ISSN 2635-1676, Nanobiotechnology Reports, 2021, Vol. 16, No. 5, pp. 668—675. © Pleiades Publishing, Ltd., 2021.

NATURAL SCIENTIFIC METHODS
IN STUDYING CULTURAL HERITAGE OBJECTS

Automated Morphometric Analysis of 3D Data
in Paleoanthropological Research

V. Knyaz*** and A. Gaboutchian¢
¢ Moscow Institute of Physics and Technology (MIPT), Dolgoprudny, 141701 Russia
b State Research Institute of Aviation System (GosNIIAS), Moscow, 125319 Russia
¢ Peoples’ Friendship University of Russia, Moscow, 117198 Russia
*e-mail: knyaz@gosniias.ru
Received November 5, 2020; revised December 8, 2020; accepted December 10, 2020

Abstract—Modern methods of non-contact measurements have great potential for paleoanthropological
research both for expanding the capabilities of morphometric analysis, and for making unique paleoanthro-
pological materials available to a wider range of researchers. The paper discusses technologies for acquiring
three-dimensional data and techniques for their analysis developed for digital paleoanthropological research.
New ways of documenting paleoanthropological materials based on novel data types and the advantages of

application of new data are discussed.
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INTRODUCTION

Most of the information necessary for paleoan-
thropological research is obtained from geometric
measurements of skulls, skeletal bones, and teeth.
Measurements and subsequent analysis of linear and
angular parameters and shape analysis provide signifi-
cant evidence for paleoanthropological characteristics
of the studied objects. Traditionally, a set of standard
anthropological points and measurements is used for
morphometric analysis, which reflect the anatomical
traits of the studied teeth.

Geometrical measurements are standardized using
special mechanical tools. Manual measurements are
still widely used in paleoanthropological research. The
anthropologist’s primary tools are precision mechan-
ical instruments such as rulers and various types of
calipers. More sophisticated mechanical instruments
can be used, such as a sliding caliper (Martin type),
sliding caliper (Eichel type), spreading caliper, Molli-
son craniophor, and mandibulometer.

In some cases, for example, when measuring teeth
(odontometry), measurement reference points are
unattainable as it is sometimes impossible to access the
required point with a caliper or due to the fragility of
the object. Thus, the practice of manual measurement
significantly limits the ability to collect statistically
reliable data for wide and comprehensive research.
Odontological research plays a significant role in the
comprehensive study of paleoanthropological materi-
als. These studies are very important because teeth
have a whole range of well-studied morphological fea-
tures that allow evolutionary, taxonomic or historical
interpretation. In addition, teeth, as the most highly

mineralized structures in the human body, are well
preserved. For this reason, odontological material
often forms the basis for genetic research, “preserv-
ing” nucleotide sequences for longer periods. Along
with genetic research, the findings are dated (e.g., by a
radiometric method).

To study tooth morphology, visual assessments by
experts are mainly used, based on the presence of cer-
tain traits and their expression level. Such features are
diverse and correspond to the morphological variabil-
ity of the teeth, which manifests itself, among other
issues, in very subtle distinctions identified by experi-
enced experts with appropriate training. Also in
odontology, measurement methods are used, which
are traditionally carried out with hand instruments
[1, 2]. However, the data obtained in the course of
random measurements are not sufficient to describe
the morphology, but only allow individual parameters
of the teeth to be estimated.

The established research model is significantly
changed by technologies that allow high-precision
3D models of teeth to be obtained and morphological
analysis of these models to be performed. The changes
affect not only general aspects related to convenience
of information exchange, improving the quality of
interaction between specialists, but facilitate accumu-
lation of data, their documentation, systematization,
etc. It is fundamentally important to develop new
methods of studying teeth: in particular, this paper
presents the technique of automated digital odontom-
etry (aDo). The use of different imaging techniques
(optical and X-ray) expands the scope of studies.
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The use of digital visualization methods for paleo-
anthropological studies began almost simultaneously
with the appearance of the first visualization systems
[3]. Impressive progress and increasing availability of
digital systems to obtain and process data on paleoan-
thropological materials create the prerequisites for the
development of new research methods. The ability to
study a 3D model, and not the object itself, is useful to
preserve valuable material. Another significant advan-
tage of such methods is the repeatability of studies and
the possibility to use different methods of data analy-
sis. A detailed review of the use of computed tomogra-
phy (CT) in paleoanthropology is presented in [4].

Currently, odontometry is an integral part of
research in various disciplines: physical anthropology
of modern man and paleoanthropology, prosthetic
dentistry and orthodontics; it is also used in forensic
examinations [5—10]. Measurements can be carried
out directly on teeth in the oral cavity [11], on plaster
models obtained from impressions from the dentition
[12] or, for example, on radiographs [13, 14]. How-
ever, 3D reconstructions of teeth and dental arches
more often become the objects studied. They began to
use the techniques adopted for measurements on real
dentition, which have already taken a stable position in
the diagnosis carried out in orthodontics They allow
application of conventional techniques used in various
disciplines, such as diagnostic measurement proce-
dures in orthodontics [15—17]. Later, it became possi-
ble to combine different methods, thereby expanding
research opportunities [18]. In anthropology and
paleoanthropology, a tendency can be clearly
observed in the combination of digital techniques with
geometric morphometry and micro computer tomog-
raphy (micro-CT) [19-21]. Thus, previously the
enamel thickness was measured using X-ray diffrac-
tion patterns or from cross-sectioning teeth [22, 23],
while at present methods based on a combination of
geometric measurements and high-resolution tomo-
graphic reconstructions are being actively developed
[24—28]. It is noteworthy that more comprehensive
studies are being conducted that combine the above
approaches [29, 30]. In this study, it is shown that the
combination of the method of automated digital
odontometry and digital 3D methods can significantly
expand the range of data obtained, and it is useful to
apply it to morphological studies. Currently, there are
many methods for obtaining 3D reconstructions,
including optical imaging [31, 32] and stereophoto-
grammetry, allowing for craniological and odontolog-
ical studies [33—36]. Several tasks in dental research
are solved using dental intraoral scanners [37, 38].
X-ray methods are widely represented by CT [39, 40],
cone-beam CT [41, 42], as well as micro-CT [43—47].
Of interest are odontological studies using the Moiré
method [48], as well as reconstructions obtained using
a piezoelectric digitizer [49]. Particularly noteworthy
are 3D reconstructions performed on tomographic
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sections obtained by neutron scanning of odontologi-
cal material [50].

MATERIALS AND METHODS

The experimental part of the performed odonto-
metric studies was based on a representative sample of
computer 3D models of teeth obtained using various
means of non-contact 3D measurements. The 3D
models of the object surface were obtained using Evo-
lution plus (Zfx, USA) and S600 Arti Scanner
(ZirkonZahn, Germany) dental laboratory scanners,
and on an original photogrammetric system developed
for odontometric analysis [51, 52]. Optical scanning of
unique findings requiring particularly careful handling
was performed with intraoral dental scanners with
confocal optics and a special lighting source (Trios,
3Shape, Denmark), CEREC Omnicam (Sirona, Ger-
many).

X-ray scanning methods were performed on a PaX-i
3D cone-beam tomographic apparatus (Vatech,
South Korea) and Skyscan 1174 (Bruker, Germany)
and phoenix v | tome | x m (General Electric, USA)
X-ray microtomographs. On a cone-beam tomo-
graph, the reconstruction was carried out with a voxel
size of 0.08 %X 0.08 x 0.08 mm with a field of view of
50 x 50 mm with the maximum for the apparatus,
manually set values of voltage and current in the tube.
The highest resolution with an enlarged field of view of
100 x 850 mm made it possible to obtain reconstruc-
tions with a voxel size of 0.2 X 0.2 X 0.2 mm. The
X-ray microtomograph was operated at an applied
voltage of 275 kV, which enabled reconstruction of the
surface of teeth with a voxel size of 43 wm in each of
three dimensions when examining the skull and
10.33 um when examining individual teeth.

The primary processing of the measurement data
to obtain a 3D model of the tooth was performed using
standard software (SW) supplied for the scanners used.
This software was used to remove artifacts, adjust the
optimal level of gray, global and local smoothing, for-
mat conversion, and some other procedures. Measur-
ing studies per se were carried out on the obtained
3D models in the specially developed original software.

The presented method of automated digital odon-
tometry (aDo) originates from clinical and experi-
mental research in prosthetic dentistry. It is based on
the developed and substantiated interpretation of the
morphology of the tooth, which can be presented in
the most accessible form on the vestibulo-oral section
of the tooth (Fig. 1). Two distinguishable elevations,
correspond to the vestibular and oral cusps of the tooth
(this division originates from normal human anatomy
according to which the closed dentition divides the
oral cavity into the vestibulum and the oral parts).
However, when describing not the location, but the
functions of these cusps, their clear separation
becomes not only difficult, but impossible.
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Fig. 1. Anatomical reference points.

Based on the close relationship of function and
morphology, in addition to the above-mentioned
cusps in the sections, one should distinguish another
structure that provides both functional and morpho-
logical unity of the tooth, the anatomical occlusal sur-
face. The mentioned cusps and the surface have
boundaries set by anatomical landmarks for finding
which it is sufficient to consider the geometry of the
obtained section. They serve as a basis for further con-
structions, measurements, and calculations. The
parameters obtained (more than 200 at present in each
section) broadly, objectively, and variously describe
not only the sections, but also under certain condi-
tions (correct orientation and a sufficient number of
sections, as well as observing the intervals when
obtaining them) the tooth as a whole, its constituent
parts: cusps, cuspal slopes, and anatomical occlusal
surface.

Finding landmarks on the contours of the teeth and
measuring their coordinates in a manual mode is a
very routine and time-consuming process, which
serves as a source of measurement errors that distort
the research result. Therefore, for carrying out multi-
ple measurements, methods and algorithms have been
developed that make it possible to perform morpho-
metric analysis in an automatic mode, starting with
the procedure for orienting the tooth model to a stan-
dard anatomical position and ending with the search
for anatomical landmarks in the sections and mea-
surements of the specified parameters.

The measurement procedure is performed in stages
and includes:

—Orientation and determination of the tooth coor-
dinate system (Fig. 2): finding the contour of the ana-
tomical occlusal surface based on the analysis of the
curvature of the tooth surface; determination of the
mesio-distal (anteroposterior) axis of the tooth; deter-
mination of the tooth coordinate system; and determi-
nation of a set of tooth sections.

—Morphometric analysis of the tooth: finding
anatomical landmarks (cusps, cupsal slopes); calcula-
tion of a set of morphometric parameters based on
anatomical landmarks; and statistical analysis of mea-
surements.

Algorithms for processing data of a 3D model of a
tooth are shown in Fig. 3.

A number of unique paleoanthropological samples
were studied using the aDo method, including the
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Fig. 2. Determination of the occlusal surface and the tooth
coordinate system.

Upper Paleolithic findings from Sunghir (individual
C2) (Fig. 4), a sample from Chernovaya (series VIII,
individual K8 B7.2), individual teeth from burials at
Fofanovo (this archaeological site contains burials
dating from the Neolithic to the Bronze Age), material
from Burial 4 of the Bronze Age archaeological site of
Shengavit located in the Republic of Armenia, as well
as a number of specimens dating back to the early and
late Middle Ages.

RESULTS AND DISCUSSION

An odontometric technique has been developed
and substantiated, which makes it possible to obtain,
quickly and automatically, a wide range of parameters
objectively characterizing not only the physical
dimensions of teeth, but also allowing description of
their morphological traits. The data were obtained
from samples with complex features, such as curved
(bent) cusp tips of the molar in individual C2 from
Sunghir, described as an archaic trait in [1]. An odon-
tometric comparison of the mentioned molars with
each other (right and left), as well as with samples with
a lesser or complete absence of this trait, was carried
out. As a result of the analysis, a set of parameters was
revealed that obviously reflect visually detectable dif-
ferences [53]. A number of groups can be distin-
guished in the obtained measurement data. Thus, the
linear parameters on the Sunghir molars in the ves-
tibulo-oral direction are generally similar, except for
the relatively massive oral cusps on the right molar
(tooth 1.7 according to the dentistry tooth numbering
system) 6.57 mm in size (the oral cusps are strongly
inclined). A more detailed examination of the results
Vol. 16
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Algorithm 1: Morphological analysis of tooth shape

Input:

3D model of tooth T = {#;}, threshold normal value K;..po1q

Output:

A set of odontometric parameters P, = {p;}

Bringing the model T to the standard position ;

Procedure Orientation (7):

1
2
3
4
5 lle > I(treshold then
6
7
8
9

else
10 | Then
11 end

for each point #; of 3D tooth model T'do
Find Gaussian curvature K; =« * K, at the point #;

Find the normal #; to the tooth surface at the point #;
Store #; in occlusal boundary array Oy;
Store »; in occlusal normal array O};

12 Find the boundary of the occlusal surface as a set of points with

maximum curvature K ;

13 Find the normal to the occlusal surface I ny as average

of occlusal surface normals n; ;
14 end
15 return O}, nz;

16 Building tooth sections and calculation of odontometric parameters

17 Procedure Sections (O}, 1) :
18 To approximate O} by ellipse;

19 Construct N, planes perpendicular fo the major axis of the
ellipse;
20 for of each section S;, do
21 Find anthropometric points ;
22 Calculate a set of odontometric parameters {p,} using anthropometric

points found ;

23 Save a set of odontometric parameters {p,} for

24 end
25 return {p,};

subsequent statistical processing

Fig. 3. Algorithms for automated odontometric analysis.

at the level of not only the cusps, but also their slopes,
confirmed the difference between the right and left
molars on the side where the tops of the cusps are
more strongly bent. Thus, right tooth 1.7 is distin-
guished by the massive oral (3.95 mm) and narrow
vestibular (2.62 mm) slopes of the oral cusps com-
pared to left tooth 2.7 (3.39 and 2.75 mm, respec-
tively). The opposite situation is observed on the ves-
tibular cusps of the studied teeth. The vestibular cusps
on tooth 2.7 are more massive and have higher values
on the outer vestibular slopes, linked to the greater
curvature of the vestibular cusps on a tooth in compar-
ison with its antimere. The inner slopes of the cusps of
the Sunghir molars have some tendency to shorten on
the cusps, which are more strongly bent (2.62 mm on
tooth 1.7 and 3.04 mm on tooth 2.7). Compared to the
two Sunghir molars, the upper wisdom tooth from
Vol. 16
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Chernovaya is smaller, except for the linear parameter
characterizing the vestibulo-oral size of the anatomi-
cal occlusal surface, which is 6.11 mm. This com-
pletely correlates with its slightly bent cusps and shal-
low occlusal surface (as a result, the cusps seem to be
low). All studied upper molars, which have one or
another location and expression level of internal bend-
ing of the cusp tips, have large linear parameters in the
vestibulo-oral direction in comparison with the lower
molar from Fofanovo, with the exception of the size of
its vestibular cusp (5.65 mm), which is mainly associ-
ated with the elongated outer slope (the length of the
contour is 5.32 mm). This observation characterizes
some abrasion of the lower tooth in comparison with
the upper ones. Note that due to the nature of the rela-
tionship between the upper and lower teeth in orthog-
nathy, comparisons of the upper oral and lower vestib-

2021



672

ular cusps or the upper vestibular with the lower oral
ones are correct. The parameters characterizing the
contours correspond to the linear horizontal parame-
ters. So, the length of the contour of the tooth from
Chernovaya is 17.02 mm and is less than the upper
molars from Sunghir, and the latter have rather similar
sizes (right tooth 1.7 is 22.70 mm, left tooth 2.7 is
21.67 mm). The significant superiority of the right
Sunghir 1.7 in terms of the length of the oral cusp con-
tour (11.51 mm) serves as additional evidence of the
prominence of its oral cusps and the pronounced cur-
vature of their tips. The significantly longer oral cusp
contour (11.51 mm) of the right Sunghir 1.7 serves as
additional evidence of the prominence of its oral cusps
and the pronounced curvature of their tips. Moreover,
its outer oral slopes have a significantly longer contour
than the inner ones (7.83 mm versus 3.69 mm). Simi-
lar observations refer to the vestibular cusps of tooth
2.7, which have the largest contour length among the
measured teeth (11.54 mm) and the greatest extent of
the contour of its outer vestibular slope (7.49 mm),
which allows the use of contour length measurements
as an effective way to study tooth morphology. It is
interesting to observe a different combination of
parameters on the tooth from Chernovaya. Along with
the aforementioned high linear vestibulo-oral index of
its anatomical occlusal surface, the contour of this sur-
face is short, which fully correlates with a small vertical
linear parameter (1.66 mm). The presented review of
the results obtained is extremely concise. In conclu-
sion, we note a worn tooth from Fofanovo (1.14 mm)
has the smallest vertical linear dimension of the ana-
tomical occlusal surface (in contrast to the upper
molars). Thus, such a phenomenon as abrasion, which
leaves its mark on the morphology of the tooth, can
also be described using measurements. Table 1, as an
example, shows angular parameters, which are of cer-
tain interest, but are not described in this study. In
addition, not only the absolute values of odontometric
parameters, but also their ratios and proportions are of
interest to study.

Despite the fact that the proposed measuring
method of aDo needs improvement, including in the
direction of analyzing the data obtained, we note its
advantage over the method of geometric morphomet-
ric analysis that is widely used in odontometry and
other disciplines. Geometric morphometric analysis,
in contrast to a specialized aDo, is a universal method,
however, with the following assumptions. Measure-
ment data invariably characterizes each studied tooth
separately, they can be compared on the teeth
included in the study group, however, understanding
the shape and outlines of the studied samples in geo-
metric morphometric analysis on each sample
depends on the samples included in the study group.
Morphometric techniques have a strong dependence
on the orientation of the samples under study, while
the proposed aDo measuring technique uses auto-
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Fig. 4. 3D model of the Upper Paleolithic specimen from
Sunghir (specimen S2).

mated measuring algorithms. The latter can be com-
bined not only with odontometry of the outer surface
of the coronal part of the tooth, but also with the mea-
surement of the enamel thickness (in this technique,
the orientation of the tooth and the sectioning plane
are extremely important factors that determine the
accuracy of the results).

The variety of methods used to obtain 3D images
made it possible to accumulate a certain experience in
their application, taking into account differences of
the studied samples. As applied to the aDo method, it
can be argued that it is directly dependent on the scan-
ning accuracy and has high requirements for the reso-
lution of 3D reconstructions [54]. In the course of the
scanning work, a constantly growing database of digi-
tal 3D reconstructions was created. Along with the
development of a measuring technique and research,
work was carried out to preserve and retrieve data from
3D reconstructions and to restore the lost material.
Using the example of a specimen from the Shengavit
burial, one of the lost teeth was restored; its 3D recon-
struction, obtained in the course of cone-beam
tomography, served as material for genetic analysis
[55]. Thus, the importance and value of documenting
anthropological and paleoanthropological material
2021
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Table 1. Odontometric parameters. Absolute values

IR

Linear horizontal parameters, mm
Tooth 12.71{12.34|10.59| 9.89
Oral cusp (OT) 6.57| 6.14| 5.19| 4.24
Oral slope OT 3.95| 3.39| 2.08| 1.24
Vestibular slope OT 2.62| 2.75| 3.11| 3.00
Vestibular cusp (VT) 6.14| 6.20| 540| 5.65
Oral slope VT 3.33| 3.04| 3.00| 2.79
Vestibular slope VT 2.80| 3.16| 2.40| 2.86
Anatomical occlusive surface | 5.95| 5.79| 6.11| 5.79

Linear vertical parameters, mm
anatomical occlusive surface | 2.25| 2.13| 1.66| 1.14
Contour length, mm
Tooth 22.70|21.67 | 17.02 | 14.92
oT 11.51 [ 10.12 | 8.45| 6.42
Oral slope OT 7.83| 6.47| 4.76| 3.04
Vestibular slope OT 3.69| 3.65| 3.69| 3.38
VT 11.19 | 11.54| 8.57| 8.51
Oral slope VT 430| 4.05| 3.83| 3.19
Vestibular slope VT 6.89| 7.49| 4.75| 5.32
Anatomical occlusive surface | 7.99| 7.71| 7.52| 6.57
Angular parameters, deg

Tooth 82.8 [86.2 [90.4 |95.6
oT 33.0 [34.2 [28.2 |27.6
Oral slope OT 49.8 [52.0 [62.1 |68.0
Vestibular slope OT 82.2 |81.6 |97.9 |103.9
VT 56.2 |54.8 |59.9 [66.7
Oral slope VT 26.0 [26.8 [38.0 [37.2
Vestibular slope VT 106.0 {106.8 [122.1 (134.7

and creating databases for their digital 3D reconstruc-
tions is emphasized. It should be noted that develop-
ment of automation of digital measuring methods and
their implementation has a potential value for the
study of teeth closure (occlusiometry) the principles of
which have a common morphological basis with
odontometry [56, 57].
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CONCLUSIONS

Automated digital odontometry has been shown to
be effective in studying the size of teeth and their
structural parts, as well as in describing the morphol-
ogy of teeth, which increases the value of using mea-
suring techniques in odontological and anthropologi-
cal studies. The potential for further development of
the method lies in increasing the amount of informa-
tion supplied by measurements, improving methods
for processing and analyzing the data obtained, as well
as integrating odontometry with other measuring
techniques in anthropology.
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