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ABSTRACT   

Early detection of dental caries, cracks and lesions is needed to prevent complicated root canal treatment and tooth 
extraction procedures. Resolution of clinically used x-ray imaging is low, hence optical imaging techniques such as 
optical coherence tomography, fluorescence imaging, and Raman imaging are widely experimented for imaging dental 
structures. Photoacoustic effect is used in photon induced photoacoustic streaming technique to debride the root canal. In 
this study, the extracted teeth were imaged using photoacoustic tomography system at 1064 nm. The degradation of 
enamel and dentine is an indicator of onset of dental caries. Photoacoustic microscopy (PAM) was used to study the 
tooth enamel. Images were acquired using acoustic resolution PAM system. This was done to identify microscopic 
cracks and dental lesion at different anatomical sites (crown and cementum). The PAM tooth profile is an indicator of 
calcium distribution which is essential for demineralization studies.   
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1. INTRODUCTION  
Teeth undergo constant demineralization and remineralization [1]. When demineralization is faster than remineralization 
cracks or lesions start developing on teeth . The pH of oral cavity is naturally at 5.5. When the pH alters due to bad oral 
hygiene, bacteria start decaying on tooth. Tooth consists of enamel and dentine. In most of the cases caries or lesions 
develop on enamel. These surficial lesions or caries have to be treated before it penetrates deeper to the dentine. Dentine 
is the bed of nerves and blood vessels which when affected lead to extraction of the tooth. Dental caries and white 
lesions are treatable if they are detected at the early stages. But the deformity is treatable only if it is less than 100 µm. 
The bit wing x-ray imaging is the clinically used dental diagnostic tool. One of the disadvantages of x-ray imaging is the 
signal deteriorated at the occluded surfaces. Exposure to x-ray radiation pre- and post-childbirth is unsafe for the mother. 
The image resolution has to be improved early detection of the dental deformities [2]. 

 

Optical coherence tomography (OCT) is widely used in dentistry due to resolution of 20 µm [3]. The blood vessels and 
other microstructures of oral cavity are quantitatively and qualitatively imaged using OCT due its high spatial resolution 
[4, 5]. Efficiency of OCT to image dental caries, periodontal diseases and oral cancer are well established. The resolution 
of OCT is high the depth of penetration is as less as 2.5 mm in hard tissue such as enamel and dentine. Even though there 
are research outcomes on fluorescence and Raman spectroscopy for dental diagnosis, the reduced penetration depth and 
increased scanning time are the disadvantages of these modalities [6].  

 

Ultrasound (US) imaging is another imaging modality which is widely used in dental diagnosis [7]. US is used in the 
fields of dental scanning, caries detection, dental fractures, soft tissue and peripheral lesions, maxillofacial fractures, 
periodontal bony detects, gingival and muscle thickness, temporomandibular disorders and implant dentistry [8]. Even 
though there are hand-held B-mode probes for dental scanning which works on the acoustic differences between the 
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enamel and dentine, these probes have not been tested on large populations and further improvements are required to be 
used in clinical environment. US images of caries were compared with bite-wing radiographs and the conclusion was 
both have similar levels of accuracy.  

 

Photoacoustic (PA) tomography is another imaging which utilizes the optical contrast and the penetration depth of 
ultrasound imaging  [9-11]. The dental caries are detected using PA images or signals [12-16]. B-mode and S-mode PA 
images of the extracted tooth were studied [17]. The B-mode images represented the intensity of PA which corresponds 
to the macrostructures of the teeth. S-mode images are the slope of each pixel and these images represented the 
microstructures of teeth. PA microscopy was also used to image the dental structures [18]. The caries and white spot 
lesions on the tooth were detected with higher resolution. PA signal at 532 nm and 1064 nm was studied. The frequency 
components in the PA signals at these two wavelengths were seen to correlate to the hematocrit percentage in the dental 
pulp [19]. This property which is similar to dental pulse oximeter represents the health (or decay) condition of the dental 
pulp. Feasibility of PA imaging for dental implants and periodontal disorders has also been studied. In this paper we 
image the extracted teeth in photoacoustic (PA) tomography and microscopy system. The feasibility of PAT and PAM 
for dental imaging has been studied. PA signal strength varies in normal teeth, caries and in metal filling. 

 
 

Figure 1. Illumination plane and acoustic plane representation for photoacoustic tomography and microscopy system. (a) 
Illumination (green cone) in sagittal plane and acoustic (gray ring) collection is in transverse plane. (b) Illumination 

(green doughnut) and acoustic collection (grey cylinder) is in sagittal plane. The arrows indicate the direction of acoustic 
collection   

2. METHODS AND MATERIALS 
Two PA imaging systems were used to image the human extracted teeth in sagittal and/or transverse plane [20, 21]. In 
PAT system, laser beam of 1064 nm at 10 Hz with a beam diameter of 5 mm from Q-switched Nd:YAG laser was 
illuminated on the tooth sample [20, 22, 23]. The generated PA signal was acquired using a 2.25 MHz central frequency 
ultrasound transducer (UST) from Olympus, Nondestructive ultrasound testing, V306-SU. Active area of the transducer 
was 13 mm. The transducer was mounted on a custom made circular plate which was rotated using rotatory motor. 
Figure 1(a) depicts the positioning of a sample tooth for PAT system. Illumination is along the sagittal plane and signal 
is acquired along the transverse plane. The signal from UST was digitized and transferred to a desktop using data 
acquisition card (DAQ) (compuscope 4227, GaGE) which was operated at 25 Ms/s. LabView interface was used for data 
collection and MATLAB programs were written to reconstruct the PA intensity images from A-lines  using simple 
delay-and-sum algorithm [24]. 
 
Acoustic resolution photoacoustic microscopy system consists of diode-pumped solid-state Nd:YAG laser operated at 
1064 nm [21, 25, 26]. Pulse repetition rate was 5000 Hz and the sample was illuminated by a doughnut shaped beam of 2 
mm. PA signal was collected using 30 MHz UST (Fig 1b). Illumination and PA signal collection is along the sagittal 
plane. The scanning assembly was mounted on tri-axial stage (PLS 85 and VT 80 from Physik Instrumente). UST signal 
was amplified using ZFL-500LN, Mini Circuits amplifier and data was acquired using DAQ card M4i, 4420, Spectrum. 
The scanning was done using LabVIEW and the image processing was done in MATLAB. Less than 1W of laser beam 
was focused on photodiode to synchronize the data acquisition process with each laser pulse. PA signal along the depth 
of the sample was acquired by raster scanning x and y-axis. Maximum amplitude projection (MAP) images and depth 
profile image is discussed here.  
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Teeth for four subjects extracted due to decay or caries was used in this study. Patients consent was also obtained for the 
use of these samples for research. Extracted teeth were washed thoroughly and stored in saline. Three molar teeth and 
one premolar tooth were chosen for this study. One molar had caries (T1) and premolar (T2) and another molar (T3) had 
lesion. One of the molar (T4) had a metal filling and lesion. The samples were fixed in 10% agar base and immersed in a 
water tank during imaging. The samples were mostly fixed in upright position and imaged in sagittal axis. T1, T2 and T4 
were scanned in PAT system, and T2, T3 and T4 was scanned in PAM system. To study the feasibility of PA in 
periodontics, T2 was fixed horizontally to enable imaging along transverse plane. Teeth were replaced to saline solution 
after the imaging procedure. 
 

 
 

Figure 2. Camera captured images and photoacoustic tomography image of tooth T1 (a, b), T2 (c, d) and T3 (e, f).    

 

3. RESULTS AND DISCUSSION  
Optical fluence on the sample during PAT and PAM imaging was maintained with American National Standard for Safe 
Use of Lasers [27]. 600 A-lines were acquired over 60 seconds in PAT system. A-lines were reconstructed into an image 
of 500 grids of size 200 µm in x- and y- axis. The macro- and micro- sized caries of T1 are detected in the PAT image. 
The structural information identified in visual examination of the tooth [Fig. 2(a)] was also highlighted in PA image [Fig. 
2(b)]. The caries which have different mineral distribution gives higher PA signal compared to the normal tooth. Studies 
are yet to be done to correlate the PA signal intensity to the mineral content of the tooth. The lesion seen visually in T2 
[Fig. 2 (c)] had high intensity in PA image [Fig. 2(d)]. Lesion/stain gives higher PA signal due to the chromophores 
present. As discussed earlier, the correlation between the PA intensity and the chromophore content in the dental 
structure is not explored. Figure 3(e) is the camera captured image of T4 which has metal and lesion. It is well know that, 
metal gives a strong PA signal. Hence, this tooth was chosen to study the feasibility of PA imaging of metal filled tooth. 
As expected, the signal from metal filling dominated the signal due to lesion. Further experimental designs are needed to 
image such special samples. 
 
Photoacoustic tomography images did have information of tooth deformities, but the resolution of PAT is in orders of 
few hundreds of microns, hence photoacoustic microscopy images were acquired. Tooth T2 [Fig. 3(a)] which had a 
lesion on the surface was imaged in transverse plane. The lesion does give a high signal. Other bright spots are also seen 
in the PAM image [Fig. 3(b)]. Additional information to be noted is the bright signal at the tip of the tooth, (pointed by 
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an arrow). The brightness can be attributed to the difference in the mineral deposition. Since the resolution of the 
acoustic PAM is a few tens of microns, customizing PAM for clinical set-up will help in early detection of the white spot 
lesions, caries and decay. Figure 3(d) is camera image of tooth T3 and Fig. 3(e) is the depth profile of the tooth. Depth 
profile is the location within or on the surface of the tooth where the PA intensity is highest. The lesion on the tooth in 
the shape of “+” is deeper as per PA image and visual examination. The smaller lesion in the left-bottom quadrant is also 
seen in the PA image.  
 

 
 
Figure 3. Camera images and photoacoustic microscopy images of teeth. (a) Tooth T2, (b) MAP of T2, (c) Tooth T3, and 

(d) depth profile of MAP of T3. 

 
Sample T4 [Fig. 4(a)] with metal filling was imaged using PAM. MAP image represents the metal boundaries. Two 
independent metal fillings are identifiable in the PAM images. T4 is inset in the figure for comparison. Figure 4(b) is the 
metal filling seen as in 3D along the sagittal plane. Even though PA signal from metal dominates any other signal from 
tooth, PAM images of these filling would help in characterizing the different filling materials. The efficiency of filling at 
the surface is easy to examine for the dentist but the deeper filling needs imaging techniques. 
    

4. CONCLUSION 
Photoacoustic imaging of human teeth using tomography and microscopy has been discussed in this paper. PAT and 
PAM images of tooth do represent caries and lesions. PAT system can only image extracted tooth. The acoustic 
resolution PAM system discussed here is not clinical, but there are handheld PAM system currently used in 
dermatological application which can be further modified for teeth imaging through cheek muscle. Handheld clinical 
photoacoustic imaging systems widely used for sentinel lymph node imaging and breast tumor imaging can be modified 
for dental tooth imaging [28-30]. Photoacoustic imaging for dental application is essential in clinic to assist dentist. 
Applications of PA in analysis the dental pulp, hematocrit percentage, and jaw implants will be the future work. 
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Figure 4. (a) 2D and (b) 3D image of metal filling of tooth T4.   
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