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X-ray-based imaging, including computed tomography, plays a crucial role in the diagnosis and surgery
of impacted teeth that affects over 25% of the human population. But the greatest disadvantage of this
technique is ionizing radiation risk to the patients. Here we describe a completely ionizing-radiation-
free in vivo near-infrared (NIR) fluoresence dental imaging with indocyanine green (ICG) agent that has
rarely been applied in dental imaging. Our method can acquire dental structure images within a short
period (only 10 minutes after injection) without ionizing radiation risk. NIR enables the observation

of dental structures that are not distinguishable under visible conditions. At prolonged 72 hours, only
molar regions remained highlighted; the contrast between molar regions and surrounding tissues was
prominent; this is particularly useful for in vivo dental imaging. Using the quantitative spectral analysis,
we found the peak wavelengths of ICG fluorescence shifted along with the injection time: the peak
wavelength shifted 8 nm (from 819 nm to 811 nm) in 0~72 hours. The injection methods of tail vein v.s.
intradermal injections caused ~3 nm shift. ICG-assisted NIR fluorescence imaging can serve as a useful
tool for in vivo real-time diagnosis in dental clinics and surgeries without ionizing radiation risk.

It was estimated that over 25% of the human population suffered from impacted teeth (delayed or failed erup-
tion); the highest incidence occurs on the third molar™2 X-ray imaging is the most common diagnostic tool
for clinical examination of patients with impacted teeth®=. Particularly, computed tomography (CT) is used in
three-dimensional (3D) visualization of tooth structures®=. To date, there is a great need for patients to take
routinely dental imaging. Dental radiography contributes almost one-third of total radiological examinations in
western countries®; for example, American Dental Association (ADA) recommends that dental imaging should
be taken at least once every 1~3 years’. However, the greatest disadvantage of X-ray imaging is the ionizing radi-
ation exposure causing ionizing effects on human tissues, which may lead to killing or malfunctioning of cells at
high doses®. X-ray radiation exposure may also be attributable to ~2% of invasive cancer incidents*'’. In dentistry,
X-ray radiation risks are of higher concern to children, who on average have to take X-ray radiation 3~6 times
more frequently than adults, due to their rapid rates of teeth growth and decay”*'°.

There are a few non-ionizing-radiation dental imaging methods in development, Magnetic Resonance
Imaging (MRI) is considered to be safe for 3D dental imaging without ionizing radiation risk®. However, due to
its high cost, its use in dentistry is limited to assess precise diagnostics for exceptional cases®!!. Ultrasound (US)
imaging is another non-invasive, inexpensive and painless method?; however, this method has limitations in
detecting the periodontal ligament and in diagnosing fractures*!?. Additionally, optical coherence tomography
(OCT) becomes popular in dental research because of its safety, noninvasive imaging, excellent spatial resolution
(~20pm), etc'®. Nonetheless, it is limited to a restricted scanning range due to low penetration depth'®. Therefore,
it will be of great significance to develop an efficient and easy-to-use dental imaging technique for intraoperative
diagnosis in dental surgeries without ionizing radiation risk.

Near-infrared (NIR) imaging, especially fluorescence imaging, plays an essential role in many areas of biomedical
sciences!*'. In dentistry, existing research focuses on using NIR light, with a wavelength of 1310 nm, to acquire high
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Figure 1. In vivo NIR dental imaging of unerupted molars: (A1-A3) the schematic diagram and bright-field
photographs of the unerupted molar observed by angioscope; (B,C) the NIR fluorescence images of the P14
molars, taken by camera with the angioscope. LM1: left first molar; LM2: left second molar; RM1: right first
molar; RM2: right second molar. Green lines: molar sketch.

imaging contrast between the caries lesions and sound teeth by illumination'®"’. Few studies reported using NIR
light with the enhancement of indocyanine green (ICG) to image dental tissues of impacted teeth!s. ICG, approved
by Food and Drug Administration (FDA) for clinical uses'?, is known to produce NIR fluorescence (650-950 nm) in
angiography'*%. Currently, ICG is widely used in retinal angiography, cancer surgical imaging, lymph-node detec-
tion, etc!®2122. ICG was reported to serve as a photosensitizer dye or a photo-absorbing dye for dental treatments*>?%.

Meanwhile, endoscopic imaging under NIR condition could provide significant information regarding
tumors (e.g. feeding artery) than that of wide-field imaging'®. When used in dentistry, the endoscopy not only
helps to significantly reduce the patient pain, but also helps them to recover from dental surgery®. To our best
knowledge, ICG-enhanced endoscopic dental imaging has not been systematically investigated'®?. Although in
a pilot study we demonstrated that dental structures of animal models can be imaged ex vivo with a lab-designed
ICG-enhanced endoscopic dental imaging system!®2, this work represents the first effort to study the feasibility
of this approach to generate in vivo NIR dental images of the developing molars of postnatal rats and to explore
the potential factors that can be optimized to improve the imaging quality.

Results

In vivo NIR dental imaging of unerupted molars. In the in vivo dental imaging, one P14(postnatal 14
days) rat was imaged after 72 hrs of ICG intradermal injection via the intradermal method. The deflecting tip
(front end) of the angioscope was inserted into the rat oral cavity and was moved forward and backward to detect
the molars in situ (Fig. 1A1-A3). Under visible conditions (bright-field), only a bright reflection spot was seen
and no molar structure profiles were obtained from the bright-field imaging identified (Fig. 1A2).

With our ICG-assisted NIR imaging system, through the angioscope, clear morphological profiles of the molars
were observed in situ from the angioscopic fluorescent images, and even the cusps (raised points on the crowns of
teeth) were unambiguously distinguished (Fig. 1B). By adjusting the imaging angle of the deflecting tip, more detailed
morphology of the molars (such as buccal and lingual cusps) was identified from the fluorescence images (Fig. 1C).

Ex vivo NIR dental imaging of unerupted molars. To obtain the ex vivo NIR dental images, one P14
rat was imaged at 10 min after injection. Two other P14 rats, including the P14 rat in the previous in vivo study,
were imaged by our NIR imaging system after 72 hrs of injection. All three P14 molars were imaged under the
wild-field and the sigmoidoscopic conditions.

In the wide-field imaging, dental structures of the P14 rat (Fig. 2A) at the 10-min imaging window (from the
moment of ICG injection to the moment of observation) showed brighter fluorescence than that of the two P14
rats at the 72-hr imaging window (Fig. 2B,C).

The entire mandibular area was bright at 10-min after injection. In contrast, when the imaging window was
prolonged to 72 hrs, only molar regions remained prominent for both injection methods (Fig. 2B,C), which facil-
itated the observation of dental structures.

In the endoscopic NIR imaging (Fig. 2B,C), the molar profiles of the P14 rats could be distinguished easily at
72 hrs after injection; the 10-min imaging window achieved even better imaging contrast; each cusp was recog-
nized clearly from the endoscopic images (Fig. 2A).

The impact of injection methods on NIR dental imaging. Two P9 rats were used to investigate the
effect of different injection methods on NIR dental imaging. Specifically, one of the P9 rats was administered
10 uL (~0.5 mg/kg body-weight, ~0.3 mg/kg body-weight for P14 rats) ICG via the tail vein injection, while the
other was injected by the intradermal injection. Both rats were imaged by NIR camera with the endoscope under
visible and NIR conditions at 24 hrs.

Under the visible condition, the profiles of the molars were unable to be distinguished from the surrounding
tissues (left images in Fig. 3A,B). However, under NIR condition, three cusps of the first molar were clearly rec-
ognized from the endoscopic fluorescence images (right images in Fig. 3A,B). From the quantitative analysis of
grayscale difference, the bright-field imaging contrast was much lower than that of the NIR imaging, but the two
injection methods did not show obvious difference on image quality (Fig. 3C).
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Figure 2. Ex vivo NIR dental imaging for the unerupted molars from P14 rats. (A) 10-min imaging window.
(B,C) 72-hr imaging window. (A,B) tail vein injection of ICG. (C) Intradermal injection of ICG; the same P14
rat as in the in vivo imaging (Fig. 1). LMs: left molars; RMs: right molars. Green lines: molar sketch.
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Figure 3. NIR dental imaging (bright-field imaging vs. NIR imaging) for P9 rats with (A) tail vein injection
and (B) intradermal injection. (C) The grayscale difference imaging contrast between the molar regions and
surrounding tissues. The pixels are sampled from the yellow lines. Green lines: molar sketch.
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Figure 4. NIR dental imaging of the P14 rats with the intraoral and extraoral excitation; ICG was administered
into the rats by the tail vein injection. The rats were sacrificed and imaged at 24 hrs (A,B) or 96 hrs (C,D) after
injection. (E) Quantitative analysis on imaging contrast: the normalized grayscale difference between the molar
regions and surrounding tissues, based on the data sampled from the red lines. Green lines: molar sketch.

The effect of intraoral and extraoral excitations on NIR dental imaging. Two P14 rats with the
tail vein injection were imaged at 24-hr and 96-hr imaging windows under either intraoral or extraoral light
excitation conditions. When at the 24 hr imaging window (Fig. 4A,B), the profiles of P14 molars with the intraoral
excitation showed better imaging contrast than that of the extraoral excitation.

When the imaging window was prolonged to 96 hrs, only the molar regions remained prominent (Fig. 4C,D)
This facilitated the identification of molar structures, however, it should be noted that the image contrast slightly
decreased at 96 hrs as compared to 24 hrs (Fig. 4C,D vs. Fig. 4A,B). For the grayscale difference, the intraoral
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Figure 5. NIR dental imaging of the erupted 1st molars of a P21 rat, as well as extracted human tooth; the rat
was administered by the intradermal injection and imaged at the 24-hr window; the extracted human tooth was
immersed into ICG solution for 24 hours. (A) Bright-field images taken by microscopy, and the intraoral and
extraoral excitation. (B) Quantitative analysis of imaging contrast between the molar regions and surrounding
tissues, based on the data sampled from the red lines. (C) Sound human tooth under ICG-assisted NIR dental
imaging. LM1: left first molar; ASC: Abnormally shaped cusp. Green lines: boundary of enamel and dentin.
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Figure 6. Characteristic of ICG spectra in NIR dental imaging. (A) The peak intensity of ICG spectra of P14
rats in the dental tissues (right) with the two injection methods changes at various imaging windows: 10 minutes
(0.17 hr), 4 hrs, 24 hrs, 48 hrs, 72 hrs, 96 hrs, and 120 hrs. (B) The corresponding peak wavelength also shifts
with the imaging windows.

excitation had a larger magnitude than that of the extraoral excitation for both imaging windows; the 24-hr imag-
ing window had a larger difference than the 96-hrs imaging window (Fig. 4E).

In one of the P21 rats, we found an abnormally shaped cusp (ASC) in the left first molar (LM1) (Fig. 5A). To
explore the impact of two ICG excitation methods on detecting abnormal molars, this P21 rat was imaged at the
24-hr window. Under NIR condition (Fig. 5A), the abnormal cusp could be clearly recognized by both the two
excitation methods; the intraoral excitation demonstrated better imaging contrast to distinguish the abnormal
cusp and the sound molar than that of the extraoral excitation. The grayscale difference also demonstrated quan-
titatively that the intraoral excitation had a better imaging contrast that did the extraoral excitation (Fig. 5B).

In addition, a sound extracted human tooth was immersed into 1 uM ICG solution for 24 hours to show the
feasibility of ICG-assisted NIR dental imaging for human dentistry. From ICG-assisted dental image, the mor-
phology of human tooth was able to be observed clearly; the enamel become transparent, while the dentin is
relatively darker; the profiles of dentin were clearly delineated (Fig. 5C).

Spectral analysis in NIR dental imaging. Regarding the peak intensity, ICG fluorescence reached the
maximum at 4 hrs after injection (Fig. 6A). ICG accumulation in the molar tissues by the intradermal injection
was larger than that by the tail vein injection. After 24-hrs of injection, both injection methods had a significant
decrease of ICG intensity within the imaging window. Thereafter, the magnitude kept relatively stable for both
injection methods until 96 hrs after ICG injection. Finally, ICG intensity became nearly zero at 120-hr in the tail
vein injection, while this value remained significant for the intradermal injection.

As for the peak wavelength shifts (Fig. 6B), both injection methods had the same peak wavelength (~819 nm)
at the beginning, but there was ~3 nm difference after 24 hrs of injection. At 4 hrs after injection, the peak wave-
length by the intradermal injection still remained ~819 nm, while the peak wavelength by the tail vein injection
dropped to ~814 nm. After that, there was a slight blue-shift of ICG peak wavelength over time for both injection
methods. Eventually, the peak wavelength stayed at 815 nm for the intradermal injection and 812 nm for the tail
vein injection.
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Discussion

The first molars of rat are one of the most common animal models in studying odontogenesis, because of its sim-
ilarity in limited eruption like humans*. Many findings and results obtained from rat molars have been applied
successfully to human dental research and diagnosis®®. Here, we reported that postnatal rats were injected with
ICG agents; the NIR dental imaging system (camera + spectroscopic device), in conjunction with the endoscopes,
was designed to observe, in vivo and ex vivo, the dental structures of postnatal rats after ICG administration. The
results of this animal study showed that ionizing-radiation-free ICG-enhanced NIR dental imaging can be used
to image dental structures of unerupted molars. This imaging technique has the potential for diagnosis of tooth
eruption disorders and other dental abnormalities.

Imaging structures of unerupted molars is impossible by regular bright-field imaging since the molars are
buried underneath the tissues?’; observation of the morphology of an anomalously unerupted tooth is an integral
part of diagnosis and treatment planning®. ICG-based NIR dental imaging can acquire clear tooth images for the
unerupted molars in as short as 10 min after ICG injection (Fig. 2A). Within a 24-hr imaging window, the bright-
ness of the surrounding tissues was relatively stronger than that of the unerupted molars (Fig. 2A).

At the prolonged imaging windows (72 hrs), only the molar area remained prominent in P14 rats (Fig. 2B,C).
This could be due to the trapping of ICG agents in dental tissues because of the abrupt cessation in cell prolifera-
tion at later stages of tooth development®. A major advantage of this phenomenon is the in vivo dental imaging
with the angioscope. This method can readily locate the molars and therefore reduce the time necessary for the
procedure. The angioscopic in situ tooth images provide clear details on the morphology of the molars.

As seen in the ex vivo dental images of P9 rats, NIR improved the imaging quality significantly and helped to
observe molar structures that were not recognized under visible conditions (Fig. 3). This indicates that our imag-
ing system in the NIR range (800-950 nm) has a good tissue penetration depth likely due to the fact that NIR light
in this range (650-950 nm) has lower absorption by blood, water, and lipids®"*2. As a result, the signal-to-noise
ratio in the imaging can be greatly enhanced, while the autofluorescence is minimized*"*2. Therefore, ICG-based
dental imaging is more convenient to use for imaging unerupted and impacted teeth, when compared to 1310 nm
NIR light that is reported for dental imaging'®'”.

Meanwhile, our results also demonstrated that both extraoral and intraoral ICG-excitation methods were able
to observe unerupted molars and abnormally shaped cusp of erupted molars. The capability of clearly imaging
dental tissues with intraoral illumination was a result of the good tissue penetration by the NIR range (800-
950 nm) used in this study®"*2. Additionally, the intraoral illumination is more likely to gather more fluorescence
photons to generate clearer dental images. Although the current prevalent X-ray imaging and CT also have good
tissue penetration, X-ray based dental imaging methods have several drawbacks, including radiation risks to
the patients, complicated and expensive equipment and incapable real-time imaging®-°. This study suggests that
ICG-enhanced NIR fluorescence dental imaging can be used as a safe (ionizing-radiation-free), portable and
real-time imaging system for diagnosis and surgeries in dental clinics.

In human ICG-based imaging, low-dosage ICG agent is usually administered by the intravenous injection
and is transported by the blood circulation'**. For lymph-node imaging, ICG with the intradermal injection is
transported via the lymphatic circulation®. In this study, we found that both the injection methods and the imag-
ing windows were effective on features of ICG spectra (wavelength shifts). From the observation of peak intensity
changing over time, the intravenous injection had faster excretion rate than that of the intradermal injection (at
120 hrs of injection) (Fig. 6). Also, the tail vein injection with lower dosage has the similar imaging contrast and
quality when compared to the intradermal injection with high dosage (Fig. 6A).

ICG agents are known to bind to plasma proteins through the intravenous injection, causing a wavelength
shift of up to 25 nm, when compared to ICG in the water (805nm)*. The shift the fluorescence wavelength may
be attributed to the microenvironment changes surrounding ICG, which indicates the dynamic association of
dyes and tissues. The mechanism behind this phenomenon has yet to be fully understood, as this study is still at
the early stage®. Underlying mechanisms for the shifts in NIR dental imaging have yet to be understood, which
will be a focus of future research.

In summary, our NIR dental imaging system, in combination with the endoscope, can provide more valuable
information on dental morphology than that of wide-field imaging. For the optimized imaging conditions, imag-
ing quality can be improved for in vivo dental imaging at 72 hrs after ICG injection; intraoral illumination has
better imaging contrast than the extraoral illumination; the two injection methods almost have no difference on
imaging quality. Due to the small dimension (1-2mm) of rat molars, the imaging was relatively noisy in the rat
dental imaging, but was improved significantly in human tooth (cm in dimension) imaging. ICG-assisted NIR
dental imaging can also image human tooth efficiently and obtain the clear profile of the tooth (Fig. 5C). With
ICG-aided contrast, the enamel became transparent in NIR I window (800-950 nm), while the dentin was easily
distinguished from the enamel (Fig. 5C). The imaging resolution of this method is as good as 100 pm, much better
than dental ultrasound?. ICG-enhanced NIR dental imaging has the potential to become a safe and real-time in
vivo imaging tool in dental diagnosis and treatment (surgeries), especially for tooth eruption disorders. In future,
NIR dental imaging efficiency could be compared to other imaging techniques, e.g. X-ray. The relevant findings
in this study will be extrapolated to large animals and humans for development of an imaging system for human
dentistry.

Methods

Endoscopic NIR dental imaging system. We designed a miniaturized NIR dental imaging system (spec-
troscopic device 4 camera) that is suitable for in situ rapid fluorescence imaging in dentistry. The system consists
of alaser light source (785nm laser diode, Turnkey Raman Lasers-785 Series; Ocean Optics, Inc), a spectrometer
(QEPro; Ocean Optics, Inc), an imaging module, and a computer (Supplementary Fig. 1).
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The laser light source delivers 785 nm to excite ICG, while the spectrometer records the spectrum of ICG fluo-
rescence. The imaging module is composed of a NIR camera (Guppy F038B; Allied Vision Technologies GmbH),
in conjunction with an angioscope (Olympus, PF Type 22) for in vivo dental imaging, and a sigmoidoscope
(Olympus, OSE-3) for ex vivo dental imaging. Two filters (bandpass lens: 785 nm, long pass lens: 800 nm; Thorlabs
Inc) are used to optimize the detection of ICG spectrum from 800 to 950 nm; a custom-designed bifurcated fiber
is to transmit the excitation and emission fluorescence.

Reagents and animals. ICG powder, bovine serum albumin (BSA, 96%), and phosphate buffered saline
(PBS) were purchased from Sigma-Aldrich (St. Louis, MO). Ultrapure water (18.2 M) was used to prepare the
reagents throughout this study. For injection, ICG powder was dissolved in ultrapure water with the maximum
solubility (1 mg/mL). For the preparation of the standard ICG spectra, the ICG solution was diluted to concentra-
tions ranging from 2 nM to 80 uM (2 nM for each gradient) with 4% BSA-PBS.

Sprague Dawley rats with different postnatal ages were used in this study. A total of eleven P14 (Postnatal 14
days) rats were used for the in vivo and ex vivo imaging to optimize imaging conditions and study the features of
ICG spectrum. Two P9 rats were used to study the effects of the injection methods on the dental imaging, while
one P21 rat was used for imaging abnormally shaped molars.

The experimental rats were administered ICG solution by two methods: (1) intradermal injection (from the
backside) with 5 mg/kg body-weight; (2) tail vein injection with 10 uL dose per rat (0.3-0.5 mg/kg).

Ethical statement. All experiments were approved by the Institutional Animal Care and Use Committee of
the Louisiana State University (USA) (Protocal#16-117) and in accordance with the ethical guidelines for animal
care.

Human tooth samples used for dental imaging were extracted molars collected from the Louisiana State
University Health Science Center - Department of Oral & Maxillofacial Surgery (Baton Rouge, USA); the exper-
iment was approved by the Institutional Review Board of Louisiana State University (LSU IRB, IRB#E11061) and
in accordance with the ethical guidelines for human samples. This work is an IRB exemption study (category 4a)
and the informed consent, waived by the LSU IRB (IRB#E11061), is not required.

Acquiring rat dental images. The NIR camera, in conjunction with the sigmoidoscope, was used for the
ex vivo dental imaging, in which the deflecting tip of the sigmoidoscope was fixed at ~4 mm above the rat molar
samples. For in vivo dental imaging, the deflecting tip of the angioscope with the NIR camera was inserted into
the rat’s oral cavity to acquire molar images.

As for the extraoral ICG excitation, the laser fiber head was fixed at about 5 mm below the specimens to excite
ICG agents, while the deflecting tip of the endoscope was above the molar of interest. As for the intraoral ICG
excitation, the laser fiber was inserted into the working channel of the sigmoidoscope; the deflecting tip imaged
the dental structures from the top of the specimens.

To explore spectral properties (such as intensity and peak wavelength) of ICG fluorescence under various NIR
dental imaging conditions quantitatively (e.g. imaging windows and injection methods), ICG spectra was tested
on the dental tissues in P14 rats by two distinct injection methods. The spectra of dental tissues in P14 rats were
recorded from 10 min to 120 hrs after ICG injection.

Imaging contrast -normalized grayscale difference. To quantitatively analyze the imaging contrast
(the difference between two regions of interest), two groups of 10 pixels in the rat dental images were respectively
sampled from the molars and surrounding tissues by a designated line. Each group of the pixels was selected from
the crests or troughs of the grayscale curve of the designated line. The grayscale of each certain pixel corresponds
to the ICG fluorescence intensity recorded at that pixel by the camera. We defined a parameter as G5 which
represents the imaging contrast between the molars and surrounding tissues.

To calculate Gy the selected pixels were sorted first by equation sort(g) from the minimum grayscale to the
maximum grayscale; then Gzwas calculated by Eq. (2):

s0rt(g) = (€, > Soar) 1

9

9 9
Gy = avg Z \sort(gm),» — sort(gs)i]/avg[z g, + Z gs]
i=0 i=0 i=0

2

where g, and g, are the grayscales of the pixels from the molars and the surrounding tissues.

Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

References
1. Sener, I, Turer., A., Bereket., C. & Ozdemir., M. Non-Syndromic Familial Unerupted Teeth_ A Rare Contidion. Cumhuriyet Dental
Journal 18, 359-363, https://doi.org/10.7126/cdj.58140.1008002068 (2013).
2. Pereira, I. E, Santiago, F. Z. M., Sette-Dias, A. C. & Noronha, V. Taking advantage of an unerupted third molar: a case report. Dental
Press ] Orthod 22, 97-101, https://doi.org/10.1590/2177-6709.22.4.097-101.0ar (2017).
3. Shah, N., Bansal, N. & Logani, A. Recent advances in imaging technologies in dentistry. World ] Radiol 6, 794-807, https://doi.
org/10.4329/wjr.v6.i110.794 (2014).

SCIENTIFICREPORTS|  (2019) 9:8238 | https://doi.org/10.1038/541598-019-44660-y 6


https://doi.org/10.1038/s41598-019-44660-y
https://doi.org/10.7126/cdj.58140.1008002068
https://doi.org/10.1590/2177-6709.22.4.097-101.oar
https://doi.org/10.4329/wjr.v6.i10.794
https://doi.org/10.4329/wjr.v6.i10.794

www.nature.com/scientificreports/

4. Kiljunen, T., Kaasalainen, T., Suomalainen, A. & Kortesniemi, M. Dental cone beam CT: A review. Phys Med 31, 844-860, https://
doi.org/10.1016/j.ejmp.2015.09.004 (2015).

5. Hsieh, Y. S. et al. Dental optical coherence tomography. Sensors (Basel) 13, 8928-8949, https://doi.org/10.3390/s130708928 (2013).

. Metsala, E., Henner, A. & Ekholm, M. Quality assurance in digital dental imaging: a systematic review. Acta Odontol Scand 72,
362-371, https://doi.org/10.3109/00016357.2013.840736 (2014).

7. Association, A. D. Dental radiographic examinations: recommendations for patient selection and limiting radiation exposure.

Chicago: ADA (2012).

Valentin, J. The 2007 recommendations of the international commission on radiological protection. (Elsevier Oxford, 2007).

Lin, E. C. Radiation risk from medical imaging. Mayo Clin Proc 85, 1142-1146; quiz 1146, https://doi.org/10.4065/mcp.2010.0260 (2010).

10. de Gonzalez, A. B. et al. Projected cancer risks from computed tomographic scans performed in the United States in 2007. Arch.
Intern. Med. 169, 2071-2077 (2009).

. Bolouri, C. et al. Performance of orthopantomography, planar scintigraphy, CT alone and SPECT/CT in patients with suspected
osteomyelitis of the jaw. European journal of nuclear medicine and molecular imaging 40, 411-417 (2013).

12. Adeyemo, W. & Akadiri, O. A systematic review of the diagnostic role of ultrasonography in maxillofacial fractures. International

journal of oral and maxillofacial surgery 40, 655-661 (2011).

13. Hsieh, Y.-S. et al. Dental optical coherence tomography. Sensors 13, 8928-8949 (2013).

14. Alander, J. T. et al. A review of indocyanine green fluorescent imaging in surgery. Int ] Biomed Imaging 2012, 940585, https://doi.
org/10.1155/2012/940585 (2012).

15. Parthasarathy, A. B. et al. Intraoperative imaging of tumors with indocyanine green fluorescence with an endoscope, Proc. SPIE
9311, Molecular-Guided Surgery: Molecules, Devices, and Applications, 93110X (2015).

16. Simon, J. C. et al. Near-infrared imaging of secondary caries lesions around composite restorations at wavelengths from 1300-1700-
nm. Dent Mater 32, 587-595, https://doi.org/10.1016/j.dental.2016.01.008 (2016).

17. Chung, S., Fried, D., Staninec, M. & Darling, C. L. Near infrared imaging of teeth at wavelengths between 1200 and 1600 nm. Proc
SPIE Int Soc Opt Eng 7884, https://doi.org/10.1117/12.878894 (2011).

18. Li, Z. et al. Endoscopic near-infrared dental imaging with indocyanine green: a pilot study. Ann N'Y Acad Sci 1421, 88-96, https://
doi.org/10.1111/nyas.13674 (2018).

19. Schmidt, F, Dittberner, A., Koscielny, S., Petersen, I. & Guntinas-Lichius, O. Feasibility of real-time near-infrared indocyanine green
fluorescence endoscopy for the evaluation of mucosal head and neck lesions. Head Neck 39, 234-240, https://doi.org/10.1002/
hed.24570 (2017).

20. AV, D. S, Lin, H., Henderson, E. R, Samkoe, K. S. & Pogue, B. W. Review of fluorescence guided surgery systems: identification of
key performance capabilities beyond indocyanine green imaging. J Biomed Opt 21, 80901, https://doi.org/10.1117/1.
JBO.21.8.080901 (2016).

. Xu, J., Kooby, D., Kairdolf, B. & Nie, S. New horizons in intraoperative diagnostics of cancer in image and spectroscopy guided
pancreatic cancer surgery. New Horizons in Clinical Case Reports 1,2 (2017).

22. Xu, J., Kooby, D. & Nie, S. Nanofluorophore Assisted Fluorescence Image-guided Cancer Surgery. Medical - Clinical Research &

Reviews 2,1-3 (2018).

23. Boehm, T. K. & Ciancio, S. G. Diode laser activated indocyanine green selectively kills bacteria. ] Int Acad Periodontol 13, 58-63 (2011).

24. McNally, K. M., Gillings, B. R. & Dawes, J. M. Dye-assisted diode laser ablation of carious enamel and dentine. Aust Dent | 44,
169-175 (1999).

25. Huang, Z. et al. Endoscopically-assisted operations in the treatment of odontogenic peripheral osteomyelitis of the posterior
mandible. Br ] Oral Maxillofac Surg 54, 542-546, https://doi.org/10.1016/j.bjoms.2016.02.023 (2016).

26. Li, Z. et al. Cover Image, Volume 1421, Issue 1. Annals of the New York Academy of Sciences 1421, i-i (2018).

27. Wise, G. & Fan, W. Changes in the tartrate-resistant acid phosphatase cell population in dental follicles and bony crypts of rat molars
during tooth eruption. Journal of dental research 68, 150-156 (1989).

28. Fleischmannova, J., Matalova, E., Tucker, A. S. & Sharpe, P. T. Mouse models of tooth abnormalities. Eur ] Oral Sci 116, 1-10, https://
doi.org/10.1111/§.1600-0722.2007.00504.x (2008).

29. Bodner, L., Bar-Ziv, J. & Becker, A. Image accuracy of plain film radiography and computerized tomography in assessing
morphological abnormality of impacted teeth. American journal of orthodontics and dentofacial orthopedics 120, 623-628 (2001).

30. Lungova, V. et al. Tooth-bone morphogenesis during postnatal stages of mouse first molar development. ] Anat 218, 699-716,
https://doi.org/10.1111/j.1469-7580.2011.01367.x (2011).

31. Smith, A. M., Mancini, M. C. & Nie, S. Bioimaging: second window for in vivo imaging. Nat. Nanotechnol. 4, 710-711 (2009).

32. Frangioni, J. V. In vivo near-infrared fluorescence imaging. Curr. Opin. Chem. Biol. 7, 626-634 (2003).

33. Schaafsma, B. E. et al. The clinical use of indocyanine green as a near-infrared fluorescent contrast agent for image-guided oncologic
surgery. J Surg Oncol 104, 323-332, https://doi.org/10.1002/js0.21943 (2011).

34. Plante, M. et al. Sentinel node mapping with indocyanine green and endoscopic near-infrared fluorescence imaging in endometrial
cancer. A pilot study and review of the literature. Gynecol Oncol 137, 443447, https://doi.org/10.1016/j.ygyno.2015.03.004 (2015).

35. Desmettre, T., Devoisselle, J. & Mordon, S. Fluorescence properties and metabolic features of indocyanine green (ICG) as related to
angiography. Survey of ophthalmology 45, 15-27 (2000).

36. Kochubey, V., Kulyabina, T., Tuchin, V. & Altshuler, G. Spectral characteristics of indocyanine green upon its interaction with
biological tissues. Optics and Spectroscopy 99, 560-566 (2005).

[=2}

© ®

1

—

2

—

Acknowledgements

This research was supported by Office of Research & Economic Development (ORED) Grant of Louisiana State
University (LSU) (BG004475); LSU Economic Development Assistantships (000398); LSU Leveraging Innovation
for Technology Transfer (LIFT2) Grant (LSU-2019-LIFT-003); Louisiana Research Competitiveness Subprogram
(RCS), Board of Regents Support Fund (BoRSF) (LEQSF(2018-21)-RD-A-09); LSU Council on Research Summer
Stipend (000923); LSU Biomedical Collaborative Research Program (008481). We firstly thank Waleed Zaid from
School of Dentistry, Louisiana State University Health Science Center for providing the human tooth, and thank
Ye Wu, Chunhong Li and Ziying He for their assistance to this study. Especially, we thank Alexandra Ramos
Ramirez from LSU School of Veterinary Medicine and Thomas Hartzler from the division of Electrical and
Computer Engineering for proofreading our manuscript.

Author Contributions

Z. Li contributed to design, data acquisition, analysis, and interpretation, drafted the manuscript. S. Yao
contributed to conception, data interpretation, revision of the manuscript. J. Xu contributed to conception,
experimental design, data interpretation, critical revision of the manuscript.

SCIENTIFIC REPORTS |

(2019) 9:8238 | https://doi.org/10.1038/541598-019-44660-y 7


https://doi.org/10.1038/s41598-019-44660-y
https://doi.org/10.1016/j.ejmp.2015.09.004
https://doi.org/10.1016/j.ejmp.2015.09.004
https://doi.org/10.3390/s130708928
https://doi.org/10.3109/00016357.2013.840736
https://doi.org/10.4065/mcp.2010.0260
https://doi.org/10.1155/2012/940585
https://doi.org/10.1155/2012/940585
https://doi.org/10.1016/j.dental.2016.01.008
https://doi.org/10.1117/12.878894
https://doi.org/10.1111/nyas.13674
https://doi.org/10.1111/nyas.13674
https://doi.org/10.1002/hed.24570
https://doi.org/10.1002/hed.24570
https://doi.org/10.1117/1.JBO.21.8.080901
https://doi.org/10.1117/1.JBO.21.8.080901
https://doi.org/10.1016/j.bjoms.2016.02.023
https://doi.org/10.1111/j.1600-0722.2007.00504.x
https://doi.org/10.1111/j.1600-0722.2007.00504.x
https://doi.org/10.1111/j.1469-7580.2011.01367.x
https://doi.org/10.1002/jso.21943
https://doi.org/10.1016/j.ygyno.2015.03.004

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44660-y.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:8238 | https://doi.org/10.1038/s41598-019-44660-y 8


https://doi.org/10.1038/s41598-019-44660-y
https://doi.org/10.1038/s41598-019-44660-y
http://creativecommons.org/licenses/by/4.0/

	Indocyanine-green-assisted near-infrared dental imaging - the feasibility of in vivo imaging and the optimization of imagin ...
	Results

	In vivo NIR dental imaging of unerupted molars. 
	Ex vivo NIR dental imaging of unerupted molars. 
	The impact of injection methods on NIR dental imaging. 
	The effect of intraoral and extraoral excitations on NIR dental imaging. 
	Spectral analysis in NIR dental imaging. 

	Discussion

	Methods

	Endoscopic NIR dental imaging system. 
	Reagents and animals. 
	Ethical statement. 
	Acquiring rat dental images. 
	Imaging contrast -normalized grayscale difference. 

	Acknowledgements

	Figure 1 In vivo NIR dental imaging of unerupted molars: (A1–A3) the schematic diagram and bright-field photographs of the unerupted molar observed by angioscope (B,C) the NIR fluorescence images of the P14 molars, taken by camera with the angioscope.
	Figure 2 Ex vivo NIR dental imaging for the unerupted molars from P14 rats.
	Figure 3 NIR dental imaging (bright-field imaging vs.
	Figure 4 NIR dental imaging of the P14 rats with the intraoral and extraoral excitation ICG was administered into the rats by the tail vein injection.
	Figure 5 NIR dental imaging of the erupted 1st molars of a P21 rat, as well as extracted human tooth the rat was administered by the intradermal injection and imaged at the 24-hr window the extracted human tooth was immersed into ICG solution for 24 hours
	Figure 6 Characteristic of ICG spectra in NIR dental imaging.




