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A B S T R A C T   

Introduction: Osteogenesis imperfecta (OI) is a genetic disorder characterized by bone fragility and craniofacial 
and dental abnormalities such as congenitally missing teeth and teeth that failed to erupt which are believed to 
be doubled in OI patients than normal populations and were associated with low oral health quality of life. 
However, the etiology of these abnormalities remains unclear. To understand the factors influencing missing and 
unerupted teeth, we investigated their prevalence in a cohort of OI patients as a function of the clinical 
phenotype (OI type), the genetic variant type, the tooth type and the onset of bisphosphonate treatment. 
Method: A total of 144 OI patients were recruited from The Shriners Hospital, Montreal, Canada, between 2016 
and 2017. Patients were evaluated using intraoral photographs and panoramic radiographs. Missing teeth were 
evaluated in all patients, and unerupted teeth were assessed only in patients ≥15 years old (n = 82). 
Results: On average, each OI patient had 2.4 missing teeth and 0.8 unerupted teeth, and the most common 
missing and unerupted teeth were the premolars and the upper second molars, respectively. These phenomena 
were more prominent in OI type III and IV than in OI type I, and were not sex or age-related. Missing teeth were 
significantly more common in patients with C-propeptide variants than all other variants (p-value <0.05). 
Unerupted teeth were significantly more common in patients with α1 and α2 glycine variants or substitutions 
than in those with haploinsufficiency variants. Early-onset of bisphosphonate treatment would significantly in
crease the risk of unerupted teeth in patients with OI types III and IV (OR = 1.68, 95% CI (1.15–1.53)). 
Conclusion: The prevalence of missing and unerupted teeth at the tooth type level in OI patients varies according 
to the nature of the collagen variants and the OI type. These findings highlight the role of collagen in tooth 
development and eruption.   

1. Introduction 

Osteogenesis imperfecta (OI) is a genetically and clinically hetero
geneous heritable connective tissue disorder with an incidence of 
approximately 1 in 15,000–20,000 births [1–4]. OI patients were 

classified based on Sillance classification into four groups OI type I, II, III 
and IV [1,5,6]. OI type I is mild, type II is pre-or perinatally lethal, type 
III is the severe type and progressively deteriorating, and type IV is 
typically of moderate severity (Table 1) [5]. OI is caused by alterations 
in type I collagen, the most abundant fibrillar form of collagen, which 
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accounts for about 80% of the extracellular matrix of bone and dentin 
[7,8]. OI is mainly caused by quantitative and/or qualitative alterations 
in type 1 collagen synthesis due to mutations in the genes encoding proα- 
1 and proα-2 of type 1 procollagen (COL1A1 and COL1A2) [7]. Most of 
the severe OI cases (II, III, and IV) were associated with glycine substi
tution mutations, which results in unstable collagen fibril. However, 
mild OI type (Type I) is often attributed to mutations that create a 
premature stop codon within COL1A1 or COL1A2, which decrease the 
amount of normal collagen formation [9,10]. 

This disease is characterized by decreased bone mineral density, 
increased bone fragility, and extra-skeletal manifestations like blue 
sclera, hearing loss, skin hyperelasticity, craniofacial, and dental alter
ations [9,10]. Craniofacial alterations include underdeveloped naso
maxillary complex, known as hypoplastic maxilla. These discrepancies 
are more severe in OI types III and IV, and are manifested as class III 
dental malocclusion, anterior crossbite, anterior and posterior open 
bites, as well as posterior crossbite [11–16]. The most well-known oral 
finding in OI is dentinogenesis imperfecta, which is described clinically 
as a tooth discoloration [17,18], and is highly associated with the 
severity of OI and the type of genetic mutation [19]. Another OI and oral 
health-related challenges are a high incidence of impacted second mo
lars, and twice as many missing teeth as the general population 
[11,14,20,21]; however, the effect of the genetic variants on missing and 
unerupted teeth in OI patients remains unclear. 

The most widely used treatment for OI is intravenous bisphospho
nate therapy [22]. Bisphosphonates are a class of drugs able to inhibit 
bone-resorbing osteoclasts and to decrease osteoblast and osteocyte 
apoptosis, thereby improving bone density and contrasting the bone 
fragility. However, bone resorption is essential for the process of tooth 
eruption, which could inhibit or delay the tooth eruption in OI patients 
[23–25]. 

In this context, we hypothesize that the prevalence of missing or 
unerupted teeth in OI patients depends on the type of OI, the genetic 
variants, tooth type and the treatment received by the patient. Accord
ingly, we studied the patterns of these two conditions in OI patients at 
the tooth level, concerning OI type and mutation type. Missing or 
impacted teeth can result in psychosocial, esthetic, and functional 
complications, thus understanding the risk factors involved could help 
improve the dental care of OI patients. 

2. Materials and methods 

A total of 171 individuals diagnosed with OI were evaluated in the 
context of the Brittle Bone Disease study, a longitudinal observational 
study that collects information from a consortium of specialized OI 
centers in North America. The consortium is part of the Rare Disease 
Clinical Research Network, funded by the US National Institutes of 
Health [28–30]. 

All study participants described here were diagnosed with OI asso
ciated with collagen type I defect at the Montreal Shriners hospital, 
Canada. Patients were subsequently grouped according to the diagnosis 
as OI type I, OI type III, or OI type IV. A dental evaluation was performed 
for participants three years of age or older at the Faculty of Dentistry, 
McGill University (Montreal, Canada) in the years 2016–2017. Patients 
who agreed to participate in the dental descriptive study were included, 
excluding patients younger than seven years of age or patient's refusal to 
participate. A total of 144 OI patients were included and evaluated using 
intraoral photographs and panoramic radiographs. Missing teeth were 
evaluated in all patients, and unerupted teeth were assessed only in 
patients ≥15 years old (n = 82) (Table 2). Ethical approval was obtained 
from the McGill ethics committee, number A09-M47-15B, and all study 
participants or their legal guardians provided a written informed con
sent. The association between tooth eruption and bisphosphonate 
treatment was evaluated by comparing patients that started treatment 
before the age of 6 years (the time at which the first permanent tooth 
erupts) to those receiving the treatment later in their lives. We also 
evaluated the association between tooth discoloration and the preva
lence of missing and unerupted teeth. 

2.1. Dental evaluations 

Intraoral photographs were taken in a standardized setting by one 
specialist using a Canon D70 intraoral camera equipped with a 100 mm 
Canon lens (1:3 magnification) and a ring flash (Canon model Macro 
Ring Lite MAR 14 Ex II). Five photographs were taken from five different 
angles (facial view, lateral right view, lateral left view, upper occlusal 
view, and lower occlusal view) for every participant. Panoramic radio
graphs were attained for all participants and were used to evaluate the 
missing teeth, and intraoral photographs were used to confirm the 
unerupted teeth [31]. A tooth was defined as “missing” when the tooth 
itself or its bud could not be seen in the radiograph, and it was defined as 
“unerupted” when it was found in the X-ray but not in the patient's 
mouth. (Fig. 1). 

The tooth types were presented using the “Federation Dentaire 
Internationale” (FDI) Numbering System (see Sup. Fig. 1). Tooth 
discoloration was evaluated as described by Taqi et al. [19]. 

Table 1 
Clinical manifestation of different OI types associated with collagen type 1 
mutation.  

OI 
type 

Severity General features DIa BSa MTa Ma 

I Mild Mild fragility, normal 
height average, 
minimum deformity. 

P/ 
A 

P P/A Mild 

II Lethal Multiple rib and long 
bone intrauterine 
fractures, severe bone 
deformity.  

P   

III Severe Frequent fractures 
before birth, severe 
bone deformity, very 
short stature, severe 
scoliosis, limited 
mobility, triangular 
face. 

P/ 
A 

A P/A Severe 

IV Intermediate Moderate bone 
fragility, moderate 
scoliosis and bone 
deformity, thin ribs, 
short stature. 

P/ 
A 

A P/A Moderat 
to severe 

Modified from references [10,26,27]. 
P; present, A; absent. 

a DI; dentinogenesis imperfecta, BS; blue sclara, MT; missing teeth, M; 
maloclussion. 

Table 2 
Demographical information for OI individuals from different OI type, and the 
percentage of affected individual pet OI type.  

Patients evaluated 

OI type N Female/male (%) Ageb mean (range) % affected (CI) 

Missing teeth 
OI I  70 38/31 (55%) 22 (7–55) 11% (4,19)a 

OI III  20 11/9 (55%) 16 (7–30) 62% (39,81) 
OI IV  54 29/25 (54%) 18 (7–43) 52% (39,66)  

Unerupted teeth 
OI I  40 25/15 (63%) 30 (15–55) 3% (0.73, 0.95)a 

OI III  10 4/6 (40%) 18 (15–30) 70% (0.06, 0.65) 
OI IV  32 16/16 (50%) 30 (15–55) 40% (0.40, 0.72) 

N the number of patients. 
a OI type I is statistically significantly different from OI type III and IV. 
b Age in years. 
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2.2. Reliability evaluation 

D.T. and H.M, who were blinded to the OI type, evaluated the pho
tographs and X-rays, and a third party, JM.R., was consulted in case of 
disagreement. Six months after the first evaluation, D.T. randomly 
repeated the assessment of 70 patients for interexaminer validity. The 
kappa analysis was performed and showed a >0.8 agreement proportion 
for the inter and intraexaminer reliability. 

2.3. Statistical analysis 

The participants' demographical characteristics were summarized 
using descriptive analysis and the frequency of unerupted and missing 
teeth. Chi-square test and odds ratio were used to analyze the associa
tion between the binomial variables, while the Kruskal-Wallis test was 
used to compare the nonparametric categorical variables such as mu
tation types. Generalized linear models (GLIMMIX) and the binary dis
tribution were used to compare the dental findings in every tooth type 
for each OI types. A p-value of <0.05 was considered statistically sig
nificant after Bonferroni's adjustment for multiple comparisons. All 

statistical analyses were performed using SPSS (IBM 22.0., Armonk, NY, 
USA.2013) except for the GLIMMIX procedure in which SAS (SAS 9.4 by 
SAS Institute Inc., Cary, NC, USA) was used. 

3. Results 

Descriptive statistics on the population demography and the statis
tical analyses for the distribution of missing and unerupted teeth in 
every OI type are summarized in Table 2. 

Overall, each patient had on average 2.4 missing teeth and 0.8 
unerupted teeth, and both variables were not sex or age-related (p-value 
>0.05) (Supplementary Tables 1 & 2). The prevalence of missing or 
unerupted teeth was the highest in OI type III patients, followed by OI 
type IV and OI type I, which had a significantly lower prevalence (p <
0.05). The descriptive statistics are summarized in Table 2, and in Fig. 2. 

3.1. Missing teeth 

A total of 175 teeth were missing in the 114 OI patients evaluated. 
The most frequently missing teeth were the premolars, particularly the 

Fig. 1. Intraoral photographs (a–e) and panoramic radiograph (f) of a 17 years old male with OI type IV. The intraoral photos were taken from different directions: 
(a) upper occlusal (b) lateral left (c) lower occlusal, (d) facial, (e) lateral right. The photos reveal tooth discoloration (arrowed), as well as class III malocclusion, open 
bite, and posterior crossbite. The radiograph (f) shows missing upper second premolars (○), unerupted teeth (◊), and retained deciduous molars (●). 
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second premolars in OI type III and IV. Upper right first molars and 
canines were also frequently missing in OI type I and OI type III patients, 
respectively (Fig. 3). Lower incisors and upper left first molars were not 
missing in any patient regardless of OI type. Also, there were not any 
missing upper central incisors in OI type I and IV patients. 

Interestingly, the upper and lower jaws had different phenotypes of 
missing teeth that varied according to OI type. For example, upper an
teriors and molars in OI type III patients and upper posteriors in OI type 
I, were more likely to be missing than their opposing lower teeth. Also, 
in OI type IV patients, upper premolars and lower molars were more 
likely to be missing than their opposing teeth (Fig. 4). 

The prevalence of missing teeth was also significantly associated 
with the type of variant (OR 61.7; p < 0.05, and adjusted OR = 22, p <
0.05). Also, in OI IV patients, C-propeptide variant was associated with 
significantly more missing teeth than haploinsufficiency variant or α1 
and α2 glycine substitution, while α2 glycine substitution and splice site 
showed significantly more missing teeth than α1 glycine substitution 
(Supplementary Table 10). When the Kruskal Wallis test was used to 
compare the effect of different variants on missing teeth in all in
dividuals, haploinsufficiency variants affected missing teeth signifi
cantly less than all the other mutations, while C-propeptide variants 
showed a significantly higher effect than all other variants 

(Supplementary Table 8). 
Assessment at the tooth level showed that all the variants investi

gated were associated with cases of missing lower premolars and first 
molars. However, only C-propeptide variants, α1 Gly substitutions and 
α2 Gly substitutions, were associated with missing anteriors. In addition, 
C-propeptide variants often resulted in missing upper premolars and 
first molars, splice site mutations were associated with missing second 
molars and upper premolars, α1 haploinsufficiency was associated with 
missing upper second molars, α 2 glycine substitutions often resulted in 
missing upper premolars, and α1 glycine resulted in missing upper teeth 
and lower second molars. (Figs. 2 & 3 Supplementary Table 9). No as
sociation of tooth discoloration and the prevalence of missing teeth was 
observed. 

3.2. Unerupted teeth 

Out of 2100 evaluated teeth, only 63 (3%) were unerupted. The only 
unerupted teeth were the canines, premolars, and second molars. 
Interestingly, apart from the upper second molars, the lower jaw pre
sented with more unerupted teeth than the upper jaw. 

Patients with OI type I only presented unerupted premolars, while 
those with OI type IV presented unerupted upper second molars, and OI 

Fig. 2. Bar charts representing the number of missing/present and unerupted/erupted teeth in the study population as a function of the type of OI (a) and genetic 
variants (b). The brackets indicate significant differences in the prevalence of missing and unerupted teeth as a function of the genetic variants (p-value<0.05). The 
prevalence of missing teeth was significantly higher among teeth with C-propeptide variants than in those with other variants, and significantly lower among teeth 
with the α1 haploinsufficiency variant (p-value<0.05). The prevalence of unerupted teeth was significantly lower in the haploinsufficiency variant than in those with 
the glycine substitution variant (p-value<0.05). 
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type III showed unerupted premolars, the lower canines, and upper 
second molars. Also, only OI type III patients presented unerupted upper 
first premolars (Fig. 4). Unerupted upper second molars were more 
common in OI type III (60%–70%) and IV (34%–37%) than in OI type I 
(2%–3%) (p < 0.05). Also, we observed unerupted lower second pre
molars in 20%–50% of patients OI type III and 3% of those with OI type 
IV, but not in patients with OI type I, and we found unerupted lower first 
premolars in 3% of patients with OI type I and IV, and in 30% of those 
with OI type III. 

Unerupted canines were very rare; only one individual with OI type 
IV had unerupted upper canines and one unerupted lower canine, and 
one patient with OI type III had unerupted lower canines (Fig. 4). 

Assessment of genetic variants revealed that glycine substitute var
iants affected tooth eruption differently than haploinsufficiency and 
splice site variants (p-value <0.05) (Fig. 2, Supplementary Table 8). For 
instance, patients with α1 glycine substitutions presented significantly 
more cases of unerupted teeth than those with haploinsufficiency and 
splice-site variants, and among OI I patients, this mutation was signifi
cantly associated with more unerupted teeth than all other variants 
(Supplementary Table 10). 

Tooth level analysis revealed that all variants presented cases of 
unerupted upper second molars except for α1 haploinsufficiency, which 
only presented cases of unerupted second premolars. On the other hand, 

only patients with glycine substitution variants presented unerupted 
premolars and canines. Unerupted lower premolars and upper second 
molars were significantly more common among patients with α1 glycine 
substitution than those with α2 glycine substitutions. (Fig. 4 & Supple
mentary Table 9). Our results also revealed that the presence of DI was 
not associated with the prevalence of unerupted teeth. 

3.3. Early exposure to bisphosphonate treatment 

The data on the onset of bisphosphonate treatment was available 
only for 105 patients (this data was missing in 43 patients with OI type I, 
2 patients with OI type III and 4 patients with OI type IV). The average 
age when bisphosphonate treatment was first started was presented in 
Fig. 5. The Kruskal Wallis test was used to evaluate the age difference 
between OI types when bisphosphonate was first started and showed 
that patients with OI type I were significantly older than those with OI 
types III and IV (p-value <0.05) at the onset of bisphosphonate 
treatment. 

To study the association between early bisphosphonate treatment 
(starting before the age of 6 years) and the prevalence of missing or 
unerupted teeth generalized linear model was used after adjustment for 
OI type, and sex. Our results showed no significant association between 
early bisphosphonate intervention and the prevalence of missing teeth 

Fig. 3. The prevalence of missing teeth at the tooth level. a) The prevalence of missing teeth evaluated in every type of genetic mutations, b) the prevalence of 
missing teeth in different types of OI. 
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but it was associated with higher prevalence of unerupted teeth in OI 
types III (OR = 2.4, 95% CI = 1.39–4.15) and IV (OR = 1.76, 95%CI =
1.61–5.03). In our cohort, 90% of patients that started bisphosphonate 
treatment before the age of 6 years presented at least one unerupted 
tooth, with an odds ratio of 1.68, 95% CI (1.15–1.53) compared to those 
who started treatment at a later age. 

4. Discussion 

Our study revealed that the prevalence of missing or unerupted teeth 
varied according to the type of tooth, OI type and variant. Prevalence of 
missing or unerupted teeth is higher in patients with severe conditions 
(OI types III and IV), and it affected predominantly missing premolars 
and unerupted upper second molars. We also found that bisphosphonate 
treatment at an early age was associated with an increased prevalence of 
unerupted teeth. 

4.1. Missing teeth 

In our study, the prevalence of missing teeth in OI patients was much 
higher than that observed in the general population (6.4%) [32], and it 
was associated with the severity of the disease. Indeed, patients with 
moderate to severe OI presented a much higher prevalence of missing 
teeth (OI type IV 52%, OI type III 61%) than patients with OI type I 
(11%). 

Interestingly, the pattern of missing teeth among our OI patients was 

Fig. 4. The prevalence of unerupted teeth at the tooth level. a) the prevalence of unerupted teeth in every type of genetic mutations. b) The prevalence of unerupted 
teeth in different types of OI. 

Fig. 5. The mean of age when Bisphosphonate treatment was first started in 
patients with different OI types. *Patients with OI type I were significantly older 
than those with OI types III and IV in the age when bisphosphonate was first 
started (p < 0.05). 
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also different from that observed in the general population. Besides third 
molars, the most commonly missing teeth in the general population are 
the mandibular second premolars (1–6%), the upper lateral incisors 
(1–4%) [33], and to a lesser extent, the upper second premolars [32]. 
However, OI patients in our cohort were also missing teeth that are 
rarely missing in the general population, such as first premolars, ca
nines, first molars and central upper incisors. Although collagen is 
expressed in all types of teeth, the consequences of their inactivation 
may be different in different tooth types. It has been reported that the 
high prevalence of missing teeth in OI patients could be due to the 
deleterious effects of structurally abnormal type I collagen on tooth 
germ development and mineralization during the initiation of tooth 
formation [20]. 

A large body of recent work has employed mouse models of OI to 
help in understanding the pathophysiology of the disease and potential 
treatment. Several current mouse models of OI [34,35] report post
cranial phenotypes similar to those seen in human patients with OI. 
However, a limited number of studies also reporting human-like alter
ations to cranial and dental integrity [36–38], but missing and uner
upted teeth were not reported in such models. 

However, many human and animal studies found that dental 
anomalies, mainly missing teeth, and craniofacial alterations, could 
share common genetic factors [39–42], such as mutations in MSX1, 
PAX9, TGF-α and FGF family genes [42,43]. Interestingly, some of these 
genetic mutations were associated with missing specific tooth types. For 
example, MSX1 mutations were associated with preferentially missing 
premolars causing oligodontia [43], while PAX9 mutations were asso
ciated with preferentially missing molars [44]. In our study, an associ
ation was found between certain collagen mutations and specific teeth 
agenesis. For example, C-propeptide variants were associated with the 
highest number of missing teeth and resulted in a significantly higher 
number of missing premolars and first molars than all the other variants. 
Also, splice site variants affected only posterior teeth, with more missing 
teeth in the lower jaw than the upper jaw. These observations indicate 
that the type of variant is an important predictor for missing teeth pat
terns in OI patients and could be playing a part in teeth formation and 
development. 

Different patterns of missing teeth between the upper and lower jaw 
were seen in our study. The maxilla was associated with more missing 
teeth, and while anterior teeth were missing more often in the maxilla, 
molars were more often missing in the mandible. These observations 
could be due to the maxilla's under development and the closing 
mandibular growth rotation observed in OI patients (especially OI III 
and IV) [13,36]. These alterations in craniofacial development reduce 
the space for tooth development in the anterior maxilla and posterior 
mandible and could play a key role in the pattern of missing teeth 
observed in OI patients. This is further confirmed by the fact that pre
molars are among the last teeth to be initiated and mineralized, and are 
the most commonly missing teeth, probably due to the lack of remaining 
space by the time they form. Indeed, tooth and craniofacial development 
are two processes controlled by common genetic mechanisms 
[13,45,46], and tooth agenesis has also been associated with Class III 
malocclusion and hypodivergent skeletal patterns with decreased 
angular prognathism [47], which were consistently found in moderate 
to severe OI [36]. These observations would suggest that craniofacial 
developmental defects in OI are key to the prevalence of missing teeth. 
Future studies on the association between genetic mutations in OI and 
craniofacial phenotypes will help understand the mechanism behind the 
dental phenotypes. 

4.2. Unerupted teeth 

In our study, 33% of OI patients had at least one unerupted tooth, 
and the prevalence of tooth eruption was associated with the severity of 
the disease as OI type III patients showed the highest prevalence of 
unerupted teeth (70%) followed by OI type IV (40%), and lastly, OI type 

I (30%). Unerupted teeth were also associated with qualitative muta
tions such as α1 and α2 glycine mutations rather than Haploinsufficiency 
mutations, which is in agreement with previous studies indicating a high 
prevalence of unerupted teeth in patients within Col1a1/1a2 qualitative 
mutations [21]. We also observed that α1 glycine variants were associ
ated with unerupted teeth, even in mild OI cases (OI I). Our results also 
indicated that patients with mild OI are at higher risk of developing 
unerupted second premolars when associated with α1 glycine variants. 
While in moderate to severe OI, different genetic variants seem to have a 
similar effect on unerupted teeth. Interestingly, splice site and C-pro
peptide variants (moderate to severe OI) only associated with unerupted 
second molars and only the upper ones in splice site variants. These 
genetic phenotypes could be directly linked to craniofacial develop
ment. Patients with OI tend to have clockwise rotated maxillae and 
anteriorly rotated mandible resulting in the retrognathic maxilla and 
class III malocclusion [21,48]. This could help explain the high preva
lence of unerupted maxillary second molars. 

Unerupted permanent teeth are common in the general population, 
and this affects mainly the 3rd molars (91%), canines (5.3%), premolars 
(1.6%), and second molars 2.3% [49]. However, our study showed that 
the prevalence of retained teeth is different in OI patients; for example, 
OI affected eruption of maxillary second molars the most (OI type III 
(70%), OI IV (35%), and OI I (2%), followed by the second premolars 
(50%), the lower first premolars (30%) and the upper premolars (up to 
20%). 

Schwartz et al. [11] found that most impacted teeth in OI patients 
were in the lower arch associated with class III malocclusion. The low 
prevalence of unerupted teeth in the Schwartz's study (17%) in com
parison to ours (33%) could be related to the small number of partici
pants (n = 28) from which only 17 had a panoramic X-ray. In our results, 
the prevalence of unerupted lower second molar was the highest in OI 
type III associated with splice-site variants (10%), followed by OI type IV 
associated with α2 glycine variants (4%). 

In our cohort, lower canines were unerupted in 10% of OI type III 
patients and about 3% of OI type IV and only in patients with glycine 
substitution variants. Unerupted maxillary canines were found only in 
OI type IV, and only in patients with α2 glycine substitutions variants 
(3%). Unerupted canines were not observed in OI type I, probably due to 
close-to-normal jaws sizes and relations [13]. 

Tooth eruption is the movement of teeth from their origin within the 
jaw to their functional position in the oral cavity, and it depends on 
regulated bone remodelling [50]. Genetic and local environmental fac
tors determine the intra-osseous movement speed. One of the most 
important local environmental factors is crowding among the devel
oping and erupting teeth. Other local environmental factors that may 
influence the intra-osseous tooth eruption stage are obstructions in the 
eruption path (e.g., supernumerary teeth, odontomas, and cysts), 
trauma, and early extraction or detention of primary teeth [51]. 

The speed of intra-osseous tooth migration during eruption varies 
according to tooth type and the distance of migration. Among perma
nent teeth, the shortest distance of this journey is for the first molar 
(about 5 mm) and the longest for canines (about 20 mm); thus the 
eruption process takes 2.5 and 6.5 years, respectively. For the other 
permanent teeth, the intra-osseous stage duration varies from about 
3.5–5 years [52]. This could explain the small prevalence of unerupted 
first molars but would indicate that canines should have been more often 
unerupted, which is not the case in patients with OI. 

Tooth crowding, which is common in OI patients, could also play a 
major role in the high prevalence of unerupted teeth in our study pop
ulation. Indeed, crowding often leads to follicle collisions where one 
follicle is placed on top of another, leaving both teeth unerupted [50]. 
The prevalence of unerupted premolars and second molars in the general 
population is very low (1.6%–2.3%, respectively) [49], while it is rela
tively high in OI patients. Second premolars, especially in the mandible, 
are the last teeth to erupt in the oral cavity before the second and third 
molars, and with lack of space, delaying or failing to erupt is expected. 
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At the same time, posterior rotation of the maxilla could be a reason to 
retentive maxillary second molar, especially in severe and moderate OI 
types [53,54]. 

In summary, it seems that the prevalence of missing and unerupted 
teeth is influenced by the clinical and genetic phenotype of OI patients, 
probably by affecting craniofacial development and the intra-osseous 
stage of tooth eruption; however, future research is required to 
confirm these observations further. 

4.3. Bisphosphonate treatment 

All the individuals assessed in our study were treated with 
bisphosphonates to increase bone mineral density and reduce the risk of 
bone fractures [25]. These drugs inhibit osteoclast function and bone 
resorption, which are both required for tooth eruption. Thus, 
bisphosphonate treatment could be another possible explanation for the 
high prevalence of unerupted teeth in our cohort OI patients. Indeed, 
human and animal studies have shown delayed tooth eruption and 
impaction associated with bisphosphonates [23–25], as well as in
terferences with orthodontic treatments [55], and they slow down the 
fast rate of tooth development found in OI patients [56]. As expected, 
our results showed that early exposure to bisphosphonate was signifi
cantly associated with a high prevalence of unerupted teeth in patients 
with OI types III and IV, and this is in agreement with a recent study 
showing that bisphosphonate therapy in OI patients seems to lower the 
dental age, delay the dental maturity, and tooth eruption when 
administration before 2 years of age [57]. On the other hand, patients 
with a milder form of OI (OI type I), started the bisphosphate treatment 
at an older age and this is probably why they presented fewer incidents 
of tooth impaction. 

The prevalence of missing teeth, on the other hand, did not seem to 
be associated with the onset of bisphosphonate treatment in our study. 
This is in disagreement with a recent study reporting higher prevalence 
of tooth agenesis in children who had begun treatment with 
bisphosphonate before the age of 2 years [58]. In Malmagren et al. study 
[58], they did not adjust for the type of OI, and most of the patients that 
were treated before 2 years of age in their cohort were OI type III (13/ 
22), where nine of them presented missing teeth, while the majority of 
patients treated after 2 years of age in their cohort where of OI type I 
(11/20), and the only missing teeth were in OI type III (5/20) patients in 
that group. While in our study, we adjusted for the type of OI where no 
significant difference was reported between the two age groups in 
different OI types. 

4.4. Strength and limitations 

A major strength of the present study is the relatively large number of 
patients included. However, the disproportion in the sample size of in
dividual OI groups could be insufficient to characterize all the signifi
cant differences among all OI types. This study's cross-sectional design 
includes the most common OI types and the associated genetic variants, 
but the missing control group could appear as an obvious limitation. 
However, previous publications on missing and unerupted teeth prev
alence offered a robust source for comparison. Moreover, other popu
lational, genetic, and local factors such as phylogenetic or congenital 
influence and different ethnicity could affect the results [51]. 

Overall, we recommend additional investigations to further solidify 
the association between the genotype and the dental phenotype to offer 
more predictable and personalized oral health management of patients 
with OI. As well as studying local dental factors such as ankylosis as a 
potential cause for lack of eruption. This study's findings provide a 
snapshot of the dental phenotype of patients with different types of OI, 
and are of great importance for dental prevention and management for 
OI patients, especially for orthodontic and pediatric procedures. Also, 
we need to emphasize the importance of regular radiographical evalu
ations for OI patients. 

5. Conclusion 

The prevalence of missing and unerupted teeth in OI patients de
pends on the tooth type, OI type and variant type. And the dental phe
notypes vary between upper and lower jaw. Also the genetic variant is a 
better predictor for the dental phenotype than the OI type. Missing 
premolars showed the highest prevalence in OI patients, especially those 
with C-propeptide variants. In comparison, Unerupted second molars 
were seen in high prevalence, especially in patients with C-propeptide 
and splice site variants followed by premolars which were significantly 
associated with α1 glycine variants. And Finally, early onset of 
bisphosphonate treatment seems to increase the risk of developing 
unerupted teeth. 
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[58] B. Malmgren, I. Thesleff, G. Dahllöf, E. Åström, G. Tsilingaridis, Abnormalities in 
tooth formation after early bisphosphonate treatment in children with osteogenesis 
imperfecta, Calcif. Tissue Int. (2021), https://doi.org/10.1007/s00223-021- 
00835-2. Epub ahead of print. PMID: 3374302. 

D. Taqi et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0030
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0030
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0030
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0035
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0035
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0040
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0040
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0045
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0045
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0050
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0050
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0055
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0055
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0060
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0060
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0065
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0065
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0065
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0065
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0070
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0070
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0070
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0075
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0075
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0075
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0080
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0080
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0080
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0085
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0085
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0085
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0090
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0090
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0090
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0095
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0095
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0095
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0100
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0100
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0100
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0105
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0105
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0105
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0105
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0110
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0110
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0115
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0115
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0115
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0120
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0120
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0120
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0120
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0125
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0125
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0130
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0130
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0130
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0135
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0135
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0140
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0140
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0140
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0145
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0145
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0145
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0150
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0150
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0150
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0155
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0155
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0155
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0160
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0160
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0160
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0165
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0165
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0165
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0170
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0170
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0175
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0175
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0180
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0180
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0180
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0185
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0185
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0185
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0190
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0190
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0190
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0195
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0195
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0200
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0200
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0205
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0205
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0205
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0205
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0210
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0210
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0210
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0215
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0215
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0220
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0220
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0220
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0225
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0225
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0225
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0230
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0230
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0235
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0235
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0235
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0240
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0240
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0245
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0245
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0250
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0250
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0255
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0255
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0255
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0260
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0260
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0265
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0265
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0265
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0270
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0270
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0270
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0275
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0275
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0275
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0280
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0280
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0280
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0285
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0285
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0285
http://refhub.elsevier.com/S8756-3282(21)00173-3/rf0285
https://doi.org/10.1007/s00223-021-00835-2
https://doi.org/10.1007/s00223-021-00835-2

	Missing and unerupted teeth in osteogenesis imperfecta
	1 Introduction
	2 Materials and methods
	2.1 Dental evaluations
	2.2 Reliability evaluation
	2.3 Statistical analysis

	3 Results
	3.1 Missing teeth
	3.2 Unerupted teeth
	3.3 Early exposure to bisphosphonate treatment

	4 Discussion
	4.1 Missing teeth
	4.2 Unerupted teeth
	4.3 Bisphosphonate treatment
	4.4 Strength and limitations

	5 Conclusion
	Declaration of competing interest
	Acknowledgments
	Authors contributions
	Funding
	Appendix A Supplementary data
	References


