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The contrast of demineralization on tooth occlusal surfaces from
405 to 1950-nm with varying depth

Niloufar Mohajerani, Kenneth H. Chan, Vincent B. Yang, Daniel Fried, and Cynthia L.
Darling
University of California, San Francisco, San Francisco, CA 94143-0758

Abstract

Near Infrared Reflectance (NIR) is a new imaging technology that detects dental caries (decay) on
tooth occlusal surfaces and in the interproximal contact sites between teeth. Conventional
techniques, mostly dental x-rays, do not provide the high sensitivity and specificity at the
vulnerable pits and fissure regions. The contrast of demineralization on tooth surfaces changes
with increasing severity and the magnitude of that change with depth depends on the wavelength.
The purpose of this study is to determine how the contrast changes with depth as a function of
wavelength. Demineralization of varying depth was produced in 1.5 x 1.5 mm exposed windows
after 1, 2, 3, 4, and 5 days of exposure to a demineralizing solution at pH 4.5. Lesions were
imaged at 405, 630, 850, 1300, 1460, 1535, 1675, and 1950-nm with multiple imaging systems.
The highest lesion contrast was measured at 1950-nm.
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1. INTRODUCTION

Studies indicate that light scattering in dental enamel decreases with increasing wavelength
and increased water absorption decreases the backscattered light (reflectance) from sound
tooth structure [1, 4, 5]. Short wavelength IR (SWIR) imaging allows greater diagnostic
capabilities than the current standard of bitewing radiographs for both interproximal and
occlusal carious lesions [6-12]. Therefore, higher contrast between sound and demineralized
enamel is expected at longer SWIR wavelengths and reflectance measurements support this
hypothesis. Hyperspectral measurements by Zakian et al. [13] showed the tooth continuing
to get darker and darker with increasing wavelength. The magnitude of absorption by water
at 1940-nm (120 cm™1) is 4 times higher than at 1450-nm (29 cm™1) [2], see Fig. 1. Higher
contrast translates to higher diagnostic performance and earlier detection of
demineralization. Previous studies demonstrated that SWIR reflectance measurements at
wavelengths coincident with higher water absorption yield higher contrast than other
existing methods including QLF [14]. Even though light scattering in enamel is at a
minimum in the SWIR, light scattering in sound dentin is high. At wavelengths highly
absorbed by water, i.e., 1450 and 1940-nm, deeply penetrating light is absorbed by the water
in the surrounding/underlying sound enamel and dentin, thus increasing lesion contrast. The
scattering coefficient of enamel is 20 to 30 times higher in the visible versus the SWIR at
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1300 nm [1, 3]. SWIR imaging allows greater diagnostic capabilities than the current
standard of bitewing radiographs for both interproximal and occlusal carious lesions [6-12,
15]. The principal reason there has been limited success for caries-detection schemes such as
fiber optic transillumination [16-21] and the optical caries monitor [22], along with
fluorescence based methods is that stains interfere to produce false positives and prevent
accurate measurement of lesion severity. Both /n vitro and /n vivo studies show that stains
completely mask demineralization in the pits and fissures [23-25].

The purpose of this study is to determine the influence of the depth of demineralization on
the contrast of demineralization on tooth occlusal surfaces at wavelengths from the visible to
1950-nm.

2. MATERIALS AND METHODS

2.1. Sample preparation

Twenty-five sound teeth extracted from patients in the San Francisco Bay Area were
collected, cleaned, sterilized with gamma radiation, and stored in a 0.1% thymol solution.
The teeth were mounted on 1.2 x 3 cm rectangular blocks of black orthodontic composite
resin with the tooth occlusal surface facing up. Each rectangular block fit precisely in an
optomechanical assembly that could be positioned with micron accuracy. Two windows 1.5
x 1.5 mm were cut into the occlusal surface of the tooth to serve as sample and reference
windows using a CO, laser as can be seen in Fig. 3. The entire tooth was covered with acid
resistant varnish from Revlon (New York, NY) leaving only the sample window exposed.
Artificial lesions were created in the sample windows by exposing them to a demineralizing
solution for periods of 1, 2, 3, 4 & 5 days for n=5 teeth per group. Artificial lesions were
prepared using a demineralization solution maintained at 37°C at pH 4.5. The solution
consists of 40 mL aliquots of 2.0 mmol/L phosphate, 2.0 mmol/L calcium, and 0.075 mol/L
acetate. After the time was up, the varnish was removed with acetone and the teeth were
refrigerated and stored in a 0.1% thymol solution.

2.2. Reflectance Measurements

The setup of Fig. 2 was used for reflectance measurements. Light from various light sources
was directed towards the tooth at a 30 degree angle and the reflected NIR light transmitted
from the tooth was captured by the imager. Crossed polarizers were used to remove specular
reflection (glare) that interferes with measurements of the lesion contrast at the NIR and
SWIR wavelengths.

Blue and red light reflectance images were acquired using three USB microscopes from
BigC (Torrance, CA). One microscope Model AM4113T was used to acquire images while
the LEDs on the other two microscopes were used for illumination, Model AM4115TW-
GFBW and AM4115T-DFRW each with 7 LEDs centered at 480-nm and at 620-nm. A
DMK-3002-IR near-IR sensitive CCD camera from the Imaging Source (Charlotte, NC)
equipped with an Infinity Infinimite lens was used to acquire 850-nm images. A 150-W
fiber-optic illuminator FOI-1 from E Licht Company (Denver, CO) coupled to an adjustable
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aperture was used as a light source and a 850-nm filter with a 70-nm bandwidth was used for
the 850-nm images.

SWIR reflectance images from 1300-1750-nm were captured using a 12-bit Model
GA1280J from Sensors Unlimited (Princeton, NJ) with a 1280 x 1024 pixel format and 15-
um pixel pitch with ISR-P lens. A stabilized Tungsten IR light source, Model SLS202, from
Thorlabs (Newton, NJ) with a peak output at 1500-nm and collimating optics. Several
bandpass [BPwavelength(bandwidth)] and longpass [LPwavelength] filters were used to
select wavelength intervals in the NIR and SWIR including: BP1300(90), BP1460(85),
BP1535(80), LP1500(1500-1750), BP1675(90).

In order to acquire images at 1950-nm a single point scanning system was used as described
in reference [26]. Collimated light from a linearly polarized 200-mW 1950-nm fiber laser,
Model AP-CW from AdValue Photonics (Tucson, AZ) was focused onto the tooth samples
with an f=100-mm lens. Computer-controlled XY motion control system ESP-301 and
UTM150 stages from Newport (Irvine, CA) were used to scan the samples for NIR
reflectance image acquisition. Cross-polarized backscattered light from the tooth surface
was collected with a Model PDAL10DT extended range InGaAs detector from Thorlabs
(Newton, NJ).

All image analysis was carried out using the Igor pro software from Wavemetrics (Lake
Oswego, OR). The mean values of the intensity of the pixels in the sample or demineralized
box (Is) and sound reference box (Ig) were determined and the following formula was used
to calculate the reflectance contrast (Is-1g)/Is which varies from 0 to 1 for positive contrast,
where 1 is the maximum achievable contrast and 0 is no contrast. A repeated measures one-
way analysis of variance (ANOVA) followed by the Tukey-Kramer post-hoc multiple
comparison test was used to compare the contrast measurements between groups using the
Prism statistical software from GraphPad (San Diego, CA).

3. RESULTS AND DISCUSSION

Reflectance images taken of one of the samples is shown in Fig. 3. The mean contrast
between the sample and reference windows increases from the visible to 1950-nm. The
highest contrast is at 1950-nm where the water absorption is high and light scattering is low
[26]. The contrast at 480-nm was fairly low for the shallow demineralization in the sample
windows which was less than 150-xm deep even after five days. Studies have suggested that
the contrast of demineralization can be very high at blue wavelengths [27]. Our primary goal
in this study was to examine how the lesion contrast varies with lesion depth and
wavelength. However, the lesion depth in the sample windows was highly variable and
highly non-uniform and the only wavelength for which we could establish a significant
correlation between the lesion contrast and the lesion depth was for 1950-nm where there
was a slight but significant positive linear correlation R2=0.15, P<0.05. We plan to reanalyze
the lesion contrast and lesion depth data using optical coherence tomography to map out the
lesion depth in the future.
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Fig. 1.
The attenuation coefficient for dental enamel (red) and the absorption coefficient of water

(black) in the visible to IR [1-3]. NIR range is 700-1000 nm (blue) and SWIR range is
1000-2500 nm (gray).
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Fig 2.
Imaging configuration for cross-polarized reflectance with (A) tooth, (B) light source and
(C) imaging cameras.
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Fig 3.
Reflectance images acquired for one of the samples at all the wavelengths investigated. The
red and green arrows indicated the boxes cut into the occlusal surface for the samples and

reference windows.
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