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Abstract. We compare terahertz–pulsed imaging (TPI) with transverse microradiography (TMR) and microinden-
tation to measure remineralization of artificial caries lesions. Lesions are formed in bovine enamel using a solution
of 0.1 M lactic acid/0.2% Carbopol C907 and 50% saturated with hydroxyapatite adjusted to pH 5.0. The 20-day
experimental protocol consists of four 1 min treatment periods with dentifrices containing 10, 675, 1385, and
2700 ppm fluoride, a 4-h/day acid challenge, and, for the remaining time, specimens are stored in a 50:50 pooled
human/artificial saliva mixture. Each specimen is imaged at the focal point of the terahertz beam (data-point spac-
ing = 50 μm). The time-domain data are used to calculate the refractive index volume percent profile throughout
the lesion, and the differences in the integrated areas between the baseline and post-treatment profiles are used
to calculate ��Z(THz). In addition, the change from baseline in both the lesion depth and the intensity of the
reflected pulse from the air/enamel interface is determined. Statistically significant Pearson correlation coefficients
are observed between TPI and TMR/microindentation (P < 0.05). We demonstrate that TPI has potential as a
research tool for hard tissue imaging. C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3540277]
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1 Introduction
The current “gold standard” method to determine lesion min-
eral content in caries research is transverse microradiography
(TMR);1 however, this technique is destructive because the sam-
ple to be investigated must be cut into thin slices. For in vitro
longitudinal studies, a non destructive technique to assess and
quantify de- and remineralization is desirable. Microindentation
is also commonly used to provide an indirect measure of mineral
changes.2 This method is based on applying a well-defined load
to the enamel surface for a given time and the size of the in-
dentation formed is measured, the dimensions of which will be
dependent upon the mineral content of the specimen.3 However,
microindentation is only useful for studying shallow lesions.

Alternative techniques to TMR have been investigated,
including quantitative light-induced fluorescence (QLF),4, 5

optical coherence tomography (OCT),6, 7 and x-ray micro-
tomography (XMT).8 However, although these techniques
are non-destructive, QLF provides no structural information
about the lesion (i.e., lesion depth (LD)/mineral distribution),
OCT is prone to errors resulting from back-scattering of
the incident radiation, and XMT uses ionizing radiation and
the data acquisition times make it too onerous for routine
use.

Recently, advances in ultrafast pulsed laser technology have
facilitated the generation of radiation from the terahertz (THz)
region of the electromagnetic spectrum. This region encom-
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passes frequencies between infrared and microwaves and is
defined as having a frequency between 0.1 and 20 THz (1 THz
= 1012 Hz). This is of particular interest because many solids,
liquids and gases have fundamental resonances in this part of
the spectrum.9 The radiation is low energy (nonionizing) and
can penetrate many common materials, such as plastics, papers,
and ceramics.

Within the sample, a structural or chemical modification that
results in a refractive index (RI) change produces a reflection.10

These small RI changes can be imaged due to the high signal-
to-noise ratio associated with this technique. This means that
terahertz can reveal subsurface structures, eliminating the need
to destroy a tooth sample by sectioning prior to radiography.

The purpose of this study was to determine the ability of
terahertz-pulsed imaging (TPI) to measure the remineralization
of artificial caries lesions under simulated clinical conditions.
A comparison was made with microindentation (using Vickers
and Knoop diamonds) and TMR.

2 Methods
2.1 Specimen Preparation
Forty-eight enamel specimens (5×5 mm) were prepared from
bovine teeth free from white spots, cracks, and other defects.
The topsides of the specimens were ground using 1200-grit
paper until most of the tooth surface was flattened and then
serially polished using 4000-grit paper followed by 1 μm di-
amond polishing suspension. Each specimen was mounted on
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the end of an acrylic rod (6.35 mm diameter × 50.8 mm long)
using cyanoacrylate (Super Glue R©), and the sides of each spec-
imen were covered with an acid resistant varnish so that only
the polished enamel surface was exposed. Baseline hardness of
the sound enamel specimens was determined using Knoop and
Vickers hardness indenters. Indentations (Knoop, 50 g for 15
s: Vickers, 200 g for 15 s) were made in the middle 2×2 mm
area of the sample, at a distance of minimum 400 μm from each
other, forming a square. The average specimen microhardness
was determined from the four indentations on the surface of
each specimen. Only specimens with a sound Vickers surface
hardness between 260 and 310 kgf mm− 2 were accepted for the
study.

2.2 Lesion Formation
Artificial caries lesions were formed in the enamel specimens
by a 48 h immersion in a solution of 0.1 M lactic acid/0.2%
Carbopol C907, which was 50% saturated with respect to hy-
droxyapatite and adjusted to pH 5.0. After demineralization, a
reference area on each specimen was created by covering 1 mm
on two opposite sides of the specimen surface with acid-resistant
varnish (Revlon, New York, New York). The average specimen
Knoop and Vickers microhardness was determined from four in-
dentations on the surface of each specimen as described above.
Only specimens with a lesion Vickers surface hardness between
25 and 45 kgf mm− 2 were accepted.

2.3 pH-Cycling Regime
The specimens were randomly divided (12 specimens per group)
into four treatment groups (A = 10 ppm fluoride dentifrice,
B = 675 ppm fluoride dentifrice, C = 1385 ppm fluoride
dentifrice, D = 2700 ppm fluoride dentifrice). All treatments
were sodium fluoride/silica-based dentifrices. A 50:50 mixture
of pooled human saliva (used as expectorated):artificial saliva
(2.20 g/L gastric mucin, 0.381 g/L NaCl, 0.213 g/L CaCl2.2H2O,
0.738 g/L KH2PO4, 1.114 g/L KCl) was used as the remineral-
ization medium in all treatment regimens. Wax-stimulated saliva
was collected from at least five individuals, pooled, and refrig-
erated until use. Fresh saliva/mineral mix was used each day
(changed during the acid-challenge period). The cyclic treatment
regimen consisted of a 4 h/day acid challenge in the lesion-
forming solution and four, 1 min treatment periods. For each
group, a slurry of each dentifrice was prepared by adding 5.0 g
of dentifrice to 10 ml of saliva. After the treatments, the speci-
mens were rinsed with running deionized water and placed back
into the saliva mixture, (i.e., the remineralization solution). This
cycling was repeated for 20 days. The daily treatment schedule
for this study is given in Table 1. On the first day, treatment 1
was not given; the test began with 1 h in saliva to permit pellicle
development prior to any treatments.

At the end of the cycling period, the average specimen Knoop
hardness numbers (KHN) and Vickers hardness numbers (VHN)
were determined from four indentations on the surface of each
specimen as described above. The difference between the hard-
ness following treatment and initial lesion hardness indicated
the ability of each treatment to enhance remineralization after
20 days of treatments.

Table 1 Daily treatment schedule.

Time of Day Treatment Solution

8:00–8:01 a.m. Dentifrice

8:01–9:00 a.m. Saliva

9:00–9:01 a.m. Dentifrice

9:01–10:00 a.m. Saliva

10:00 a.m.–2:00 p.m. Acid challenge

2:00–3:00 p.m. Saliva

3:00–3:01 p.m. Dentifrice

3:01–4:00 p.m. Saliva

4:00–4:01 p.m. Dentifrice

4:01p.m.–8:00 a.m. Saliva

2.4 Terahertz Imaging and Data Processing
All specimens were imaged with a TPI imaga 1000 (TeraView
Limited, Cambridge, United Kingdom) terahertz-pulsed imag-
ing system before and after the 20-day remineralization period.
The TPI imaga 1000 used a laser gated photoconductive semi-
conductor emitter and receiver to generate and detect pulses of
terahertz light.11 The system utilized an ultrashort Ti:sapphire
pulsed laser (Vitesse, Coherent, California), which generated
90 fs pulses centerd at 800 nm, with an 80 MHz repetition rate
and an average power of 300 mW. A schematic of the imaging
system is shown in Fig. 1. Initially, the laser output was split into
two beams by a beam splitter, one was used to generate and the
other for the detection of the terahertz pulses. The generation
beam was focussed onto the terahertz photoconductive emitter,
producing electron-holes pairs in the semiconductor that were
accelerated by an externally applied bias producing bursts of
broadband coherent terahertz light.11 The terahertz pulses were
collected and refocused onto a specimen via a pair of off-axis
parabolic (OAP) mirrors. Terahertz pulses reflected back from
the specimen were collected and refocused with a further pair
of OAP mirrors, onto the photoconductive receiver on which
the detection beam was also focussed. The system produced a
usable frequency range of 0.1–3 THz with an average power
of ∼100 nW. Complete terahertz time-domain waveforms were
obtained by sweeping the optical delay through the entire time
range of the terahertz pulse at a rate of 15 Hz. The system has a
spatial resolution of 60 μm at 3 THz and an axial resolution of
≤40 μm. The signal-to-noise ratio ∼5000:1.

Each sample (lesion baseline and post-treatment) was posi-
tioned on an x-y stage and lowered into the focus of the terahertz
beam. The terahertz beam path was purged with dry nitrogen
to remove any water vapor and the optics were raster scanned
in the x-y plane to collect a 6×6 mm grid of data points with a
spacing of 50 μm: at each point, a complete terahertz waveform
was acquired. The resulting data set was three-dimensional with
time, which corresponded directly to depth as the third axis.
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Fig. 1 Schematic of the terahertz-pulsed imaging system in reflection mode.

Prior to each measurement, a terahertz reference waveform was
recorded from a gold coated mirror.

The acquired raw data represented the impulse function of
the subject deconvolved with the reference data. Deconvolution
was performed to extract the impulse function [Eq. (1)]. Dividing
the sample by the reference removed the system response, and
a Gaussian filter function was applied to remove both the low
and high-frequency noise components and produce a suitable
time-domain response12, 13

Impulse function (IF) = FFT−1

[
FFT (filter) ×FFT (raw)

FFT (reference)

]
,

(1)

where FFT = Fast Fourier Transform.

Following data processing, an average time-domain terahertz
waveform was collected from the central 1.5×1.5 mm area of
each specimen and from this, the intensity of the reflection from
the air/enamel interface (AEI) and refractive index (RI) profile
was extracted.

2.5 Extraction of Refractive Index Profile
The terahertz RI profile through the lesion was calculated using
[Eqs. (2) and (3)].13

n (x) = n0[1 + ∂ (x)], (2)

where:

∂ (x) ∝
∫ x=∞

x=0
IF.dx, (3)

where IF is the impulse function and n0 is the RI in air.

By setting the RI of sound bovine enamel to 3.09 (100%
mineral) (Ref. 14) and the RI of air to 1 (0% mineral), it was

possible to calculate the RI profile throughout a specimen by
scaling ∂(x) between 0 (on the surface) and 100 (in the sound
enamel) expressed as percent volume RI. By calculating the
area difference across the depth of the lesion between the sound
enamel and either the baseline/post-treatment lesion profiles we
obtained �Z(THz) for each specimen with equivalent units to
�Z calculated using TMR � (units = volume% ×μm). The
post-treatment mineral change (��Z(THz)) was determined as
follows: ��Z = �Ztreatment − �Zbaseline.

2.6 Transverse Microradiography
Thin slices were removed from each specimen by cutting per-
pendicularly to the varnish strips and polished on an etched
glass plate using an alumina slurry to a final thickness of
∼100 μm. For each specimen, two slices were prepared, one
from the treated area and the other from the varnish-covered
baseline lesion area. These slices were placed on high-resolution
(Kodak Type 1A) radiographic plates along with a step wedge.
The plates were exposed to x-rays generated from a source op-
erating at 20 kV and 30 mA for 65 min and then developed and
analyzed for changes in �Z (units = volume% ×μm) and LD.
The post-treatment mineral change (��Z(TMR)) was determined
as follows: ��Z = �Ztreatment − �Zbaseline.

2.7 Statistical Analysis
Statistical analyses were conducted using an analysis of co-
variance model (SAS software, version 8.2). Where significant
differences were found, additional pair wise comparisons were
performed using the Tukeys multiple comparisons test. Pearson
correlation coefficients were calculated to determine if there
were statistically significant correlations between TPI with mi-
croindentation or TMR. A level of significance of 0.05 was
employed in all statistical tests.
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Fig. 2 Terahertz waveform from a single measurement point on a rep-
resentative demineralized enamel specimen.

3 Results and Discussion
3.1 Terahertz Imaging Results
A representative time-domain waveform of a demineralized
enamel specimen is shown in Fig. 2. The primary (A) and
secondary (B) peaks were due to the partial reflections from
the AEI and lesion/sound enamel interface, respectively. These
peaks were positive because the refractive index of air and dem-
ineralized enamel is lower than healthy (sound) enamel. As the
remainder of the pulse continues through the specimen, an ad-
ditional reflection (C) from the enamel/dentine junction is seen.
This peak is negative because the pulse has moved from a re-
gion of high to low refractive index (the refractive index of
enamel and dentine at terahertz frequencies are 3.09 and 2.6,
respectively).14

Three parameters were extracted from the reflected time do-
main pulse:

1. The change from baseline of the air/enamel interface
(�AEI) reflection. Enamel remineralization resulted in
an increase in the refractive index mismatch between the
air and enamel surface. This parameter was correlated
with �VHN/KHN (from microindentation).

2. The area change from baseline under the RI volume %
profiles (��Z(THz)). These profiles were analogous to
the mineral profile obtained by TMR [Figs. 3(a) and
3(b)] because refractive index is directly related to the
enamel mineral content.14 Each point on the profile de-
scribed the refractive index (expressed as RI volume %)
of an area slice at a given depth. The area difference
described the change in the RI throughout the lesion
following remineralization. As expected, remineraliza-
tion of the lesion resulted in a corresponding change
in the lesion refractive index. This was correlated with
��Z(TMR).

3. The LD, which was defined by an RI volume % between
5 and 95% of sound enamel. This approach is analogous
to the method used in TMR to define LD (i.e., a mineral
content between 5 and 95% of sound enamel).

Fig. 3 Example (a) baseline and post-treatment mineral and (b) refrac-
tive index volume profiles.

Because the entire pulse was used in the comparison analysis
with TMR, the measurements should be equally sensitive to both
low and high R lesions (the R parameter is equal to �Z/LD, i.e.,
the average decrease in mineral content within a lesion15). The
absolute sensitivity of the technique was estimated to be better
than ± 1% RI change.

The experimental parameters, i.e. �AEI,��Z(THz)/

��Z(TMR),�LD(THz)/�LD(TMR),�VHN/�KHN are shown
in Table 2, and representative AEI intensity and layer thick-
ness images for the four treatment groups are shown in
Figs. 4–7 (Note: the color-scale bar represents the intensity of
the AEI reflection in arbitrary units (peak intensity images) and
lesion depth in micrometers (layer thickness images). The left-
and right-hand sides of the specimens in the post-treatment im-
ages are the areas covered by nail varnish. For the specimens
treated with the 2700 ppm fluoride dentifrice (Fig. 7), it was not
possible to generate a post-treatment lesion thickness image on
the same scale as the other treatments due to the high level of
remineralization).

There was a fluoride dose-dependent change from baseline
in all TPI parameters, i.e. �AEI,��Z(THz) and �LD(THz). An
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Fig. 4 Representative terahertz images for an enamel specimen treated
with 10 ppm fluoride: (a) baseline AEI reflection intensity, (b) baseline
lesion thickness, (c) post-treatment AEI reflection intensity, and (d) post-
treatment lesion thickness.

increase in the intensity of the AEI reflection was found in
all treatment groups which was consistent with the increase in
the refractive index mismatch between air and remineralized
enamel. For specimens treated with the 10 ppm fluoride den-
tifrice, further sub-surface demineralization occurred following
pH cycling, as indicated by the increase in lesion depth and pos-
itive ��Z(THz). In all other treatment groups, lesion remineral-
ization was identified. All product differences were significant,
with the exception of (A) 10 and 675 ppm (AEI), (B) 1385 and
2700 ppm (AEI), (C) 675 and 1385 ppm (��Z(THz)), (D) 1385
and 2700 ppm (��Z(THz)), and 1385 and 2700 ppm (�LD(THz)).

3.2 Microindentation and Transverse
Microradiography Measurements

Specimen analysis using microindentation and TMR showed
a dose dependent change from baseline in all measurement
parameters (Table 2). The TMR data showed that further
demineralization occurred in the 10 ppm treatment group, all
other treatments produced net remineralization. An increase in

Fig. 5 Representative terahertz images for an enamel specimen
treated with 675 ppm fluoride: (a) baseline AEI reflection intensity,
(b) baseline lesion thickness, (c) post-treatment AEI reflection intensity,
and (d) post-treatment lesion thickness.
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Fig. 6 Representative terahertz images for an enamel specimen treated
with 1385 ppm fluoride: (a) baseline AEI reflection intensity, (b) base-
line lesion thickness, (c) post-treatment AEI reflection intensity, and (d)
post-treatment lesion thickness.

specimen hardness was found in all treatment groups. When
comparing �KHN and �VHN, all differences were signifi-
cant with the exception of 675 and 1385 ppm (�KHN). For
��Z(TMR), the only significant difference was between 10 ppm
and 675, 1385 and 2700 ppm dentifrices.

3.3 Correlation Plots
The correlation plots (using adjusted mean data) between
�AEI versus �VHN, �AEI versus �KHN, ��Z(THz) ver-
sus ��Z(TMR) and �LD(THz) versus �LD(TMR) are shown in
Figs. 8(a)–8(d), respectively. A linear correlation was observed
between all parameters: �AEI versus �VHN (r2 = 0.997),
�AEI versus �KHN (r2 = 0.964), ��Z(THz) versus ��Z(TMR)

(r2 = 0.978), and �LD(THz) versus �LD(TMR) (r2 = 0.915).
The Pearson correlation coefficients (using unadjusted data

for all specimens within each group) were 0.60 for �AEI ver-
sus �VHN and �AEI versus �KHN, 0.63 for ��Z(THz) ver-
sus ��Z(TMR), and 0.65 for �LD(THz) versus �LD(TMR). All
correlations were statistically significant (p < 0.05). For the
��Z(THz) versus ��Z(TMR) correlation, 25% of the lesions were

Fig. 7 Representative terahertz images for an enamel specimen treated
with 2700 ppm fluoride: (a) baseline AEI reflection intensity, (b) base-
line lesion thickness, and (c) post-treatment AEI reflection intensity.

insufficiently robust to enable sectioning for radiography. Con-
sequently, for some of the treatment groups the number of spec-
imens used in the correlation study varied between 7 and 11. A
greater number of significant differences (��Z and �LD pa-
rameters) were found between treatment groups when samples
were analyzed by TPI.

Both inter and intra specimen variations in mineral distri-
bution were observed within each treatment group (Figs. 4–7).
These variations can be explained by considering that enamel
is a heterogeneous matrix and because the demineralization
solution is only partially saturated with respect to hydrox-
yapatite, the more soluble areas of the enamel will have an
increased tendency to demineralize. In this study, specimen
hardness was determined from an average of four indentations
on a small area of the specimen and in TMR, �Z and LD were
calculated from a single radiography section. Both techniques
rely on these measurements being representative of the entire
specimen and can be sensitive to nonuniformity in the mineral
distribution.

The use of TPI for measuring lesion depths in both high- and
low-R lesions has been described previously by Pickwell et al.,13

however, the present study is the first time a statistically signif-
icant lesion depth correlation between TPI and TMR has been
reported for low-R lesions. There are several possible expla-
nations for the improvement in the correlation, the most likely
being that the measurements in the current study were made
with a higher temporal resolution (i.e., a smaller point spacing
on the terahertz pulse) than has been used previously, and that
the signal-to-noise ratio has been improved due to advances in
the terahertz technology.

In order to prevent the intra specimen variability distort-
ing the correlations, a subset was selected from each treatment
group (n = 5) where the lesion mineral content and lesion depth
was generally uniform across the measurement area and the
linear correlation and Pearson correlation coefficients between
��Z(THz) versus ��Z(TMR) and �LD(THz) versus �LD(TMR)

were recalculated. In both cases, there was a marked increase in
the degree of correlation, [i.e., 0.978–0.999 (��Z) and 0.915–
0.933 (LD) for the linear correlation coefficient, and 0.63–0.72
(��Z) and 0.65–0.78 (LD) for the Pearson correlation coeffi-
cients].

The use of TPI to assess de- and remineralization is advanta-
geous for several reasons: (i) no sample preparation is required
meaning that it can be used in longitudinal de- and remineral-
ization studies; (ii) terahertz radiation is non-ionizing and the
levels produced are considerably smaller than the levels we are
naturally exposed to on a daily basis; (iii) terahertz radiation
can penetrate depths ≥3 mm (however, this is dependent on the
sample matrix); (iv) imaging of a 5-mm2 area can be obtained in
under 15 minutes; (v) the spectral information generated by the
instrument has the potential to be used for diagnostic purposes;14

and (vi) data are averaged across the entire specimen and
so are insensitive to intra specimen variations in mineral
distribution.

Because the lesion mineral distribution can have a marked ef-
fect on the outcome of in vitro remineralization studies,16 it will
be necessary to validate the technique for all types of lesions.
In addition, an understanding of the relationship between min-
eral content and refractive index is important to support these
findings.
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Fig. 8 Correlation plots for (a) �AEI versus �VHN, (b) �AEI versus �KHN, (c) ��Z(THz) versus ��Z(TMR) and (d) �LD(THz) versus �LD(TMR). Error
bars represent standard errors.

4 Conclusion
The ability of terahertz imaging to detect mineral changes and
measure lesion depths in enamel following remineralization
with fluoride-containing dentifrices has been demonstrated in
the present study. This technique was also sufficiently sensitive
to discriminate between the levels of remineralization produced
by the different dentifrices and could be suitable for moni-
toring mineral changes over time in de- and remineralization
studies.
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