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Abstract: Optical coherence tomography (OCT) has been widely used for the diagnosis of dental
demineralization. Most methods rely on extracting optical features from OCT echoes for evaluation or
diagnosis. However, due to the diversity of biological samples and the complexity of tissues, the
separability and robustness of extracted optical features are inadequate, resulting in a low diagnostic
efficiency. Given the widespread utilization of entropy analysis in examining signals from biological
tissues, we introduce a dental demineralization diagnosis method using OCT echoes, employing
multiscale entropy analysis. Three multiscale entropy analysis methods were used to extract features
from the OCT one-dimensional echo signal of normal and demineralized teeth, and a probabilistic
neural network (PNN) was used for dental demineralization diagnosis. By comparing diagnostic
efficiency, diagnostic speed, and parameter optimization dependency, the multiscale dispersion
entropy-PNN (MDE-PNN) method was found to have comprehensive advantages in dental
demineralization diagnosis with a diagnostic efficiency of 0.9397. Compared with optical feature-
based dental demineralization diagnosis methods, the entropy features-based analysis had better
feature separability and higher diagnostic efficiency, and showed its potential in dental
demineralization diagnosis with OCT.
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1. Introduction

Dental caries is a chronic bacterial infection of the enamel, manifested by the demineralization of
inorganic matter and decomposition of organic matter. The disease progresses from a change in color
to the development of substantial lesions over time. In addition to secondary pulpitis and periapical
inflammation, dental caries may also cause alveolar bone and jaw inflammation. Lesions continue to
develop without timely treatment, forming cavities, and eventually, the dental crown is destroyed and
lost [1,2]. The most common method of checking dental caries is using a metal probe to scratch the
surface of the tooth and examine for cavities. The examination is accompanied by pain and discomfort
associated with tooth decay. Additionally, oral X-rays and oral CT imaging are widely used for the
examination of dental caries as non-contact and non-destructive methods. Using oral X-ray imaging,
researchers investigated a variety of clinical dental problems [3,4]. However, oral X-ray imaging
technology involves radiation, which imposes a physical and psychological burden on patients. An
optical coherence tomography (OCT) is a new type of tomography based on the principle of an optical
interferometer. The optical properties of biological tissue are evaluated by detecting reflected or
backscattered signals within about Imm depth and scanning allows for the acquisition of two-
dimensional or three-dimensional images of biological tissues. As a typical measurement application,
OCT can be utilized to image bacterial biofilms for the monitoring of their growth dynamics and
destructions [5,6].

Many clinical fields have benefited from OCT, which was initially applied in clinical and
preclinical ophthalmology [7-11], followed by relevant applications in dermatology [12,13] and
dentistry. Particularly in dentistry, Oliveira used OCT image to study root cracks diagnosis [14] and
Shimada used OCT image to study caries, tooth fracture diagnosis, and interfacial space detection [15-17].
Most of the evaluation or diagnostic methods based on OCT rely on the optical features extracted from
OCT echo signals. For example, Chan and Kang evaluated the degree of demineralization and
remineralization, respectively, using the reflectivity integration of OCT echo signals as features [18,19].
Popescu used another optical feature, the attenuation of OCT echoes, to assess dental demineralization [20].
Although these studies provided abundant evidence for the correlation between the variations of optical
features and the degree of demineralization, the separability and robustness of extracted optical
features are inadequate. Moreover, the approximate fitting process used to solve for optical features
also introduce errors to the extracted features. Therefore, using these optical features for dental
demineralization diagnosis cannot provide good performance in diagnostic efficiency [20]. It is
expected that a more effective feature extraction method can be developed to improve the separability
and robustness of the extracted features, which can help to significantly enhance diagnostic efficiency.

Entropy analysis, as a common nonlinear dynamic analysis method, has been widely applied to
the feature extraction of nonlinear signals, such as permutation entropy (PE) [21], fuzzy entropy (FE) [22],
and dispersion entropy (DE) [23]. Unlike approximate fitting solutions for features, entropy analysis
can comprehensively and accurately reflect the complexity of nonlinear signals. The effectiveness of
entropy analysis methods in feature analysis of nonlinear signals has been extensively demonstrated.
However, when extracting features from signals of highly complex biological tissues, it may not
achieve a good diagnostic result. Multiscale analysis is proposed as a way of improving the reliability
of features provided by entropy analysis. It is capable of reflecting the complexity of signals more
comprehensively and providing more information about the signal from biological tissue. Feature
extraction from complex biological signals such as electroencephalogram (EEG) and
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electrocardiogram (ECG) is widely performed using the entropies based on multiscale analysis.
Multiscale fuzzy entropy (MFE) was used by Li to extract features from motor imagery EEG data [24,25].
Ahmed applied MFE to uterine electromyography analysis [26]. Liu analyzed ECG signals in patients
with congestive heart failure, young healthy adults, and the elderly [27]. Using multiscale permutation
entropy (MPE), Li studied the effects of sevoflurane anesthesia on the cerebral cortex [28]. MPE was
employed by Ouyang to identify epilepsy and differentiate among normal, pre-seizure, and seizure
states [29]. Despite the widespread use of these multiscale entropy (ME) methods in medicine, there
are still some limitations. As MFE calculation is complex and time consuming, it is not suitable for
long time series. Despite the simplicity of MPE, it fails to take into account the magnitude relationship
between the amplitudes. In contrast, multiscale dispersion entropy (MDE) overcomes the
aforementioned limitations and offers advantages such as anti-noise and robustness, fast computation
speed, less impact from abrupt signals, and amplitude information when analyzing the complexity of
time series [23]. A study conducted by Azami demonstrated the superiority of the MDE in the analysis
of biological signals [30]. MDE analysis was conducted by Liu to evaluate the characteristics of
denatured tissue during ultrasound treatment [31]. Sukriti monitors epileptic symptoms by analyzing
EEG signals in epileptic patients using MDE [32].

Another important step in the diagnostic process is the use of classifiers to make decisions about
extracted features. Machine learning, as an artificial intelligence algorithm, plays a crucial role not
only in system optimization [33] but is also frequently employed as a classifier in the applications of
bio signal recognition. Sangeetha used image processing technology and support vector machines to
detect and classify periapical dental X-ray images [34]. Justiawan used a comparative analysis of color
matching system and K-nearest neighbors to classify and identify dental images [35]. Hashem et al.
used an improved recurrent neural network to examine the longevity of dental restoration [36]. Kaya
et al. proposed a convolutional neural network method for primary and permanent tooth detection and
enumeration on pediatric dental radiographs [37]. A probabilistic neural network (PNN) is an artificial
intelligence algorithm based on Bayesian decision theory and the Parzen window probability density
function [38]. In comparison with classifiers, PNN offers the advantages of simple computing mode,
fast convergence rate, fast training rate, and always converges to the Bayesian optimal solution.
Moreover, PNN is commonly used for multi-objective classification, diagnosis, and prediction of
denatured biological tissues, with extremely high stability [39].

In view of widespread application of entropy analysis in the diagnosis of biological tissue signals,
a dental demineralization diagnosis with OCT echo based on multiscale entropy analysis is proposed
in this study. Through evaluating the diagnostic results of dental demineralization using this method,
the effectiveness of multiscale entropy analysis in OCT-based biological tissue signal diagnosis can be
demonstrated, thus providing a new analytical approach for OCT-based biological tissue signal
diagnosis. In this study, three multiscale entropy analysis methods were employed to extract entropy
features from dental OCT echo signals and PNN was used to diagnose dental demineralization based
on the extracted features. Then, the practicability of the three methods in dental demineralization
diagnosis was evaluated comprehensively. On this basis, the entropy analysis method with the best
performance was selected and compared with the optical feature analysis method in performance.

Essentially, this paper is organized as follows: The first section provides an overview of OCT in
the diagnosis of dental demineralization, as well as the use of multiscale entropy analysis and
classifiers in the diagnosis of biological tissues. The second section describes the principle of MDE
and PNN. The third section addresses the principle of OCT measurement, the OCT equipment used
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for measurement, and the experimental data acquisition. The fourth section presents the results of
feature extraction and dental demineralization diagnosis based on three multiscale entropy analysis
methods, as well as performance comparisons. The superiority of entropy analysis methods compared
to optical feature analysis is also discussed in this section. The fifth section is a conclusion.

2. Methods

Despite the fact that MFE, MPE, and MDE methods were used in this study, this section only
provides a detail of the algorithm employing MDE and PNN, as it demonstrated superior performance
in diagnosing dental demineralization. However, MFE and MPE are widely utilized in various
applications, and the specific algorithms can be referred to [24-29].

2.1. MDE

DE can be calculated by the time series X = {x;, x5, **, X, } through the following steps [23]:
(a). Mapping X = {x1,x5,"*,x,} to Y ={yy,V,,,¥,} by normal cumulative distribution
function (NCDF).

1 L —t=w?

[ e 207 dt, (1)

Yi =

oV2m

where o is the standard deviation and pu is the average amplitude of time series.
(b). Mapping Y = {y1,¥,, =, ¥} to Z ={z{,z5, -+, z5}, which is set from 1 to c. Each element
of the mapped signal is written as:

zi = round(c-y; +0.5), @)

where z; is the j., element of the classified time series and round is the rounding operation.

(¢). Reconstructing the embedding vector z;“ with the embedding dimension m, number of
classes ¢ and the delay time d as follow:

z "¢ = {Zict Zic+d'- --:Zic+(m—1)d}; i=12,...N— (m - 1)d (3)

l

(d). Mapping z/"° to dispersion patterns 1y, o, , Where z{ =vy,2z{ 4=V, ...,

zi. +(m-1)a = Vm-1- The total number of possible dispersion patterns of each z;"¢ is equal c™.
(e). The relative frequency of each dispersion pattern can be calculated as follow:

Number(Tyqp,..vpm_1)
p(ﬂv0v1...vm_1) = N_(mill)dm 1 ’ (4)

where Number (1, . ) is the mapping number of 7, ;.

Vm—1 “Um-1"

The DE can be calculated using Shannon's entropy as follow:
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DE(x,m,c,d) = — X521 p(Tyyopmm ) (D Togpym, ) ()

The calculation of MDE consists of two parts: the coarse-grained process of time series and the
entropy calculation of each coarse-grained sequence using any single scale entropy estimation algorithm.

For original signal X = {x;,x,,:*,x,}, it is divided into different segments based on the
parameter T known as the scale factor. Data points in each segment are averaged to produce coarse-
grained time series, according to Eq (6).

() _ Lgjt+k-1 . N
My = -Xn—(j-1ek¥n,1SjsS -, 1<k <t (6)

Repeat process (a)—(d) to calculate DE of each coarse-grained time series. The MDE can be

expressed as follow [31]:

MDE(x,m,c,d,7) = DE(M™,m, c,d). (7)

2.2. PNN

PNN is a radial basis network based on Parzen window estimation of probability density functions
and Bayesian decision theory. The diagnosis process of PNN is as follows [39]:

(1). Normalizing the sample matrix, and deriving Euclidean distance between the normalized
sample and the training sample as:

E. E £ VIRhaaldix — ciel?  VERoaldie — il o XRoaldie — cnil?
11 Eiz o Emm
E= Eyi Ezp o Eom| \/22=1|d2k — c1xl? \/Zﬁ=1|d2k — o |? \/Zk 1|d1k — Cmkl? ®)
E E .. E 2 2
pL. Tp2 pm \/Z;cl=1|dpk — oy \/ZQ=1|dpk — Co| JZk | dpr = ka|

Calculating the initial probability matrix P by utilizing the radial basis function as an activation
function. Where o is the smoothing factor.

—Eq1 —E1z —E1m
ex ex .. X
Pll P12 le p 20'2 p 20'2 p 20’2
P,y Py .. P exp 22 exp —f2z exp —£2m
P = :21 ?2 . Z:m = p 202 p 202 7 p 202 | (9)
P, P P, -E _E “E
p1l p2 pm p1l pl pm
exp —- X ex
p 202 p 202 p 202

(i1). According to the result from Eq (9), calculating the initial probability sum of the diagnosis
type belonging to the test sample in probabilistic neural networks.

S11 S12 o Sim TPy YEAPy e Xlmker Pu
S = 5.21 S?Z a Sz.m = Yieq Py Zz:z Py o Xlmmeks1 Pa . (10)
Spr Spz - Spm Y, Py Zk“ v Dlem—t+1Ppi

(ii1). Calculating the maximum probability of the i;;, sample to be diagnosed as the class j.
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3. OCT system and experimental data

OCT works in a similar way to the optical interferometer. Using the low coherence light source,
tomography is obtained by interfering with the reference path and the measurement path. Figure 1
shows the schematic diagram of the time-domain (TD) OCT used in this study. Light from a
superluminescent diode (SLD) (Anritsu, AS3E113HJ10M, Center wavelength: 1.32 um, Bandwidth: 43 nm,
Coherence length: 17.8 um, Power: 1.4 mW) enters the fiber and is separated into two paths by a 2 x 2
fiber coupler. The reference light is reflected by the mirror and returned to the fiber coupler, and the
measurement light is backscattered in the sample and also returned to the fiber coupler. Two paths of
light interfere and are detected by a photodiode (PD). The interference occurs when the difference in
optical paths between the references path and measurement path is smaller than the coherence length
of the light source. The output of PD is proportioned to the amount of backscattering on the sample. It
is possible to obtain interference signals between measurement light and reference light coming from
different depths by moving the reflector. An optical characteristic of the sample at different depths (z-
axis) can be determined by the position of the reflector and the intensity of the interference signal. In
combination with rotation scanning of the measurement light in different directions (x, y-axis), it is
possible to determine the 3D optical characteristics of the sample by computer processing. Figure 2
depicts the image of the incisor being measured with OCT system.

—

Light Source

Fiber Coupler

-

Figure 2. Schematic diagram of TD-OCT system for diagnosis of dental demineralization.
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In traditional TD-OCT, a reflecting mirror is placed at the end of the reference path, and the
scanning process is realized by linear movement of the mirror. This mechanism, however, requires the
mirror to be returned from the scanning end point to the starting point between two successive scans.
The rapid inversion of motors can lead to errors that affect the accuracy of depth direction of OCT.
Using a rotating motor (25 1/s) and a right-angle mirror can avoid the precision error caused by
reversing the speed motor. Referring to Figure 1, the reflecting mechanism can reflect the light emitted
from the collimator back to the collimator position. In the range of + 20 degrees in rotational motion,
displacement of the reflector and time can be approximated linearly, which is equivalent to the effect
of linear scanning [40—42]. A benefit of this rotating reflection mechanism is that it does not require
adjusting the position of the mirror through the motor reversal motion between two consecutive scans,
which can reduce the errors caused by the motor reversal motion.
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Figure 3. Dental measurements based on OCT: (a) Enamel and dentin, (b) Normal enamel,
(c) Demineralized enamel, (d) Signals at the depth direction in (b) and (c).
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Figure 3 illustrates the results of teeth measurements using OCT. The system has a depth
resolution of 3 um, while the scanning resolution is 0.2 mm. Figure 3(a) illustrates the result of a
typical tooth scan and illustrates enamel and dentin, two important components of the tooth. Enamel
is located in the outer layer of the tooth and is approximately 1.5 mm thick (the average is about 2
mm), and the dentin is located below the enamel. Because of the strong scattering of light in teeth,
only part of the dentin signal is detected by OCT. During the measurement, the measurement beam
should be adjusted perpendicular to the sample surface to increase backscattering to ensure that OCT
can obtain deeper backscattered signals. Nevertheless, since the surface of the tooth is irregularly
curved, it is difficult to ensure that the measurement beam is always perpendicular to it. Thus, the
measurement beam cannot be well transmitted to the inside of the sample, reducing the distance of
remote sensing. Figure 3(b),(c) shows OCT measurements of normal and decalcified teeth, respectively.
Due to the large surface curvature of the tooth and the fact that the measurement light does not
penetrate deep into the tooth, only the echoes of the enamel are measured in both of these results. Since,
dental demineralization is primarily characterized by changes in the optical properties of the enamel.
Hence, even if only the echo signal of tooth enamel can be used as a diagnostic basis for dental
demineralization. Figure 3(d) illustrates the A-scan (Axial-scan) signals extracted from the position
pointed by the dotted arrows in Figure 3(b),(c), respectively. An echo signal is generated at the interface
between air and enamel in both cases, and it decreases with increasing depth. Echoes from enamel
vary depending on the state of the enamel. However, it is difficult to represent the changing trend
uniformly in the time domain waveform due to the difference of optical properties and surface
curvature of individual teeth. Thus, it is necessary to extract a feature that is more effective than optics
in order to facilitate the improvement of dental demineralization diagnosis.

A total of 26 healthy teeth, including molars, premolars, canines and incisors, were used in this
study, all obtained through wisdom tooth surgery or orthodontic surgery. Echo signals from various
parts of the dental crown was used to verify the applicability of the diagnostic method for
demineralization proposed in this study. A total of 78 tooth sectional images were obtained using OCT
B-scan on the anterior, lateral, and top parts of healthy teeth, and 314 echo signal time series of normal
teeth were extracted randomly from the 78 sectional images. To simulate different levels of
demineralization on the surface of teeth, the four teeth were immersed in acetic acid solutions with
concentration of 4.5% for 3 hours, 6 hours, and 12 hours, respectively [43,44]. OCT echoes of the
demineralized teeth at different time points were measured using the same method, and a total of 628
sequences were obtained. The OCT echoes mentioned in this study refer to the A-scan signals of OCT
in Figure 3(d).

In the depth direction, the sequence length of the original echo signal is 2500 points (resolution 3
um, depth 7.5 mm). As can be seen in Figures 2(a)—(c), the OCT echo signals in the depth direction
are concentrated in the middle of the image, while the remainder is primarily background noise. Since
this study focused on the status of enamel demineralization, the echo of enamel layer can reflect the
characteristics of demineralization well. It is important to note that if the sequence contains too much
background noise, this will affect the separability of the extracted features. Thus, 300 points (mainly
enamel, 0.9 mm) were selected for feature extraction and demineralization diagnosis in this study.
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4, Results

4.1. Feature extraction

MPE, MFE, and MDE were used to extract the features of normal and decalcified teeth,
respectively. Based on three feature extraction methods after parameter optimization, Figure 4 shows
the mean value and standard deviation (error bars) of feature entropy under various scale factors. X-
axis represents the scale factor, y-axis represents the entropy calculated using various methods, and
the error bar represents the variance of the entropies. In all three methods, the average entropy of
normal teeth is higher than that of decalcified teeth. Taking the signal intensity at the enamel interface
as a reference, as displayed in Figures 3(b),(c), the signal intensity deep in the enamel of normal teeth
is higher than those of demineralized teeth. Consequently, the chaos of the signal from normal teeth
increases, which is reflected in the increase in entropy. This is consistent with the results of the three

entropy analyses.

11 15 -~Normal  -=a-Decalcification
1
>
Q.
209
[
L
0.8
0.7 \ bt
--Normal  =-Decalcification o am i A B aobe Al A
0.6 0
0 5 10 15 20 0 5 10 15 20
Scale Scale
(a) (b)
1.8
15
1.2
>
o
So9
c
L . —A’A~[{A1YA\A
0.6 C ok fe A A A-E T : : :
[ 1 ke Ak A& AF
P
0.3

-»<Normal =-Decalcification

10 15
Scale

(c)

20

Figure 4. Feature extraction using different multiscale entropy analysis methods: (a) MPE,

(b) MFE, (c) MDE.

In terms of feature extraction, MPE shown in Figure 4(a) has the lowest performance among the
three methods. As the scale factor is 1-4, the mean MPE for the two types of echoes are distinguishable;
however, as the scale factor is increased, the complexity difference between the two types of echoes
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gradually disappears, and the mean MPE of the two types of echoes gradually overlapped. The
intersection of the normal curve and the decalcification curve may be a cross-over artifact in the
multiscale entropy analysis [45]. The reason may be that the length of coarse-grained time series in
MPE became short with the increase of scale factor, resulting in the loss of time series information. At
most of the scales, MFE shown in Figure 4(b) is able to distinguish the features between the two types
of teeth. The MFE of the two types of samples are stable and well separable when the scale factor is 3—15,
which can be utilized as a diagnostic indicator of dental demineralization. Nevertheless, when the scale
factor is greater than 15, the fluctuation of MFE of normal sample echo signal increases with the
increase of scale factor, and the separability becomes low. In the case of large-scale factors, MFE is
not suitable for the diagnosis of dental demineralization. Additionally, compared to the other two
methods, MFE has a higher time consumption. Despite the fact that MDE shown in Figure 4(c)
fluctuates within an acceptable range at all scale factors, its separability is superior. The MDE feature
extraction has a good performance at all scales when applied to the diagnosis of dental demineralization.

4.2. Diagnosis of dental demineralization

In this study, PNN was used to diagnose dental demineralization based on extracted features.
Based on the preprocessed data discussed in Section 3.2, 150 normal and demineralization samples
were randomly selected, and three entropy analysis methods were used to calculate the entropy features,
and then a PNN was used to train the model. Excluding the training data, more 150 normal and
demineralization samples were randomly selected from the preprocessed data, and the PNN diagnostic
test was carried out after the calculating the entropy features using the three entropy analysis methods.
To eliminate the influence of data randomness on the results, the diagnostic process was repeated 50
times, with parameter optimization conducted for different data in each iteration. The average of the 50
results was taken as the diagnostic outcome.

We defined TP as true positive, TN as true negative, FP as false positive, and FN as false negative.
Sensitivity, specificity, and diagnostic efficiency were calculated using PNN. Table 1 shows the
comparison of the diagnostic results of dental demineralization by three methods based on single scale
entropy feature. The three parameters of diagnostic results based on MPE entropy analysis method are
only about 0.75, which indicates the result of poor separability of MPE features mentioned in Section 4.1.
On the other hand, the methods based on MFE and MDE both perform well in diagnostic efficiency
entropy, which are 0.9235 and 0.9118, respectively. The sensitivity is 0.9682 and 0.9758, and the
specificity is 0.8844 and 0.8478, respectively. The sensitivity of both diagnostic methods is higher than
the specificity, which is because the entropy features of decalcified samples are more stable, which can
be demonstrated by the entropy feature distribution in Figure 4. Comparatively to MPE, the features
extracted from MFE and MDE more accurately reflected the state of enamel tissue. The diagnosis of
dental demineralization by OCT is based on the optical properties of tooth enamel, and the amplitude
and attenuation of optical signals are important indicators of tooth status. In the calculation of MPE,
however, the probability is based on the tendency of the signal sequence arrangement. Probability and
entropy cannot be affected by changes in signal amplitude and decay rate in the same arrangement
trend. MPE is an entropy feature that ignores the amplitude and the rate of change of the signal and is
not suitable for diagnostic applications based on OCT echo signals. On the other hand, MFE and MDE
take into account the amplitude of the signal when calculating fuzzy membership degree D;’; and
NCDF, as well as the signal decay rate. Thus, MFE and MDE features can be used to achieve higher

Mathematical Biosciences and Engineering Volume 21, Issue 3, 4421-4439.



4431

diagnostic efficiency in the diagnosis of dental decalcification.

Table 1. Comparison of the diagnostic results of dental demineralization by three methods
based on single scale entropy feature.

Parameters MPE-PNN MFE-PNN MDE-PNN
Sensitivity (TP / (TP + FN)) 0.7470 0.9682 0.9758
Specificity (TN / (TN + FP)) 0.7562 0.8844 0.8478
Diagnostic Efficiency((TP+TN) / Total) 0.7516 0.9263 0.9118

4.3. Discussion
4.3.1. Parameter optimization dependence

Entropy analysis methods (MPE, MFE, and MDE) at different scales have different abilities to
characterize sample features. Figure 5 illustrates the diagnostic efficiency of dental demineralization
diagnosis using different scales calculated by the three methods (as shown in Figure 4). MPE-PNN has
a low diagnostic efficiency at all scales in diagnosis of dental demineralization. As described in Section 4.2,
because the signal amplitude is ignored in the calculation of the entropy of MPE, the calculated entropy
cannot reflect the amplitude characteristics of the sample. MPE feature extraction is not appropriate
for diagnostic applications using OCT signals. In contrast to MPE, MFE, and MDE are able to
accurately capture the sample features on most scales, resulting in higher diagnostic efficiency. As
mentioned in Section 4.2, in MFE and MDE, signal amplitude is incorporated into the calculation of
the fuzzy membership degree D]’} and NCDF. Thus, MFE-PNN and MDE-PNN are able to achieve a
higher diagnostic efficiency in the diagnosis of dental demineralization. For single feature diagnosis,
when the scale factor is 5, the MFE-PNN method provides the highest diagnostic efficiency, 0.9263.
As the scale factor increases, however, the diagnostic efficiency of MFE-PNN gradually decreases and
becomes unstable. In comparison to MFE-PNN, MDE-PNN stabilized its diagnostic efficiency about 0.91
within the range of scale factors 1-20.
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Figure 5. Diagnostic efficiency of dental demineralization by three different methods
under different scale factors.

Table 2 shows the maximum diagnostic efficiency of the three methods in single feature
diagnostic mode under different embedding dimension m. Due to the inadequacy of MPE-PNN for
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diagnosis of OCT signals, parameter optimization does not work in improving diagnosis efficiency.
The MFE-PNN method achieves the highest diagnostic efficiency of 0.9263 at m = 2, however, its
diagnostic efficiency rapidly decreases as m is increased. The diagnostic efficiency of MFE-PNN is
highly dependent upon the optimization of parameters. In contrast, adjusting the parameter near the
optimal parameter has little effect on the diagnostic efficiency of the MDE method, which is always
around 0.91 The feature extraction of MDE does not require much parameter optimization.

Table 2. Maximum diagnostic efficiency of dental demineralization under different m.

Embedded dimension m=2 m=3 m=4

MPE-PNN 0.7516 0.5378 0.5306
MFE-PNN 0.9263 0.8966 0.8384
MDE-PNN 0.9118 0.9112 0.9090

Differences in stability between MFE and MDE are primarily due to the amplitude mapping
process. Using the maximum difference in amplitude between reconstructed sequences, MFE maps
amplitude information to fuzzy membership degree D]';. The amplitude mapping of MDE takes the
form of NCDF, and the integral calculation can keep the output entropy more robust. Despite the fact
that MFE feature extraction may achieve the highest diagnostic efficiency at a few scales with proper
parameter optimization, its robustness is not as good as MDE. The MDE feature extraction method
has a low dependency on parameter optimization and is more suitable for biological tissue signals with
high volatility and randomness.

4.3.2. Multi-features diagnosis

In diagnostic applications, multiple features are often combined to improve diagnostic efficiency
when diagnosis with a single feature is inefficient. Several features (shown in Figure 4) were selected
based on the sequence of scale factors for the diagnosis of dental demineralization, as shown in Figure 6.
In the multi-feature diagnosis mode, the diagnostic efficiency of MPE-PNN converges to about 0.82
with the increase in the number of features. Due to the fact that MPE cannot correctly characterize the
TD-OCT echo signal at the high scale factor, the diagnostic efficiency of multi-feature diagnosis is
low. In the MFE-PNN method, the features extracted at low scale are not accurate, resulting in a
diagnostic efficiency of only 0.85. As the number of features increases, diagnostic efficiency improves
rapidly and converges to approximately 0.95. Compared with the maximum diagnostic efficiency of 0.9263
under single feature diagnosis mode, the diagnostic efficiency increased to 0.9497 through multi-
feature diagnosis. The multi-feature diagnosis based on MDE-PNN has a high diagnostic efficiency
of 0.9118 at low scale. With the increase of feature number, the diagnostic efficiency gradually
converges to around 0.94. The multi-feature based MDE-PNN diagnostic efficiency converges
relatively slowly, which also proves the stability of MDE-PNN feature extraction. Despite the fact that
multiple features can improve diagnostic efficiency, calculating them at different scales requires more
time. It is also important to consider the time consumption of clinical applications.
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Figure 6. Diagnostic efficiency of dental demineralization by three different methods
under different number of features.

4.3.3. Diagnostic time consumption

A comparison of the computational execution times of three diagnostic methods for dental
demineralization was conducted on the same PC (CPU: Intel, Core 17-12700H, RAM: 16 G-4800 Hz,
GPU: RTX3500-4 GB), as shown in Table 3. Feature extraction time refers to the time required to
calculate features under 20 scales. MPE and MDE are calculated in 1.79 and 1.45 s, respectively. MFE
consumes the most time with 15.19 s and has the lowest computing efficiency. The diagnosis time for
single feature diagnosis and multi-feature diagnosis modes was investigated and the multi-feature
diagnosis was performed with 9 features. Despite the fact that multi-feature diagnosis takes longer than
single feature diagnosis, the percentage increase in time is small. It is recommended to utilize the multi-
feature diagnosis mode on the premise that the differences in features between the scales are obvious,
which can enhance diagnostic efficiency at a low time cost.

Table 3. Execution time of each step in dental demineralization diagnosis.

Method Feature Extraction Diagnosis Diagnosis
(20 scales) (Single feature) (Multiple features)
MPE-PNN 1.79 s 1.05s 1.12's
MFE-PNN 15.19 s 1.03 s 1.08 s
MDE-PNN 1.49 s 0.88 s 1.06 s

As a result of many aspects of analysis, MDE-PNN has low dependence on parameter
optimization, stable high diagnostic efficiency, and low time consumption, making it suitable for the
diagnosis of dental demineralization in OCT measurement.

4.3.4. Entropy feature analysis vs. optical feature analysis
Using the feature extraction method described in reference [21], optical features (attenuation rate)
were extracted from the 600 one-dimensional OCT echo series mentioned in Section 4.2. To evaluate

the separability of entropy feature, the entropy feature extracted by MDE was compared with optical
features on various parameters. Table 4 shows the comparison of parameters derived from the features
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extracted with the different two methods. The separability of the features is defined as follow:

sp = (avgn — avgq)/[(sdy + sdq)/2], )

where avg is the mean of the feature, sd is the standard deviation, and n and d subscripts
represent normal and demineralization states, respectively. A higher sp value indicates better
separability of the features between normal and demineralization states. The sp of entropy features
is 1.7658, while the sp of optical features is 1.0000, indicating that the entropy feature has the better
separability, which helps to achieve higher diagnostic efficiency. In addition, the upper quartile and
lower quartile of the two features were compared. It is found that the lower quartile of the entropy
feature in the normal state is greater than the upper quartile of the entropy feature in the
demineralization state, with no overlap between the quartiles. On the other hand, the lower quartile of
the optical feature in the normal state is smaller than the upper quartile of the entropy feature in the
demineralization state, with overlap between the quartiles. This also indicates that the separability of
the entropy feature is better than that of the optical feature.

Table 4. Comparison of feature separability based on different feature extraction methods.

Parameters Entropy features Optical features
(Attenuation rate) (um™)
Normal Demineralization Normal Demineralization
Average 1.0438 0.4473 0.0240 0.0167
Standard deviation 0.5651 0.1905 0.0088 0.0058
Upper quartile 1.5369 0.4778 0.0306 0.0202
Lower quartile 0.4943 0.3244 0.0169 0.0109

The dental demineralization diagnosis was performed using PNN based on the extracted optical
features, and compared with the diagnostic results of entropy features extracted by MDE, as shown in
Table 5. Similar to the diagnostic results of MDE entropy features, the diagnosis of dental
demineralization using optical features was the average of 100 diagnostic results. The diagnostic
results of the two features were evaluated in terms of sensitivity, specificity, and diagnostic efficiency.
It can be seen that the diagnostic method based on MDE feature extraction is superior to the diagnosis
based on optical feature extraction in all three parameters.

Table 5. Comparison of diagnostic results based on different feature extraction methods.

Parameters Entropy feature analysis Optical feature analysis
(Single feature) (Single feature)

Sensitivity 0.9758 0.8250

Specificity 0.8478 0.7084

Diagnostic efficiency 0.9118 0.7667

4.4. Challenges in clinical practice

The dental demineralization diagnosis based on multiscale entropy analysis has shown good
performance in feature separation, diagnostic efficiency, and diagnostic speed. However, this method
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still faces challenges on OCT data availability and reproducibility when it is applied to clinical diagnosis.

1). Reproducibility of data acquisition: In a laboratory setting, the OCT data of the front, top, and
side of teeth can be obtained using a mechanical scanning device. In clinical practice, it may be more
reliant on OCT echo data from the front or inside of teeth for diagnostic purposes. Importantly, it is
necessary to ensure that the output beam from OCT is incident perpendicular to the tooth surface to
obtain strong backscattered echo signals. This is also a significant challenge for dental practitioners
using handheld probes to acquire data. It may be necessary to use OCT with a longer measurement
depth and a probe fixation device to ensure that dentist can obtain OCT echo signals suitable for
demineralization diagnosis.

2). Data preprocessing for sample diversity: The diversity in the shape and condition of tooth
samples can lead to significant variations in data structure and numerical differences, even when using
the same OCT device, probe fixation, and measurement parameters. Eliminating the data variability
caused by external factors other than demineralization is also another challenge in clinical practice.
Designing an algorithm to normalize the original OCT data is also a crucial task for enhancing
clinical practicality.

3). The applicability of the algorithm to sample diversity: More than 600 data sets used in this
study come from different locations of 26 tooth samples, and these data are not completely independent.
However, in clinical diagnostics, the echo signals from patients' teeth are considered completely
independent samples. There may be differences in diagnostic efficiency between clinical practice and
the experimentally study. Addressing this issue requires ongoing accumulation of independent sample
numbers in subsequent studies to further validate the applicability of the diagnostic algorithm to
independent data.

5. Conclusions

To address the limitations of low feature separability and low robustness in optical feature analysis
for dental demineralization diagnosis with OCT, a dental demineralization diagnostic method with
OCT based on multiscale entropy analysis is proposed in this study. The features extraction from OCT
dental echo signals was performed using MFE, MPE, and MDE methods, and the PNN was used to
diagnose simulated dental demineralization of extracted features. According to the comparisons of
diagnostic efficiency, time consumption, and dependence on parameter optimization, it was found that
although the MFE-PNN method can achieve the highest diagnostic efficiency under specific
parameters and modes, it is dependent upon the optimization of multiple key parameters and requires
a large amount of time. In contrast, the MDE-PNN method not only has good feature separability, but
also has a high diagnostic efficiency of 0.9397, low time costs, and low parameter optimization
requirements. The results derived using MDE-PNN were also compared with those derived using
optical feature analysis method. The comparison indicates that the entropy analysis method performs
better than the optical feature analysis method in terms of feature separation and diagnostic efficiency.
It can be considered that multiscale entropy analysis has potential in the diagnosis of dental
demineralization, and this study also provides a viable approach for other applications of OCT in the
diagnosis of biological signals. However, it is necessary to collect more biological samples to verify
the applicability of this method on the diversity of biological samples.

However, the optical features of OCT echo are an important index in the diagnosis of early dental
demineralization. In future work, to further improve the diagnostic efficiency of dental
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demineralization diagnosis, it would be beneficial to extract more kinds of features including optical
features from OCT echo and combine them with entropy analysis for joint diagnosis.
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