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Abstract
Treatment with intravenous bisphosphonate (BP) in children and adolescents with osteogenesis imperfecta (OI) started in 
Sweden in 1991. No human studies on the role of BP therapy in development of disturbances in tooth mineralization or tooth 
morphology have been published. The study cohort comprised 219 individuals who were divided into four groups: group 1, 
BP treatment onset before 2 years of age (n = 22); group 2, BP treatment onset between 2 and 6 years of age (n = 20); group 
3, BP treatment onset between 6 and 10 years of age (n = 13); and a control group of patients with OI who had not received 
BP therapy (n = 164). The chi-square test was used in between-group comparisons of the prevalence of tooth agenesis. The 
prevalence of tooth agenesis was significantly higher in children who began BP treatment before the age of 2 years (group 
1; 59%,) compared to the controls (10%; p < 0.001) and to children who had begun BP therapy between ages 2 and 6 years 
(group 2; 10%; p = 0.009) or between ages 6 and 10 years (group 3; 8%; p = 0.003). Different types of disturbances in the 
enamel formation were seen in 52 premolars, where 51 were seen in those who began BP treatment before the age of 2 years. 
To conclude, starting BP treatment before the age of 2 years increases the risk of abnormalities in tooth formation manifest-
ing as morphological aberrations, tooth agenesis, and enamel defects.
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Introduction

Osteogenesis imperfecta (OI) is a clinically and genetically 
heterogeneous group of heritable disorders of connective tis-
sue which is caused by dominant mutations in collagen type 
I, encoded by COL1A1 and COL1A2 in up to 90% of cases 

[1]. Clinical signs may include bone fragility, short stature, 
joint laxity, hearing loss, tendency to prolonged bleeding, 
bruising, blue sclera, and dentinogenesis imperfecta (DGI) 
[2] as well as other dental abnormalities like tooth agenesis 
and malocclusions [3, 4]. OI has traditionally been classified 
in four main types based on primary clinical and radiological 
findings combined with pattern of inheritance: type I (mild 
OI with blue sclera), type II (pre- or perinatal lethal), type 
III (severe deforming), and type IV (intermediate severity 
and white sclera after infancy) [5]. This classification is now 
expanded into five different phenotype groupings type 1–5 
where type 5 is characterized by calcification of the interos-
seous membranes and/or hypertrophic callus [6]. The preva-
lence of OI types I, III, and IV in Sweden has been estimated 
at 7.4/100,000 [7].

Treatment with intravenous pamidronate (APD) started 
in Sweden in 1991 in children and adolescents with OI 
with repeated fractures, vertebral compression, and pain 
[8]. Treatment was initially given to adolescents with OI 
type III. Later, younger children were successively included 
and treatment indications over time changed to include 
infants with more severe forms of OI (repeated fractures 
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and acquired vertebral compressions) and also children with 
milder OI with progressive vertebral fractures, low bone 
density, and pain. Similar treatments have been started else-
where and treatment with bisphosphonates (BPs) in patients 
with OI has expanded and has become an important sympto-
matic therapy especially in moderate and severe OI [9]. The 
rationale for BP therapy of OI is predominantly inhibitory 
effect on osteoclasts which results in a net increase in bone 
mass and mineralization [10]. A substantial body of work 
has demonstrated the efficacy of these agents in preventing 
bone fractures, decreasing pain, and increasing the quality of 
life [11]. Intravenous, i.v., pamidronate, neridronate, or zole-
dronate is the treatment of choice for pediatric patients with 
moderate-to-severe OI, whereas BP treatment for patients 
with mild forms of OI is still discussed [12–14]. In most 
previous studies, the average age of children with OI at onset 
of BP therapy is around 4 years, although there are reports 
of children who started treatment as early as 2 weeks of age 
[15]. During the first four years of age, the permanent teeth 
are under intense development and theoretically BP therapy 
could affect the tooth formation.

Earlier, we reported a high prevalence of tooth agenesis in 
individuals with OI (17%) [4] and impairment of the matura-
tion and eruption of permanent teeth when pamidronate has 
been administered from infancy [16]. To our knowledge, 
no human studies have been published on disturbances 
of tooth mineralization or tooth morphology due to BP 
administration.

The aim of the present study was to evaluate the effect 
of BP therapy (i.v. pamidronate) on the development and 
mineralization of permanent teeth. We hypothesized that 
BP treatment increases the prevalence of tooth agenesis and 
causes disturbances in tooth formation/morphology and min-
eralization when administration is begun in early childhood.

Methods

Subjects

The study cohort had all received care at the Astrid Lindgren 
children’s hospital at Karolinska University Hospital, Stock-
holm (Sweden’s national multidisciplinary pediatric OI team). 
In all, 274 children and adolescents with OI were clinically 
and radiographically examined at several occasions between 
September 1991 and December 2019 by one of our special-
ists in pediatric dentistry in the OI team. Forty-five children 
were excluded due to behavior management problems or low 
age, of which 3 were diagnosed as OI type V. Ten children 
did not show up for a radiographic examination. Thus, 219 
individuals, 129 boys and 90 girls, were included in the present 
study and divided into the following groups: group 1, began 
BP therapy before age 2 years (n = 22); group 2, began BP 

therapy between 2 and 6 years of age (n = 20); group 3, began 
BP therapy between 6 and 10 years of age (n = 13); and a con-
trol group comprising patients with OI who had never received 
BP treatment (n = 164).

The regional ethics committee in Stockholm approved the 
study protocol (Daybook no. 157/99 and 2014/254-31/4).

Clinical Registrations

Type of OI, presence of DGI, tooth agenesis (permanent third 
molars excluded), disturbances in tooth formation and mor-
phology, anomalies of tooth size and form, and mineralization 
defects were recorded. Intraoral color photographs were taken 
at each follow-up.

Radiographic Analyses

Film format (n = 60) or digital panoramic radiographs (n = 141) 
from the dental records of all patients in the study cohort were 
analyzed regarding DGI, tooth agenesis, and formation of 
permanent tooth germs. The radiographs were anonymized, 
and findings were coded using standardized terms. To assess 
the film format radiographs, we used a Mattsson’s binocular 
and a light table. Two observers (B.M. and G.T.) evaluated 
all radiographs. No panoramic radiographs were taken of the 
18 patients with all permanent teeth erupted and in occlusion. 
Two observers, BM and GT, evaluated all radiographs from 
the four groups separately. BM and GT made a second deter-
mination independently. When the scores differed, one of the 
two dentists (BM or GT) re-evaluated the radiographs.

Bisphosphonate Therapy

The data extracted from the medical records on BP therapy 
included doses and duration. The infusions were initially 
given monthly in doses of 10–30 (40) mg⁄m2 pamidronate 
during 5–8 h preceded by hydration with 25 mg⁄ml of buff-
ered glucose (total dose of 500 ml⁄m2 for 2–4 h). For the 
first 3 months, a dose of 10 mg⁄m2 was given; over the next 
3 months 20 mg⁄m2; and in following months, 30 mg⁄m2 for 
further treatment. Patients with poor treatment response 
received a dose of 40 mg/m2. Treatment time was later 
shortened to 4 h without pre-treatment hydration. After 
Dual-energy X-ray absorptiometry (DXA) confirmed nor-
malization of bone mineral density, treatment intervals were 
individualized, increasing to once every 2–6 months; doses 
were decreased depending on bone density values and pain.

Dental Aberrations

Dentinogenesis imperfecta (DGI) was evaluated from clini-
cal evaluation and from radiographs from both the primary 
and secondary dentition.
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Tooth agenesis was recorded as hypodontia (< six con-
genitally missing teeth) or oligodontia (≥ six congenitally 
missing teeth). All participants were followed up until tooth 
agenesis could be determined.

Dens invaginatus (DI) was determined according to 
Oehlers [17]. Only types II and III were registered in upper 
laterals (Fig. 1a). Dens evaginatus (DE) was defined as a 
tubercle on the occlusal surface consisting of an outer layer 
of enamel, a core of dentin, and an extension of pulp tissue 
at least halfway from the cemento-enamel junction to the 
occlusal surface [18] (Fig. 1b).

Anomalies of tooth size and form (such as microdontia 
and supernumerary occlusal cusps) were registered clinically 
and/or radiographically and classified according to the World 
Health Organization classification system [19]. Enamel dis-
turbances were recorded as hypoplastic or hypomineralized.

The final agreement was based on integration of clinical 
photos, radiographs, and examination records from several 
occasions.

Statistical Analyses

The chi-square test was used for between-group comparisons 
of the prevalence of tooth agenesis, and for comparisons 
between the different types of OI. The level of significance 
was set at 5% (p-value < 0.05). All data were analyzed using 
Statistica v. 13 (StatSoft; Scandinavia AB, Uppsala, Swe-
den). We randomly selected 20 cases from group 1, 20 from 
groups 2 and 3, respectively, and 20 from the controls for 
double determination of DGI, tooth agenesis, dens invagi-
nation, dens evaginatus, other abnormalities and enamel 
defects for intra- and interrater reliability. There was a 

Fig. 1  a Classification of dens 
invaginatus (Oehlers [17]). A 
schematic drawing showing the 
types of invagination accord-
ing to Oehlers [17]. Type I: an 
invagination into the crown 
only. Type II: an invagination 
into the root that ends in a blind 
sac. Type III: an invagination 
that penetrates the root and 
bursts apically or laterally into 
a foramen (From Ahmed and 
Dummer 2017, reproduced with 
permission from Wiley). b Dens 
evaginatus. A radiograph and a 
schematic drawing of a second 
lower premolar showing an 
extra cusp (arrow) with the pulp 
extending into it
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complete agreement in all positions in the groups 2–4, and 
in the position DGI and tooth agenesis in group 1. Kappa 
values were used for inter- and intra-observer agreement 
between the two observers BM and GT: for DGI and tooth 
agenesis, an almost perfect agreement (ĸ = 0.94), for DI 
(ĸ = 0.84), for enamel defects (ĸ = 0.88), and a substantial 
agreement for DE (ĸ = 0.62, and 0.71) and for anomalies in 
size and form (ĸ = 0.69, and 0.63).

Results

The mean age at imaging in study groups 1, 2, and 3 was 
10.1, 8.8, and 10.9, respectively, and in the control group, 
10.7 years. Mean ages of BP treatment onset for study 
groups 1, 2, and 3 were 0.6, 4.1, and 7.8 years, while mean 
treatment duration was 9.4, 4.6, and 3.1 years, respectively. 
Table 1 presents the group characteristics.

Dentinogenesis Imperfecta (DGI)

Dentinogenesis imperfecta (DGI) was found in 20% (n = 44) 
of the 219 patients. It was found in 5 of 8 subjects (63%) 
with OI type III in group 4 (the controls) and in 9 of 13 sub-
jects (69%) in the study group 1. The prevalence of DGI in 
children with OI type IV was 50% (3 of 6) in study group 1 
and 36% (9 of 25) in the controls. There was no significant 
difference between groups.

Tooth Agenesis

Tooth agenesis was found in 14% (n = 31) of the 219 par-
ticipants. The prevalence of tooth agenesis was significantly 
higher in children who had begun treatment with BP before 
the age of 2 years (group 1; 59%, n = 13), compared to chil-
dren who had begun BP therapy between ages 2 and 6 years 
(group 2; 10%, n = 2; p = 0.009) or after age 6 years (group 

Table 1  Characteristics of the children and adolescents with osteogenesis imperfecta (OI) who (i) had received bisphosphonate (BP) treatment 
(n = 55 total among the three groups) and (ii) had not received BP treatment (n = 164; controls)

OI type I mild OI with blue sclerae, OI type III severe deforming, OI type IV intermediate severity, and white sclerae after infancy, DGI dentino-
genesis imperfecta; Age at imaging, treatment onset and treatment duration are given in mean values and range

OI type I OI type III OI type IV Total

Group 1: BP therapy onset before 2 years of age
 Number of subjects 3 13 6 22
 Gender (M/F) 3/0 3/10 3/3 9/13
 DGI (yes/no) 0/3 9/4 3/3 12/10
 Age at imaging, years 12.3 (10.6–14.7) 10.3 (5.7–13.8) 9.1 (7.7–12.9) 10.1 (5.7–14.7)
 Age at treatment onset, years 0.3 (0.2–0.3) 0.5 (0.2–1.8) 0.7 (0.2.–1.1) 0.6 (0.2–1.8)
 Treatment duration at imaging in years 10.1 (7.1–13.0) 9.7 (5.3–12.8) 8.5 (6.8–10.9) 9.4 (5.3–13.0)

Group 2: BP therapy onset between 2 and 6 years of age
 Number of subjects 11 5 4 20
 Gender (M/F) 6/5 3/2 1/3 10/10
 DGI (yes/no) 1/10 1/4 1/3 3/17
 Age at imaging, years 8.2 (6.0–11.9) 9.2 (7.0–11.1) 10.0 (8.9–10.8) 8,8 (6.0–11.9)
 Age at treatment onset, years 4.2 (2.3–5.4) 3.7 (2.6–5.9) 4.3 (3.8–4.7) 4.1 (2.3–5.9)
 Treatment duration at imaging in years 3.9 (0.7–7.3) 5.3 (1.1–7.8) 5.8 (5.0–6.1) 4.6 (0.7–7.8)

Group 3: BP therapy onset between 6 and 10 years of age
 Number of subjects 8 1 4 13
 Gender (M/F) 4/4 0/1 4/0 8/5
 DGI (yes/no) 2/6 0/1 1/3 3/10
 Age at imaging, years 11.4 (9.0–15.0) 11.4 9.7 (7.6–11.6) 10.9 (7.6–15.0)
 Age at treatment onset, years 8.0 (6.9–8.9) 7.1 7.6 (6.2–9.1) 7.8 (6.2–9.1)
 Treatment duration at imaging in years 3.4 (1.0–6.2) 4.3 2.1 (1.0–3.3) 3.1 (1.0–6.2)

Controls: no BP therapy
 Number of subjects 131 8 25 164
 Gender (M/F) 84/47 2/6 16/9 102/62
 DGI (yes/no) 12/119 5/3 9/16 26/138
 Age at imaging, years 10.2 (4.2–20.0) 16.9 (8.0–23.7) 11.0 (6.3–19.9) 10.7 (4.2–23.7)
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3; 8%, n = 1; p = 0.003), and compared with the controls (9%, 
n = 15; p < 0.001; Table 2).

There were no significant differences in tooth agenesis 
between the controls and those with BP onset between 2 
and 6 years or after 6 years of age. Oligodontia was found 
in 8 of 219 subjects (4%) of which 6 were found in study 
group 1 (27%) and 2 in the control group (1%) (Fig. 2). In 
the control group, besides the two patients with oligodontia, 
five patients were missing only one premolar, one was miss-
ing the upper laterals, four were missing two premolars, and 
three were missing four premolars. The prevalence of tooth 
agenesis was significantly higher in children with OI type III 
who had begun treatment before the age of 2 years (group 
1; 69%, n = 9) compared to those treated after 2 years of age 
or not treated (group 2, 3, 4; 27%, n = 3; p < 0.013). The 
prevalence in children with OI type IV who had begun treat-
ment before the age of 2 years (group 1; 50%, n = 3) was also 
significantly higher compared to those treated after 2 years 
of age or not treated (group 2, 3, 4; 9%, n = 3; p < 0.011). 
The children with OI type I in group 1 (n = 3) were too few 
for statistical analysis.

Tooth Formation/Morphology

Malformed premolars with affected tooth formation and 
morphology such as DI and DE were found in 7 of the 22 
(32%) children treated with BPs before the age of 2 years 
(Fig. 3). All cases where DI was diagnosed represented 
Oehlers type II, that is, an invagination into the root that 
ends in a blind sac. Only one patient in the control group was 
diagnosed with a defect in tooth formation (DI). In cases of 
DE where clinical diagnosis was possible, all premolars had 
a tubercle on the occlusal surface and an extension of pulp 
tissue at least halfway from the cemento-enamel junction to 
the occlusal surface (Table 2).

Anomalies of Tooth Size and Form

Premolars with a disturbance in tooth size and form, such as 
microdontia and supernumerary occlusal cusps, were found 
in 12 of 22 (55%) children who had received BP treatment 
before the age of 2 years. No anomalies of tooth size or form 
were found in the other groups (Table 2).

Mineralization Disturbances

Teeth with enamel hypoplasia and enamel hypomineraliza-
tion were clinically diagnosed and found in 5 of 22 individu-
als with erupted premolars (23%) treated with BPs before 
the age of 2 years. No such disturbances were found in any 
of the other groups (Fig. 4; Table 2).

Discussion

Our main findings are that BP administration can affect 
tooth development when treatment starts before 2 years of 
age. Prevalences of tooth agenesis, malformed teeth, and 
tooth mineralization disturbances were significantly higher 
in children who had received BP treatment from infancy 
compared to children who had begun BP treatment first 
after the age of 2 years and those who had not received BP 
therapy. Tooth agenesis and DGI is most frequently seen in 
individuals with OI type III. DGI is not influenced by BP 
treatment. As OI type III is the most severe type of OI, BP 
treatment usually starts early in these patients. We found 
the prevalence of tooth agenesis significantly higher in 
children with OI type III who had begun treatment before 
the age of 2 years compared to those treated after 2 years 
of age or not treated.

In most previous studies, the average age of children 
with OI at onset of BP therapy was around 4 years. How-
ever, there are reports of children who began treatment as 
early as 2 weeks of age [15]. The most widely used BPs in 
pediatric patients are pamidronate and zoledronate. They 
have different in vitro potencies with pamidronate hav-
ing the lowest relative potency (100) and zoledronic acid 
the highest relative potency (10,000). At the present time, 
possible negative effects of BPs on tooth development are 
being debated. Based on reported in vitro data relevant for 
dentistry, clinical use of etidronate with the lowest relative 
potency should cease due to its impact on tooth develop-
ment, whereas use of alendronate with the relative potency 
between 1000–2000 seems to be safe [20]. To our knowl-
edge, the present study is the first to focus on the impact 
of BP therapy on tooth development in humans.

Third molar agenesis is the most common form of agen-
esis and being the most variable tooth in the dentition with 
its formation time and morphology. The permanent third 
molars are excluded in all Nordic prevalence studies and in 
most European. Nordic studies have reported tooth agen-
esis prevalences, excluding third molars, of between 6 and 
8% [21] and oligodontia prevalences of about 0.1–0.2% 
[22]. Mutations in several genes have been associated 
with familial tooth agenesis, among others MSX1, PAX9, 
AXIN2, EDA, EDARADD, and EDAR [23, 24]. Oligodontia 
has been reported in individuals with OI [4, 25, 26]. In a 
Finnish study on patients with OI before BP therapy had 
been initiated, Lukinmaa et al. [25] reported tooth agen-
esis in 18.4% of the cohort and oligodontia in 2%. The 
Malmgren et al. [4] study found hypodontia in 11% and 
oligodontia in 6% of their patients with OI. In that study, 
treatment with BPs was not considered; instead, the very 
high prevalence of hypodontia and oligodontia prompted 
the group to investigate whether mutations in genes other 
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Table 2  Tooth disturbances in the children and adolescents with osteogenesis imperfecta (OI) who had received bisphosphonate treatment 
(n = 55 total among the three groups)

Patient OI type Age at 
imaging
(years)

Age at 
last clini-
cal
evalu-
ation 
(years)

DGIa Congenitally 
missing teeth
(tooth number)

DI
(tooth number)

DE
(tooth number)

Anomalies in 
tooth size and form
(tooth number)

Enamel 
defectsb 
(tooth
number)

Group 1: BP therapy onset before 2 years of age
 1 1 14.7 18 0 15 35 14,24 25,45,
 2 1 13.3 13.3 0 0 15,14,24,25,45,44,34,35
 3 1 10.6 10.6 0 0 35,45,25
 4 3 13.3 11.8 0 14,15,25,35,44,45 34
 5 3 12.3 16.0 1 14,34 15 24,25,44,35 45
 6 3 9.5 7.1 1 0 45 35
 7 3 9.7 9.7 1 15,14,24,25,35,45 34,44
 8 3 7.3 7.5 1 15,24,25,35,45 34
 9 3 12.3 12.3 0 14,15,24,25,35,34 45
 10 3 11.5 11.5 1 15,14,24,25,45,35 34,44
 11 3 10.0 15.00 1 15,24,25,44 35 14,34,45
 12 3 10.5 10.5 1 14,15,25,34 35 45
 13 3 13.8 13.8 0 0 15 35,45,14,24,44, 45,34
 14 3 9.0 14.0 1 15,14,24,25,35,34,44,45
 15 3 5.7 5.7 0 0 Evaluation not possible
 16 3 6.4 6.4 1 0 Evaluation not possible
 17 4 11.2 11.2 1 15,25
 18 4 7.9 11.0 0 15,14,24,25,35,34,44,45
 19 4 9.1 16.5 1 0 45,35
 20 4 7.7 7.7 0 15,14,13,24,25 45,35
 21 4 10.0 10.0 1 0 44 35,45
 22 4 8.7 12.9 0 0 45

Group 2: BP therapy onset between 2 and 6 years of age
 1 1 6.6 – 1 0
 2 1 6.0 8.9 0 0
 3 1 11.7 14.6 0 0
 4 1 10 – 0 0
 5 1 11.9 18.1 0 0
 6 1 9.9 12.9 0 0
 7 1 7.3 17.8 0 0
 8 1 6.1 – 0 0
 9 1 8.2 17.5 0 0
 10 1 6.2 – 0 0
 11 1 6.1 8.0 0 0
 12 3 9.2 17.9 0 0
 13 3 8.1 – 1 25
 14 3 7.0 – 0 0
 15 3 11 18.3 0 42,32
 16 3 9.9 9.9 0 0
 17 4 9.7 – 0 0
 18 4 8.9 8.9 1 0
 19 4 10.7 11.7 0 0
 20 4 10.8 7.3 0 0
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than those earlier associated with OI (COL1A1, COL1A2, 
and CREB3L1) were responsible for the disturbances [27]. 
Except for the known variants, we were unable to identify 
any other mutual variant related to collagen type I that 
could explain the phenotype of OI associated with hypo-
dontia/oligodontia. In the present study, we found that 31 
(14%) of all patients with OI had tooth agenesis, and 13 of 
the 31 had been treated with BPs before the age of 2 years. 

Furthermore, eight (4%) of all patients with OI exhibited 
oligodontia, and six of them had begun treatment with BPs 
before the age of 2 years. Oligodontia is a serious condi-
tion and negatively affects quality of life [28, 29]. Since 

a 0 = no, 1 = yes
b hypoplasia/hypomineralization
OI type I mild OI with blue sclerae, OI type III severe deforming, OI type IV intermediate severity, and white sclerae after infancy, DGI dentino-
genesis imperfect, DI Dens invaginatus, DE Dens evaginatus
Tooth numbers: 15 = right, second upper premolar; 14 = right, first upper premolar; 24 = left, first upper premolar; 25 = left, second upper premo-
lar; 35 = left, second lower premolar; 34 = left, first lower premolar; 32 = left, second lower, incisor; 42 = right, second lower, incisor; 44 = right, 
first lower premolar; 45 = right, second lower premolar

Table 2  (continued)

Patient OI type Age at 
imaging
(years)

Age at 
last clini-
cal
evalu-
ation 
(years)

DGIa Congenitally 
missing teeth
(tooth number)

DI
(tooth number)

DE
(tooth number)

Anomalies in 
tooth size and form
(tooth number)

Enamel 
defectsb 
(tooth
number)

Group 3: BP therapy onset between 6 and 10 years of age
 1 1 11 11.5 0 0
 2 1 10.9 12.8 0 0
 3 1 10.3 8.4 0 0
 4 1 15 8.7 1 0
 5 1 9 10.0 1 0
 6 1 11.6 – 0 0
 7 1 9.2 14.7 0 0
 8 1 14.5 12.0 0 0
 9 3 11.4 11.4 0 0
 10 4 8.7 13.1 0 0
 11 4 7.6 7.6 0 15, 45
 12 4 11.6 15.5 0 0
 13 4 10.8 16.7 1 0

Fig. 2  An 11.5-year-old girl with osteogenesis imperfecta (OI) type 
III and dentinogenesis imperfecta (DGI; patient no. 10). Six premo-
lars are missing congenitally. Circles mark the sites of missing germs

Fig. 3  A  14.7-year-old young adult with severe osteogenesis imper-
fecta (OI) type I without dentinogenesis imperfecta (DGI; patient no. 
1). The panoramic radiograph shows one congenitally missing tooth 
in the right upper jaw (the site of the missing germ marked with a cir-
cle) and invagination of an upper right premolar (continuous arrow). 
Premolars with dens evaginatus or other malformations are marked 
with broken arrows. One premolar in the upper left jaw had been 
extracted due to crowding
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onset of BP treatment in early childhood may cause this 
condition, their use should be carefully considered before 
BP therapy is begun in newborns and infants.

Dens invaginatus (DI) and Dens evaginatus (DE) are 
developmental aberrations often causing pulp necrosis if 
not prophylactically treated. DI forms by invagination of 
the enamel organ into the dental papilla prior to calcification 
of the dental tissues [30]. We found DI in 20% of group 1, 
children treated before the age of 2 years. This is high com-
pared to a study of 3020 Swedish schoolchildren where DI 
was found radiographically in the upper incisors in 2.7% of 
the group; in 43% of these cases, DI was bilateral [31] and 
predominantly type I according to Oehlers [17]. DI rarely 
occurs in premolars. Ridell et al. [32] collected all dental 
records from the Department of paediatric dentistry at the 
Eastman Dental Institute in Stockholm with a diagnosis of 
DI between 1969 and 1997, (n = 131 teeth). Only one invagi-
nation was observed in a premolar (0.8%) compared with 
20% in group 1 in the present study. Since DI in permanent 
premolars is rare, only a few case reports have been pub-
lished [33].

DE is a rare developmental anomaly occurring on the 
crown of the tooth as an extra bump or cusp, often with a 
fine pulpal extension. Premolars are more frequently affected 
than other teeth [18]. Lin et al. [34] studied two groups of 
age- and sex-matched individuals, 147 Taiwanese and 147 
Spanish students. DE was found in 4.1% in the Taiwanese 
group but none in the Caucasian group, which the authors 
thought could possibly suggest that DE may be common in 
Asian populations. We found DE in 25% in group 1 and none 
in the other groups. This high number of DE in Caucasians 
has not been previously reported.

Interestingly, besides DI and DE, striking morphological 
defects were observed in the second premolars of patients 
with OI who had received BP therapy before the age of 
2 years. The cusps of the second premolars were abnormal 
in size and patterning, with mineralization defects of the 
enamel a common occurrence. To our knowledge, a simi-
lar phenotype has not been reported previously. The serial 
formation of teeth during development, where the second 
premolars are the last teeth to form and their crown develop-
ment is incomplete at age 2 years, would explain the excep-
tional vulnerability of the second premolars [35]. In our 
study, BP treatment of all children in group 1 began before 
2 years of age, which is earlier than in the study cohorts of 
most published studies. While the morphogenesis of most 
organs occurs during the embryonic stage, tooth formation 
continues postnatally, which would explain why BP therapy 
affects tooth morphogenesis but has no detected effect the 
development of other organs.

The observed associations of dens invaginatus (DI) and 
dens evaginatus (DE) with dentinogenesis imperfecta (DGI) 
are likely explained by the disturbed structure of forming 
dentin in DGI. This abnormal dentin may have affected the 
next dental epithelium and its folding which determines 
the tooth cusp patterns. The resulting abnormal epithelial 
invaginations and evaginations would finally develop to DI 
and DE, respectively.

The presence of developmental defects of the enamel 
was determined clinically, and the defects were classified 
as hypoplastic or hypomineralized. The buccal surface of 
the tooth crown was the site that was most affected. Ani-
mal studies have reported indications of disturbances in 
tooth eruption and mineralization due to BP administration 
[36–39], but to our knowledge our study is the first to report 
the effect of pamidronate on enamel formation in humans.

Tooth eruption requires osteoclastic bone resorption [40]. 
Hiraga et al. [38] suggested that apoptosis induction of the 
osteoclasts by nitrogen-containing BPs (NBPs) impairs tooth 
eruption in zoledronate-treated rats. The study also found 
a possible relationship between zoledronate administration 
and induction of several types of dental abnormalities; it 
demonstrated that un-resorbed bone particles occasionally 
came into contact with or even compressed the cells of the 

Fig. 4  a An 11.5-year-old girl with osteogenesis imperfecta (OI) 
type III and dentinogenesis imperfecta (DGI; patient no. 10). Enamel 
hypoplasia is visible on the lower left premolar. All premolars in the 
upper jaw, along with the second premolars in the lower jaw, are con-
genitally missing. BP treatment began when the girl was 0.29 years 
old. b A 19-year-old man with OI type IV and DGI (a control) who 
has received BP therapy from the age of 17 years. No enamel distur-
bances are visible
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enamel organ in zoledronate-treated rats. This pressure was 
suggested to affect ameloblasts and enamel matrix formation 
in the incisors, leading to enamel defects.

Developmental disturbances in tooth morphology and 
mineralization due to administration of etidronate and 
alendronate have also been reported in animal studies [36, 
38, 39, 41, 42]. In a scanning electron microscope study 
[36] of 72 alendronate-treated newborn rats, morphologi-
cal alterations such as depressions were detected along the 
entire enamel surface and at the cervical portion. In rats, 
etidronate treatment [39] was shown to cause disturbances in 
the ameloblasts and developing enamel, resulting in enamel 
hypoplasias.

Tooth development comprises highly regulated com-
plex events characterized by cell–cell and cell–extracel-
lular matrix (ECM) interactions [43]. These interactions 
regulate tooth shape and size as well as the differentiation 
of odontoblasts and ameloblasts, which form dentin and 
enamel, respectively [20]. Tooth development and erup-
tion are accompanied by remodeling of the adjacent bone, 
which is deposited by osteoblasts and resorbed by osteo-
clasts, and serum calcium and phosphate are attracted to 
form hydroxyapatite in the developing tooth structure [40]. 
Between 30 and 70% of the absorbed i.v. administered dose 
of BP is deposited in the skeleton at sites of active bone 
remodeling [44]. For these reasons, BPs may affect tooth 
development and eruption.

In conclusion, BP therapy has improved the quality of life 
considerably [45], but the treatment does not seem to have a 
positive effect on dental aberrations, which are common in 
individuals with OI. The results of the present study indicate 
that pamidronate treatment started before the age of 2 years 
increases the risk of disturbances in tooth development. 
We have followed up 22 children, treated with BP before 
2 years of age, until all permanent teeth could be evaluated. 
Although the group is small, the results indicate that serious 
disturbances in tooth formation occur. Collaborations with 
other centers could further support the findings. Individu-
als with OI are in need of early multidisciplinary treatment 
planning; therefore, disturbances in dental development 
should be diagnosed as soon as possible.

Limitations

BP treatment usually starts early in patients with the most 
severe type of OI, OI type III, and 59% of the subjects in 
group 1 (BP starts before 2 years of age) were diagnosed 
as OI type III. Not surprisingly, there are a large number of 
patients with OI type I in control group 1. This type of OI 
is the mildest and most common form. Three cases with OI 
type I with repeated fractures and acquired vertebral frac-
tures at treatment start were included in group 1 but the 
number of patients was too small in this group for analysis. 

Although the results must be viewed with caution, the seri-
ously affected premolars seen in one of the patients with OI 
type I (Fig. 3) is striking. Treatment with BP started in 1991 
first in adolescents and young adults, which explains the low 
number of OI type III in groups 2 and 3 (n = 6) and in the 
controls (n = 8). However, none of these 14 patients showed 
any other tooth abnormalities but a few congenitally missing 
permanent teeth in three cases.

In two cases in group 1 (BP before the age of 2 years), 
assessment of dental aberrations was difficult to provide 
due to overlapping contours. These were only included for 
tooth agenesis assessment. Statistical analysis was difficult 
to interpret when the groups were categorized into the dif-
ferent OI types. Therefore groups 2, 3, and 4 were pooled.

Author Contributions BM conceptualized and designed the study, per-
formed clinical and radiographic dental examinations of the patients, 
performed statistical analyses, analyzed and interpreted the data, and 
drafted the manuscript. IT conceptualized and designed the study, ana-
lyzed and interpreted the data, and drafted the manuscript. EÅ con-
ceptualized and designed the study and drafted the manuscript, was 
responsible for clinical medical examination and data collection, and 
participated actively in data analysis. GT conceptualized and designed 
the study, performed radiographic dental examinations of the patients, 
analyzed and interpreted the data, and drafted the manuscript. All 
authors revised the paper critically for intellectual content and approved 
the final version. All authors agree to be accountable for the work and 
to ensure that any questions relating to the accuracy and integrity of 
the paper are investigated and properly resolved.

Funding Open access funding provided by Karolinska Institute. This 
study was funded by grants from Stiftelsen Olle Engkvist Byggmästare 
(Grant Number: 191-449) to B.M., and from Stiftelsen Sunnerdahls 
Handikappfond (Grant Number: 35/18 and 40/19) to E.Å.

Declarations 

Conflict of interest Author B.M. declares that she has no conflicts of 
interest. I.T. declares that she has no conflicts of interest. G.D. declares 
that he has no conflicts of interest. E.Å. declares that she has no con-
flicts of interest. G.T. declares that he has no conflicts of interest.

Ethical Approval All procedures performed in the study involving 
human participants were in accordance with the ethical standards of 
the National Research committee and with the 1964 Helsinki Declara-
tion and its later amendments or comparable ethical standards.

Informed Consent Informed consent was obtained from all participants 
in the present study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 



130 B. Malmgren et al.

1 3

permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Marini JC, Forlino A, Bachinger HP, Bishop NJ, Byers PH, Paepe 
A, Fassier F, Fratzl-Zelman N, Kozloff KM, Krakow D, Montpetit 
K, Semler O (2017) Osteogenesis imperfecta. Nat Rev Dis Prim-
ers 3:17052

 2. Sillence DO, Senn A, Danks DM (1979) Genetic heterogeneity in 
osteogenesis imperfecta. J Med Genet 16:101–116

 3. Andersson K, Dahllöf G, Lindahl K, Kindmark A, Grigelioniene 
G, Åström E, Malmgren B (2017) Mutations in COL1A1 and 
COL1A2 and dental aberrations in children and adolescents with 
osteogenesis imperfecta - A retrospective cohort study. PLoS ONE 
12:e0176466. https:// doi. org/ 10. 1371/ journ al. pone. 01764 66

 4. Malmgren B, Andersson K, Lindahl K, Kindmark A, Grigelion-
iene G, Zachariadis V, Dahllöf G, Åström E (2017) Tooth agenesis 
in osteogenesis imperfecta related to mutations in the collagen 
type I genes. Oral Dis 23:42–49

 5. Sillence DO, Rimoin DL, Danks DM (1979) Clinical variability 
in osteogenesis imperfecta-variable expressivity or genetic het-
erogeneity. Birth Defects Orig Artic Ser 15:113–129

 6. Mortier GR, Cohn DH, Cormier-Daire V, Hall C, Krakow D, 
Mundlos S, Nishimura G, Robertson S, Sangiorgi L, Savarirayan 
R, Sillence D, Superti-Furga A, Unger S, Warman ML (2019) 
Nosology and classification of genetic skeletal disorders: 2019 
revision. Am J Med Genet A 179:2393–2419

 7. Lindahl K, Åström E, Rubin CJ, Grigelioniene G, Malmgren 
B, Ljunggren O, Kindmark A (2015) Genetic epidemiology, 
prevalence, and genotype-phenotype correlations in the Swed-
ish population with osteogenesis imperfecta. Eur J Hum Genet 
23:1042–1050

 8. Åström E, Söderhäll S (1998) Beneficial effect of bisphosphonate 
during five years of treatment of severe osteogenesis imperfecta. 
Acta Paediatr 87:64–68

 9. Rauch F, Plotkin H, Travers R, Zeitlin L, Glorieux FH (2003) 
Osteogenesis imperfecta types I, III, and IV: effect of pamidronate 
therapy on bone and mineral metabolism. J Clin Endocrinol Metab 
88:986–992

 10. Shaw NJ, Bishop NJ (2005) Bisphosphonate treatment of bone 
disease. Arch Dis Child 90:494–499

 11. Hald JD, Folkestad L, Harslof T, Brixen K, Langdahl B (2017) 
Health-related quality of life in adults with osteogenesis imper-
fecta. Calcif Tissue Int 101:473–478

 12. Bajpai A, Kabra M, Gupta N, Sharda S, Ghosh M (2007) Intrave-
nous pamidronate therapy in osteogenesis imperfecta: response 
to treatment and factors influencing outcome. J Pediatr Orthop 
27:225–227

 13. Phillipi CA, Remmington T, Steiner RD (2008) Bisphosphonate 
therapy for osteogenesis imperfecta. Cochrane Database Syst Rev. 
https:// doi. org/ 10. 1002/ 14651 858. CD005 088. pub4

 14. Plotkin H, Rauch F, Bishop NJ, Montpetit K, Ruck-Gibis J, Tra-
vers R, Glorieux FH (2000) Pamidronate treatment of severe 
osteogenesis imperfecta in children under 3 years of age. J Clin 
Endocrinol Metab 85:1846–1850

 15. Dwan K, Phillipi CA, Steiner RD, Basel D (2014) Bisphosphonate 
therapy for osteogenesis imperfecta. Cochrane Database Syst Rev. 
https:// doi. org/ 10. 1002/ 14651 858. CD005 088

 16. Malmgren B, Tsilingaridis G, Monsef-Johansson N, Qahtani 
ZHA, Dahllöf G, Åström E (2020) Bisphosphonate therapy and 

tooth development in children and adolescents with osteogenesis 
imperfecta. Calcif Tissue Int 107:143–150

 17. Oehlers FA (1957) Dens invaginatus (dilated composite odon-
tome). I. Variations of the invagination process and associ-
ated anterior crown forms. Oral Surg Oral Med Oral Pathol 
10:1204–1218

 18. Levitan ME, Himel VT (2006) Dens evaginatus: literature review, 
pathophysiology, and comprehensive treatment regimen. J Endod 
32:1–9

 19. Bramer GR (1988) International statistical classification of dis-
eases and related health problems. Tenth revision. World Health 
Stat Q 41:32–36

 20. Nelson-Filho P, Lucisano MP, Da Silva RA, Da Silva RS, Serra 
MC, Gerlach RF, Neto FC, Carneiro ZA, Zamarioli A, Morse L, 
Battaglino R (2012) Systemically alendronate was incorporated 
into dental tissues but did not cause morphological or mechanical 
changes in rats teeth. Microsc Res Tech 75:1265–1271

 21. Aasheim B, Ogaard B (1993) Hypodontia in 9-year-old Norwe-
gians related to need of orthodontic treatment. Scand J Dent Res 
101:257–260

 22. Rolling S, Poulsen S (2001) Oligodontia in Danish schoolchildren. 
Acta Odontol Scand 59:111–112

 23. Bergendal B, Klar J, Stecksen-Blicks C, Norderyd J, Dahl N 
(2011) Isolated oligodontia associated with mutations in EDAR-
ADD, AXIN2, MSX1, and PAX9 genes. Am J Med Genet A 
155A:1616–1622

 24. Yin W, Brian Z (2015) The gene network underlying hypodontia. 
J Dent Res 94(7):878–885

 25. Lukinmaa PL, Ranta H, Ranta K, Kaitila I, Hietanen J (1987) Den-
tal findings in osteogenesis imperfecta: II. Dysplastic and other 
developmental defects. J Craniofac Genet Dev Biol 7:127–135

 26. Malmgren B, Norgren S (2002) Dental aberrations in children and 
adolescents with osteogenesis imperfecta. Acta Odontol Scand 
60:65–71

 27. Andersson K, Malmgren B, Åström E, Nordgren A, Taylan F, 
Dahllöf G (2020) Mutations in COL1A1/A2 and CREB3L1 are 
associated with oligodontia in osteogenesis imperfecta. Orphanet 
J Rare Dis 15:80. https:// doi. org/ 10. 1186/ s13023- 020- 01361-4

 28. Anweigi L, Allen PF, Ziada H (2013) The use of the oral health 
impact profile to measure the impact of mild, moderate and severe 
hypodontia on oral health-related quality of life in young adults. J 
Oral Rehabil 40:603–608

 29. Hashem A, Kelly A, O’Connell B, O’Sullivan M (2013) Impact of 
moderate and severe hypodontia and amelogenesis imperfecta on 
quality of life and self-esteem of adult patients. J Dent 41:689–694

 30. Alani A, Bishop K (2008) Dens invaginatus. Part 1: classification, 
prevalence and aetiology. Int Endod J 41:1123–1136

 31. Grahnén H, Lindahl B, Omnell KA (1959) A clinical, roentgeno-
logical and genetical study of permanent upper lateral incisors. 
Odontol Revy 10:115–137

 32. Ridell K, Mejare I, Matsson L (2001) Dens invaginatus: a retro-
spective study of prophylactic invagination treatment. Int J Pae-
diatr Dent 11:92–97

 33. Agrawal PK, Wankhade J, Warhadpande M (2016) A rare case of 
type III dens invaginatus in a mandibular second premolar and its 
nonsurgical endodontic management by using cone-beam com-
puted tomography: a case report. J Endod 42:669–672

 34. Lin CS, Llacer-Martinez M, Sheth CC, Jovani-Sancho M, Biedma 
BM (2018) Prevalence of premolars with Dens Evaginatus in a 
Taiwanese and Spanish population and related complications of 
the fracture of its tubercle. Eur Endod J 3:118–122

 35. Ooë T (ed) (1981) Human tooth and dental arch development. 
Ishiyaku Publishers, Inc

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1371/journal.pone.0176466
https://doi.org/10.1002/14651858.CD005088.pub4
https://doi.org/10.1002/14651858.CD005088
https://doi.org/10.1186/s13023-020-01361-4


131Abnormalities in Tooth Formation after Early Bisphosphonate Treatment in Children with…

1 3

 36. Bradaschia-Correa V, Massa LF, Arana-Chavez VE (2007) Effects 
of alendronate on tooth eruption and molar root formation in 
young growing rats. Cell Tissue Res 330:475–485

 37. GrierWise RLTGE (1998) Inhibition of tooth eruption in the rat 
by a bisphosphonate. J Dent Res 77:8–15

 38. Hiraga T, Ninomiya T, Hosoya A, Nakamura H (2010) Adminis-
tration of the bisphosphonate zoledronic acid during tooth devel-
opment inhibits tooth eruption and formation and induces dental 
abnormalities in rats. Calcif Tissue Int 86:502–510

 39. Fouda N, Caracatsanis M, Hammarstrom L (1989) Developmental 
disturbances of the rat molar induced by two diphosphonates. Adv 
Dent Res 3:234–240

 40. Wise GE, King GJ (2008) Mechanisms of tooth eruption and 
orthodontic tooth movement. J Dent Res 87:414–434

 41. Simm PJ, Biggin A, Zacharin MR, Rodda CP, Tham E, Siafarikas 
A, Jefferies C, Hofman PL, Jensen DE, Woodhead H, Brown J, 
Wheeler BJ, Brookes D, Lafferty A, Munns CF, Group ABMW 
(2018) Consensus guidelines on the use of bisphosphonate therapy 
in children and adolescents. J Paediatr Child Health 54:223–233

 42. Yamada Y, Fuangtharnthip P, Tamura Y, Takagi Y, Ohya K 
(2000) Gene expression and immunolocalization of amelogenin 
in enamel hypoplasia induced by successive injections of bispho-
sphonate in rat incisors. Arch Oral Biol 45:207–215

 43. Thesleff I, Vaahtokari A, Partanen AM (1995) Regulation of 
organogenesis. Common molecular mechanisms regulating the 
development of teeth and other organs. Int J Dev Biol 39:35–50

 44. Cremers S, Papapoulos S (2011) Pharmacology of bisphospho-
nates. Bone 49:42–49

 45. Seikaly MG, Kopanati S, Salhab N, Waber P, Patterson D, 
Browne R, Herring JA (2005) Impact of alendronate on quality 
of life in children with osteogenesis imperfecta. J Pediatr Orthop 
25:786–791

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Abnormalities in Tooth Formation after Early Bisphosphonate Treatment in Children with Osteogenesis Imperfecta
	Abstract
	Introduction
	Methods
	Subjects
	Clinical Registrations
	Radiographic Analyses
	Bisphosphonate Therapy
	Dental Aberrations
	Statistical Analyses

	Results
	Dentinogenesis Imperfecta (DGI)
	Tooth Agenesis
	Tooth FormationMorphology
	Anomalies of Tooth Size and Form
	Mineralization Disturbances

	Discussion
	Limitations

	References




