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Digital image analysis was used to fully characterize the microstructure of human dentin. With the automatic 
routine implemented, field and region parameters related to human dentin characterization were obtained in 
significant statistical quantities. The results obtained for the density, area fraction, distance between neighbors, 
tilt angle, area and average diameter of the dentinary tubules are presented for unerupted third molars. The results, 
grouped per class of dentin or per tooth, are discussed in the light of the previous data found on the literature. 
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1. Introduction

Human dentin constitutes, in a large majority of cases, the main 
part of tooth-restoration interfaces1,2. Dentin has, however, a very 
heterogeneous structure that varies both in composition and micro-
structure along the teeth3,4 and presents extremely hostile conditions 
for adhesion, contributing to the low reliability of many restorations. 
The main structural features of dentin are the dentin tubules that 
extend through the entire dentin thickness, but vary both in number 
and diameter along the thickness of the dentin. Therefore, the com-
plete characterization of the morphological features of the dentin 
and its role on the in-service life of restorations is an important step 
towards understanding why some restorations fail much earlier than 
others even if the clinical procedures are maintained as constant as 
possible. 

A systematic procedure to quantify field and region parameters 
of the dentin, based on digital image analysis was developed and 
presented in previous works5,6. It was shown how to avoid artifacts 
generated during preparation of the dentin surfaces to be analyzed, 
such as residues from the smear layer left inside the tubules or cracks 
due to dehydration, as well as artifacts coming from merging of ad-
jacent tubules. A typical image obtained after digital processing is 
shown in Figure 1. The method proved to be robust enough to treat 
the varying characteristics of the dentin from individual to individual 
and from one position to the other at the same tooth. Moreover, the 
procedure is fast and enables the full characterization of one tooth, 
analyzing between 4000 and 7000 tubules per tooth, in less than 
8 minutes in a typical computer. With the use of this automated pro-
cedure a systematic classification of the dentin as a function of the 
shape and distribution of the dentin tubules was done7, opening the 
possibility to quantitatively describe relevant microstructural param-
eters of human dentin. In this work, the microstructural parameters 
from unerupted third molars of young adults were determined, and 
the results obtained, grouped per class of dentin or per tooth, are 
presented and discussed.

2. Experimental methods

The analysis was performed on 7 unerupted third molars from 
young adults with ages ranging from 18 to 25 years old, after the 
explicit consent of the donors. Just after extraction, the teeth were 
stored in an aqueous solution of 0.15 M NaCl saturated in thymol at 

4 °C for less than 1 month. They were then embedded in an epoxy 
block to facilitate the cutting, grinding and polishing operations. 
Polishing went down to 0.05 µm alumina powder suspension, and 
a high gloss flat surface of the occlusal dentinary surface of each 
tooth was obtained. The samples were subsequently fixed in glutar-
aldehyde, dehydrated in ascending grades of ethanol and fixed with 
colloidal graphite with isopropanol on an aluminum base just before 
being gold sputtered for scanning electron microscopy analysis. The 
detailed description of the methods of preparation of the specimens 
is done elsewhere5.

The following microstructural parameters were measured through 
the image processing and analysis method developed, once the im-
ages were correctly segmented and post-processed6 to discriminate 
the tubules with their true numbers, size and shape: 

• Field Parameters
- Number of tubules per unit area (density); and
- Volume fraction of tubules.

• Region Parameters
- Area of each tubule and its associated diameter;
- Tilt angle of the tubules in respect to the plane of cut; and
- Average distance of each tubule to its nearest neighbors.

The description of each of the parameters measured was done 
in detail previously5, and their choice was based on their possible 
correlation with the phenomenon of adhesion on human dentin. 
The reader is referred to previous works for more detailed descrip-
tion of the characteristics and differences between field and region 
parameters8,9. 

3. Experimental Results and Discussion

Tables 1 and 2 show, respectively, the values of the complete set 
of field and region parameters measured. It is interesting to note that 
statistically significant differences, p < 0.05, occurred between every 
surface analyzed for at least two or more of the measured parameters. 
Moreover, very high standard deviations were obtained, pointing to 
large variations between teeth, and inside a single tooth.

The comparison of these values with previously published data 
without further refinement can be misleading, because dentin tubules 
vary both in form and composition along the dentin thickness, and 
from point to point on a given tooth. Therefore, one has to be ex-
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circular tubules, Figure 2b. In these regions the number of tubules 
is very high; class III) The main fraction of dentin, between the 
grooves and the cusps, is characterized by a large number of small 
to medium, regularly spaced, tubules, Figure 2c. In this region the 
projected shapes of the tubules vary from circular to elliptical; and 
class IV) Peripheral regions near the dentin-enamel junction show a 
small number of small tubules, irregularly distributed and elliptically 
shaped, Figure 2d. This region is by far the less homogeneous, and 
wide differences are found in respect to the shape, size and distribu-
tion of the tubules.

With this classification each dentinary surface was divided in 
regions of similar dentin tubule distribution and shape7. A major 
and well-known fact reported on the literature becomes very clear 
from the classification showed in Figure 2, i.e., depending on where 
a restoration is being anchored in dentin, very different substrates 
for adhesion are present. This sole observation is responsible for a 
significant portion of the very high differences observed for the “in-
service” life of restorations. 

Tables 3 and 4 show the values of the measured parameters 
grouped by class of dentin. It can be seen that all parameters but the 
tilt angle vary depending on the class analyzed. The standard devia-
tions are still large, denoting the characteristic variability of the dentin 
microstructure. The data in Tables 3 and 4 show, however, clear ten-
dencies of behavior. Class II (pulpar dentin) has higher values of the 
field parameters than any other class. Therefore, the average distance 
between tubules, that is inversely dependent on field parameters10, 
is the shortest. The dentin tubules of this class have also the larger 
diameters. All these aspects indicate that the formation of tags11,12 

must play a definite role to promote a good adhesion by mechanical 
interlock on class II dentin. 

The amelo-dentinary dentin (class IV), on the other hand, shows 
the opposite trend. A low density of tubules, that are more widely 
spaced and have smaller diameter may difficult the formation of tags. 
Formation of a hybrid layer due to the penetration of the adhesive on 
the surface of the collagen-rich intertubular dentin may be, therefore, 
the leading adhesion mechanism for this region of dentin.

On the following the major parameters obtained are discussed 
in more detail.

3.1. Density

Figure 3 shows the results of the density of dentinary tubules 
for each tooth, and for each of the classes of dentinary surface. The 
average density of tubules obtained falls within the range of values 
reported on the literature3,13. However, as pointed out by Schilke and 
coworkers14 the large range of values usually reported - from 5,000 to 
90,000 tubules/mm2 - can be due to the small number of areas ana-
lyzed per tooth or due to the analysis of different kinds of teeth. The 
figures reported in this work certainly eliminate both of these sources 
of uncertainty, since approximately 6000 tubules were counted per 
tooth, and only unerupted third molars were analyzed. 

Table 1. Average value and standard deviation of the field and region pa-
rameters analyzed. Values statistically different are referred to with different 
superscript letters for each of the parameters analyzed.

Tooth Density (# / mm2) Volume fraction (%)

1 20628.0 ± 9728.1a 4.11 ± 2.75a

2 14065.2 ± 6739.7b 3.35 ± 2.07a

3 14574.3 ± 6664.2b 2.64 ± 1.52b

4 14685.5 ± 5678.3b 2.77 ± 1.63b

5 15793.5 ± 5908.8b 3.18 ± 1.91b

6 19505.6 ± 9786.5a 3.54 ± 2.15a

7 15213.3 ± 6325.4b 3.38 ± 1.48b

Average 16352.2 ± 7261.6 3.28 ± 1.93

Table 2. Idem for the region parameters. 

Tooth Area
(µm2)

Diameter
(µm)

Tilt
(degrees)

Distance
(µm)

1 2.07 ± 0.80a 0.72 ± 0.15a 55.44 ± 10.20a 7.41 ± 2.28a

2 2.45 ± 1.05b 0.78 ± 0.19b 54.69 ± 10.45a 8.98 ± 2.81b

3 1.88 ± 0.81c 0.69 ± 0.16c 56.58 ± 10.47b 8.86 ± 2.64b

4 1.96 ± 0.74d 0.70 ± 0.14d 56.09 ± 9.73b 8.91 ± 2.32c

5 2.11 ± 0.81a 0.72 ± 0.16a 55.33 ± 10.32a 8.58 ± 2.26d

6 1.88 ± 0.72c 0.69 ± 0.15c 55.79 ± 10.45c 7.60 ± 2.41e

7 2.31 ± 0.69e 0.77 ± 0.13b 55.95 ± 9.92b 8.73 ± 2.36c

Average 2.09 ± 0.80 0.72 ± 0.15 55.70 ± 10.22 8.44 ± 2.44

20 m

Figure 1. Typical image of dentin at the occlusal surface after digital process-
ing. 

Table 3. Average value and standard deviation of the field parameters 
grouped per dentin class. The superscript letters have the same definition 
as in Table 1.

Class Density (# / mm2) Volume fraction (%)

I 13035.6 ± 5998.1a 2.76 ± 1.24a

II 25639.7 ± 7302.7b 5.88 ± 2.24b

III 18701.7 ± 6923.7c 3.82 ± 1.52c

IV 9930.9 ± 4041.5d 1.43 ± 0.85d

 Average 16827.0 ± 6066.5 3.47 ± 1.46

tremely careful from exactly where data are being collected. From 
the digital image analysis it was possible to classify the occlusal 
dentinary surface analyzed in this work in four classes, depending 
on the number and shape of the dentinary tubulus7, namely: class I) 
At the central region of the teeth, under the main groove, medium 
to large regularly spaced tubules of circular shape are observed, 
Figure 2a. The number of tubules per unit area of this region is small, 
thus increasing the inter-tubular dentin fraction; class II) The regions 
under the cusps and near the pulp horns are characterized by large 
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Figure 3a shows that two groups of teeth with statistically dif-
ferent results were found. At the box plot shown in this and follow-
ing figures, the boxes are limited by the first and third quartile and 

crossed by a solid line indicating the value of the median. The bars 
extend between 5 and 95% of the values. The symbol “o” denotes 
the average value, and “×” and “” represent the outliers between 

20 m

20 m

20 m

20 m

Table 4. Idem as for Table 3. Region parameters.

Class Area (µm2) Diameter (µm) Tilt (degrees) Distance (µm)

I 2.20 ± 0.83a 0.75 ± 0.15a 57.00 ± 9.69a 9.38 ± 2.76a

II 2.39 ± 0.92b 0.78 ± 0.15b 56.66 ± 9.85a 6.76 ± 1.45b

III 2.12 ± 0.72c 0.74 ± 0.13c 56.61 ± 9.58a 7.90 ± 1.98c

IV 1.48 ± 0.73d 0.58 ± 0.16d 51.35 ± 11.83b 10.75 ± 3.00d

 Average 2.05 ± 0.80 0.71 ± 0.15 55.40 ± 10.24 8.70 ± 2.30

Figure 2. Classes of dentin as a function of the size, shape and distribution of the dentinary tubules. a) class I (occlusal); b) class II (pulpar dentin); c) class III 
(cuspidal); and d) class IV (amelo-dentinary).

(a)

(b)

(c)

(d)
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1 and 99%, and their minimum and maximum values, respectively. 
Figure 3b shows the data from each tooth grouped into the four classes 
of dentinary tubules.

What can be extracted from Figure 3 is that the density of dentinary 
tubules varies inside a single tooth, Figure 3b, and to a lesser extend 
from tooth to tooth, Figure 3a, as already observed on the literature3. 

The results in Figure 3b agree with previous data that show a 
decrease on the number of tubules from the pulpar dentin to the 
amelo-dentinary line3,14,15. The value obtained for the overall average 
number of tubules found, Table 1, also agrees with previous published 
data from occlusal dentinary surfaces15. 

The digital image analysis performed allows further enhance-
ment of the analysis of the density of dentin tubules by calculating 
the average number of tubules in each class for all teeth, Figure 4a, 
and comparing the average number of tubules per class in each tooth, 
Figure 4b. This analysis gives an insight on the uniformity of a class 
of dentin, and on the homogeneity of teeth.

Figure 4a shows that classes I to III have statistically different 
results between teeth, but the overall tendency observed in Figure 3a 
was maintained (teeth #1 and #6 showed higher dentinary tubules 
density). Class IV, however, did not show statistically significant 
differences between teeth. 

The greater number of tubules found for teeth #1 and #6 may 
indicate that a different depth of dentin is being analyzed. This is an 
important point, due to its intrinsic consequences both on clinical 
practice and on the analysis of experimental mechanical data on 
adhesion of dentin. As mentioned before, restorations often show 
very different in-service life even when the clinical procedures are 
as controlled as possible. From the morphology of the dentin classes 
showed in Figure 2 it is readily apparent that a different adhesion 
mechanism will prevail depending on which class predominates. The 
results in Figure 4a show how different a substrate can be depending 
on the depth of the restoration. In addition, these results can, in fact, 
explain the large variation of data with low statistical significance, 
usually obtained from adhesive tests of dentin11,13,16. From the data 
in Figure 4a one can ask if an important fraction of the scatter in the 
published data is not directly related to different substrates being 
tested. In other words, to validate the results from the mechanical 
tests, dentin has to be characterized before the tests, in order to verify 
which adhesion mechanism should be expected.

The results shown in Figure 4b corroborate the previous data. 
They show the variability of the number of tubules per tooth, as a 
function of the position on the tooth surface.

3.2. Volume fraction

The correlation between area and volume fraction was one of the 
first established in stereology17. Therefore, the volume fraction of the 
dentinary tubules was obtained from the area fraction determined by 
digital analysis, after the proper transformations. 

The volume fraction of dentinary tubules, V
t
, is an important 

microstructural parameter for dentin, and it is known to influence den-
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Figure 3. Variation of the density of tubules (a) per tooth and (b) per class 
of dentin.

Figure 4. Average number of tubules a) per class of dentin and b) per tooth.
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tin adhesive joints15,18. In fact, even a term, “solid dentin”, was coined to 
classify dentin with low volume fraction of tubules18, because V

t
 is con-

sidered as a main parameter to obtain good adhesion. Figure 5a shows 
the variation of V

t
 per tooth. Since V

t
 has a direct relationship with 

the density of tubules, the same overall trend observed in Figure 4a 
follows, although the values vary within a narrower range. 

The values of V
t
 measured in this work were smaller than values 

reported in the literature3,12-14,19. Nevertheless, in those works acid 
solutions with varying concentrations were usually used to remove 
the smear layer. As pointed out by the authors, this treatment might 
have influenced their results, increasing the area and volume frac-
tion occupied by the dentinary tubules, as well as increasing their 
average diameter.

The variation of the volume fraction of tubules as a function of the 
dentinary classes, Figure 5b, presents the same tendencies shown by 
the density. Analysis of V

t
 per class inside every tooth, and compari-

son of the classes for every tooth showed the same overall behavior 
discussed earlier for density. Therefore, they will not be presented 
here for the sake of shortness. 

3.3. Area and diameter

The average area of dentinary tubules is a microstructural pa-
rameter seldom referred to in the literature. Probably one of the 

causes of this lack of data is the difficulty and uncertainty of the 
measurements by a human operator directly from micrographs. Using 
digital analysis procedure, however, this parameter can be easily, and 
precisely, determined. 

An indirect mode used by several authors to obtain the average 
size of dentinary tubules is based on the measure of their diam-
eters3,14,15. This method has, however, some disadvantages as for exam-
ple the consideration that all tubules have perfectly circular sections. 
From Figure 2 it can be readily seen that depending on the region 
under analysis, this can be a crude approximation. Using the Feret 
diameters5,8, one can also avoid the common edge and tilt artifacts 
that can generate wrong values for the dentinary tubules area.

The values obtained are shown in Figure 6. Although the mean 
values do not vary very much, statistically significant differences 
were found between teeth. The data shown in Figure 6a for tooth 
#2 agrees very well with the hypothesis that the depth of cut for this 
tooth was different from the others. 

It is common word in the literature to correlate the size of the 
tubules with the proximity of dentin to the pulp. The larger the area, 
the closest is the dentin to the dentinary pulp14. The results for tooth 
#6, nevertheless, do not follow this behavior. Therefore, from the 
present set of experimental data, it appears that the correlation of depth 
of dentin with area of dentinary tubules is not straightforward. 

(a)

(b)

(a)

(b)

Figure 5. Variation of the volume fraction of tubules a) per tooth and b) per 
class of dentin.

Figure 6. Area measurements: a) per tooth and b) per class of dentin.
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With a confident determination of the area of the tubules, an 
average diameter can be easily calculated. In fact, this is one of the 
most used microstructural parameters when one describes the mor-
phology of human dentin3,14,15. As expected the results here obtained 
follow the same general trend described above for the average area 
of dentinary tubules, and the box plots relative to the variation of 
the diameter per tooth and per class of dentin will be not show here, 
and the reader is referred to another work to see more details of the 
evaluation made5. In short, the average diameter was about 0.8 µm for 
classes I to III and about 0.6 µm for class IV. This result is consistent 
with the microstructural aspects observed in Figure 2.

3.4. Distance between tubules

The average distance between tubules, dbt, is not a commonly 
analyzed microstructural parameter on human dentin. However, 
regarding dentin as a composite material, it is clear that this micro-
structural feature plays an important role on the mechanical response 
of dentin. Figure 7 shows that the distance between tubules follows 
an opposite trend in relationship to both density and volume fraction. 
Therefore, teeth #1 and #6 have smaller values of dbt. Figure 7a also 
shows the heterogeneity of dentin, since dbt has statistically different 
values for 5 among 7 of the teeth analyzed. The density and volume 
fraction, that are field parameters, have only two statistically different 
groups, see Figures 3a and 5a. The same opposite trend in respect to 
the behavior of field parameters was observed when the dentin classes 
were compared, Figure 7b.

(a)

(b)

(a)

(b)

Figure 7. Distance between tubules: a) per tooth and b) per class of dentin. Figure 8. Average distance between tubules a) per class of dentin and b) per 
tooth. 
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The same heterogeneity is shown in the analysis of dbt per class, 
Figure 8a, with five out of seven statistically different results per class 
when the teeth are compared. The differences between the classes 
inside a single tooth is also remarkable, Figure 8b. 

3.5. Tilt angle

The relevance of the tilt angle of dentinary tubules on the adhe-
sion of human dentin was recently highlighted20. Quantitative data of 
tilt angle values are, however, yet scarce due to the many difficulties 
to measure this parameter without an automated tool. The results 
obtained are shown in Figure 9. Although statistically significant 
differences were found between teeth, Figure 9a, when one compares 
the dentin classes, Figure 9b, the tilt angle is constant but for class IV, 
the amelo-dentinary dentin, that shows the smaller values. It must be 
noted, however, that the magnification used in this work was chosen 
to encompass a representative number of tubules per field, and not 
to reveal the size and shape of each tubule with high accuracy. Thus, 
the measurements of the minimum equivalent ellipse diameter, used 
for the tilt measurements, might contain errors as high as 25%, for 
the smallest tubules.

4. Conclusions

The systematic analysis performed using digital image analysis, 
generates a large number of data and, therefore, raises the confidence 
on the several microstructural parameters that characterize human 
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dentin. The use of an automated procedure also enables a fast ma-
nipulation of data that helps the analysis and interpretation of the 
measured parameters. 

Quantitative values for the density, volume fraction, mean dis-
tance between neighbors, tilt angle, and area and average diameter of 
dentinary tubules were determined with statistic significance within 
a single tooth, and between teeth. 

The results obtained showed that the average density of denti-
nary tubules has a marked variation inside a single tooth but, for the 
unerupted third molars analyzed in this work, the variation between 
teeth was smaller, indicating homogeneity of teeth microstructure. 
Near the amelo-dentinary line, the density of dentinary tubules is 
almost constant for all teeth.

The volume fraction of dentinary tubules shows the same overall 
behavior of the density, but is less influenced by the depth of the 
dentin under analysis. 

The tilt angle was almost constant irrespective of the class of 
dentin, and showed homogeneity between teeth.

The results obtained also show that field parameters are less 
influenced by the non-homogeneous microstructure of dentin than 
region parameters. Therefore, they would be preferable when one 
seeks for the average behavior of a microstructural parameter to 
characterize the human dentin.
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