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Abstract. There are unresolved clinical problems that require the pro-
vision of accurate 3-D images of tissue structures such as teeth. In
particular, measurements of dental enamel thickness are necessary to
quantify problems associated with enamel erosion, yet currently there
is no nondestructive method to obtain this information. We present a
method that relies on the use of pulsed terahertz radiation to gain 3-D
information from dental tissues. We discuss results from 14 samples
and demonstrate that we can reliably and accurately quantify enamel
thickness. We show that in a series of 22 surfaces, we can image
pertinent subsurface features 91% of the time. Example images are
shown where structures in teeth at depth are rendered accurate to
within 10 mm. We discuss issues that arise using this imaging method
and propose ways in which it could be used in clinical practice.
© 2003 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1559059]
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1 Introduction
There are a number of clinical problems that cannot be re
solved with only a simple planar transmission or reflection
image. Imaging teeth structures is one such problem. A nor
mal tooth will have a layer of highly mineralized enamel sur-
rounding dentine~which is less mineralized! with a soft tissue
pulp in the center. In some cases, such as in the analysis
enamel erosion in dentistry, there is no current technology tha
can provide adequate 3-D images in a practical way.1 Nonde-
structive measurements are required to characterize enam
erosion, an increasing public health problem.2,3 We present a
technique that can be used to image enamel thickness fo
anterior teeth. We outline a quasi-3-D imaging system tha
uses pulsed terahertz(THz51012 Hz) radiation and present
data from experiments applying the system to dental imaging
THz is a form of electromagnetic radiation located between
microwave and infrared frequencies.4 A number of systems
capable of characterizing an object to generate a 2-D imag
have appeared5–7 and methods for imaging biological tissues
in 2-D using THz radiation have recently been developed.8,9

Terahertz pulse imaging~TPI! is capable of distinguishing
between different dental tissues.4,10 In particular with THz ra-
diation, there is a refractive index change between the tissue
that make up different layers in teeth.10 This gives rise to the
interesting possibility of reflecting THz pulses off the dielec-
tric layers in the tooth to gather 3-D information. This work
was preceded by research to conduct ranging11 of thin plastic
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objects as well as proposals to use THz technology for h
frequency radar.12 This work reports preliminary trials of
quasi-3-D THz imaging onin vitro samples of teeth. Our cur
rent system requires 3 min/scan. This methodology has b
applied to dental imaging but the technique can, in princip
be applied to a broad range of 3-D bioimaging application

2 Materials and Methods
A TPI system was used in reflection geometry, which
shown in Fig. 1. An amplified, ultrafast laser system~RegA
9000, Coherent Incorporated, Santa Clara, California! gener-
ates a train of 250-fs laser pulses with a repetition rate
around 250 kHz that are split into a pump and a probe be
The pump beam drives the THz source, which is a 1-mm-w
aperture antenna, fabricated using lithographic deposition
nickel chromium and then gold onto a 1-mm-thick high res
tivity GaAs wafer. The operational details of wide apertu
antennas have been described elsewhere.13,14 An anticorona
lacquer was used to help eliminate sparking across this
The device was typically biased between 500 and 1000 V D
The emitted THz pulses passed through a series of off-a
paraboloid mirrors and were focused onto the sample, wh
was mounted on a stationary stand; the angle of reflection
30 deg to normal incidence. The optics were scanned in thx
and y plane to acquire the image. The reflected THz pul
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Fig. 1 A schematic of the TPI system used. The solid line represents
the NIR beam while the broken line indicates the THz path. Shaded
boxes indicate mirrors, and generation and detection crystals. Abbre-
viations: BS is the beam splitter, P is the polarizer, and l/4 WP is the
quarter waveplate.
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were recollimated using another pair of off-axis paraboloid
mirrors and focused onto a 1-mm-thick zinc telluride~ZnTe!
crystal, colinearly with the NIR probe beam. Detection was
achieved using the linear electro-optic Pockel’s effect. The
THz radiation induces a birefringence in the ZnTe crystal, and
the polarization of the probe beam is modified from planar to
elliptical, giving a nonzero output current from the balanced
photodiodes. Because the effect is linear and is assumed to
instantaneous, the output current is directly proportional to the
THz electric field. To improve the sensitivity, the pump beam
was chopped at a quarter of the laser repetition rate with a
acousto-optic modulator so that lock-in detection of the pho
todiode difference current could be used. This modulator wa
synchronized with the laser pulse to avoid unwanted beat e
fects in our images. By sweeping an optical delay through the
entire THz pulse, time and depth information was obtained.

There were two delay stages in our setup. One provides fo
broad synchronization of the path length between the pum
and probe beam. The other is a delay line that oscillates at 2
Hz and sweeps in the time domain to allow a complete THz
pulse to be sampled. Part of the incident THz pulse reflect
from the tooth surface. The rest passes into the sample an
reflects off the dielectric interfaces within the sample. The
delay line oscillates at a speed much greater than the mov
ment of the stages and thus allows several complete TH
waveforms to be captured at each point, averaged, and r
corded using a computer with a fast analogue-to-digital con
verter. The amplitude of the oscillating delay line can be al-
tered depending on the length of the THz pulse one wishes t
measure or the depth into the sample one would like to probe
It is usual to image to a depth of around 1 mm into the tooth
Enamel tissue has a refractive index of approximately 3, giv
ing an optical path length of 3 mm. Typically, the amplitude
of the oscillating delay line is set to 6 mm to ensure complete
capture of all relevant frequency components.

After generation, the THz pulse contains some ringing,
secondary spikes, and other features from imperfections in th
optics and the particular wavelengths generated. When tryin
to use these pulses to generate images in an ultrasound-li
b-scan mode~cross section through the object!, these features
introduce confusing secondary lines and other artefacts. It i
possible to process the data to generate clearer images that
304 Journal of Biomedical Optics d April 2003 d Vol. 8 No. 2
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easier to understand. Because the incident pulse contains
facts, the pulses that are returned from the dielectric interfa
would be expected to contain a similar structure. By Four
deconvolving the reflected pulse with a previously measu
example of the input pulse, it is possible to reduce the a
facts associated with this structure. To further improve
signal-to-noise ratio, we apply a numerical filter to our da
prior to the second Fourier transform in our deconvolution
is important to note that dielectric interfaces take on the sh
of the Fourier transform of the filter. The specific filter chos
was a double Gaussian of the form:

F~x!5de2~x2g!2/c2
2ce2~x2g!2/d2

,

wherex is the measurement in the frequency domain, andc, d
andg are parameters that are defined implicitly from the tw
operator input parameters of the high- and low-pass edge
the filter ~indicated byH andL on Fig. 2!.

The Fourier transform of this filter shape is another dou
Gaussian and all dielectric interfaces imaged will take on
shape. For example, in a given image a positive chang
refractive index may appear as a light line bordered by t
dark lines, while a negative change in refractive index w
appear as a dark line bordered by two light lines. All da
were acquired and processed with programs developed
house using LabVIEW~National Instruments, Texas!, which
allows any lateral or transverse sections of data to be view
to find appropriate diagnostic information.

In making the determination as to whether an interface w
resolved, the image was initially examined visually and th
the pulse for the interface~which would take on a double
Gaussian shape! was examined. Only if the pulse was at lea
three times as high as the associated background noise fo
trace would the interface be considered resolved.

2.1 Samples
Human incisors were used for this study. It is expected tha
clinical studies of enamel erosion, incisors would be the te
used, because they are relatively easy to access. Further,
sors tend to be less highly curved and have thinner ena
layers, which make them more suitable for use in our imag
system. The teeth used in the study were supplied by
University of Dundee Dental School and were chosen from
pooled sample, collected throughout Scotland, with the
formed consent of those from whom they were extracted. T
Dental School obtains consent for the use of such teeth
accordance with pertaining national and local ethics comm
tee guidelines. As with all teeth, there was a layer of hi

Fig. 2 The shape of our double Gaussian filter. L and H indicate the
high- and low-pass filter points of the filter that are the only operator-
specified parameters.
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Three-Dimensional Terahertz Pulse . . .
Fig. 3 A visible image of a section of a human incisor (top) and the
corresponding THz images: 1. enamel air interface, and 2. enamel
dentine interface.
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refractive index enamel covering lower refractive index den-
tine. A measurement from the enamel surface to the ename
dentine junction gives the enamel thickness.

A pilot experiment with a single hemisected human incisor
was followed by a more extensive series of 12 hemisecte
teeth. To confirm that our technique could produce quantita
tively accurate results, an additional sample was measure
This was of a whole incisor tooth, the labial enamel thickness
of which had been artificially altered to produce a series o
linear ‘‘steps’’ in a mesio-distal direction, by sequentially acid
etching ~for 2 min! with a proprietary etching gel, washing
with water, and subsequently polishing using a rotating rubbe
cup with prophylaxis paste. Each step was constructed to b
100 mm deeper than the next.

3 Results
In an initial attempt to measure enamel thickness, a pilot hu
man incisor was examined. This sample was cut in half to
allow comparison of the THz and visible image. The tooth in
Fig. 3 was imaged on both the front~labial! and the rear
~palatal! surfaces. The curvature of all tooth surfaces is exag
gerated on the THz image. This is because dental tissue has
larger refractive index than air, thus the transit times for the
THz pulse is longer in dental tissue and the surface appea
more curved. The enamel-dentine interface is light on dark
whereas the enamel-air interface is dark on light. This is be
cause the change in refractive index from air to enamel is
positive, whereas the change in refractive index from ename
to dentine is negative. The enamel-dentine junction is also
-

.

a

s

l

less pronounced than the enamel-air interface for two reas
the refractive index change is smaller and the THz pulse
attenuated on passing through the enamel.

A larger set of 12 incisors was also imaged in this way.
surfaces were examined~two had enamel that was clearly to
thick and curved to be well imaged! and the enamel dentine
junction was resolved in 20 cases~91%!. Example images are
shown in Fig. 4. In all four THz images, the enamel denti
junction is clearly visible as a dark line against a lighter bac
ground, with the enamel-air interface being a light line agai
a darker background. The enamel thickness in the images
between 0.4 and 0.9 mm. The signal-to-noise ratio from
enamel dentine junction in an example pixel in the upperm
image was measured to be 14.3. We were also able to im
dental samples that had the surface altered artificially. Th
samples had steps on the surface, the difference in he
between the steps was typically 100mm.

Figure 5 shows an image of a whole incisor tooth, t
labial enamel thickness of which had been artificially alter
to produce a series of linear steps in a mesio-distal direc
~schematically shown in Fig. 5~b!!. Each step is 100mm
deeper than the next. All our TPI measurements are within
mm of the distances one would naively assume. This is
excellent agreement with our expected systematic errors. N
that the image of the surface of the tooth~the thick white line
bordered by two dark lines! appears relatively smooth whe
compared with the enamel dentine junction~the darker lines
further up the image!, which seems to consist of a series
steps. However, the enamel dentine junction was not affe
by the treatment of the surface of the tooth and would
expected to be continuous and smooth. The thicknesses
cated in this image are determined by making assumpti
about the refractive index of the dental tissue. Previo
investigations10,15 indicate that the refractive index of enam
dental tissue is largely constant between subjects with
index 3.160.22. Because the refractive index~n! of the
enamel is 3.1 times that of air(n51), the time of flight of the
THz pulse from the air-enamel interface to the enamel-den
junction is therefore 3.1 times longer the equivalent path

Fig. 4 Four example images from the set of 12 dental samples show-
ing the enamel air interfaces and the enamel dentine interfaces.
Journal of Biomedical Optics d April 2003 d Vol. 8 No. 2 305
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Crawley et al.
Fig. 5 (a) An image of a whole human incisor with steps etched into
the surface. The enamel air interface as represented by a thick white
line is indicated (A). Portions of the enamel dentine junction are indi-
cated (B). The thickness (mm) of the enamel at each of the artificially
induced steps as measured by TPI is indicated. (b) A schematic of the
tooth.
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air. This is why the surface of the enamel appears to have onl
small steps that are barely perceptible, while the enamel den
tine junction exhibits the larger steps.

4 Discussion
There are a number of issues that are being addressed to ma
in vivo measurements possible. The generation and detectio
crystals are both 1 mm thick and are made from high~;3!
refractive index(nc) material. As such, the THz pulse will
reflect inside these crystals and generate an echo pulse. Th
can be clearly seen in Fig. 5. The echo pulse will occur at a
distance2nc away from the initial pulse. When this artifact
pulse is reflected in some unknown object, its properties wil
change in a way that is different to the initial pulse. Hence a
simple deconvolution will not eliminate this pulse. Further,
there will also be an artifact pulse generated in the detectio
crystal. These artifact pulses will overlap and a simple decon
volution will not be able to eliminate them. Further, the high
refractive index of the tooth means that the angle for tota
internal reflection is around 17 deg. It is thus very difficult
using this technique to image surfaces internal to the toot
that are at an angle greater than 17 deg to the surface of th
tooth, as any THz that is reflected from this surface will not be
able to find its way out of the tooth for detection. It is these
two problems that made it difficult to see the enamel dentine
junction, where the enamel is greater than the thickness of th
306 Journal of Biomedical Optics d April 2003 d Vol. 8 No. 2
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detection and generation crystals~1 mm! or where the ename
dentine junction was at an angle to the tooth surface. Th
two effects are the likely cause of the two failures to ima
the enamel dentine junction. It should be noted that these
not fundamental limitations, but merely features of our pro
type experimental system. Thicker detection and genera
crystals would allow the measurement of thicker samples
clinical practice one would use a probe that could be app
to the teeth in the mouth. Such probes are currently un
development in our lab. These probes would allow for t
application of index matching systems on the tooth, and
cause the generation and detection crystals would themse
be index matched, they would avoid the problems of artefa
at the crystal thickness. Thus we expect it to be possible
reliably measure enamel thickness by this method, e
where the enamel thickness is great.

To deal with random errors it might be possible, in pri
ciple, to fit a double Gaussian to our data lines and then
the accuracy, with which the double Gaussian is fitted,
determine the position of the features in our images. T
method assumes that dispersion is not significant. This
pends on having an output waveform that is dependabl
double Gaussian. Given this, the most robust measureme
the pulse position can be made by determining the poin
maximum intensity. Our ADC digitizes 2048 points, whic
are spread out over a distance of roughly 2 mm in a de
sample. Thus the accuracy with which the position of the p
may be determined would be61 mm. A thickness measure
ment requires the measurement of two peaks, adding
quadrature gives a combined random error of61.4 mm. Our
system is in itself very precise as it simply measures opt
path length, however, we should consider the systematic
rors, which, as we shall see, are the true limiting factor
absolute thickness measurement.

Our current calibration technique relies on the artifact th
is evident from the reflection of the THz within the detectio
and emission crystals. This artifact should occur at a distan

d5
nctc

ns
,

wherenc andns are the refractive indexes of the crystal an
the sample, respectively, andtc is the thickness of the crysta
The thickness of the crystal is well characterized. The refr
tive indices are, however, a source of error, particularly
they vary with frequency. Any error in determining the ca
bration will mean that there will be a systematic offset in o
results. We should consider the following systematic erro
Previous measurements indicate that there is similarity
tween the refractive index of human dental samples, wit
deviation in the refractive index of human enamel of appro
mately 67%. Thus absolute measurements of enamel th
ness would be within this margin of error. Errors will als
arise from limitations in our ability to determine the calibr
tion thickness. These will typically be similar to those an
lyzed for random errors and stand at61.4 mm. There will be
other errors arising from an inability to accurately measu
the thickness and the refractive index of the crystal, wh
form the basis of our calibration. From the accuracy, w
which it is possible to determine other features of our cryst
the nominal error is likely to be65%. Thus total systematic
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Three-Dimensional Terahertz Pulse . . .
errors would be68.6%; for a measurement of a 0.5-mm-thick
region of enamel, this corresponds to643 mm. However, it
should be noted that in clinical practice a system such as th
would be used to monitor the changes in enamel thicknes
rather than make an absolute measurement of enamel thic
ness. Thus the systematic error is of less significance. In an
case, if there is an application where absolute measuremen
are important, attempts could be made to usein situ refractive
index determination methods.5

To make use of THz technology in clinical practice would
require a probe that could be used in the mouth. The prob
would have a refractive index that is closer to that of the tooth
than air. This probe would be pressed against the dental tissu
one wished to measure and thus reduce the problem of tot
internal reflection in our measurements.

5 Conclusions
We have described a TPI system that can be used to genera
images of dental tissue in 3-D. We have presented data from
sample of teeth, including a series of 12 human incisors, in
which we were able to detect the enamel dentine junction in
91% of the cases. We have also imaged artificially altered
enamel thickness to within 10mm of the expected results. We
have thus demonstrated that we can accurately and reliab
make direct measurements of enamel thickness, a technolog
that is necessary to monitor enamel erosion, a common dent
disorder. The current system has difficulty in imaging very
thick samples and in measuring angular surfaces. Future a
vances would require the development of a probe that can b
used in vivo. This would allow for the probe head to be
pressed against the dental hard tissue and thus to reduce t
problem of total internal reflection in the tooth.
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