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ABSTRACT:

Many odontological studies held through application of traditional and modern techniques, especially when related to measurements
and morphology, very much depend on methodological aspects referred to orientation of teeth. And this is particularly relevant to
new imaging and 3d reconstruction implemented in dental research and practice in a wide range of disciplines from anthropology to
dentistry. The current paper deals with studies of palacoanthropological findings dating back to the Upper Palaeolithic period in Central
Russia — well-known archaeological site of Sunghir. Micro-computed tomography has been used for digital reconstructions of teeth
— molars and premolars representing well-preserved dental morphology of an adolescent individual. This is due to new opportunities
introduced by 3d reconstruction techniques in general and high-resolution x-ray imaging in particular that this study has become
relevant. Thus digital techniques do not only provide for operating convenience but, which is even more important, allow application
of image processing algorithms. In the suggested methodology these are automated, based on morphological interpretations and serve
for orientation of studied teeth for further measurements. At the same time micro-computed tomographic imaging allows accurate
reconstruction of other morphologically important structures which are used for an alternative orientation algorithm. Comparisons of
dental measurements’ results obtained through automated digital odontometry (aDo) after both orientations applied are presented in the

current paper.

INTRODUCTION

Traditionally morphological descriptions have been based on vi-
sual characterization. The most essential features are classified
in accordance with their expression degree. A number of such
features corresponding to teeth of various groups form the mor-
phological portrait of the studied tooth. However more profound,
precise and objective research usually requires wider range of ap-
proaches involving technological cooperation, imaging and math-
ematical processing. Among such we can mention different mea-
surement techniques and morphometric analysis. These study
techniques are widely used in various spheres of biological re-
search including studies of dental morphology for palacoanthro-
pological applications (Bae et al., 2014; Kaifu et al., 2015; Her-
shkovitz et al., 2018). And it should be noted that both of the
above-mentioned methods have received a strong impetus with
the development of imaging techniques and image processing
allowing introduction of 3d reconstructions and their analysis.
Despite current availability of multiple approaches to imaging
(variety of optical techniques, different lighting and processing
methods) the leading role for morphological studies should be
given to x-ray based micro-computed tomography. And the rea-
sons for this lies in the combination of such advantages as poten-
tial in achieving high accuracy of reconstructions, full coverage
of morphologically and histologically important layers of tissues
(including outer and inner surfaces), as well as in providing for
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non-destructive imaging techniques and non-invasive nature of
research. Nevertheless optical imaging has been successfully im-
plemented in a number of previously conducted studies provid-
ing detailed outer surface reconstructions which were sufficient
for development of bases for methods discussed in the current
article.

The mentioned above varieties of research methods (distance mea-
surement or shape analysis) and image obtaining principles for 3d
reconstruction (optical or x-ray) have led to state of affairs when
data collection which is always in close linkage with the method-
ological approaches applied to spatial orientation of the studied
objects. The reason is that the object orientation impacts all fur-
ther procedures such as measurer positioning, landmark setting,
contour demarcating, sectioning and others. Such factors as im-
provements in imaging techniques, increase of 3d reconstruction
accuracy, application of digital image processing and analysis
inevitably empower the research potential on one hand and in-
crease requirements toward methodological standards. Thus if
we refer to the article topic, accurate orientation becomes even
more important, and changes in the obtained study results can be
presumably tracked and associated. In a number of our previ-
ous studies orientation has been performed automatically, it has
been based on original interpretation of basic dental morphology
and 3d surface analysis. And currently we apply automated algo-
rithms to the enamel cervical margin (ECM) and compare its per-
formance with conventional, based on occlusal surface contour
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(OSC) orientation. These approaches to orientation are referred
to the method of automated digital odontometry and serve for
subsequent launching of sectioning and measuring algorithms.
Measurements results obtained in both cases of orientation are
compared.

1. RELATED WORKS

Orientation procedures for dental measurements are usually per-
formed on the basis of traditionally accepted methodologies which
serve for assessment of two main parameters: bucco-lingual and
mesio-distal crown diameters. Methodological recommendations
include guidelines for positioning of measuring instrument (odon-
tometer) in accordance with the measured tooth type and its han-
dled position. This allows correct setting of points limiting the
measured distance (Zubov, 1968 and 2006; Hillson, 2003). Simi-
lar techniques can be applied to 3d reconstructions of teeth dupli-
cating measurements performed on real objects such as teeth or
plaster copies of dental arches (Zilberman et al., 2003, Naidu and
Freer, 2013; Zhang et al., 2016). Digital techniques in their turn
allow “manual” and automated modes of orientation and mea-
surements. And these methods have gone far beyond the limits
of traditional odontometry providing sufficient amount and va-
riety of parameters allowing morphological description of teeth
(Gaboutchian et al., 2020).

Another direction of odontological research dealing with orien-
tation of teeth is related to the application of geometric morpho-
metric analysis. And in a number of such dental morphological
studies the initial stage of tooth analysis is referred to detection of
enamel cervical margin (ECM) and construction of cervical plane
which the best-fit for the line representing the above-mentioned
margin. Despite the fact the plane is horizontal it serves for set-
ting vertical orientation of the studied tooth and further construc-
tions are performed around vertical z-axis perpendicular to that
plane (Benazzi et al., 2012; Krenn et al., 2019). In addition vari-
ations in setting the cervical plane have been described method-
ologically. Thus as an example there is an approach based on set-
ting ECM as well and positioning the cervical plane on the most
apical part on the cervical line contour for obtaining a continuous
ring of enamel. Moreover multiple combinations of approaches
for calculating the cervical plane inclination have been suggested
as well.

The above-mentioned methodological variations become even more
diverse especially with regard to studies of dental enamel thick-
ness (Suwa and Kono, 2005; Schwartz and Dean, 2005). Avail-
ability of some morphological structures is limited and depends
to some extent on imaging technique. Thus an alternative hori-
zontal plane positioning and orientation implies it being rested on
main dental horn tips (Tafforeau (2004) in Benazzi et al., 2014)
which can’t be directly reconstructed neither through contact scan-
ning nor optical imaging but through x-ray based scanning only.
This method of orientation is able to considerably impact the
measurement results as inclination of such plane can be signif-
icantly different from all types of approaches using enamel cer-
vical margin for orientation. After horizontal plane settings sub-
sequent stages refer to orientation of vertical plane (or planes).
The latter serve for sectioning teeth and further enamel thickness
measurements on 2d contours. Contour obtaining requires ori-
entation of vertical plane (it is usually set perpendicular to hor-
izontal) according to morphological structures typically referred
to cusp tips or their pairs especially when applied to traditional
physical sectioning of teeth (Martin, 1983). 3d reconstructions

obtained through high-resolution x-ray imaging allow accurate
setting of vertical planes through dentin horn tips (Feeney et al.,
2010). Such techniques have been developed and suggested for
teeth classified into groups according to their positions in dental
arches, and one or two planes are set depending on the tooth type
(Benazzi et al., 2014).

High resolution x-ray imaging and 3d reconstruction techniques

considerably expand opportunities of odontological studies. And

this refers to orientation protocols as well, as they can be now

based on previously unavailable morphological structures or struc-
tures more accurately and clearly detected after application of
appropriate imaging and reconstruction techniques. In addition,

volume and surface area assessments technically feasible on 3d

reconstructions become essential parts of studies of enamel thick-

ness research avoiding application of invasive and destructive tech-
niques (Olejniczak, 2008; Suwa et al., 2009). Significantly more

detailed research becomes possible in odontology in general and

including geometric morphometric analysis as well (Ortiz et al.,

2019).

Enamel cervical margin (ECM) is often used as a setting direc-
tions in odontology, nevertheless it is not the only reliable mor-
phological structure for orientation launching. Starting from the
above-mentioned manual measurement techniques to measure-
ment based on micro-CT tomographic scanning alignment of teeth
according to their vertical axis and occlusal view outline has been
used. Thus with regard to permanent molars the reference or
orientational plane can be identified by iterative oscillation of
the model to view the maximum occlusal surface (Kono, 2004;
Suwa and Kono, 2005). This approach has been debated and
cautioned about, because not entirely independent of the enamel
thickness to be measured (see Olejniczak (2006) in Benazzi et
al., 2014). However it should be noted that the occlusal sur-
face possesses high morphologically important potential provid-
ing sufficient data not only for orientation but even for develop-
ment of automated orientational algorithms based on 3d surface
analysis. These methods are based on outlining the contour of
anatomical occlusal surface after staged surface curvature anal-
ysis. These automated methods serve for detailed morphologi-
cal studies performed through measurements (Gaboutchian et al.,
2020) which can be performed both enamel and dentin surfaces
(Gaboutchian et al, 2021). The basis of the mentioned techniques
were developed and tested on 3d reconstructions of teeth and den-
tal obtained through optical imaging techniques. Nevertheless the
suggested methodology allowed to use reconstructions obtained
through micro-CT, including inner morphological structures.

The described above orientation protocols refer to positioning
teeth or their 3d reconstructions which can be subsequently mea-
sured or sectioned by correctly (according to the methodology)
positioned measurers or sectioning planes. Nevertheless geomet-
ric constructions and measurements on the contours obtained are
a matter of discussion as well. Orientation is a necessary stage
for 2d assessments as well, and these algorithms are described as
automated for measurements of teeth (Gaboutchian et al., 2019)
or serving for enamel thickness measurements (Suwa and Kono,
2005; Smith et al., 2018).

2. MATERIALS AND METHODS

The study has been conducted on 3d reconstructions of teeth from
the Upper Palaeolithic burial of Sunghir. The site has been dis-
covered in the late fifties of the last century. It is named after a
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tributary to the Klyazma River that flows in the Central regions
of Russia. One of two adolescents discovered in a paired burial
that contained a large number of artefacts and excellently pre-
served remains. Teeth of the elder individual Sunghir-2 served
for studies in the current research. The dental arches contained
almost a complete set of permanent teeth with preserved, due to
the individuals’ young age, morphology.

For obtaining digital reconstructions of teeth the skull of the in-
dividual was placed in Phoenix v|tome|z (General Electric) to-
mographic scanner and subjected to x-ray imaging. Stacks of
parallel slices were generating in .bmp format, 8-bit colour depth
and with 43 um inter-slice distance. For reconstructing separate
teeth images related to each tooth were extracted from the entire
stack and subsequently processed independently. 3d reconstruc-
tion was performed by means of Avizo 9.01 software (Thermo
Fisher Scientific). Segmentation procedures based on gradients
of x-ray absorption for different tissues (enamel possesses higher
level of absorption in comparison with dentin) were performed by
application of “Threshold tool”. Afterwards morphologically ir-
relevant areas, though possessing the same absorption level, were
separated from dental tissue reconstructions and cleaned. Sub-
sequently 3d reconstructions were generated within the allocated
parts of 2d image stack; the process was accompanied by sur-
face smoothing procedures. Reduction of each model size was
performed at the surface simplification step; tetrahedrons were
generated from voxel though ”Simplification editor”. Lastly the
models were converted to .stl and .x formats for further process-
ing: orientation and measurements. 3d reconstructions of two
Sunghirian teeth, or rather their enamel caps, were measured for
this study. These are the upper right first premolar (tooth c2_14)
and upper right third molar (tooth c2_18). The latter — wisdom
tooth — possesses intact surface as it hasn’t been erupted due to
individual’s age.

This research was performed by means of different versions of
software (Knyaz, 2012, Knyaz, 2016) developed in the State Re-
search Institute of Aviation System (GosNIIAS). This applica-
tion allowed uploading 3d reconstructions of teeth, their surface
analysis, different modes of sectioning, contour measurements as
well as data saving and analysis; these functions are automated.
Corrections in the manual mode can be performed as well. The
current study algorithm includes loading of tooth enamel cap 3d
reconstruction, its orientation according to anatomical occlusal
surface contour, sectioning according to the orientation set for
subsequent contour obtaining and measurements on these con-
tours. These procedures are fully automated. After saving the
measurement results the above-mentioned algorithm has been re-
peated with respect to orientation performed according to enamel
cervical margin contour. The results of measurement obtained
after both approaches to orientation were compared. Orientation
algorithms are based on surface curvature analysis, which allows
finding areas where centrally located occlusal surface bends to-
wards the outer walls of the tooth crown delineating the contour
of anatomical occlusal surface (OSC). Enamel cervical margin is
set in a similar manner as the most remote points of the recon-
struction located at the junction of inner and outer surfaces of
tooth enamel cap (Figure 1 a, b).

Further stages of surface analysis through automated algorithms
provide orientation of teeth on the basis of their occlusal surface
contour (OSC) and enamel cervical margin (ECM). These struc-
tures provide data for vertical axis orientation, which is indicated
in green colour at the presented figures (Figure 2 a, b). Other
axes (yellow-blue and red) are oriented in accordance with the

(b) bottom view

Figure 1. Enamel cap of upper right third molar, C2 Suhghir; top
view (a) and bottom view (b)

occlusal surface contour shape; in some cases, taking into con-
sideration variety of types of teeth, mesio-distal axis direction
(yellow-blue) requires manual adjustments.

The currently studied teeth as discrete objects didn’t require any
manual adjustments regarding mesio-distal axis as it was set auto-
matically in a accordance with the suggested methodology. Nev-
ertheless some manual correction mesio-distal axis was performed
in order to minimise discrepancies in measurements caused by
its shift which inevitably accompanies displacement of vertical
axis while re-orientating the studied teeth vertically. Thus the
maximal emphasis was on two vertical orientation’s difference —
ECM and OSC versions which resulted in defining contours of
the above-mentioned morphological structures and setting start-
ing conditions for sectioning teeth (Figure 3 a, b).

All further procedures were performed according to algorithms
of automated digital odontometry (aDo). Parallel sections with
equal intervals are set perpendicular to mesio-distal axis (yellow-
blue on the figures). This procedure creates of contours of the
studied enamel caps which in their turn serve for measuring va-
riety of parameters (Figure 4). 50-section mode was applied;
3 marginal sections from both mesial and distal sides were ex-
cluded from the measurements not to interfere measurement re-
sults. Only average parameters, obtained as arithmetic mean of
the same parameters on all sections, were analysed.

3. RESULTS AND DISCUSSION

Application of high resolution x-ray imaging can significantly
improve palaeoanthropological research providing wide and ac-
curate access to morphology. Hence with respect to the currently
studied 3d reconstructions, they contain all necessary data for de-
lineating the enamel cervical margin (ECM). In cases of use of
other imaging techniques clear detection of enamel cervical mar-
gins has its limitations impacting studied sample selection. Thus
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(b) enamel cervical margin

Figure 2. Intermediate results of orientation according to
occlusal surface contour (OSC) set on upper right first premolar
of Suhghir-2 (a) and enamel cervical margin (ECM) on the same

tooth.

reconstructions obtained through intra-oral or optical scanning of
stone cast models of teeth and dental arches do not convey the
enamel edge contour either due to imaging technique potential
or for the reason that the ECM might be partially or completely
covered by soft tissues. As another factor we should mention the
curved contour of the ECM which makes problematic applica-
tion of this morphological structure for orientation in the process
of manual measurements. In general, dental measurements con-
tain variety of difficulties and alternative approaches caused not
only by features of imaging techniques but primarily by the den-
tal morphology. The point is that teeth are of different types, con-
ditions, degree of wear; they might belong to different species,
found in different regions and, in addition, possess natural bio-
logical variability in between individuals. They are difficult ob-
jects to measure and it is important for measuring technique to
reflect the principles of dental morphology.

Taking into consideration a lack of comprehensive odontontomet-
ric methodology covering at least a significant part of the dental
morphological variety existing of alternative measurement tech-
niques is unavoidable and, to some extent, necessary. And they
are certainly based on different morphological approaches devel-
oping in line with general direction of technological advances,
such as new imaging techniques. Application of alternative mor-
phological bases for orientation and measurements can provide
for accuracy, coverage of wider samples in terms of their amount
as well as 3d reconstruction method, variety of study aims etc.
Improvements referring orientation applied to micro-CT 3d re-
constructions have brought to development of new algorithms
based on the enamel cervical margin (ECM) analysis which can
be compared to traditionally (this refers to the method of auto-
mated digital odontometry - aDo) applied orientation in accor-

(a) occlusal surface contour

(b) enamel cervical margin

Figure 3. Final results of orientation according to occlusal
surface contour (OSC) set on upper right first premolar of
Suhghir-2 (a) and enamel cervical margin (ECM) on the same
tooth.
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Figure 4. Measurements on the enamel cap contour.
dance with occlusal surface contour (OSC).

Each of the two orientation launching structures possesses ad-
vantages and disadvantages. Thus OSC is the structure which
can be reliably detected on various teeth: premolars and mo-
lars, upper and lower, worn out or intact. However the occlusal
surface is always is in the process of functioning and gradual
changes up to severe dental wear. Can it be perceived as a pos-
itive feature for orientation or no is a matter of discussion. On
one hand such orientation reflects the real condition of the studied
tooth and changes in line with morphological conditions though it
might seem instable on the other. It is very important to empha-
size significant integrative meaning of anatomical occlusal sur-
face which allows to unite different parts of teeth in terms of both
morphology and function. This is an important aspect for pre-
serving linkage between the study method and the studied object.
Moreover, anatomical occlusal surface can be clearly observed
and reconstructed regardless of the imaging technique. Never-
theless with the help of the above-mentioned imaging techniques
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another morphological structure can be clearly defined — enamel
cervical margin (ECM) which is widely used for orientation of
teeth in palaeoanthropological research. We can assume that the
ECM possesses higher stability if compared with the occlusal sur-
face undergoing obvious changes. However there is a lack of
data related to changes of the ECM during the lifetime which ac-
tually might happen as non-caries lesions of teeth are localised
around the cervical region. Regardless of tooth type and other
conditions the ECM is rather curved, hence on premolars, canines
and incisors its degree might be a hindering factor for horizontal
plane construction. Apparent stability of ECM is combined in
the majority of techniques with manual adjustments for orienta-
tion which requires subsequent vertical plane constructions. The
latter usually require a high degree of morphological integrity of
occlusal surface as this stage of orientation is performed accord-
ing to cusp or dentin horn tips’ position. This fact is not only
emphasises the morphological importance of occlusal surface but
significantly limits the potentially studied sample to finely pre-
served only. Cusp tips are affected by dental wear and can be
completely eliminated in the result of the process. In more severe
dental wear cases dentin horn tips are involved as well. Of course,
occlusal surface is the main area of changes caused by chewing
and other functional and non-functional acts of masticatory sys-
tem. Nevertheless the morphological pattern of anatomical oc-
clusal surface remains the same — it is the inner, deeper and cen-
trally located part dental crown possessing borders beyond which
outer surfaces of the crown bend towards roots. This has deter-
mined that the leading role in orientation of teeth in the presented
method of automated digital odontometry belongs to the OSC.
Nevertheless the suggested algorithms are able to consider in the
orientation process an additional structure of ECM which has be-
come clearly defined due to the applied imaging technique.

The measurement result presented below in Table 1 are obtained
on two described above teeth.

1.4/0SC 1.4/ECM 1.8/0SC 1.8/ECM
linear horizontal, mm
tooth 10.043 10.019 12.418 12.420
oral cusps 5.725 5.739 6.627 6.620
vest. cusps 4.299 4.280 5.791 5.800
occl. surface 5.714 5.573 7.221 7.210
linear vertical, mm
occl. surface 1.81 1.779 2.102 2.104

Table 1. Linear measurements for teeth oriented in the two
modes (OSC and ECM)

Vertical axis inclination has been performed in two modes. First—
OSC is calculated on the basis of occlusal surface contour which
has been subsequently corrected according to enamel cervical
margin (ECM mode). The procedures were conducted through

automated algorithms initially permitting manual adjustments, how-

ever at the current stage of software development completely au-
tomated. Re-orientation of teeth impacts the obtained results
which are presented only as average linear parameters. In 6 out
10 presented parameters cause decrease of the absolute figures
(italic font). This decreasing pattern is more characteristic for the
premolar; hence the molar measurements perceive changes to ori-
entation mode as increasing the sizes of the measured structures
(bold font). The only coinciding parameter behaviour pattern on
both teeth refers to horizontal dimension of anatomical occlusal
surface as it decreases on premolar (from 5.714 to 5.573) and on
molar (from 7.221 to 7.210). It might be noted that the changes

are insignificant; however the measurement method sensitivity
allows to register the described differences.

Larger sample of teeth is required for similar studies as the two
tested orientation modes can demonstrate different behaviour on
teeth with distinct morphological changes caused by functional
or non-functional dental wear.

4. CONCLUSION

Involving of high resolution x-ray based imaging techniques in
palaeoanthropological studies of teeth provides for more com-
plete reconstruction of dental morphology. This can be a useful
feature for dental research especially when combined with new
method of measurements — automated digital odontometry which
is empowered by image processing provided by the applied soft-
ware. A wider coverage of morphological structures can be per-
formed at the orientation stage of measurements, which impacts
the obtained results. A matter of orientation mode choice should
be studied in further more profound studies including wider sam-
ple of teeth.
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