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This study was performed to examine whether a clinical classification of different phenotypes
of amelogenesis imperfecta could be discernible at the ultrastructural level. Seventeen primary
teeth from 16 children with hypomineralization, hypomaturation, or hypoplastic variants of
the disease were collected for histologic studies of the enamel by means of polarized light
microscopy, -scanning electron microscopy (SEM), and secondary ion mass spectrometry
(SIMS). Polarization microscopy showed that the enamel was hypomineralized; in six teeth
a wavy configuration of the enamel prisms also appeared. Three histomorphologic main types
could be discerned. In 10 of the teeth extensive hypomineralization of the bulk of the enamel
was found. One tooth had an unusually thick enamel with only a thin normally mineralized
surface layer. SIMS images showed less pronounced signals from Ca?* and Na* but with
stronger signals from CI~ and CN™, representing the organic component of enamel. The SEM
images showed an irregular prism pattern with marked interprismatic areas. Irrespective of
the clinical appearance or the hereditary pattern the main findings were hypomineralized
enamel with or without wavy bands. Neither of the analytical methods used in this paper
distinguishes between the clinical phenotypes of amelogenesis imperfecta. [ Amelogenesis
imperfecta; dental enamel; genetics; microscopy, electron, scanning; secondary ion mass spec-
trometry, spectrum analysis, mass

Jérgen G. Norén, Department of Pedodontics, Faculty of Odontology, Medicinaregatan 12,
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Amelogenesis imperfecta (Al) is defined as
a genetically determined defect affecting
enamel formation and may be associated
with other ectodermal or systemic disorders
(1,2). Al is characterized by a variability of
clinical expression and by genetic hetero-
geneity (3-6). The amelogenin gene has
been localized to the X chromosome (7), and
X-linked amelogenesis imperfecta has been
mapped to the same region (8) with a dele-
tion in the gene in one family (9). The preva-
lence stated for Al varies from 1:8000-
14,000 (4, 10, 11) to 1.4:1000 (12) depending
on the diagnostic criteria and the demo-
graphic character of the investigated popu-
lation.

Different histologic techniques have been
applied in the examination of teeth with Al
By microradiography, a generalized distur-

bance of the amelogenesis has been estab-
lished, manifested by the simultaneous
occurrence of both hypoplasias and areas of
hypomineralization in the enamel inde-
pendent of the predominant clinical mani-
festation (13-15). By light and polarization
microscopy and by transmission electron mi-
croscopy and scanning electron microscopy
(SEM) various findings have been described
in enamel from AI patients (16-28). Sec-
ondary ion mass spectrometry (SIMS) is an
established technique for measuring surface
and in-depth elemental distributions in den-
tal hard tissues (29-31). Two basic types of
instruments are capable of generating mass-
resolved secondary ion images: scanning ion
microprobes (SIM) and direct-imaging ion
probes.

With developments in SIM, secondary ion
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(ISI) and secondary electron (ISE) imaging
can be obtained which is comparable, in
detail and resolution, with those obtained by
SEM.

The aim of this investigation was to exam-
ine whether a clinical classification of Al
also could be detected at the histologic and
chemotopographic level by means of polar-

ized light microscopy and imaging SEM and-

SIMS.

Materials and methods

The material comprised 17 exfoliated pri-
mary teeth from 16 children with Al docu-
mented in earlier studies (5,12,15). The
children belonged to either of 14 families
with a known inheritance pattern of Al
(5,6). On the basis of the clinical mani-
festation of Al, the teeth were classified in
accordance with the morphologic criteria
stated by Witkop & Sauk (3). The dis-
tribution of families, patients, teeth, and
inheritance pattern is presented in Table 1.

Table 1. Distribution of examined teeth in accordance
with Biackman & Holmgren (5), including tooth
number, clinical classification, family number, and
inheritance pattern

Tooth Clinical variant Family Inheritance

no. of Al* no. patternt
51 Local hypoplastic 7 AD
51 Local hypoplastic 9 AD
51 Local hypoplastic 9 AD
53 Pitted hypoplastic 17 AD
63  Rough hypoplastic 46 S

83  Rough hypoplastic 48 S

63  Hypomaturation 34 AR
62  Hypomaturation 42 S

61 Hypomaturation 28 AD
51  Hypomaturation 31 AD
83  Hypomaturation 31 AD
65  Hypomineralization 29 AD
53  Hypomineralization 2 AD
54  Hypomineralization 2 AD
81 Hypomineralization 30 AD
61 Hypomineralization 43 S

64  Hypomineralization 4 S

* Al = amelogenesis imperfecta.

t+ AD = autosomal dominant inheritance pattern;
AR = autosomal recessive inheritance pattern; S =
spontaneous case, no AD and no AR.
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Preparation of teeth and polarized light
microscopy

All teeth, representing all clinical variants
(Table 1), were embedded in methylmeth-
acrylate, and sagittal bucco-lingual sections
80-100 um thick were prepared with a Leitz
low-speed saw microtome (32). The sections
were polished with diamond paste and exam-
ined dry in air and after water imbibition in
polarized light using an Olympus BH polar-
izing microscope with strain-free objectives.

SIMS analysis

The high-resolution SIM used in this study
(UC-HRL SIM) has been described in detail
elsewhere (29-31), and only a short descrip-
tion will be given here. The instrument uses
a liquid gallium ion source to produce a 40-
keV, 30-pA primary ion probe, focused to a
spot approximately 50 nm in diameter. The
images presented in this article were de-
rived from scans containing 1024 x 1024
probe settings, and the detected signal was
displayed as individual counts on a cathode
ray tube.

Sections from four teeth were imaged by
SIMS from families 29, 31, 48 and 44, rep-
resenting four clinical variants of AI (Table
1). After being re-embedded in methyl-
methacrylate the free surface of the speci-
men was polished with diamond paste. The
samples were coated with a gold layer by
means of vacuum deposition, to prevent
electric charging artefacts. Imaging of tooth
enamel, which is highly insulating, requires
an unusually thick Au coating (approxi-
mately 20 nm). Even with this precaution,
repeated high-magnification imaging (20 x
20 um? field of view) was prevented because
of rapid charge accumulation.

The images were obtained from an area
of 80 X 80 um from the section with thin
enamel and from an area of 160 X 160 um
from the other tooth analyzed by SIMS.

SEM

Sections from two teeth were examined by
SEM: one specimen from family 44 (also
examined by SIMS) and one specimen from
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family 29 (Table 1). After evaporation of a
thin carbon layer onto the specimen surfaces,
to avoid charging under the electron beam,
the specimens were characterized by means
of CamScan 4S-80DV scanning electron

microscope. The SEM images presented in

this paper were obtained from backscattered
electrons. Images were obtained in 400X and
1000x magnification.

Results

Polarized light microscopy

The neonatal line was seen in 12 of the
ground sections from the 17 teeth, thus
enabling us to distinguish the prenatal en-
amel from the postnatal. The neonatal line
appeared positively birefringent as seen dry
in air and remained positively birefringent
after water imbibition.

Areas of hypomineralization of various
extents were found in all examined teeth,
being independent of the clinical classifi-
cation. On the basis of the morphologic
appearance in the polarizing microscope the
teeth could be divided into three groups:

Teeth (10 of 17) showing only hypo-
mineralized areas in the bulk of the enamel.

Fig. 1. Ground section
of a primary tooth as
seen dry in air in
polarized light. Beneath
a normally mineralized
surface, the bulk of the
enamel is
hypomineralized. The
bar corresponds to
1mm.
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In all specimens a negatively birefringent
surface zone reflecting a normal surface min-
eralization could be observed (Fig. 1). This
surface zone varied in thickness. Deep to the
surface zone a positively birefringent area
‘was seen, varying in its extension within the
tissue. This hypomineralized zone remained
positively birefringent after water imbibition,
indicating a degree of porosity between 1%
and 5%. In all specimens a thin negatively
birefringent zone was seen adjacent to the

~ dentinoenamel border. Defects with rough

borders in the incisal part were seen in three
of the specimens, reflecting chipping of the
enamel. Deep to the defects the enamel had
a high degree of pore volume distribution.
One sample had an enamel defect in the
form of a reduced thickness of the enamel,
with rounded borders, representing an en-
amel hypoplasia. The bottom of the defect
corresponded to the neonatal line in the cer-
vical part of the tooth, indicating that the
disturbance occurred at the time of birth.
In six teeth from five patients the bulk of
the enamel appeared positively birefringent,
as examined dry in air, with bands of ‘wavy’
appearance, whereas the surface zone ap-
peared negatively birefringent. The positive
birefringence remained after water imbi-
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bition. Chipping of the enamel along the
‘wavy bands’ was noted in the incisal parts
of four of the six teeth (Fig. 2).

One tooth had enamel that was thicker
than normal and with a pronounced cervical
prominence (Fig. 3). The enamel appeared
positively birefringent with a thin negatively
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Fig. 2. Ground section
of a primary tooth as
seen dry in air in
polarized light, showing
enamel with an irregular
appearance. Chipping
of the enamel is seen at
the incisal part of the
tooth. The bar
corresponds to 500 pm.

birefringent surface zone. The positive
birefringence of the enamel remained in its
major part after water imbibition. Bands re-
sembling the Hunter-Schreger bands found
in permanent enamel were also observed.
These bands remained positively birefrin-
gent after water imbibition.

Fig. 3. Ground section
of a primary tooth with
an unusually thick
enamel. The thin
surface zone has a
normal mineralization,
whereas the bulk of the
enamel is
hypomineralized. The
bar corresponds to

250 wm.
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Fig. 4. Ton images of the bulk of enamel of a primary amelogenesis imperfecta tooth. 4a. A Ca’* image showing
a porous outer surface and a low ion yield from the inner part of the enamel corresponding to hypomineralized
areas. 4b. An Na* image with features similar to those of image a. 4c. A (CN)~ image showing an inner enamel
zone of high ion yield corresponding to organic remnants. 4d. A CI” image with an ion distribution similar to that
of CN. The bars correspond to 150 um.

SIMS imaging

In the SIMS images no patterns corre-
sponding to the clinical classifications could
be discerned. In the enamel of the tooth
from family 48 the ion images of Ca’* and
Na* demonstrated a porous outer surface
with locally very low signals (Fig. 4a—d). In

both images a lower ion yield was noted
in the inner half of the enamel, more pro-
nounced in the Na* image. These areas
correspond to the hypomineralized areas
seen by polarized light microscopy. The
(CN)~ image of the sample, representing the
organic component of enamel, showed an
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Fig. 5. Secondary electron scanning ion microprobe
image showing a disturbed enamel prism configuration
in the deep hypomineralized enamel region. The bar
corresponds to 150 pm.

inner zone of higher ion yield. Dark lines
were seen extending from the dentinoen-
amel junction to the surface. The Cl™ image
showed the same intensity distribution as the
(CN)~ image. The ISE SIM image (Fig. 5)
showed changes in the prism configuration—
that is, areas with less marked morphologic
structure corresponding to the areas with a
low ion yield for Ca** and Na*.

In the tooth from family 44, images were
obtained from the central part of the enamel
with the wavy appearance (Fig. 6a—d). The
Ca?* image showed enamel prisms separated
by areas with a low mineral content towards
the surface. High Ca** signals were noted
in the area adjacent to the dentinoenamel
junction and in the boundaries of the central
rough area visualized by an ISE SIM image
(Fig. 7). In contrast to Ca®*, signals from
Na* were detected within the rough struc-
ture and not at its boundaries. In the rest
of the examined area Na‘* was uniformly
distributed. The (CN)~ image demonstrated
high ion yield in the borders of the rough
structure and in the inner part of the enamel
corresponding to the areas with high signals
from Ca?* and Na*. The distribution of C1~
was similar to that of (CN)~. The ISE SIM
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image showed a whirling and irregular con-
figuration of the prisms (Fig. 7).

SEM imaging

All teeth examined showed areas of hypo-
mineralization in the enamel independent of
clinical manifestation, clinical classification,
or inheritance pattern. Further, the mor-
phologic appearance was equivalent in those
cases in which teeth were available from
more than one family member. In the tooth
from family 44, exhibiting enamel with a
wavy appearance, the overviews showed a
clear prism structure in the major part of
the enamel with the exception of the outer-
most surface, which appeared structureless
(Fig. 8a—). In areas corresponding to the
dark bands in the enamel the SEM images
obtained by backscattered electrons showed
a similar appearance with various dark and
light bands. This contrast could possibly
reflect variations in the elemental content
of the enamel as the yield of backscattered
electrons is sensitive to atomic number and
hence to mineral content. In some areas the
prisms at the enamel/dentin border appear
oriented normally to this interface and
extend to the enamel surface. However,
especially in parts with a disturbed mor-
phologic structure a keyhole pattern of the
prisms was apparent.

For the tooth from family 29, with thick
enamel, an area adjacent to the dentin/
enamel border was examined, as was an area
in the middle of the tooth (Fig. 9a~d). The
overviews showed a normal enamel prism
pattern close to the enamel/dentin border,
which rapidly changed to an irregular prism
pattern. At higher magnification sagitally
and radially cut prisms were observed, with
very marked prism borders.

Discussion

Most of the previously published papers con-
cerning the histologic appearance of Al have
been in the form of case reports, with only
a few specimens from a limited number of
patients. In no study has the clinical and
histologic correlation been demonstrated.
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Fig. 6. Secondary ion mass spectrometry images of the same enamel bulk areas as in Fig. 5. 5a. A Ca” image
showing a wavy appearance of enamel. Low mineral content regions are seen in parallel with the prisms. Close to
dentin the signal intensity increased. 5b. The Na* image shows an inverse ion yield pattern as compared with
Ca?*. 5¢. In the (CN)~ image a high signal intensity is demonstrated in the inner parts of the enamel corresponding
to hypomineralization. 5d. The CI~ distribution resembles that of CN. The bars correspond to 150 um.

In the present study, with 16 patients, differ-
ent histologic techniques have been applied,
to give information on the histologic and
chemotopographic characteristics of Al, in
comparison to the clinical appearance of the
disease.

The neonatal line seen in the ground sec-
tions of the Al teeth appeared positively

birefringent, which is in accordance with
earlier studies of normal primary teeth uti-
lizing polarized light and microradiography,
which showed the neonatal line as a hypo-
mineralized band (33).

In the AI teeth an inner zone of hypo-
mineralized enamel of various extents was
found, with a thin but normally mineralized
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Fig. 7. Secondary electron scanning ion microprobe
image of amelogenesis imperfecta enamel showing a
whirling and irregular configuration of prisms. The bar
corresponds to 150 ym.

Fig. 8. Scanning electron microscopy images of amelogenesis imperfecta enamel exhibiting wavy enamel. 8a.
Overview of a ground section, showing structureless enamel at the surface. 8b. A higher magnification of the
central part of enamel, showing the prism configuration. 8c. Chipping off of the enamel surface layer. Fractures
and irregularities are seen deep in the enamel. 8d. A higher magnification of the area just below the fractured
surface. The bars correspond to either 50 or 20 um.
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Fig. 9. SEM images from the section seen in Fig. 3, representing thick enamel. 9a. Image of the ground section
from an area close to the enamel-dentin border; the dentin is seen at bottom left. The enamel prisms follow a
very irregular pattern. 9b. In a higher magnification the irregular configuration of the prisms is clearly seen. 9c.
Image of the bulk part of enamel showing the whirling prism pattern. 9d. The same area in a higher magnification.

The bars correspond to either 50 or 20 um.

surface zone. In ground sections of primary
teeth from normal children, a hypomineral-
ized or porous inner zone was also found
(33); in the AI teeth, however, this zone
was more extensive and pronounced. These
findings are similar to the microradiographic
observations by Backman & Anneroth in
1988 (15) but were, however, more distinct
in their appearance on polarized light
microscopy.

The enamel hypoplasia found in one case
is not likely to be associated with Al per se
but is, rather, related to an event around
the time of birth. The defect showed no
differences in the morphologic appearance
compared with enamel hypoplasias from
subjects without AI (33). According to the
findings by Biackman & Holm in 1986 (12),

this subject had a medical record during the
neonatal period which could well explain the
occurrence of the enamel hypoplasia. Using
polarization microscopy, no correlation
could be found to the clinical classifications.

Chemotopographic studies or studies of
the elemental composition of dental hard
tissues have become useful tools in the
understanding of the inorganic composition
of enamel (34). The distribution pattern of
the inorganic and organic elements and their
relation to each other within normal and
disturbed enamel is of relevance when trying
to gain a deeper understanding of the pro-
cesses behind the disturbed mineralization.

The hypomineralized areas in the bulk of
the enamel correspond to regions in the
SIMS images with high (CN)~ signals, indi-
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cating less inorganic material and thus rela-
tively more organic material. As the content
of inorganic material is lower than in normal
enamel, it is tempting to believe that the
organic content is higher than normal. This
is supported by studies of decalcified sections
of primary teeth (27) and by a previous paper
in which the ion optic images of normal
enamel showed a lower signal and also a
more uniform appearance for CN~ (34). The
enamel is evidently porous in this case and
with a low content of inorganic matter. The
porous outer surface has little resemblance
to a normal enamel surface, and this finding
is supported by earlier studies (15). The high
resemblance between the (CN)~ and the C1™
images might possibly be explained by the
fact that C1~ partly reflects NaCl in the aque-
ous phase of the interprismatic reticulum.

The images of the section with hypo-
mineralized and wavy enamel display a more
irregular pattern for all elements analyzed in
the Al specimens than normal enamel (34).
The wavy bands appeared to be surrounded
by higher ion yields of Ca?*, whereas the
bands themsleves exposed higher signals of
Na*. As the (CN)~ and CI~ signals were
higherinthe wavy areas, the hypomineralized
appearance as seen in polarized light reflects
a low degree of mineral content.

The polarized light and ion optic images
suggest that the hypomineralized character
of the primary enamel of the teeth inves-
tigated is related to a deficiency in the
maturation stage of the enamel formation.
Support for this suggestion is given by find-
ings of Wright & Butler (35); they found that
the enamel protein content in Al enamel was
5% compared with 0.1% in normal enamel.
They proposed that the primary defect
involves an abnormality in the mechanism
for protein removal. This would thus explain
the high ion yields for (CN)~. Asin the case
with polarization microscopy, no correlation
could be found to the clinical classifications
when using SIMS.

The SEM images of the ground sections
showed an irregular and whirling con-
figuration in which the prisms were cut both
sagittally and radially. The impression of an
increased organic matter content from the
polarized light microscopy and the SIMS
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images was strengthened by the SEM
images. It is apparent that there is not only
achanged mineral fraction, and thus possibly
also changes in the mineral composition, but
also structural changes of the morphology of
the prisms, which is in agreement with the
findings reported by Wright & Butler (35).

In the present study, irrespective of the
clinical appearance or the inheritance pat-
tern, the main findings were hypomineral-
ized enamel with or without wavy bands.
Neither of the analytical methods used in
this paper distinguishes between the clinical
phenotypes of Al. As can be seen from the
histologic findings, it can be implied that the
different clinical appearance rather reflects
a difference in the expressivity of the dis-
turbance. However, the subclassification
might be useful as a clinical description.

Further studies of the ultrastructural level
and of the chemical composition may in-
crease the understanding of which factors
influence the aberrations in the mineraliz-
ation pattern of Al.
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