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Fig. 8. Sensor chromaticity analysis of OralEye images of three participants.
The sensor chromaticity values of pixels in the regions of interest denoted by
the white rectangles are plotted as black points in the bottom row. The data fall
along a line extending from the position of elastin extending to the position
of the porphyrins. The length of the line and its endpoints differ between the
subjects. The sensor chromaticity data in the middle column extend further to
the left than the data in the left and right columns.

will be impossible to estimate the relative proportions of elastin, FAD, collagen, and NADH
fluorescence from measurements of the bulk fluorescence.

5. Discussion

For the last twenty years, digital camera design has been driven by consumer photography
applications. Hardware and software components have been optimized to capture radiance signals
that humans can perceive, and the camera image processing pipeline is designed to produce
images that appear to be pleasing to consumers [43—45].

The first implementation of the OralEye image system uses hardware components that were
developed for consumer photography; but the system has a different purpose. The system is
intended to quantify the amount and type of tissue fluorescence in a large field of view within
the oral cavity that is invisible to humans under normal viewing conditions. Consequently, the
system design integrates special purpose illuminants, filters, and sensors that are outside of
the usual scope of consumer photography. The images the system produces are not intended
for consumers or clinicians to view, but rather for clinical laboratory tests that quantify the
fluorophore concentrations in the oral cavity.

The simulations show that the current system design can estimate the combined emissions from
relatively high concentrations of certain fluorophores (collagen, elastin and FAD), which we refer
to as “bulk fluorescence”. These fluorophores produce higher G sensor values than combinations
that have lower concentrations of these tissue fluorophores. The system has only one excitation
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light, and the simulations reveal that several different concentrations of these fluorophores produce
the same bulk fluorescence. Hence, it is not possible to determine the relative concentrations of
these tissue fluorophores by analyzing the sensor data from the current system. The porphyrins,
however, stand out because their fluorescence signal dominates the R sensor values. Hence, the
system can measure the relative balance between the bulk fluorescence and the porphyrins. We
confirm this ability using both simulations and experimental measurements.

The image systems simulations have helped us both understand and quantify the interaction
between fluorophores, illuminant spectra and measured fluorescence. The validation of the
simulations encourages us to use the software to explore new image system designs.

5.1.  Design considerations

The first challenge we confronted in this design was to eliminate the impact of the reflected
light. The reflected light was as much as four orders of magnitude more intense than the
fluorescence emitted by oral mucosal tissue. As the measurements show, the system is inadequate
to simultaneously measure the reflected and fluorescent components. We excluded the reflected
light by placing a shortpass filter in front of the 385 nm LEDs, blocking light energy in the longer
wavelengths from reaching the oral cavity. Selecting the light and filter was an essential part of
designing the system.

A second challenge arises from the inability to illuminate the oral cavity uniformly. The
complexity of the illuminant shading is due in part to the geometry of the lights, but it is also due
to the fact that the oral cavity is a three dimensional structure with surfaces at different depths
that can occlude and cast shadows on other surfaces. The sensor RGB values from nearby regions
on the same surface may differ because the light is non-uniformly distributed over the surface,
the orientation of the surface, or the amount of indirect lighting. We suspect that this issue will
persist through all system designs, and for this reason an approach based on sensor chromaticity
may continue to prove helpful.

A third challenge we will confront is how to separate the signals within the bulk fluorescence.
Through the validated simulation methods, we are exploring designs that include multiple
excitation wavelengths and commercial multispectral sensors.

5.2. Applications

The ability to quantify the relative amounts of porphyrin and bulk fluorescence may benefit
several applications in dentistry. For example, porphyrins fluorescence is generated by bacteria
that accumulates on teeth and dentures [27], in crevices [28], and along the gum lines [46,47].
This observation led to the development of adjunct dental devices that use fluorescence imaging
to help dentists visualize the location of bacteria associated with caries and gingivitis [48,49].
For these applications, there may be value in using an imaging system that can document the
location and quantify the relative concentrations of porphyrin in different parts of the oral cavity.

The porphyrins fluorescence from the dorsal surface of tongues in healthy individuals [20] is
attributed to a complex community of bacteria referred to as the oral microbiome [50]. Analysis
of the tongue dorsum microbiome is understudied, particularly when compared to the amount of
research devoted to studying the gut microbiome [51]. Monitoring and manipulating the oral
microbiome will lead to a better understanding of the functional role that oral bacteria have on
the dorsal surface of the tongue.

Dentists also use adjunct devices to visualize bulk fluorescence in oral mucosal tissue.
Clinicians are trained to look for dark areas where bulk fluorescence is not visible as an indicator
of the degradation of the structural integrity of tissue or changes in tissue metabolism. The
assessment is visual and subjective and thus the efficacy of these devices depend on clinician
experience. These devices may help clinicians find areas they might otherwise overlook, but
they do not help them differentiate between dysplasia and benign inflammatory conditions [15].
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Consequently, the sensitivity of these devices is high, but the specificity is low [52,53].

A main goal of our work is to design an image system that replaces the subjective judgments
of a clinician with a lab test that meaningfully assesses the health status of the oral cavity. We
have shown that the OralEye camera can quantify the relative amounts of porphyrin and bulk
fluorescence in healthy subjects. Assuming that NADH emissions are negligible, decreases in
bulk fluorescence may indicate degradation of the structural integrity of tissue (associated with
decreases in elastin and collagen) or changes in tissue metabolism (associated with a decrease in
FAD). To determine whether these measurements are diagnostic, it will be necessary to collect
additional data from patients that have dysplasia and cancerous lesions.

5.3. Future Work

We are extending the work we describe in this paper in two ways. First, we are using the current
OralEye camera to collect additional data in both healthy individuals and patient populations.
To pursue these measurements, we automated the data storage and analysis using a cloud-based
data management system (Flywheel.io). This system anonymizes the data while at the same time
storing important demographic information. The normative data that we are collecting in healthy
individuals will define a distribution against which we can compare the data captured from the
patient population. Aggregating these data and monitoring patient outcomes, should enable us to
improve oral health predictions. Ultimately through the acquisition of quantitative data about the
fluorescent signals from clinical cases, we may be able to implement meaningful diagnostic tools.

Second, we are using image systems simulation software to create soft-prototypes of mul-
tispectral imaging systems that combine multiple illuminants with multiple imaging sensors.
We will use sensor chromaticity values to quantify the relative concentrations of different tissue
fluorophores. The simulations will enable us to determine whether it is possible to design
multispectral imaging systems that can provide information about the relative concentrations
of NADH, FAD, collagen and elastin and to predict the efficacy of the soft-prototypes before
building a real physical device.

6. Conclusion

Image systems simulations enable us to create software prototypes of digital cameras and to
predict the data we would capture for different combinations of tissue fluorophores, illumination
and imaging sensors. We describe and provide open-source freely available software prototyping
tools that can be used to design and evaluate new imaging systems based on multiple lights and
novel imaging sensors3.

We used image systems simulations to design an imaging system capable of exciting and
measuring fluorescence in the oral cavity. We created a hardware prototype of the imaging system
(OralEye) and compared the data we collected from the real device with the data we predicted from
the software prototype. The simulations and data suggest that sensor chromaticity values, derived
from real and simulated OralEye RGB camera data, are useful for estimating quantities that are
invariant to changes in the spatial distribution of lighting. Specifically, the sensor chromaticity
values can quantify the fluorescence due to porphyrins relative to the combined emissions from
other fluorophores in the oral cavity, referred to as the bulk fluorescence. Additional data from
patient populations and from different regions of the oral cavity should prove informative as to
the diagnostic value of the porphyrin and bulk fluorescence estimates.

Acknowledgments. We thank Rangtao Huang, Tanglong Wang, and Xixi Li at FengYun Vision
Technologies for software and hardware support of the experimental camera (OralEye). We thank Henryk
Blasinski, Zhenyi Liu, Kaijun Feng and Krithin Kripakaren for their contributions to the simulation software

3https://github.com/ISET


https://doi.org/10.1101/2021.03.31.437770
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.31.437770; this version posted April 2, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

and camera assembly. We thank Adam Wandell, Chris Holsinger, Tulio Valdez and Thomas Goossens for
many helpful discussions and feedback about this project.

References

1. J. E. Farrell, F. Xiao, P. B. Catrysse, and B. A. Wandell, “A simulation tool for evaluating digital camera image
quality,” in Image Quality and System Performance, vol. 5294 (International Society for Optics and Photonics, 2003),
pp. 124-131.

2. J. E. Farrell, P. B. Catrysse, and B. A. Wandell, “Digital camera simulation,” Appl. Opt. 51, A80-90 (2012).

3. J.E. Farrell and B. A. Wandell, Image Systems Simulation (John Wiley & Sons, Ltd, Chichester, UK, 2015), pp. 1-28.

4. H. Blasinski, T. Lian, and J. Farrell, “Underwater image systems simulation,” in Imaging and Applied Optics 2017
(3D, AIO, COSI, IS, MATH, pcAOP), (Optical Society of America, 2017), p. ITh3E.3.

5. T. Lian, J. Farrell, and B. Wandell, “Image systems simulation for 360° camera rigs,” IS&T Int. Symp. Electron.
Imaging 2018, 353-1-353-5 (2018).

6. H. Blasinski, J. Farrell, T. Lian, Z. Liu, and B. Wandell, “Optimizing image acquisition systems for autonomous
driving,” Electron. Imaging 2018, 161-1-161-7 (2018).

7. Z.Liu, M. Shen, J. Zhang, S. Liu, H. Blasinski, T. Lian, and B. Wandell, “A system for generating complex physically
accurate sensor images for automotive applications,” Electron. Imaging 2019, 53—-1-53-6 (2019).

8. Z.Liu, T. Lian, J. Farrell, and B. Wandell, “Soft prototyping camera designs for car detection based on a convolutional
neural network,” in Proceedings of the IEEE/CVF International Conference on Computer Vision Workshops, (2019),
pp. 0-0.

9. Z.Liu, T. Lian, J. Farrell, and B. A. Wandell, “Neural network generalization: The impact of camera parameters,”
IEEE Access 8, 10443-10454 (2020).

10. Z. Liu, J. Farrell, and B. Wandell, “ISETAuto: Detecting vehicles with depth and radiance information,” (2021).

11. R. Richards-Kortum and E. Sevick-Muraca, “QUANTITATIVE OPTICAL SPECTROSCOPY FOR TISSUE
DIAGNOSIS,” (1996).

12. A. Gillenwater, R. Jacob, R. Ganeshappa, B. Kemp, A. K. El-Naggar, J. L. Palmer, G. Clayman, M. F. Mitchell, and
R. Richards-Kortum, “Noninvasive diagnosis of oral neoplasia based on fluorescence spectroscopy and native tissue
autofluorescence,” Arch. Otolaryngol. Head. Neck Surg. 124, 1251-1258 (1998).

13. M. Monici, “Cell and tissue autofluorescence research and diagnostic applications,” Biotechnol. Annu. Rev. 11,
227-256 (2005).

14. N. Ramanujam, “Fluorescence spectroscopy of neoplastic and non-neoplastic tissues,” Neoplasia 2, 89-117 (2000).

15. D. C. G. d. Veld, D. C. G. de Veld, M. Skurichina, M. J. H. Witjes, R. P. W. Duin, Henricus J C, and J. L. N.
Roodenburg, “Clinical study for classification of benign, dysplastic, and malignant oral lesions using autofluorescence
spectroscopy,” (2004).

16. D. Roblyer, R. Richards-Kortum, K. Sokolov, A. K. El-Naggar, M. D. Williams, C. Kurachi, and A. M. Gillenwater,
“Multispectral optical imaging device for in vivo detection of oral neoplasia,” J. Biomed. Opt. 13, 024019 (2008).

17. R. Alfano, D. Tata, J. Cordero, P. Tomashefsky, F. Longo, and M. Alfano, “Laser induced fluorescence spectroscopy
from native cancerous and normal tissue,” IEEE J. Quantum Electron. 20, 1507-1511 (1984).

18. R. Drezek, C. Brookner, I. Pavlova, I. Boiko, A. Malpica, R. Lotan, M. Follen, and R. Richards-Kortum, “Autofluo-
rescence microscopy of fresh Cervical-Tissue sections reveals alterations in tissue biochemistry with dysplasia{,”
(2001).

19. M. G. Miiller, T. A. Valdez, I. Georgakoudi, V. Backman, C. Fuentes, S. Kabani, N. Laver, Z. Wang, C. W. Boone, R. R.
Dasari, S. M. Shapshay, and M. S. Feld, “Spectroscopic detection and evaluation of morphologic and biochemical
changes in early human oral carcinoma,” Cancer 97, 1681-1692 (2003).

20. D. C. G. De Veld, M. J. H. Witjes, H. J. C. M. Sterenborg, and J. L. N. Roodenburg, “The status of in vivo

autofluorescence spectroscopy and imaging for oral oncology,” Oral Oncol. 41, 117-131 (2005).

. L. Pavlova, M. Williams, A. El-Naggar, R. Richards-Kortum, and A. Gillenwater, “Understanding the biological basis
of autofluorescence imaging for oral cancer detection: high-resolution fluorescence microscopy in viable tissue,”
Clin. Cancer Res. 14, 2396-2404 (2008).

22. 1. Georgakoudi, B. C. Jacobson, J. Van Dam, V. Backman, M. B. Wallace, M. G. Miiller, Q. Zhang, K. Badizadegan,

D. Sun, G. A. Thomas, L. T. Perelman, and M. S. Feld, “Fluorescence, reflectance, and light-scattering spectroscopy
for evaluating dysplasia in patients with barrett’s esophagus,” Gastroenterology 120, 1620-1629 (2001).

23. D. M. Harris and J. Werkhaven, “Endogenous porphyrin fluorescence in tumors,” Lasers Surg. Med. 7, 467-472
(1987).

24. F. H. J. Figge, G. S. Weiland, and L. O. J. Manganiello, “Cancer detection and therapy; affinity of neoplastic,
embryonic, and traumatized tissues for porphyrins and metalloporphyrins,” Proc. Soc. Exp. Biol. Med. 68, 640
(1948).

25. A. M. d. C. Batlle, “Porphyrins, porphyrias, cancer and photodynamic therapy—a model for carcinogenesis,” J.
Photochem. Photobiol. B 20, 5-22 (1993).

26. Y. Yuanlong, Y. Yanming, L. Fuming, L. Yufen, and M. Paozhong, “Characteristic autofluorescence for cancer
diagnosis and its origin,” Lasers Surg. Med. 7, 528-532 (1987).

2

—_


https://doi.org/10.1101/2021.03.31.437770
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.31.437770; this version posted April 2, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

27. L. Coulthwaite, I. A. Pretty, P. W. Smith, S. M. Higham, and J. Verran, “The microbiological origin of fluorescence
observed in plaque on dentures during QLF analysis,” Caries Res. 40, 112-116 (2006).

28. K. Konig, G. Flemming, and R. Hibst, “Laser-induced autofluorescence spectroscopy of dental caries,” Cell. Mol.
Biol. 44, 1293-1300 (1998).

29. P. M. Lane, T. Gilhuly, P. Whitehead, H. Zeng, C. F. Poh, S. Ng, P. Michele Williams, L. Zhang, M. P. Rosin, and
C. E. MacAulay, “Simple device for the direct visualization of oral-cavity tissue fluorescence,” (2006).

30. M. W. Lingen, J. R. Kalmar, T. Karrison, and P. M. Speight, “Critical evaluation of diagnostic aids for the detection
of oral cancer,” Oral Oncol. 44, 10-22 (2008).

31. M. Pharr and G. Humphreys, Physically Based Rendering, Second Edition: From Theory To Implementation (Morgan
Kaufmann Publishers Inc., San Francisco, CA, USA, 2010), 2nd ed.

32. G. G. Stokes, “XXX. on the change of refrangibility of light,” Philos. Transactions Royal Soc. Lond. 142, 463-562
(1852).

33. H. Blasinski, J. Farrell, and B. Wandell, “Simultaneous surface reflectance and fluorescence spectra estimation,’
(2020).

34. J. Lakowicz, Principles of Fluorescence Spectroscopy (Springer US, 2007).

35. J. Farrell, M. Okincha, and M. Parmar, “Sensor calibration and simulation,” in Digital Photography IV, vol. 6817
(International Society for Optics and Photonics, 2008), p. 68170R.

36. J. Chen, K. Venkataraman, D. Bakin, B. Rodricks, R. Gravelle, P. Rao, and Y. Ni, “Digital camera imaging system
simulation,” IEEE Trans. Electron Devices 56, 24962505 (2009).

37. Lyu Z., Kripakaran K., Furth M., Tang E., Wandell B., Farrell J., “Validation of image systems simulation technology
using a cornell box,” (Society for Imaging Science and Technology, 2021).

38. Farrell, J., Lyu, Z., Liu, Z., Blasinski,H., Xu, Z., Rong, J., Xiao, F., Wandell, B., “Soft-prototyping imaging systems
for oral cancer screening,” (2019).

39. W. T. Wozniak and B. K. Moore, “Luminescence spectra of dental porcelains,” J. Dent. Res. 57, 971-974 (1978).

40. P. C. Foreman, “The excitation and emission spectra of fluorescent components of human dentine,” Arch. Oral Biol.
25, 641-647 (1980).

41.J.J. ten Bosch and J. C. Coops, “Tooth color and reflectance as related to light scattering and enamel hardness,” J.
Dent. Res. 74, 374-380 (1995).

42. W. Luo, S. Westland, R. Ellwood, and I. Pretty, “Assessing gloss of tooth using digital imaging,” Conf. on Colour
Graph. Imaging, Vis. 2008, 307-311 (2008).

43.J. Adams, K. Parulski, and K. Spaulding, “Color processing in digital cameras,” IEEE micro 18, 20-30 (1998).

44. R. Ramanath, W. E. Snyder, Y. Yoo, and M. S. Drew, “Color image processing pipeline,” IEEE Signal Process. Mag.
22, 34-43 (2005).

45. R. Lukac and K. N. Plataniotis, Digital Camera Image Processing (Springer US, Boston, MA, 2006), pp. 171-179.

46. M. H. van der Veen, C. M. C. Volgenant, B. Keijser, J. b. M. ten Cate, and W. Crielaard, “Dynamics of red fluorescent
dental plaque during experimental gingivitis—a cohort study,” J. Dent. 48, 71-76 (2016).

47. S.-Y. Han, B.-R. Kim, H.-Y. Ko, H.-K. Kwon, and B.-I. Kim, “Assessing the use of quantitative light-induced
Fluorescence-Digital as a clinical plaque assessment,” Photodiagnosis Photodyn. Ther. 13, 34-39 (2016).

48. T. Gimenez, M. M. Braga, D. P. Raggio, C. Deery, D. N. Ricketts, and F. M. Mendes, “Fluorescence-based methods
for detecting caries lesions: systematic review, meta-analysis and sources of heterogeneity,” PLoS One 8, e60421
(2013).

49. J. A. Rodrigues, K. W. Neuhaus, I. Hug, H. Stich, R. Seemann, and A. Lussi, “In vitro detection of secondary caries
associated with composite restorations on approximal surfaces using laser fluorescence,” Oper. Dent. 35, 564-571
(2010).

50. S. A. Wilbert, J. L. Mark Welch, and G. G. Borisy, “Spatial ecology of the human tongue dorsum microbiome,” Cell
Rep. 30, 4003-4015.e3 (2020).

51. J. R. Willis and T. Gabaldén, “The human oral microbiome in health and disease: From sequences to ecosystems,”
Microorganisms 8 (2020).

52. M. Mascitti, G. Orsini, V. Tosco, R. Monterubbianesi, A. Balercia, A. Putignano, M. Procaccini, and A. Santarelli,
“An overview on current non-invasive diagnostic devices in oral oncology,” Front. Physiol. 9, 1510 (2018).

53. R. Nagi, Y.-B. Reddy-Kantharaj, N. Rakesh, S. Janardhan-Reddy, and S. Sahu, “Efficacy of light based detection
systems for early detection of oral cancer and oral potentially malignant disorders: Systematic review,” Med. Oral
Patol. Oral Cir. Bucal 21, e447-55 (2016).

>


https://doi.org/10.1101/2021.03.31.437770
http://creativecommons.org/licenses/by/4.0/

