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Diagnosis of Dental Caries with Short-Wave Infrared (SWIR) Light 

Yihua Zhu 

ABSTRACT 

This dissertation presents a comprehensive investigation into the application of Short-Wave 

Infrared (SWIR) imaging and Optical Coherence Tomography (OCT) for the enhanced detection 

and assessment of dental caries. Traditional diagnostic methods, such as radiographs, are limited 

by their inability to detect and diagnose early-stage, less severe carious lesions, often leading to 

delayed treatment and unnecessary restorations [1, 2]. SWIR imaging is highly promising to detect 

early caries with enhanced contrast due to the high transparency of dental enamel at longer 

wavelengths and its high sensitivity to demineralization [3-5]. SWIR imaging has been mostly 

limited to either transillumination or reflectance imaging at specific SWIR wavelengths. While 

promising, it suffers from limitations in specificity due to the complex structure of teeth and the 

interference of specular reflection that can obscure accurate lesion detection, especially during 

clinical imaging [6]. We hypothesize that dual-mode, multi-wavelength SWIR imaging combined 

with automated methods of image processing will increase diagnostic accuracy by providing semi-

automatic detection of early demineralization and precise assessment of lesion severity in vivo. In 

addition, we postulate that integration of OCT will enable non-invasive analysis of lesion activity, 

facilitating timely preventive treatments [7-9]. We anticipate that this combination of various 

diagnostic modalities will significantly improve the clinical detection and management of dental 

caries and lead to better preservation of natural tooth structure. Moreover, such methods do not 

require the use of ionizing radiation and can be used for more frequent monitoring of lesion 

severity reducing the need for surgical intervention. 
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CHAPTER I 

Introduction: Diagnosis of Dental Caries with Short-Wave Infrared (SWIR) Light
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1.1 Dissertation Overview 

Dental caries remains one of the most prevalent chronic diseases worldwide, affecting individuals 

across all age groups [10-12]. Despite advancements in dental care and hygiene, the early detection 

and accurate diagnosis of carious lesions poses significant challenges. Traditional diagnostic 

methods, including visual inspection and radiographs, are limited by their inability to detect early-

stage lesions and their reliance on subjective interpretation [13-15]. This often leads to delayed 

treatment, invasive interventions, and unnecessary tooth restorations [1, 2]. The significance of 

developing more precise, non-invasive diagnostic tools is paramount in shifting the paradigm 

towards preventive dentistry and minimally invasive treatments. New innovative imaging 

technologies that can overcome the limitations of conventional diagnostics are needed such as 

Short-Wave Infrared (SWIR) imaging and Optical Coherence Tomography (OCT) for the early 

detection and accurate assessment of dental caries. In addition to the challenges addressed by 

traditional and single-mode SWIR imaging in early caries detection, this research emphasizes a 

multispectral and multimodal imaging approach. While predecessors laid the foundation with 

single-mode SWIR methods, this thesis introduces an innovative combination of two or more 

imaging modalities to enhance the adaptability of SWIR imaging for various lesion types [3-5]. 

We hypothesize that the simultaneous acquisition of multispectral transillumination and 

reflectance images will significantly improve diagnostic performance, reduce the potential for 

false positives and provide a more comprehensive analysis of lesion severity. This advancement 

supports a more conservative approach towards the management of dental caries with more 

monitoring and less invasive intervention.  
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1.2 Significance 

Current clinical methods are unreliable for identifying the early stages of dental caries. For 

example, the convenstional diagnosis of early caries is based on visual and tactile evaluations [16-

18]. The lack of diagnostic tools to distinguish early caries likely leads to false-positives and 

overtreatment [18, 19]. If carious lesions are detected early enough it is likely that they can be 

arrested by non-surgical means such as fluoride therapy, anti-bacterial therapy, dietary changes or 

by low power laser irradiation [20, 21]. In the past 20 years, SWIR imaging technologies have 

been developed and shown promising results for imaging early dental caries. Specifically, 

transillumination at 1300-nm and reflectance at >1450-nm can be used to detect both proximal 

lesions and occlusal lesions with high contrast [6]. The scattering coefficient of demineralized 

enamel is markedly higher than sound enamel beyond 1300-nm, making SWIR imaging an 

effective technique for detecting dental caries [22]. For example, occlusal transillumination is a 

novel imaging technique in which the tooth can be imaged from the occlusal surface after shining 

light at and below the gun line [23, 24]. Previous studies have shown that this method is able to 

detect both occlusal and approximal lesions with high contrast especially at 1300-nm, where 

enamel has very low attenuation coefficient and displays high transparency [24]. Besides occlusal 

transillumination, SWIR reflectance imaging shows even higher lesion contrast at > 1400-nm, due 

to the increase in water absorption at higher SWIR wavelengths, thanks to the significant amount 

of water composition in the enamel matrix [25, 26]. The increase in water absorption darkens the 

reflectance intensity in the sound enamel, creating the highest contrast with highly scattering 

demineralization in the longer wavelength. The imaging geometries of transillumination and 

reflectance are shown in Fig.1.4.3 [27]. These novel imaging techniques exploit the unique optical 

properties of sound and demineralized dental hard tissues at higher SWIR wavelengths. It is shown 
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that light scattering in enamel decreases as the wavelength increases (1/λ3), where λ is the 

wavelength, because of the size of principal light scatters (Fig. 1.4.1) [28-30].  At 1300-nm, both 

enamel and water have very low attenuation coefficients, enabling the high-penetrating 

performance of SWIR transillumination and Optical Coherence Tomography (OCT). At higher 

wavelengths (>1400-nm), the absorption coefficient (μa) of water increases and this enhances high-

contrast reflectance imaging of lesions. In addition to the high sensitivity to demineralization, 

stains do not interfere. Fig. 1.4.2 shows that stains that completely mask demineralization in the 

pits and fissures at visible and NIR wavelengths do not interfere in the SWIR spectrum [31]. 

Pigmented molecules are highly conjugated molecules such as melanin and porphyrins produced 

by bacteria, such molecules do not manifest electronic absorption bands beyond 1200-nm [32-34]. 

Moreover, recent studies have shown that there’s an association between diagnostic x-rays and risk 

of cancer development due to ionizing radiation [35, 36]. SWIR imaging using non-ionizing 

radiation and has been shown to have the potential to replace dental radiographs for caries 

screening [5, 6, 27, 37]. The use of non-ionizing radiation allows more frequent monitoring of 

lesion activity and severity, reducing the need of surgical intervention. Without weighing the health 

risk of ionizing radiation, the major diagnostic limitation of diagnostic x-rays is that they are unable 

to detect early occlusal carious lesions because of the overlapping features of the crowns and the 

low radio-sensitivity to demineralization in dental enamel [17, 38, 39]. It is unlikely that 

improvements in radiographic sensitivity will enable detection of early enamel lesions because of 

this problem. In a study conducted in 2021, clinicians who were trained to interpret SWIR images 

were asked to visually score 3 Regions of Interest (ROI) (mesial proximal, distal proximal, 

occlusal) on 120 teeth by looking at radiographs, occlusal SWIR transillumination, and reflectance 

images individually in random order. Reflectance imaging at 1600-nm yielded much higher 
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diagnostic accuracy for lesions on both occlusal and proximal surfaces than radiographs (occlusal: 

0.81 vs 0.36, proximal: 0.59 vs 0.49) [40]. However, the markedly higher sensitivity of SWIR 

imaging to early demineralization also increases the potential for false positives [41, 42].  This can 

be compounded by interference from specular reflection and multiple scattering from tooth 

structure [40, 43]. The first goal of this project is to develop methods to improve the diagnostic 

performance of SWIR imaging for caries detection and diagnosis, by combining multiple 

wavelengths and imaging geometries and modalities to strengthen the inclusion criteria for positive 

lesion detection.  

Accurate caries diagnosis also requires the assessment of lesion activity to determine if the detected 

lesions require intervention [44, 45]. The lack of reliable diagnostic tools is a major challenge for 

assessing lesion activity and new tools are needed [46]. It has been demonstrated that SWIR 

imaging has the potential to differentiate developmental defects and arrested lesions from active 

lesions [47-50]. Arrested and non-carious developmental defects such as fluorosis do not require 

further intervention [51, 52]. Conventional criteria for lesion activity assessments (i.e. ICDAS II) 

such as color, texture and hardness assessments are subjective and unreliable [53, 54]. Previous 

studies have shown that the optical changes due to the loss of water from porous lesions can be 

exploited to assess lesion severity with SWIR reflectance imaging [25, 55, 56]. Arrested lesions 

have a highly mineralized surface zone which is formed during remineralization that reduces the 

permeability to water and plaque generated acids [25, 56]. Chang et al. [57] has shown that the 

remineralized transparent surface zone thickness is inversely related to the rate of water 

evaporation during air dehydration by using SWIR reflectance imaging. In addition, optical 

coherence tomography (OCT) is capable of imaging cross-sections in teeth to a depth of 4 mm in 

enamel and 2 mm in dentin with an axial resolution of less than 10-μm [58-60]. Fig. 1.4.4 
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demonstrates that OCT is able to detect the presence of a remineralized surface zone that arrests 

lesion development [61]. Apart from the visualization of the remineralized surface zone, OCT also 

allows the quantification of lesion severity by relating the lesion’s integrated reflectivity to 

integrated mineral loss, due to the increased scattering coefficient of demineralization at 1300-nm 

[62]. Furthermore, both OCT and SWIR reflectance imaging can be utilized to quantify lesion 

activity with dehydration [57, 63]. In addition, in a recent clinical study published in 2020, CP-

OCT was first utilized to assess root caries lesion severity and activity in vivo [64]. Despite the 

success at displaying the surface zone and measuring integrated reflectivity, the clinical translation 

of OCT and SWIR dehydration imaging still faces challenges. For example, the intensity of OCT 

scans can vary markedly from scan to scan due to changes in local environmental conditions 

induced by breathing or by artifacts caused by infection control coverings, making it difficult to 

compare integrated reflectivity across different images. Movement artifacts may cause distortion 

in OCT images, introducing challenges in measuring accurate lesion depth and the acquisition of 

dehydration rate data. An excess of saliva may also increase specular reflection shielding the 

lesions in the occlusal pits, disrupting the accurate plot of dehydration curves. A second goal of 

this research is to develop both hardware and software solutions to resolve the clinical challenges 

of OCT and SWIR imaging for lesion activity assessment. 

1.3 Dissertation Aims 

The overall objective of this proposed research is to develop improved methods and devices for 

the detection and diagnosis of dental caries. Conventional methods of caries detection such as 

radiographs cannot detect less severe, hidden, and early lesions [6, 65-69].  Typically more than 

30% of the mineral content must be lost in lesion areas before being radiographically captured [1, 
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2]. Radiographs have poor sensitivity for occlusal lesions and lesions are typically not detected 

until restoration is needed [70]. Due to the low radiographic sensitivity, the early diagnosis of 

occlusal lesions is often based on visual and tactile evaluations that may lead to false positives and 

overtreatment [18, 19, 71]. Surgical intervention can be avoided with early detection, enabling 

non-invasive therapies such as fluoride treatment, anti-bacterial treatment, or low intensity laser 

irradiation [20, 21]. The unique differences in optical properties of dental enamel, dentin, and 

caries at >1200-nm established the foundation of SWIR dental imaging. Multiple imaging 

techniques such as SWIR reflectance, SWIR occlusal transillumination, and Optical Coherence 

Tomography (OCT) have been developed and shown promising results to detect early 

demineralization and assess lesion severity. The central hypothesis is that the clinical diagnostic 

performance of SWIR imaging can be significantly improved by incorporating multiple 

wavelengths and imaging geometries and advanced image post-processing strategies. 

AIM 1: To test the hypothesis that multi-wavelength dual-mode SWIR imaging can 

significantly improve the diagnostic performance of caries detection on tooth proximal and 

occlusal surfaces. Individual SWIR probes for occlusal transillumination, approximal 

transillumination at 1300-nm and reflectance at >1450-nm have been utilized to detect both 

occlusal and proximal in vivo lesions [27]. The probes were utilized to scan teeth that were 

scheduled for extraction and achieved high lesion contrast and significantly higher sensitivity than 

radiography for the detection of both occlusal and proximal lesions. However, while individual 

SWIR probes achieved high sensitivity, the specificity was lower than that of radiography, 

increasing the potential of false positives and probability of overtreatment. In addition, the use of 

three separate probes is impractical and it is difficult to use images from the separate probes in a 

combined analysis due to challenges in image registration. To address these concerns, benchtop 
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dual-mode SWIR occlusal transillumination and cross-polarized reflectance imaging systems to 

detect occlusal caries and assess lesion severity were investigated [5, 72]. Positive relationships 

between imaged lesion contrast/width and true lesion depth were discovered [5]. These 

multispectral experiments revealed that even though individual SWIR imaging modalities 

performed well achieving high lesion contrast, it would be more beneficial to combine both 

techniques into a single probe since both imaging techniques require the sensor to be positioned 

on the occlusal surface, thus allowing accurate image registration for lesion severity analysis and 

a significantly reduced image acquisition time. However, the size and complexity of the bench top 

dual-wavelength system makes it difficult to translate into a practical clinical setup [5]. Given the 

rapid development of modern material engineering such as CAD design and stereolithography 3D 

printing, clinical dual-SWIR probes are proposed that are capable of achieving simultaneous 

reflectance at > 1450-nm and occlusal transillumination at 1300-nm for clinical dental caries 

screening. In addition, simultaneous transillumination and reflectance image acquisition at two 

wavelengths allows highly accurate image registration, and reduces false positives. In addition, it 

is proposed that the lesion depth can be estimated with information extracted from registered 

images, due to the transparent nature of dental enamel at SWIR wavelengths [28]. The dual-SWIR 

probes will be able to incorporate multiple imaging geometries, combining occlusal 

transillumination and reflectance with the imaging sensor positioned above the occlusal surface, 

and combining proximal transillumination and reflectance with the sensor placed at the 

lingual/facial surfaces. 

AIM 2: To test the hypothesis that Optical Coherence Tomography (OCT) and SWIR 

reflectance imaging can be used to assess clinical lesion activity over time. Several in vitro 

studies have shown that OCT can accurately assess the severity and activity of caries lesions 
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through measurement of the lesion depth and thickness of the remineralized surface zone [9, 73, 

74]. In addition, the integrated reflectivity of lesion measured with OCT has been shown to be a 

reliable indicator of lesion severity ex vivo [62, 75]. Even though OCT was able to detect occlusal 

and root caries clinically with high contrast by scanning above occlusal and smooth surfaces [7, 

51], clinical translation of OCT still faces challenges, namely monitoring lesion severity and 

activity over time due to inconsistency in clinical image quality. Clinical studies have shown that 

the remineralized surface zones of root caries can be acquired using CP-OCT [64]. However, 

clinical conditions introduce new challenges affecting quantitative analysis of lesion severity and 

activity. The inconsistency in motion, condensation, and other artifacts limit the clinical 

performance of OCT. This inconsistency in image quality makes it difficult to compare crucial 

quantitative metrics such as integrated reflectivity and lesion depth across different samples and 

over time. In this aim advanced computer vision techniques are proposed to improve the diagnostic 

performance of OCT for clinical caries activity assessment. In addition to OCT, several studies 

have shown that SWIR imaging at wavelengths from 1450-nm to 2350-nm can be used to assess 

lesion activity on coronal surfaces due to large increases in lesion contrast during dehydration [49, 

76]. This technique is based on the contrast between water’s high absorption coefficient and 

demineralization’s high scattering coefficient at SWIR wavelengths, and arrested lesions with a 

remineralized surface zone inhibit the diffusion and evaporation of water during dehydration [49, 

56, 57, 77].  SWIR reflectance encountered challenges during its initial clinical use, including 

motion instability during the long time required for dehydration and suboptimal air delivery to 

targeted lesion areas [64]. In addition, excess saliva present during in vivo imaging complicates 

the accurate acquisition of dehydration curves due to water’s high SWIR absorption that introduces 

strong specular reflection and masks the lesion. Movement during the 30-second imaging also 
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affects the accuracy due to change in polarization. To address those issues, a revised clinical 

imaging protocol paired with a redesigned dehydration device is proposed in this aim to improve 

the efficacy of the application of SWIR imaging in lesion activity assessment. 
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1.4 Figures 

 

Figure. 1.4.1. The attenuation coefficient (extinction) for dental enamel (red line) and the 
absorption coefficient of water (blue line) from visible to SWIR wavelengths [28]. The 
combination of low attenuation of both enamel and water at 1300-nm (green region) allows 
transillumination imaging of dental caries. The increase in water absorption at higher wavelength 
(blue region) gives the highest contrast of dental demineralization with reflectance imaging.  
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Figure. 1.4.2. Occlusal surface of a tooth [31]. (A)Visible image; (B) Reflectance at 1300-nm; 
(C) Reflectance at 1450-nm. Stains that cover up the occlusal lesion don’t show up in SWIR 
reflectance images due to its SWIR transparency. 
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Figure. 1.4.3. SWIR imaging geometries [27]. Camera (black), Light source (gradient), light 
path (arrows). (A) Reflectance (SWIR-R); (B) Occlusal transillumination (SWIR-OT); (C) 
Approximal transillumination (SWIR-PT). 
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Figure. 1.4.4. PS-OCT b-scan images of a sample showing the sound (protected) regions located 
on the extreme left and right side of the sample, the lesion area (0-days exposed to remin. soln) 
and the areas exposed for increasing periods of time to the remineralization solution, 4, 8, and 
12-days [61]. The (‖) image represents the light reflected in the original polarization while the 
(⊥) image is the orthogonal polarization or cross polarization image which was used for analysis 
in these studies. 
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CHAPTER II 

Dual short wavelength infrared (SWIR) transillumination/reflectance mode imaging for caries 

detection
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2.1 Summary 

We have developed a clinical probe capable of acquiring near simultaneous short wavelength 

infrared (SWIR) reflectance and occlusal transillumination images of lesions on tooth proximal 

and occlusal surfaces.  We hypothesize that dual images will aid in differentiating between shallow 

and deep occlusal lesions and reduce the potential of false positives.  Aim: The aim of this study 

was to test the performance of the dual reflectance and occlusal transillumination probe on 

extracted teeth prior to commencing clinical studies.  Approach: The dual probe was 3D printed 

and the imaging system uses an InGaAs camera and broadband superluminescent diode light 

sources that emit broadband light at 1300-nm for occlusal transillumination and 1600-nm light for 

cross-polarization reflectance.  The diagnostic performance of the dual probe was assessed using 

120 extracted teeth with approximal and occlusal lesions.  Reflectance and transillumination 

images were fused into single images to enhance the contrast between sound and lesion areas.  The 

lesion contrast in both modes did not increase significantly with either the lesion depth or the 

distance from the occlusal surface for approximal lesions.  In addition, the diagnostic performance 

of radiography, the individual reflectance and transillumination images, dual images and fused 

images were compared using micro computed tomography (microCT) as the gold standard. Results: 

Reflectance imaging at 1600-nm yielded the highest diagnostic accuracy for lesions on both 

occlusal and proximal surfaces while radiography yielded the lowest number of false positives.  

Conclusion:  This study demonstrates that simultaneous acquisition of both reflectance and 

transillumination SWIR images is possible with a single clinical device. 

 

 



 
 

17 
 
2.2 Introduction 

Short wavelength infrared (SWIR) and near-IR imaging (NIR) methods have been under 

development for almost 20 years for use in dentistry and several NIR clinical devices are now 

available commercially.  Due to the high transparency of enamel at longer wavelengths, novel 

imaging configurations are feasible in which the tooth can be imaged from the occlusal surface 

after shining light at and below the gum line, which we call occlusal transillumination [23, 24]. 

Approximal lesions, the lesions located at the proximal contact points in between teeth, can be 

imaged via occlusal transillumination of the proximal contact points between teeth and by directing 

SWIR light below the crown while imaging the occlusal surface [24, 78, 79].  The latter approach 

is capable of imaging occlusal lesions as well with high contrast [23, 24, 47, 80-82]. In 2010, it 

was demonstrated that approximal lesions that appeared on radiographs could be detected in vivo 

with SWIR imaging at 1310-nm with similar sensitivity [24] and that occlusal transillumination 

could be employed clinically.  This was the first step in demonstrating the clinical potential of NIR 

and SWIR imaging for approximal caries detection. In the most recent clinical study in 2016 [6], 

SWIR transillumination and SWIR reflectance imaging probes were used to screen premolar teeth 

scheduled for extraction for caries lesions at wavelengths greater than 1300-nm. The teeth were 

collected and sectioned into 200-µm slices and examined with polarized light microscopy and 

transverse microradiography which served as the gold standard.  In addition, extra-oral radiographs 

were taken of teeth and the diagnostic performance of SWIR imaging was compared with 

radiography. The sensitivity of the combined SWIR imaging probes was significantly higher (P < 

0.05) than radiographs for both occlusal and approximal lesions in vivo. It was anticipated that 

SWIR methods would be more sensitive than radiographs for occlusal lesions since the 

radiographic sensitivity for occlusal lesions is extremely poor, however, the sensitivity was also 
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much higher for approximal lesions than radiography, 0.53 vs 0.23. In addition, the sensitivity of 

each individual SWIR method was either individually equal to or higher than radiography.   

Several shorter wavelength NIR devices that utilize either reflectance and transillumination 

imaging have been introduced commercially operating at 830 and 780-nm [83-87]. The shorter 

wavelength allows the use of less expensive, silicon-based detectors.  However, longer wavelength 

SWIR light has significant advantages.  The use of shorter wavelength 830-nm NIR light was first 

investigated almost 20 years ago [78]. The contrast was significantly lower than at 1300-nm and 

simulated lesions could not be imaged through the full thickness of enamel [78]. It is also important 

to point out that stains interfere significantly at 780-nm [88] and the contrast between sound and 

demineralized enamel is markedly higher at wavelengths beyond 1400-nm in reflectance 

measurements [70, 88, 89]. 

Epidemiological data gathered from the National Health and Nutritional Survey (NHANES) [90, 

91] and Dental Practice-Based Research Network (DPBRN) [92-94] indicates that nearly one third 

of all patients have a questionable occlusal carious lesion (QOC) located on a posterior tooth. 

QOC’s are given the name "questionable" because clinicians’ lack instrumentation capable of 

measuring the depth of pit and fissure lesions and determining if the dental decay has reached the 

underlying dentin.  Bitewing radiographs are not sensitive enough to detect most occlusal lesions, 

and visible diagnosis is confounded by stain trapped in the occlusal anatomy [88]. Prior in vitro 

studies attempted to combine SWIR reflectance and transillumination measurements in order to 

estimate QOC depth and severity  [5, 82, 95]. Zakian et al. [96, 97] used multiple wavelengths of 

SWIR hyperspectral reflectance images to estimate the severity of occlusal lesions.  Since, 

multispectral SWIR reflectance and transillumination experiments have demonstrated that the 
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tooth appears darker at wavelengths coincident with increased water absorption,  multispectral 

images can be used to produce increased contrast between different tooth structures such as sound 

enamel and dentin, dental decay and composite restorative materials [97-99].  Combining 

measurements from different SWIR imaging wavelengths and comparing them with concurrent 

measurements acquired by complementary imaging modalities should provide improved 

assessment of lesion depth and severity.  

Both the reflectance and the occlusal transillumination probes sample light that is emitted from 

tooth occlusal surfaces, therefore it is feasible to combine both methods into a single probe that 

can be positioned above the tooth for rapid clinical screening.  Different illumination wavelengths 

can be used that are optimized for each imaging mode, namely SWIR wavelengths greater than 

1400-nm for reflectance and 1300-nm for transillumination.   Simon et al. [27] built a benchtop 

simultaneous SWIR reflectance and transillumination system with tunable filters that ranged from 

830-1700-nm and showed that the combined images have potential for the diagnosis of QOC’s.  In 

a study the following year using the same benchtop system and simulated approximal lesions it 

was shown that multispectral combined images can potentially be used to improve the 

differentiation of cavitated and noncavitated approximal lesions [100].   In a third study carried 

out in 2018, Simon et al. [5] used the same benchtop system to image 37 extracted teeth with 

occlusal caries lesions and sectioned the teeth and measured the lesion depth with polarized light 

microscopy (PLM).  This 2018 study showed that the contrast of reflectance at 1500-1700-nm 

correlated with the lesion depth while the transillumination at 1200-1700-nm showed no 

correlation.  The lesion width, the lesions’ buccal-lingual dimension along the fissure, showed a 

positive correlation with lesion depth for reflectance and transillumination.  These initial 

investigations demonstrated the potential of acquiring simultaneous multiwavelength SWIR 
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reflection and transillumination images to improve the detection of caries lesions on both occlusal 

and proximal surfaces.  We hypothesize that the greatest utility of a combined SWIR reflectance 

and transillumination clinical probe will be to reduce false positives since it is unlikely that 

confounding structural features or specular reflection are going to be present in both reflectance 

and transillumination images. In addition, the dual probe will provide complementary diagnostic 

information about lesion severity to help discriminate early superficial lesions on tooth surfaces 

from deeply penetrating lesions.  

In this study, a system for the acquisition of simultaneous SWIR reflectance and transillumination 

system suitable for clinical use was developed and tested on 120 teeth extracted teeth with occlusal 

and approximal lesions using microCT as a gold standard. 

2.3 Materials and Methods 

2.3.1 Sample Preparation 

Teeth with no identifiers were collected from patients in the San Francisco Bay area and Geneva 

Switzerland with approval from the UCSF Committee on Human Research.   Extracted teeth 

(n=120) were selected with occlusal and approximal lesions for this study.  Teeth were sterilized 

using gamma radiation and stored in 0.1% thymol solution to maintain tissue hydration and prevent 

bacterial growth. Then, samples were mounted in black orthodontic acrylic blocks from Great 

Lakes Orthodontics (Tonawanda, NY) and imaged with digital radiographs using a CareStream 

2200 System from Kodak (Rochester, NY) operating at 60 kV. 
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2.3.2 Design and Fabrication of the Dual SWIR Probe 

The dual probe was designed in Fusion 360 from Autodesk (San Francisco, CA). The dual probe 

design consists of a handpiece with reflectance and a transillumination attachment, shown in Figs. 

2.7.1A-C. The handpiece incorporated an insert (Fig. 2.7.1D) to attach the optical fiber for 

reflectance along with a 5-mm Thorlabs (Newton, NJ) polarizing beam splitter cube.  The insert 

utilized black resin to reduce artifacts from unwanted scattering in the handpiece.  A cross-sectional 

view of the reflectance probe body is shown in Fig. 2.7.1C.  Light from a fiber optic cable travels 

from the back of the handpiece to the insert (Fig. 2.7.1D) and is directed at a right angle by the 

polarizing beam splitter cube (6) towards the tooth surface as shown by the path of the red arrow 

in Fig. 2.7.1C.  Reflected and transmitted light from the tooth is reflected off a polished aluminum 

surface (7) attached at a 45-degree angle at the distal end of the handpiece. There is an air nozzle 

positioned on the bottom of the probe (3) directed towards the aluminum reflector to prevent 

fogging of the aluminum surface.   The air nozzle can also be used to dry the tooth surface to 

increase lesion contrast and potentially assess lesion activity [9, 49, 101]. 

The transillumination attachment (Fig. 2.7.1E) attaches to the distal end of the handpiece as shown 

in Fig. 2.7.1B.  It was fabricated with Formlabs (Boston, MA) Flexible Resin. The flexible resin 

can tolerate moderate stretch and compression, making it an ideal choice for imaging teeth with 

different shapes and sizes. The transillumination optical fibers enter each arm of the attachment 

and are inserted into the two ports at the rear of the appliance (8) as shown in Figs.2.7.1B & E and 

into Teflon plugs (9). The Teflon plugs diffusely spread the light from the optical fiber into the 

tooth on the buccal and lingual surfaces below the dentinal enamel junction and into the gingival 

tissues when used clinically.  They were fabricated from 1/8” diameter Teflon rod cut to a length 
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of 3 mm.  The separation of each arm is 1-cm and they are flexible and can stretch to almost 2-cm 

to accommodate larger teeth.  

The handpiece was fabricated using a Formlabs Form 3 Low Force Stereolithography 3D printer. 

The final design is exported as a STL file and transferred to Formlabs PreForm to generate supports 

for a final 3D printing scheme. A spatial resolution of 100-µm was used for all prints.   Formlabs 

Dental SG Resin was used for printing the reflectance probe to provide biocompatibility and 

autoclavability. After 3D printing, handpiece was transferred to Formlabs Form Wash to rinse off 

the resin residue with isopropyl alcohol for 5 minutes and cure for 30 minutes at 60°C in the Form 

Cure.  The attachment (Fig. 2.7.1D) housing the 5-mm polarization beam splitting (PBS) cube was 

printed using Formlabs black resin. After curing, supports are removed with a clip and surfaces 

are trimmed with water sanding technique to remove sharp edges and achieve smooth finishing. 

To assemble the dual SWIR probe, the insert with the PBS cube (Fig. 2.7.1D) is attached to the 

top of the handpiece. The aluminium reflector (7) is attached to the distal end of the handpiece and 

held in place with a set screw. The transillumination attachment (Fig. 2.7.1E) slides on top of the 

handpiece and securely locks the insert with the beamsplitter cube (6) in place. 

2.3.3 Image Acquisition and Analysis 

The SWIR reflectance images were captured using a Model GA1280J (Sensors Unlimited, 

Princeton, NK) camera with a 1280 x 1024 pixel format, a 15-μm pixel pitch and a bit depth of 

12-bit.  Two 1-in diameter planoconvex antireflection coated lenses of 60-mm and 100-mm focal 

length along with an adjustable aperture were placed between the handpiece and the InGaAs 

camera to provide a field of view of 11-mm x 11-mm at the focus plane.   A low-OH optical fiber 

of 1-mm diameter was used to deliver light from a 1604-nm superluminescent diode (SLD), Model 
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ESL 1620-2111 from Exalos (Schlieren, Switzerland) with an output of 17-mW and a bandwidth 

of 46-nm.   The intensity delivered to the tooth was 5-mW.  The transillumination light is delivered 

through two 0.4-mm diameter low-OH optical fibers.  A 1314-nm (BW) SLD, Model DL-

CS3452A-FP 1620-2111 from Denselight (Singapore) with an output of 48-mW and a bandwidth 

of 33-nm was used as the source for transillumination. A 50/50 beamsplitter was used to deliver 

light to each arm for transillumination.  The output intensity of each arm was set at 10-mw before 

entering the Teflon plugs.  The reflectance and transillumination light sources output were 

controlled via two OSW12(22) MEMS fiber optic switches from Thorlabs. The camera and the 

optic switch were controlled in custom authored programs in LabView (Austin, TX). The two 

optical switches alternate between the 1300-nm light source for transillumination and the 1600-

nm source for reflectance allowing near simultaneous acquisition at a rate of 30 Hz.   A diagram 

of the setup along with an image of the with imaging optics and the assembled dual probe is shown 

in Fig. 2.7.2A.  Figure 2.7.2A shows the larger Model GA1280J InGaAs camera that was used to 

acquire the in vitro images used in this study.  The probe can also be used with the smaller 640 x 

480 pixel micro-SWIR camera (SU640CSX) measuring only 32-mm x 32-mm x 28-mm from 

Sensors Unlimited (Princeton, NJ) that is better suited for clinical imaging and it is shown in Fig. 

2.7.2B with the assembled probe.     

The samples were dried of excess water with an air nozzle before imaging due to the strong water 

absorption at 1600-nm [79]. Image processing of the images was performed by custom scripts 

written using MATLAB from Mathworks (Natick, MA). The acquired 12-bit images (4096) were 

converted to 16-bit (65535) by multiplying by 16 and subtracting 1 to facilitate processing using 

MATLAB. Lesion ROIs were identified from the transillumination/reflectance images.  Co-

registration was unnecessary since they were acquired near simultaneously by the same imaging 
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optics.  Sound areas for comparison were chosen from areas surrounding the lesion. This better 

represents the contrast between the lesion and sound tissues that would be viewed by the clinician. 

The contrast was calculated for each lesion using the formula (IL − IS)/IL for reflectance images 

and (IS – IL)/IS for transillumination images, where IL is the average intensity in the lesion area 

ROI, and IS is the average intensity in the sound ROI [80].  Lesion areas were confirmed using the 

microCT images. 

In addition to calculating the lesion contrast in transillumination and reflectance images, a dual 

fusion mode combining the two images was created in MATLAB and included in the analysis 

utilizing the weight, or fraction of the intensity applied from each image. The dual fusion mode is 

a weighted linear combination of the intensities of the inverted transillumination (ITinv = 65535- IT) 

and the reflectance (IR) 16-bit images.   The lesion contrast in fusion mode was calculated using 

aITinv + bIR,  with alpha (a) ranging from 0 to 1, where a = 1-b.    

2.3.4 Scoring of Digital Radiographs and SWIR Images by Clinicians 

Three DDS examiners participated in the study, two examiners had several years of research 

experience with SWIR imaging and one examiner had no prior experience with SWIR imaging.  A 

training set was used to standardize the knowledge of the three examiners prior to the study.  All 

examiners were presented with radiographs and SWIR images of 120 teeth and asked to score the 

occlusal, mesial approximal and distal approximal surfaces of each tooth. At least one of the 

examiners indicated that at least one of the images for 14 of the teeth was unreadable.  Therefore 

106 sets of images with 4 different imaging methods (transillumination, reflectance, dual, both) 

were evaluated. The order of the images was randomized for each of the 4 testing sets among the 

3 examiners. The examiners were asked to provide a binary score (lesion or no lesion) for each of 
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the 3 surfaces.  Diagnostic accuracy was calculated using (TP+TN)/(TP+TN+FP+FN) where TP, 

TN, FP and FN are true positives, true negatives, false positives and false negative, respectively. 

MicroCT was used as the gold standard.  The percent agreement for each tooth was calculated, and 

then the average % agreement was calculated for all the samples to represent the study interrater 

reliability.  Clinician scores of interrater reliability (percent agreement), accuracy and false 

positives were calculated for the four SWIR image types and the radiographs and the values are 

tabulated in Table 2.7.2. 

2.4 Results 

Several images from a tooth with an occlusal lesion in a fissure that penetrates almost to the 

underlying dentin are shown in Fig. 2.7.3.  The visible image of the occlusal surface (Fig. 2.7.3V) 

displays a mandibular premolar with red/brown staining in the central fissure and mesial pit, 

however there is no evidence of increased white (value) areas that are indicative of visible 

demineralization on the tooth surface.  The SWIR reflectance image (Fig. 2.7.3R) displays with 

high contrast increased light scattering from the stained fissure and pit indicating that the enamel 

is demineralized in these areas.  There are also some other areas of high intensity, particularly on 

the buccal cusp tip. that may be due to demineralization but is more likely specular reflection from 

the surface.   There is no decay visible in the radiograph (Fig. 2.7.3X) while the microCT slice 

clearly shows that the v-shaped lesion in the fissure has penetrated almost through the enamel.  

The decay in the fissure and the pit is also detectable in the transillumination image (Fig. 2.7.3T) 

increasing the probability that those areas are actually demineralized and not due to an optical 

anomaly.  The bright spot originating from the buccal cusp tip in the reflectance image is not visible 

in the transillumination image and is likely an area of specular reflection.  The fusion image (Fig. 
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2.7.3a) shows the lesion areas with high contrast, however it also highlights areas of suspected 

specular reflection. 

Several images of another tooth with approximal lesions at both proximal contact points are shown 

in Fig. 2.7.4.  The visible image of the occlusal surface shows nearly no evidence of approximal 

lesions (Fig. 2.7.4V) and only one of the lesions is visible in the radiograph (Fig. 2.7.4X) and it 

appears to penetrate less than halfway through the enamel.  The SWIR reflectance, 

transillumination and microCT images agree quite well all showing that both lesions penetrate 

almost to the dentinal enamel junction (DEJ).  The fusion image (Fig. 2.7.4a) shows the lesions 

with high contrast and the surrounding sound enamel areas appear more uniform in intensity. 

Fig. 2.7.5 demonstrates the effect of varying alpha (aITinv + bIR) in the dual fusion images. Images 

with alpha values varying from 0.0 to 0.9 are shown of a tooth with an approximal lesion.  For this 

particularly tooth the contrast of the lesion increased with increasing alpha.  The contrast did not 

increase with increasing alpha for all of the teeth, some exhibited a decrease with increasing alpha.   

The mean lesion contrast from all samples is plotted as a function of the alpha coefficient in Fig. 

2.7.6 for occlusal lesions (circles, n=120) and approximal lesions (triangles, n=120). The 

approximal lesion depth was measured from the proximal surface contact point to deepest lesion 

point in the pulpal direction while the lesion depth for occlusal lesions was measured from the 

occlusal surface to deepest lesion point in the pulpal direction.   

The mean lesion contrast is plotted versus lesion depth for occlusal lesions in Fig. 2.7.7 for 

reflectance, transillumination and the fusion mode images.   The reflectance and transillumination 

measurements were all from the occlusal surface.   There was no significant dependence on the 

lesion contrast with lesion depth.  For approximal lesions the lesion contrast was determined versus 
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the distance of the lesion from the occlusal surface.  This comparison is shown in Fig. 2.7.8 for 

the reflectance and transillumination images along with the fusion images and there was also no 

significant dependence on the lesion contrast with distance from the occlusal surface.    

The effect of α on the mean lesion contrast is tabulated in Table 2.7.1 for occlusal and approximal 

lesions.  For occlusal lesions, the reflectance mode alone performs exceptionally as it shows a 

mean lesion contrast of 0.65 versus 0.57 from transillumination mode. Dual fusion mode 

negatively impacts the mean occlusal lesion contrast, and as α gets higher the mean lesion contrast 

decreases.   For approximal lesions, α = 0.4 shows a mean lesion contrast of 0.615, improving the 

contrast of 49.4% of the approximal lesions and showing contrast enhancement of 8.2% from the 

reflectance mode and 22.8% from the transillumination mode.  

The examiner agreement (percent agreement), accuracy and false positive rate are listed in Table 

2.7.2 for the three clinician assessments of the SWIR images and the radiographs.  The mesial and 

distal proximal surfaces were combined for the table.  The examiner agreement was highest for 

the radiographs.  The examiner agreement was moderate for transillumination, reflectance, merged 

images and side by side images for both occlusal and proximal surfaces.  Reflectance yielded the 

highest accuracy and lowest false positive rate while transillumination yielded the lowest accuracy 

and the highest false positive rate among SWIR imaging.   The use of dual mode yielded a slight 

improvement in accuracy, percent agreement, and false positive rate over transillumination alone 

but was inferior to reflectance.  The use of side by side reflectance and transillumination images 

did not appear to improve diagnostic performance or reduce the false positive rate.  Both the false 

positive rate and the accuracy of radiographs were lower than the SWIR methods. 
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2.5 Discussion 

In this study a compact dual reflectance and transillumination SWIR imaging device was employed 

to acquire images of 120 extracted teeth with caries lesions.   Near simultaneous reflectance and 

occlusal transillumination images are collected from the tooth occlusal surface which facilitates 

registration and integration.  The reflectance probe delivers 1600-nm light to the tooth occlusal 

surface while the occlusal transillumination probe delivers 1300-nm light cervically at the lingual 

and buccal sides of the tooth allowing it to propagate into the tooth diffuse in the cervical-coronal 

direction interacting with approximal and occlusal lesions and exiting the occlusal surface.    The 

transillumination probe utilizes light at 1300-nm where the enamel is most transparent.  Scattering 

in enamel continues to decrease with increasing wavelength beyond 1300-nm, however water 

absorption increases markedly beyond 1400-nm greatly increasing attenuation [22].    The dual 

SWIR probe can capture high definition in-vitro transillumination and reflectance SWIR images 

of extracted teeth. The probe was fabricated using a 3D printer and utilized two broadband fiber-

optic superluminescent diode (SLD) light sources.  Previous studies have investigated the contrast 

of caries lesions using both reflectance and transmitted light.  This was the first study 

demonstrating the performance of an imaging system that simultaneously acquires cross polarized 

reflectance and occlusal transillumination images at multiple SWIR wavelengths using a single 

compact handpiece suitable for clinical use.  In addition, it was the first study to compare the SWIR 

lesion contrast with microCT images as the gold standard for lesion depth.   

The primary motivation for acquiring dual mode images is to reduce the probability of false 

positives and remove the need to switch between transillumination and reflectance probes during 

screening.  In SWIR occlusal transillumination, cracks and structural features in the tooth can 
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block light propagation through the tooth producing features that resemble lesions, greatly 

increasing the potential for false positives.  Specular reflection interferes with SWIR reflectance 

measurements and even when high extinction ratio polarizers are employed, there is still 

substantial specular reflection present in cross polarization images that has the potential to generate 

additional false positives.  Even though studies are lacking indicating that NIR imaging leads to 

an increased number of false positives, clinicians using this new technology have voiced concern 

regarding false positives.  Moreover, the markedly higher sensitivity of NIR and SWIR imaging 

compared to radiography is likely to lead to an increase in false positives simply on the basis of 

the higher sensitivity.  In our most recent clinical study involving SWIR imaging of teeth scheduled 

to be extracted with unknown caries status, the specificity of SWIR imaging was lower than for 

radiography, although the difference was not statistically significant [6].  In that study images of 

the teeth were acquired using three separate imaging probes: SWIR reflectance (1600-nm), SWIR 

occlusal transillumination (1300-nm) and SWIR proximal transillumination (1300-nm), 

combining multiple images for diagnostic performance improved both the sensitivity and the 

specificity. 

Another important advantage of imaging in the SWIR beyond 1150-nm is that the chromophores 

responsible for stains on teeth do not absorb light at longer wavelengths since there is not sufficient 

energy for electronic excitation [97, 102].  This is of particular importance in the stained pits and 

fissures of tooth occlusal surface.  Ng et al. [88] demonstrated that it is necessary to use SWIR 

wavelengths greater than 1150-nm to avoid significant interference from stains when measuring 

lesion contrast in reflectance and transillumination modalities.  Therefore, stains can be easily 

differentiated from actual demineralization in the SWIR range, which is not possible at visible 

wavelengths or at NIR/SWIR wavelengths of less than 1150-nm.  Chung et al. [70] showed that 
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absorption due to stains contributed more to the lesion contrast than increased scattering due to 

demineralization at visible wavelengths and that is clearly demonstrated in Fig 2.7.3.  Since it is 

impractical and unnecessary to remove stains from the deep grooves and fissures on tooth occlusal 

surfaces, lack of interference from stains at longer SWIR wavelengths is a significant advantage.   

Dental radiographs suffer from very low contrast and it takes considerable experience and 

expertise to accurately read such images.  The principal advantage of radiographs is the very high 

specificity, i.e. if a lesion is visible in a radiograph it is most likely a true positive, therefore 

overtreatment is less likely.  In addition to the low sensitivity, radiographs typically underestimate 

the penetration depth of approximal lesions and dentists typically have to estimate that the lesions 

penetrate much deeper than they appear based on subjective factors involving caries risk status.  

Images acquired in this study suggest that SWIR images better represent the true depth of the 

approximal lesions and better match the depth indicated in microCT images than radiographs. 

SWIR images are also quantifiable and provide measurements that can be utilized for non-bias 

assessment of lesion depth and severity. 

Both reflectance and occlusal transillumination imaging modes yield high contrast for approximal 

lesions. Since more light propagates through the transparent outer enamel than through the highly 

scattering dentin core, cracks, fractures and other defects in the tooth can markedly influence light 

propagation in the tooth and can produce false positives. For example, two small fractures a few 

millimeters apart can produce a dark area on the outer ring of enamel that closely resembles an 

approximal lesion and this is the most common location for cracks in posterior teeth.  The same 

cracks do not interfere with reflectance imaging since the light paths are directly above the lesion.  

Therefore, access to both reflectance and occlusal transillumination has the potential to increase 
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the sensitivity and specificity of caries detection by optically sampling the entire external surface 

of existing lesions.    

Reflectance imaging is more sensitive than occlusal transillumination for the detection of occlusal 

lesions.  Even shallow demineralization confined to the outer half of the enamel can appear with 

high contrast in reflectance images.  The challenge with SWIR imaging of occlusal lesions is 

differentiating the very shallow and superficial lesions from the lesions that penetrate through the 

enamel and into the underlying dentin.  It is these deeper penetrating lesions that require removal 

and restoration.  Remineralization therapy is a more appropriate treatment approach for shallow 

lesions.  Previous studies have shown that the contrast increases significantly with increasing depth 

for SWIR reflectance imaging, however the magnitude of the change is not sufficient to warrant 

the use of contrast thresholds to define lesion severity [4]. Multiple studies including this one show 

that there is no dependence of the lesion contrast on depth for occlusal transillumination.  A more 

reliable indicator of lesion depth and severity high lesion contrast and the lesion size or width in 

the dimension perpendicular to the fissure or radial to a pit [4, 70]. Severe occlusal lesions typically 

arise in the plaque collection sites in the pits and fissures and grow from the base of the fissure to 

the underlying dentin.  Upon reaching the dentin the lesion can spread more rapidly laterally along 

the dentinal-enamel junction.  That lateral spread can be easily seen through the transparent sound 

enamel above the lesion, particularly at SWIR wavelengths and this approach of detecting these 

hidden occlusal lesions has been demonstrated in vivo using SWIR imaging and optical coherence 

tomography in two clinical studies [103, 104].   If the lesion becomes severe enough the lesion can 

become visible to the naked eye as a dark shadow.  In this study, there was no significant correlation 

of the lesion depth and the lesion contrast for either occlusal or approximal lesions for SWIR 

reflectance or transillumination.   This contrasts with our earlier study utilizing SWIR reflectance 
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[4] where a significant correlation was observed between the lesion contrast and lesion depth for 

occlusal lesions.  That prior study used optical coherence tomography to identify the occlusal 

lesions while this study used microCT, therefore many of the lesions in the prior study were much 

shallower than the lesions identified in this study.  This is one disadvantage of using microCT over 

optical coherence tomography, microCT is insensitive to the very shallow lesions that are 

commonly found on occlusal surfaces.  The shallowest lesions imaged in this study were all greater 

than 0.5-mm in depth.  In reflectance, the reflected intensity is expected to saturate above a given 

thickness/depth where it no longer increases with increasing depth [105].   The thickness at which 

saturation occurs depends on the wavelength and the degree of demineralization.  For greater lesion 

depths additional metrics are required for extrapolating potential lesion depth. 

In addition to measurements of the lesion contrast, the SWIR images and radiographs were scored 

by three clinicians and microCT was used as a gold standard.   Assessments of diagnostic 

performance should be carried out in vivo with a selection of teeth with a similar caries incidence 

expected for that population.  That was certainly not the case in this study where all the teeth had 

lesions, however the objective of this study was to show that the use of near simultaneous SWIR 

reflectance and occlusal transillumination images has the potential for removing false positives 

and increasing diagnostic performance.  Another concern with an in vitro study of this nature is 

that we have observed that in vivo transillumination images are typically better than in vitro images 

of lesions on extracted teeth due to the better internal hydration of vital teeth.  The loss of internal 

water from extracted teeth markedly increases the scattering of sound dental tissues and reduces 

the lesion contrast [70].   In addition, there were no overlapping or adjoining teeth, such teeth are 

expected to reduce the performance of radiographs and SWIR transillumination for imaging 

approximal lesions and would not be expected to influence the imaging of occlusal lesions or 
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influence reflectance imaging.   SWIR reflectance alone yielded the highest examiner agreement, 

highest accuracy and lowest false positive rate among the four image types.  The SWIR reflectance 

alone had a higher accuracy than radiographs for approximal lesions (0.59 vs 0.49) and markedly 

higher accuracy for occlusal lesions (0.81 vs 0.36).   The examiner agreement was highest for 

radiography and lowest for SWIR transillumination.  This suggests that more training is required 

to read the SWIR images particularly the SWIR transillumination images.   It was anticipated that 

either the dual mode or side by side SWIR images would yield the highest performance.  However, 

the diagnostic performance for SWIR transillumination was quite low and that low performance 

most likely adversely influenced the dual mode and side by side images.  It is likely that the 

performance of SWIR transillumination is most dramatically reduced in in vitro measurements due 

to the influence of the gingival tissues and the internal hydration of the tooth.    The performance 

of this handpiece shown in Fig. 2.7.2B will be assessed in vivo over the next year and we will be 

able to confirm this hypothesis. 

2.6 Conclusions 

In summary, we have developed a clinical probe capable of acquiring near simultaneous short 

wavelength infrared (SWIR) reflectance and occlusal transillumination images of approximal and 

occlusal lesions.   The performance of the probe in vitro was assessed by imaging 120 extracted 

teeth with lesions on the occlusal and proximal surfaces.  The next step will be to image teeth in 

vivo of unknown caries status scheduled for extraction for orthodontic reasons in order to assess 

the diagnostic performance of this dual probe in vivo. 
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2.7 Tables and Figures 

 

Figure 2.7.1. (A) 3D printed handpiece for reflectance with insert (D) made of black resin with 
a polarizing beamsplitter cube (6), (B) Handpiece with attachment for transillumination (E).  
(C) Handpiece cross-sectional view; the reflectance fiber is inserted through the port at (5) from 
the back of the polarization chamber, and light is polarized (6) and delivered to the tooth 
occlusal surface as shown by the red arrow. Air enters the nozzle at (3) and is directed towards 
the tooth surface at (4) as shown by the blue arrows.  Reflected and transmitted light from the 
tooth is directed to the camera by a right-angle polished surface (7). The insert for the polarizing 
beamsplitter cube (D) is snapped to the back of the handpiece.  Transillumination fibers are 
inserted into the two ports (8) at the rear of the transillumination appliance (E) and into the 
Teflon plugs (9) at the end of each probe arm.   The transillumination appliance (E) is placed 
over the end of the reflectance attachment as shown in (B) and Fig. 2.  
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Figure 2.7.2. (A) Diagram of dual imaging system which employs a computer, two SLDs, two 
fiber optic switches (SW) and an InGaAs FPA with external optics and handpiece which is 
position over a sample tooth (S).  The camera (C), 100 mm lens (L1), polarizer (P), 60 mm lens 
(L2), adjustable aperture (Ap), reflectance handpiece (Hp) and transillumination attachment 
(Ta) are shown along with the orange optical fibers for reflectance (Fr) and transillumination 
(Ft).  (B)  The handheld dual imaging handpiece equipped with the smaller InGaAs camera that 
will be used for clinical imaging. 
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Figure 2.7.3. (V) Visible, (R) SWIR reflectance at 1600-nm, (X) dental radiographic, (µCT) 
micro-CT, (T) SWIR transillumination at 1300-nm and (a) combined R+T fusion (a=0.4) 
images of a tooth with an occlusal lesion.   Arrows point to the occlusal lesion and the dotted 
line in (V) shows the orientation of the slice in the µCT image. 
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Figure 2.7.4. (C) Color, (R) SWIR reflectance at 1600-nm, (X) dental radiographic, (µCT) 
micro-CT, (T) SWIR transillumination at 1300-nm and (a) combined R+T fusion (a=0.4) 
images of a tooth with two approximal lesions. Arrows point to lesions.   
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Figure 2.7.5. Combined transillumination and reflectance images with a varying from 0 to 0.9 
along with visible (V) and an occlusal (µCT) micro-CT image of a tooth with occlusal decay. 
For this particular tooth the contrast increased with increasing a. 
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Figure 2.7.6. Plot of mean ± sd of lesion contrast vs alpha for dual probe fusion mode images 
for occlusal lesions (circles, n=120) and approximal lesions (triangles, n=120). 
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 Table 2.7.1. Effect of alpha (α) on the mean lesion contrast for occlusal and approximal 

lesions. 

Alpha (α) (α = 0) 

R 
 

𝟎𝟎.𝟏𝟏 𝟎𝟎.𝟐𝟐 𝟎𝟎.𝟑𝟑 𝟎𝟎.𝟒𝟒 𝟎𝟎.𝟓𝟓 𝟎𝟎.𝟔𝟔 𝟎𝟎.𝟕𝟕 𝟎𝟎.𝟖𝟖 𝟎𝟎.𝟗𝟗 (α = 1) 

(T) 

Occlusal 

Lesion 
Contrast 

0.651 0.641 0.631 0.621 0.612 0.602 0.594 0.584 0.575 0.566 0.533 

Approximal 

Lesion 
Contrast 

0.558 0.599 0.611 0.614 0.615 0.613 0.610 0.605 0.6 0.595 0.494 
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Table 2.7.2. Clinician Scores for the occlusal and proximal surfaces of 106 teeth for percent 
agreement, accuracy and false positive rate for SWIR imaging methods and radiography. 

Examiners Method Occlusal  Proximal 

Percent Agreement Transillumination   0.75 0.76 

 Reflectance   0.87  0.84 

 Dual   0.80  0.79  

 Side by Side 
Radiography   

0.82 
0.88 

0.80 
0.91 

 Accuracy Transillumination   0.54 0.45 

 Reflectance   0.81 0.59 

 Dual   0.71 0.53  

 Side by Side   
Radiography 

0.70 
0.36 

0.55  
0.49 

 False Positive rate Transillumination   0.50 0.55 

 Reflectance   0.31 0.36  

 Dual   0.47  0.39 

 Side by Side  
Radiography 

0.36  
0.08 

0.36 
0.16 
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Figure 2.7.7. Occlusal lesion contrast vs lesion depth measured with microCT. (A) 
Reflectance (circles) and transillumination (triangles).  (B) fusion mode images (a=0.4). 
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Figure 2.7.8. Approximal lesion contrast vs lesion distance from the occlusal surface 
measured with microCT.  (A) Reflectance (circles) and transillumination (triangles).  (B) 
fusion mode (a=0.4) images. 
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CHAPTER III 

Measurement of the depth of lesions on proximal surfaces with dual SWIR transillumination and 

reflectance imaging 
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3.1 Summary 

The aim of this study was to compare the diagnostic performance of dual SWIR transillumination 

and reflectance multispectral imaging devices for imaging interproximal lesions with radiography 

using extracted teeth that had been imaged with micro-computed tomography (microCT).  Thirty 

six extracted teeth with 67 lesions on the proximal surfaces were imaged using a newly fabricated 

SWIR multispectral proximal transillumination and reflectance imaging device along with an 

existing SWIR multispectral occlusal transillumination and reflectance device.  The ability of 

SWIR imaging and radiography to detect lesions and accurately assess lesion dimensions were 

compared using microCT as a standard.  Occlusal and proximal transillumination and occlusal 

reflectance performed best for imaging interproximal lesions while proximal reflectance was not 

useful for imaging interproximal lesions from tooth buccal and lingual surfaces.  There was high 

correlation of the lesion dimensions measured in occlusal and proximal transillumination images 

compared to microCT and moderate correlation in occlusal reflectance images.  The correlation 

between the lesion depth measured in radiographs and the lesion depth measured with microCT 

was not significant.   This study demonstrates that SWIR occlusal and proximal transillumination 

and SWIR occlusal reflectance images are useful for imaging interproximal lesions and they 

provide more accurate measurements of lesion severity. 

3.2 Introduction 

Short wavelength infrared (SWIR) and near-IR imaging (NIR) methods have been under 

development for almost 20 years for use in dentistry and several NIR clinical devices are now 

available commercially.  Due to the high transparency of enamel at longer wavelengths, multiple 

imaging configurations are feasible, caries lesions can be imaged using transillumination and 

reflectance from tooth occlusal, buccal and lingual surfaces  [24, 102].  In proximal 
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transillumination the light source and detector are placed on the buccal and lingual sides of the 

tooth (see Fig. 3.7.1).  The positions can be alternated to get images of each surface since this 

method will have greater sensitivity for those lesions located closer to the detector.   This is the 

same imaging geometry used to acquire bitewing radiographs.  Interproximal lesions, the lesions 

located at the proximal contact points in between teeth, can be imaged via all three imaging 

geometries.   Transillumination of the proximal contact points between teeth can also be 

accomplished via occlusal transillumination by directing SWIR light below the crown while 

imaging the occlusal surface [24, 78, 79] (see Fig. 3.7.1).    The latter approach is capable of 

imaging occlusal lesions as well with high contrast [24, 47, 80-82, 102].  In 2010, it was 

demonstrated that interproximal lesions that appeared on radiographs could be detected in vivo 

using proximal and occlusal transillumination imaging at 1310-nm with similar sensitivity [24]. 

This was the first step in demonstrating the clinical potential of NIR and SWIR imaging for 

interproximal caries detection.  A later clinical study employing SWIR transillumination and 

SWIR reflectance imaging probes to screen premolar teeth that were scheduled for extraction,  

established that the sensitivity of SWIR imaging was significantly higher (P < 0.05) than 

radiographs for both occlusal and interproximal lesions [6].  The sensitivity of each individual 

SWIR method was either individually equal to or higher than radiography.   

Several shorter wavelength NIR devices that utilize either reflectance and transillumination 

imaging have been introduced commercially operating at 830 and 780-nm [83-87].   The use of 

shorter wavelength 830-nm NIR light was first investigated almost 20 years ago [78].  Shorter 

wavelengths allow the use of less expensive silicon based detectors.  However, longer wavelength 

SWIR light has significant advantages.  The contrast of simulated lesions in enamel at 830-nm was 

significantly lower than at 1300-nm and they could not be imaged through the maximum thickness 
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of enamel [78].  It is also important to point out that stains interfere significantly at wavelengths 

less than 1100-nm [88] and the contrast between sound and demineralized enamel is markedly 

higher at wavelengths beyond 1400-nm in reflectance measurements [70, 88, 89]. 

Several studies over the past decade have indicated that transillumination performs best at 1300-

nm where the transparency of enamel is highest while the contrast of lesions on tooth surfaces 

imaged using reflectance continues to increase with increasing wavelength and is highest at 1950-

nm [70, 88, 89].  Several studies have investigated multispectral measurements using either one 

modality or combining transillumination and reflectance measurements.  Zakian et al. [96, 97] 

used multiple wavelengths of SWIR hyperspectral reflectance images to estimate the severity of 

occlusal lesions.  Since, multispectral SWIR reflectance and transillumination experiments have 

demonstrated that the tooth appears darker at wavelengths coincident with increased water 

absorption,  multispectral images can be used to produce increased contrast between different tooth 

structures such as sound enamel and dentin, dental decay and composite restorative materials [97-

99].  Combining measurements from different SWIR imaging wavelengths and comparing them 

with concurrent measurements acquired by complementary imaging modalities should provide 

improved assessment of lesion depth and severity.  Radiographs markedly underestimate the depth 

and severity of interproximal lesions and clinicians are forced to assume that lesions penetrate 

much deeper than indicated in radiographs [13-15].  If lesions are noncavitated and limited in 

penetration to only the enamel they can often be arrested by chemical intervention without the 

need to remove the decay with the drill.  Therefore, a more accurate imaging system for assessing 

the depth of penetration of interproximal lesions would be a significant step forward and enable 

clinicians to make more informed decisions regarding treatment.    Moreover, a combined SWIR 

reflectance and transillumination clinical probe will likely reduce false positives since it is 
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improbable that confounding structural features or specular reflection will be present in both 

reflectance and transillumination images. Reflectance and occlusal transillumination probes have 

been combined into a single probe since light is collected from tooth occlusal surfaces for both 

methods.  Different illumination wavelengths have been used optimized for each imaging mode, 

namely SWIR wavelengths greater than 1400-nm for reflectance and 1300-nm for 

transillumination.   Simon et al. [27] built a benchtop simultaneous SWIR reflectance and 

transillumination system with tunable filters that ranged from 830-1700-nm and showed that the 

combined images have potential for the diagnosis of occlusal lesions [5] and simulated cavitated 

and noncavitated interproximal lesions [100].   A compact system that is capable of simultaneous 

acquisition of SWIR reflectance and occlusal transillumination images suitable for clinical use was 

developed and tested on 120 teeth extracted teeth with occlusal and interproximal lesions using 

microCT as a gold standard [43, 106, 107].  That system is currently being used for clinical studies.  

The purpose of this study is to develop a second dual SWIR transillumination and reflectance 

probe designed to image from tooth buccal and lingual surfaces and assess the performance of this 

new dual probe and the existing occlusal transillumination and reflectance probe for imaging 

interproximal lesions on extracted teeth.     

3.3 Materials and Methods 

3.3.1 Sample Preparation 

Teeth with no identifiers were collected from patients in the San Francisco Bay area and Geneva 

Switzerland with approval from the UCSF Committee on Human Research.   Extracted teeth (n=36) 

were selected with 67 interproximal lesions for this study.  Teeth were sterilized using gamma 

radiation and stored in 0.1% thymol solution to maintain tissue hydration and prevent bacterial 

growth. Then, samples were mounted in black orthodontic acrylic blocks from Great Lakes 
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Orthodontics (Tonawanda, NY) and imaged with digital radiographs using a CareStream 2200 

System from Kodak (Rochester, NY) operating at 60 kV. 

All teeth were imaged using Microcomputed X-ray tomography (µCT) with a 10-µm resolution.  A 

Scanco µCT 50 from Scanco USA (Wayne, PA) located at the UCSF Bone Imaging Core Facility 

was used to acquire the images.   Visible color images of the samples were acquired using a USB 

microscope, Model AM7915MZT from AnMO Electronics Corp. (New Taipei City, Taiwan) with 

extended depth of field and cross polarization. The digital microscope captures 5 mega-pixel 

(2,952 x 1,944) color images. 

3.3.2 Design and Fabrication of the Dual Proximal Reflectance and Transillumination SWIR 

probe 

The dual proximal reflectance and transillumination SWIR probe was designed in Fusion 360 from 

Autodesk (San Francisco, CA). The dual probe design consists of a handpiece with a reflectance 

and a transillumination attachment, shown in Figs. 3.7.2A-E. The handpiece was fabricated using 

a Formlabs Form 3 Low Force Stereolithography 3D printer. The final design was exported as a 

STL file and transferred to Formlabs PreForm to generate supports for a final 3D printing scheme. 

A spatial resolution of 100 µm was used for all prints.   The probe consists of two components, a 

main body containing the light source for reflectance and the light collection optics and a second 

attachment containing the transillumination light source.  The main body of the probe is very 

similar to the main body of our occlusal reflectance and transillumination probe with the exception 

that unpolarized light is used for reflectance [106].   The proximal transillumination attachment 

shown in Fig. 3.7.2A consists of the main body of the probe containing the light source for 

reflectance and the light collection optics, a 3D-printed sliding frame (3), a black Delrin tube 

enclosing the transillumination light source (5), a rod holder (4) that connects (3) and (5), shown 
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in Figure 3.7.2A.  Broadband light from a tungsten halogen lamp with a bandpass filter at 1450 

(with a bandwidth of 80-nm) is transmitted through a 1 mm diameter optical fiber (10) inserted 

into a 2 mm in diameter Teflon tube (8) enclosed in the probe’s backpiece (2). There is an air 

nozzle positioned on the bottom of the probe opposite the light source for reflectance (2) directed 

towards the aluminum reflector to prevent fogging of the aluminum surface.   The air nozzle can 

also be used to dry the tooth surface to increase lesion contrast and potentially assess lesion activity 

[9, 49, 101].  

More details about the probe’s main body and reflectance backpiece (2) are described in Zhu et al. 

[106].   For proximal transillumination, the transillumination light source shown in Fig. 3.7.2C is 

placed on the side of the tooth opposite to the main body of the probe as shown in Fig. 3.7.2B.  

Several different proximal transillumination light diffusers were tested to determine which yields 

the highest contrast of interproximal lesions.   Three different diffusing materials were tested: 

Teflon, Delrin and Formlabs white resin and several different diffuser geometries were investigated.  

The highest contrast was achieved using a 2 mm in diameter Teflon rod with a 400 µm optical 

fiber inserted in the center with 1300-nm light.  The Teflon diffuser is shown in Fig. 3.7.2B, and 

consists of a 400 µm optical fiber (11) connected to a superluminescent diode (SLD) enclosed 

inside the Teflon tube (9) that is placed inside a black Delrin tube (5).   For maximum 

transillumination light intensity, a right-angled aluminum reflector (7) is fitted at the end of the 

Delrin rod to direct the diffuse light from the Teflon tube to the proximal contact between the teeth. 

The proximal transillumination attachment allows horizontal and vertical adjustments during 

sample screening so teeth with various shapes and sizes can be imaged with optimum light 

illumination, as shown by the black arrows in Fig. 3.7.2A. The fully assembled in vitro imaging 

system is shown in Fig. 3.7.2D.  A version more suitable for clinical imaging was also designed 
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utilizing Formlabs Flexible resin to connect the Delrin rod holder and the probe’s main body, and 

this is shown in Fig. 3.7.2E. The flexible frame is composed of soft and flexible material allowing 

clinicians to apply squeezing force with thumb to adjust light placement during clinical imaging. 

3.3.3 Image Acquisition and Analysis 

The SWIR reflectance images were captured using a Model GA1280J (Sensors Unlimited, 

Princeton, NK) camera with a 1280 x 1024 pixel format, a 15 μm pixel pitch and a bit depth of 12 

bit.  Two 1 inch in diameter planoconvex antireflection coated lenses of 60 mm and 100 mm focal 

length along with an adjustable aperture were placed between the handpiece and the InGaAs 

camera to provide a field of view of 11 mm x 11 mm at the focus plane.   The transillumination 

light was delivered through a 0.4 mm diameter low-OH optical fiber.  A 1312-nm superluminescent  

diode (SLD) from Covega (Jessip, MD) with an output of 22 mW and a bandwidth of 50-nm was 

used as the light source for transillumination.  The output intensity was set at 10 mw before 

entering the Teflon scattering rod.  The reflectance and transillumination light sources were 

manually shut on and off and were not simultaneously acquired.  The probe can also be used with 

the smaller 640 x 480 pixel micro-SWIR camera (SU640CSX) measuring only 32 mm x 32 mm x 

28 mm from Sensors Unlimited (Princeton, NJ) that is better suited for clinical imaging.   The light 

for reflectance was delivered through a low-OH 1 mm optical fiber connected to a Model SLS202 

extended wavelength tungsten-halogen light source from Thorlabs (Newton, NJ) with a bandpass 

filter centered at 1460-nm with a bandwidth of 85-nm.   

Images of the interproximal lesions were also acquired using a multispectral, dual occlusal 

transillumination and reflectance imaging probe.  A low-OH optical fiber of 1 mm diameter was 

used to deliver light from a 1604-nm superluminescent diode (SLD), Model ESL 1620-2111 from 

Exalos (Schlieren, Switzerland) with an output of 17 mW and a bandwidth of 46-nm.   The intensity 
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delivered to the tooth was 5 mW.  The transillumination light was delivered through two 0.4 mm 

diameter low-OH optical fibers.  A 1314-nm (BW) SLD, Model DL-CS3452A-FP 1620-2111 from 

Denselight (Singapore) with an output of 48 mW and a bandwidth of 33-nm was used as the source 

for transillumination. A 50/50 beamsplitter was used to deliver light to each arm for 

transillumination.  The output intensity of each arm was set at 10 mw before entering the Teflon 

plugs.  Details regarding the fabrication of the dual occlusal transillumination and reflectance 

imaging probe system and optical probe have been previously described in [106].   

The samples were dried of excess water with an air nozzle before imaging due to the strong water 

absorption at 1450 and 1600-nm [4].  Image processing of the images was performed by custom 

scripts written using MATLAB from Mathworks (Natick, MA). The acquired 12-bit images (4096) 

were converted to 16-bit (65535) by multiplying by 16 and subtracting 1 to facilitate processing 

using MATLAB. Lesion areas were identified from the transillumination/reflectance images.   

Sound areas or regions of interest (ROI) for comparison were chosen from areas surrounding the 

lesion.   This better represents the contrast between the lesion and sound tissues that would be 

viewed by the clinician. The contrast was calculated for each lesion using the formula (IL − IS)/IL 

for reflectance images and (IS – IL)/IS for transillumination images, where IL is the average intensity 

in the lesion area, and IS is the average intensity in the sound ROI [5].  Lesion areas were confirmed 

using the microCT images. 

The lesion depth and width in the XY plane and the distance to the occlusal surface (Z) were 

measured as shown in Figure 3.7.1 as appropriate for each imaging device. The lesion geometric 

information was measured in pixels first and then converted to micrometers imaging a reference 

ruler at the focal length for the SWIR images.  It was not possible to perform a similar calibration 
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for the radiographs.  The linear correlation between the lesion dimensions measured with SWIR 

imaging methods and radiography with microCT was determined and correlation coefficients (R2) 

are reported if the correlation is significant (P<0.05). 

3.4 Results 

MicroCT was used to image the 36 extracted teeth used for this study.  There were 67 lesions 

visible on microCT images indicating that most of the teeth had lesions at both contact points 

(mesial and distal sides), i.e., 67 out of a possible 72 if lesions were present at all contact points, 

two per tooth.  Out of the 67 lesions, 16 of the lesions were very small and were only visible with 

microCT.  Only 22 of the 67 lesions had measurable contrast on dental radiographs for a detection 

rate of only 33%.  Proximal transillumination at 1300-nm performed well showing measurable 

contrast for 40 out of 67 lesions, giving a 60% lesion detection rate. The lesion contrast was high 

for most proximal transillumination images, however only seven of the lesions were visible in the 

proximal reflectance images of the buccal and lingual surfaces.  There are two interproximal 

lesions on the tooth shown in Fig. 3.7.3, one is deep and penetrates into the dentin while the second 

lesion is shallow and only penetrates halfway through the enamel.  Both lesions are visible in the 

radiograph.   Both lesions show significant contrast in the proximal transillumination mode. When 

imaged from the lingual side, Fig. 3.7.3C, both lesions are visible, however only one of the lesions 

is visible when the imager was positioned on the buccal side of the tooth, Fig. 3.7.3A.  However, 

the two lesions are not visible in the corresponding reflectance images shown in Figures 3.7.3B&D, 

neither from the lingual or from the buccal surface.   Both lesions are clearly visible in the microCT 

image shown in Fig. 3.7.3E.  
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Another tooth with two interproximal lesions is shown in Fig. 3.7.4.   One lesion penetrates almost 

to the dentin in the microCT image.   The other lesion is very small and is barely visible in the 

microCT images.  Occlusal transillumination and occlusal reflectance images are shown, and the 

larger lesion is visible in both the transillumination and reflectance images.  

A major concern regarding the diagnosis of lesions on proximal surfaces is that radiographs 

markedly underestimate the depth of penetration [13-15]. The lesion penetration from the proximal 

surface (Xpt) and distance to the occlusal surface (Zpt) were measured for the 40 lesions that were 

visible in the proximal transillumination mode images and compared with similar dimensions 

measured with microCT (Xµ, Zµ) as shown in Fig. 3.7.2.     Similar measurements were not carried 

out for the proximal reflectance measurements since only seven of the lesions were visible in the 

proximal reflectance images.   The lesion depth measured with proximal transillumination (Xpt) 

and with microCT (Xµ) is plotted in Fig. 3.7.5 for the 40 lesions that were visible.  There was 

significant (P<0.05) and moderate correlation between the two measurements with R2 equal to 

0.40.  There was also significant correlation of the distance to the occlusal surface (Zpt) measured 

with proximal transillumination and with microCT (Zµ) but it was lower with R2 equal to 0.33, as 

shown in Fig. 3.7.6.  The teeth were also imaged using the other dual probe, the occlusal 

transillumination and reflectance probe and the sensitivity was higher, 51 out 67 of the lesions had 

measurable contrast in occlusal transillumination mode and 45/67 had contrast in occlusal 

reflectance mode for detection rates of 76 and 67% respectively.  The depth of the interproximal 

lesions was also measured using occlusal transillumination (Xot)  and reflectance (Xor).  Those 

measurements are plotted in Fig. 3.7.7 against the depths measured with microCT (Xµ).  There 

was significant (P<0.05) and even higher correlation for occlusal transillumination (Xot)  with R2 

equal to 0.80.  Lesion depth measurements with occlusal reflectance (Xor) also correlated with 
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microCT depth measurements (P< 0.05) but the correlation was not as high as for occlusal 

transillumination with R2 equal to 0.38. The lesion width was also measured with occlusal 

transillumination (Yot)  and occlusal reflectance (Yor).  The lesion width measured with occlusal 

transillumination (Yot) correlated with the lesion width measured with microCT (Yµ) with an R2 

equal to 0.33.  There was no correlation of the lesion width with microCT for the occlusal 

reflectance (Yor) images.   

Lesion depths were also measured for radiography (Xr) in pixels and those values are plotted 

against the microCT (Xµ) measurements in Fig. 3.7.8.  There was no significant correlation 

(P>0.05) of the measured lesion depths between radiography and microCT.  The mean lesion 

contrast ± standard deviation, the correlation of the lesion depth with microCT and the number of 

lesions that were visible in each SWIR imaging modality is tabulated in Table 1. 

3.5 Discussion 

In this study, a dual proximal transillumination and reflectance imaging device was fabricated and 

assessed for imaging interproximal lesions from the buccal/lingual tooth surfaces. The motivation 

for this device is to increase diagnostic performance by reducing false positives and providing 

more accurate measurements of lesion severity.   The performance of proximal reflectance imaging 

from the buccal/lingual surface was disappointing, only 7 of the 67 interproximal lesions were 

visible from tooth proximal surfaces.  This result was not anticipated, prior clinical studies with 

occlusal reflectance measurements indicated that occlusal reflectance had a higher sensitivity than 

proximal and occlusal transillumination for the detection of caries lesions on both occlusal and 

proximal surfaces [6].  In this study  45 of the 67 interproximal lesions were visible in occlusal 

reflectance images and the mean contrast of those lesions was higher than for the other SWIR 
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imaging modes.  Therefore, it appears that reflectance imaging is only effective for imaging 

interproximal lesions from the occlusal surface.  The thickness of enamel between the tooth surface 

and interproximal lesions is similar for imaging from the tooth buccal/lingual and the occlusal 

surface.  Therefore, the thickness of sound enamel between the tooth surface and the lesion does 

not explain the difference in performance.  The most likely explanation is that the higher tooth 

curvature when imaging from tooth buccal and lingual surfaces increases refraction and total 

internal reflection and markedly reduces lesion contrast.     

According to this study and three other studies, proximal and occlusal transillumination imaging 

and occlusal reflectance imaging performed as well or significantly better than radiography for the 

detection of lesions on proximal surfaces [6, 24, 106].   This study has also shown that proximal 

and occlusal transillumination imaging and occlusal reflectance imaging provide more accurate 

measurements of the depth and severity of the lesions compared to radiography.  Accurate 

measurements of lesion severity are required for clinicians to make informed decisions about 

treatment.  If the lesions are shallow and confined to the enamel than chemical intervention with 

anti-caries and remineralization agents is warranted and the lesion can be followed overtime to see 

if it continues to progress.  If the lesion has penetrated and spread well into the dentin than surgical 

intervention may be required.  Since SWIR imaging methods do not involve exposure to ionizing 

radiation and they provide more accurate measurements of lesion depth penetration they are better 

suited for following the progression of lesions overtime.  

Proximal reflectance measurements from tooth buccal and lingual surfaces did not prove to be 

particularly useful for imaging interproximal lesions on tooth proximal surfaces however, other 

types of lesions are often found on tooth buccal and lingual surfaces.  Lesions are found in buccal 
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and lingual pits and demineralization is very common around orthodontic brackets.  Moreover, 

root caries and dental calculus on buccal and lingual surfaces are an increasing problem and SWIR 

reflectance measurements at wavelengths greater than 1400-nm can image calculus and root caries 

with very high contrast [108].  Such surfaces are typically heavily stained and covered in plaque 

deposits, SWIR imaging is particularly valuable for differentiating demineralization and calcified 

plaque on those surfaces from stains and noncalcified plaque.   SWIR reflectance imaging is also 

useful for assessing the severity of fluorosis on tooth buccal surfaces [109].  Therefore, even 

though the addition of proximal reflectance did not prove to be particularly valuable for imaging 

interproximal lesions on proximal surfaces, the dual proximal reflectance and transillumination 

device should be valuable for imaging other lesion types on tooth buccal and lingual surfaces. 

Proximal transillumination was also useful for showing the distance of the lesion from the occlusal 

surface.  That distance is also visible in radiographs although radiographs require exposure to 

ionizing radiation and the higher sensitivity of proximal transillumination indicates that many 

lesions will only be visible in proximal transillumination images and that the distance from the 

tooth surface will frequently not be accessible from a radiograph. In this study almost twice as 

many lesions were visible in proximal transillumination compared to radiography (40 vs 22).   

When clinicians restore teeth with interproximal lesions, they have to drill from the tooth occlusal 

surface, therefore knowledge of the depth of the lesion and its position is important.  

Lesion widths in the XY plane were also examined and compared with microCT.  The lesion width 

is not visible in radiographs however it can be measured from the occlusal surface using occlusal 

transillumination and reflectance.  Lesion depths are of greater interest since they show the depth 

of penetration, however the lesion width is also useful because it can be used to estimate the overall 
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size of the lesion and is valuable for making a more informed decision on whether surgical 

intervention is recommended.        

A major concern of SWIR/NIR imaging methods is the increased potential for false positives due 

to the higher sensitivity of these methods compared to radiography.  A primary motivation for 

imaging the interproximal lesions using multiple SWIR imaging modalities is to reduce the 

potential for false positives.  False positives may occur due to cracks, anatomical features in the 

tooth and optical effects such as specular reflection.  It is unlikely such effects would appear 

similarly in different imaging geometries and modalities.  In order to be useful in this regard the 

sensitivity needs to be high in multiple imaging modalities.  We have shown that the sensitivity is 

high for proximal transillumination, occlusal transillumination and occlusal reflectance imaging.  

The dual proximal transillumination reflectance device is not useful in this regard due to the low 

sensitivity of proximal reflectance imaging for interproximal lesions, however the dual occlusal 

transillumination and reflectance device is well suited for reducing false positives due to the high 

sensitivity of both modes of imaging.  

Different imaging appliances can be designed to attach to the SWIR imager and in a 2016 clinical 

study, three imaging probes were used to image premolar teeth scheduled for extraction; proximal 

transillumination and occlusal transillumination probes operating at 1300-nm and a reflectance 

probe at 1600-nm [6].  Another reason for the dual probe is to reduce the number of probes that 

have to be used and switched during clinical imaging.  The two dual probes used in this study 

should be sufficient to image most of the lesions encountered and it is certainly feasible to design 

them so they can be rapidly switched in the clinic. 
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This study further demonstrates the value of multispectral transillumination and reflectance probes 

for imaging caries lesions.  In this study, the first dual proximal transillumination and reflectance 

SWIR imaging device was assembled the performance for imaging interproximal lesions on 

extracted teeth was assessed. The performance was compared with a dual occlusal 

transillumination and reflectance SWIR imaging device, radiography and microCT.   Proximal and 

occlusal transillumination at 1300-nm and occlusal reflectance measurements at 1600-nm 

provided significantly higher sensitivity than radiography for the detection of interproximal lesions 

and were more useful for measuring the lesion dimensions.   

3.6 Conclusion 

Occlusal and proximal transillumination and occlusal reflectance images were useful for imaging 

interproximal lesions and they provide more accurate measurements of lesion dimensions 

compared to radiography.  Moreover, it has been shown that all SWIR imaging geometries relevant 

to imaging caries lesions can be implemented in two multispectral clinical probes, one that acquires 

occlusal transillumination and reflectance images and the other that acquires transillumination and 

reflectance images. 
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3.7 Tables and Figures 

 

Figure 3.7.1. Diagrams of the occlusal (OTR) and proximal (PTR) dual SWIR transillumination 
and reflectance probes used in this study.  The orientation of the XYZ axes with respect to the 
long axis of the tooth is shown.  (A) Occlusal transillumination image, (B) proximal 
transillumination image (buccal surface), (C) occlusal reflectance image and (D) proximal 
reflectance (buccal surface) image, (E ) transverse microCT slice in the XY plane of a tooth, and 
(F) dental radiograph of a tooth with an interproximal lesion are shown.   The red dotted line 
represents the lesion depth from the proximal surface (X direction), the green dotted line 
represents the lesion width (Y direction) and the blue dotted line represents the vertical distance 
of the lesion to the tooth occlusal surface (Z direction).  The yellow arrows in the reflectance 
images (C & D) are areas of specular reflection that can potential cause false positives. 
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Figure 3.7.2. (A) 3D rendering and (B) cross section of the dual SWIR proximal probe is shown.   
Major parts include: (1) probe main body, (2) reflectance backpiece, (3) sliding frame,  (4) Delrin 
rod holder, (5) Delrin tube,  (6), right angled rectangular aluminum reflector,  (7) right angle 
cylindrical aluminum reflector, (8) Teflon tube for reflectance light source, (9) Teflon tube for 
proximal transillumination light source, (10) optical fiber delivering 1450-nm light for 
reflectance, (11) optical fiber delivering 1300-nm light for proximal transillumination.  Proximal 
transillumination light propagation is shown in orange dashed arrows. Reflectance light 
propagation is shown with red dashed arrows. (C) Proximal transillumination light source (11) is 
encased in a Teflon tube placed inside a Delrin tube (5). The cylindrical aluminum mirror (7) 
reflects anisotropically scattered light from the Teflon tube and directs it to the sample. (D) Fully 
assembled dual SWIR proximal probe for in vitro use. ® For in vivo use, the sliding frame (3) 
can be replaced with a soft/flexible holder. 
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Figure 3.7.3. Proximal transillumination and reflectance images of a tooth with two 
interproximal lesions on opposing proximal surfaces.   Lesion 1 (yellow circle) is more severe 
and penetrates to the dentin while lesion 2 (white circle) is limited to the enamel.   (A) 
Transillumination and (B) Reflectance images with the imager on the buccal side of the tooth.    
(C) Transillumination and (D) Reflectance with the imager on the lingual side of the tooth. ® 
MicroCT slice (F) and Dental X-Radiograph are also shown.  Neither lesion is visible in the 
proximal reflectance images. 
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Figure 3.7.4.  Images of a tooth with two interproximal lesions, one that is quite small and is 
only visible in the microCT images (white circle) and one much larger that was also visible in the 
SWIR images (yellow circle).  (A) color and SWIR (C) occlual reflectance and  (F) occlusal 
transillumination are shown along with a (D) microCT surface rendering of the tooth and 
extracted slices  (B) transverse and parallel  ® to the long axis of the tooth.    
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Figure 3.7.5. The lesion depth measured in proximal transillumination mode (Xpt) and microCT 
(Xµ).  There was significant correlation between the two methods (P<0.05) with R2 = 0.40 and 40 
of the 67 lesions had sufficient contrast to perform the measurements. 
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Figure 3.7.6.  Depth below the occlusal surface measured in transillumination mode (Zot) and 
microCT (Zµ). There was significant correlation between the two methods (P<0.05) with R2 = 
0.33 and 34 of the 67 lesions had sufficient contrast to perform the measurements. 
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Figure 3.7.7.  (T) Lesion depth measured in occlusal transillumination mode (Xot) and microCT 
(𝑋𝑋µ). There was significant correlation between the two methods (P<0.05) with R2 = 0.80 and 51 
out of the 67 lesions had sufficient contrast to perform the measurements. ® Lesion depth 
measured in occlusal reflectance mode (Xor) and microCT (𝑋𝑋µ). There was significant correlation 
between the two methods (P<0.05) with R2 = 0.38 and 45 of the 67 lesions had sufficient contrast 
to perform the measurements. 
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Figure 3.7.8.  Lesion depth measured in radiography (Xr) and microCT (Xµ).  There was no 
significant correlation between the two methods (P>0.05). Only 22 of the 67 lesions had 
sufficient contrast to perform the measurements.  
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Table 3.7.1. Mean lesion contrast ± s.d. for the SWIR methods and radiography and linear 
correlation coefficients (R2) for the lesion depth measured with those methods compared with 
microCT.  The number of lesions that had measurable contrast in each imaging modality out of 
the 67 lesions identified with microCT is also listed. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Proximal 
Transillumination 

Occlusal 
Transillumination 

Occlusal 
Reflectance 

  
Radiograph 

Mean Lesion  
Contrast ± s.d. 

0.49 ± 0.11 0.45 ± 0.16 
 

0.55 ± 0.21 
 

0.26 ± 0.10 

Lesion Depth 
Correlation (R2) 

0.40 0.80 0.38 N/A 

Lesions Visible (N) 40 51 45 22 
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CHAPTER IV 

Clinical diagnostic performance of multispectral SWIR transillumination and reflectance 

imaging for caries detection 
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4.1 Summary 

The aim of this clinical study was to compare the diagnostic performance of dual short wavelength 

infrared (SWIR) occlusal transillumination and reflectance multispectral imaging with 

conventional visual assessment and radiography for caries detection on premolars scheduled for 

extraction for orthodontics reasons.   Polarized light microscopy (PLM) and micro-computed 

tomography (microCT) performed after tooth extraction were used as gold standards.  The custom 

fabricated imaging probe was 3D-printed and the imaging system employed a SWIR camera and 

fiber-optic light sources emitting light at 1300-nm for occlusal transillumination and 1600-nm for 

reflectance measurements. Teeth (n=135) on 40 test subjects were imaged in vivo using the SWIR 

imaging prototype in the study and teeth were extracted after imaging.   Our study demonstrates 

for the first time that near simultaneous realtime transillumination and reflectance video can be 

successfully acquired for caries detection. Both SWIR imaging modalities had markedly higher 

sensitivity for lesions on proximal and occlusal surfaces compared to conventional methods (visual 

and radiographic). Reflectance imaging at 1600-nm had higher sensitivity and specificity than 

transillumination at 1300-nm.   The combined SWIR methods yielded higher specificity but the 

combined sensitivity was lower than for each individual method. 

4.2 Introduction 

Despite the introduction of fluoridated drinking water, fluoride dentifrices and rinses, and 

improved dental hygiene in the US, dental decay continues to be the leading cause of tooth loss 

even though caries progression is potentially preventable and reversible if detected early [90, 91]. 

The locations of most newly discovered caries are on the occlusal pits/fissures of the posterior 

dentition and the interproximal contact sites between adjacent teeth where physical access is 

difficult. Radiographs have low diagnostic sensitivity due to overlapping enamel [1, 2].  Stains 
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interfere with visual diagnosis and other proposed imaging technologies such as fiber optic 

transillumination or fluorescence-based methods and may increase false positives [88].  Likewise, 

early lesions on proximal surfaces can also be difficult to detect due to lack of physical access and 

the challenge of radiographically identifying the initial, subtle mineral loss of these lesions [1, 2].  

Radiographs are not effective for the early detection of occlusal caries lesions because of the 

overlapping features of the crowns [92, 94, 110].  Lesions are not typically visible on radiographs 

until decalcification has exceeded 30% [1, 2], while SWIR imaging methods are diagnostic with 

only 5% decalcification [111]. Moreover, the risk of exposure to ionizing radiation is poorly 

understood and even greatly reduced levels of radiation exposure may still pose a significant risk 

especially for children and pregnant women. It is unlikely that improvements in radiographic 

sensitivity will enable detection of hidden occlusal lesions or an improved diagnosis of suspicious 

occlusal caries lesions, those lesions with no cavitation and no radiographic radiolucency, but 

where caries is suspected due to surface roughness, opacities, or staining [92, 94, 110].   

A highly sensitive and more reliable method for detecting demineralization during early lesion 

formation would be valuable for clinicians to monitor the activity of new caries and to assess the 

efficacy of non-surgical intervention. Short wavelength infrared (SWIR) and near-IR imaging 

(NIR) methods have been under development for almost 20 years for use in dentistry and several 

NIR clinical devices are now available commercially.  Due to the high transparency of enamel at 

longer wavelengths, multiple imaging configurations are feasible.  Lesions can be imaged using 

transillumination and reflectance from tooth occlusal, buccal and lingual surfaces  [24, 102].  In 

proximal transillumination the light source and detector are placed on the buccal and lingual sides 

of the tooth.  The positions can be alternated to get images of each surface since this method will 

have greater sensitivity for those lesions located closer to the detector [6].      This is the same 
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imaging geometry used to acquire bitewing radiographs.  Interproximal lesions, the lesions located 

at the proximal contact points in between teeth, can be imaged via all three imaging geometries.   

Transillumination of the proximal contact points between teeth can also be accomplished via 

occlusal transillumination by directing SWIR light below the crown while imaging the occlusal 

surface [24, 78, 79] (see Fig. 4.7.1).    The latter approach that was used in this study is capable of 

imaging occlusal lesions as well with high contrast [24, 47, 80-82, 102].  The first clinical 

SWIR/NIR study was carried out in 2010, it was demonstrated that interproximal lesions that 

appeared on radiographs could be detected in vivo using proximal and occlusal transillumination 

imaging at 1310-nm with similar sensitivity [24].  Currently the only clinical systems that are 

available operate at shorter NIR wavelengths at 830 and 780-nm [83-87].   The use of shorter 

wavelength 830-nm NIR light was first investigated more than 20 years ago when it was found 

that the contrast between sound and demineralized enamel was higher at longer SWIR wavelengths 

[78].  Shorter wavelengths allow the use of less expensive silicon based detectors.  However, 

longer wavelength SWIR light has significant advantages, stains interfere significantly at 

wavelengths less than 1200-nm [88] and the contrast between sound and demineralized enamel is 

markedly higher at wavelengths beyond 1400-nm in reflectance measurements [70, 88, 89].  

Studies over the past decade have indicated that transillumination performs best at 1300-nm where 

the transparency of enamel is highest while the contrast of lesions on tooth surfaces imaged using 

reflectance continues to increase with increasing wavelength and is highest at 1950-nm [70, 88, 

89].  Several studies have investigated multispectral measurements using either one modality or 

combining transillumination and reflectance measurements.  Zakian et al. [96, 97] used multiple 

wavelengths of SWIR hyperspectral reflectance images to estimate the severity of occlusal lesions.  

Since, multispectral SWIR reflectance and transillumination experiments have demonstrated that 
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the tooth appears darker at wavelengths coincident with increased water absorption,  multispectral 

images can be used to produce increased contrast between different tooth structures such as sound 

enamel and dentin, dental decay and composite restorative materials [97-99].  Combining 

measurements from different SWIR imaging wavelengths and comparing them with concurrent 

measurements acquired by complementary imaging modalities should provide improved 

assessment of lesion depth and severity.  Radiographs markedly underestimate the depth and 

severity of interproximal lesions and clinicians assume that lesions penetrate much deeper than 

indicated in radiographs [13-15].  SWIR occlusal transillumination and reflectance has been 

combined into a single probe and tested in vitro [43, 107, 112, 113].  Different illumination 

wavelengths have been used optimized for each imaging mode, namely SWIR wavelengths greater 

than 1400-nm for reflectance and 1300-nm for transillumination.   Simon et al. [27] built a 

benchtop simultaneous SWIR reflectance and transillumination system with tunable filters that 

ranged from 830-1700-nm and showed that the combined images have potential for the diagnosis 

of occlusal lesions [5] and simulated cavitated and noncavitated interproximal lesions [100].   The 

purpose of this study was to evaluate the diagnostic performance of a dual SWIR occlusal 

transillumination and reflectance device in vivo on teeth scheduled for extraction for orthodontic 

reasons.    This is the first clinical study to employ dual SWIR transillumination and reflectance 

integrated into a single imaging device.  In a prior SWIR clinical imaging study, separate occlusal 

and proximal imaging devices operating at 1300-nm were used along with reflectance imaging at 

1450-nm [6].   That study showed that occlusal transillumination and reflectance imaging both had 

higher performance than proximal transillumination.   In addition to their higher performance, it 

is much easier to combine occlusal transillumination and reflectance imaging into a single device.  

That study also showed that each device performed as well as radiographs for proximal lesions 
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and if multiple devices were combined the sensitivity was much higher than for radiography [6].    

Higher sensitivity may be of potential concern if it leads to over treatment due to a high number 

of false positives.  We hypothesize that the use of a single SWIR occlusal transillumination and 

reflectance imaging will increase the specificity and reduce the potential for false positives. 

4.3 Materials and Methods 

4.3.1 Participant Recruitment and Procedures 

Study participants (n=40 with 139 premolars) aged 12-60 with 2-4 premolars scheduled for 

extraction for orthodontic reasons were recruited from the UCSF Orthodontic Clinic by the study 

investigators (UCSF IRB 18-27656). One participant was lost to follow-up after the first visit and 

was excluded from the study. A total of 39 participants (n=39 with 135 premolars) completed the 

study.  Color images of each tooth were acquired using a FocusDent MD740 (Vilnius, Lithuania) 

1280x960 pixel intraoral camera and lesions were visually assessed [16].   After extraction and 

before sectioning teeth were mounted in black delrin blocks and imaged with digital radiographs 

using a CareStream 2200 System from Kodak (Rochester, NY) operating at 60 kV.  Radiographical 

contrast was calculated using (IS-IL)/IS for each proximal contact.  Where IL is the lesion area and 

IS is a sound control area. Areas for each  IL and IS measurement were selected using PLM and 

microCT.  IL was measured as the mean intensity over the lesion area at each proximal contact and 

IS was selected at a position either directly below or directly above IL to ensure a similar enamel 

thickness.  If no lesion was present the mean intensity was measured in an area of 20 x 20 pixels 

at the contact area to serve as IL and an adjacent area was chosen for IS. 
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4.3.2 Design and Fabrication of the Dual Reflectance and Occlusal Transillumination SWIR 

probe 

The dual probe design consists of a reflectance probe body and an occlusal transillumination 

attachment, shown in Fig. 4.7.1. The reflectance probe body and the occlusal transillumination 

attachment were 3D printed and are autoclavable. There is an air nozzle near the mirror to prevent 

fogging of the mirror. The air nozzle can also be used to dry the lesion to increase lesion contrast 

and potentially assess lesion activity.   

The dual reflectance and occlusal transillumination SWIR probe was designed in Fusion 360 from 

Autodesk (San Francisco, CA). The handpiece was fabricated using a Formlabs (Somerville, MA) 

Form 3 Low Force Stereolithography 3D printer. The probe consists of two components, a main 

body containing the light source for reflectance and the light collection optics and a second 

attachment containing the transillumination light source.  Details regarding the fabrication of the 

dual occlusal transillumination and reflectance imaging probe system and optical probe have been 

previously described [40, 43, 107, 112, 113].   

4.3.3 Image Acquisition and Analysis 

The SWIR images were captured using a 640x480 pixel micro-SWIR camera (SU640CSX) 

measuring only 32x32x28 mm from Sensors Unlimited (Princeton, NJ).  Two planoconvex 

antireflection coated lenses of 60 and 100 mm focal length along with an adjustable aperture were 

placed between the handpiece and the InGaAs camera to provide a field of view of 11 mm2 at the 

focus plane.  A low-OH optical fiber of 1 mm diameter was used to deliver light from a 1604-nm 

superluminescent diode (SLD), Model ESL 1620-2111 from Exalos (Schlieren, Switzerland) with 

an output of 17 mW and a bandwidth of 46-nm.   The intensity delivered to the tooth was 5 mW.  
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The 1600-nm light passes through a polarizing beam splitting cube before incidence on the tooth 

and a linear polarizer was placed before the camera to achieve cross-polarization for glare 

reduction. The transillumination light was delivered through two 0.4 mm diameter low-OH optical 

fibers.  A 1314-nm (BW) SLD, Model DL-CS3452A-FP 1620-2111 from Denselight (Singapore) 

with an output of 48 mW and a bandwidth of 33-nm was used as the source for transillumination. 

A 50/50 beamsplitter was used to deliver light to each arm for transillumination.  The output 

intensity of each arm was set at 10 mw before entering the Teflon plugs located at the end of each 

arm.   

Image processing of the images was performed by custom scripts written using MATLAB from 

Mathworks (Natick, MA). The acquired 12 bit images (4096) were converted to 16 bit (65535) by 

multiplying by 16 and subtracting 1 to facilitate processing using MATLAB. Contrast was 

calculated at 3 different lesion locations including occlusal grooves or fissures and the proximal 

mesial and distal contacts. The contrast was calculated for each location using the formula (IL − 

IS)/IL for reflectance images and (IS – IL)/IS for transillumination images.  IL was measured as the 

mean intensity over the lesion area.  IS was selected at adjacent confirmed sound locations [5].   IL 

was also measured at the proximal contact or occlusal fissure even if no lesion was present in order 

to measure the contrast of sound areas for comparison.  If no lesion was present the mean intensity 

was measured in an area of 20 x 20 pixels at the contact area to serve as IL and an adjacent area 

was chosen for IS.  Lesion areas were confirmed using the PLM and microCT images.   
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4.3.4 Sectioning, polarized light microscopy (PLM) and microcomputed tomography 

(microCT) 

The first 40 extracted teeth were sectioned and examined with polarized light microscopy (PLM).  

The remaining 95 teeth were examined intact using microcomputed x-ray tomography (microCT).   

The acquisition of an in house microCT system mid way through the study allowed us to switch 

to microCT.  MicroCT does not require physical sectioning and avoids the risk of sample loss 

during sectioning.    Samples (n=40) were serially sectioned into ~200 μm thick mesio-distal slices 

using a linear precision saw, Isomet 5000 (Buehler, Lake Buff, IL). PLM was used for histological 

examination of the thin sections using a Meiji Techno RZT microscope (Saitama, Japan) with an 

integrated digital camera, Canon EOS Digital Rebel XT (Tokyo, Japan). Sample sections were 

imbibed in deionized water and examined in the bright field mode with crossed-polarizers and a 

red I plate (550-nm retardation).  

Whole teeth (n=95) were imaged using microCT with a 10 μm resolution. A Scanco MicroCT 50 

from Scanco USA (Wayne, PA) was used to acquire the images. Acquisition parameters used for 

the microCT images were 90 kVP, 200 uA, 18 W, 20 FOV, 10 µm voxel size, 500 ms integration 

time, and an aluminium 0.5 mm filter.  

4.4 Results  

4.4.1 Imaged teeth and lesion statistics 

A total of 40 patients were recruited from the UCSF Orthodontics clinic. A total number of 135 

teeth were imaged with 135 occlusal surfaces and 270 proximal surfaces for a total of 405 surfaces. 

However, 51 surfaces were excluded from the final analysis for the following reasons: pre-existing 
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sealants, composite restorations, orthodontic bonding adhesive, tooth restored with composite after 

imaging, and tooth severely damaged during extraction. Hence, the total number of surfaces that 

were included for the final analysis totaled 354.  The 354 surfaces were categorized based on 

surface type (sound tooth structure, enamel and dentinal lesions and surface location (occlusal or 

proximal)). PLM/  microCT identified 27 occlusal surfaces, 100 mesial proximal surfaces, and 86 

distal proximal surfaces as sound tooth structure. Those surfaces are summarized in Table 4.7.1.  

There were 76 occlusal enamel lesions, 18 mesial enamel lesions, and 31 distal enamel lesions. 

Lesions penetrating into the underlining dentin (dentinal lesions)  were found on 11 occlusal 

surfaces, 3 mesial surfaces, and 2 distal surfaces. Cracks were found on 1 occlusal surface, 6 mesial 

surfaces, and 4 distal surfaces. One single distal cavitation was discovered by the microCT analysis 

that was also classified as one of the five proximal dentinal lesions.   Visual and radiographic 

assessment was carried out by three clinical examiners using the intraoral color images and 

radiographs taken of the extracted teeth.  The diagnostic performance of these conventional 

methods is summarised in Table 4.7.2.  

Images from one tooth from the study with two interproximal lesions are shown in Fig. 4.7.2.  The 

color image in Fig. 4.7.2A shows a bicuspid with a sealant on the occlusal surface along with a 

visible lesion on the distal surface.  Neither lesion is obvious in the radiograph in Figure 4.7.2B.  

Only one of the three clinical examiners detected the lesion on the distal surface in the radiograph 

and by visual examination and none identifed the lesion on the mesial surface by radiograph or 

visual examination.  After tooth extraction and sectioning, PLM in Fig. 4.7.2C shows that lesions 

are present on the distal and mesial surfaces.  The SWIR reflectance and occlusal transillumination 

images acquired with the dual probe are shown in Figs. 4.7.2D&E and both lesions are visible in 

the yellow circles. 
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Images from a second tooth from the study are shown in Fig. 4.7.3.  The color image in Fig. 4.7.3A 

shows a bicuspid with hypomineralization and areas of high reflectivity near the mesial and distal 

surfaces indicated by the green arrows.  No lesions are obvious in the radiograph in Fig. 4.7.3B.  

Only one of the three clinical examiners detected the proximal lesion on the distal surface in the 

radiograph and none identified it by visual assessment. The SWIR occlusal transillumination and 

reflectance images acquired with the dual probe are shown in Figs. 4.7.3C&D and both images 

show occlusal and proximal lesions in the positions of the yellow boxes.    

MicroCT images in Figs. 4.7.3E&F show that lesions are present in the same areas of the yellow 

boxes. It is interesting that the bright areas in the color image of Fig. 4.7.3A do not correspond to 

lesion areas. It is likely they are due to hypomineralization.   The SWIR reflectance image in Fig. 

4.7.3C shows the triangular shaped lesion at the distal contact matching the microCT image and 

shows no increased reflectivity at the mesial contact.     

There were 16 lesions that penetrated into dentin, 11 occlusal lesions and 5 lesions on proximal 

surfaces.  None of the 11 occlusal dentinal lesions were detected by radiography.  Radiography 

detected 3 out of 5 of the proximal lesions (mean of 3 examiners) and only 1 out of the 5 proximal 

lesions had a radiographic contrast greater than 0.1.  Visual assessment (mean of 3 examiners) 

detected 1 out of 5 of the proximal lesions and 4 out of the 11 occlusal lesions.  SWIR reflectance 

(contrast  > 0.1) detected 6 of the 11 occlusal lesions and 5 out 5 of the proximal lesions while 8 

of the 11 occlusal lesions and 3 out 5 of the proximal lesions were detected by SWIR occlusal 

transillumination (contrast  > 0.1). 
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4.4.2 Diagnostic performance based on contrast thresholds 

A total of 87 occlusal lesions (enamel and dentinal) were identified from PLM/MicroCT.  Only 

one occlusal lesion was identified on radiographs by the three clinical examiners.  The mean 

contrast of the occlusal lesions for SWIR reflectance was 0.18±0.14 and that for occlusal 

transillumination was 0.16±0.08. For both modalities the contrast was significantly higher in lesion 

areas.  

There were 54 proximal lesions that were detected using PLM/microCT and the mean±(SD) of the 

radiographic contrast was 0.03±0.04.  The radiographic contrast for all the proximal lesions that 

were detected by at least one of the three clinical examiners (n=23) was 0.07±0.08 and the 

radiographic contrast for the proximal lesions that were detected by all three of the clinical 

examiners was (n=3) 0.11±0.06. The mean contrast for SWIR reflectance was 0.19±0.15 and that 

for SWIR transillumination was 0.13±0.08.  These values are tabulated in Table 4.7.3. 

Sensitivity, specificity and accuracy were calculated for reflectance, transillumination and both 

combined for varying contrast thresholds from 0.02 to 0.2.  If the contrast was higher than that 

particular threshold it was considered a detected lesion.  Plots of the accuracy versus contrast 

threshold are shown in Fig. 4.7.4. An examination of Fig. 4.7.4 shows that the accuracy reaches a 

plateau for lesions on proximal surfaces after a contrast threshold of 0.1 and drops of after 0.1 for 

occlusal lesions on occlusal surfaces.  Therefore we chose a contrast threshold of 0.1 to calculate 

the diagnostic performance of reflectance, transillumination and both combined and the results are 

tabulated in Table 4.7.4.   
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4.5 Discussion 

In this study, the diagnostic performance of a dual SWIR occlusal transillumination and reflectance 

imaging device was assessed in vivo on teeth scheduled for extraction based on orthodontic reasons.  

Caries status was unknown prior to imaging and PLM and microCT were used as gold standards. 

In this study, most of the 141 lesions were small and confined to the enamel.   There were only 16 

lesions that penetrated into dentin and there was only one severe lesion that was cavitated and 

penetrated into the inner half of the dentin.    The diagnostic performance of the SWIR methods 

were compared with conventional visual and radiographic methods.  The motivation for combining 

reflectance and transillumination was to increase diagnostic performance by reducing false 

positives and providing more accurate measurements of lesion severity.  The specificity did 

increase to 0.93 for proximal surfaces and 0.96 for occlusal surfaces for combined SWIR imaging.  

However, the accuracy for the combined methods was lower than for SWIR reflectance alone.    

The posterior occlusal surfaces and interproximal surfaces between adjacent posterior teeth are 

challenging areas to detect early demineralization using radiography, due to the overlapping 

topography of the occlusal surface and the low sensitivity for detection of early proximal lesions 

that extend only into enamel. Visual detection of early demineralization on occlusal surfaces may 

also be confounded by staining in the occlusal fissures that make it difficult for clinicians to 

accurately pinpoint the areas of demineralization [88]. Stains also tend to make early lesions appear 

more severe. A thorough and complete removal of all stain from the pits and fissures is not 

clinically feasible. Visual and radiographic assessment were performed on the teeth by three 

clinical examiners.  Based on the poor agreement of conventional diagnosis for which the 

examiners have had many years of experience, we decided to measure and compare the 
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radiographic lesion contrast and the SWIR lesion contrast.  In addition, in our prior dual 

transillumination and reflectance in vitro SWIR imaging study there was poor agreement among 

clinical examiners that can be attributed to limited experience with new technology [40]. 

Prior studies have demonstrated that occlusal transillumination and reflectance imaging modalities 

using longer wavelengths may offer higher sensitivity regarding early lesion detection [6, 83, 84, 

86, 87], but each individual imaging modality on its own has lower specificity than radiography 

and may lead to more false positives. We demonstrated in this study that it is possible to capture 

near-simultaneous occlusal transillumination (1300-nm) and reflectance (1600-nm) videos of 

lesions successfully in vivo, that has not been done prior to this study. Both imaging modalities, 

whether considered separately or when combined, had markedly higher sensitivity for lesions on 

both proximal and occlusal surfaces compared to conventional visual assessment and radiography.  

It is important to note that the teeth utilized in this study were subject to crowding and were 

extracted for orthodontic reasons.  SWIR imaging was performed in vivo while radiography was 

peformed on the teeth after extraction and did not suffer interference from crowding.  Therefore, 

we suspect that the diagnostic performance of radiography would likely be even lower if it was 

performed in vivo with many overlapping teeth.    

Higher sensitivity in detecting early lesions should be advantageous because clinicians can better 

assess the caries risk of the individual and intervene earlier with minimally invasive techniques to 

prevent such lesions from progressing further to avoid the need for surgical intervention.   SWIR 

methods do not utilize ionizing radiation and are well suited for monitoring lesions over time to 

determine if they increase in severity. 
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The performance of reflectance imaging at 1600-nm was higher than for transillumination imaging 

at 1300-nm.  One can argue that the performance of combined SWIR reflectance and 

transillumination was not any better than SWIR reflectance alone.    Additional analysis needs to 

be performed to better assess the advantages of the combined imaging approach and fully evaluate 

the ability to assess lesion depth and severity.  It was interesting that SWIR transillumination was 

most effective in detecting 8/11 of the deeper occlusal lesions that penetrated into dentin.   

SWIR imaging is particularly well suited for use with artificial intelligence (AI).  Casalegno et al. 

showed that AI could be used to analyze clinical near-IR transillumination images at 780-nm [114]. 

The much higher lesion contrast of SWIR methods compared to radiography and the lack of 

interference due to stains are major advantages that can likely  be exploited using AI approaches 

to identify lesions.   

This study suggests that SWIR Imaging methods offer high sensitivity for lesions on proximal and 

occlusal surfaces without the interference of stains that appear at wavelengths of less than 1200-

nm. No SWIR methods are currently available in the commercial market due to high cost and 

security concerns, but we anticipate that this innovative technology will increasingly become more 

accessible for medical use.  Commerical NIR imaging devices for caries detection operate at 780 

and 850-nm, where studies show that there is still significant interference from stains [88].  In 

addition, the contrast between sound and demineralized tooth structure has previously been shown 

to be markedly higher at longer SWIR wavelengths than it is at 780 or 850-nm [88, 89]. The 

primary disadvantage of operating at longer SWIR wavelengths is that Si-based imaging 

technologies are only efficient at wavelengths under 1000-nm. Alterative imaging technologies 

such as InGaAs and Ge-enhanced Si are still expensive. The limited use of these more innovative 
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semiconductors technologies is a major reason for the high cost. However, with expanded use, 

those prices are expected to decrease. The cost has decreased significantly in the past 10 years and  

the performance has increased markedly. 

4.6 Conclusion 

Combined  SWIR occlusal transillumination and reflectance images yielded an increase in 

specificity for lesions on both occlusal and proximal surfaces.  The sensitivity of the SWIR 

imaging methods were markedly higher than for  conventional methods.  The contrast of lesions 

in the occlusal pits and fissures and the proximal contacts where most lesions are located was 

significantly higher (p<0.05) than sound areas for both SWIR occlusal transillumination and 

reflectance while there was no significant difference in contrast between lesion and sound areas 

for radiography.  
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4.7 Tables and Figures 

 

Figure 4.7.1. (A) Occlusal transillumination diagram, (B) reflectance diagram, (C) 3D printed 
handpiece attachment with insert (black) holding polarizing beam splitter cube.  (D) Entire dual 
reflectance and transillumination wrapped for infection control and ready for clinical imaging 
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Table 4.7.1. Summary of proximal and occlusal surfaces based on PLM 
and microCT. 

 

Surfaces Occlusal Proximal  
Sound 27 186  

Enamel 
Lesions 

76 49 

Dentinal 
Lesions 

11 5 

Total 114 240 
Rejected 21 30 
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Figure 4.7.2.  (A) Color image of a bicuspid with a sealant on the central fissure, a lesion is 
visible at the distal contact, while no lesion is visible on the mesial contact. (B) Radiograph 
shows no obvious lesions.   (C) PLM image of a section cut from the tooth after extraction shows 
proximal lesions on both surfaces (yellow circles).  (D) SWIR reflectance and (E) occlusal 
transillumination images show lesions on both surfaces. 
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Table 4.7.2. Conventional visual and radiographic assessment of the lesions on the occlusal 
and proximal surfaces with 3 clinical examiners. 

 

 Proximal 
(n=54) 

Occlusal  
(n=87)   

Radiography     

Mean Number 
of Detected  
Lesions 

12 1 

Accuracy 0.79 0.24 
Sensitivity 0.22 0.01 
Specificity 0.95 0.99 
Interexaminer 
Reliability 

0.93 0.99 

 
Visual 
Assessment 

    

Mean Number 
of Detected  
Lesions 

1 25 

Accuracy 0.78 0.41 
Sensitivity 0.02 0.29 
Specificity 1 0.81 
Interexaminer 
Reliability 

1 0.85 
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Figure 4.7.3.  Images of a tooth with lesions on the occlusal and distal proximal surfaces.  The 
color image in (A) shows several bright areas of high reflectivity near the mesial and distal surfaces 
indicated by the green arrows that may be due be due to proximal lesions or hypomineralization.  
No lesions are visible in the radiograph in (B).  SWIR reflectance (C) and occlusal 
transillumination (D) images show occlusal and proximal lesions in the positions of the yellow 
boxes.  MicroCT images show lesions on the distal proximal surface (E) and the occlusal (F) 
surface as indicated by the red arrows.    
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Table 4.7.3. Mean lesion contrast ± s.d. for radiography and SWIR occlusal 
transillumination and reflectance at the three potential lesion locations with and 
without lesions present.  For columns with an asterisk the mean contrast was significantly 
higher for lesion areas (P< 0.05).   For areas with no lesion present the contrast is the mean 
of the absolute value of the individual contrast values. 

 

 Proximal 
  

Occlusal 

 Radiography Reflectance Transillumination Reflectance Transillumination 
No 
Lesion 

0.021 ± 0.032 0.057 ± 
0.075 

0.10 ± 0.081  0.048 ± 
0.045  

0.088 ± 0.069 

Lesion 0.030 ± 0.037 *0.19 ± 
0.15 

*0.13 ± 0.084 *0.18 ± 
0.14 

*0.16 ± 0.078 
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Table 4.7.4. Diagnostic performance of SWIR reflectance, occlusal transillumination and 
combined methods along with radiography using a diagnostic contrast threshold of 0.10. 

 

 Accuracy Sensitivity Specificity 
Proximal Surfaces         

Reflectance 0.83 0.72 0.86 
Transillumination    0.63 0.63 0.62 
Combined 0.81 0.44 0.93 
Radiography 0.79 0.08 0.99 
    
Occlusal Surfaces 
 

   

Reflectance 0.82 0.80 0.89 
Transillumination       0.72 0.75 0.63 
Combined 0.70 0.62 0.96 
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Figure 4.7.4.  Plots of the accuracy calculated for SWIR reflectance (red), SWIR 
transillumination (blue) and the combined modalities (black) for the proximal (n=54) occlusal 
lesions (n=87) as a function of the lesion contrast threshold. 
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CHAPTER V 

Monitoring lesion activity on primary teeth with CP-OCT and SWIR reflectance imaging
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5.1 Summary 

The purpose of this study was to use cross polarization optical coherence tomography (CP-OCT) 

and short wavelength infrared imaging (SWIR) reflectance imaging to monitor changes in the 

structure and activity of early occlusal caries on primary teeth over a period of six months during 

intervention with fluoride.   

Participants (n=29) aged 6-10 each with two suspected active occlusal lesions on primary teeth 

completed the study. Fluoride varnish was applied to tooth surfaces every 3-months and 

participants were instructed to brush twice daily with a fluoride toothpaste.  Images were acquired 

using CP-OCT every three months for 6 months.    SWIR reflectance images were acquired during 

forced air-drying of the lesions for 30-seconds at 0 and 6-months.  

Most of the 42 lesions appeared initially active at baseline.  Only 6 lesions appeared arrested at 

baseline based on the presence of a highly mineralized transparent surface layer (TSL) in CP-OCT 

images. At 6 months, 14 of the lesions appeared arrested including the 6 initially arrested lesions 

and the TSL thickness increased significantly (P<0.0001).  The mean lesion depth (Ld) and the 

integrated reflectivity over the lesion depth (DR) increased significantly (P<0.05) after 6 months 

for the 42 lesions analyzed.  SWIR reflectance images showed that there was a significantly higher 

(P<0.05) delay before changes in intensity were measured for active lesions vs arrested lesions 

during lesion drying.  

CP-OCT was able to monitor changes in lesion structure and activity including the formation of a 

highly mineralized TSL indicative of lesion arrest during nonsurgical intervention.   Time-resolved 

SWIR reflectance imaging also shows that there are differences in the dehydration kinetics 
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between active and arrested lesions.  This study demonstrates two independent imaging methods 

that can be used to monitor changes in lesion activity over time. 

5.2 Introduction 

The accurate assessment of lesion activity is essential for the effective clinical management of 

caries lesions. Caries lesions are arrested by the preferential deposition of mineral at the lesion 

surface that forms an outer layer of higher mineral content that serves as a barrier to the further 

diffusion of fluids into the body of the porous lesion [115-117].   The highly mineralized outer 

surface zone or transparent surface layer (TSL) can be detected using transverse microradiography 

(TMR) and polarized light microscopy (PLM) that require destruction of the tooth, or in the case 

of microcomputed tomography cannot be used in-vivo.  Early occlusal caries is diagnosed by 

visual-tactile methods. Radiographs are not effective for early caries lesions that have not 

penetrated deep into the underlying dentin due to the overlapping topography of the crown.  For 

pit and fissure caries, the tactile method via probing with an explorer showed low sensitivity and 

has been found to be unreliable in its diagnosis [118].  The occlusal pits and fissures are often 

heavily stained obscuring early demineralization and often leading to false positives via visual 

diagnosis [119-121]. 

New non-destructive diagnostic tools are needed that can assess lesion activity in a single visit and 

monitor changes in the activity of the lesions over time during nonsurgical intervention.  Several 

studies have shown that short wavelength infrared (SWIR) imaging methods such as optical 

coherence tomography (OCT) at 1310-nm and time-resolved reflectance imaging at wavelengths 

greater than 1400-nm can be used to assess remineralization and lesion activity [49, 51, 61, 101, 
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122]. The purpose of this study is to test the hypothesis that both of these SWIR imaging methods 

can detect changes in lesion activity over time in vivo. 

When lesions become arrested by mineral deposition in the outer layers of the lesion forming a 

highly mineralized surface zone, the diffusion of fluids into the lesion is inhibited. Therefore, the 

rate of water loss and the evaporation dynamics can be related to changes in lesion structure and 

porosity.  Changes in fluorescence loss [123-125], thermal emission  and SWIR reflectance [9, 49, 

82, 101, 126-128]  have been investigated as methods for assessing lesion severity and activity.  

Normal enamel is transparent at SWIR wavelengths, whereas early demineralization causes 

increased SWIR reflectance due to scattering [111]. Water in the pores at the surface of the lesion 

absorbs the incident SWIR light, particularly at wavelengths greater than 1400-nm, reducing 

surface scattering and lesion contrast [4, 70]. Loss of that water due to evaporation produces a 

marked increase in reflectivity and lesion contrast.  In-vivo studies have been reported utilizing the 

fluorescence loss of white spot lesions on coronal surfaces [125] and thermal imaging to assess 

root caries during dehydration [129].  This study is the first clinical study to employ SWIR 

reflectance imaging during lesion dehydration to assess lesion activity. 

Optical coherence tomography (OCT) can provide high resolution cross-sectional images of lesion 

structure non-invasively [59, 130]. Polarization-sensitive OCT (PS-OCT) and cross polarization 

OCT (CP-OCT) utilize the polarization properties of back-reflected light to obtain additional 

contrast in OCT images and reduce the interference of the strong reflections that occur at tooth 

surfaces [131-134].  In vivo studies using CP-OCT were able to accurately detect both early and 

severe occlusal lesions that were not visible on radiographs [7, 104].  
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Several studies have demonstrated that CP-OCT is able to monitor remineralization on tooth 

surfaces by detecting the formation of the highly mineralized transparent surface layer (TSL) on 

the lesion surface and a decrease in the integrated reflectivity over the lesion depth (DR) after 

exposure to a remineralization solution [61, 122, 135]. In vitro studies have shown that the 

presence of even a thin TSL of less than 20-µm in CP-OCT images reduces lesion activity 

significantly [56].     Removing the TSL on the lesions of extracted teeth in turn produces a 

corresponding rise in the permeability providing further confirmation of the role of the TSL in 

arresting lesions [136].  Methods have been developed to automatically measure the thickness of 

the TSL and DR from CP-OCT images [62, 75].   In a previous  in vivo study, CP-OCT was used 

to monitor changes in the  activity of smooth surface enamel lesions on permanent teeth [51].  Even 

though the test subjects recruited were required to have active lesions based on conventional 

visual/tactile assessment, CP-OCT imaging indicated that most of the lesions (62/63) had TSLs at 

baseline suggesting they were already arrested.  CP-OCT images indicated there was no significant 

increase in lesion severity (DR) for those lesions measured after 30 weeks providing further 

confirmation they were indeed arrested.  Primary teeth were chosen for this study to ensure that a 

higher percentage of the lesions would be initially active rather than arrested to demonstrate that 

changes in lesion severity and activity can be successfully monitored.  In addition, lesions progress 

more rapidly in primary teeth than in permanent teeth due to the thinner layer of enamel requiring 

more frequent monitoring. 
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5.3 Materials and Methods 

5.3.1 Participant Recruitment and Procedures 

Study participants (n=30 with 60 primary molars) aged 6-10 were recruited from the UCSF 

Pediatric Dentistry clinic by the study investigators (UCSF IRB 18-25927). One participant was 

lost to follow-up after the first visit and was excluded from the study. A total of 29 participants 

(n=29 with 58 primary molars) completed the study.  Participants were required to have at least 

two primary teeth with suspected pit and fissure caries. Lesions with obvious cavitation, existing 

restorations covering the pits and fissures or severe enough to require restorative treatment were 

rejected.  

All 58 lesions were visually scored as a 1 in severity according to the International Caries Detection 

and Assessment System (ICDAS) [16].  CP-OCT and SWIR imaging showed that 6 of the lesions 

were likely false positives since no demineralization was observed in the images at any of the 3 

time-points.  Color images of each tooth were acquired at the initial visit and at month-6 using a 

FocusDent MD740 (Vilnius, Lithuania)1280x960-pixel intraoral camera. Fluoride varnish was 

applied to all lesions at 3-month intervals over a period of 6-months to promote remineralization.   

In addition, the participants were given a fluoride toothpaste with 0.76% monofluorophosphate 

and instructed to brush twice a day. 

5.3.2 Time-Resolved SWIR Reflectance Imaging at 1400-1750-nm 

An image of the fully assembled SWIR reflectance imaging device is shown in Fig. 5.7.1A along 

with diagrams of the 3D printed probe and it’s components.  The reflectance probe was designed 

in Fusion 360 from Autodesk (San Francisco, CA) and 3D printed using a Form 3 printer from 



 
 

99 
 
Formlabs (Boston, MA).  The reflectance probe body consists of a right-angle aluminum mirror to 

collect light from the occlusal surface and an attachment for the reflectance fiber [137].  A low-

OH optical fiber of 1-mm diameter fiber is inserted into a cylindrical Teflon plug (3.2x40-mm).  

Light exiting the plug is directed toward the tooth occlusal surface.   There is an air nozzle attached 

to the reflectance body near the mirror to prevent fogging of the mirror and dehydrate the lesion 

surface to assess lesion activity [9, 49, 101].  The SWIR reflectance images were captured using a 

640x480-pixel micro-SWIR camera (SU640CSX) measuring only 32x32x28-mm from Sensors 

Unlimited (Princeton, NJ).  Two planoconvex antireflection coated lenses of 60 and 100-mm focal 

length along with an adjustable aperture were placed between the handpiece and the InGaAs 

camera to provide a field of view of 11-mm2 at the focus plane.   SWIR light from a compact 

tungsten halogen lamp Model SLS201 from Thorlabs (Newton, NJ) with a 1400-nm long-pass 

filter illuminated the occlusal surfaces.     

Images were recorded at 4-Hz for the 30-second time window at 0 and 6-months and imported into 

MATLAB (Natick, MA) for further analysis.  Profiles of intensity versus time were extracted from 

the mean intensity of a 5x5-pixel region of interest (ROI) that was manually selected.  Lesions 

were designated as active or arrested based on the presence of a transparent surface zone (TSL) 

from the corresponding CP-OCT images.   Unpaired t-tests were used to compare SWIR data 

between suspected arrested and active lesions. 

5.3.3 Cross Polarization Optical Coherence Tomography (CP-OCT) 

The cross-polarization OCT system used for this study was the Model IVS-3000-CP purchased 

from Santec (Komaki, Aichi, Japan).  It operates at a wavelength of 1321-nm with a bandwidth of 

111-nm (11.4-µm axial-resolution) and it is capable of acquiring complete tomographic images 
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6x6x7-mm in approximately 3-seconds.  Images of the CP-OCT handpiece are shown in Fig. 

5.7.1B. It has been used for multiple in vivo caries imaging studies [7, 51, 134].   

An appliance made of autoclavable Dental SG resin printed using a 3D printer, Formlabs 2 

(Somerville, MA) was placed on the distal end of the OCT scanning handpiece and the handpiece 

was covered with polyethylene film for infection control.  Air at 10-psi was connected to the 

appliance to prevent fogging of the imaging window.  Images were imported into Dragonfly from 

ORS software (Montreal, CA) for co-registration and analysis.  A 3D Median filter was applied to 

reduce speckle noise in the images followed by 3D image registration to superimpose the lesion 

areas for all three visits. Images from the same sample at different visits also went through intensity 

normalization before quantitative measurement. The integrated reflectivity over the lesion depth 

(∆R) which best represents the lesion severity was calculated by positioning a box within the lesion 

dimensions, calculating the mean pixel intensity in the box and multiplying by the lesion depth. 

Lesion depth (Ld) was measured on the registered lesion areas at the position of the maximum 

depth of the lesion. Lesion activity was evaluated as binary (arrested or active) based on detection 

of a TSL after image-processing. The TSL was measured along a ruler drawn at the center of the 

lesion orthogonal to the surface.  All arrested lesions have TSLs measured as the distance between 

two adjacent intensity peaks (surface reflection from top of TSL to lesion underneath) measured 

after filtering.  Statistical comparisons between suspected active and arrested lesion areas were 

performed in GraphPad Prism (San Diego, CA).  RM-ANOVA with Tukey-Kramer multiple 

comparisons test was used to compare the CP-OCT data at 0, 3 & 6-months. 
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5.4 Results 

Out of the 30 test subjects recruited, 29 test subjects completed the study.  Suspected lesions on 

two teeth were monitored on each test subject.  Six of the remaining 58 lesions were determined 

to be sound since no lesions were visible in the CP-OCT images at any time points.  A further 10 

lesions were disqualified due to the inability to co-register the CP-OCT lesions at all three time-

points yielding an CP-OCT sample size of 42 lesions. Visual monitoring indicated no changes in 

ICDAS scores for any of the lesions after 6-months. 

Color and CP-OCT images extracted from two suspected active lesions, one that remained active 

and progressed further in depth and severity and a second lesion that became arrested are shown 

in Fig. 5.7.2.  The first lesion shows an increase in Ld and DR over six months with no transparent 

surface layer (TSL) visible at the surface.  CP-OCT images show a continual advance of the lesion 

in depth and area over time.   In the second lesion example, a TSL is clearly visible at 3-months 

and after 6-months and the depth of the lesion has not appeared to increase significantly suggesting 

that it progressed from an active to arrested state (became arrested).  The color images in Fig. 5.7.2 

show no changes in appearance between 0 and 6-months for either lesion. 

Three parameters were calculated for each of the 42 lesions at each of the three time points from 

the CP-OCT data.  The lesion depth in microns (Ld), the lesion reflectivity integrated over the 

lesion depth (DR) and the thickness of the transparent surface zone (TSL) in microns.  The 

mean± s.d. for each measurement are plotted in Fig. 5.7.3.   There were significant increases 

(P<0.05) in the mean Ld and DR over the 6-month period for the 42 lesions.   This suggests that 

most of the 42 lesions remained active and progressed in severity over the 6-month period.   There 

were large increases in the mean TSL thickness for each 3-month period indicating that several of 
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the lesions did indeed become arrested or remained arrested.  At 6-months 14 of the 42 lesions 

manifested a distinct TSL indicating they were arrested.  Six of the lesions had a TSL at month-0 

and all 6 retained that surface zone over 6-months.  The mean TSL thickness increased from 

21±25(baseline month-0) to 115±51(month-6).   Eight additional lesions formed new TSL’s over 

6-months and the TSL thickness increased significantly for the 6 arrested lesions from 

49±12(month-0) to 150±43(month-6).   Of the 14 lesions that had measurable TSLs at 6-months 

all 14 showed decreases in lesion severity (DR) from 0 to 6-months.   

Analysis of the SWIR reflectance images at 0 and 6-months was more difficult than anticipated 

and only 48 of the 116 acquired videos were processed.    Two parameters were calculated from 

the acquired time vs. intensity curves, the change in intensity with drying (DI) and the initial delay 

before the rise in reflectivity (DEL).  The 48 SWIR videos were separated into two groups defined 

as active and arrested based on the absence or presence of a TSL on the lesion.  Due to the low 

number of lesions with TSLs, month-0 and 6 SWIR reflectance images were pooled together to 

yield 8 arrested videos and 40 active videos.  For the mean± s.d. DEL there was a large and 

significant difference (P<0.05), 16± 8.9-sec vs 4.3± 5.1-sec for active vs arrested lesions.  For 

active lesions (DI) was higher, 18±11 vs 13±11 for active vs arrested lesions but the difference 

was not significant, (P>0.05).     

Fig. 5.7.4A shows time-sequenced SWIR images of matched areas of the occlusal surface recorded 

during the 30 seconds of drying at 0 and 6-months.  There is a very small lesion in the occlusal pit 

that was active at baseline and arrested at month-6 that can be seen in the CP-OCT images shown 

in Figs. 5.7.4B along with color pictures of the area imaged in the SWIR. Profiles of the SWIR 

reflectance intensity are shown in Fig. 5.7.4C extracted from the lesion area and a peripheral sound 
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area during drying.  The “active” lesion (month 0) shows a large delay of more than 20-seconds 

before a rapid rise in reflectivity as expected for an active lesion.  The arrested lesion (month 0) 

manifests almost no delay before a more gradual rise in reflectivity as expected for an arrested 

lesion.  However, since the rise in reflectivity occurs very late for the month-0 curve it is unclear 

whether all the changes in that curve were captured in the 30-seconds that were recorded. 

5.5 Discussion 

This study was successful in recruiting a majority of test subjects with active lesions by choosing 

recently erupted primary teeth.   Even though only a small number of those lesions that were 

initially active became arrested after 6 months with “lesion arrest” defined as the formation of a 

TSL measurable using CP-OCT, the number was sufficient to show a statistically significant 

increase (P<0.0001) in the TSL thickness over time.  Comparison of this study consisting of mainly 

“active” lesions in which no TSL was present at baseline (36/42) with a previous study on 

permanent teeth where most lesions (62/63) had TSLs at baseline and there were no significant 

changes in lesion severity over 30-wks [51] provides further confirmation that the TSL thickness 

is a key objective indicator of lesion activity.  Furthermore, the TSL thickness provides a measure 

of the lesion activity that can be made at a single time-point.  The mean TSL thickness for the 63 

lesions at month-6 from the previous study was 184±56 compared to 115±51 for this study.  The 

thickness was significantly higher (P<0.0001, unpaired t-test) for the lesions on the permanent 

teeth in the previous study as would be expected for lesions that had a greater time to undergo 

remineralization. This is consistent with previous studies of age-related differences in lesion 

structure based on histopathology [117]. 
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These two studies also show the poor reliability of visual/tactile indicators of lesion activity and 

severity such as color and texture.  Active lesions were a recruitment criterion for both studies and 

out of the 111 primary and permanent teeth recruited for the two clinical studies only 37 were 

active according to CP-OCT imaging, 6 were sound and 69 were arrested and those 76 sites 

manifested no further change increase in severity over 6-months while the other suspected active 

lesions ether progressed in severity (n=28) or became arrested (n=7).  Moreover, visual monitoring 

with ICDAS indicated no changes in any of the lesions over 6-months for either study further 

confirming the low sensitivity of conventional visual monitoring.  

In this study, there was a significant increase of the lesion depth (Ld) and the integrated reflectivity 

(DR) over the 6-month period suggesting that most of the lesions did not become arrested and 

actually progressed in severity.     In vitro studies suggest that DR should decrease if all of the 

lesions become arrested and undergo major remineralization [61, 122, 135].  As mineral is 

deposited into the lesion due to remineralization the overall reflectivity of the lesion decreases 

yielding a net decrease in DR.  However, we observed TSL’s in only 14 of the 42 lesions at 6-

months indicating that only 1/3 of the lesions underwent enough remineralization to appear 

arrested.  Therefore, the increases in DR and Ld are consistent with the majority of lesions 

remaining active during the duration of the study.  

This was the first clinical study in which SWIR reflectance imaging was employed to assess lesion 

activity.  Based on in vitro studies it was anticipated that (DI) the overall change in intensity would 

be significantly higher for active lesions versus arrested lesions [49, 56, 138, 139].  However, the 

time required for drying was much higher than encountered for in vitro studies and many of the 

active lesions did not sufficiently dry in 30-seconds [139].  This influenced the ability to observe 
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the full change in intensity for accurate calculation of (DI).     For example, in Fig. 5.7.4C the rise 

in intensity did not occur until after 20-seconds so it is unlikely that the DI calculated from that 

curve is reliable. The dehydration curves were also much noisier than expected making curve 

fitting difficult.   These problems can be addressed in future studies by further increasing the air 

pressure and by further optimization of the air flow geometry in the probe to better penetrate the 

occlusal fits and fissures. The delay in the onset of the intensity change (DEL) appeared to be a 

better indicator of lesion activity than DI for this study.   This onset delay (DEL) was ignored in 

early in vitro studies and was only recently discovered to be an indicator of lesion activity [49, 56, 

138, 139].  For active lesions there are exposed pores in the outer layer of the lesion, when those 

pores are filled with fluid they absorb the SWIR light lowering the reflectivity from the lesion.  

When the fluid is removed from the pores during drying the reflectivity rises.  Arrested lesions 

have an outer highly mineralized TSL of low porosity with minimal fluid present between the 

lesion body and the surface so there is minimal delay before there is a rise in reflectivity during 

drying [139].   It appears that this onset delay (DEL) is a good indicator of lesion activity that can 

be easily measured in vivo.  It is desirable to be able to extract multiple indicators of lesion activity 

from the SWIR reflectivity versus time curves during  drying as has been possible in in vitro studies 

where the curves were fit to extract additional information about the rate of increase in the 

reflectivity [139], not just DEL and DI as was done in this study and we plan on further 

development of the SWIR reflectance imaging handpiece for more rapid dehydration of the lesions.  

Both OCT and SWIR imaging was done in contact with the tooth surface too minimize motion 

artifacts.  Even so, several scans had to be repeated due to excessive movement during scanning 

for both OCT and SWIR reflectance imaging.  In the case of SWIR imaging many of the image 

frames had to be corrected due to slight movement during the 30 seconds.   
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This study was not intended to be a clinical trial of fluoride varnish, therefore a non-fluoride 

varnish control group was not used.  Fluoride varnish was applied because it was the standard of 

care for patients of high caries risk and it was likely to increase the probability that more active 

lesions would undergo remineralization and become arrested.   

5.6 Conclusion 

This was the first clinical study to monitor changes in lesion structure and activity in primary teeth 

over time in vivo using CP-OCT and SWIR Imaging.  The formation of a TSL at the surface of 

active lesions indicative of lesion arrest was observed using CP-OCT on multiple lesions.   In 

addition, this was the first clinical study to use SWIR reflectance imaging to show differences in 

the dehydration dynamics between active and arrested lesions. 
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5.7 Tables and Figures 

 

Figure 5.7.1.  (A)  Image of the fully assembled SWIR imaging handpiece that consists of three 
3D printed autoclavable attachments, a 1 mm in diameter optical fiber for delivery of the SWIR 
light, an air nozzle and an assembly of two lenses, an adjustable iris that is attached to the miniature 
InGaAs camera.  Labeled diagrams of the probe body and 2 additional 3D printed components are 
also shown, where (1) is a 3D attachment that snaps into the probe body and holds the optical fiber 
and the Teflon pug that is inserted into the opening at (2), air enters the nozzle at (3) and exits at 
(4).  The mirror attaches at (5) and another 3D printed component fits over the end of the probe 
body and makes contact with the tooth surface and functions as a bite block (6).    Images of the 
CP-OCT handpiece are shown in (B) with an attached 3D printed autoclavable appliance with air 
nozzle.   
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Figure 5.7.2.    (A) Color and raw CP-OCT images of a suspected active lesion at 0, 3 and 6-
months that remains active and progresses in severity.  The position of the lesion in the color 
images is indicated by the yellow boxes.  The lesion (L) is indicated in the CP-OCT b-scans at 
each time-point and the white bar represents a distance of 500-mm.  No TSL was detected for 
this lesion.  (B) Color and CP-OCT images of a suspected active lesion at 0, 3 and 6-months that 
appears to become arrested with the formation of a TSL at 3-months.    
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Figure 5.7.3.    Plots of the measured mean s.d. of the lesion depth (Ld) in microns, integrated 
reflectivity over the lesion depth (DR) in arbitrary units (n=42) and the transparent surface zone 
thickness (TSL) in microns (n=14) at 0, 3 and 6-months.   Only the 14 lesions that had TSLs at 6-
months are included for the TSL thickness.  Bars containing the same color in each plot are 
statistically similar, RM-ANOVA with Tukey-Kramer multiple comparison test with (P>0.05).   
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Figure 5.7.4.    SWIR reflectance and CP-OCT images of another suspected active lesion 
that appears to become arrested at 6-months.  (A) Time-sequence SWIR images of the lesion 
area from 0 to 30 seconds at 0 and 6-months are shown during drying.  Lesion area is in yellow 
box and sound area is in the blue box.  (B) CP-OCT scans at 0 and 6-months show a small pit 
and fissure lesion (L), the white bar represents 500-mm.  Color images of the occlusal surface at 
0 and 6-months are inset in each image and the lesion area monitored by SWIR is indicated by 
the yellow box.  (C)  The SWIR reflectance intensity is plotted between with time at 0 and 6-
months at the lesion position shown by the small yellow boxes inset in the SWIR images at 30-
seconds (yellow) and for adjacent sound areas (blue).  
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CHAPTER VI 

Active Surveillance of Root Caries in Vivo with CP-OCT 
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6.1 Summary 

Active surveillance of root caries lesions to monitor potential remineralization or decay 

progression is challenging for the clinician due to unreliable diagnostic information.  Conventional 

visual and tactile methods for assessing lesion activity are not reliable and the clinician is often 

unable to determine if the lesion is progressing or has been arrested.  An important marker of an 

arrested lesion is a highly mineralized transparent surface zone (TSL) that forms when mineral is 

deposited in the outer layer of the lesion.  The purpose of this study was to determine if cross 

polarization optical coherence tomography (CP-OCT) could be used to detect changes in lesion 

severity and activity during active monitoring.  Eighteen subjects with 22 suspected active root 

caries lesions were evaluated using CP-OCT at baseline, 3 and 6 months. All subjects were 

instructed to use a high fluoride dentifrice at baseline.  Results showed that CP-OCT was able to 

discriminate active from arrested lesions by identifying the presence of a TSL on arrested lesions.  

Results also indicated the mean TSL thickness increased significantly (P<0.05) for 9 lesion areas.   

In addition, CP-OCT was able to show the progression of demineralization, erosion and changes 

in gingival contours in scanned areas.  CP-OCT was valuable for monitoring the activity and 

severity of root caries lesions in vivo.  CP-OCT can be used to assess the activity of root caries 

lesions at a single time point by detecting the presence of a TSL at the lesion surface indicative of 

lesion arrest. 

6.2 Introduction 

Root caries remains a clinical concern, especially in the elderly [90].  Management remains 

challenging because the clinical diagnosis of root caries is subjective and is based on visual and 

tactile parameters. In contrast to coronal caries, root caries lacks a valid diagnostic standard, such 

as radiography [140].  Investigators have not developed a reliable relationship between root caries 
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appearance and activity [53, 141].   Most experts agree that active root lesions are soft, yet tactile 

hardness assessments remain subjective and lack reliability [53].  Multifactorial root caries scoring 

systems have been developed with mixed success [142, 143]. The International Caries Detection 

and Assessment System (ICDAS) coordinating committee proposed a system for assessing lesion 

activity [17, 142]. Criteria include: color; texture (smooth, rough); appearance (shiny, dull); tactile 

(soft, leathery, hard); loss of anatomical contour; and proximity to the gingival margin [144, 145].  

Histological analyses for lesion assessment such as microradiography require destruction of the 

tooth and are not suitable for use in-vivo.  Optical coherence tomography (OCT) is a noninvasive 

technique for creating cross-sectional images of internal biological structure and is well suited for 

imaging coronal and root surfaces in vivo [59, 130, 146].  Polarization sensitivity has proven to be 

valuable for enhancing the contrast of demineralization, reducing the strong specular reflection 

from tooth surfaces and measuring birefringence [60, 132, 147].   Studies have demonstrated that 

CP-OCT can be used to quantify the loss of cementum and the severity of demineralization on root 

surfaces [73, 148].  OCT can be used to discriminate between non-carious cervical lesions and root 

caries in-vivo [149].   Importantly, CP-OCT can be used to monitor the formation of a highly 

mineralized transparent surface layer (TSL) on demineralized dentin after exposure to a 

remineralization solution [9, 73].  The optical changes associated with lesion dehydration have 

been investigated via thermal, fluorescence, and SWIR imaging for lesions on enamel surfaces 

[125-128, 150].  Thermal imaging during lesion dehydration has been used to measure the lesion 

permeability  [9, 49, 101, 129].     Decreased thermal emission from the lesion surface is indicative 

of reduced permeability and drying rate that is consistent with an arrested lesion.  During drying 

lesion areas will cool due to the loss of water from porous areas and from the collapsed and 

unsupported collagen matrix of the demineralized cementum and dentin.   Arrested lesions have 
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mineral filling the pores at the lesion surface due to remineralization and the formation of a TSL 

inhibits water diffusion and permeability, resulting in less temperature change and shrinkage 

during drying.   Lesions with a TSL have significantly lower thermal emission [3, 25, 32]. 

In a recent study, CP-OCT and thermal imaging were used to assess the activity of root caries 

lesions on 30 test subjects [129].  In that study CP-OCT was used to measure the lesion structure 

and the presence of TSL formation indicative of arrested lesions at a single time point.  The activity 

of those lesions was confirmed with thermal imaging.  The next step is to consider if CP-OCT can 

detect changes in lesion activity over time during active monitoring.  The purpose of this study 

was to monitor root caries lesions over a period of 6 months to determine if CP-OCT could be used 

to detect changes in lesion severity and activity.  Subjects with root caries lesions that were 

clinically diagnosed as active were prescribed a high fluoride dentifrice and monitored from 

baseline to 6 months. 

6.3 Materials and Methods 

6.3.1 Participant Recruitment and Procedures 

Thirty test subjects at the UCSF comprehensive clinics were recruited for this study (UCSF-IRB 

18-25927).  This study was a single-site longitudinal observational clinical study.  Test subjects 

were aged 18-90 and had one root caries lesion that was diagnosed as active based on visual and 

tactile assessment by an experienced clinician using the ICDAS II root caries lesion activity criteria 

[17].   Test subjects were prescribed and instructed to use a high flouride (5000 ppm) dentifrice, 

Prevident 5000 Plus (Colgate, NY).  Test subjects were imaged at baseline, 3 and 6 months with 

CP-OCT after beginning brushing with high fluoride toothpaste. Color images were acquired at 

baseline and 6 months using a FocusDent MD740 (Vilnius, Lithuania)1280x960-pixel intraoral 



 
 

115 
 
camera.  The sample size of 30 was based on an in vitro study of the remineralization of simulated 

dentin lesions, the mean transparent surface layer (TSL) thickness increased from 0 to 53.8±13.3 

µm after 12 days of remineralization [9].  Therefore, based on an average SD of 6.65-µm for TSL 

thickness with a 2-sided significance level of 0.05, a study with 30 subjects would have a 90% 

power to detect an increase in TSL thickness of 5.7 µm.   

6.3.2 Cross Polarization Optical Coherence Tomography (CP-OCT) 

The cross-polarization OCT system used for this study was the Model IVS-3000-CP purchased 

from Santec (Komaki, Aichi, Japan).  This system acquires only the cross-polarization image (CP-

OCT), not simultaneous cross and co-polarization images (PS-OCT).   This is a 3D system with a 

right-angle dental handpiece capable of acquiring complete tomographic images of a volume of 

6x6x7-mm in approximately 3 seconds.  This system has been used for multiple in-vivo caries 

imaging studies [7, 51, 134].  This system operates at a wavelength of 1321-nm with a bandwidth 

of 111-nm with a measured resolution in air of 11.4-µm. 

An attachment with an internal air nozzle made of autoclavable Dental-SG resin was printed using 

a Formlabs 3D printer (Somerville, MA) and attached to the OCT scanning handpiece. Air at 10-

psi was connected to the probe to prevent fogging of the mirror and to dry the tooth surface.  Images 

were acquired after drying for 30 seconds.  Images of the CP-OCT handpiece are shown with and 

without the 3D printed attachment in Fig. 6.7.1. The entire handpiece assembly was covered with 

polypropylene film for infection control prior to imaging as shown in Fig. 6.7.1.   Entire (3D) CP-

OCT cross polarization images of each lesion were acquired at each of the three timepoints and 

co-registered using Dragonfly from ORS (Montreal, Canada) software using the sum of squared 

differences method.  Image processing was also applied using MATLAB (Natick, MA) with 

modifications from previous in-vitro studies to despeckle the images [8, 138]. Image segmentation 
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was first performed with 90% intensity thresholding, followed by application of a 3D median filter 

with a kernel size of 3 for noise reduction while preserving the potential transparent surface layer 

(TSL). Lesion areas were selected and a ruler was placed perpendicular to the surface of each 

lesion area. For quantitative measurement, the diameter of the ruler was modified to 100 

micrometers to form a cylinder along the z-axis, and the intensity profile along the z-axis was 

chosen to display the average intensity of a slice of the cylinder along the ruler. Positive TSL 

detection was confirmed with two significant consecutive intensity peaks detected at the beginning 

of the ruler, and TSL thickness was measured as the distance between the two peaks. Lesion depth 

(Ld) was measured as the overall length of the ruler’s non-zero intensity profile. To prepare for 

integrated reflectivity (𝛥𝛥R) measurement, an intensity histogram of the cylindrical ruler was 

exported from Dragonfly, and analyzed with a custom-Matlab script to identify the median 

intensity over the lesion depth that was later used as a intensity normalization correction factor. 

Each OCT scan has a different intensity profile due to the variation in the angle and position of 

imaging and other environmental factors, so normalization was necessary for accurate 𝛥𝛥R 

comparison across all 3 co-registered images. 𝛥𝛥R was then calculated as the sum of the intensity 

over the lesion depth divided by the normalization correction factor.     

6.4 Results 

In this study, only 22 of the 30 test subjects initially recruited completed all three visits. The 

COVID-19 pandemic greatly interfered with the study.  Test subject visits at UCSF for clinical 

studies considered nonessential for patient health were banned during part of the pandemic. Images 

from 18 of the test subjects were successfully co-registered, while data from 4 of the test subjects 

were discarded due to the inability to co-register the images at baseline, 3 and 6 months..  Four 
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subjects presented with both clinically appearing active and arrested caries on the same tooth based 

on the presence of a transparent surface zone (TSL), so that twenty two lesion areas were included 

for analysis from the 18 test subjects.  Eight of the lesion sites were arrested at baseline as shown 

by a visible TSL and only one active lesion became arrested during the 6 months of the study 

according to CP-OCT.  Therefore, nine of the 22 lesion sites had a measureable TSL at month 6 

indicating those lesion areas were arrested.  Interestingly, many of the arrested lesions showed an 

increase in the TSL thickness from baseline to 6 months. 

All the lesions were initially classified as active lesions based on clinical assessment and the 

multiple ICDAS II lesion activity criteria.  Of the 22 lesion sites analyzed 8 were dark and 14 were 

light colored at baseline and 10 appeared rough and 12 appeared smooth.   Digital images of the 

lesions at baseline and 6 months were shown to two clinicians after completion of the study and 

they were asked to score the caries status and activity of the lesions at the two time points based 

on digital photographs.  Table 6.7.1 is a contingency table comparing the caries status (caries 

present or not present) and caries activity (active and arrested) assessed by visual examination of 

the images with CP-OCT assessment in which the presence of a TSL indicated the lesion was 

arrested while the presence of demineralization without a TSL indicated an active lesion.  CP-OCT 

indicated that demineralization was present for all lesion sites confirming root caries presence. 

The diagonal elements (bold) of the contingency table show the number of visual assessments that 

match CP-OCT analysis.  At baseline, 9 of the 14 active lesions were visually classified correctly 

while none of the 8 arrested lesions were correctly visually classified as arrested. At month 6, only 

5 of the 13 active lesions were visually classified correctly while none of the 9 arrested lesions 
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were correctly visually classified as arrested.  The two lesions that were classified as arrested by 

the clinicians at month 6 were shown to be active in CP-OCT images at month 6.   

An example of an arrested lesion with minimal change after 6 months is shown in the color and 

CP-OCT images of Fig. 6.7.2.  In the color images the lesion area looks similar, however the 

exposed root surface appears to have decreased due to growth of the gingival margin.  A surface 

rendering (3D) of the entire CP-OCT scan taken at baseline is also shown with the yellow line 

showing the position of the extracted CP-OCT b-scans.  The CP-OCT scan at baseline shows the 

gingiva on the left and the exposed root surface on the right.  The lesion appears with a lesion body 

of higher intensity covered by a thin transparent layer (dark zone) that indicates the TSL.  The TSL 

has a very thin layer of higher intensity that represents reflectance from the tooth surface.  The 

lesion does not appear to change in depth or severity after 6 months. 

A second lesion that is active with advancing cavitation is shown in Fig. 6.7.3.  In the color image 

a shadow is visible just above exposed lesion area at baseline and that area is no longer visible at 

month 6.  It is hard to determine from the color images whether or not the lesion area is larger.  

The surface renderings of the CP-OCT scans that are shown at baseline and 6 months show that 

the area of caviation is larger and that the area near the top of the lesion has collapsed. The CP-

OCT scan at baseline extracted at the position of the yellow line shows the gingiva on the left and 

a cavitated lesion area on the right along with the mostly transparent sound enamel.  A small lesion 

area (LB) is visible just below the enamel demarcated by the orange arrows.  That lesion area 

between the orange arrows becomes cavitated after 6 months in the lesion area. The depth lost was 

measured to be 151-µm from 0-3 months and 296-µm from 3-6 months.   



 
 

119 
 
A third representative lesion that appears initially active at baseline and appears to become arrested 

at month 6 is shown in Fig. 6.7.4.  The color images show little change after 6 months.  The CP-

OCT b-scan at baseline extracted at the position of the yellow line in the CP-OCT surface rendering 

shows a highly reflective slightly cavitated active lesion located between the enamel and the 

gingiva.  In this scan the gingiva is on the right and the enamel is on the left.  The lesion also 

extends into the enamel above the exposed root surface.  Between baseline and month 6 the 

reflectivity of the lesion body decreases from both the enamel and dentin lesion (exposed root) 

areas and a distinct TSL forms over the lesion. 

A fourth lesion is shown in Fig. 6.7.5. Color images show a large area of the exposed root surface 

at baseline that becomes almost completely covered by inflamed gingiva after 6 months.  CP-OCT 

surface renderings also shown at baseline and 6 months show dramatic hypertrophy of the gingival 

tissues.   CP-OCT b-scans extracted at the position of the yellow line show that the tooth is covered 

by a crown and that there is an exposed cavitated area of the root surface located between the 

gingival (left) and the crown (CR) on the right located between the two orange areas.  The CP-

OCT scan also shows that there is some shallow demineralization on the exposed root surface, but 

it’s localized and very shallow.  The month 3 and 6 CP-OCT scans show that the gingiva expands 

to cover much of the exposed root surface and that the lesion is much smaller at month 6. The 

lesion depth, integrated reflectivity over the lesion depth (𝛥𝛥R), and the thickness of the transparent 

surface zone if present (TSL) were measured from the co-registered CP-OCT scans.  Values were 

calculated for 22 lesion areas from 18 teeth and the mean ± s.d. are plotted for all three values in 

Fig. 6.7.6.   Both the mean lesion depth and mean DR increased slightly from baseline to month 6 

but the changes were not significant (P >0.05), n=22.  The mean TSL thickness increased from 
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baseline to month 6 and the increase was significant (P <0.05) for the nine lesion areas that showed 

measurable TSLs.   

6.5  Discussion 

The goal of this study was to demonstrate that CP-OCT could monitor changes in lesion activity 

and severity over time during active monitoring.    We anticipated to see initially active lesions in 

the CP-OCT images with no TSLs at baseline transition to arrested lesions with TSLs at month 6.  

Unfortunately, only 1 of the 22 lesion sites exhibited that ideal behavior.  It is disappointing that 

most of the lesion sites did not improve with the use of 1.1% NaF, however it is important to point 

out that this study was not a clinical trial on the remineralization performance of high fluoride 

dentifrices nor could we control the compliance and hygiene of the participants.  CP-OCT was 

able to show changes in many of the lesions over time and this study demonstrated that those lesion 

sites that appeared initially arrested with the presence of a measurable TSL did not progress further 

in lesion severity.  Therefore, the presence of a measurable TSL present on the lesion in CP-OCT 

images appears to be a key indicator that the lesion is arrested and did not progress during the six 

month study.  CP-OCT detected the presence of a TSL in a single measurement so lesion activity 

could be assessed at a single time point in vivo.  The use of the highly mineralized transparent 

surface zone as our “benchmark” for an arrested lesion surface is supported by several in vitro and 

in vivo studies and the histopathology of active vs arrested lesions [51, 61, 151].  Before the 

introduction of optical coherence tomography, a tooth had to be extracted, sectioned and imaged 

with polarized light microscopy or transverse microradiography to detect and measure the 

thickness of a transparent surface zone [117, 143].  Of those methods only OCT can be used 

clinically.  
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In this study, CP-OCT was also able to monitor changes in the dimensions of the gingival tissues.  

We did not anticipate that the gingiva in some patients would change so dramatically in 6 months. 

For example, in Fig. 6.7.5 the gingival margin appears to advance more than a millimeter from 

baseline to 6 months to nearly cover the previously exposed root surface.   Such changes are 

challenging for image registration since the gingival margin cannot be used as a fixed reference.  

Since active root lesions are soft, considerable erosion is expected and CP-OCT was able to show 

that at multiple sites the demineralized dentin was preferentially eroded/abraded away over time. 

The severity of demineralization can be quantified using CP-OCT by measurement of the lesion 

depth and the integrated reflectivity over the lesion depth (𝛥𝛥R).  However, this approach is 

problematic when considerable erosion is present as can be the case for root lesions.  For example, 

the lesion site in Fig. 6.7.3 shows large drops in lesion depth and 𝛥𝛥R after 6 months.   This is not 

due to remineralization but because the softer areas of demineralization were likely abraded/ 

eroded away. The mean lesion depth and 𝛥𝛥R increased slightly over 6 months but neither increase 

was statistically significant.  However, considering the influence of erosion discussed above it is 

likely that with the exception of the 9 lesions that manifested a TSL at 6 months most of the lesions 

progressed and increased in severity. 

This study and our prior study [129] further demonstrate that not only is it difficult to visually 

assess the activity of root caries but it is also difficult to visually identify whether or not 

demineralization is present on the exposed root surfaces, or if the lesion is actually located on the 

root surface.  The dentinal enamel junction (DEJ) and the cementum enamel junction  (CEJ) are 

easy to identify in OCT images but are often very difficult to visually identify, particularly in lesion 

areas.  For many of the lesions encountered in this study, the location of demineralization in OCT 
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images did not correspond to where it was anticipated based on lesion color and texture.  Tactile 

assessments of root caries lesions are more reliable,  however tactile assessments and aggressive 

probing with the explorer risks further damage to lesion areas and the use of the sharp explorer is 

discouraged.  It is also important to note that OCT has limited access to subgingival lesion areas. 

6.6 Conclusions 

This was the first clinical study to show that CP-OCT can be used to monitor changes in lesion 

structure and activity over time during active monitoring. It demonstrates the ability of CP-OCT 

to identify and monitor the activity of root caries in adults and shows the limitations of diagnosis 

by visual inspection as compared to CP-OCT.  CP-OCT imaging has great potential for lesion 

activity assessment in a single visit.  In addition, CP-OCT was able to monitor erosion of the root 

surface, loss of the cementum layer, changes in the gingival tissues, and provide anatomic 

landmarks of the DEJ and CEJ.  The therapeutic relevance of the study is that it shows that CP-

OCT can be used to monitor the efficacy of chemical intervention and can potentially be used in 

clinical trials to establish the effectiveness of potential treatment options for root caries.  
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6.7 Tables and Figures 

 

Figure 6.7.1.  (A) CP-OCT handpiece used for these studies and (B) a closeup of the handpiece 
with the added 3D printed attachment and covered by polypropylene wrap for infection control. 
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Table 6.7.1. Contingency table comparing visual assessment of the digital images of the 22 
lesion areas to the CP-OCT images at baseline and at 6 months. 

 CP-OCT    Baseline CP-OCT    Month 6 

No 

Lesion  

Active 

lesion 

Arrested 

lesion 

 

Total 

No 

Lesion  

Active 

lesion 

Arrested 

lesion 

 

Total 

 No 

Lesion 
    0     5     1     6     0     6     1     7 

Active 

Lesion 
    0     9     7     16     0     5     8     13 

Arrested 

Lesion 
    0       0       0       0       0       2       0       2   

Total     0        14        8        22        0       13        9       22    
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Figure 6.7.2.  Color pictures at baseline and 6 months are shown for an arrested lesion.  The 
dashed red lines show the likely position of the three CP-OCT b-scans shown at baseline, 3 and 6 
months.  The white dashed arrow in the OCT b-scan is directed from the root to the crown.  A 
surface rendering (3D) of the entire CP-OCT scan taken at baseline is also shown with the 
yellow line showing the position of the extracted b-scans.  The position of the gingiva (G) and 
the lesion body (LB) with the TSL located on top of the lesion are indicated.  Little change has 
occurred for the lesion over 6 months. 
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Figure 6.7.3.  Color pictures at baseline and 6 months are shown for an active lesion with 
advancing cavitation.  The dashed red lines show the likely position of the three CP-OCT b-scans 
shown at baseline, 3 and 6 months.  The white dashed arrow in the OCT b-scan is directed from 
the root to the crown.  Surface renderings (3D) of the entire CP-OCT scans taken at baseline and 
6 months are also shown with the yellow lines showing the position of the extracted b-scans.  
The position of the gingiva (G) and enamel (E) along with the lesion body (LB) are indicated.  
After 6 months the demineralized area encompassing the lesion body between the two arrows has 
eroded leaving a cavitated region (CAV). 
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Figure 6.7.4.  Color pictures at baseline and 6 months are shown for an active lesion that has 
undergone increasing remineralization and has a TSL after 6 months.  The dashed red lines show 
the likely position of the three CP-OCT b-scans shown at baseline, 3 and 6 months.  The white 
dashed arrow in the OCT b-scan is directed from the root to the crown.  A surface rendering (3D) 
of the entire CP-OCT scan taken at 0 months is also shown with the yellow line showing the 
position of the extracted b-scans.  The position of the gingiva (G), enamel (E) and underlying 
dentin (D) are shown and the lesion body (LB) is indicated.  After 6 the intensity of reflectivity 
from the lesion body has decreased and a distinct TSL is visible at the lesion surface. 
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Figure 6.7.5.  Color pictures at baseline and 6 months of an exposed root surface that becomes 
completely covered by inflamed gingiva after 6 months.  The dashed red lines show the likely 
position of the three CP-OCT b-scans shown at baseline, 3 and 6 months.  The white dashed 
arrow in the OCT b-scan is directed from the root to the crown.  Surface renderings (3D) of the 
entire CP-OCT scans taken at baseline and 6 months are also shown with the yellow lines 
showing the position of the extracted b-scans.  The position of the gingiva (G) and the attached 
crown (CR) are indicated.  After 6 months the exposed root surface indicated by the position 
between the two arrows has contracted markedly and the 3D surface rendering show most of the 
root surface that was exposed at baseline is now covered by the expanded gingiva. 
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Figure 6.7.6. Bar graphs for mean ± s.d. for the CP-OCT measurements of the lesion depth, 
integrated reflectivity over the lesion depth (𝛥𝛥R), and the TSL thickness.  Bars of the same color 
are statistically similar (P >0.05). There were 22 samples for the lesion depth and 𝛥𝛥R and 9 
samples that had measurable TSLs. 
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CHAPTER VII 

Clinical SWIR and CP-OCT Imaging of Interproximal Lesions 
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7.1 Summary 

Enamel is highly transparent at short wavelength infrared imaging (SWIR) wavelengths allowing 

the detection of dental decay without the need for ionizing radiation.  The purpose of this study 

was to use SWIR imaging methods including cross polarization optical coherence tomography 

(CP-OCT), occlusal transillumination (SWIR-OT), proximal transillumination (SWIR-PT), and 

occlusal reflectance (SWIR-R) to image interproximal lesions in vivo and compare the sensitivity 

with radiography.   

Participants (n=30) aged 18-80 each with a radiopositive interproximal lesion scheduled for 

restoration were enrolled in the study.  Studies have shown that the opposing proximal surfaces 

across the contact will likely also have lesions. SWIR images were acquired of the adjoining teeth 

at each contact with an interproximal lesion scheduled for restoration.  Lesion presence and depth 

were assessed on each side of the contact for radiography and each SWIR imaging method. 

Lesions on radiographs and in CP-OCT images were identified by a single examiner while lesions 

in SWIR images were identified by a contrast threshold via semi-automatic image segmentation.   

All SWIR imaging methods had significantly higher sensitivity (P<0.05) than radiographs for the 

detection of interproximal lesions on the teeth opposite those restored.  CP-OCT and SWIR-R 

imaging methods had significantly higher sensitivity than the other methods.  SWIR imaging 

methods showed significantly higher lesion contrast than radiography. 

SWIR imaging methods can be used to detect interproximal lesions on posterior teeth with higher 

diagnostic performance than radiographs.  CP-OCT appears well suited as a potential gold standard 

for the detection of interproximal lesions and assessment of their severity in vivo. 
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7.2 Introduction 

In the US, dental decay continues to be the leading cause of tooth loss even though caries 

progression is potentially preventable and reversible if detected early [90, 91].   New approaches 

are needed to detect lesions earlier than radiographs that are better suited for monitoring lesions 

over time.  Imaging methods at wavelengths longer than 1000-nm (SWIR wavelengths) are highly 

promising due to the higher transparency of dental enamel [24, 47, 80-82, 102].  Lesions can be 

imaged using transillumination and reflectance from tooth occlusal, buccal and lingual surfaces [6, 

24, 78, 79, 102].      Interproximal lesions, the lesions located at the proximal contact points in 

between teeth, can be imaged via all three imaging geometries: SWIR-OT, SWIR-PT, and SWIR-

R imaging.  SWIR-OT and SWIR-R have been combined into a single probe (SWIR-OTR) and 

tested in vivo [40, 100, 152].   

Early lesions on proximal surfaces can be difficult to detect with radiography due to lack of 

physical access and the challenge of identifying the initial, subtle mineral loss of these lesions [1, 

2].  Lesions are not typically visible on radiographs until decalcification has exceeded 30% [1, 2], 

while SWIR imaging methods are diagnostic with only 5% decalcification [111]. Radiographs 

markedly underestimate the depth and severity of interproximal lesions and clinicians generally 

assume that lesions penetrate much deeper than indicated in radiographs [13-15].  The first clinical 

SWIR study was carried out in 2010, when it was demonstrated that interproximal lesions that 

appeared on radiographs could also be detected in vivo using SWIR-OT and SWIR-PT imaging at 

1310-nm with similar sensitivity [24].  Two later clinical studies showed that SWIR imaging 

methods have higher sensitivity than radiographs for the detection of dental caries, however those 

studies were limited to premolars that were scheduled for extraction [6, 153] for orthodontic 

reasons.  Currently the only clinical infrared dental imaging systems that are commercially 
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available operate at shorter near-IR wavelengths at 830 and 780-nm [83-85, 87] where the enamel 

is less transparent [78].  The contrast between sound and demineralized enamel is markedly higher 

at wavelengths beyond 1400-nm [70, 88, 89] and stains do not interfere at wavelengths longer than 

1200-nm [88].  In the latest clinical SWIR imaging study SWIR-OT and SWIR-R were combined 

in a single imaging device, that allowed simultaneous transillumination and reflectance 

measurements, SWIR-OTR [153]. 

Optical coherence tomography (OCT) which uses SWIR light at 1300-nm can also provide high 

resolution cross-sectional images of interproximal lesions from the occlusal surface.  Lesions can 

be seen at depths of more than 3-mm [154-156].  

In this SWIR imaging study, test subjects with at least one radiopositive interproximal lesion 

scheduled for restoration were recruited. This new clinical study includes more advanced lesions 

and other teeth in addition to premolars that are not subject to crowding. The adjacent proximal 

surface at the contact point must either have a radiopositive lesion that appears confined only to 

enamel or have no visible lesion.  Studies have shown that interproximal lesions are likely present 

on both sides of the contact even if both are not visible in radiographs [157, 158].   The two teeth 

at each contact point were imaged using SWIR-OT, SWIR-PT, SWIR-R imaging, and CP-OCT.   

The lesion contrast and penetration depth were also estimated from each image.   Intraoral color 

images were also taken before and after cavity preparation and any demineralization on the 

exposed surface opposite the preparation was noted.  The purpose of this study was to show that 

SWIR imaging methods have superior sensitivity for the detection of interproximal lesions on 

posterior teeth. 
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7.3 Materials and Methods 

7.3.1 Participant Recruitment and Procedures 

Study participants (n=30) aged 18+ were recruited from the UCSF General Dentistry Clinic by the 

study investigators (UCSF IRB 19-27656). Informed consent was obtained from all subjects and/or 

their legal guardians.  Participants were required to have one radiopositive interproximal lesion 

scheduled for restoration. Radiographs and treatment planning were carried out prior to 

recruitment by students and staff of the clinic independent of study investigators.  Color images of 

the teeth on both sides of the contact were acquired before and after restoration using a FocusDent 

MD740 (Vilnius, Lithuania) Intraoral camera.  Before restoration SWIR video was acquired using 

SWIR-PT from buccal and lingual views and  SWIR-OTR over the occlusal surface.  CP-OCT was 

used to acquire a 3D image 6x6-mm and 7-mm deep centered on each contact.  Radiographical 

contrast was calculated using (IS-IL)/IS for each lesion area that was identified.  IL was measured 

as the mean intensity over the lesion area at each proximal contact and IS was selected at a sound 

position either directly below or directly above IL to ensure a similar enamel thickness.  Lesions 

on radiographs and demineralization in color images of proximal surfaces were identified by a 

single clinical examiner. 

7.3.2 SWIR Occlusal reflectance and transillumination (SWIR-OTR) 

Details regarding the fabrication of the dual occlusal transillumination and reflectance SWIR-OTR 

handpiece has been described previously [40].  An image of the handpiece is shown in Fig.7.7.1A. 

The SWIR images were captured using a 640x480 pixel micro-SWIR focal plane array (FPA) from 

Sensors Unlimited (Princeton, NJ), Model SU640CSX measuring only 32x32x28-mm.  Two 

planoconvex antireflection coated lenses of 60 and 100-mm focal length along with an adjustable 
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aperture were placed between the handpiece and the InGaAs FPA to provide a field of view of 11-

mm2 at the focus plane.  A low-OH optical fiber of 1-mm diameter was used to deliver light from 

a 1604-nm superluminescent diode (SLD), Model ESL1620-2111 from Exalos (Schlieren, 

Switzerland) for reflectance with an output of 17-mW and a bandwidth of 46-nm.   The intensity 

delivered to the tooth was 5-mW.  The 1600-nm light passes through a polarizing beam splitting 

cube before incidence on the tooth and a linear polarizer was placed before the FPA to achieve 

cross-polarization for glare reduction. The transillumination light was delivered through two 0.4-

mm diameter low-OH optical fibers.  A 1314-nm (BW) SLD, Model DL-CS3452A-FP from 

Denselight (Singapore) with an output of 48-mW and a bandwidth of 33-nm was used as the source 

for transillumination. A 50/50 beamsplitter was used to deliver light to each arm for 

transillumination.  The output intensity of each arm was set at 10-mW before entering the Teflon 

plugs located at the end of each arm.   

Image processing of the acquired images was performed by custom scripts written using MATLAB 

from Mathworks (Natick, MA).  A semi-automatic image segmentation technique was used to 

detect interproximal lesions.  Raw SWIR images were first converted into contrast maps by 

applying the following transformation to every pixel in the image: (It – Is)/It for reflectance, and 

(Is – It)/Is for transillumination. Is was manually selected to the average intensity of sound enamel 

adjacent to the interproximal contact. It was the target pixel receiving the transformation.  In a 

previous clinical study contrast was significantly higher (P<0.05) between sound and 

interproximal lesion areas for SWIR imaging methods but not for radiography [153].  Therefore, 

contrast thresholds can be set for lesion detection for SWIR imaging methods but not for 

conventional radiography.   A contrast of 0.1 is a reliable threshold for positive detection of 

interproximal lesion with reflectance and transillumination SWIR imaging [153].  Pixels with 
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contrast lower than 0.1 were removed to generate a binary mask showing every pixel with contrast 

higher than 0.1.  Isolated areas of the mask adjoining the proximal contacts were designated as 

proximal lesion areas. This approach avoids high intensity areas caused by specular reflection 

(SWIR-R) or direct light that doesn’t pass through tooth structure (SWIR-PT and SWIR-OT).  

Specular reflection is easy to identify since it depends on angle of incidence and vanishes as the 

handpiece is rotated.  Segmented lesions areas were isolated for depth and contrast measurements. 

Successful segmentation of an interproximal lesion with this technique was recorded as a positive 

detection. Failed segmentation of a lesion was considered a negative detection. If the detection 

was positive, lesion area (in pixels), mean contrast, and lesion depth were then automatically 

calculated following the semi-automatic lesion segmentation.  Examples of lesion areas after 

segmentation are shown in Fig. 7.7.2 for SWIR-R, OT & PT. 

7.3.3 SWIR Proximal transillumination (SWIR-PT) 

An image of the SWIR-PT handpiece is shown in Fig. 7.7.1B, it is similar to the device described 

previously [152].  Images were captured using another SU640CSX micro-SWIR FPA.  Two 

planoconvex antireflection coated lenses of 75 and 100-mm focal length along with an adjustable 

aperture were placed between the handpiece and the InGaAs FPA to provide a field of view of 

9x14-mm2 at the focus plane.  The transillumination light is delivered through a 0.4-mm diameter 

low-OH optical fiber.  A 1330-nm superluminescent  diode (SLD) from Covega (Jessip, MD) with 

an output of 26-mW and a bandwidth of 36-nm was used as the light source for transillumination.  

The output intensity was set at 10-mW before entering the Teflon scattering rod.   
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7.3.4 Cross Polarization Optical Coherence Tomography (CP-OCT) 

The cross-polarization OCT system used for this study was the Model IVS-3000-CP from Santec 

(Komaki, Aichi, Japan).  It operates at a wavelength of 1321-nm with a bandwidth of 111-nm 

(11.4-µm axial-resolution) and can acquire complete tomographic images 6x6x7-mm in 

approximately 3-seconds.  An image of the CP-OCT handpiece is shown in Fig. 7.7.1C. It has 

been used for multiple in vivo caries imaging studies [7, 51, 134].  An appliance made of 

autoclavable Dental SG resin printed using a 3D printer, Formlabs 2 (Somerville, MA) was placed 

on the distal end of the OCT scanning handpiece and the handpiece was covered with polyethylene 

film for infection control.  Air at 10-psi was connected to the appliance to prevent fogging of the 

imaging window during image acquisition.   

Images were filtered with a median filter of kernel size 3 to reduce speckle noise and imported into 

Dragonfly from ORS software (Montreal, CA) for co-registration and analysis.  Lesion depth was 

measured by applying a cylindrical ruler starting perpendicularly to the interproximal lesion 

surface. The scale of the ruler was customized to be the average intensity of the image inside a 

100-mm disk surrounding the central axis of the ruler. Lesion depth was measured as the difference

between the two lowest intensities along the ruler.  

7.3.5 Lesion Detection Rates, Lesion Contrast and Lesion Depth Calculations 

Radiography, CP-OCT, and visual inspection of opposing sites after restoration are all methods 

that have a high specificity for the detection of caries lesions.  Therefore, the detection of any 

lesions by these methods was considered a true positive for the assessment of the lesion detection 

rates.  A recent in vitro OCT study using n=36 extracted teeth with 45 proximal lesions using 

histology as a gold standard showed that OCT had similar values of specificity and higher 
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sensitivity and diagnostic accuracy to digital radiography [159]. According to these methods every 

surface was considered a positive lesion site for a total of n=58 lesions.    

Lesion detection rates were compared with radiography using Fishers’ exact test.  Repeated 

measures ANOVA was used to compare the lesion contrast and lesion depth by removing all 

samples with missing values yielding a sample size of n=26 for contrast and n=24 for lesion depth.  

In addition, a mixed effects multiple comparisons model was employed that allows missing values. 

The results were the same for both methods.    Prism statistical software from GraphPad Software, 

Inc., (La Jolla, CA) was used for the calculations. Significance level was set at P<0.05.  

7.4 Results 

Lesion detection rates are tabulated in Table 7.7.1 for all the lesions and lesions only located on 

the restored and opposing surfaces.  The detection rates for all the lesions (n=58), restored (n=29) 

and opposing surfaces (n=29) were all calculated as the fraction of the surfaces on which a lesion 

was detected for each method, and they are tabulated in Table 7.7.1.    Even though half the lesion 

sites were selected based on their appearance on radiographs and scheduled for restoration, 

detection rates for the SWIR methods were all significantly higher than for radiography.  SWIR-

R and SWIR-PT were both significantly higher than other methods.  Radiography detection rates 

for the surfaces opposing those restored provides a less biased comparison and the detection rates 

were much lower 0.38 versus 0.62 for all the lesions.  In contrast the detection rates for the 

opposing surfaces with each of the SWIR methods was similar to the detection rates for all the 

lesions. All the SWIR detection rates were significantly higher than radiography.  Also listed are 

mean lesion contrast values for radiography and SWIR-R,OT&PT and lesion depths for CP-OCT, 

and SWIR-R,OT&PT.  The mean lesion contrast for the three SWIR methods SWIR-R,OT&PT 
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was significantly higher than radiographs, nearly twice as high.  Higher lesion depths were 

measured for OCT and SWIR-OT compared to radiography, but the difference was not significant.  

The lesion depths measured for SWIR-PT were significantly lower than for the other methods 

including radiography. 

Images acquired from the contact area in which the lesion on the opposing proximal surface was 

not visible in the radiograph are shown in Fig. 7.7.3.  In Fig. 7.7.3B the radiograph shows a large 

lesion penetrating well into dentin on tooth#12 while there is no lesion visible on the opposing 

surface of tooth#13.  The color image acquired after the restoration (Fig. 7.7.3C) shows some 

discoloration indicative of demineralization on tooth#13, but the severity of the lesion cannot be 

determined.  The CP-OCT image in Fig. 7.7.3D shows strong reflections below the tooth surface 

at the position of the red and yellow arrows clearly indicating that lesions are present on both 

tooth#12 and tooth#13.  The SWIR-R image shown in Figs. 7.7.3E acquired with the dual SWIR-

OTR imaging probe shows lesions on both surfaces while SWIR-OT shows only one of the lesions.  

The SWIR-PT images acquired from buccal and lingual views are shown in Figs. 7.7.3G&H and 

the buccal view shows both lesions.    

Images acquired from another contact area are shown in Fig. 7.7.4.  For this example, lesions were 

identified in radiography on both sides of the contact.  The color image acquired after the 

restoration (Fig. 7.7.4C) shows demineralization and staining on tooth#5.  The CP-OCT image in 

Fig. 7.7.4D shows strong reflections below the tooth surface at the position of the red and yellow 

arrows clearly indicating that lesions are present on both tooth#4 and tooth#5.  The SWIR-R and 

SWIR-OT images shown in Figs. 7.7.4E&F acquired with the dual SWIR-OTR imaging probe 

both show the lesions present on both surfaces.  The SWIR-PT images acquired from buccal and 
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lingual views are shown in Figs. 7.7.4G&H.  Lesions are visible in both the buccal and lingual 

views. 

7.5 Discussion 

In this study radiography and SWIR imaging methods were used to image the proximal contacts 

at which an interproximal lesion was scheduled for restoration.  It is known that if a lesion develops 

on one side of the contact another lesion will likely also develop on the opposing tooth [157, 158] 

and lesions were identified on all of the opposing surfaces.  No gold standards exist for the 

detection of caries lesions that can be used in vivo, however three of the methods, radiography, 

OCT, and visual examination of the exposed proximal surface after restoration have high 

specificity for caries detection and were used to identify surfaces as true positives.   It is important 

to note that visual examination only shows that demineralization is present on the surface and gives 

no indication regarding the depth of lesion penetration, while both radiography and OCT show the 

depth penetration.  Based on positives from any one of these three methods we found that all 58 

of the proximal surfaces had lesions. 

Comparison of lesion detection rates for the n=29 surfaces opposite to those restored gives the best 

unbiased measure for lesion detection and all the SWIR methods were significantly higher than 

radiography with SWIR-R & PT having the highest performance.  SWIR methods also yield much 

higher lesion contrast than radiography.  High lesion contrast is particularly important for the 

implementation of auto-segmentation image analysis algorithms and machine learning.  SWIR-

OT & R and OCT provided similar lesion depth measurements to radiography which is important 

for lesion diagnosis.   SWIR-PT provided high lesion contrast and high lesion detection rates. 

However, it greatly underestimated the lesion depths.  In addition, imaging with SWIR-PT is more 
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cumbersome than the other methods requiring two measurements per contact, buccal and lingual 

as opposed to a single measurement.  Moreover, SWIR-PT can only be used as a stand-alone probe 

and is not useful for the detection of occlusal lesions.   In contrast, SWIR-R & OT can be combined 

into a single multispectral SWIR-OTR probe that can be used for the detection of lesions on both 

proximal and occlusal surfaces and is more practical for caries screening. 

CP-OCT performed extremely well for the detection of proximal lesions from tooth occlusal 

surfaces showing clear easily identifiable increases in intensity below the surface.   Features in the 

images such as the subsurface rise in intensity and the reflectivity along the length of the lesion 

cannot be confused with false positives, nor can they be confused with increased reflectivity from 

the dentino-enamel junction (DEJ) due to the position and angle of the DEJ near tooth proximal 

surfaces.  CP-OCT did miss a few of the lesions that appeared clearly on radiographs, however it 

appears that those lesions were located beyond the imaging range of the CP-OCT system.   The 

scanning range of the system used was 7-mm in air which is greatly reduced by the high refractive 

index of enamel (1.6) to 4.4-mm.   Other systems have been investigated  in vitro with scanning 

ranges up to 10-mm that would be capable of reaching deeper lesions [159].    CP-OCT is a good 

candidate as a surrogate gold standard for interproximal lesions due to the potential high sensitivity 

and specificity.  It is also well suited for automated image analysis and machine learning. 

SWIR imaging devices operating beyond 1000-nm are not commercially available for dental 

imaging because of past restrictions due to military applications and high cost, however that is 

expected to change soon.  In the past few years, costs have decreased markedly due to increased 

competition and production and there is a reduction in export restrictions for InGaAs devices.  In 

addition, new SWIR imaging devices that use alternative semiconductor materials to InGaAs are 
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under development for large imaging arrays using colloidal quantum dots that have improved 

sensitivity over InGaAs at longer SWIR wavelengths [160]. 

7.6 Conclusions 

SWIR imaging methods have significantly higher (P<0.05) sensitivity for the detection of Class II 

interproximal lesions than radiographic and visual methods.  CP-OCT appears well suited as a 

potential gold standard for the detection of interproximal lesions and assessment of their severity 

in vivo. 
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7.7 Tables and Figures 

Figure 7.7.1. The three SWIR imaging devices used in this clinical study:  (A) Dual SWIR-OTR 
clinical handpiece wrapped for infection control ready for clinical imaging,  (B) SWIR-PT 
clinical handpiece and, (C) CP-OCT handpiece wrapped for infection control. 
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Figure 7.7.2. Segmented images showing extracted lesions areas from (A) SWIR-R, (B) SWIR-
OT, and (C) SWIR-PT.    
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Figure 7.7.3. (A) Color image of the contact between tooth #12 and tooth #13, no lesions are 
visible. (B) Radiograph shows a large proximal lesion (red arrow) on tooth#12 at the distal 
contact that was scheduled for restoration.  No lesion is visible on the opposing mesial contact of 
tooth #13.  (C) After the cavity preparation decalcification is now visible on the mesial contact of 
tooth#13.  (D)  A CP-OCT b-scan image taken from the occlusal surface above the contact along 
the path of the blue arrow shown in (A) shows both proximal lesions that appear with increased 
subsurface reflectivity at the positions indicated by the red and yellow arrows.   The CP-OCT 
scan shows the intensity with depth and lateral position with white high intensity and black low 
intensity.  (E) SWIR-R  occlusal reflectance shows lesions on both surfaces (red and yellow 
arrows) while (F) SWIR-OT only shows the lesion that was restored. (G) SWIR-PT image taken 
from the buccal side shows both proximal lesions across the contact while the (H) SWIR-PT 
image taken from the lingual shows only the lesion on tooth #13.  
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Figure 7.7.4. (A) Color image of the contact between tooth #4 and tooth #5, no lesions are 
visible. (B) Radiograph shows a lesion (red arrow) on tooth#4 at the distal contact that was 
scheduled for restoration and on the opposite contact on tooth#5 (yellow arrow).    (C) After the 
cavity preparation decalcification is visible on the mesial contact of tooth#5.  (D)  A CP-OCT b-
scan image taken from the occlusal surface above the contact along the path of the blue arrow 
shown in (A) shows both proximal lesions that appear with increased subsurface reflectivity at 
the positions indicated by the red and yellow arrows.   The CP-OCT scan shows the intensity 
with depth and lateral position with white high intensity and black low intensity.  (E) SWIR-R 
and (F) SWIR-OT images show lesions on both surfaces (red and yellow arrows). SWIR-PT 
images taken from the (G) buccal and (H) lingual sides show both proximal lesions across the 
contact.   
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Table 7.7.1. The respective lesion detection rates for all the lesions and lesions only located on 
the restored and opposing surfaces.  The mean(standard deviation) of the lesion contrast and the 
lesion depth for all detected lesions.  Columns with the same letter are statistically similar 
(P>0.05). 
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OCT Visual  

(before) 

Visual 

(after) 

SWIR-

R  

 

SWIR-

OT 

SWIR-

PT 

Detection 

Rate (All) 

0.62 a 0.79 a,b 0.05 c - 0.91 b 0.74 a,b 0.9 b 

Res Surface 1(0.93) a 0.83 a 0.10 c - 0.9 a,b 0.76 b 0.93 a,b 

Op Surface  0.38 a 0.76 b 0 c 0.86 b 0.93 b 0.72 b 0.86 b 

Lesion  

Contrast   

0.13(0.064) a - - - 0.22(0.063) 

b 

0.20(0.010) b 0.27(0.013) c 

Lesion  

Depth (um) 

851(422) a 1069(363) a - - 830(379) a 1049(514) a 289(189) b 
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CHAPTER VIII 

Conclusions 
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8.1 Summary 

This dissertation introduces a novel multimodal imaging approach that combines Short Wave 

Infrared (SWIR) reflectance imaging with occlusal transillumination to improve the detection and 

assessment of dental caries. This dual-display approach reduces false positives, leading to 

enhancements in diagnostic accuracy, specificity, and non-invasive lesion severity assessment. 

Additionally, integrating Optical Coherence Tomography (OCT) with advanced computer vision 

techniques allows for high-resolution, cross-sectional imaging, enabling detailed analysis of lesion 

remineralization status and caries progression. These advancements facilitate earlier caries 

detection and continuous monitoring, promoting more effective, conservative treatments. 

Moreover, the use of non-ionizing SWIR imaging permits more frequent, safe monitoring of dental 

health, potentially reducing the need for surgical interventions and supporting a shift towards more 

conservative dentistry and minimally invasive practices. 

8.2 Future Perspective 

While the dual-mode SWIR probe has shown effectiveness in enhancing diagnostic accuracy, there 

are still challenges to address for further improvement. For example, the occlusal transillumination 

(SWIR-OT) mode occasionally produces negative contrast on lesions due to light bleeding, 

potentially reflecting off the mirror before entering the tooth. To mitigate this, refining the 

transillumination arms for closer contact could be beneficial, although the 3D printing resin used, 

Formlabs Flexible Resin V1, is not biocompatible. In late 2023, Formlabs released a biocompatible 

Flexible BioMed Resin with greater tensile strength, which could allow for a tighter fit, potentially 

enhancing SWIR-OT performance. Additionally, the efficiency of the built-in air nozzle in the 

reflectance probe mentioned in Chapter V needs improvement. A 2023 study by Ng et al. [161] 
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showed that a narrower air nozzle could improve dehydration efficiency, yet still required 60 

seconds of continuous dehydration to distinguish between active and arrested lesions. Future work 

is essential to optimize dehydration dynamics for clinical application of SWIR dehydration 

imaging. Moreover, despite the success of SWIR imaging and OCT in detecting in vivo 

interproximal lesions, assessing their activity remains a challenge due to their inaccessible location 

between teeth. Addressing this would have significant clinical implications, as many interproximal 

lesions, hidden from direct view, cannot be assessed by conventional color and texture analysis. 

Looking forward, the field of dental imaging is poised on the brink of significant technological 

advances. SWIR imaging has proven more effective in detecting and assessing dental decay than 

traditional bitewing radiographs. Despite the high cost of SWIR imaging components, industrial 

efforts are progressing to reduce these costs. For example, over the past decade, Sony's InGaAs 

sensors (IMX990 ~ 993) were the only commercial SWIR camera sensors available, capable of 

producing images up to 3.21 megapixels, albeit at a premium price. Recently, SWIR Vision 

Systems has developed quantum-dot based sensors that offer even higher resolutions at lower costs, 

competing with Sony’s offerings. As continuous research explores SWIR imaging applications in 

fields like agriculture, healthcare, automotive, and the military, demand is expected to drive 

component costs down, making the technology more affordable and accessible. Additionally, the 

computer vision algorithms discussed in Chapters IV and VII of this dissertation highlight the 

potential for automated caries detection and severity evaluation. These algorithms could be 

enhanced with artificial intelligence to improve image analysis, offering real-time diagnostics and 

personalized treatment plans. With ongoing education about the efficacy of SWIR dental imaging, 

this technology is set to become a standard in routine caries screening, transitioning dentistry from 

a surgery-focused approach to a new era of preventive care.  
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