal form,
included lethal collagen mutations and some CRTAP,

Original Article



LEPREI, PPIB, SERPINH]1, and SP7 mutations [27].
Some clinical classifications have retained types V,
VI, and VII, which were originally designated
clinically [54].

In the same type, individuals may have a dominant
or recessive inheritance, which makes genetic
counseling difficultand makes it difficult to investigate
the disease mechanism and response to therapy. This
classification leads to many incompatible situations,
including re-typing the individual by severity over
the course of his life and siblings with different types
of osteogenesis imperfecta.

In the genetic classification, the Sillence types
have been used only for collagen mutations, and
the numbering continues for each new discovery
in genes [27]. This pattern eliminates the problems
mentioned above and provides a better organization
of research and clinical management than the clinical
classification. However, genetic classification has
the disadvantage of an ever-changing list that can
be difficult for geneticists and parents to use if it
exceeds a dozen of types. To meet both clinical and
genetic requirements, Forlino et al suggested [4] that
the functional metabolic classification will have the
widest application and at the same time will preserve
the numbering of genetic types.

This rearrangement for Ehlers-Danlos syndrome
by function has been successful for both clinicians
and families [55]. In this regard, genes whose products
act in the same way and probably have common
mechanisms are combined into five functional
groups: 1) defects in the structure or processing of
collagen (COL1A1, COL1A2 and BMP1) - group A;
2) collagen modification defects (CRTAP, LEPREI,
PPIB and TMEM38B) — group B; 3) collagen folding
and cross-linking defects (SERPINH1, FKBP10 and
PLOD2) — group C; 4) ossification or mineralization
defects (IFITMS5 and SERPINF1) - group D;
5) developmental defects of osteoblasts with collagen
deficiency (WNT1, CREB3L1 and SP7) — group E.
The Functional genetic classification may usefully be
supplemented by a parallel clinical severity score [56].

Thus, increased information about the genetic
nature of osteogenesis imperfecta has led to the
emergence of two new approaches to classification:
1) a more clinically grounded approach, in which
new recessive types are placed under the “clinical
umbrella” of the Sillence types; 2) a genetic functional
approach, in which the Sillence types (I-1V) are
reserved for mutations in COL1A1 or COL1A2,
and new genes are assigned additional type numbers
based on the mutation without clinical correlation [2].

However, the use of these classifications in clinical
practice is difficult due to the absence of pronounced
differences between the newly identified types of Ol
and the four Sillence classical types.
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They have been criticized by clinicians and
researchers [4, 55]. The "Nosology and Classification
of Genetic Skeletal Disorders", published in 2015,
adopted a phenotypic criterion for the classification of
osteogenesis imperfecta, limited to five types (types
of osteogenesis imperfecta 1-5) [3, 57, 58].

T. Palomo et al [6] believe that it is more optimal
to describe the types of osteogenesis imperfecta,
indicating the phenotypic severity and the involved
gene, as suggested by F.S. Van Dijk et al [3, 21]. In
2019, this classification was modified ("Nosology
and Classification of Genetic Skeletal Disorder")
(Table 2) [22].

Table 2

Classification of osteogenesis imperfecta (modified
according to G. Mortier et al [22])

OI type Inheritance Gene
Type 1: N AD COLIA1
No deformities, blue sclera COL1A2
Type 2: AD COLI1A1
Perinatal lethal type AD COL1A2
AR CRTAP
AR LEPREI
AR PPIB
Type 3: AD COL1A1
Progressive type associated with AD COL1A2
bone deformities AD IFITMS5
AR SERPINF1
AR CRTAP
AR LEPREI
AR PPIB
AR SERPINH1
AR FKBP10
AR TMEM38B
AR BMPI
AR WNTI1
AR CREB3L1
AR SPARC
AR TENT5A
Type 4: Mainly moderate form, AD COLIAI
normal sclera AD COLI1A2
AD WNTI1
AD IFITMS5
AR CRTAP
AR PPIB
AR FKBP10
AR SP7
Type 5:
Calcification of the interosseous AD IFITMS5
membranes, hypertrophic callus

Notes: AD — autosomal dominant; AR — autosomal recessive

Separate Ol types according to this classification
are clinically characterized as follows [14]:

— Ol type 1 is the mildest type, by which deformities
of long bones do not occur. Most of the sufferers
are almost "normal". Fractures most often occur in
the period of the burst in the adolescence. Hearing
impairment is common in young people. Laxity of the
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ligaments with excessive stretching of the joints and
decreased muscle tone are usually observed. The sclera
is bluish in color. Teeth are rarely affected. In some
people, the diagnosis is made in adulthood [2, 59].

— Ol type 2 is the most severe Ol form. Fractures
usually occur in utero. Its course usually ends in
perinatal death [2, 59].

— Ol type 3 has the most severe clinical course and
OlI patients in their life are prone to the development
of severe bone deformity. The diagnosis is usually
made at birth. Deformities affect the long bones
and skull (relative macrocephaly). Scoliosis and
deformity of the chest (barrel chest) lead to breathing
problems. Patients are very short (sometimes less
than 1m) and mostly use a wheelchair. They are
prone to a large number of fractures, often more
than 200. Hearing is often impaired. In many cases,
patients require multiple surgeries in the childhood.
Telescopic intramedullary rods are placed in the long
bones of children during the growth period. Surgeries
are required if scoliosis progresses. The sclera is
mostly blue. Basilar platybasia is not uncommon.
Neurological complications are possible [2, 59].

—OI type 4 1is very wvariable in clinical
manifestations. Patients are of short stature but the

decrease is less pronounced than in type 3 patients.
Deformities of the skeletal system are also less
pronounced than in type 3. Scoliosis is almost
always present. Basilar platybasia may occur, but it
is less common and less pronounced than in type 3.
Many patients are able to walk with crutches or only
occasionally need a wheelchair. Sclera in most cases
is of normal color [2, 59].

—OI type 5 typically shows the formation of
hyperplastic calluses (after fractures and surgical
interventions), calcification ofthe membranes between
the bones without signs of fracture. Syndesmoses on
the forearm and lower leg are especially affected.
Patients should avoid pro- and supination movements
of the forearm or foot. This type is characterized by
moderate dysplasia, which causes primary defects in
ossification or mineralization of the endochondral
bone, poor bone quality, spinal deformities, including
scoliosis. Radiographic examination should be
performed in order to undoubtedly refer the patient to
this phenotype [3, 22, 28, 57, 60].

The classification of osteogenesis imperfecta types
is still the subject of discussion and research. There is
an acute issue of creating a classification scheme that
does not change the criteria for new Ol types [2, 23].

CONCLUSION

Osteogenesis imperfecta is one of the most
common skeletal dysplasias, a phenotypically and
genetically heterogeneous group of hereditary bone
diseases. It is characterized by high variability of
manifestations, even within the same type and one
family. The results of the analysis of the prevalence of
this disease and its varying types in different groups
of the population in different regions of the world
remain unclear. The degree of genetic heterogeneity
of the disease has not been determined yet. Research
is ongoing to identify new genes involved in the OI
pathogenesis. The introduction of modern methods

for determining mutations in genes contributed to the
progress of research into the molecular pathogenesis
of osteogenesis imperfecta, the identification of new
genes, mutations in which lead to OI.

The large number of causative genes complicates
the process of creating an optimal OI classification. The
difficulty in creating a comprehensive classification of
Ol subtypes is that there is no clear phenotype-genotype
relationship; based on the mutation, conclusions about
clinical severity cannot be drawn. The classification of
the varying types of osteogenesis imperfecta is still the
subject of ongoing debate and research.
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