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    Chapter 16   
 Acoustic Diagnosis Device for Dentistry                     

     Kouki     Hatori     ,     Yoshifumi     Saijo    ,     Yoshihiro     Hagiwara    ,     Yukihiro     Naganuma    , 
    Kazuko     Igari    ,     Masahiro     Iikubo    ,     Kazuto     Kobayashi    , and     Keiichi     Sasaki   

    Abstract     There are a lot of diseases which show the abnormal elastic property. 
Although many medical doctors and dentists have noticed the change of tissue elas-
ticity due to the disease, the diagnostic device to examine the tissue elastic property 
objectively has not well developed. 

 At Tohoku University, acoustic microscopy (AM) for medicine and biology has 
been developed and applied for more than 20 years. Application of AM has three 
major features and objectives. First, specifi c staining is not required for character-
ization or observation. Second, it provides the elastic property and information of 
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the subject, because acoustic properties have close correlation with the mechanical 
property of the subject. Third, it makes the observation easy and rapid. The purpose 
of this study is to observe carious dentin and periodontal ligament (PDL) using 
AM. Moreover, I would like to propose the prototype of the portable caries 
detector. 

 AM clearly visualizes the color distribution of the acoustic properties of the 
subject. 

 The acoustic examination device may be a powerful apparatus not only to visual-
ize the morphological appearance but also to diagnose the disease.  

  Keywords     Acoustic imaging   •   Human teeth   •   Dentin caries   •   Periodontal ligament   
•   Diagnosis  

16.1       Introduction 

 We have been developing a scanning acoustic microscope (SAM) system at Tohoku 
University since 1985. SAM has been applied to observe the acoustic properties of 
various cells, organs, and disease state: vein endothelial cells, gastric cancer, normal 
kidney and renal cancer, infarcted myocardium, atherosclerosis of aorta and carotid 
arterial plaques, etc. In biomedical study, the application of SAM is useful for the 
intraoperative pathological examination, the observation of low-frequency ultra-
sonic images, and the assessment of biomechanical properties at a microscopic level 
[ 1 – 11 ]. The application of SAM in biomedical study has two major features and 
objectives. First, the specifi c staining is unnecessary for observation. Second, SAM 
provides the acoustic properties and information such as the acoustic intensity, the 
sound speed propagating in the sample, and the acoustic attenuation. Therefore, 
SAM enables to acquire the elastic property of the subject and the quantitative val-
ues of the acoustic properties, because the acoustic properties have close correlation 
with the mechanical property of the subject. After 2004, the third advantage to use 
SAM was added, which is that SAM makes the observation easy and rapid. One 
scanning takes 2 min approximately using new concept SAM, because new concept 
SAM system was developed using a single-pulsed wave instead of continuous waves 
used in the conventional SAM system in 2004 [ 12 ,  13 ]. Sano et al. reported that the 
decalcifi cation during tissue preparation did not alter the sound speed propagating in 
fi brocartilage or bone [ 14 ]. Hagiwara et al. reported that the sound speed propagat-
ing in the posterior synovial membrane after knee joint contracture increased signifi -
cantly using decalcifi ed specimen [ 13 ]. These reports indicate that the decalcifi ed 
specimen is also appropriate to observe the acoustic properties using SAM. 

 Periodontal ligament (PDL) is the dense fi brous connective tissue which binds 
the root cementum to the alveolar bony socket. This tissue is especially cellular and 
vascular tissue and plays pivotal role to develop and maintain periodontal mem-
brane. PDL supports and dissipates the occlusal force and regulates the tooth erup-
tion. Thus, PDL performs these important oral functions [ 15 ,  16 ]. Since many 
studies of the mechanical properties of PDL have been reported using animal model 
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[ 17 ], it was pointed out that mechanical properties of PDL showed the values (0.9–
1.6 N/mm 2 ) in the extrusion testing in rat mandibular fi rst molar [ 18 ,  19 ]. These 
reports were the dynamic tests for the measurement of the mechanical properties of 
PDL, but little is known about the static test for the measurement of the mechanical 
properties of PDL in vivo. In this paper, the fi rst purpose is to observe the rat PDL 
using SAM. 

 Acoustic impedance, which is given as a product of sound speed and density, has 
a close correlation with the elastic modulus, when the value of density of the embed-
ding material was constant. Based on the above background, HONDA ELECTRONICS 
Co., Ltd. (Toyohashi, Japan) and Tohoku University Graduate School of Biomedical 
Engineering have developed the acoustic impedance microscope (AIM) which 
enables to image the two-dimensional distribution of the acoustic intensity and 
impedance of the sample [ 20 ]. AIM has been applied to observe cerebellum tissue 
[ 21 ] and cultured glial and glioma cells [ 22 ]; these studies reported that AIM also 
provided the acoustic intensity and impedance image at a microscopic level. 

 Dental caries is a common and chronic disease in oral cavity and results from the 
production of acid by caries-inducing bacterial fermentation on the tooth surface. 
The acid by caries-inducing bacterial metabolism causes the decalcifi cation of the 
hard tissues of the teeth such as enamel and dentin [ 23 ]. Finally the decalcifi ed 
lesion becomes soft and is recognized as dental caries. Dental caries cause the 
change of hardness of the teeth [ 24 ,  25 ]. The change of acoustic properties of dentin 
caries has not been observed using AIM yet. In this paper, the second purpose is to 
observe the human dentin caries using AIM and to observe the microstructure of the 
human dentin caries using the scanning electron microscope (SEM). 

 Based on these the technology of producing such acoustic imaging devices, 
HONDA ELECTRONICS Co., Ltd. and Tohoku University Graduate School of 
Biomedical Engineering fabricated a prototype of portable acoustic stiffness 
checker. In this paper, the last purpose is to introduce about this acoustic stiffness 
checker.  

16.2     Materials and Methods 

16.2.1     Observation of Rat Periodontal Ligament Using 
Scanning Acoustic Microscopy 

16.2.1.1     Scanning Acoustic Microscope (SAM) 

 The sound speed propagating in a solid substance is defi ned as:
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 ( 16.1 ) 
   

where  C  is the sound speed propagating in the object,  E  is the Young’s modulus of 
the object,  ρ  is the Poisson’s ratio, and  δ  is the density of the object. Thus, it is 
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implied that the change of the sound speed propagating in the tissue is the change of 
the tissue elastic property [ 26 ]. The Young’s modulus ( E ) is in proportion to the 
square of the sound speed; in the other words, the change of the sound speed pro-
vides with the information of the change of material hardness. The observation of 
the sound speed propagating in the thin sliced sample enables us to understand the 
proper hardness of the thin sliced sample [ 14 ]. 

 Our SAM is mainly composed of fi ve units: (1) ultrasonic transducer with acous-
tic lens, (2) pulse generator, (3) digital oscilloscope with system control PC 
(Windows), (4) stage control microcomputer, and (5) display monitor (Figs.  16.1  
and  16.2 ). The emission of the electric pulse was within 400 ps from excitation, and 
the pulse voltage was 40 V. A single-pulsed ultrasonic impulse with a pulse width 
of 5 ns was generated and received by the same ultrasonic transducer above the sec-
tion. The aperture diameter of the ultrasonic transducer was 1.2 mm, and the focal 
length was 1.5 mm (Fig.  16.3 ). The central frequency was 80 MHz, the nominal 
bandwidth was 50–105 MHz (−6 dB), and the pulse repetition rate was 10 kHz. 
Taking the focal distance and the sectional area of the transducer into consideration, 
the diameter of the focal spot was estimated as 20 μm at 80 MHz. Physiologic saline 
was used as the coupling medium between the transducer and the section. An ultra-
sonic wave with a wide frequency component was generated by applying the volt-
age pulse of 40 V and was irradiated to the section on the glass slide. The refl ections 
from the section surface and those from interface between the section and the glass 
slide were detected by the transducer and were introduced into the digital oscillo-
scope (TDS 5052, Tektronix Inc., Portland, USA). The band limit was 300 MHz, 
and the sampling rate was 2.5 GS/s. In order to reduce random noise, four times of 
pulse responses at the same point were averaged in the digital oscilloscope prior to 
being introduced into the computer.

     The transducer was mounted on an X-Y stage driven by the stage control micro-
computer which was operated by the system control PC via an RS232C. The X- and 
Y-scan were operated by a linear servo motors by the incoming signal from stage 
control circuit. 

  Fig. 16.1    System of scanning acoustic microscopy. This system can display a two-dimensional 
distribution of sound speed and acoustic impedance       
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 The distance from the transducer to the glass surface was 1.5 mm. Refl ected 
ultrasonic wave included three types of waveforms, which were from the surface of 
the section ( S   front  ), from the interface between the section and the glass ( S   rear  ), 
and the surface from the glass ( S   ref  ) (Fig.  16.4 ). The ultrasonic phases of these 
waveforms were standardized and recognized as a refl ection wave from the glass in 
system control PC. Finally, two-dimensional distributions of the acoustic intensity, 
the sound speed, the acoustic attenuation, and the thickness of the sample of the 
2.4 × 2.4 mm sample area were visualized with 300 × 300 pixels and calculated by 
Fourier transforming the waveform [ 12 – 14 ].

3)Digital oscilloscope with
system control PC

(windows)
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4) X-Y stage control
micro computer

2)Pulse Generator
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  Fig. 16.2    Block diagram of scanning acoustic microscopy       
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  Fig. 16.3    Schematic 
illustration of SAM 
transducer. The aperture 
diameter of the ultrasonic 
transducer was 1.2 mm, 
and the focal length was 
1.5 mm. The central 
frequency was 80 MHz       
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16.2.1.2        Tissue Preparation 

 The protocol for this experiment was approved by the Animal Research Committee 
of Tohoku University (approval number: 22–24). 

 A total of 28 male Wistar rats at 3-, 5-, 7- and 10-week-old postnatally were used 
in this study. Twenty-eight rats were prepared for SAM analysis (3-, 5-, 7- and 
10-week-old;  n  = 7/each age). 

 The rats were generally anesthetized with intraperitoneal injection of pentobarbi-
tal sodium (30 mg/kg body weight) (Somnopentyl®; Kyoritsu Seiyaku, Tokyo, 
Japan) and fi xed with 4 % paraformaldehyde (PFA) in 0.1 M phosphate buffered 
saline (PBS) (pH7.4) by perfusion through the aorta. The mandibles were resected 
and immersed in the same fi xative overnight at 4 °C. The fi xed specimens were 
decalcifi ed in 10 % ethylenediaminetetraacetic acid (EDTA) in 0.01 M PBS (pH7.4) 
for 6 weeks at 4 °C. After dehydration through a graded series of ethanol solution, the 
specimens were embedded in paraffi n and fi nally cut into 5-μm sagittal (mesiodistal) 
sections from the buccal to the lingual side of the mandible. Standardized serial sec-
tions were made in the medial periodontal space region of the lower fi rst molar.  

16.2.1.3     Image Analysis 

 Normal light microscope (DM3000, LEICA, Wetzlar, Germany) was used to take 
the microscopic images corresponding to the stored SAM images. A region of 
observation by SAM was set in the interradicular region (IRR) and the mesial 
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  Fig. 16.4    Schematic illustration of scanning image of sound speed microscope. A single-pulsed 
ultrasonic impulse was generated and received by the same transducer.  S   front   is the refl ection from 
the surface of the section,  S   rear   is the refl ection from the interface between the section and the 
glass, and  S   ref   is the refl ection the surface from the glass       
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radicular region (MRR) of PDL in each section (Fig.  16.5 ). SAM images with a 
gradation color scale were acquired to visualize the clear distribution of the sound 
speed. In order to calculate the sound speed propagating in PDL, the color SAM 
images were processed for the gray scale images by the same SAM system. Finally, 
in the observed region, the sound speed propagating in PDL, excluding cementum, 
dentin, and alveolar bone, was calculated using commercially available image anal-
ysis software (PhotoShop 7.0, Adobe Systems Inc., San Jose, CA, USA).

16.2.1.4        Statistics 

 Data in each PDL region were analyzed using one-way factorial analysis of variance 
(ANOVA) with Tukey’s post hoc multiple comparisons. Differences between IRR 
and MRR at each rat age were analyzed using paired  t -test. All data were expressed 
as the mean ± SD. A value of  p  < 0.05 was accepted as statistically signifi cant.   

16.2.2     Observation of Human Carious Dentin Using Acoustic 
Impedance Microscopy 

16.2.2.1     Acoustic Impedance Microscope (AIM) 

 Acoustic impedance mode was applied for visualization and observation of sample 
surface. The acoustic impedance of a material is defi ned as a product of the density 
and the sound speed. The acoustic impedance of physiological saline is used to 
verify the calibration curve in the following equation in its simplest form [ 22 ]:

  Z c= ρ    ( 16.2 )    

  Fig. 16.5    Histological 
appearance of PDL of the 
fi rst molar of rat mandible. 
Interradicular region ( IRR ) 
area is encircled by the 
 black solid rectangle . 
Mesial radicular region 
( MRR ) is encircled by the 
 black dotted rectangle . 5× 
original magnifi cation. Bar 
= 500 μm       
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where  Z  is acoustic impedance,  ρ  is density, and  c  is sound speed. 
 The acoustic approach should provide the information of the elastic bulk modu-

lus because the relationship among the sound speed, the density, and the elastic bulk 
modulus of the material is described in the following equation in its simplest form:

  
C

K
=

ρ   
 ( 16.3 ) 

   

where  C  is sound speed,  K  is elastic bulk modulus, and  ρ  is density [ 27 ]. 
 Taken together these equations, the elastic bulk modulus is described in the fol-

lowing equation:

  K Z= 2 / ρ    ( 16.4 )    

where  K  is elastic bulk modulus,  Z  is acoustic impedance, and  ρ  is density. Therefore, 
if the density of embedding material is constant, the change of acoustic impedance 
will indicate the change of tissue elasticity. This equation indicates that the elastic 
bulk modulus is in proportion to the square of the acoustic impedance. In other 
words, the change of the acoustic impedance indicates the change of the elastic 
property. 

 The acoustic impedance microscope (AIM) (AMS-50SI, HONDA 
ELECTRONICS CO., LTD, Toyohashi, Japan) in the present study was shown in 
Figs.  16.1  and  16.6 .

   An electric impulse was generated by a high-speed switching semiconductor. 
The start of the pulse was within 400 ps, the pulse width was 2 ns, and the pulse 
voltage was 40 V. The frequency of the impulse covered up to 380 MHz. The elec-
tric pulse was used to excite a transducer that had a central frequency of 300 MHz 
and a sapphire rod as an acoustic lens. The ultrasound spectrum of the refl ected 
ultrasound was broad enough to cover 220–380 MHz (−6 dB). The refl ections from 
the sample were received by the transducer and were introduced into a Windows- 
based PC (Pentium D, 3.0 GHz, 2 GB RAM, 250 GB HDD) via digital oscilloscope 
(Tektronix TDS7154B, Beaverton, USA). The frequency range was 1 GHz, and the 
sampling rate was 20 GS/S. Four pulse echo sequences were averaged for each scan 
point in order to increase the signal-to-noise ratio. 

 The transducer was mounted on an X-Y stage with a microcomputer board that 
was driven by the PC through RS232C. The both X-scan and Y-scan were driven by 
linear servo motors. Finally, two-dimensional distribution of the acoustic imped-
ance was visualized and the image area was 2.4 × 2.4 mm. The total scanning takes 
121 s [ 20 ].  

16.2.2.2     Tissue Preparation 

 The protocols for the experiments were approved by the Ethical Committee of 
Tohoku University (approval number: 26–28). 
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 Human molar teeth with dental caries ( n  = 10) were used in this study. The teeth 
were extracted under the diagnosis of severe periodontitis, and the extracted teeth 
were immediately fi xed with 0.1 % glutaraldehyde and kept into the same fi xative 
for 24 h. The teeth samples were embedded in the self-curing resin (UNIFAST III 
CLEAR, GC, Tokyo, Japan). The embedded samples were cut sagittally by saw 
microtome (SP1600, LEICA, Wetzlar, Germany) perpendicular to the caries sur-
face, and the sliced sections (sagittal sections) were polished and smoothened with 
waterproof abrasive papers (#1000 and #2000) (Fig.  16.7 ). The thickness of  polished 
section was 400–600 μm. The prepared sections were assessed by AIM and the 
scanning electron microscope (SEM), respectively.

16.2.2.3        Scanning Electron Microscopy (SEM) 

 After the acoustic microscopic observation, the scanning electron microscopic 
investigation for the carious dentin lesion and the sound dentin area was carried out 
in order to observe the microstructural surface of both the carious lesion and the 
sound dentin area. The polished samples for SEM observation were initially air- 
dried and mounted on aluminum stubs. The sample was sputtered with a 
20-μm-thickness of carbon fi lm layer (JFC-1100, JEOL Ltd., Tokyo, Japan) and 
then analyzed with SEM (JSM-6060, JEOL Ltd., Tokyo, Japan). The accelerating 
voltage was 15 kV and the specimen irradiation current was 1.0 nA at SEM 
examination.  

stage

Investment material
saline

sample

Stgt Sref

Ultrasonic
Transducer

with
Acoustic lens

Ultrasonic
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with
Acoustic lens

  Fig. 16.6    Schematic illustration of scanning image of the acoustic impedance microscope.  S   tgt   is 
the refl ection from the sample;  S   ref   is the refl ection from the investment material. In this case, 
substrate is water       
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16.2.2.4     Statistics 

 Differences between the dentin caries and the sound dentin were analyzed using 
paired  t -test. All data were expressed as the mean ± SD. A value of  p  < 0.05 was 
accepted as statistically signifi cant.   

16.2.3     Portable Acoustic Stiffness Checker (PASC) 

 A prototype of portable acoustic stiffness checker was shown in Fig.  16.8 . Our 
PACS is mainly composed of three units: (1) acoustic probe, (2) pulsar receiver, and 
(3) tablet PC (Windows) (Fig.  16.9 ).

    The target signal is compared with the reference signal and interpreted into 
acoustic impedance as:
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where  S   0   is the transmitted signal,  S   target   and  S   ref   are refl ections from the target and 
reference, respectively, and  Z   target  ,  Z   ref  , and  Z   sub   are the acoustic impedances of the 
target, reference, and substrate, respectively [ 20 ]. 

  Fig. 16.7    Sliced human 
molar teeth with dental 
caries. Dentin caries is 
encircled by the  red dotted 
rectangle , and sound 
dentin is encircled by the 
 black dotted rectangle        
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 Finally, we can acquire the acoustic impedance of the targeted object on the tab-
let PC, based on the acoustic impedance of the reference.   

16.3     Results 

16.3.1     SAM Observation of PDL 

 Figure  16.10  is the result of the PC screen of SAM showing rat PDL. This result 
provided four visual information such as the sound speed intensity, the sound speed, 
the attenuation, and the sample thickness (Fig.  16.10a–d ). SAM clearly visualized 
two-dimensional color distribution of the sound speed of both IRR and MRR (Fig. 
 16.11a, b ). SAM also clearly visualized two-dimensional color distribution of the 
dentin and the alveolar bone. The gradation color table indicated the sound speed 
propagating in the sample. In the gradation color table, the lowest sound speed was 
1,500 m/s, and the highest sound speed was 1,800 m/s (Fig.  16.11c ).

    IRR and MRR were composed of very low sound speed areas (blue) in 3-week- 
old postnatal group (Fig.  16.12a, e ). In 5-week-old postnatal group, IRR and MRR 
were composed of low to middle sound speed areas (blue to green) (Fig.  16.12b, f ). 

  Fig. 16.8    A prototype of 
ultrasound stiffness 
checker. Figure is the 
whole system of the 
ultrasound stiffness 
checker       
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In a 7-week-old postnatal group, IRR and MRR were composed of middle sound 
speed areas (yellow to green) (Fig.  16.12c, g ). In 10 weeks postnatal group, IRR and 
MRR were composed of middle to high sound speed areas (green) (Fig.  16.12d, h ). 
The low sound speed area decreased, and middle sound speed areas gradually 
increased in both IRR and MRR depending on the rat growth.

16.3.2        Sound Speed Analysis 

 The mean value of sound speed propagating in each region was calculated. The 
sound speed of IRR and MRR is shown in Table  16.1 . In IRR, there was no statisti-
cal difference between 3-week group and the 5-week group (3w 1,529 m/s ± 15.2 
m/s vs. 5w 1,541 m/s ± 14.1 m/s;  p  = 0.605), between 5-week group and 7-week 
group (5w 1,541 m/s ± 14.1 m/s vs. 7w 1,563 m/s ± 18.2 m/s;  p  = 0.169), between 
5-week group and 10-week group (5w 1,541 m/s ± 14.1 m/s vs. 10w 1,564 m/s ± 21.4 
m/s;  p  = 0.054), and between 7-week group and 10-week group (7w 1,563 m/s ± 18.2 
m/s vs. 10w 1,564 m/s ± 21.4 m/s;  p  = 0.999). However, the sound speed of IRR was 
signifi cantly increased depending on the development (3w 1,529 m/s ± 15.2 m/s vs. 
7w 1,563 m/s ± 18.2 m/s;  p  = 0.012 and 3w 1,529 m/s ± 15.2 m/s vs. 10w 1,564 
m/s ± 21.4 m/s;  p  = 0.002). In MRR, there was no statistical difference between 
3-week group and 5-week group (3w 1,536 m/s ± 16.1 m/s vs. 5w 1,556 m/s ± 18.4 
m/s;  p  = 0.125), between 3-week group and 7-week group (3w 1,536 m/s ± 16.1 m/s 
vs. 7w 1,560 m/s ± 15.7 m/s;  p  = 0.063), between 5-week group and 7-week group 

  Fig. 16.9    Block diagram of ultrasound stiffness checker       
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(5w 1,556 m/s ± 18.4 m/s vs. 7w 1,560 m/s ± 15.7 m/s;  p  = 0.974), between 5-week 
group and 10-week group (5w 1,556 m/s ± 18.4 m/s vs. 10w 1,566 m/s ± 16.9 m/s; 
 p  = 0.583), and between 7-week group and 10-week group (7w 1,560 m/s ± 15.7 m/s 
vs. 10w 1,566 m/s ± 16.9 m/s;  p  = 0.881). However, the sound speed of MRR was 

  Fig. 16.10    PC screen of SAM image of PDL. Two-dimensional color distribution with the resolu-
tion of the 2.4 × 2.4 mm sample area is visualized with 300 × 300 pixels. ( a ) sound speed intensity 
image, ( b ) sound speed image, ( c ) attenuation image, and ( d ) sample thickness image       

  Fig. 16.11    SAM image of IRR. IRR is encircled by the  solid rectangle  ( a ). SAM image of 
MRR. MRR is encircled by the  dotted rectangle  ( b ). The color graduation table of the sound speed 
( c )       
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signifi cantly increased depending on the development (3w 1,536 m/s ± 16.1 m/s vs. 
10w 1,566 m/s ± 16.9 m/s;  p  = 0.003).

   There was signifi cant difference between IRR and MRR in 5-week group (IRR 
1,541 m/s ± 14.1 m/s vs. MRR 1,556 m/s ± 18.4 m/s;  p  = 0.003). 

16.3.2.1     AIM Observation of Dentin Caries 

 Figure  16.13  is the result of the PC screen of AIM showing dentin caries. This result 
provided two visual information, the acoustic intensity (Fig.  16.13a ) and the acous-
tic impedance (Fig.  16.13b ). In the acoustic impedance image, AIM clearly visual-
ized two-dimensional color distribution of the acoustic impedance of the sound 

  Fig. 16.12    SAM images of IRR ( a – d ) and MRR ( e – h ). 3-week-old ( a ,  e ). 5-week-old ( b ,  f ). 
7-week-old ( c ,  g ). 10-week-old ( d ,  h )       

  Table 16.1    Mean sound 
speed propagating in IRR and 
MRR, respectively, and 
standard deviations between 
IRR and MRR. Statistic 
evaluation was performed by 
one-way ANOVA and 
Tukey’s method, or by paired 
 t -test  

 IRR(m/s)  sMRR(m/s) 

 3w  1,529 ± 15.2 a,b   1,536 ± 16.1 c  
 5w  1,541 ± 14.1 d   1,556 ± 18.4 d  
 7w  1,563 ± 18.2 a   1,560 ± 15.7 
 10w  1,564 ± 21.4 b   1,566 ± 16.9 c  

   a,b  P  < 0.01 by one-way ANOVA and 
Tukey’s method 
  c  P  < 0.05 by one-way ANOVA and 
Tukey’s method 
  d  P  < 0.05 by paired  t -test  
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dentin as well as the dentin caries. The gradation color of the dentin caries 
(Fig. 16.14a ) differed from that of the sound dentin (Fig.  16.14b ). The dentin caries 
was composed of low acoustic impedance areas (blue to light blue). However, the 
sound dentin was composed of higher acoustic impedance areas (green to yellow) 
than the carious dentin lesion. The comparison of the acoustic impedance of both 
sound dentin and dentin caries is shown in Fig.  16.15 . The acoustic impedance of 
the dentin caries was signifi cantly lower than that of the sound dentin (sound dentin 
vs. dentin caries; 6.75 ± 0.14 kg/m 2 s vs. 2.47 ± 0.41 kg/m 2 s;  p  = 2.29 × 10 −12 ).

16.3.2.2          SEM Observation of Dentin Caries 

 SEM images are shown in Fig.  16.16 . The sound dentin areas showed smooth sur-
face, and the transverse sections of dentinal tubules were aligned regularly (Fig. 
 16.16a ). However, surface erosion and destruction were detected on the dentin car-
ies. The dentinal tubules were aligned irregularly, and the cross sections of dentinal 
tubules showed wider and narrower on the dentin caries than those on the sound 
dentin (Fig.  16.16b ).

  Fig. 16.13    PC screen of AIM image of dentin caries. Two-dimensional color distribution with the 
resolution of the 2.4 × 2.4 mm sample area is visualized with 300 × 300 pixels. Acoustic intensity 
image ( a ), acoustic impedance ( b ) image       
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  Fig. 16.14    Acoustic impedance image of the carious dentin lesion. Sound dentin area consists 
of higher acoustic impedance area ( green  to  yellow ) ( a ). Dentin caries consists of low acoustic 
impedance area ( light blue  to  blue ) ( b )       
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  Fig. 16.15    Bar graph of the acoustic impedance between sound dentin area and carious dentin 
lesion.  Blue bar  is the mean acoustic impedance of sound dentin.  Red bar  is the mean acoustic 
impedance of dentin caries       
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16.3.3         Ultrasound Stiffness Checker 

 Figure  16.17  shows the actual measurement of human sound tooth. Since the probe 
surface is fl at, it is diffi cult to measure the dental carious cavity. Many improve-
ments are necessary to apply the diagnosis for dental caries.

16.4         Discussion 

16.4.1     SAM Observation of PDL 

 In the present study, our SAM clearly visualized the gradation color images and 
distribution of rat PDL. SAM images were equal to histological appearances 
obtained by light microscopy. These results are the fi rst time that SAM is applied to 
investigate the elastic property of PDL. 

 Previous studies reported that the elastic property of PDL was decreased along 
with development [ 28 – 31 ]. In  in vivo  studies, the elastic property of PDL were 
investigated by the displacement of the rat molar under the mechanical loads [ 28 , 
 31 ] and the measurement of the load by pushing the rat incisor out of alveolar socket 
[ 29 ,  30 ]. However, these methods measured not only the elastic property of PDL but 
also the elastic property of alveolar bone. Meanwhile, in  in vitro  studies, numerical 
analyses using fi nite element model (FEM) study did not precisely refl ect the elastic 
property of PDL [ 32 ,  33 ], because the occlusal conditions are not fully considered. 

 In the present study, the sound speed propagating in PDL was signifi cantly 
increased in a course of development. These results indicate that the elasticity of 
PDL is decreased along with rat development; in other words PDL becomes harder 
during development. Previous studies reported that collagens such as type I, III, and 

  Fig. 16.16    SEM images of sound dentin ( a ) and dentin caries ( b ). 500 × original magnifi cation. 
Bar = 100 μm       
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XII collagen were implicated in the regulation of the development and/or matura-
tion of PDL [ 34 – 36 ]. And other previous studies reported that non-collagens such 
as fi broblast growth factor (FGF), alkaline phosphatase, and connective tissue 
growth factor (CCN/CTGF) were implicated in the regulation of the development 
and/or maturation of PDL [ 36 – 38 ]. Therefore, the present study indicates that the 
extracellular matrix molecules may play a pivotal role to regulate the elasticity of 
PDL. 

 Previous studies reported that occlusal force infl uence to mature PDL [ 35 ,  39 ]. 
In a study, the occlusal forces induced to promote the collagens synthesis [ 35 ]. In 
another study, the occlusal forces induced to express insulin-like growth factor-1. 
These collagens and growth factor had infl uence on the development and/or matura-
tion of PDL [ 39 ]. In the present study, MRR elasticity was lower than IRR elasticity 
in 5-week-old. We speculate that in order to resist the lateral loading of occlusal 
force MRR became harder to bind fi rmly between the tooth root and the alveolar 
bony socket. 

 The present study indicates that the decreased elasticity of PDL is induced by the 
morphological development such as the production of collagen(s) and/or 
proteoglycan(s) and the functional development such as the occlusal construction 
and/or the development of the masticatory muscles. 

 SAM is a powerful tool for evaluating the elasticity and its distribution in the 
targeted tissues  in situ . This study suggests that the increased elasticity of PDL is 
one of the developmental processes of the periodontal tissues.  

  Fig. 16.17    Actual examination of human teeth. Ultrasound stiffness checker shows the ultrasound 
impedance of the tooth in the  yellow circle        
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16.4.2     AIM Observation of Dentin Caries 

 To date, AIM has been mainly applied for the observation of soft tissues such as 
synovial membrane [ 13 ] and coronary artery [ 20 ]. In the present study, AIM was 
able to clearly visualize the color distribution of the acoustic impedance of both the 
sound and carious dentin. Moreover, AIM enabled to evaluate the elastic property 
calculating the acoustic impedance of the sample. Taken together these results, we 
propose that AIM may be useful to diagnose the dental caries visually and 
numerically. 

 Previous study reported that the Vickers hardness of the carious dentin lesion 
was signifi cantly lower than that of the sound dentin areas [ 40 ]. In the present study, 
the acoustic impedance of the carious dentin lesion was signifi cant lower than in the 
sound dentin area. The Vickers hardness test is a destructive examination; therefore, 
there are limitations to apply the measurement of the Vickers hardness to diagnose 
human caries. The ultrasonic testing is a nondestructive examination, so the calcula-
tion of the acoustic impedance of the dentin caries may be a noninvasive and safe 
method to diagnose human caries. 

 SEM observation revealed that caries induced microstructural deterioration of 
dentin. This result suggested that acid produced by oral bacterial metabolism decal-
cifi ed the Ca element included in dentin. 

 To understand the elastic property due to the pathological change is important 
information to diagnose the disease in medicine and dentistry. It has been well 
known that caries make dentin soft. But, unfortunately, it has not established to 
evaluate precisely the elasticity of the carious dentin. In the present study, AIM 
enabled to visualize the dentin caries clearly and evaluate it numerically. Based on 
the principle of AIM, we are going to complete a novel portable acoustic caries 
detector.      
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