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Abstract 
Photoacoustic waves from hemoglobin solutions in dental roots are detected by using 
a 1064-nm laser and an ultrasonic soft probe based on a composite transducer on the 
tooth surface. The high-frequency ultrasonic waves are detected from a tooth with a 
hemoglobin solution in the pulp cavity due to the large heat transfer coefficient and 
absorption coefficient of hemoglobin. The spectral intensities of frequency compo-
nents higher than 1 MHz show good correlation with the hemoglobin solution con-
centrations, and maps of frequency spectra calculated by taking short-time Fourier 
transforms clearly exhibit the effect of absorbance in dental pulp. 
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1. Introduction 

Dental pulp includes nerves, blood vessels, and lymphatic vessels, and it plays crucial 
roles in the delivery of nutrition to dental tissues. When infection and inflammation of 
dental pulp (caused by external injuries or the formation of dental caries) are found, 
diagnosis of dental pulp vitality becomes necessary. Direct diagnosis is difficult because 
the pulp is surrounded by hard tissues such as dentin and enamels, so vitality tests 
based on sensory nerve response to thermal or electrical stimulation have convention-
ally been used [1] [2]. 

These tests, however, can cause severe pain, and objective diagnosis is especially dif-
ficult in children, who sometimes show exaggerated responses to the tests. In addition, 
juvenile permanent teeth whose sensory nerves are still growing up sometimes show no 
response to the stimulation and this can cause a fatal error. Therefore a quantitative 
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and noninvasive diagnosis of dental pulp vitality that replaces conventional test me-
thods is strongly desired. Several groups have proposed a noninvasive diagnosis me-
thod based on optical pulse oximetry [3]-[9], and we have recently shown its feasibility 
for pulp vitality tests [10].  

This method detects arterial pulses from dental pulp and the oxygen saturation of the 
dental pulp blood has inferred from the absorption spectra of those pulses. However, 
intensity of light transmitted through the tooth is usually very low because of the high 
scattering and absorption coefficients of dental hard tissues and this limits signal-to- 
noise ratio of detected signals. Here we propose to use a photoacoustic method to solve 
this problem because the photoacoustic analysis that detects acoustic waves generated 
by the absorption of incident light obtains signals from tissues deeper than those from 
which signals are obtained by methods based only on optical analyses.  

Many types of photoacoustic imaging methods have proposed and developed as new 
diagnostic methods for a variety of organs [11]-[13]. Photoacoustic methods have had 
some dental applications. There have been some reports on the use of photoacoustic 
imaging for detecting dental caries [14]-[16], and the use of photoacoustic tomography 
for imaging early caries has recently been proposed [17]. The photoacoustic method is 
also expected to be used for diagnosing the vitality of dental pulp in the dental tissue 
because of its ability to reach deeper tissues. In this report, results of photoacoustic 
analyses of the dental pulp of extracted teeth are shown. 

2. Experiment and Results  

As shown in Figure 1(a), an incisor tooth to be used as a sample in this test was split in 
half to expose the root cavity. Our research protocol was approved by the ethical com-
mittee of Tohoku University on the Use of Humans as Experimental Subjects. Without 
identifiers, the teeth samples donated from various individuals were washed in distilled 
water and stored in saline. In conventional photoacoustic systems, samples are usually 
dipped in water for acoustic impedance matching between the sample surface and the 
acoustic transducer. In our system, considering uses in clinical applications, an ultra-
sonic probe based on a composite transducer covered with a soft polymer was attached 
to the tooth surface. The diameter of the probe is 3 mm and the bandwidth and the 
central frequency are 6 MHz and 4.6 MHz, respectively. As shown in Figure 1(b), a la-
ser beam irradiated the outside surface of the tooth sample, and the polymer probe was 
attached to the inside surface of the tooth. The root canal was filled with water and a 
3% hemoglobin solution based on the results of our previous estimation of pulp cham-
ber hematocrit [18]. 

We first used a Q-switched YAG laser (Hamamatsu L11038) emitting light with a 
wavelength of 532 nm as the light source exciting photoacoustic waves because hemog-
lobin exhibits high absorption for this visible wavelength, resulting in photoacoustic 
signals with high intensities. The pulse width of the laser was 1.2 ns and the pulse repe-
tition rate was 100 Hz. We set the pulse energy to 1 mJ to avoid damaging the tooth 
surface or the root cavities. Figure 2 shows waveforms of acoustic signals obtained  
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Figure 1. (a) Photograph of tooth sample split in half. (b) 
Sketch of measurement setup. 

 

 
Figure 2. Waveforms of acoustic signals from split-tooth 
samples having water or a 3% hemoglobin solution in the 
root canals. The samples were excited by light with a wa-
velength 532 nm. 

 
from a split-tooth sample with a cavity filled with water and from a sample filled with a 
hemoglobin solution having a concentration of 3%. One sees that there was no clear 
difference between the two waveforms. This is mainly because strong scattering in the 
enamel and dentin keeps light in the visible wavelength range from reaching the dental 
pulp. We therefore next used a laser with a wavelength of 1064 nm in the near infrared, 
expecting less scattering to results in greater penetration depths. The amplitudes of the 
signals detected were expected to be lower with the near-infrared excitation because of 
hemoglobin’s small absorption in the near-infrared, but by using a detection system 
with a high signal-to-noise ratio we were able to detect photoacoustic waves whenever 
the excitation laser beam reached the dental root.  

Figure 3 shows the waveforms of acoustic signals detected when split-tooth samples 
whose root cavities were filled with water or a 3% hemoglobin solution were excited 
with 1064-nm light. The waveform from the sample with the hemoglobin solution 
shows high-frequency vibrations in addition to the low-frequency vibrations that are 
also seen in the sample with only water. We also found that the intensity of the high- 
frequency vibration increases with the hemoglobin concentration.  

By calculating the Fourier transforms of the acoustic signals based on signals in 
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Figure 3 from 0 to 80 μs, we obtained the frequency spectra of the detected acoustic 
signals as shown in Figure 4. It was found that many high-frequency components ap-
pear in the spectra of the hemoglobin-filled sample. These high-frequency vibrations 
seemed to be caused by photoacoustic waves excited in the hemoglobin solution. The 
heat transfer coefficient and absorption coefficient of hemoglobin are much larger than 
those of dental hard tissues. 

To investigate the correlation between the concentration of the hemoglobin solution 
and the intensities of high-frequency components in the measured spectra, we inte-
grated the detected spectra from 1 to 3 MHz where the differences between the spectra 
of teeth with hemoglobin and with water were large even in small hemoglobin concen-
trations, and the results are shown in Figure 5 as a function of hemoglobin concentra-
tion. Although there was measurement deviation of around 20% in the result, it is seen 
that the integrated intensity linearly correlates with the solution concentration, and this  

 

 
Figure 3. Waveforms of acoustic signals from split-tooth 
samples having water or a 3% hemoglobin solution in the 
root canals. The samples were excited by light with a wa-
velength of 1064 nm. 

 

 
Figure 4. Frequency spectra of photoacoustic waves from 
a split-tooth sample with water and a split-tooth sample 
with a 3% hemoglobin solution. 
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Figure 5. Relation between hemoglobin concentration 
and the spectral intensities integrated from 1 to 3 MHz for 
split-tooth samples with water and hemoglobin solutions. 

 
suggests that the proposed method can be used to diagnosis of dental pulp vitality since 
dental pulsative wave is observed as a change of hemoglobin concentration. A pulse 
wave with a frequency close to that of an animal’s heartbeat could be detected by using 
a system combining a high-speed signal processing system with a laser source having a 
high repetition rate. 

We next calculated short-time Fourier transforms of the detected signals in order to 
see the high-frequency components in the photoacoustic wave from dental pulp more 
clearly. In the short-time Fourier-transform calculation, a Hamming window with a 
width of 6 μs was moved in 0.2-μs steps from 0 to 80 μs. These calculation conditions 
were chosen to minimize noises resulting from short-time Fourier transform. Figure 6 
shows maps of frequency spectra after laser radiation (at t = 0) for samples with water 
and with hemoglobin solutions with concentrations of 1% and 3%. It is seen in the 
sample without hemoglobin that only low-frequency components stayed appearing for 
a long time. In the samples with hemoglobin solutions, in contrast, high-frequency vi-
brations appeared soon after laser irradiation and gradually decreased. It was shown 
that the photoacoustic wave from dental pulp was observed more clearly at the time of 
0 to around 30 μs after laser radiation in the frequency range higher than 1 MHz. 

Then we changed the sample from the split-tooth type used in the previous experi-
ments to a whole-tooth type and tried to detect photoacoustic signals from the dental 
root. We cut off the distal end of root canal and injected either water or a hemoglobin 
solution into the cavity. The ultrasonic probe, which was the same one used in the pre-
vious experiments, was attached to the tooth surface opposite the one irradiated by la-
ser light. Measured frequency spectra of photoacoustic signals from the whole tooth 
sample that was filled with water and 3% hemoglobin solution are shown in Figure 7. 
An effect of hemoglobin absorption was seen at frequencies around 500 kHz, although 
the differences between the spectra were not distinct. Spectral maps calculated by tak-
ing the short-time Fourier transform are shown in Figure 8. The differences in the in-
tensities of frequencies from 0.2 to 0.5 MHz are more clearly seen in the range of 20 to 
60 μs after laser radiation. The frequencies that originate from absorption in the  
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Figure 6. Changes of frequency spectra after laser radiation calculated by taking short-time 
Fourier transforms of signals from split-tooth samples with (a) water, (b) 1% hemoglobin solu-
tion, and (c) 3% hemoglobin solution in the root canals. 

 

 
Figure 7. Frequency spectra of photoacoustic waves from whole-tooth samples with water and 
3% hemoglobin solutions. 
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Figure 8. Changes of frequency spectra after laser radia-
tion calculated by taking short-time Fourier transforms of 
signals from whole-tooth samples with (a) water or (b) 3% 
hemoglobin solution in the root canals. 

 
hemoglobin solution are lower than they were in the previous experiments because the 
hard tissue in the whole-tooth samples is much thicker than that in the split-tooth samples. 

3. Conclusion 

We investigated feasibility of a photoacoustic method for measurement of hemoglobin 
concentration in root canals. We detected photoacoustic waves from hemoglobin solu-
tion in dental root by using a 1064-nm near-infrared laser and an ultrasonic soft probe 
based on a composite transducer that is attached to the tooth surface. We showed that 
the high-frequency ultrasonic waves are detected from teeth with a hemoglobin solu-
tion in the pulp cavity. This seems to be mainly due to the large heat transfer coefficient 
and absorption coefficient of hemoglobin. The spectral intensities of frequency com-
ponents higher than 1 MHz show good correlation with the concentration of the he-
moglobin solution, and maps of frequency spectra calculated by taking short-time 
Fourier transforms clearly exhibit the effect of absorbance in dental pulp. 

References 
[1] Fulling, H.J. and Andreasen, J.O. (1976) Influence of Maturation Status and Tooth Type of 

Permanent Teeth upon Electrometric and Thermal Pulp Testing. Scandinavian Journal of 
Dental Research, 84, 286-290. 



A. Yamada et al. 
 

236 

[2] Klein, H. (1978) Pulp Responses to an Electric Pulp Stimulator in the Developing Perma-
nent Anterior Dentition. ASDC Journal of Dentistry for Children, 45, 199-202. 

[3] Miwa, Z., Ikawa, M., Iijima, H., Saito, M. and Takagi, Y. (2002) Pulpal Blood Flow in Vital 
and Nonvital Young Permanent Teeth Measured by Transmitted Light Photoplethysmo-
graphy: A Pilot Study. Pediatric Dentistry I, 24, 594-598. 

[4] Schnettler, J.M. and Wallace, J.A. (1991) Pulse Oximetry as a Diagnostic Tool of Pulpal Vi-
tality. Journal of Endodontics, 17, 488-490.  
http://dx.doi.org/10.1016/S0099-2399(06)81795-4 

[5] Goho, C. (1999) Pulse Oximetry Evaluation of Vitality in Primary and Immature Perma-
nent Teeth. Pediatric Dentistry, 21, 125-127. 

[6] Munshi, A.K., Hegde, A.M. and Radhakrishnan, S. (2002) Pulse Oximetry: A Diagnostic 
Instrument in Pulpal Vitality Testing. Journal of Clinical Pediatric Dentistry, 26, 141-145.  
http://dx.doi.org/10.17796/jcpd.26.2.2j25008jg6u86236 

[7] Kahan, R.S., Gulabivala, K., Snook, M. and Setchell, D.J. (1996) Evaluation of a Pulse Oxi-
meter and Customized Probe for Pulp Vitality Testing. Journal of Endodontics, 22, 105- 
109. http://dx.doi.org/10.1016/S0099-2399(96)80283-4 

[8] Makiniemi, M., Kopola, H., Oikarinen, K. and Herrala, E. (1994) A Novel FibreOptic Den-
tal Pulp Vitalometer. Proceedings of SPIE, 2331, 140. http://dx.doi.org/10.1117/12.201238 

[9] Gopikrishna, V., Kandaswamy, D. and Gupta, T. (2006) Assessment of the Efficacy of an 
Indigeniously Developed Pulse Oximeter Dental Sensor Holder for Pulp Vitality Testing. 
Indian. Journal of Dental Research, 17, 111-113. http://dx.doi.org/10.4103/0970-9290.29880 

[10] Kakino, S., Kushibiki, S., Yamada, A., Miwa, Z, Takagi, Y. and Matsuura, Y. (2013) Optical 
Measurement of Blood Oxygen Saturation of Dental Pulp. ISRN Biomedical Engineering, 
2013, Article ID: 502869. http://dx.doi.org/10.1155/2013/502869 

[11] Wang, L.V. (2009) Photoacoustic Imaging and Spectroscopy. CRC Press, Boca Raton.  
http://dx.doi.org/10.1201/9781420059922 

[12] Xu, M. and Wang, L.V. (2006) Photoacoustic Imaging in Biomedicine. Review of Scientific 
Instruments, 77, Article ID: 041101. http://dx.doi.org/10.1063/1.2195024 

[13] Zhang, H.F., Maslov, K., Stoica, G. and Wang, L.V. (2006) Functional Photoacoustic Mi-
croscopy for High-Resolution and Noninvasive in Vivo Imaging. Nature Biotechnology, 24, 
848-851. http://dx.doi.org/10.1038/nbt1220 

[14] Rao, B., Cai, X., Favazza, C., Yao, J., Li, L., Duong, S., Liaw, L., Holtzman, J., Wilder-Smith, 
P. and Wang, L.V. (2011) Photoacoustic Microscopy of Human Teeth. Proceedings of SPIE, 
7884, Article ID: 78840U. http://dx.doi.org/10.1117/12.874070 

[15] Li, T. and Dewhurst, R.J. (2010) Photoacoustic Imaging in Both Soft and Hard Biological 
Tissue. Journal of Physics: Conference Series, 214, Article ID: 012028.  
http://dx.doi.org/10.1088/1742-6596/214/1/012028 

[16] Hughes, D.A., Sampathkumar, A., Longbottom, C. and Kirk, K.J. (2015) Imaging and De-
tection of Early Stage Dental Caries with an All-Optical Photoacoustic Microscope. Journal 
of Physics: Conference Series, 581, Article ID: 012002.  
http://dx.doi.org/10.1088/1742-6596/581/1/012002 

[17] Cheng, R., Shao, J., Gao, X., Tao, C., Ge, J. and Liu, X. (2016) Noninvasive Assessment of 
Early Dental Lesion Using a Dual-Contrast Photoacoustic Tomography. Scientific Reports, 
6, Article ID: 21798. http://dx.doi.org/10.1038/srep21798 

[18] Kakino, S., Takagi, Y. and Takatani, S. (2008) Absolute Transmitted Light Plethysmography 
for Assessment of Dental Pulp Vitality through Quantification of Pulp Chamber Hemato-
crit by a Threelayer Model. Journal of Biomedical Optics, 13, Article ID: 054023.  
http://dx.doi.org/10.1117/1.2976112  

http://dx.doi.org/10.1016/S0099-2399(06)81795-4
http://dx.doi.org/10.17796/jcpd.26.2.2j25008jg6u86236
http://dx.doi.org/10.1016/S0099-2399(96)80283-4
http://dx.doi.org/10.1117/12.201238
http://dx.doi.org/10.4103/0970-9290.29880
http://dx.doi.org/10.1155/2013/502869
http://dx.doi.org/10.1201/9781420059922
http://dx.doi.org/10.1063/1.2195024
http://dx.doi.org/10.1038/nbt1220
http://dx.doi.org/10.1117/12.874070
http://dx.doi.org/10.1088/1742-6596/214/1/012028
http://dx.doi.org/10.1088/1742-6596/581/1/012002
http://dx.doi.org/10.1038/srep21798
http://dx.doi.org/10.1117/1.2976112


 
 

 

 
Submit or recommend next manuscript to SCIRP and we will provide best service 
for you:  

Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc.  
A wide selection of journals (inclusive of 9 subjects, more than 200 journals) 
Providing 24-hour high-quality service 
User-friendly online submission system  
Fair and swift peer-review system  
Efficient typesetting and proofreading procedure 
Display of the result of downloads and visits, as well as the number of cited articles   
Maximum dissemination of your research work 

Submit your manuscript at: http://papersubmission.scirp.org/ 
Or contact opj@scirp.org        

http://papersubmission.scirp.org/
mailto:opj@scirp.org

	Detection of Photoacoustic Signals from Blood in Dental Pulp
	Abstract
	Keywords
	1. Introduction
	2. Experiment and Results 
	3. Conclusion
	References

