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Abstract

Osteogenesis Imperfecta (Ol) is the most common skeletal dysplasia that predisposes to recurrent
fractures and bone deformities. In spite of significant advances in understanding the genetic basis
of Ol, there have been no large-scale natural history studies. To better understand the natural
history and improve the care of patients, a network of Linked Clinical Research Centers (LCRC)
was established. Subjects with Ol were enrolled in a longitudinal study, and in this report, we
present cross-sectional data on the largest cohort of Ol subjects (n=544). Ol type 111 subjects had
higher prevalence of dentinogenesis imperfecta, severe scoliosis, and long bone deformities as
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compared to those with Ol types | and IV. Whereas the mean LS aBMD was low across all Ol
subtypes, those with more severe forms had lower bone mass. Molecular testing may help predict
the subtype in type | collagen-related Ol. Analysis of such well-collected and unbiased data in Ol
can not only help answer questions that are relevant to patient care but also foster hypothesis-
driven research, especially in the context of “phenotypic expansion” driven by next-generation
sequencing.

Keywords

Osteogenesis Imperfecta; longitudinal study; natural history study; bone mineral density in
osteogenesis imperfecta

Osteogenesis imperfecta (Ol) refers to a group of heritable disorders of connective tissue
that are characterized by low bone mass, increased bone fragility, recurrent fractures,
skeletal deformities, and extraskeletal manifestations (1). The spectrum of manifestations in
Ol varies widely and ranges from those with mild disease and few fractures to severe forms
with intrauterine fractures and perinatal mortality (2). The majority of patients with Ol have
mutations in either COL1A1 or COL1A2which encode for a1(l) and a2(l) chains of type |
collagen, respectively. More recently, mutations in genes involved in post-translational
modification of type | collagen, chaperone proteins, signaling molecules, and others with yet
undetermined role in bone homeostasis have been discovered to cause Ol (3-21). These
advances in understanding the molecular bases of Ol have led to a better appreciation of
clinical heterogeneity and an expansion of the phenotypic classification of this disorder.

With a prevalence of 1 in 15,000-20,000 births and an estimated patient population of ~
25,000 in the United States, Ol is a prototype rare disease (22). Due to the rarity and the
pan-ethnicity of Ol, there is no geographic clustering of affected individuals and hence
typically, few centers have sufficient patient populations to perform adequately powered
studies. To our knowledge, there are no large-scale, multi-center studies that have been
published on the natural history of Ol. There are smaller, mostly single-site natural history
studies of Ol; however, the significant changes in the treatment of Ol over the past few
years, including the widespread use of bisphosphonates and new orthopedic devices,
decrease the generalizability of results from these studies. Moreover the expansion of
phenotype in Ol fostered by new gene discoveries underscores the need for natural history
studies that can prospectively describe differences among different genotypes.

Collaborative clinical research network sites have been effective in understanding the natural
history, identifying biomarkers of clinical utility, implementation of therapies, and even
developing effective therapies for rare disorders (23-28). To foster clinical research and
advance the care of patients with Ol across North America, the Linked Clinical Research
Centers (LCRC), a network of five centers, was established by a joint initiative from the Ol
Foundation and the Children’s Brittle Bone Foundation. As an undertaking of the LCRC, the
“Longitudinal Study of Osteogenesis Imperfecta” was initiated to model and power the
development of a broader multidisciplinary network that will conduct longitudinal,
multidisciplinary investigations of the natural history, therapeutic interventions, morbidity,
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and mortality in individuals with Ol. In this report, we describe the cross-sectional clinical
and molecular characteristics of the largest cohort of subjects with Ol accrued to date.

Material and Methods

The Linked Clinical Research Centers (LCRC) is comprised of five clinical sites across
North America, a data collection and analysis center, and a center for molecular and
biochemical analysis. The first year of funding in 2009 supported three clinical sites: Baylor
College of Medicine (Houston, TX), Kennedy Krieger Institute (Baltimore, MD) in
collaboration with Nemours/Alfred 1. DuPont Hospital for Children (Wilmington, DE), and
Oregon Health & Science University (Portland, OR); two additional centers, Shriners
Hospital for Children (Chicago, IL) and Shriners Hospital for Children (Montreal, Canada),
were included in 2010. The Data Collection and Analysis Center at the University of South
Florida College of Medicine (Tampa, FL) served as the center for data collection and
analyses. The Collagen Diagnostic Laboratory at the University of Washington (Seattle,
WA) performed biochemical and molecular diagnostics.

Individuals with a clinical, molecular, or biochemical diagnosis of Ol were enrolled. For
those without a molecular or biochemical diagnosis, the site Pl and one of the two project
Pls were required to be in agreement about the clinical diagnosis and subtype of Ol based
upon specific criteria outlined in Supplementary Tables 1 and 2. As there is significant
overlap in the clinical phenotype between Ol types Il and IV and the recessive forms,
genotypic information was used to appropriately reclassify patients when available. Ten
subjects initially classified as Ol types 111 or IV were reclassified appropriately into types V,
VII, or “‘others and unclassified’ categories. Subjects with Type 1l Ol were not enrolled due
to the severe nature and perinatal lethality of the disease. Given the rarity of some of the
recessive forms of Ol, subjects with Ol subtypes I-VII (excepting type Il) were enrolled; the
Ol subtype in 12 subjects could not be characterized. By the end of June 2012, adequate
number of Ol type | subjects had been enrolled and hence further recruitment of individuals
with this subtype was stopped. Subjects were recruited through various sources including the
Ol Foundation, Children’s Brittle Bone Foundation (CBBF), the Ol registry, medical care
providers, prenatal diagnostic centers, and local clinics. The recruitment procedures were
conducted with strict adherence to standards for ethical conduct of research in compliance
with Health Insurance Portability and Accountability Act (HIPAA). The Institutional Review
Boards of participating sites approved the research protocol. Informed consent was obtained
from subjects or their legal guardians.

The clinical diagnosis, imaging, and molecular or biochemical testing were reviewed at the
screening visit. Demographic, clinical, and diagnostic data were obtained as outlined and
follow-up assessments were made on a yearly basis (Supplementary Table 3). Data was
collected uniformly at each site according to the detailed instructions in the Manual of
Operations and the quality of data was assessed at the entry point using on-line case report
forms. In addition, the Data Collection and Analysis Center identified missing or unclear
data and generated data queries to the enrolling centers in addition to monitoring data
delinquency to generate good-quality data.
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Data analysis

Results

Demographics and baseline clinical features were summarized by Ol subtype. Although
participants were followed over time and measurements of lumbar spine areal bone mineral
density (LS aBMD) Z-scores were recorded annually, only baseline BMD results are
described in this report. The baseline LS aBMD Z-scores were compared by Ol subtypes
using Analysis of Variance. The average LS aBMD Z-score was calculated for each
participant and multivariate ANOVA was performed comparing the averages by Ol subtypes
for categorizations of age. The number of fractures in the year preceding enrollment was
recorded. General Linear Models were constructed to compare this fracture count versusthe
LS aBMD Z-score. Outliers identified via studentized residues and Cook’s D statistics were
excluded. All tests of significance were two-sided based on a level of 0.05. Tukey’s method
was utilized to account for multiple comparisons. All analyses were performed using the
SAS software system.

This study includes 544 subjects with Ol types I-VII (except type 11). The demographic
characteristics are summarized in Table 1. Ol type | was the most prevalent form, followed
by types IV and I11. These dominant forms of Ol accounted for more than 90% of the
enrollees. The median age of the subjects was 12.6 years (range 0-67 years). A family
history of Ol was more prevalent in type | Ol subjects as compared to those with types 111
and IV. Family history of disease was present in 25% of subjects with recessive forms of Ol
(types VI and VII). Genetic testing was performed on nearly 70% of subjects.

Clinical Characteristics

The prevalence of clinical features was categorized by Ol subtype and is summarized in
Table 2. The three most common characteristics in the pooled patient population were blue
sclerae, joint hypermobility, and dentinogenesis imperfecta (DI). While blue sclerae were
observed in all types of Ol, it was more common in dominant as compared with recessive
forms. DI was relatively uncommon in those with types I, V, VI, and VII. In those with
dominant forms of type I collagen-related Ol, hearing loss was present in ~10-20% of
subjects. Type 111 Ol subjects had a higher prevalence of DI, moderate-to-severe scoliosis
(>30 degrees), and long bone deformities compared to those with types | and V.
Interestingly, the prevalence of mild scoliosis (<30 degrees) was similar between Ol
subtypes I, I11, and IV (14-20%). Subjects with type Il Ol had significantly more fractures
per year compared to those with type | and 1V (p<0.05). As expected, use of bisphosphonate
therapy was more prevalent in those with severe disease whereas less than 45% subjects with
type | Ol were receiving such therapy. The analysis of fracture data in types V, VI, VII, and
those categorized to ‘unclassified and others’ category was limited by small number of
subjects.

Type | collagen mutations can help predict Ol subtype

Whereas Ol types V, VI, and VII can be distinguished based on distinct clinical or molecular
characteristics, the significant overlap between the phenotypic features of the type |
collagen-related Ol subtypes often makes categorization of patients challenging. Hence, we
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assessed whether specific classes of mutations could predict the subtypes of type | collagen-
related Ol. Pathogenic changes in COL1A1and COL1AZ2were categorized into glycine
substitution mutations in the a-helical domain, non-glycine missense mutations, insertions
and deletions that do not alter the reading frame, mutations affecting splicing, and loss-of-
function alleles including nonsense mutations or whole gene deletions (Table 3). Logistic
regression analysis with Type 1 error rate adjusted with the Bonferroni method was
performed. To adjust for multiple comparisons, a p-value of 0.0167 (0.05/3) was used to
determine statistical significance. The analyses revealed that splice site mutations, truncating
mutations, and whole gene deletions in COL 1A1 were strong predictors of type | Ol
(p<0.0001). Non-glycine missense substitutions and non-frameshift insertions or deletions in
COL 1A2were predictive of Ol type 11l (p<0.0001). Similarly, COL1AZglycine
substitutions in the helical domain almost reached statistical significance for being predictive
of Ol type IV (p=0.0412) accounting for 48.1% of all mutations in this subtype. All other
mutations could not be used to predict the phenotype in our cohort.

Areal bone mineral density

aBMD measured at the lumbar spine, hip, or forearm has been used as a surrogate marker of
bone strength and a predictor of fracture risk in adults with osteoporosis (29-33). Though
the correlation between aBMD and fracture risk in Ol is not well established, it is a clinical
parameter that is often used to guide therapy and has been utilized as the primary endpoint
in multiple treatment trials (34-37). To explore the trends in aBMD, we compared the
enrollment LS aBMD at various ages. In those with type I collagen-related OI, LS aBMD
tended to be lower in the more severe clinical forms (Fig. 1). LS aBMD was relatively
similar in age groups 0-3 and 4-8, which could be secondary to early and widespread use of
bisphosphonates, which increases and/or preserves BMD, in types Il and IV Ol. Beyond
age 8 years the LS aBMD Z-scores were significantly lower in type 111 Ol as compared to
types | and 1V; in the age-group 9-11 years, the mean LS aBMD Z-scores (SD) in types I, 111
and IV were —1.52 (0.99), -2.79 (1.67), and —1.84 (1.09), respectively. Between the ages 12
and 18 years, there was an increase aBMD in those with type | Ol during the pubertal ages
whereas those with type 111 had a decline. The mean LS aBMD Z-scores (SD) in this age
group for types I, 111, and 1V Ol were —-1.4 (1.35), —4.33 (3.38), and -2.29 (1.37),
respectively. The aBMD in the rarer forms of Ol did not merit analysis based on age, due to
the limited number of subjects. The mean LS aBMD Z-scores in Ol types V (-1.834; n=11),
VI (-1.314; n=7), and VI (-3.250; n=5) showed no statistically significant differences
between the groups (Fig. 2)

As a descriptive endpoint, we assessed the relationship between various genotypes and LS
aBMD but no correlation was observed (Fig. 3). An important issue was to assess if aBMD
could predict fracture risk. We performed logistic regression analysis to address whether LS
aBMD Z-scores had an impact on the fracture in the preceding 12 months. The analysis was
limited by the significant clinical heterogeneity observed in Ol. The difficulty in estimating
fracture risk in Ol was underscored by the fact that many had fractures with near-normal
aBMD whereas some with very low aBMD did not suffer any fractures. Overall there were
no significant correlations between fracture risk in the preceding 12 months and LS aBMD
(Fig. 4). Although data regarding mobility was collected, it was not analyzed as part of this
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report and may account in part for the lack of correlation as those with higher BMD are
more likely to be ambulatory and active and thus at a higher risk for fracture. Future
analyses will look at other clinical variables that would aid in the prediction of fracture risk.

Discussion

We present cross-sectional data from the largest multicenter natural history study of Ol
conducted to date. This study was initiated and funded by the Ol Foundation and the
Children’s Brittle Bone Foundation, recognizing the need to foster collaborative research
into this rare disease.

The term “rare disease” is used to define conditions with a prevalence of less than 200,000
in the US (38). This group comprising of Mendelian, polygenic, and complex disorders
encompasses over 6,000 conditions that affect over 25 million Americans (http://
rarediseases.info.nih.gov/). Whereas the conduct of clinical studies in rare diseases have
been uncommon, the improved awareness due to activities by patient advocacy groups,
increased funding from the National Institutes of Health (NIH), and escalating interest of the
pharmaceutical industry in smaller niche markets have led to a significant increase in rare
disease research over the recent years. It is now well-recognized that collaborative
multicenter studies in rare diseases can lead to a better understanding of the natural history
of disease, generate hypothesis for further research, identify biomarkers for disease
monitoring, and provide better therapeutic options for patients (23-28, 39, 40). The Rare
Disease Clinical Research Network established under the Office of Rare Disease Research
of the NIH is an outstanding example for such collaborative multicenter clinical studies
(http://rarediseasesnetwork.epi.usf.edu/). The Ol LCRC was established to foster
collaborative research and optimize care of patients with Ol. The partnership of the Ol
Foundation and Children’s Brittle Bone Foundation with academic centers that have
expertise in management of Ol has been critical in highlighting the research areas and
studies that are relevant to the patient population. The Longitudinal Study of Osteogenesis
Imperfecta continues to enroll individuals with severe and recessive forms of Ol and the data
analyses on radiographic features, changes in aBMD in each subject over time, pain control
and its relationship to functional and mobility, trends in growth and development, and
manifestations such as hearing loss and pulmonary functions are ongoing. In this report, we
present a cross sectional view of data that are clinically relevant to practitioners and health
care providers.

The enrollment numbers in this study reflect the relative prevalence of the various subtypes
with ~92% of subjects having dominant forms of type | collagen-related Ol. Bluish
discoloration of sclera, DI, and joint hypermobility were the three most common features.
Consistent with previous reports, subjects with types 111 and IV have a higher prevalence of
DI; however DI can be observed in the rarer forms of Ol as well (41-44). The proportion of
subjects with hearing loss in our cohort was lower than previously reported figures, likely
due to the fact that the median age of the subjects in the cohort was relatively young (12.6
years) and the mixed conductive and sensorineural hearing loss in Ol typically progresses
with advancing age (45, 46). Consistent with the clinical classification, over a third of the
subjects with type 111 Ol had significant bony deformities while less than 5% of subjects
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with type | Ol shared this feature. Notably, the prevalence of mild scoliosis did not differ
between the mild and severe forms of Ol, demonstrating that mild scoliosis is a problem for
individuals with all subtypes of Ol. Given the different ages of subjects, total number of
fractures over a period of years could not be compared between the Ol subtypes. We
therefore evaluated fractures in the first year of enrollment and as would be expected,
subjects with type 111 Ol had significantly more number of fractures as compared to Ol type
I. Fracture rates tended to be higher in Ol types V, VI, VII, and unclassified types but the
small numbers precluded the conduct of formal statistical tests.

We have demonstrated that the type of mutation in COL1A1and COL1AZhas predictive
value in classification of the dominant forms of type I collagen-related Ol. COL 1A1 splice
site, truncating and whole gene deletion mutations were highly predictive of type | Ol;

COL 1A2 missense substitutions that did not involve an alpha-helical domain glycine as well
as non-frameshift insertion/deletion mutations were highly predictive of type 111 Ol; and
COL 1A2glycine substitutions in the alpha-helical domain tended to be seen more
commonly in type IV Ol.

The aBMD in subjects with Ol was low irrespective of the genotype or the clinical subtype.
Generally, the average LS aBMD Z-scores were at least two standard deviations away from
the mean as compared to age- and sex-matched controls. Subjects with type 111 Ol tended to
have lower bone mass than those with the milder forms. These results are consistent with
observations from previous studies that have shown that subjects with glycine substitution
mutations have average aBMD that is 0.6 standard deviations lower than those with
haploinsufficiency mutations (47). LS aBMD was relatively similar in age groups 0-3 and
4-8, which could be secondary to early and widespread use of bisphosphonates in types 111
and IV Ol. Subjects with type | Ol were observed to have higher aBMD during the pubertal
and post-pubertal years whereas those with type 111 had declining levels in the same period.
However, these data reflect cross-sectional aBMD in different individuals and not
longitudinal data on individual subjects and thus should not be interpreted as subjects with
Ol type Il fail to increase BMD during the pubertal years. There are two distinct limitations
in the interpretation of the aBMD data in our cohort: firstly, the bone mass was analyzed at
the individual sites using different Dual-Energy X-ray Absorptiometry machines, secondly,
the short stature accompanying the more severe forms of Ol may have led to an
underestimation of the Z-scores especially in older children and adults. The results of LS
aBMD not correlating with fracture risk in the preceding year have to be interpreted with
caution as we suspect that mobility, deformities, and the presence of intramedullary rods
could affect fracture rate significantly. We therefore plan future studies to assess the impact
of mobility and rodding surgeries on fracture rates in the various types of Ol. However, this
lack of observed correlation and the frequent lack of statistically significant decrease in
fractures in bisphosphonate treatment studies suggests caution in interpretation of the
clinical efficacy of bisphosphonates in treatment of Ol.

In summary this largest-ever, multicenter cross-sectional study of Ol allows us to summarize
the clinically relevant baseline features to develop hypotheses for more detailed analyses of
the longitudinal data to assess disease burden and outcomes for skeletal and extra-skeletal
manifestations of Ol. Moreover, this preliminary data will inform the design of both
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therapeutic and non-therapeutic studies that can be powered to answer relevant clinical
questions related to genotypic correlations, testing of therapeutic intervention in phase | and
Il studies, and development of biomarkers that may be used to predict clinical severity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Lumbar spineaBMD Z-scoresin Ol typesl, |11, and IV
A graphic display of the variation in LS aBMD Z-scores among different age groups in

Ol. *p<0.05, compared to Ol I; **p<0.05, compared to Ol | & IV. Error bars indicate +/— 1
SD.
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Fig. 2. Lumbar spineaBMD Z-scoresin Ol typesV, VI, VI, and other rareforms
Box plots comparing the LS aBMD Z-scores in types V, VI, VII, and unclassified & other

Ol types. The small sample size precluded further categorization by age. There were no
differences in aBMD between the groups (p=0.1567).
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IFITM5

CRTAP

COL1A2 splice site mutation

COL1A2 Glycine substitution

COL1A1 Truncating

:COL1A1 Splice site mutation

COL1A1 Glycine substitution

-

N s

LS aBMD Z-score

Fig. 3. LSaBMD distribution by genotype

Q

)

Box plots showing the interquartile ranges and the 5 and 95 centiles (error bars) for LS
aBMD Z-scores for various Ol subtypes. The type | collagen-related Ol have been further
categorized based on the type of mutations. Note that the mean aBMD is low across all

subtypes.
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Fig. 4. Correlation between aBMD and fracturesin Ol types|, |11, and IV
The correlation between LS aBMD Z-scores and number of fractures in the preceding year

show no statistically significant correlations in Ol types | (r=0.01578; p=0.7554; n=392), lll
(r=0.05123; p=0.5800; n=119), and IV (r=—0.01979; p=0.7522; n=257). The number of
fractures was calculated per subject. Data points may not represent the actual number of
subjects due to graphic overlap of common points.
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Table 3

Prevalence of COL1A1 and COL1A2 mutations in autosomal dominant formsof Ol
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Note that the numbers in the parentheses refer to the proportion of particular mutation class within each Ol

subtype in COL1A1or COL1AZ2and total type 1 collagen mutations, respectively.

Ool'l Ol 111 ol v All
COL1A1 139 39 49 227
Glycine substitutions in alpha-helical domain 12 (8.6; 7.9) 30 (76.9; 46.9) | 32(65.3;29.6) | 74
Other missense substitutions or non-frameshift insertions or deletions 8(5.8;5.2) 5(12.8;7.8) 5(10.2; 4.6) 18
Splicing mutations 44 (31.7; 20.9) 4(10.3; 6.3) 9(18.4;8.3) 57
Truncating mutations or whole gene deletions 75 (54; 49.7) 0 3(6.1;2.8) 78
COL1A2 12 25 59 96
Glycine substitutions in alpha-helical domain 11(91.7;7.3) | 22(88.0;34.4) | 52(88.1;48.1) | 85
Other missense substitutions or non-frameshift insertions or deletions 1(8.3;0.7) 3(12.0; 4.7) 2(3.4;1.9) 6
Splicing mutations 0 0 5(8.5; 4.6) 5
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