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Background removal from polarized Raman spectra of tooth enamel
using the wavelet transform

Jianghua Li, Lin-P’ing Choo-Smith, Zhilie Tang, Michael G. Sowa

A wavelet transformation method is introduced to remove the large fluorescence background
from polarized Raman spectra of stained tooth enamel. This method exploits the wavelet
multiresolution decomposition where the experimental Raman spectrum is decomposed into
signals with different frequency components, and where the lowest frequency background and
highest frequency noise are removed. This method is optimized using a simulated collection of
parallel-polarized and cross-polarized Raman spectra of the enamel and then applied to a set of
experimental data. The results show that the wavelet transform technique can extract the pure
spectra from background and noise, with the depolarization ratio used to discriminate between
early dental caries and sound enamel preserved.
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Introduction

Raman spectroscopy has been applied in recent years in dental research. The main appeal is
that this technique can provide chemical-specific information about the composition of a sample.
For example, the method has been applied to examine the composition of enamel and dentin[1]
and for understanding the interaction of various bonding agents and materials used in dental
restorations.[2—4] In addition, we have recently demonstrated that polarized Raman
spectroscopy (PRS) using near-infrared excitation can readily be used to differentiate between
sound enamel and carious enamel using the depolarization ratio based on the integrated peak

intensities of the symmetric phosphate stretching vibration at 959 cm-".[5-7] However, for tooth

enamel therecan be a strong interfering background in the Raman spectrum resulting from
extrinsic stains arising from food, drugs, tobacco usage or other sources and intrinsic stains,
which obscure small Raman signals and affect calibration and quantitation based on spectral
peak information. In order to use the depolarization ratio to distinguish sound enamel from early
carious regions in stained enamel, it would seem that it is only necessary to remove the

background from the small wavenumber interval in the region of 900—-1000 cm-1. However, our

study using the approach of fitting a straight line background in the region of the peak and
subtracting this background before calculating areas under the peak has shown that
background fluorescence from staining complicates the use of PRS for discriminating stained
sound enamel from carious enamel. When the background is corrected using this method, the
differences in the mean depolarization ratios of stained enamel and caries are not statistically
significant.[8] The presence of a fluorescence background superimposed on the Raman spectra
skews the calculated depolarization ratio and diminishes the ability of using Raman
measurements to discriminate between healthy and carious enamel. Although we focus

primarily on the v1 (~959 cm—1) peak for quantitative analyses, our early studies have also

shown that there are subtle changes in the v2, v3 and v4 phosphate vibrations.[5] By correcting
the background of the entire Raman spectrum, we can potentially gain additional insight
regarding the alterations occurring in the other phosphate vibrations. For these various reasons,
we began exploring alternative methods for background removal that would involve the entire
Raman spectrum in order to obtain reliable diagnostic results.



Recently, several computational methods have been implemented to accomplish the task of
background removal. These methods include frequency-domain filtering,[9] first and second
derivatives,[10] polynomial fitting[11,12] and wavelet transform.[13—16] Detailed discussions of
the various methods have been elaborated in recent papers.[10,17] Our experience with using a
high-order polynomial curve fitting method to subtract out the background fluorescence showed
that there was no improvement in separating out the Raman depolarization ratios from stained
sound enamel and unstained carious enamel. Rather, the polynomial correction method led to
higher depolarization ratios for stained enamel thus caused more overlap with depolarization
values obtained from unstained carious enamel.

Of the various subtraction methods proposed in the literature, the wavelet transform is
becoming increasingly common, not just because of computational efficiency but also because
of its time—frequency multiresolution analysis property. Multiresolution analysis allows for
separating information in time and frequency domains, enabling the suppression of a variable
background without a significant loss of signal information.

The wavelet transform is a powerful tool to deal with nonperiodic signals. It has been
successfully used in denoising,[18] information extraction,[19] resolving overlapping signals[20]
and data compression.[21] Also, it has been successfully used to remove the background in
Raman spectra.[15,16,18] However, it has never been used for recovering the Raman spectrum
of tooth enamel in the presence of a broad fluorescence background caused by naturally
occurring staining of the enamel. In many cases, the broad background can obscure the Raman
signal even when near-infrared excitation is used. In this paper, a wavelet transform method is
introduced to extract the weak Raman spectra from stained tooth enamel.

Two sets of simulated polarized Raman spectral data, one for sound enamel and another for
carious enamel, were used to choose the optimal wavelet basis and decomposition level, as
well as to confirm the ability of the wavelet transform approach to remove background
contamination and noise. These parameters were then used to treat experimental tooth enamel
spectra in order to reconstruct the pure Raman signal.

Theory

The theory of multiresolution wavelet decomposition and reconstruction has been described in
detail previously.[15,16,18,22—24] We briefly outline its use in denoising and baseline removal.
Mallat’s pyramidal algorithm decomposes the original signal 7 (f) into an approximated part (low
frequency) and a detailed part (high frequency). For example, for a signal f (f) with a sampling
frequency Fs, according to the Nyquist sampling theory, the basic frequency of f(t) should be

Fmax = Fs/2. A single-level decomposition of the signal divides it into an approximate signal

component A1 (whose frequency ranges from 0 to Fmax/2) and a detail component D1 (whose
frequency ranges from Fmax/2 toFmax). At the second level, the approximate signal component
A1 is further decomposed into a new approximate component A2 and detail component D2.

This process is continued so that the original signal is represented by a new sequence f= Aj +Dj

+Dj-1 +.. .+D1. If Ajis set to zero, the reconstructed signal consists of the higher frequency part
of the original signal, and thus the background can be eliminated. In the same way, if Dj is set to
zero, the reconstructed signal is missing the higher frequency parts of the signal, thus the noise
can be eliminated.



To obtain smooth spectra before the wavelet transform, soft thresholding and scaled noise
option as proposed by Donoho was used to remove the noise.[25] Firstly, we chose the ‘db 4’
wavelet and level 6 to compute the wavelet decomposition of the signal using the function
‘wavedec’ from theMatlab 7.5 Wavelet Toolbox (The Mathworks, Inc., Natick, MA, USA).
Wavedec performs a multilevel one-dimensional wavelet analysis using either a specific wavelet
or specific wavelet decomposition filters. Then for each level, the threshold obtained by the
function ‘wthrmngr’ was selected where wthrmngr returns a global threshold or level dependent
thresholds. Finally, the thresholds were applied to the detail coefficients to denoise by the
function ‘wdencmp’. The function wdencmp performs a denoising or compression process of a
signal or an image, using wavelets.

The proposed algorithm involves three steps: (1) denoising using soft thresholding and scaled
noise option; (2) multiple-level decomposition and (3) signal reconstruction. These steps were
applied using the original approximation coefficients of jth level and the modified detail
coefficients of levels from 1 to the jth level.

Experimental

Polarized Raman spectral data of unstained regions of sound enamel and carious enamel were
used to develop a simulated dataset with varying levels of background. As well, a set of
experimental Raman spectra of sound teeth and carious teeth, with and without stains, were
used to validate the utility of the method for removing the background and noise. All
computations and programming were carried out with the Matlab software (The Mathworks, Inc.,
Natick, MA, USA), version 7.5, equipped with the Wavelet Toolbox, where the function
‘wavedec’ and ‘waverec’ were used for wavelet decomposition and reconstruction, respectively.

Simulation analysis

Representative spectra corresponding to parallel- and cross-polarized Raman spectra of carious
and healthy regions of unstained enamel were used in conjunction with various backgrounds to
simulate the effects of staining on the Raman spectrum of enamel. The performance of the
wavelet transform method for background removal was evaluated with this dataset. Larger and

larger backgrounds composed of a linear function (1 + a x 1) and a Gaussian peak (b x exp(—(4
- €)2/80 000)), where a1 = 2.2, b1 = 1000, c1 = 50; a2 = 3, b2 = 2000, c2 = 100; a3 = 3, b3 =
4000, c3 = 200; a4 = 3.8, b4 = 6000, c4 = 300; a5 = 4.5, b5 = 7000, c5 = 400; a6 = 5.5, b6 =

8000, ¢6 = 600; a7 =6, b7 = 10000, c7 = 800; a8 = 7, b8 = 10000, c8 = 1200; were

superimposed on the base parallel-polarized and cross-polarized Raman spectra of carious
lesions and healthy enamel.

Selection of mother wavelet function and the level of decomposition

There are many possible mother wavelet functions that could be used. One criterion is to
choose a function that resembles the patterns to be localized in the signal, as this will ensure
that the structures of interest are efficiently localized in the time and frequency domains.
Furthermore, this approach minimizes ‘spurious’ effects in the reconstruction of the signal from
the inverse filter coefficients.

The sets of parallel- and cross-polarized Raman spectra simulating stained sound enamel and
carious enamel were used to help choose an effective wavelet function. The results using the



Daubechies and Symmlets families are reported. These wavelet families have a high degree of
similarity to the original signal and previous studies have found them to be very suitable for
spectral analysis.[15,16] The quality of the wavelet decomposition was judged according to the
root mean-squared error (RMSE) in the difference between the original signal and the
reconstructed signal at a defined level j. The mother wavelet function and the level of
decomposition producing the smallest RMSE on the simulated data were then applied to the
experimental data from stained and unstained enamel.

Experimental Raman Spectra
Tooth samples

Sixteen extracted human teeth were acquired from the Oral Surgery Clinics of the Faculty of
Dentistry of University of Manitoba and of Dalhousie University, as well as from private dental
clinics in Winnipeg and Morden, MB. These teeth were extracted from consenting patients who
were undergoing extractions for orthodontic and other reasons. Remaining soft tissue on
extracted teeth was removed by scaling and the samples were rinsed with water. Teeth were
then preserved in sterile filtered deionized water until measured.

Polarized Raman microspectroscopy

Raman spectra were acquired on a LabRamHR confocal Raman microspectrometer (Horiba
Jobin Yvon, Edison,NJ, USA) operating with near-infrared laser excitation at 830 nm (Spectra-
Physics 3900S titanium sapphire laser pumped with a 5 W Millennia Pro solid-state laser,
Spectra-Physics, Mountain View, CA). The 3900S laser is linearly polarized with the beam
having a horizontal polarization. Laser powers were adjusted such that at the sample there was

approximately 100mW under the 10x%(Nikon) microscope objective lens. The confocal hole size
was set at 800(m and the slit size at 100 [m. A spectrograph with a 300 lines/mm grating was
used to provide a spectral resolution of 4 cm—1. Parallel-polarized and cross-polarized spectra

were obtained by placing a linear polarizer (i.e. analyzer) oriented parallel (||) to and

perpendicular (1) to that of the linearly polarized laser light, respectively. Spectra were acquired

by placing the intact tooth surface of interest under the microscope objective and oriented
orthogonal to the laser beam direction. Spectra were acquired for 5 s with six accumulations to
equal 30 s measurement time. Labspec (version 4.12, Horiba Jobin Yvon, Edison, NJ, USA)
software accompanying the LabRamHR system was used for spectrometer control and data
acquisition. Details of the instrumentation have been outlined previously.[5,6]

Data analysis

Spectral background optics subtraction, instrument response correction for Raman spectra and
spectral correction for the polarization dependence of the optics were performed as described
previously.[5,6]

The Raman depolarization ratio pgsg Was calculated according to conventional definition:

Paso= loso(y/lese() (1)



where lso() and lsgq are the integrated peak intensities of the 959 cm~' peak detected with the
analyzer oriented perpendicular to (1) and parallel to (||) the polarization direction of the linearly
polarized laser light, respectively. The peak at 959 cm-' represents the totally symmetric P-O

stretching vibration of the phosphate ions (PO3-4 ) within hydroxyapatite, which is the dominant
component of tooth enamel.

For statistical analysis, pese Values were obtained for two datasets, named pgsg (¢ for carious
lesions and pgsq(s) for sound enamel. In order to determine whether there is a significant
difference between these two sets of data, a t-test was carried out using the t-critical value at

95% confidence interval level with N1 + N2 — 2 degrees of freedom. The analyses were divided
up between stained and unstained measurements where N1 = 16 (unstained sound enamel)
and N2 = 30 (unstained carious enamel) for one analysis and N1 = 17 (stained sound enamel)
and N2 = 15 (stained carious enamel) for the other analysis.

Results and Discussion
Determination of the wavelet function and decomposition level

he function wmaxlev was used to determine the maximum possible level of decomposition and
was usually between level 7 and level 8 for these data. At low levels of decomposition (i.e.
below level 6), due to distortion of the resulting spectra, visual inspection was sufficient to
determine the poor mismatch between the original and reconstructed spectrum. Spectral
reconstruction was usually adequate after six levels of decomposition and therefore was chosen
for our analyses. The performance of the best mother wavelet type (Daubechies or Symmlet)
and the optimum level was evaluated by computing the RMSE between the original spectrum
before a background was added and the reconstructed spectrum (Table 1) where the added
baseline was eliminated. It was found that reconstruction of a typical tooth enamel spectrum had
the smallest RMSE using the ‘db 4’ mother wavelet at six levels of decomposition. Hence, ‘db 4’
wavelets and level 6 were used for wavelet decomposition and reconstruction. Like many of the
other subtraction methods proposed in the literature, this wavelet approach does require some
user supervision to assess the quality of the fit and thereby guide the selection of the
appropriate decomposition method. However, evaluating the RMSE of the fit offers a non-
subjective method of choosing the decomposition method and level.

The original and corresponding reconstructed simulated cross-polarized Raman spectra of
sound enamel are shown in Fig. 1. The series of spectra in the left panel correspond to varying
backgrounds added to the original spectrum of sound enamel. The right panel shows the
corresponding reconstructed spectra. All of the reconstructed spectra overlap after the wavelet
transformation, such that the background and the enamel Raman spectra can be separated. In
the same way, the background was removed from all the simulated parallel-polarized and
crosspolarized spectral data mimicking sound enamel and carious stained enamel. The
depolarization ratios p959 obtained from the reconstructed spectra and from the original are

compared in Table 2. It can be seen that the values are close: p959(C) = 0.1395 (original),
p959(C) = 0.1389 £ 0.001 (after reconstruction) and p959(S) = 0.0717 (original), p959(S) =
0.0616 % 0.002 (after reconstruction).



Experimental polarized Raman spectra

Representative parallel- (P1) and cross-polarized (P2) Raman spectra for sound unstained
enamel, caries unstained enamel, sound stained enamel and caries stained enamel and their
corresponding wavelet reconstruction are shown in Figs 2—4. As described previously, the

intensity of the Raman peaks at 590, 608, 959, 1069 and 1104 cm—1 of enamel show

polarization dependence. Most noticeable is the dramatic intensity change of the 959 cm-—1

peak. In contrast to sound enamel, the peak intensity change with cross-polarization is not as
dramatic at sites of carious lesions. The majority of Raman spectra of sound enamel and
carious enamel contain a minor sloping baseline as background. After the wavelet
transformation, the background and noise can be removed. Figure 2 displays representative
spectra before and after the backgrounds were removed by wavelet reconstruction. The

depolarization ratios at 959 cm-1 are 0.07 and 0.14 for these representative spectra of sound

enamel and carious enamel, respectively. Some representative Raman spectra of stained
sound enamel displaying larger background fluorescence and the corresponding corrected
spectra are shown in Fig. 3. The results show that the Raman spectral peaks of enamel that are
barely visible due to the interfering fluorescence background can be extracted using this wavelet
method. The recovered signal contains spectral peaks that can be used for determining the
depolarization ratios. Another example of a stained carious lesion is shown in Fig. 4, where
again the broad background is successfully removed using this wavelet reconstruction method.

The depolarization ratios of the 959 cm-1 peak were 0.02 and 0.17 for the stained sound
enamel and stained carious enamel, respectively for this example.

Table 1. MSE values between original and reconstructed polarized Raman spectra for sound
enamel obtained using different Daubechies wavelet (db3—db9) and different Symmlet wavelet
(sym3—sym8) parameters at the same level 6

‘db3’ ‘db4’ ‘db5’ ‘db6’ ‘db7’ ‘db8’ ‘db 9
Parallel-polarized 554 452 525 579 516 471 537
Cross-polarized 174 168 173 176 172 170 174

‘sym3  ‘sym4’ ‘sym5’ ‘sym6’ ‘sym?7’ ‘sym8’
Parallel-polarized 554 518 586 526 468 526
Cross-polarized 174 172 177 172 170 172

Table 2. Comparison of the depolarization ratio derived from the original and reconstructed
spectra of varying backgrounds using wavelet function analysis

Original depolarization ratio Reconstructed depolarization ratio

Carious enamel 0.1395 0.1389 = 0.001
Sound enamel 0.0717 0.0616 + 0.0020
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Figure 1. Wavelet reconstruction of simulated cross-polarized Raman spectra of sound enamel: (left panel) original spectra with
varying background levels (data 1 is the original spectrum with data 2—9 being the spectra with sequentially increasing background)
and (right panel) the corresponding wavelet reconstructed spectra at level 6 using ‘db4’.

In order to evaluate the effect of the wavelet reconstruction on using the depolarization ratio to
discriminate carious lesion from sound enamel, a total of 45 measurements from carious lesions
and 33 from sound enamel were examined. Figure 5 illustrates the distribution of p959 for both
sound enamel and carious enamel in bar graphs before and after reconstruction. Reconstruction
does not significantly alter the mean value of the depolarization ratio in each of the four
groupings of samples but it does reduce the variance in each of the groupings, particularly the
two groups of stained enamel. Following reconstruction, the mean p959 values with standard

deviation are as follows: p959(S) = 0.0559 £ 0.02 (unstained), p959(S) = 0.0629 £ 0.018

(stained) for sound enamel; p959(C) = 0.1178 + 0.019 (unstained), p959(C) = 0.1522 + 0.060

(stained) for carious enamel. A statistical analysis involving t-test performed at 95% confidence
interval indicates that the difference in p959 between reconstructed sound enamel and
reconstructed carious lesions is statistically significant with p < 0.001 for unstained teeth and p
< 0.008 for stained teeth. Prior to reconstruction, the stained samples were more poorly

distinguished (p = 0.04 (enamel vs caries)). These results indicate that wavelet transform

analysis preserves the ability to use the depolarization ratio to discriminate between sound
enamel and carious enamel and is particularly effective for stained enamel.

Conclusions

The potential of applying wavelet transform for removing the interfering fluorescence
background of polarized Raman spectra from tooth enamel has been evaluated. This method
proved to be very efficient at handling the broad background and noise that is usually found
when stained tooth samples are inspected by when stained tooth samples are inspected by
Raman spectroscopy.
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Figure 2. Original (solid lines) and reconstructed (dashed lines) polarized Raman spectra of unstained tooth enamel: (a) sound
enamel — P1 polarization, (b) sound enamel — P2 polarization, (c) carious enamel — P1 polarization and (d) carious enamel — P2
polarization.
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Figure 3. Representative Raman spectra of stained sound enamel: (a) P1 polarization — original, (b) P1 polarization —
reconstructed, (c) P2 polarization — original and (d) P2 polarization — reconstructed.

The results of background removal by the wavelet transform was deemed to be satisfactory in

both simulated and experimental signals because the broad background and noise was

removed without significantly altering the spectral shape yet preserving the peak band areas.

This was particularly important for calculating the depolarization ratio of the symmetric

phosphate stretching vibration at 959 cm-1. We have previously used this polarization ratio as a

quantitative measure to assess the extent of demineralization of enamel.[5,6] Where our



previous investigations showed that other subtraction methods such as linear and polynomial
fitting failed to provide adequate separation of stained sound enamel and unstained carious
enamel, the current studies show that the wavelet transform technique is an effective and
practical tool to separate the Raman signal of tooth enamel from the background and noise. The
multiresolution wavelet method described is computationally efficient and uses established
functions within Matlab’s Wavelet Toolbox, which is in principle accessible to all. This open-
access concept allows for other groups to use and evaluate these functions without relying on
in-house written software and code where it is more difficult for widespread validation. Our
studies have shown that the reconstructed signal can be used to differentiate between sound
enamel and carious enamel according to the integrated peak intensities of the Raman peak at

959 cm-1 from polarized Raman spectra. Effective background removal using wavelet

transform should enable us to extend the use of this Raman method to detect caries lesions in
teeth that are stained. This method would also improve the clinical utility of polarized Raman
spectra for early caries assessment.

Raman Intensity/Arbitr. Units

Raman Intensity/Arbitr. Units

3000
2500
2000
1500
1000

500

700
600
500
400
300
200

400 800 200 1000 1200
Wavenumbericm™

400 600 200 1000 1200
Wavenumber/cm'’

Raman Intensity/Arbitr. Units

Raman Intensity/Arbitr. Units

1500

1000

500

200

100

600 800 1000
Wavenumber/cm'

1200

600 800 1000 1200

Wavenumber/em''

Figure 4. Representative Raman spectrum of stained carious enamel: (a) P1 polarization — original, (b) P1 polarization —
reconstructed, (c) P2 polarization — original and (d) P2 polarization — reconstructed.
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