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Introduction
Dental caries causes irreversible progressive deminerali­

zation in teeth, both in enamel and dentin. Caries grow  
silently until changes in enamel become clinically visible. If 
left unchecked, tissue destruction is inevitable.1 Therefore,  
early caries detection is important, since it enables pre­
ventive strategies and conservative procedures to be per­

formed to control the disease.2,3 Traditionally, caries are 
diagnosed through visual inspection and dental radiographs 
are complementarily employed. However, visual inspection  
is a subjective method in which the professional’s experi­
ence directly influences the diagnosis, and a certain level of  
demineralization is necessary for tissue to be visible on a ra­
diograph.4,5 Due to these limitations, the last few years have  
seen an increased interest in the development of new meth­
ods of caries diagnosis with highly accurate and non-invasive  
methods, such as transillumination, fluorescence-based 
imaging, optical coherence tomography (OCT), and photo­
acoustic (PA) imaging.6-13

In the early 1880s, Bell,14,15 Tyndall,16 and Röntgen17 in­
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nm were measured. 
Conclusion: The results presented here are promising and corroborate that photoacoustic imaging can be applied 
as a diagnostic tool in caries research. New studies should focus on developing a clinical model of photoacoustic 
imaging applications in dentistry, including soft tissues. The use of inexpensive light-emitting diodes together with 
a miniaturized detector will make photoacoustic imaging systems more flexible, user-friendly, and technologically 
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dependently discovered what is now known as the PA effect.  
Bell found that materials can emit sound waves when illu­
minated by modulated light, identified that the intensity of 
the emitted sound was wavelength-dependent, and therefore 
attributed the phenomenon to an optical absorption process. 
In 1977, Hordvik and Schlossberg18 used the PA technique to 
measure the absorption coefficient in solid samples with high 
sensitivity. Since then, PA has been exploited in a myriad  
of applications, leading to PA sensing, PA spectroscopy, and 
PA tomography or PA imaging as methods to image mate­
rials and biomaterials in a noninvasive way.19-23 As pointed 
out by Li et al.,22 PA tomography can cover a wide range 
of dimensions of interest for image generation, with spatial 
resolution ranging from hundreds of nanometers to 1 mm, 
and penetration depths from 10 μm to 10 cm. Furthermore, 
their study reported imaging results in biological tissues 
ranging from cells to human organs.22 

In dentistry, PA methods have been demonstrated in stud­
ies of caries diagnostics,13,24-27 periodontology,28,29 dental 
implants,30 and blood detection in dental pulp.31 Given the 
potential of this method as a noninvasive imaging technique, 
its applications in dentistry are still in the initial stages,  
with pioneer work dating from 2006.24 This fact led us to 
develop the work reported here, aiming to stimulate further 
studies of dental caries detection using PA imaging. 

The purpose of this study was to examine the presence of 
incipient and advanced caries through a PA imaging system 
with visible and near-infrared wavelengths. After develop­
ing the PA imaging system, 2 different wavelengths were 
employed (532 nm and 1064 nm) as the linear absorption 
differs as the wavelength changes.

Materials and Methods
This experimental laboratory study was carried out after 

receiving approval from the Ethics Committee on Humans 
Research (process number 2.989.712) of Universidade Fed­
eral de Pernambuco, Pernambuco, Brazil, in accordance 
with the Helsinki Declaration.

Sample preparation
Fifteen permanent molar teeth were obtained from a tooth 

bank (Centro Universitário Tabosa de Almeida, Caruaru,  
Pernambuco, Brazil), analyzed by visual inspection, and 
divided into 3 groups as follows: 5 sound teeth; 5 teeth 
with incipient caries, representing the beginning of the 
pathological process but still without cavitation; and 5 teeth 
with advanced caries, representing the stage with evident 

dentin involvement. The sample characterization criteria 
employed followed the International Caries Detection and 
Assessment System categorization.32 

The teeth had their root portion included with colorless 
self-curing acrylic resin (Jet Clássico, São Paulo, Brazil) in a  
matrix with the occlusal surface parallel to the ground, in 
order to standardize the sample positioning during PA ima­
ging and OCT scanning. The samples were then kept in  
deionized water under refrigeration until the end of the 
experiment to avoid cracks and fractures.

Radiography and OCT 
The teeth were evaluated by digital radiography, taken 

using a Focus intraoral X-ray machine (Instrumentarium 
Dental, Tuusula, Finland), with settings of 70 kV and 7 mA, 
using a photostimulable phosphor (PSP) plate and a focus- 
film distance of 30 cm. The exposure time was 0.3 s, as deter- 
mined based on a previous pilot study. The sensor was read 
by a digital system Digora Optime scanner (Soredex, Hel­
sinki, Finland), and an image was generated for each tooth 
on the PSP plate using the CLINIVIEW software (Instru­
mentarium Dental, Tuusula, Finland).

The teeth were also scanned by OCT, an imaging tech­
nique based on the backscattering and reflective properties 
of incident light on samples that provides depth information 
for the structures under analysis.10,12,33,34 

For this experiment, 2 commercial OCT systems were 
utilized, both operating in the spectral domain. To obtain 
cross-sectional 2-dimensional (2D) images, an OQ Lab­
Scope (Lumedica, Durham, NC, USA) was employed, using  
a light source with a central wavelength of 840 nm and a 
depth resolution of 7 μm in air and 5 μm in tissue, generating  
an image with a size of 512 ×512 pixels. To obtain vol­
umetric 3-dimensional (3D) images, a Ganymede OCT 

(Thorlabs Inc., Newton, NJ, USA) was employed, using 
a super-luminescent diode as a light source, with a central 
wavelength of 930 nm, a spectral bandwidth of 100 nm, a 
maximum output power of 5 mW, and an axial resolution of 
5 μm. The axial resolution determined the spatial resolution 
of the measured biostructure.

Cross-sectional 2D and volumetric 3D images were ob­
tained from the occlusal surface of teeth, aiming to verify the 
presence of incipient caries, as seen in the PA images. For 
both 2D and 3D scanning, the samples were positioned per­
pendicular to the beam light in both systems. The analysis  
was performed along the region of interest (ROI) of the occ- 
lusal surface, to identify the presence or absence of demin­
eralization.
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PA imaging system and processing
Figure 1A presents a schematic diagram of the developed 

PA imaging system, based on previous studies.13,24 As the 
incident pulsed light beam source, a Q-switched Nd:YAG 
laser (Continuum Surelite II-10; Continuum, Santa Clara, 
CA, USA) with selective wavelengths of 532 nm and 1064 

nm, a pulse width of 6 ns, and a repetition rate of 10 Hz 
was employed for this study. The laser beam diameter was 
measured to be approximately 7 mm.

This pulsed beam was elevated to a certain height with 
a right-angle prism and multiple mirror assemblies. A part 
of this beam was divided with a beam splitter and fed to a 
photodetector, which was employed to trigger the 200 MHz 
digital storage oscilloscope (DSO) (TDS 2024B; Tektronix, 
Beaverton, OR, USA). The remaining beam was reflected 

downwards with a controlled mirror (Fig. 1A). In order to 
increase the resolution of the PA imaging measurement, 
the beam diameter was decreased to 1 mm with a pinhole 
arrangement. At this stage, the effective maximum working 
beam density was maintained at 17 mJ/cm2, which was lower  
than the safety limit of 20 mJ/cm2 set by the American  
National Standards Institute (ANSI).35

The tooth sample was mounted on a holder and was 
placed inside a distilled water tank. This entire assembly 
was placed over a computer-controlled motorized X-Y 
translation stage MTS50-Z8 (Thorlabs Inc., Newton, NJ, 
USA). The PA signals were acquired by employing an im­
mersion-type ultrasonic transducer V310-N-SU (Olympus, 
Waltham, MA, USA) with a center frequency of 5 MHz. 
The transducer was partially immersed into the water 

Fig. 1. A. Schematic diagram of the lab-made photoacoustic imaging system. B. Data acquisition and image reconstruction program in 
LabVIEW.

A

B
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pointing at the laser beam-tooth interface at 45° for optimal 
acoustic coupling with the sample. For depth measure­
ments, the PA detector was placed on the tooth side and 
moved vertically from top to bottom with a computer-con­
trolled Y-axis translation stage. To achieve a significant PA 
signal for imaging, a broadband signal amplifier was con­
structed and used to enhance the transducer output signal, 
which was finally fed to the DSO channel 1 (CH1). 

For image reconstruction, the translation stages and DSO 
were interfaced with a custom-build LabVIEW program 

(National Instruments, Austin, TX, USA), as shown in 
Figure 1B. The X and Y stages were translated at 0.5-mm 
steps and PA data from the top surface of the tooth sample 
were recorded with CH1. The PA voltage signal in CH1 
was averaged 16 times in order to remove the noise and the 
recorded peak-to-peak signal amplitude for every transla­

tion was fed into a 2D-array dataset in the program. Finally, 
the 2D dataset was used by the program to generate a color 
map contour plot of the respective sample automatically.

Results
With this automated PA imaging system, en-face images 

and depth measurements were obtained at pulse excitation 
wavelengths of both 532 nm and 1064 nm. Figure 2 shows 
an example of the PA imaging results for excitation at 532 

nm and 1064 nm for a sound tooth, as well as teeth with in­
cipient and advanced caries. Figure 3 also shows the radio­
graphic and OCT results. 

PA images of all teeth were acquired and the background 
noise was filtered out. A solid white outline was manually 
constructed in all PA images in order to mimic the respec­

Fig. 2. Photoacoustic (PA) images of sound and carious teeth at 532 nm and 1064 nm with a 5-MHz photoacoustic detector. The rows rep­
resent the sound tooth (A-C); incipient caries (D-F); and advanced caries (G-I) groups. From the left to the right, the first column shows 
the photographic image of the representative samples, and the second and third columns show the corresponding PA images at 532 nm and 
1064 nm, respectively. PAI: photoacoustic imaging.

A	 B	 C

D	 E	 F

G	 H	 I
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tive tooth shape. 
The color map contour PA images for all teeth with 532-

nm excitation are plotted in Figures 2B, E, and H. To un­
derstand the effect of caries density on the PA signal, the PA  
imaging data for the entire sample was normalized to the 
maximum PA voltage signal of the carious sample. The PA 
imaging contour of the sound tooth showed no change of the  
photoacoustic signal throughout the entire tooth surface,  
indicating the absence of dental caries. However, the incipi­
ent caries PA imaging, as presented in Figure 2E, showed a 
significant amount of scattered PA signals, shown as red in 
the false color scale. Likewise, the PA imaging contour in 
Figure 2H shows a highly dense photoacoustic signal, con­
firming the presence of extensive dental caries in the tooth 
sample. The maximum amount of the normalized PA signal 

was defined as 1, corresponding to the maximum value of 
the PA voltage (48 mV) in this advanced caries sample. The 
normalization formula was therefore “PA/48 mV” (Figs. 
2B, E, and H).

Similarly, PA imaging contour plots of all samples under 
an excitation wavelength of 1064 nm are shown in Figures 
2C, F, and I. The sound tooth showed negligible photo­
acoustic effects, and hence the PA imaging contour was 
smooth throughout the surface (Fig. 2C). However, the PA 
imaging contour presented in Figure 2F showed 2 signifi­
cant photoacoustic signals, suggesting the presence of 2 
incipient caries on the tooth surface. The PA image for the 
tooth with advanced caries, presented in Figure 2I, clearly 
showed a high PA signal in the carious region, closely cor­
responding to the actual photograph of the tooth in Figure 

Fig. 3. Clinical, radiographic, 2-dimensional cross-sectional scans and 3-dimensional volumetric optical coherence tomographic (OCT) 
images of samples. Row A-D shows the clinical appearance of the sound tooth (A), digital radiography (B), volumetric OCT (C), and OCT 
cross-sectional view. Row E-H shows the equivalent results for the tooth with incipient caries, wherein the regions of interest are indicated 
by a dashed circle, depicting the clinical appearance (E), digital radiography (F), volumetric OCT (G), and OCT cross-sectional view (H). 
Similarly, row I-L shows the results for advanced caries; the clinical appearance is seen in (I), digital radiography in (J), volumetric OCT in 

(K), and the OCT cross-sectional view in (L).

A	 B	 C	 D

E	 F	 G	 H

I	 J	 K	 L
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2G. The highest normalized PA intensity for the caries was 
defined as 1, corresponding to the maximum PA signal 
voltage in this sample (137 mV). The normalization formula  
was therefore “PA/137 mV” (Figs. 2C, F, and I).

For completeness and comparison with the PA imaging, 
radiographic and OCT images from the same teeth were 
obtained, as they are well-established clinical (radiographic)  
and laboratory (OCT) methods for caries diagnostics, as 
described in previous studies.11,12,36 The results are shown 
in Figure 3, which repeats the photographs of the sound, 
incipient, and advanced caries samples (Figs. 3A, E, and 
I, respectively) from Figure 2 (for ease of comparison by 
the reader) and presents them together with their corre­
sponding radiographs (Figs. 3B, F, and J), volumetric OCT 
images (Figs. 3C, G, and K), and 2D OCT images (Figs. 
3D, H, and L). As can be seen, radiography did not show 
any information on incipient caries (Fig. 3F). However, by 
comparing the OCT images, it is possible to observe the 
difference in the sulcus area of the demineralized sample 

(dashed circular area in Fig. 3G), which is also confirmed 
by the 2D OCT image (dashed circular area in Fig. 3H).

The OCT volumetric reconstruction of OCT images faith­
fully reproduced the photographed images, clearly iden­
tifying the ROI that was also verified by the PA imaging  
system. The unhealthy tissues are indicated in both the 3D 
OCT volumetric reconstructions (Figs. 3G and K) and the 
2D OCT images (Figs. 3H and L). OCT was used here to 
confirm the PA imaging and can be considered the gold 
standard in this experiment.

The presence of dental caries in a tooth can also be quan­
tified by calculating the contrast of the carious region ob­
tained from various imaging tools, as shown in Figures 2 
and 3. The image contrast can be evaluated using the well-
known Weber contrast (W) formula, defined as:37

	 Ic- Is
W = ---------�  (1)
	 Is

Where Ic and Is are the luminance of the carious tissue and 
the sound area of the tooth, respectively. The calculated 
Weber contrast values for dental caries obtained from dif­
ferent imaging tools are shown in Table 1. It is evident from  
Table 1 that the incipient caries sample showed a signifi­
cant amount of Weber contrast from the different imaging 
tools. It is worth noting here that digital radiography failed 
to detect any incipient carious tissues and therefore showed 
no Weber contrast, and contrast calculation for the healthy 
tooth was not possible due to the absence of caries. Among 
all the imaging techniques, PA imaging proved to be the 

best tool for incipient caries detection, as the Weber con­
trast values were 0.92 (for 532-nm excitation) and 4.16 (for 
1064-nm excitation), considerably exceeding the values 
obtained with other imaging tools.

The effectiveness of the photoacoustic technique to mea­
sure dental caries was confirmed and the experiment was re­
peated for 5 different tooth samples of each type; however,  
the data shown are representative of all other samples.

An important result is shown in Figure 4 regarding the 
depth at which the PA signal can be detected. When excit­
ing the samples on the occlusal surface, exactly on the pre­
viously detected incipient caries area (as shown by a dashed 
circle of interest in Figure 3G), the PA detector was placed 
laterally to the long axis of the tooth while the detector 

Table 1. Weber contrast values for dental caries obtained from 
different imaging tools

Imaging tools Healthy 
tooth

Incipient 
caries

Advanced 
caries

Photographic image - 0.50 1.56
Digital radiography - - 0.52
OCT (cross-section) - 0.14 0.54

PA imaging 532 nm - 0.92 11.03
1064 nm - 4.16 8.0

OCT: optical coherence tomography, PA: photoacoustic

Fig. 4. Peak to peak voltage for the depth of the photoacoustic signal  
in a tooth with incipient caries (as shown by a dashed circle of int­
erest in Figure 3G) with the laser beam directed at the lesion areas 

(closed black and red symbols) and a sound area (open black and red 
symbols) at laser wavelengths of 532 nm and 1064 nm.
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was displaced, and data were simultaneously acquired. In 
this way, it was possible to capture the PA intensity signal 
inside the sample. In Figure 4, the vertical position (mm) 
scaled up to 10 mm in the x-axis signifies the depth of the 
tooth sample from the top incipient carious surface (0 mm). 
As can be seen, for the sound tooth, a very small signal 
was detected for both wavelengths (above the noise floor), 
whereas when the light was incident on the carious region, 
the PA signal from wavelengths of either 532 nm or 1064 

nm was clearly detected as a notable difference. PA signal 
intensities 40% above the noise floor were detected for 
both 532 nm and 1064 nm at a 4-mm depth, as indicated by 
the horizontal and vertical dotted lines in Figure 4.

Discussion
In this study, a new automated PA imaging system was  

developed, which can capture the PA imaging contour of 
teeth samples with non-ionizing laser excitation under a dual- 
wavelength source and a ultrasonic detector for acoustic  
detection of the generated PA signal. The developed PA ima- 
ging system involves automated XY scanning of the tooth 
surface and real-time data acquisition of the PA signals.

The amount of the PA signal is directly proportional to 
the light absorbed by the tissue;38 thus, there is an evident 
link between the enhancement of PA signal voltage with the 
amount of dental caries. This result also confirms the effi­
ciency of the PA imaging system, as every tooth showed a 
consistent rise of the PA signal depending on its condition. 
A notable advantage of PA detection is that it only relies on  
absorption, and light scattering does not affect the results. 
The PA imaging system described herein effectively detected  
incipient caries, which are difficult to identify with visual  
inspection or even radiography.

In examinations of the tooth face, the results clearly iden­
tified the presence of carious tissue at both wavelengths  
employed, and the images shown in Figure 2 were automati­
cally obtained. The acquisition rate was limited by the 10-
Hz repetition rate of the system, leading to an acquisition  
time of several minutes, which is not recommended for 
clinical applications. This technical limitation can be over­
come by using kHz repetition rate sources, including light- 
emitting diode (LED) - based sources.39 

An important result is that PA signals due to caries were 
detected down to a 4-mm depth. This finding implies that 
hidden caries in the enamel (typically 1-2 mm before reach­
ing the dentin) can be easily detected. The spatial resolution 
of the system could be improved by using acoustic detectors  
with higher frequencies. By transforming this PA imaging 

system into a PA tomography system, a 3D image could be 
provided. The system could also be used to identify occlusal  
caries. 

In this work, PA imaging experiments were performed at 
both visible (532 nm) and infrared (1064 nm) wavelengths. 
The results in Figure 2 and Figure 4 show that the PA signals  
from carious tissues could be acquired at excitation wave­
lengths of both 532 nm and 1064 nm. For the incipient cari­
ous sample excited with 1064-nm light, the obtained PA 
image was free from noise, and the carious area in Figure 
2F closely follows the real image of the incipient carious 
region in Figure 2D. Moreover, the Weber contrast for the 
incipient carious tooth excited at 1064 nm was 4.16, or ~4.5 
times higher than the contrast value obtained with 532 nm  
excitation. This result can also be validated by Figure 4, 
where the maximum intensity of the carious PA signal exci­
ted at 1064 nm is shown to be ~2 times higher than that  
obtained at 532 nm. The depth profile of the carious PA sig­
nal excited with light at a wavelength of 1064 nm was expo­
nential with minimum fluctuations. Such results validate the 
use of a near-infrared light source for efficient PA imaging - 

based diagnoses.
For real-life clinical applications, only a single excitation 

is needed, and hence near-infrared wavelength excitation is 
mostly recommended for deep tissue imaging. Moreover, 
the use of near-infrared excitation opens up new possibilities  
for future optical fiber - guided flexible PA imaging systems,  
since at this wavelength the optical loss in the fiber is mini­
mized compared to the loss of visible light.

These results demonstrate the feasibility of PA imaging 
detection of carious lesions in the early stages of dental dis­
ease. The results are consistent with those obtained by pre­
vious studies that used PA imaging systems to investigate  
early dental caries.13,24,26,27 The PA imaging system presented  
in this research is fully automated, and real-life clinical app­
lications with a handheld integrated PA system capable of 
fitting into the oral cavity can be pursued by following the 
technological developments reported in other studies.40,41 

The results presented here are promising and corroborate 
that PA imaging can be applied as a diagnostic tool in caries 
research. New studies should focus on developing a clinical 
model of PA imaging applications in dentistry, including 
soft tissues. The use of LEDs instead of lasers will make PA 
imaging systems more flexible and user-friendly, together 
with detector miniaturization, which is already technologi­
cally feasible.

Conflicts of Interest: None
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