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ABSTRACT  Determining sex and age in human
remains is necessary to achieve positive identification
of individuals in forensic settings, and to provide data
required for demographic analyses in archaeological
samples. Due to their denser mineralization, teeth may
be better preserved than other skeletal elements, which
are often fragmentary and poorly preserved. This work
is the first to investigate the use of ultrasound methods
to accurately, objectively, and non-destructively assess
sex and estimate age of human skeletal remains from
intact teeth. An ultrasound imaging system using
pulse-echo technique and nominal frequency (3.5 MHz)
longitudinal waves was developed for application
on teeth. Mechanical and acoustic properties of teeth
were examined to explore their relationship with
the interaction of ultrasound wave propagation.

Determining sex and age in human remains
is necessary to achieve positive identification of
individuals in forensic settings and to provide data
required for demographic analyses in archaeological
samples. Due to their denser mineralization, teeth are
generally better preserved than other skeletal elements,
which can be fragmentary or poorly preserved. As
a result, biological and forensic anthropologists are
continually seeking accurate, objective, and non-
destructive methods for assessing sex from dental
remains.

External tooth dimensions have been used to
determine sex in contemporary (Garn et al., 1977;
Margetts and Brown, 1978; Potter et al., 1981; Garcia-
Godoy et al., 1985; Kieser et al., 1985a,b; De Vito and
Saunders, 1990) and archaeological (Lunt, 1969; Ditch
and Rose, 1972; Scuilli et al., 1977; Owsley and Webb,
1983; Stermer Beyer-Olsen and Alexanderson, 1995;
Teschler-Nicola and Prossinger, 1998) samples using
population-specific discriminant function formulae.
However, these functions are typically more descriptive,
reflecting sex differentiation of the population, than
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Experiments were conducted to determine differences
in wave propagation in teeth from individuals
of different ages and sex, both permanent and
deciduous. Consistent differences in integral acoustic
response patterns in the different teeth were found.
It is concluded that pulse-echo ultrasound is a viable
non-destructive technique to yield integral acoustic
characteristic properties of teeth, potentially useful
for assessing sex and estimating age, and resolving
minimum numbers of individuals from commingled
and scattered remains. Information developed from
this study will be significant to future research insofar
as it introduces a new potential method that is non-
destructive, fast, and easy to administer in situ. Dental
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NON-DESTRUCTIVE SEXING AND AGING OF HUMAN TEETH

predictive.  Furthermore, interproximal attrition
precludes obtaining proper measurements (Teschler-
Nicola and Prossinger, 1998). Moreover, the degree
of human sexual dimorphism in crown size is not
pronounced and actual size differences in individual
teeth between sexes are small (Hillson, 1996), relative to
observer error.

Thickness of enamel and dentin from sections
(Moore, 1998) and radiographs (Stroud ef al., 1994;
Harris et al., 2001; Zilberman and Smith, 2001) of teeth
also have been used to investigate sexual dimorphism.
Despite the larger size of male teeth, both relatively
and absolutely, enamel thickness between the sexes
does not differ significantly (Stroud ef al, 1994;
Moore, 1998; Harris et al., 2001; Zilberman and Smith,
2001). The results of these studies all found males to
possess relatively more dentin and pulp than females.
However, measurements taken from radiographs
require correction for magnification (Grine et al., 2001).
Alternatively, sectioning teeth is destructive.

Additionally, despite the fact that the deciduous
dentition demonstrates significant sexual dimorphism
(Moss and Moss-Salentijn, 1977; Black, 1978; Margetts
and Brown, 1978; De Vito and Saunders, 1990; Harris,
1994) and that no reliable means of determining sex
from juvenile skeletal remains exists, researchers
typically have limited their studies to the permanent
dentition.

In estimating dental age, it is established that the
calcification stages of teeth are a superior indicator of
chronological age than are the eruption status of teeth or
even the ossification of the skeleton (Gleiser and Hunt,
1955; Lewis and Garn, 1960). Furthermore, there is a
higher correlation between dental age and chronological
age than there is between dental age and skeletal age
(Demirjian, 1978). In addition, dental mineralization
appears to be well buffered, being comparatively
unaffected by nutritional (Garn ef al, 1965a) and
endocrine status (Garn et al., 1965b) that impact on the
tempo of an individual’s bony maturation.

Various other methods have been employed to
estimate age from the dentition. Several histological
methods of age estimation for adult remains exist that
examine cementum annulation layers (Stott et al., 1982;
Wittwer-Backofen et al., 2004) and secondary dentin
deposits (Gustafson, 1950), but these are destructive
of the tooth sample. Furthermore, morphological
methods, including dental attrition (Brothwell, 1989)

!Acoustic impedance: the opposition to the flow of
sound through a surface in unit area when a wave
meets the interface between two media (Wells, 1977).

?Elastic Modulus: or Young’s modulus is the resistance
of a material to stress: the greater the resistance, the
greater the stiffness or modulus of elasticity (Wells,
1977).

and periodontal regression and root translucency
(Lamendin et al., 1992; Prince and Ubelaker, 2002), carry
with them an element of subjectivity.

After the completion of tooth development, it is
increasingly difficult to assess age accurately (Xiaohu
et al., 1992). Studies by Philippas (1961) and Philippas
and Applebaum (1966), on a large sample of modern
permanent teeth from both sexes, found that with
advancing age, irregular secondary dentin progressively
fills the pulp chamber of the entire crown and root inward
toward the pulp, in a natural process that occurs faster
in the early years and more slowly later on, regardless
of occlusal wear (attrition and abrasion). Changes in the
structure of teeth with age, by measuring the increase
in mineral content, seem to possess potential as a non-
destructive method of estimating age from teeth.

The present pilot study is a first step in investigating
the principles, limitations, and possibilities of using a
pulse-echo ultrasound method to non-destructively,
accurately, and objectively assess sex and estimate age
of human skeletal remains from intact teeth. The study
of mechanical and acoustic properties of enamel and
dentin has been restricted to diagnostic ultrasound in
the field of endodontics. The present work examines the
mechanical and acoustic properties of teeth and explores
their relationship with the interaction of ultrasound
wave propagation. Experiments were performed to
determine differences in wave propagation in teeth from
different ages and sex, in both permanent and deciduous
teeth, with other experimental factors. A description of
the design and implementation of the dental ultrasound
system developed in this research is presented,
along with information for future development and
improvement of the system and methodology.

PULSE-ECHO TECHNIQUE

Ultrasound are high frequency sound waves above
the range of audible frequencies; above 20 kHz (Hussey,
1975). The analysis of sound wave disturbance along its
propagation path forms the basis of ultrasound testing.
Ultrasound wave motion creates disturbances in
motion carrying energy, giving rise to wave properties,
including the reflection a wave front, characteristic
impedance', attenuation, and absorption, whose
behavior produce acoustic phenomena (Wells, 1977). As
a wave propagates from one medium to another, some
of the wave energy is reflected back from the interface
while the rest are transmitted through the second
medium. If the ultrasound wave travels through more
than two media, reflections will also occur at subsequent
interfaces. The phenomenon of wave propagation in
dental hard tissues is a complex interplay between the
parameters of the sound wave and the characteristics
of the medium. Ultrastructural differences in enamel
and dentin give rise to differences in mechanical
properties (hardness and elastic modulus?) of these
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Fig. 1. Schematic illustration of the ultrasound
pulse-echo technique. The circled regions indicate
phase inversion. Orientation of the tooth relative to
the transducer sensor beam is important because
ultrasound waves will especially deviate when meeting
a curved surface. Accordingly, specimens were placed in
the test chamber with the most flat crown surface facing
the sensor tip. Because only single-rooted teeth were
studied, this commonl was the labial or buccal surface
of the tooth.

tissues and result in marked difference in their sound
characteristics (acoustic velocity and impedance). As a
result of these differences, when ultrasound propagates
from the surface of the tooth enamel into dentin, there
are marked reflections at the enamel-dentin interface.
Figure 1 diagrams the ultrasound pulse-echo technique,
showing echoes corresponding to layers along the
ultrasound beam path. Pulse 1 corresponds to the
transducer surface, pulse 2 to the front surface of the
coupling medium, pulse 3 to the tooth surface, and
pulse 4 to the back surface of the coupling medium.
Note that the second, third, and fourth echo travel the

TABLE 1. Summary of the physical properties of acoustic
media used in the experiments

Characteristic
Sound Density impedence
Medium speed (m/s?)  (kg/m®  (x10°kgs'm?)
Water 1495 1000 1.5
Honey 2000 1500 3.0
Glycerol 1923 1173 2.3
Enamel 6000 2850 17.0
Dentin 4000 2150 8.6
Steel
Transducer 5920 7850 4.6

distance twice. As shown in Figure 1, with pulse-echo
ultrasound imaging different surfaces that lie one
behind the other can be separated. For that reason,
pulse-echo information is valuable for measuring
thickness of materials, such as enamel and dentin.

Pulse-echo patterns can also be used to analyze
material properties of a tooth that are related to its
acoustic characteristic impedance (Wells, 1977). If an
ultrasound wave passes from a medium of higher
impedance (e.g., enamel) to one with lower impedance
(e.g., dentin), phase inversion (where the phase of
a reflected wave is reversed) occurs at the ED]J. The
effect of phase inversion is illustrated in Figure 1 as an
inverted echo at the EDJ, occurring after the echo that
corresponds to the enamel surface.

MATERIALS AND METHODS
Tooth sample

A sample (n = 18) of clinically extracted permanent
and deciduous incisor, canine, and premolar teeth from
individuals of European and continental and sub-
continental Indian descent was collected. The sample
was chosen according to specific criteria: only those
teeth that presented no or insignificant pathology (non-
invasive carious lesions) and little wear were used. To
avoid potentially complicated acoustic response signals,
only single rooted teeth were used. Actual sex and age
of the individuals were known.

Ultrasound system

Components of the ultrasound system developed
in this research are presented in Figures 2 and 3. The
data acquisition system consists of a single nominal
frequency (3.5 MHz) longitudinal wave transducer, steel
testing cell, a pulser/receiver cable, and an amplifier
(Panametrics 200 MHz computer controlled pulser/
receiver, model 5900PR). The data processing system
consists of an oscilloscope with a disk data storage
medium (LECROY 500 MHz oscilloscope, model
9350AM), a mainframe computer, and data processing
software (MATLAB version 12.0).

The transducer (Fig. 3) is a custom-made product
by Phoenix Inspection Ltd. (product number 976307).
Electrical pulses applied by the amplifier and passing
through the pulser/receiver cable attached to the
transducer will transform into sonic energy in the
form of an ultrasound wave that will propagate into
the target media. The ultrasound cell (Fig. 3) was
designed with sensor openings for the transducer to
screw into. In this system, the transducer operates in a
closed cell, rather than acting as a probe. In the center
of the cell is the testing chamber, in which the tooth
specimen is suspended during testing. The test chamber
and transducer sensor tip were specially designed to
accommodate the small size of human teeth in order to
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Fig. 2. Photograph of the oscilloscope, amplifier,
pulser/receiver cable, and mainframe computer.

Fig. 3. Photograph of the ultrasound testing cell and
transducer.

provide a better quality signal.
Experimental investigations

In order to achieve a superior acoustic response
in teeth, additional experiments were conducted
using different coupling media and specimens with
different degrees of saturation. After these preliminary
investigations were completed, a series of ultrasound
tests were conducted on the tooth sample to obtain
information on teeth from different ages and sex, in
both the permanent and deciduous dentitions. Tests
were also performed on different teeth from the same
individual to explore the ultrasonic response to natural
variation in teeth. In order for the results for each type
of test to be comparable, the tooth specimens were
matched for similar traits, such as sex, age, tooth class
(incisor; canine; premolar), tooth type (first, second,
third; upper, lower), and permanent versus deciduous
throughout the experiments. Systematic tests disclosed
no significant inter- and intra-observer error and
disclosed significant reproducibility of the system.

RESULTS AND DISCUSSION
Dental ultrasound

It is difficult to find a suitable material to couple
enamel. In theory, mercury (Reich et al., 1967) would
be a good couplant to match the high characteristic
impedance of enamel because of its fluidity and high
density. However, its toxicity renders it unsafe for use
and its high surface tension may lead to incomplete
saturation in the presence of air-filled voids in the
tooth. A coupling medium of relatively high density
and high velocity was required to transfer energy from
the transducer to the tooth. Typically, water is used as
a couplant for teeth (Lees, 1968; Ng et al., 1989; Yang,
1991; Ng, 1993). However, the characteristic impedance
of water is nowhere near that of enamel or dentin (Table
1), meaning that the coupling of ultrasound in dental
tissues is very inefficient. This contrasts to situations
involving soft tissues, where the characteristic
impedance is similar to water and so energy losses are
small. Preliminary experiments using distilled water
resulted in a very weak ultrasonic response from the
tooth, confirming significant acoustic energy loss.

Pure honey is a high velocity and dense fluid. In
theory, because its acoustic impedance is closer to
enamel than water (Table 1), it should couple better
with the tooth, though it is viscous and has poor wetting
properties. Preliminary experiments found pure honey
to couple very well with teeth. As far as could be
determined, no other investigator has used honey as
a coupling medium for teeth. Glycerol, a less viscous
medium than honey (Table 1), was also examined and
was found to have coupling characteristics comparable
to honey. Because honey is readily available and
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inexpensive, it was chosen as the coupling medium.

Saturation of the teeth was deemed necessary to
eliminate air-filled voids resulting from the decay of
tissues after extraction. Exclusion of air from the path
of the ultrasound beam is important because air blocks
the transmission of ultrasound. The effects of hydration
on the acoustic properties of mineralized tissues have
been previously reported (Smirnow and Wolfe, 1967;
Barber et al., 1969). The effects on the acoustic properties
of teeth saturated for over 24 hours are not known. In
this research, teeth were saturated in distilled water for
a period of one hour and for several months. Notable
differences were found. Teeth saturated for one hour
demonstrated improved reflections compared to teeth
saturated for several months. To a certain extent, the
reflection qualities of a material depend on its material
properties: a tooth with good structural integrity will
reflect with more scatter than one of poorer structural
integrity. Therefore, with longer periods of saturation,
the internal structures of the teeth are likely to become
less distinguishable ultrasonically due to decay.
This finding is of significance, as it will assist in the
development of procedural methods for future dental
ultrasound testing.

Dental tissue thickness determination

In pulse-echo ultrasound, itis possible to calculate the
distance (i.e., linear measurements of tissue thickness) of
enamel and dentin using the echoes corresponding to the
enamel surface and the enamel-dentin interface. infact,
on account of sensitivity problems and poor resolution
of the image, it was not possible to detect these various
interfaces. However, by working backwards: if the
thickness of the enamel and dentin and the time taken
for sound to travel through the honey coupling fluid,
enamel, and dentin are known, time differences between
echoes can be calculated (Appendix). This information
is useful for approximating the enamel surface and the
enamel-dentin junction (ED]) echoes (Fig. 4). Ultrasound
measurements were taken of the fluid filled chamber
with no tooth (the reference measurement) and with a
specimen present (Fig. 4). The specimen was removed
from the test chamber and sectioned with a microtome
in the same plane that the beam passed through in the
tooth during ultrasound testing. Maximum thickness of
enamel and dentin were measured from a photograph
taken using a video microscope. Using these thickness
measurements of enamel and dentin and the measured
distance of the honey from the transducer sensor tip to
the surface of the tooth in the test chamber, the times
traveled by the ultrasound pulse in enamel, dentin, and
in the honey coupling fluid were calculated (Appendix).
With known time of flight of the ultrasonic pulse in
these various media, the enamel surface and EDJ echoes
in the time history plot (Fig. 4) could be approximated.
At present, accuracy determinations are not possible

T e e

| EMAMEL SLIRFACE ECHOD

1.'_,..---"'

. \ EHAMEL-DENTIN JUNCTION ECHD

s r ey -y e
Tirms, e

130T Gl whorrd

ofy
]

Tirss, i

Fig. 4. Time history plot of the ultrasound response
in a tooth (above) and in an empty chamber (below).

using the pulse-echo method developed in this
research. Because the ultrasonic response is integral (i.e.,
averaged values), it comes from different areas of the
tooth, thus obscuring the reflections from the different
tissue layers. A higher frequency transducer with better
spatial resolution would focus ultrasound energy on
a limited area of the tooth and provide better image
quality, allowing more accurate determination of the
various interfaces, and hence determinations of enamel
and dentin thicknesses.

Material properties

In addition to calculating distances in materials
useful for measuring tissue thickness, pulse-echo
ultrasound is useful for detecting differences in
properties in materials (Wells, 1977). On account of
this, structural and compositional differences in a tooth
may be detected by differences in wave propagation
in enamel and dentin, which are the result of different
acoustic behaviors related to the ultrastructure of these
dental hard tissues.

Differences in wave propagation are measured in
wave frequency, amplitude (sound intensity pressure),
wavelength, wave speed, and energy transmission
and intensity. The determination of these various
measurements was not performed in this work. The sheer
volume of data and specialized knowledge required to
process the results make this an inappropriate method
for use by anthropologists. Instead, a method that
offers fast and easily interpretable results by examining
patterns in wave propagation was undertaken.
Although measured differences in wave propagation
offer better scientific judgment of results, waveform
plots demonstrating integral acoustic intensity at a
given time and frequency window are used to detect
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patterns of wave propagation between different teeth
(Figs. 5-8).

The waveform plots (Figs. 5-8) are based on a
time-frequency dependency of reflected strength of
the ultrasound field in a tooth. The reflection qualities
in the ultrasound field depend, to a certain extent, on
the material properties of the hard tissues of the tooth.
Peaks and troughs in reflection packets, represented by
clusters of dark spots and illuminations, characterize the
strength of the reflections. When acoustic energy is lost
due to absorption (e.g., from air pockets in the tooth),
very little of the signal has gone into the dental tissues,
and this is represented by the dark spots in the images.
In a time-frequency domain, improved reflections are
represented by illuminated lines and patterns. The
strength of the illuminations is characterized by a
continuum of color, with lighter colors indicating higher
intensity and darker colors indicating lower intensity.
Beginning at approximately 140 microseconds, the
tail ends of the plots are characterized by significant
noise from reflections in the transducer waveguide and
should not be interpreted.

Age differences

The progressive infilling of the root of a tooth with
secondary dentin is correlated with age (Gustafson,
1950). Since the propagation of an ultrasound wave
is affected by the material properties of a tooth, it is
assumed that increased root dentin sclerosis in older
individuals will provide different integral patterns of
ultrasound wave propagation.

Teeth from individuals of varying ages were
examined. Figure 5 represents the response pattern of
lower central incisor teeth from a 12 and 45 year-old and
premolar teeth from a 46 and 70 year-old. In general, a
trend in increased reflection intensity can be observed in
the teeth from younger to older individuals, revealed by
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Fig. 5. Comparison of teeth from different aged
individuals.

increased illuminations and very few dark spots (Fig. 5).
While better reflection qualities were observed in teeth
from older individuals, likely due to advancing sclerosis,
no obvious differences in wave propagation patterns
were detected between similar teeth from individuals of
different ages. New information, however, may become
available with further data processing, by documenting
the frequencies and times when a signal is present and
performing statistical tests for pattern recognition.

Sex differences

Teeth from both sexes were examined and an
apparent difference in the pattern of reflected energy
intensity between the sexes was observed: a more
uniform and band-like pattern was found to exist in
female teeth, under 130 microseconds and in the 3-5
MHz frequency range, compared to males who exhibited
a more distributed and irregular pattern in the whole of
the frequency range (Fig. 6). Although discriminatory
patterns of ultrasound wave propagation have been
observed in teeth from different sexes it is difficult
to determine exactly what these differences are. Most
likely, these patterns are attributed to larger proportions
of dentin in male teeth compared to females Stroud et
al., 1994; Moore, 1998; Harris et al., 2001; Zilberman and
Smith, 2001). Because dentin is less heavily mineralized
than enamel, energy is more likely to attenuate in this
tissue, resulting in the distributed and irregular pattern
of reflected acoustic energy found in the male teeth.
A larger sample is required to determine if these sex-
specific patterns are statistically significant.

Permanent versus deciduous teeth

Original tests were undertaken to investigate
ultrasound wave propagation in deciduous teeth. Figure
7 presents the ultrasonic response for a lower right
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Fig. 6. Comparison of premolar teeth between
different sexes.
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deciduous canine and a lower left lateral deciduous
incisor, compared with two permanent teeth of the
same type, respectively. The distribution of acoustic
energy arriving in microseconds and at frequencies in
megahertz is markedly different between permanent
and deciduous teeth. The deciduous teeth demonstrate
a more uniform distribution of acoustic energy than
permanent teeth, particularly below 90 microseconds
and in the frequency range of 2-5.5 MHz (Fig. 7). This
observed pattern in deciduous teeth, compared to their
permanent counterparts, is attributed to differences
in their dynamic properties. Apart from the paper
by Mahoney and associates (2000) who determined
that hardness and modulus of elasticity in deciduous
enamel and dentin are within the range reported for
permanent teeth, research on the mechanical and
acoustic properties of deciduous teeth is lacking.
Consequently, only speculations about the source of
the wave propagation pattern observed in deciduous
teeth (Fig. 7) can be made. For example, it is possible
that because enamel in deciduous teeth is much thinner
than in permanent teeth, the teeth are overall less hard,
allowing for better coupling with the fluid medium,
resulting in more energy being absorbed in the time-
frequency window noted above.

The acoustic response pattern in deciduous teeth
(Fig. 7) is notably similar to the patterns found in female
teeth (Fig. 6), which display a uniform and clustered
pattern of reflected energy in a high frequency range. It
is possible that the ultrasonic response revealed in the
deciduous specimens (Fig. 7) is attributed to the sex of
these teeth: they are from females. Further investigation
using a larger sample of deciduous teeth, however, is
needed to confirm whether a unique pattern exists for
deciduous teeth or whether the patterning is the result
of other variables, such as sex.

Natural variation in teeth

Four deciduous canine teeth from the same individual
were tested to investigate whether differences in natural
variation in teeth could be detected ultrasonically (Fig.
8). Despite the difference in the reflected strength of the
ultrasound field in the lower right specimen (due to an
inconsistent saturation time) compared to the other three
specimens (Fig. 8), the integral acoustic characteristic
patterns were found to be remarkably similar. The
most important finding in this experiment was that
canine teeth from the same individual presented very
similar patterns in the characteristic response of the
ultrasound field. Further testing on a larger sample
and improved data processing methods are required to
determine if this finding is significant. If so, it may be
possible, using the ultrasound method developed in this
research, to discriminate between different individuals
in commingled or scattered remains from their acoustic
response patterns. Furthermore, it would be valuable
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Fig. 7. Comparison between permanent and
deciduous incisor and canine teeth.

to compare whether identical teeth from different
individuals have different energy reflection patterns to
test if the pattern in unique to individuals or to tooth
class. This information may be of additional use in
discriminating between individuals in mixed contexts.

Limitations and future directions

The sample (n = 18) is notably small and
the discriminatory effectiveness of the results is
questionable. Although sample size was modest, the
study provided insight into the possible applications
and intricacies of using pulse-echo ultrasound methods
for anthropological study of teeth.

The values of acoustic impedance of the steel
transducer, the honey couplant, and enamel and dentin
are all very different (Table 1). This impedance mismatch
results in great loss of ultrasound energy at the interface
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Fig. 8. Variation within canine teeth from the same
individual.
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between these media. In terms of acoustic impedance,
a couplant more similar to enamel than honey would
be preferred. Yet a material of such high acoustic
impedance would most likely have to be a solid. The
nearest match to enamel is aluminum. However, there
are problems associated with using a solid coupling
agent. A solid metal couplant would produce noise in
the form of multiple reflections that would overshadow
the echoes from the interfaces under study. Furthermore,
it is difficult to physically adapt a solid to the curved
surface of a tooth without taking invasive measures
(e.g., Lees and Barber, 1968; Barber et al., 1969), which
would negate the non-destructive nature of ultrasound
testing and damage the valuable tooth. One possible
solution would be to use a gel contained inside a thin,
soft membrane glued to the transducer, as was tried
by Spranger (1971) and Fukukita et al. (1985), which
appeared to adapt well to oral tissue. Apart from the
considerable mismatch between the steel transducer and
enamel, honey is otherwise a good couplant because it is
biocompatible, readily available, and inexpensive.

The resolution of the ultrasound system is mainly
dependent on the transducer characteristics. In the
works by Yang (1991) and Ng (1993), the echo from
the enamel-dentin interface was only observed on
some portions of the tooth surface. Often, some areas
of the tooth surface are rough or ridged and the enamel
surfaces may not have been formed in parallel or in near
parallel with the EDJ. These factors make the detection
of the enamel-dentin interface difficult. To resolve this,
a higher frequency transducer than 14.5 MHz and 18
MHz, used by Yang (1991) and Ng (1993), respectively,
should be used. Resolution problems experienced in
this research may be resolved with the use of a single
focused high frequency transducer. A focused high
frequency transducer would offer high resolution by
achieving good lateral resolution, which would enable
better imaging of the curved surfaces and accommodate
variation in teeth.

Of additional importance is the execution of testing
and data processing. In contrast to the mounting,
sectioning, and microscopic procedures normally
required to obtain information about sex and age
from dental remains, the operation of the ultrasound
system developed in this research is both quick and
straightforward. Moreover, the compact size and
relatively light weight of the ultrasound testing cell
and oscilloscope with data storage medium renders
this system ideal for administering tests in situ, rather
than in a specialized laboratory. The methods for
processing the data are, however, protracted. At present,
specialized knowledge of software designed to process
ultrasound data and to transform it into interpretable
plots is essential, as is experience interpreting the
results. However, the dental ultrasound system is in
the pilot stage of development. With further work,

more simplified software can be developed for
straightforward use and simple interpretation for use
by non-specialists.

Apparent  differences in integral acoustic
characteristic patterned responses were observed in
different types of teeth in these experiments. Further
processing of data, such as documenting the frequencies
and times when a signal is present and performing
statistical tests for pattern recognition to find significant
patterns, may offer further information on which to
base interpretations. Additionally, the development
of a prediction model for wave propagation in teeth
(e.g., Ghorayeb et al., 1998; Ghorayeb, 2001) may further
facilitate interpretations. Nevertheless, although the
results do not provide a statistical basis for definitive
judgment, consistent differences have been observed
in the patterns of the time of arrival of the ultrasound
energy in microseconds and in frequencies at megahertz
in teeth, particularly in teeth from different sexes,
deciduous teeth, and in identical types of teeth from the
same individual.

SUMMARY AND CONCLUSIONS

This paper describes original work conducted on
the use of pulse-echo ultrasound as a means of non-
destructively assessing sex and estimating age in skeletal
remains from intact teeth. The most important findings
presented are: (1) non-destructive ultrasound imaging
of intact human teeth, (2) non-destructive means of
measuring intact enamel and dentin tissue thickness,
(3) detection of consistent acoustic integral response
patterns for different types of teeth, and (4) development
of the understanding of how dental anisotropic
materials and natural variation affect ultrasound wave
propagation. Investigation of these endeavors in this
research has provided additional information valuable
for the future development of instrumentation and
methodology for non-destructive ultrasound imaging
of teeth. The dental ultrasound system has a number
of feasible applications, even in its present state of
development, but the accuracy of the ultrasound system
and the smallest change that it can detect need to be
determined. Furthermore, the development of software
to assess for statistically significant patterns is required
to eliminate subjectivity.

Ultrasound could be applied to the study of teeth
if a thorough understanding of wave propagation in
teeth were available. The difficulties are caused by
the physical situation of the teeth, compounded by
high-resolution requirements. The principal problems
experienced in this research were: (1) small physical
size of teeth, (2) complex structure and gradients in
mechanical properties of teeth, (3) irregular shape of
the teeth characterized by complex surface morphology,
and (4) difficulty transmitting sound waves through
the tooth. Although the dental ultrasound system
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developed in this research is not accurate enough at
present to be of practical use, the results that have been
obtained are encouraging. There exists a great deal of
room for improvement of the system and ultrasound
remains a promising method to tackle the problem of
non-destructive study of teeth. From the abbreviated
discussion of ultrasonics in this work it appears likely
that significant possibilities, such as determining sex
and age of remains from teeth ultrasonically, lie in the
development of the instruments capable of providing
precise and quantitative measurements.
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APPENDIX

Calculating distances from ultrasound measure-
ments:
1) Scale: 1 mm = 18 mm on video microscope
photograph
2) Sound Speed (c) in m/s™:
Enamel: 6000
Dentin: 4000
Honey coupling fluid: 2000
3) Maximum thickness measurements:
Enamel: 17 mm on video microscope photograph
=17/18 x 1 mm = 0.94 mm
Dentin: 34 mm on video microscope photograph
=34/18 x 1 mm = 1.89 mm
Honey: 4 mm from transducer sensor tip to front
surface of tooth in chamber
4) Time travelled (#): t = D¢, where D = distance; ¢ =
sound speed:
Enamel: 0.94 x 102 x 6000 = 5.64 psec (x 2 for
return pulse = 16 psec)
Dentin: 1.89 x 10° x 4000 = 7.56 psec (x 2 for
return pulse = 15.12 psec)
Honey coupling fluid: 4 x 10® x 2000 = 8 psec (x 2
for return pulse = 16 psec)



