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OBJECTIVE: This study was undertaken in order to

establish the structural and mineralization pattern of the

response of dentine to alterations in enamel in hypocal-

cified amelogenesis imperfecta (AI).

DESIGN: The images and data obtained with scanning

electron microscopy and electron probe X-ray micro-

analysis in enamel and dentine specimens from control

and affected teeth were compared in this study.

PATIENTS AND METHODS: We compared 46 frag-

ments of permanent teeth from patients with clinically

diagnosed hypocalcified AI and 20 normal permanent

teeth. All specimens were prepared for electron probe

X-ray microanalysis.

RESULTS: Dentine is characterized by thickening of the

peritubular dentine and partial obliteration of the denti-

nal tubules that does not give rise to a compact sclerotic

cast. In dentine, calcium levels were significantly higher in

teeth with clinically hypocalcified AI in relation with

control teeth (P < 0.001).

CONCLUSIONS: Dentine is affected in hypocalcified AI

increasing mineralization (narrower tubules and higher

content of calcium) in response to enamel disorder.
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Introduction

Amelogenesis imperfecta (AI) represents a broad spec-
trum of genetic diseases affecting enamel formation in

both primary and permanent dentitions (MacDougall
et al, 2000). Three main clinical types of AI have been
described. Its diverse clinical presentation is thought to
be the result of specific genetic defects affecting the
deposition, calcification and maturation of enamel.
Although the structure and mineralization of enamel
have been studied using different approaches in all three
clinical types of AI (Wright, Robinson and Shore, 1991;
Bäckman et al, 1993; Wright et al, 1993, 1995; Sánchez-
Quevedo et al, 2001a,b; Seymen and Kiziltan, 2002),
little is known about the structure and mineralization of
dentine in AI.

Dentine, a mineralized hard tissue which forms the
bulk of the tooth and gives it its characteristic shape, is
not only the supporting structure of enamel, but is also
the structure which, because of its particular mechanical
properties, prevents the enamel from fracture. The
microstructural features of enamel and dentine and the
toughness of the dentine–enamel junction also contrib-
ute to crack resistance in the tooth (Craig and Peyton,
1958; Rasmussen, 1984; Lin and Douglas, 1994; Xu
et al, 1998). During tooth germ development, enamel
and dentine are interrelated: enamel proteins and
dentine matrix proteins are involved in the process of
dental biomineralization (Takano, Ozawa and
Crenshaw, 1986; Hall et al, 1999; Paine et al, 2000). In
this connection, amelogenins, which are secreted on the
predentine surface, can interact with the cell surface of
odontoblasts or with products secreted from the pro-
cesses on the dentine–enamel surface. These events
appear to be of importance for the development of teeth
(Rajeswari et al, 1999). The fact that dentine is, in many
teeth with AI, the surface exposed to the oral environ-
ment after the loss of the enamel, is also of interest to
elucidate its structure and mineralization in this
disorder.

The present study was designed to use quantitative
X-ray microprobe analysis with scanning electron micro-
scopy (SEM) as a histological approach to determine the
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morphological patterns in dentine in hypocalcified AI –
a clinical variety of AI – in which the enamel is
frequently lost and the crown is composed mainly of
dentine. In addition, we measured the contents of
calcium in the dentine and compared it with calcium
levels in the enamel. The use of SEM with electron-
probe X-ray microanalysis (EPMA) to examine miner-
alized tissues is a productive tool for the histochemical
study of both morphological features and the chemical
elements that take part in the mineralization process
(Engel and Hilding, 1984; Hals, Tveit and Totdal, 19881 ;
Sánchez-Quevedo et al, 1989, 1998; Campos et al, 1994;
López-Escámez et al, 1994). Only in the recent years a
quantitative approach has been developed to investigate
dental and other mineralized tissues with the peak-to-
local-background (P/B) ratio method, using crystals of
inorganic salts as standards (López-Escámez et al, 1993;
Campos et al, 1994; Warley, 1997; Sánchez-Quevedo
et al, 1998).

Information about the structure and mineralization of
dentine in AI is of interest not only to establish the
changes in the structural and mineralization pattern of
dentine in response to enamel alterations, but also to
establish how these patterns influence the outcome of
restorative treatments now being explored for this
disorder (Seow, 1993; Seow and Amaratunge, 1998).

Patients and methods

We studied the enamel and adjacent dentine in 46
permanent teeth fragments (Table 1) (15 incisors, 12
canines, 14 premolars and five molars) from four
individuals (16–19 years old, members of the same
family) with hypocalcified AI. All patients with AI were
examined clinically and the diagnosis was confirmed by
clinical examination and family history (Ceballos and
Ceballos, 1988). The enamel in affected teeth was
lusterless, opaque white to yellow-brown, and of normal
extent; however, the crown was composed partially of
dentine because the enamel had been lost in many teeth.
AI specimens were obtained in the course of preparation
for crown placement. No other clinical lesions were
detected. The mode of inheritance was identified as
autosomal dominant on the basis of traditional pedigree
analysis for the AI trait. We used 20 normal tooth
specimens (five incisors, five canines, five premolars and
five molars) extracted during orthodontic or periodontal
treatment as the control material. Analyses of the
enamel and adjacent dentine in AI and control speci-
mens were carried out in incisal margins and cusps.

Sample preparation for electron probe X-ray
histochemical microanalysis
The tooth fragments were plunge-frozen in liquid
nitrogen-cooled Freon 22. The samples were transferred
to a Polaron E 5300 freeze-drying apparatus (Polaron
Equipment Ltd, Weatford, UK)2 and dried at )80�C for
48 h. All specimens were mounted on a carbon stub and
sputter-coated with a thin layer of carbon in an argon
atmosphere at 0.1 Torr for 30 s.

Electron probe X-ray histochemical microanalysis
Specimens prepared as described above were studied
using a Phillips XL-30 scanning electron microscope
(Philips Electronics NV, Einthoven, The Netherlands)

3(operating voltage ¼ 15 kV; spot size ¼ 500 nm; tilt
angle ¼ 35�; take-off angle ¼ 61.34�). An energy dis-
persive spectrometer (EDAX DX-44 , EDAX Interna-
tional, Mahwah, NJ, USA) was used for quantitative
analysis (count rate ¼ 1200 counts per second; live
time ¼ 50 s). Spectra were collected by a pin-point
electron beam at 40 000·. In each tooth, a total of 10
analyses were performed in enamel, and a further 10
analyses were carried out in dentine. A total of 920
analyses for AI (460 in enamel and 460 in dentine, from
46 teeth with AI) and 400 analyses for controls (200 in
enamel and 200 in dentine, from 20 control teeth) were
obtained. The P/B ratio method (Statham and Pawley,
1978; Small et al, 1979) was used to measure the content
of calcium and phosphorus.

The microcrystalline salt standards used for calcium
and phosphorus quantification (López-Escámez and
Campos, 1994; Sánchez-Quevedo et al, 1998) were
Ca2P2O7, C6H11O7Æ1/2Ca, CaHPO4, Ca(H2PO4)2, PO4

HCaÆ2H2O, C12H21O12Æ1/2Ca, CaH4O8P2ÆH2O, CaSO4

Æ2H2O. The standards were cryofixed in liquid N2,
freeze-dried and sputter-coated as described above,
and analysed in the microscope immediately after
preparation to avoid contamination or chemical
modification. Microcrystalline standards were moun-
ted on 200-mesh nickel grids fixed with adhesive
graphite lamina to SEM holders. The elemental weight
percent (WP) of each salt standard was calculated
as reported in previous publications (Warley, 1993,
1997).

Morphological study
Carbon-coated specimens were gold-coated after EPMA
analysis, and were examined in a Phillips XL-30 SEM
and photographed.

Statistical study
Analysis of variance of the nested design was used with
group, type of tooth and region as fixed factors, and
individual, tooth and repetition of the analysis as
random factors. Individual was nested within group,
tooth was nested within individual, and repetition was
nested within tooth.

The study design was analysed with a random effects
model based on multilevel models; estimates were
obtained with the residual maximum likelihood
(REML) method.

Table 1 Distribution of teeth types in our materials

Incisors Canines Premolars Molars Total

Controls 5 5 5 5 20

AI1 2 3 2 7
AI2 2 1 6 9
AI3 7 4 2 3 16
AI4 4 4 6 14

Total AI 15 12 14 5 46
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Pairwise comparisons were performed using the
Bonferroni method. All calculations were performed
with S-Plus 2000 software5 (MathSoft, Seattle, WA,
USA) within the linear mixed model procedure.

Results

Scanning electron microscopic images of dentine in teeth
with clinically diagnosed hypocalcified AI showed den-
tine tubules with narrow, partly obliterated lumen.
Peritubular dentine was clearly visible, although in many
tubules the transition between peritubular and intratu-
bular dentine could not be distinguished. No sclerotic
casts were seen in the tubular lumina (Figures 1 and 2).

Table 2 presents the microanalytical data for calcium
content in enamel and dentine from control and AI
specimens for each type of tooth. Our results show no
significant differences between the different samples of
enamel analysed. The Ca/P ratio in AI enamel was 1.7
and the corresponding figure for control enamel was 1.8.
We found significant differences for dentine
(P < 0.001), with higher calcium contents in all four
types of tooth with AI than in control teeth. The Ca/P
ratio in dentine from AI and control teeth was 1.7. The
comparisons in calcium levels in each tooth type
between enamel and dentine show no significant
differences for teeth with AI. In contrast, the enamel
and dentine differed significantly in control teeth
(P < 0.01), with higher contents of calcium appearing
in the enamel.

Discussion

Scanning electron microscopy has been used by different
authors to identify morphological alterations in AI.
These studies have focused on establishing the structure
of enamel prisms and the rest of the structures related
with them.

X-ray microanalytical histochemistry has been shown
to be useful in revealing mineralization patterns in the
enamel of teeth with AI (Wright et al, 1991; Sánchez-
Quevedo et al, 2001a,b). However, few studies have
attempted to elucidate the structure of dentine in AI and
other enamel defects. The few reports published to date
describe a wide range of anomalies, from minor defects
to dentine dysplasia (Suzuki, Nakata and Eto, 1977;
Nakata, Kimura and Bixler, 1985; Seymen and Kiziltan,
2002). To our knowledge, X-ray histochemical tech-
niques have not been used to study the mineralization of
dentine in AI.

Scanning electron microscopic images in our study
revealed a morphological pattern of dentine character-
ized by thickening of the peritubular dentine and partial
obliteration of the dentine tubules, but without the
formation of compact sclerotic casts. The borderline
between intertubular and peritubular dentine could not
be distinguished easily in many tubules. Therefore this
morphological pattern corresponds to the so-called

Figure 1 Narrowed lumina and partial obstruction of dentine tubules.
The peritubular dentine around some lumina stands out as markedly
paler areas. Scale bar 10 lm

Table 2 Mean ± SD of calcium weight
percentages in enamel and dentine of control
and AI teeth

Enamel Dentine

Control AI Control AI

Incisors 29.9 ± 1.8� (50) 33.1 ± 4.3 (150) 23.6 ± 1.7*� (50) 33.3 ± 3.6* (150)
Canines 30.2 ± 1.4� (50) 32.6 ± 3.3 (120) 24.9 ± 1.4*� (50) 32.5 ± 3.5* (120)
Premolars 31.2 ± 2.2� (50) 32.7 ± 3.2 (140) 24.8 ± 1.9*� (50) 33.7 ± 4.0* (140)
Molars 34.0 ± 3.0� (50) 34.3 ± 4.4 (50) 27.9 ± 1.8*� (50) 33.2 ± 3.6* (50)

The number of analysis appears in parenthesis.
Results of the comparison in each type of tooth: *P < 0.001, �P < 0.01.

Figure 2 Narrowed dentine tubules (a) in comparison with control
dentine tubules (b). No sclerotic casts are seen. Scale bar 20 lm
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sclerotic dentine, i.e. the morphological transformation
observed with SEM when dentine is exposed to the oral
environment, as frequently seen in hypocalcified AI
(Van Meerbeek et al, 1994).

The use of X-ray microanalytical histochemistry to
study hard tissues has been a combination of mostly
qualitative and semiquantitative methods (Wright et al,
1991; Warley, 1993). These studies, which have been
useful in establishing different patterns of mineralization
in hard tissues, have nonetheless failed to find significant
differences in the mean calcium levels between normal
and AI teeth, and suggested that the mineral in both
cases is probably similar, at least in primary composi-
tion. Internal variations in calcium levels in the thickness
of the enamel have been reported, and the nature of
qualitative X-ray microprobe analysis is such that it
causes different degrees of tissue excitation depending
on tissue density. Bäckman et al (1993), who used
secondary ion mass spectrometry, were also unable to
distinguish between the clinical phenotypes of AI
suggesting that a rather different clinical appearance
reflects a difference in the expressivity of the disturbance.

Quantitative X-ray microanalytical histochemistry
provides accurate measurements of elements involved in
mineralization, and overcomes the limitations of qualit-
ative and semiquantitative techniques. In previous
reports we established the suitability and precision of
quantitative X-ray techniques to analyse mineralized
tissues, including enamel and dentine (Sánchez-Quevedo
et al, 1998, 2001a,b). The recent development of crystal salt
standards for the analysis of mineralized structures such as
the otoconia, which consist mainly of calcium carbonate,
has made it possible to overcome some problems related
with the quantification of hard tissues with EPMA.

Our quantitative X-ray microanalytical study failed to
find any statistically significant differences between the
levels of calcium in enamel from control and AI teeth.
However, we did find statistically significant differences
between calcium levels in the dentine from AI and
control within the same type of tooth. Although the
Ca/P ratio is lower (1.7) than in normal enamel (1.8–2.2)
and enamel from teeth with other types of AI (1.9–2.1)
(Wright et al, 1991) our results once again point to the
need – as suggested by Bäckman et al, 1993 – to
re-examine the presumed correlation between clinical
phenotypes and the exact amounts of mineral elements
as measured with different analytical procedures. Hyper-
mineralization of dentine has been related with mor-
phological features, i.e. sclerotic dentine, which is
known to be harder that orthodentin (Grajower, Azaz
and BronLevi, 1977). These images are therefore more
likely to reflect the higher mineralization of dentine than
the hypomineralization of enamel. It remains to be
determined whether increased enamel proteins in hypo-
calcified AI amelogenins and non-amelogenins, which
interact with dentine matrix protein and are involved in
growing of mineral crystal, play a role in this process
(Wright et al, 1992; Rajeswari et al, 1999).

The structural features and mineralization data for
dentine in hypocalcified AI should be interpreted as
mechanisms of response to the defective, friable enamel

that is frequently lost. But these structural features and
mineralization are also of interest because bonding to
dentine in AI differs significantly from bonding to
unaffected normal dentine. It is reasonable to predict
that dentine adhesives will be less effective when applied
to sclerotic dentine than to unaffected normal dentine
(Van Meerbeek et al, 1994). In addition, etching tech-
niques used for hypermineralized dentine should also be
reviewed and modified (Kwong et al, 2000).
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competent technical assistance.

References
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