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STUDY OF THE MORPHOLOGICAL STRUCTURE  
OF ENAMEL AND CORRELATION OF ITS CHEMICAL 
COMPOSITION WITH DENTIN IN INTACT TEETH  
AND WITH A CERVICAL PATHOLOGY

Iryna Zabolotna

Department of Dentistry №2, Donetsk National Medical University, Liman, Ukraine

A B S T R A C T

Introduction: The increase in the intensity of caries and non-carious lesions of the teeth leads to significant 
disorders in the dentoalveolar apparatus manifested themselves not only as aesthetic but also as functional disor-
ders in the absence of timely adequate treatment.
Objectives: The increase in the prevalence and intensity of cervical lesions of hard dental tissues is the cause 
of  aesthetic and functional disorders in the  dentoalveolar apparatus. To study the  morphological structure 
of  enamel, its features depending on the  presence and type of  cervical pathology; to determine correlations 
of the chemical composition of enamel and dentin in intact teeth and with cervical pathology.
Material and methods: There were examined 29 clinically extracted teeth of both jaws and their longitudinal 
sections using a JSM-6490 LV focused beam electron microscope with system of energy-dispersive X-ray micro-
analysis. The chemical composition of 290 enamel areas and 235 dentine areas in the incisal region (tubercle), 
equator, cervical area.
Results: The correlation between enamel and dentin has been determined: inverse – based on the content of P 
and C, Ca and O (in all anatomical areas), Mg and Ca, Mg and P (in the incisal region (tubercle), equator); direct 
– based on the content of Mg and Ca, Mg and P (cervical area). The exception was the correlation between Mg 
and Ca in the incisal region (tubercle) in the group of the teeth with cervical pathology (r = 0.363), Ca and O in 
the cervical area in the group of the teeth with cervical caries and clinically intact hard tissues (r = 0.620).
Conclusions: The  revealed features in the  morphological structure and chemical composition of  enamel, 
the presence of the correlations with dentin will allow to understand the mechanism of the development of cervi-
cal pathology deeper and substantiate the principles of its treatment and prevention.

Key words: dental caries, enamel, dentine, scanning electron microscope, non-carious cervical lesions.

J Stoma 2021; 74, 1: 9-15
DOI: https://doi.org/10.5114/jos.2021.104691

INTRODUCTION

The increase in the intensity of caries and non-carious 
lesions of the teeth leads to significant disorders in the 
dentoalveolar apparatus manifested themselves not only 

as aesthetic but also as functional disorders in the ab-
sence of  timely adequate treatment [1-3]. The  features 
of the morphological structure and chemical compo-
sition of hard dental tissues reflect complex processes 
associated with age-related and pathological conditions 
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in the body and they determine their development [1, 4].  
Mineralization of  enamel and dentin is mainly deter-
mined by the  content of  calcium and phosphorus in 
them, the amount of which is heterogeneous in different 
areas of the teeth and it significantly differs from the type 
of pathology [4, 5]. The strength of dental tissues is in-
fluenced not only by the optimal ratio of the main mac-
roelements but it’s also influenced by the  imbalance 
of microelements [5, 6].

There is a  constant exchange of  mineral ions in 
enamel which come from saliva through the pores and 
they are adsorbed on its surface [5, 7]. Another source 
of the ions in enamel is from cementum through the ce-
mento-dentin junction to the enamel-dentin junction [5]. 
The  level of permeability of hard dental tissues is very 
high and the surface layer of enamel absorbs the greatest 
amount of  the substances [5]. The most soluble enam-
el is in the cervical area and the proximal contact sur-
face of  the  tooth where its thickness is minimal that 
indicates reduced mineralization and predisposition to 
the development of  a  carious process [5]. The cervical 
form of dental caries is diagnosed in a significant part 
of  the  clinical cases in the  age group 30-50 years [8]. 
The process of demineralization is more pronounced in 
dentin than in enamel due to the faster penetration and 
spread of microorganisms along the dentinal tubules [9]. 
The areas of demineralization were revealed in 69% of 
the cases in dentin of the teeth with a wedge-shaped de-
fect [10]. The prevalence of a wedge-shaped defect in-
creases with age [3, 11, 12] and it reaches its maximum 
by the age of 50-70 [8].

The identification of distinctive features in the mor-
phological structure of enamel and dentin and the cor-
relation of  their chemical composition in clinically in-
tact teeth and teeth with cervical pathology will allow 
to understand the mechanisms of their occurrence and 
development deeper, evolve the tactics of the prevention 
and treatment.

OBJECTIVES

To study the morphological structure of enamel, its 
features depending on the  presence and type of  cervi-
cal pathology; to determine possible correlations of the 
chemical composition of enamel and dentin in clinical-
ly intact teeth, teeth with cervical caries and a wedge-
shaped defect.

MATERIAL AND METHODS

We examined 29 clinically extracted teeth of  both 
jaws and their longitudinal sections (12 clinically intact 
ones, 10 with wedge-shaped defects, 7 with cervical car-
ies) of the patients aged 25-54 years using a JSM-6490 LV 
focused beam electron microscope (scanning) with sys-
tem of  energy-dis persive X-ray microanalysis INCA 

Penta FETх3 (OXFORD Instruments, England) ac-
cording to the  previously described method [13, 14]. 
The  teeth were extracted for orthodontic indications. 
The  morphological structure was studied using ×40… 
×4000 magnification [13]. We calculated local mass frac-
tions of chemical elements using the picfon ratio method 
taking into account the corrections for atomic number, 
fluorescence and absorption, measured in normal mass 
percentage (normal mass %). The mineral composition 
of 290 enamel areas and 235 dentine areas in the incisal 
region (tubercle) (IR), equator (E), cervical area (CA) has 
been determined as a percentage of the weight amounts 
of carbon, oxygen, calcium, phosphorus, sodium, mag-
nesium, sulfur, chlorine, zinc, potassium, and aluminum. 
Replication measurements were averaged in one sample 
before statistical analysis. To identify possible relation-
ships between the chemical composition of enamel and 
dentin the correlation was determined in the  following 
groups: I – teeth with a wedge-shaped defect and clin-
ically intact hard tissues, II – teeth with cervical caries 
and clinically intact hard tissues, III –teeth with cervical 
pathology. The study was conducted at the base of Do-
netsk Institute of Physics and Technology of the Nation-
al Academy of Sciences of Ukraine. The work was per-
formed in accordance with the principles of the Helsinki 
Declaration of  the  World Medical Association “Ethical 
Principles of  Medical Research with the  Involvement 
of a Human being as a Research Object”, Order No. 690 
of the Ministry of Health of Ukraine (dated September 
23, 2009) and approved by the  Bioethics Commission 
of the Donetsk national medical university. Prior to en-
gaging in the  study, all the  participants were provided 
with a written informed consent.

STATISTICAL ANALYSIS

Statistical analysis was performed using the Statisti-
ca 12.0 computer program (3BA94C4ED07A). To check 
the presence of  the  relationship between the variables, 
the correlation analysis was carried out (Pearson’s para-
metric correlation method) based on the determination 
of  the  parametric Brave-Pearson coefficient (r) with 
the confidence level of 95%. The reliability of obtained 
results was assessed using Student’s t-test, the  correla-
tion between the  indicators – based on Student’s t-test 
using Z-test (Fisher’s Z-test). The differences were con-
sidered statistically significant at p ≤ 0.05. The  signifi-
cance of the differences between the groups was assessed 
basing on the analysis of variance.

RESULTS

Electron microscopic examination of  the  surface 
enamel of  clinically intact teeth revealed its oriented 
structure where its main formation is arcade-shaped 
prisms that are tightly adjacent to each other, their aver-
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age diameter was 5.33 ± 0.22 μm (Figure 1). The vestibu-
lar surface of enamel had an even smoothed appearance; 
the traces from multidirectional scratches and cracks were 
visualized on it [13]. The high prevalence (90.2-99.4%) 
and opening width (0.05-42.12 µm) of  enamel cracks 
were determined as well as the features of their direction 
were revealed [13-15]. We identified the  cracks which 
were perpendicular to the  cemento-enamel junction 
more often – in 90.5% of the cases (Figure 2), in combi-
nation with parallel (Figure 3) and oblique directions – in 
6.3% and 3.2% of the cases, respectively [13, 15]. A large 
number of cracks were diagnosed in CA of the vestibular 
surface of the teeth – 3.21 per 1 mm2, less in IR – 0.75  
per 1 mm2 (×300) [13]. Using х1500-4000 magnification 
it was determined that they were localized in the  in-
terprismal space which had a  lower strength [13, 14]. 
Revealed depth of enamel in CA is the place where the 
enamel rods leave. A  small number of  “cratered” fea-
tures were identified (Figure 4). In intact teeth there 

was a pronounced cemento-enamel junction which was 
characterized by the  overlap of  enamel on cementum 
in 57.9% of  the cases and the overlap of cementum on 
enamel – in 42.1% of the cases (Figure 5) [14]. Deeper 
cracks in enamel were determined in case of overlapping 
enamel on cementum (87.5% of the cases). With ×1000 
and greater magnification the outlines of the perikymata 
(Retzius lines) were more clearly visualized in the form 
of uneven lines where leaving of arcade-shaped enamel 
rods was detected at the junctions (Figure 6).

The structure of  the  surface layer of  enamel in 
the  area of  a  wedge-shaped defect looked like open 
enamel rods with scalloped edges (Figure 7). The depth, 
opening width and the  number of  enamel cracks in-
creased on the vestibular surface, especially in CA where 
they had a horizontal direction [13]. “Cratered” features 
were identified significantly more often than in clinically 
intact teeth. The cemento-enamel junction had an indis-
tinct outline and it was characterized only by the overlap 

FIGURE 1. Electron microscopic image of the enamel 
(cervical area) of 3.5 clinically intact tooth (×2500)

FIGURE 2. Electron microscopic image of the enamel 
(cervical area) of 4.6 clinically intact tooth (×70). Vertical 
cracks (arrowed)

FIGURE 3. Electron microscopic image of the enamel 
(cervical area) of 3.7 clinically intact tooth (×200). Hori-
zontal cracks (arrowed)

FIGURE 4. Electron microscopic image of the enamel 
(cervical area) of 1.1 clinically intact tooth (×2000).  
The depth and ‘cratered’ features (arrowed)
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FIGURE 5. Electron microscopic image of the сemento- 
enamel junction (cementum overlaps enamel) of 4.6 cli-
nically intact tooth (×500)

FIGURE 6. Electron microscopic image of the perikymata 
(cervical area) of 3.7 clinically intact tooth (×1000)

FIGURE 7. Electron microscopic image of the enamel 
(cervical area) of 1.5 with a wedge-shaped defect  
(×1000). The open enamel rods (arrowed)

FIGURE 8. Electron microscopic image of the section 
of 2.4 with a wedge-shaped defect (×400)

FIGURE 9. Electron microscopic image of the enamel 
(cervical area) of 3.3 with cervical caries (×2500)

FIGURE 10. Electron microscopic image of the enamel 
incisal region of 1.1 with a wedge-shaped defect (×2500)
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of enamel on cementum [14]. We identified the impair-
ment of  the  relationship between dentine and enam-
el with the  formation of  microcracks at the  enamel- 
dentin junction on the  section (Figure 8). The  exami-
nation of  the  enamel in the  area of  a  carious process 
showed a change in the shape of the enamel rods: their 
thickening and loosening (Figure 9). The average diam-
eter of the rods decreased to 4.78 ± 0.47 μm in the areas 
of  enamel abrasion, but the  differences were insignifi-
cant (p = 0.24) (Figure 10). 

The results of  determining the  chemical composi-
tion of enamel in the area of IR, E, CA of clinically intact 
teeth and teeth with cervical pathology were published 
previously [16]. Inverse correlation was found between 
carbon and oxygen, carbon and phosphorus, oxygen 
and calcium, magnesium and potassium (p ≤ 0.05) in 
all studied areas [16]. The  correlation of  the  chemical 
composition of  enamel and dentin in IR had distinc-
tive features for Zn and Na depending on the  group 
of  the  samples. It was inverse (r  =  –0.180) in group I 
(teeth with a wedge-shaped defect and clinically intact 
hard tissues), and there was direct correlation of mod-
erate strength (r = 0.676 and r = 0.659, respectively) in 
group II (teeth with cervical caries and clinically intact 
hard tissues) and group III (teeth with a cervical pathol-
ogy), p < 0.05. In the area of E there was inverse correla-
tion of moderate strength (r = –0.565) between Cl and 
Na in group II, and direct correlation of high strength 

(r = 0.864 and r = 0.841, respectively) in groups I and III, 
p < 0.05. The correlation between Ca and O had distinc-
tive features in CA. There was direct correlation of mo-
de rate strength (r  =  0.620) in group II, it was inverse 
(r  =  –0.761 and r  =  –0.266, respectively) in groups I  
and III, p < 0.05. 

We identified the correlation between the chemical 
composition of  enamel and dentin in all anatomical  
areas of the teeth: inverse – between P and C, P and Mg 
(in the area of  IR and E), Ca and O (in the area of  IR 
and E, in CA teeth of  groups I and III), Ca and Mg  
(in the area of E, in IR of the teeth of groups I and II); 
direct – between P and Mg (in CA), Ca and O (in CA of 
the teeth of group II), Ca and Mg (in CA, IR of the teeth 
of group III) (Table 1). 

DISCUSSION

The results of  electron microscopic examination 
of the vestibular surface of the enamel of intact specimens 
corresponded to the data of other authors [1, 5, 9, 17], and 
the mean value of the diameter of the enamel rods (5.33 
± 0.22 μm) was in the corresponding range: 4-6 μm [1], 
4.0-7.5 μm [5]. The heads of the enamel rods rise above 
the  surface in the  cervical and proximal regions, and 
“dimpled” features may be formed from the craters [5]. 
According to Michael et al. (2010), horizontal, vertical 

TABLE 1. The correlation between the chemical composition of enamel and dentin

Chemical element Аrea Chemical element

Р Са

Group

I II III I II III

С IR –0.642
р < 0.001

–0.639
р < 0.001

–0.690
р < 0.001

– –0.266
р = 0.001

–0.132
р = 0.050

E –0.721
р < 0.001

–0.591
р < 0.001

–0.700
р < 0.001

–0.445
р < 0.001

–0.361
р < 0.001

–0.396
р < 0.001

CA –0.534
р < 0.001

–0.863
р < 0.001

–0.655
р < 0.001

–0.588
р < 0.001

–0.780
р < 0.001

–0.485
р < 0.001

Mg IR –0.243
р = 0.001

–0.206
р = 0.009

–0.179
р = 0.008

–0.435
р < 0.001

–0.293
р < 0.001

0.363
р < 0.001

E –0.707
р < 0.001

–0.329
р = 0.001

–0.324
р < 0.001

–0.539
р < 0.001

–0.468
р < 0.001

–0.325
р < 0.001

CA 0.360
р = 0.003

0.539
р = 0.001

0.495
р < 0.001

0.270
р = 0.030

0.481
р = 0.003

0.325
р = 0.002

O IR 0.359
р = 0.001

0.213
р = 0.007

0.227
р = 0.001

–0.814
р < 0.001

–0.548
р < 0.001

–0.682
р < 0.001

E – – 0.203
р = 0.015

–0.328
р = 0.001

–0.294
р = 0.003

–0.252
р = 0.003

CA –0.708
р < 0.001

0.678
р < 0.001

– –0.761
р < 0.001

0.620
р < 0.001

–0.266
р < 0.001

р – the statistical significance of differences, r – Pearson correlation coefficient; Group: I – teeth with a wedge-shaped defect and clinically intact hard tissues, II –teeth with cervical 
caries and clinically intact hard tissues, III –teeth with cervical pathology; Area: IR – incisal region (tubercle), E – equator, CA – cervical area
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and uneven scratches can occur as a result of toothbrush 
movements. Perhaps the horizontal and vertical furrows 
are the  result of  prolonged unidirectional abrasion and 
erosion which leads to a combined effect [18]. Perikymata 
diagnosed in CA were not identified in other anatomical 
areas of tooth enamel of the people aged 25-54 years, since 
they are worn by the age of twenty and they can remain 
only in the cervical area [5].

The structure of enamel and dentin of teeth in non- 
carious and carious processes has significant differences 
[1]. When studying the  enamel structure of  the  teeth 
with a  wedge-shaped defect Chistyakova et al. (2017) 
also found open enamel rods on transverse sections 
and the formation of microcrevices at the enamel-den-
tin junction which was explained by demineralization 
of  the  surface layer of  enamel due to the  impairment 
of  its structure [11]. According to other data, longitu-
dinal sections revealed internal microcracks extend-
ing to the  pulp chamber [19]. A  number of  research-
ers pay their attention to the difference in the  location 
of the enamel rods in wedge-shaped defects, their posi-
tioning in particular, meanwhile it loses its clear location 
in the surface area and it mainly forms a conglomerate 
without a clear structure of the rods, the matter loss be-
tween prismatic spaces [1]. Small furrows identified by 
Walter et al. (2014) were parallel to the cemento-enamel 
junction and they were present in 11% of the teeth with 
wedge-shaped defects [20]. Horizontal furrows and 
micro cracks were also found in the teeth with non-cari-
ous cervical lesions by other researchers, their presence 
was explained by mechanical forces such as toothbrush 
abrasion [18, 19]. The presence of the furrows and sur-
face defects in the  teeth with wedge-shaped defects 
suggests a possible role for tensile stress due to occlusal 
loading [18, 19]. The cracks identified by the researchers 
and the crater appearance of the enamel surface are likely 
the result of abfraction as a result of biomechanical dis-
ruption of the tooth structure [18]. It is abfraction that 
is considered the most likely cause of non-carious cer-
vical lesions [21]. Structural changes in enamel can lead 
to a change in resistance to the action of erosive factors 
[18]. Susceptibility to non-carious lesions of the cervical 
area (erosion, abrasion and abfraction) is also associat-
ed with the  structural features of  the  cemento-enamel 
junction [22]. Such variant of its structure as the over-
lap of  cementum on enamel was determined in 42.1% 
of the cases [14], Asma Saher Ansari et al. (2019) detect-
ed it in 57.6% [22]. It was the most common structure 
of the cemento-enamel junction of molars and premo-
lars (78.6% and 82.8%, respectively) [22]. 

The morphological structure of enamel of the teeth 
affected by caries has a number of features. Pavlova et al. 
(2014) found that the pores on the enamel surface have 
an irregular pattern, there are some microrelief changes 
even in the area of visually unchanged enamel as it be-
comes rough [9, 17]. A carious process develops mainly 
along the edges of the enamel rods [5].

Increased occlusal stress on the teeth is diagnosed in 
the form of wear facets which were detected in 78% of ex-
amined patients with non-carious cervical lesions accord-
ing to some data [23]. The detection of occlusal wear fac-
ets and micro-fractures on the teeth with wedge-shaped 
defects confirms occlusal stress as the  main etiological 
factor and as the root cause of this form of pathology [23] 
in some cases. The presence of abrasion of hard dental tis-
sues increases the likelihood of the appearance of deeper 
cracks on the vestibular surface of the enamel [15].

While studying the chemical composition of  enamel 
[16] inverse correlation was detected between calcium and 
oxygen, phosphorus and carbon (p ≤ 0.05) as a result of 
the research. The exception was the samples of group II  
(with cervical caries and clinically intact hard tissues) 
where direct correlation between the content of calcium 
and oxygen was determined in CA (r = 0.620), p ≤ 0.001. 
Other authors have identified a sharp increase in the oxy-
gen content in both enamel and dentin in the case of a car-
ious process. These processes can be considered as a result 
of the vital activity of bacteria [9]. We determined the cor-
relation between the chemical composition of enamel and 
dentin in the  content of  magnesium and calcium, mag-
nesium and phosphorus in all studied anatomical areas 
of the samples. But the nature of the relationship draws at-
tention to itself: it is inverse in the area of IR and the equa-
tor and it is direct in CA. The exception was the correlation 
between magnesium and calcium in IR region in group III 
(the samples with cervical pathology) where it was direct 
(r = 0.363) (p ≤ 0.001). The magnesium content decreases 
with increasing calcium content [24].

A number of researchers pay their attention not only 
to phosphorus and calcium but also to the special role of 
sodium when the change in its amount is associated with 
the changes in the structure of hard dental tissues [4]. 
Taking into account that the ionic radius of sodium cat-
ion is less than the ionic radii of potassium and calcium 
cations, and the mobility of sodium ion is greater than 
the mobility of the mentioned cations, the authors have 
suggested that sodium cations penetrate into hydro- 
xyapatite crystal lattice displacing potassium and cal-
cium cations [25]. We determined inverse correlation 
between sodium and calcium in all studied anatomical 
zones, between sodium and phosphorus – at E; direct 
correlation between sodium and chlorine – in CA where 
the pathology of hard dental tissues was diagnosed.

CONCLUSIONS

Deep cracks in enamel can be considered to be a con-
dition preceding the appearance of wedge-shaped teeth 
defects in case of  predisposing factors. The  chemical 
composition of enamel and dentin reflects the processes 
associated with pathological conditions in hard dental 
tissues. Revealed patterns of these processes, the presence 
of correlation will allow to understand the mechanism of 
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the development of cervical lesions deeper and substanti-
ate the principles of the treatment and prevention.
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