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Dentinogenesis imperfecta
– hardness and Young’s modulus of teeth
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Dentinogenesis imperfecta type II (DI-II) is the most common dental genetic disease with reported incidence 1 in 8000. Elasticity
and hardness of the enamel of teeth are important values which are connected with their resistance to attrition. It is hypothesized that
values of physical properties for healthy teeth and teeth with DI-II are different. The aim of the study was to investigate some physical
properties of teeth extracted from patients with DI-II in comparison with normal teeth. The material of the study was six teeth: three
lower molars, with clinical signs of DI-II, which were extracted due to complications of pulp inflammation and three other lower molars
which were extracted for orthodontic reasons – well formed, without any signs of pathology. The surfaces of DI-II and normal teeth were
tested on the CSM Instruments Scratch Tester machine (producer CSEM Switzerland) by Oliver & Pharr method. The indenter used was
Vicker’s VG-73 diamond indenter. Additionally, the Scanning Electron Microscopy (SEM) analysis of the surface of the teeth with DI-II
was made. Vickers hardness of the teeth with dental pathology (DI-II) was seven times smaller, and Young’s modulus six times smaller
than those of healthy teeth. The parameters of hardness and elasticity of enamel of teeth with clinical diagnosis of DI-II were very much
smaller than in normal teeth and because of that can be responsible for attrition.
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1. Introduction

Dentinogenesis imperfecta is the most common
dental genetic disease with reported incidence 1 in
8000. Clinically teeth are discolored with color scale
from brown to blue, and sometimes described as am-
ber or grey color. Teeth show structural hypoplastic or
hypocalcified defects, such as bulbous crowns, short
roots and small pulp chambers. Underlying defects of
mineralization often result in the shearing off of the
overlying enamel, leaving exposed, weakened dentine
which is prone to wear. Dentinogenesis imperfecta
was probably first time recognized by Barret in 1882.
The first published report describing the disorder as
“enamel defected”, was by Talbot, as quoted by Wit-
kop [1]. The term “hereditary opalescent dentin” was
first used by Skillen [2], Finn [3] and Hodges [4] to

describe brown translucent teeth that have an opales-
cent sheen and lack a pulp chamber. The name denti-
nogenesis imperfecta hereditaria was first used in
1939 by Robert and Schor. There are three forms of
this disease. Dentinogenesis imperfecta type I – osteo-
genesis imperfecta, in which teeth of both dentitions
have typically amber color and are translucent, also
show significant attrition. In dentinogenesis imper-
fecta type II teeth have bulbous crowns with marked
cervical constriction. In a tri-racial population in
southern Maryland so-called type III Brandywine
was found. This character is recognized only in the
dentition [1], [5]. These changes should be distin-
guished from amelogenesis imperfecta which relate
only to the enamel. In these abnormalities the hy-
pomineralization of enamel occurs and the teeth
surface is covered with characteristic holes and
depressions [6].
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Dentinogenesis is a process in which the organic
predentine matrix is progressively mineralized by ec-
tomesenchymally-derived cells called odontoblasts.
The odontoblasts differentiate at the bell stage of
tooth development forming a layer of cells lining the
pulp cavity where they secrete the organic predentine
matrix into the underlying space. The predentine
(10–40 μm in thickness) is an unmineralised region
containing type I collagen which separates the
odontoblast cell bodies from the mineralization front.
The collagenous component of the matrix is thought
to provide the correct three-dimensional structure
into which the mineral component of dentine is de-
posited while dentine phosphoprotein is also thought
to act as a nucleator of hydroxyapatite crystals dur-
ing the mineralization process. As dentinogenesis
continues, the odontoblasts migrate deeper into the
pulp cavity, extending their processes as they go,
while secreting new dentine matrix. The first-
formed, or mantle, dentine of the tooth crown is ap-
proximately 15–20 μm thick and is built upon a den-
tine matrix containing thick collagen type III fibrils
arranged at right angles to the dentine-enamel junc-
tion. As the odontoblasts migrate further, the matrix
they secrete becomes dominated by finely textured
collagen type I fibrils orientated parallel to the den-
tine-enamel junction, resulting in a denser mineral-
ised dentine known as primary, or circumpulpal,
dentine [7]–[9]. Dentinogenesis is the process of
formation by odontoblasts extracellular collagen
fibres, which is the scaffolding for hydroxyapatite.
Dentin has in its composition two proteins: dentin
phosphoprotein (DPP) and dentin sialoprotein (DPS).
Disturbances in the secretion of DPS and DPP, and
thus in the proper shape and placement of dentin
matrix crystals of apatite, manifested clinically as
dentinogenesis imperfecta hereditaria [10].

In histological view the dentine of the crown is
relatively normal, but the dentine in pulpal on third
showed numerous interglobular areas. Radiculary
dentine, on the other hand, is atubular and amorphous
and even showed occasionally empty lacunae. The
root canals are reduced in dimension and contained
a thin strip of pulp tissue [11].

The indentation testing methodologies are rapid.
During an indentation test, an indenter, typically dia-
mond, is pressed into the specimen. From the speci-
men’s deformation in response to the indentation load,
various mechanical properties of the specimen can be
deduced. It is a popular method for determining the
hardness of a wide range because it is inexpensive. It
can also be effectively used in small volumes of mate-
rials. In the development of depth-sensing indentation

methodology, which involves the continuous tracking
of applied load and indenter’s displacement, the elas-
tic properties of the material can also be deduced. In
dentistry, the indentation test method has been em-
ployed to determine the mechanical properties of
dental hard tissues, investment materials, and com-
posites [12].

Currently available restorative materials for the re-
construction of lost tooth tissue have been developed
based on the (mechanical) properties of normal
formed hard tissues of the tooth. However, the same
materials used for the reconstruction of lost tissues in
patients with dentinogenesis imperfecta in longitudi-
nal studies do not meet clinical requirements [5], [13],
[14]. It therefore seems that in these cases there is
a difference in the mechanical properties of dental
structures. The adhesion of restorative materials to
tooth tissue is most vulnerable in conditions of occlu-
sal load when micromovement is likely to occur.
Adequate elastic properties of enamel are relevant to
the behavior of this tissue under masticatory load
which is why it was considered necessary to examine
the elasticity of dental tissue in cases of dentinogene-
sis imperfecta.

The aim of the study was to investigate some
physical properties of teeth extracted from patients
with clinical diagnosis of dentinogenesis imperfecta
type II (DI-II) in comparison with normal teeth.

2. Materials and methods

The material of the study was six teeth: three
lower molars with clinical signs of DI-II, which were
extracted due to complications of pulp inflammation
and three other lower molars which were extracted
for orthodontic reasons – well formed, without any
signs of pathology. All human teeth, any available
from other patients, were collected after patients had
signed an informed consent, in accordance with
the ethics committee of Jagiellonian University
KBET/174/B/2011.

The study was required to satisfy the following in-
clusion criteria: tooth without fillings.

All experiments were done at AGH University of
Science and Technology, Faculty of Mechanical En-
gineering and Robotics, Cracow, Poland, in the same
conditions. Teeth were stored in physiological saline
in separate tubes at 4 °C. Immediately before the test,
each tooth was sectioned transversally (relative to the
tooth) to create the surface for indentation, then again
at the base to create a flat surface for mounting. Test-
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ing surfaces were polished with 400 grit sandpaper
for 4 min and finally with Pikal polishing paste
(Nihon Maryo-Kogyo Co., Japan) for 20 min to
ensure a smooth surface. The polished samples were
then briefly washed in a water to remove any debris
[15]. After this the teeth were laterally stabilized in
resin in the research sleeves with enamel surface on
the top. The micromechanical parameters of the
structures of enamel were studied using the method of
nanoindentation. Poison’s ratio of the enamel was
hypothetic and assumed to be 0.3. The indentation test
was done on wet samples. This method makes it pos-
sible to measure the hardness and also Young’s
modulus in the structure tested. The method contrasts
with traditional methods of hardness testing, based on

measuring the imprint formed by the penetration of
the indenter; nanoindentation enabled the characteris-
tics of load/deformation during loading and unloading
cycles to be recorded. The resulting characterization
was used to calculate the microhardness and Young’s
modulus. The enamel surfaces of DI-II and normal
teeth were tested on the CSM Instruments Scratch
Tester machine (producer CSEM Switzerland) and the
resultant force-displacement data analyzed by the
Oliver & Pharr method [16]. The indenter used was
Vicker’s VG-73 diamond indenter. Successive loading
and unloading cycles in randomly selected areas on
the buccal surfaces of enamel of DI-II and normal
teeth are shown in Fig. 1A, B and Fig. 2A, B,
respectively.

Fig. 2A. Scheme of loading and unloading cycles
in randomly selected areas on the buccal surfaces of normal teeth

at max load 20 mN

Fig. 2B. Scheme of loading and unloading cycles
in randomly selected areas on the buccal surfaces of normal teeth

at max load 100 mN

Fig. 1A. Scheme of loading and unloading cycles
in randomly selected areas on the buccal surfaces of DI-II

at max load 20 mN

Fig. 1B. Scheme of loading and unloading cycles
in randomly selected areas on the buccal surfaces of DI-II

at max load 100 mN
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They were made under designated loading and
unloading cycles. Microhardness determined during
the test was equivalent to the pressure occurring
between the test tooth surface of enamel and the
indenter diamond, at maximum load. The maximum
indentation loads used were 20 mN and 100 mN,
and the rates of change of load were 20 mN/min,
40 mN/min, 100 mN/min, 200 mN/min. The investi-
gation was repeated 10 to 15 times on the surface of
each sample in a manner similar to previous studies
[17]–[20].

Additionally, analysis of the surface of one ran-
domly chosen tooth with DI-II in Scanning Electron
Microscopy (SEM) was made. The tooth was rinsed
in distilled water, fixed, buffered and stored in 4%
glutaraldehyde. Next, they were dehydrated in ethyl
alcohol in serial strength up to absolute, and finally
dried in vacuum for 24 hours in preparation for the
next stage. The surface was coated with gold
in vacuum and next examined in the scanning elec-
tron microscope Jeol JSM 35CF (Jeol, Tokyo,
Japan).

3. Results

Based on the analysis of the imprint indenter re-
sults and deformation curves obtained, the micro-
hardness and modulus of elasticity of the surface
layer of pathological (DI-II) and normal enamel on
the buccal surface were determined. For teeth with
DI-II the hardness HV was in the range 48.4–49.7
Vickers (0.47 Gpa–0.49 GPa), and for normal enamel
in the range 337.2–355.3 Vickers (3.31 Gpa–3.8 GPa).
Young’s modulus of elasticity depends on the proper-
ties of both the indenter and the structure of the test
tooth. With known parameters of the indenter the
elastic properties of dental tissues can be assessed.
This parameter is used to characterize the tissue in
terms of elastic response, the effect of which is deter-
mined by contact stiffness. Results for the determina-
tion of Young’s modulus for teeth with DI-II ranged
from 13.9 GPa to 20.1 GPa, and for normal enamel
from 95.8 GPa to 106.3 GPa. These results showed
very substantial differences in the mechanical proper-
ties of dental tissues.

The result of SEM analysis of the surface of the
teeth is shown in Fig. 3. The deep enamel cracks are
visible. The slots of enamel were divided into
smaller fragments as a result of significantly re-
duced mechanical resistance and chipping of the
enamel.

Fig. 3. SEM. Surface of the DI-II tooth
– enamel with the visible deep cracks

4. Discussion

Vickers hardness of the enamel of teeth with den-
tal pathology (DI-II) was seven times smaller, and
Young’s modulus six times smaller than in healthy
teeth. In the graphs showing the ratio of force to
penetration of the indenter at the tooth surface
(Young’s modulus = stress/strain), in the final stage
there was observed a flattening of the characteristic
graph indicating further penetration of the nanoin-
denter for a smaller than usual increase in load. This
combination of hard tissue properties that occurs in DI-II
cases can create difficulties in the placement of clinical
dental fillings, and classic restorations, the most com-
monly used biomaterials. Substantially reduced hard-
ness, elasticity and stiffness of dental tissues in DI-II
allow the phenomenon of micromovement and potential
loss of retention for tooth restorations. At the same time
it is necessary to regard the strength parameters of
pathological and normal tissue; while the strength pa-
rameters of biomaterials have much higher hardness and
much higher resistance to stress [21].

Using indentation, Willems et al. reported Young’s
modulus of elasticity for enamel E = 90.59 ± 16.13 GPa
and Mahoney et al. reported hardness H = 4.88
± 0.35 GPa (497.6 ± 35.69 Vickers) [22], [23]. The
values depend on the particular tooth surface on which
the study was done. Our data shows similar results in
healthy teeth. In teeth with clinical diagnosis DI-II the
values for hardness and elasticity from our study are
more similar to those from Kinney et al. for intertu-
bular dentine near dentine-enamel junction: hardness
2.23–2.54 GPa and elastic modulus 17.7–21.1 GPa
[24]. It can be assumed that the explanation for the
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results of the test is abnormal tooth structure, which
was established during its development.

In our previous study we analyzed the mineral
composition of permanent teeth in dentinogenesis
imperfecta type II. The results of tests performed on
dental mineral elements show many irregularities.
A substantial decrease in calcium ion values in all
measurements and an increase in phosphorus con-
tent in the enamel on the surface were observed.
The calcium to phosphorus ratio in every site tested
was significantly reduced. The magnesium values
were found to be reversed on the tooth surface. The
values of other elements determined, such as so-
dium, potassium, fluorine, sulphur, chlorine, iron,
strontium and cadmium were not significant [25].
The results of the above examinations can explain
the differences in the value of the modulus of elas-
ticity and hardness.

The parameters of hardness and elasticity of enamel
of teeth with clinical diagnosis DI-II were very much
smaller than in normal teeth and because of that can
be responsible for attrition.
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