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ABSTRACT   

Background: A conservative, non-invasive or minimally invasive approach to clinical 

management of dental caries requires diagnostic techniques capable of detecting and 

quantifying lesions at an early stage, when progression can be arrested or reversed.  Objective 

evidence of initiation of the disease can be detected in the form of distinct changes in the 

optical properties of the affected tooth structure. Caries detection methods based on changes 

in a specific optical property are collectively referred to as optically based methods. The 

present thesis evaluated the feasibility of three such technologies for quantitative or semi-

quantitative assessment of caries lesions. Two of the techniques are well-established: 

quantitative light-induced fluorescence (QLF), which is used primarily in caries research and 

laser-induced fluorescence (LF), a commercially available method used in clinical dental 

practice. The third technique, based on near-infrared transillumination (TI), is in the 

developmental stages. Aims: The general aims of this thesis were twofold: firstly, to evaluate 

the LF and QLF methods, with special reference to validity and reliability in detecting lesions; 

and secondly, to implement a procedure to characterise an imaging technique based on TI of 

dental enamel with near-infrared light (NIR). Material and Methods: In Study I (in vivo) the 

LF method was validated for occlusal dentinal caries detection by comparing LF readings 

with the actual lesion depth, determined by opening the fissures. LF readings obtained on 

smooth surface white spot lesions were compared with corresponding measurements by QLF, 

which served as a reference method. Operator agreement was also tested. In Study II (in vivo) 

QLF was applied to monitor a preventive intervention: caries active adolescents were 

instructed to brush weekly with amine fluoride gel to test whether this treatment could 

enhance the remineralisation of early caries lesions on smooth surfaces.  In Study III (in 

vitro) LF readings and colour and surface texture of root caries lesions were investigated in 

relation to histopathological lesion depths. The influence of discolouration and surface texture 

on LF readings, as well as the operator agreement, was investigated. In Study IV (in vitro) a 

procedure to characterise a TI imaging system, using wavelengths in the NIR spectrum, was 

developed for detection of early caries lesions. The performance of the system with reference 

to high resolution and low noise of captured images was characterised and quantified by the 

modulation transfer function. The potential for this imaging technique to detect and indicate 

the relative position of a lesion on the approximal surface was also explored. Results: LF 

readings of   occlusal dentinal caries (Study I) showed very poor correlation with clinically 



 

 

assessed lesion depth (r < 0.15). With respect to root caries lesions (Study III), LF readings 

showed extremely low correlation with histopathological lesion depth (r < 0.01). The 

agreement between LF readings and corresponding measurements by QLF (Study I) was 

satisfactory.  For root caries, discolouration and surface texture denoted as hard were 

associated with higher LF values (Study III): the study disclosed moderate correlation 

between colour and histological depth, as well as between surface texture and histological 

depth. Operator agreements (Study I, III) were good to excellent. Monitoring by QLF 

disclosed no enhancement of remineralisation of white spot lesions by additional weekly 

brushing with amine fluoride gel (Study II). Study IV demonstrated that the TI system was 

able to detect features as small as 250 µm with 30 % modulation in captured images. The 

location of a caries lesion on the approximal surface was demonstrated in thin tooth sections. 

Conclusions: In their present form, neither of the two established optical methods evaluated 

in this thesis can be regarded as ideal for clinical application. LF readings showed very poor 

correlation with lesion depth, both on occlusal and root surfaces. The QLF method was 

appropriate for monitoring small changes in white spot lesions. When illuminated through 

dental enamel, the novel TI imaging system disclosed extremely small features. Reduction of 

modulation indicated the relative position of a simulated approximal caries lesion in thin tooth 

sections. These promising results indicate that the TI method warrants further investigation 

and development as an aid to traditional caries detection and assessment methods.  

 

 

 



 

 

ABSTRAKT 

Kariesprocessen vanligtvis långsamma förlopp ger oss möjlighet att bevara tandsubstansen 

och behandla kariesskadan icke-invasivt, dvs. utan att borra i tanden. Tidigt insatta åtgärder 

kan avstanna och vända kariesprogressionen. Det är därför mycket viktigt att så långt det går 

undvika invasiv fyllningsterapi,. Bra information om det enskilda kariesangreppet (i form av 

objektiv, tillförlitlig och kvantitativ data) möjliggör tidigt insatta preventiva åtgärder och att 

utfallet av dessa behandlingar sedan kan följas över tiden. Inom klinisk kariesforskning skulle 

t ex studier av olika fluorinnehåll i tandkrämer kunna genomföras med färre antal 

försökspersoner och kortare försöksperioder. 

Det är svårt att säkert veta om det finns ett dentinkariesangrepp under intakt 

emalj i en ocklusalyta (tuggytan på de bakre tänderna). Att sen avgöra hur djupt angreppet är 

kan vara ännu svårare. Visuell inspektion, användning av sond, samt tolkning av 

röntgenbilder är inte tillräckligt känsliga metoder för att på ett säkert sätt mäta små 

kariesangrepp. De har låg sensitivitet (förmågan att identifiera kariesskadade ytor rätt), ibland 

under 50 %, d v s en ren gissning kan bli lika rätt. De senaste åren har flera tekniskt 

avancerade metoder utvecklats för att möta behovet. Alla har dock både möjligheter och 

begränsningar. 

Det övergripande syftet med den här avhandlingen var att utvärdera två optiska 

metoder: laserinducerad fluorescens (LF) och kvantitativ ljusinducerad fluorescens (QLF). 

Dessa prövades på kron- och rotytor, i emalj och i dentin. En ny genomlysningsmetod med 

nära infrarött ljus (NIR) teknikutvecklades för att upptäcka kariesangrepp i emalj. 

I laboratoriestudier har LF-metoden visat hög diagnostisk precision och hög 

reproducerbarhet för att upptäcka och mäta djupet på kariesangrepp. I Studie I undersöktes 

om detta även gällde mätning av ocklusalkaries på patienter. Resultaten visade en mycket låg 

överensstämmelse mellan kariesangreppens djup och LF-mätningarna. Metoden fungerade 

dock bättre för att avgöra om det fanns ett dentinkariesangrepp eller ej under den intakta 

emaljytan, dvs. den gav god kvalitativ information. 

Studie II var en randomiserad, kontrollerad klinisk studie (RCT). Under ett år 

fick kariesaktiva ungdomar borsta dagligen med aminfluoridtandkräm. Testgruppen fick 

borsta ytterligare en gång i veckan med aminfluoridgel och placebogruppen med gel utan 

verksam substans. Effekten på kariesskadad emalj, mätt med QLF-metoden var tredje månad, 

visade ingen statistisk säkerställd skillnad mellan test- och placebogruppen. Med QLF-



 

 

metoden kunde små förändringar i kariesangreppens djup mätas över tid. Metoden bedöms 

därför vara lämplig för liknade studiedesign. 

I Studie III prövades LF-metoden i ett laboratorieförsök för mätning av 

kariesangrepp på rotytor. Överensstämmelsen mellan LF-mätningarna, bedömd ytstruktur och 

missfärgning av kariesangreppen samt kariesangreppens histologiska djup testades. Bedömning 

av om ytstruktur och missfärgning av kariesangreppet påverkade LF-mätningarna gjordes. 

Resultatet visade att det inte fanns någon statistiskt signifikant överensstämmelse mellan LF-

mätningarna och det histologiska djupet hos kariesangreppet. LF-mätningar överensstämde 

dock med grad av missfärgning och hård ytstruktur. Även mellan missfärgning, ytstruktur och 

lesionsdjup fanns statistiskt signifikant överensstämmelse. Baserat på resultat från denna studie 

rekommenderas inte LF-instrumentet för mätning av karies på rotytor. 

I Studie I och III testades även överensstämmelsen av mellan olika operatörer vid 

användning av LF-instrumentet. Reliabiliteten bedömdes som god till utmärkt. I Studie III 

fungerade LF-instrumentet utmärkt på gruppnivå, men med stora mätvärdesskillnader mellan 

två upprepade mätningar på individnivå. 

I det fjärde delarbetet, Studie IV, utvecklades ett tillvägagångssätt för att 

kvantifiera och karaktärisera ett genomlysningssystem (TI) av tandemalj, samt en metod för 

bildtagning av emaljbitar av olika tjocklek. TI-systemets förmåga att återge små detaljer med 

hög kontrast testades med två våglängder i det nära infraröda spektrumet, ett våglängdsområde 

utan hälsofarlig strålning. Resultatet visade att den längre våglängden (1.4 µm) kunde lysa 

igenom en 6 mm tjock tandskiva med god bildkvalitet. Detaljer ner till 250 µm storlek kunde 

återges med god skärpa. Metoden gav även information om var på approximalytan 

kariesangreppet var placerat, dvs. ytan mellan tänderna som vanligtvis endast kan ses med hjälp 

av röntgenbild. Då kariesangreppets läge var närmast kameran kunde angreppet ses i samtliga 

tjocklekar av tandpreparaten. 

 

Den här avhandlingen handlar om två metoder avsedda för att mäta exakt hur djupa 

kariesangrepp är. Dessa testades på patient och på extraherade tänder. En ny metod för 

genomlysning av emalj teknikutvecklades. Resultaten visar att LF metoden kan användas som 

hjälpmedel för att upptäcka kariesangrepp på ocklusal- och buccal(kind)ytor men inte för 

mätning av karies på rotyta. QLF-metoden bedöms som lämplig att följa små förändringar i 

emaljkariesangrepp över tid. Vid genomlysning av emalj med TI metoden kan ytterst små 

detaljer avbildas med god bildåtergivning. 
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INTRODUCTION 
Dental caries is one of the most prevalent chronic diseases of humans worldwide. 

When different stages of the disease are taken into account, from the initial to the 

clinically manifest lesion, very few individuals are truly unaffected. In most 

industrialised countries 60-90% of school-aged children are affected. The prevalence 

among adults is even higher and in most countries the disease affects nearly 100% of 

the population [Petersen et al., 2005].  

During the last thirty years, however, major changes have occurred in the 

pattern of the disease. Progression of enamel caries is now slower [Mejàre et al., 

1999; Mejàre et al., 1998; Mejàre et al., 2004], allowing time for preventive 

intervention before irreversible destruction of tooth substance occurs. During the 

early stages of the disease the process is reversible and can be arrested: non-invasive 

intervention can convert a lesion from an active to an inactive state [Featherstone, 

2008; Fejerskov and Kidd, 2008]. Appropriate diagnostic techniques are necessary to 

support such decisions about management of the individual lesion [Featherstone, 

1999]. The clinician needs to be able to monitor the outcome of non-invasive 

measures and in cases where there is evidence of lesion progression, make a timely 

decision to intervene, using minimally invasive techniques and restoring damaged 

tooth structure without weakening the tooth.  

Failure to detect early caries activity may leave the clinician with no option 

but restorative treatment, rather than the application of non-invasive measures to 

reverse or arrest the lesion. Applying strategies to control, arrest or reverse the 

disease process can reduce the economic burden, pain and suffering of placing and 

replacing restorations [Choo-Smith et al., 2008].  

This modern, conservative approach to clinical management of dental caries, 

which has been evolving during the past twenty years, has necessitated a critical 

appraisal of methods used today for clinical detection of carious lesions. 

Complementing traditional diagnostic methods with advanced, more sensitive 

methods will improve caries diagnostic routines and hence the dental care and 

treatment of patients. The application of such complementary methods should offer 

objective information about the presence and severity of a lesion, to complement the 

clinician’s subjective interpretation, providing evidence-based clinical caries 

diagnosis. In this context, there is also a place for more sensitive caries detection 

methods in clinical caries research. Clinical trials in which lesions are monitored in 
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thousands of subjects over several years are no longer commercially viable. A 

quantitative method capable of measuring small changes would allow trials of much 

shorter duration and fewer subjects [Angmar-Månsson, 2001; Pretty, 2006].      

Conventional examination for caries detection is based primarily on 

subjective interpretation of visual examination and tactile sensation, aided by 

radiographs. The clinician makes a dichotomous decision (absence or presence of a 

lesion) based on subjective interpretation of colour, surface texture and location, 

using rather crude instruments such as a dental explorer and bitewing radiographs 

[Selwitz et al., 2007].  

Studies based on these methods often show low sensitivity and high 

specificity, i.e. a large number of lesions may be missed [Bader et al., 2002; Hopcraft 

and Morgan, 2005; Ridell et al., 2008; The Swedish Council on Technology 

Assessment in Health Care, 2008; Yang and Dutra, 2005]. Sensitivity and specificity 

are widely used measures to describe and quantify the diagnostic ability of a test 

[Altman and Bland, 1994]. In the context of caries research, sensitivity is a measure 

of the method’s ability to correctly identify all surfaces damaged by caries, and 

specificity the measure of correctly identified all sound surfaces. Sensitivity and 

specificity are expressed as values between 0 and 1 (100%), values closer to 1 

indicating a high quality result. For caries diagnostic methods, values should be at 

least 0.75 for sensitivity and over 0.85 for specificity [The Swedish Council on 

Technology Assessment in Health Care, 2007].  

Diagnostic techniques are also evaluated in terms of validity and 

reliability. To determine validity, the outcome as measured by the method is 

compared with a reference standard, a ‘true’ situation. Reliability expresses the 

consistency of a set of measurements performed with the method. High validity is 

considered to confirm the absence of systematic errors and high reliability the 

absence of random errors of the method. The generalisability of a diagnostic 

technique is also described in terms of external and internal validity. The external 

validity reflects the extent to which the results of a study can be extrapolated to other 

subjects or settings, whereas internal validity reflects the degree to which conclusions 

about causes or relationships are likely to be true, in view of the measures used, the 

research setting, and the overall study design. Good experimental design will filter 

out the most confounding variables, which could compromise the internal validity of 

an experiment.   
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Table 1 is a modified version by Pretty and Maupome [2004] and presents a 

summary of two extensive systematic reviews of conventional caries detection 

methods and there performance in terms of sensitivity and specificity [Bader et al., 

2001, 2002]. Another recently published comprehensive review [The Swedish 

Council on Technology Assessment in Health Care, 2007] stated that the evaluations 

of diagnostic performance are based on limited numbers of studies of questionable 

internal and external validity attributable to incomplete descriptions of selection and 

diagnostic criteria and observer reliability. The quality of published studies is further 

compromised by the use of small numbers of observers, non-representative teeth, 

samples with high lesion prevalence, a variety of reference standards of unknown 

reliability and variations in statistical analysis of the reported results. 

 

 
 

Table 1. Effectiveness of conventional methods for detection of caries  

Summary based on reviews by Bader et al., [2001, 2002] modified by Pretty and 

Maupomé [2004].  

 

It is apparent that conventional methods for the detection of dental caries do not fulfil 

the criteria for an ideal caries detection method. These methods rely on subjective 

interpretation and are insensitive to early caries detection. It is widely recognised that 
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the current methods cannot detect caries lesions until a relatively advanced stage, 

involving as much as one-third or more of the thickness of enamel [Stookey and 

Gonzalez-Cabezas, 2001].  

The shortcomings of conventional caries detection methods and the need for 

supplementary methods have long been acknowledged. The series of published 

proceedings from the three “Indiana Conferences on Early Detection of Dental 

Caries” contains a wealth of detail of work in this area [Stookey, 1996; Stookey, 

2000; Stookey, 2004a]. Over the past twenty years there has been intensive research 

into more sophisticated methods for early detection of dental caries [Angmar-

Månsson et al., 1996; Angmar-Månsson and ten Bosch, 1993; Bader and Shugars, 

2004, 2006; Bader et al., 2001, 2002; Choo-Smith et al., 2008; Hall and Girkin, 2004; 

Karlsson and Tranæus, 2008; Lussi et al., 2004; Neuhaus et al., 2009; Pereira et al., 

2009; Pitts, 1997; Pretty, 2006; Pretty and Maupome, 2004; Selwitz et al., 2007; 

Stookey, 2004b; Tranæus et al., 2005; Young, 2002; Zandona and Zero, 2006]. 

 

An initial effect of the disease process, increased porosity, results in a distinct change 

in the optical properties of the affected dental tissue, providing objective evidence of 

a caries-induced change. Caries detection methods based on changes in a specific 

optical property are referred to in the literature as optically based methods, optical 

methods or dental tissue optics. The optical methods for detection and quantification 

of dental caries investigated in this thesis are based on the measurement of a physical 

signal, derived from the interaction of light with dental hard tissue. The following 

section presents a brief description of the principles underlying these methods.  
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PHYSICAL PRINCIPLES UNDERLYING OPTICAL CARIES DETECTION 
METHODS  
Optical caries detection methods are based on observation of the interaction of energy 

which is applied to the tooth, or the observation of energy which is emitted from the 

tooth [Hall and Girkin, 2004]. Such energy is in the form of a wave in the 

electromagnetic spectrum, Fig. 1. The caries detection methods described in this 

thesis use light in the visible and near-infrared range (NIR). 

 

 

 

 
 

Figure 1. The electromagnetic spectrum 

Wavelengths of interest in this thesis are the visible light spectrum from 400 nm to 

700 nm and the range of near-infrared light from 750 nm to 1500 nm. 

 

In its simplest form, caries can be described as a process resulting in structural 

changes to the dental hard tissue. The diffusion of calcium, phosphate and carbonate 

out of the tooth, the demineralisation process, will result in loss of mineral content. 

The resultant area of demineralised tooth substance is filled mainly by bacteria and 

water. The porosity of this area is greater than that of the surrounding structure. 

Increased scattering of incident light due to this structural change appears to the 

human eye as a so-called white spot. Hence, the caries process leads to distinct optical 

Illustration by Lena Karlsson 
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e 
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changes that can be measured and quantified with advanced detection methods based 

on light that shines on and interacts with the tooth, Fig. 2.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Light interactions with a tooth 

How waves can interact with the dental hard tissue; a) reflection, the wave rebounds; 

b) scattering, the incident wave enters the tooth and changes direction. The photons 

then leave the tooth either as backscattering, where the photons leave through the 

surface by which they entered, or through another surface (scattering with diffuse 

transmission); c) transmission, the wave is illuminated through the tooth and refracts 

on the surfaces; d) absorption with heat production; and e) absorption with 

fluorescence. Most interactions of waves are a combination of these processes. 

 
 

Illustration by Lena Karlsson 
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Scattering 
Scattering is the process in which the direction of a photon is changed without loss of 

energy.  The incident light is forced to deviate from a straight path when it interacts 

with small particles or objects in the medium through which the light passes.  In 

physical terms scattering is regarded as a material property. A glass of milk is seen as 

white because incident light on the milk is scattered in all directions, leaving the milk 

without absorption [Zijp, 2001]. Snow appears white because light incident in the 

snow is scattered in all directions by the small ice crystals. Light of all visible 

wavelengths exit snow without suffering absorption. Scattering is highly wavelength 

sensitive, shorter wavelengths scattering much more than longer ones [Hall and 

Girkin, 2004]. Therefore, caries detection methods employing wavelengths in the 

visible range of the electromagnetic spectra (400 nm to 700 nm) are highly limited by 

scattering. An early enamel lesion looks whiter than the surrounding healthy enamel 

because of strong scattering of light within the lesion [Angmar-Månsson and ten 

Bosch, 1993]. Methods measuring lesion severity are based on differences in 

scattering between sound and carious enamel.  

 

Absorption with fluorescence 
Absorption is the process in which photons are stopped by an object and the wave 

energy is taken in by the object. The energy lost is mostly converted into heat or into 

another wave which has less energy and hence longer wavelengths. In physical terms 

absorption is also regarded as a material property. The previous analogy of the glass 

of milk appearing white can be extended to a cup of tea [Zijp, 2001]; the tea is seen as 

transparent because it does not scatter light, but it looks brown because much of the 

light is absorbed by the tea. Likewise, mud and pollution in white snow can be seen 

as dark spots because certain wavelengths are absorbed by these polluted spots. 

Absorption of light in tissue is strongly dependent on the wavelength. Water is an 

example of a strong absorber in the infrared (IR) range.  After absorption the energy 

can be released by emission of light at a longer wavelength, through the process of 

fluorescence. Fluorescence occurs as a result of the interaction of the wavelength 

illuminating the object and the molecule in this object. The energy is absorbed by the 

molecule with subsequent electronic transition to the next state, to a higher level state 

where the electrons remain for a short period of time. From here the electrons may 

fall back to the ground state and release the gained energy in terms of longer 

wavelength and colour, which is related to the energy given off and fluorescent light 
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can be emitted. Autofluorescence, the natural fluorescence of dental hard tissue 

without the addition of other luminescent substance has been known for a long time 

[Benedict, 1928]. Demineralisation will result in loss of autofluorescence [Borisova et 

al., 2006] which can be quantified using caries detection methods based on the 

differences in fluorescence between sound and carious enamel.  

 
Transillumination 
The caries lesion may also be examined by shining white light through the tooth 

[Schneiderman et al., 1997]. Wavelengths in the visible range (400-700 nm) are 

limited by strong light scattering, making it difficult to image through more than 1 

mm or 2 mm of tooth structure [Darling and Fried, 2008]. Research has shown that 

enamel is highly transparent in the NIR range (750 nm to 1500 nm) due to the weak 

scattering and absorption in dental hard tissue at these wavelengths [Buhler et al., 

2005; Darling and Fried, 2005; Darling et al., 2006; Fried et al., 1995; Jones et al., 

2003; Wu and Fried, 2009]. Therefore, this region of the electromagnetic spectrum is 

ideally suited to the development of new optical diagnostic tools based on 

transillumination (TI).  

This is a promising technique for detecting the presence of caries and 

measuring its severity. The method is non-destructive, non-ionising and reportedly 

more sensitive to detect early demineralisation than dental x-rays [Darling et al., 

2006]. Identification of dental caries by TI is based on the fact that increased mineral 

loss in an enamel lesion leads to a twofold increase in scattering coefficient at a 

wavelength of 1.3 µm [Darling and Fried, 2005; Darling et al., 2006]. Most research 

to date has used this wavelength, where low-cost light sources are available. When 

light illuminates the tooth the strong scattering effect in the enamel caries lesion 

results in less transparency. The decreased light transmission associated with the 

lesion can be detected when compared to that of the surrounding sound tissue.  
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OPTICAL CARIES DETECTION METHODS IN THIS THESIS  
 
Laser-induced fluorescence  
The DIAGNOdent™ (KaVo, Biberach, Germany) is a portable commercially 

available device (Fig. 3A) for detection and quantification of caries [Hibst and Gall, 

1998; Lussi et al., 2004]. Red laser light (λ = 655 nm) is emitted by the device via an 

optical fibre and a probe to the caries lesion (Fig. 3B). When the light interacts with 

certain organic molecules that have been absorbed into the porous structure the light 

is re-emitted as invisible fluorescence in the NIR region. The NIR fluorescence is 

believed to originate from protoporphyrin IX and related metabolic products of oral 

bacteria [Gostanian et al., 2006]: these products are chiefly responsible for the 

absorption of red light. The emitted light is channelled through the handpiece to the 

detector and digitally displayed on a screen (0-99).  A higher number indicates greater 

fluorescence and by inference a more extensive subsurface lesion.  

 

 

 

        
Figure 3A        Figure 3B 

A) The LF device operates with light from a diode laser transmitted through a 

descendent optic fibre to a hand held probe with a fibre optic eye. The emitted 

fluorescence is collected through the tip, passes into ascending fibres, and is finally 

processed and presented on the display as an integer between 0-99; B) in the presence 

of carious tooth substance, fluorescence increases. 

 

Two versions of the laser fluorescence (LF) device are currently available 

commercially. As well as the DIAGNOdent 2095™ for application to smooth and 

occlusal surfaces investigated in this thesis, the latest version, the LF-pen, has been 

Photo by Karin Sjögren Photo by Sofia Tranæus 
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designed for easier access to approximal surfaces. The original LF device has shown 

good performance and reproducibility for detection and quantification of occlusal and 

smooth surface caries lesions in in vitro studies, but the results of in vivo studies have 

been somewhat contradictory [Abalos et al., 2009; Akarsu and Koprulu, 2006; 

Angnes et al., 2005; Anttonen et al., 2004; Astvaldsdóttir  et al., 2004; Bamzahim et 

al., 2005; Chu et al., 2009; Khalife et al., 2009; Reis et al., 2006; Rocha et al., 2003]. 

The LF method has also been investigated for longitudinal monitoring of the caries 

process, and for assessing the outcome of preventive interventions [Aljehani et al., 

2006; Andersson et al., 2007; Anttonen et al., 2004; Kronenberg et al., 2009; Sköld-

Larsson et al., 2004]. The potential role of the LF device in detection of root caries 

lesions has not been extensively investigated and hitherto only two validity studies 

are available [Wicht et al., 2002; Zhang et al., 2009]. 

 

Quantitative Light-induced Fluorescence  
This method is based on the principle that the autofluorescence of the tooth alters as the 

mineral content of the dental hard tissue changes. Increased porosity due to a 

subsurface enamel lesion scatters the light either as it enters the tooth or as the 

fluorescence is emitted, resulting in a loss of its natural fluorescence.  Bjelkhagen et al., 

[1982], Sundström et al., [1985] and subsequently de Josselin de Jong et al., [1995] 

developed a technique based on this optical phenomenon. The underlying theory has 

been described extensively in several publications [Angmar-Månsson and ten Bosch, 

2001; Tranæus et al., 2001b; van der Veen and de Josselin de Jong, 2000]. The changes 

in enamel fluorescence can be detected and measured when the tooth is illuminated by 

violet-blue light (wavelengths 290-450 nm, average 380 nm) from a camera hand piece, 

following image capturing using a camera fitted with a yellow 520-nm high pass filter 

(QLF; Inspektor™ Research Systems, Amsterdam, the Netherlands), Fig. 4A. The 

image is captured, saved and processed: it is first converted to black-and-white so that 

thereafter the lesion site can be reconstructed by interpolating the grey level values in 

the sound enamel around the lesion. The difference between measured and 

reconstructed values gives three quantities; ΔF (average change in fluorescence, %), 

lesion area (mm2), and in later versions of the QLF software, ΔQ (area x ΔF), which 

gives a measure of the extent and severity of the lesion. Figure 4B shows the analytical 

stages of the method.  
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Figure 4A          Figure 4B 

A) Light of certain wavelengths is lead by an optic fibre from the light source to a 

hand piece with a micro Charge Couple Device video camera. B) The image can be 

captured and saved for later analysis. Computer program: QLF 1.97e Inspector 

Research System BV, Amsterdam, The Netherlands. 

 

A high positive correlation is reported between QLF and absolute mineral loss, 

r=0.82-0.92 [al-Khateeb et al., 1997; Gmur et al., 2006; Heinrich-Weltzien et al., 

2003b]. At a consensus meeting in 2002, The International Consensus Workshop on 

Caries Clinical Trials (ICW-CCT) [Pitts and Stamm, 2004] it was agreed that QLF 

may offer one solution in the effort to reduce both the number of subjects and the 

duration of caries clinical trials. The method seems to have been rapidly adopted as a 

standard reference measure in clinical tests of the efficacy of preventive measures.  

 

Transillumination with near-infrared light  
A methodology to characterise a TI system (Fig. 5) was implemented, using two 

wavelengths of choice, 1.28 µm and 1.4 µm. In order to quantify the spatial resolution 

of acquired images and in this way determine optical changes within caries lesions, 

i.e. to contrast sound and demineralised areas, a procedure to determine the spatial 

frequency of the imaging system was implemented. To this end, rather than working 

with caries tissue of undetermined contrast, artificial patterns recorded on masks were 

used. The periodic patterns had a known number of line pairs per millimeter 

(LP/mm), where a line pair consisted of an absorbing and its adjacent lucent space. 

The spatially periodic patterns were projected on the surface of intact teeth of various 

thicknesses, resulting in a distribution of shallow regions that were entirely dark, 

simulating an array of “perfect” shallow caries lesions. This known input image then 

Photo by Sofia Tranæus Photo by Jan Kuhnisch 
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passed through the enamel tissue to the detector and the contrast of the recorded 

image was used for the measurement of the resolution of the system. Since highly 

subjective perception and judgment is involved when estimating the contrast, the 

quality of the imaging system was characterised by the entire Modulation Transfer 

Function (MTF) [Feltz and Karim, 1990; Park et al., 1984]. MTF is the function that 

describes the modulation at a given spatial frequency. Imaging systems reproduce 

high spatial frequency signals with poorer contrast than low spatial frequency, and 

consequently their MTF’s decreases with increasing spatial frequency. The TI method 

also offers the advantage of allowing repeated projection of the tooth without 

exposure to ionising radiation and the potential to estimate the relative position of an 

approximal caries lesion.  

 

 

 

 

 

 

Figure 5. 

Experimental set-up of the transillumination system: A) near-infrared light source; 

B) polarizer; C) tooth section; D) lens; E) Charge Couple Device camera. 

 

E A B C D B D

Illustration by Ana Marly Araújo Maia 
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AIMS 
A conservative, non-invasive, or minimally invasive approach to clinical management 

of caries lesions requires diagnostic methods which can detect and quantify very 

small changes in lesions. This cannot be achieved by conventional methods alone. 

Thus, the main theme of the present thesis is the evaluation of optical methods to 

supplement conventional routines for caries detection on coronal and root surfaces, in 

enamel and dentin. Although two such methods, laser-induced fluorescence (LF) and 

quantitative light-induced fluorescence (QLF) are well-established, a review of the 

research to date does not confirm that either method meets all the requirements for 

practical clinical application. A novel method, transillumination (TI) with near-

infrared (NIR) light has undergone initial laboratory investigations with promising 

results and warrants further investigation as a potential alternative to the above 

methods. The general aim of this thesis was therefore to evaluate two established 

optical technologies, LF and QLF, for detection and quantification of dental caries, 

and to implement and characterise an imaging technique for caries detection based on 

TI with NIR. 

 
Specific aims 

 To validate the LF method clinically for occlusal caries detection and 

quantification, by comparing LF readings with actual lesion depth. Secondly, to 

compare LF readings on smooth surfaces with corresponding measurements by 

QLF (ΔF), served as a reference standard. (Study I) 

 To evaluate the feasibility of applying the QLF method to monitor small changes 

(ΔF and lesion area) in white spot lesions on smooth surfaces, in a clinical study 

investigating the potential of  weekly brushing with amine fluoride gel to enhance 

remineralisation. (Study II) 

 To validate LF, visual inspection and surface texture for detection of root caries 

lesions in vitro, against histological lesion depths. Secondly, to investigate the 

possible influence of discolouration and surface texture on LF readings (Study 

III) 

 To develop a procedure to characterise the performance of a TI system for 

detection of early caries lesions, at two wavelengths within the NIR spectrum. 

Secondly, to investigate the potential of the method to indicate the relative 

position of a simulated approximal enamel caries lesion. (Study IV)  
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MATERIAL AND METHODS 
The methods are briefly described in this section: detailed descriptions are presented 

in each individual paper.  

 

The material and methods in the four papers are summarised in Table 1.  

 
Paper Study 

type 
No of subjects 
/ Samples 

Remarks Surface 
examined 

Optical 
method 

I part I clinical 30 52 test sites occlusal LF 
I part II clinical 30  smooth LF and QLF 
II clinical 135  smooth QLF 
III laboratory 93 Reliability root  LF 
 laboratory 64 out of 93 Validity root LF 
IV laboratory   enamel TI 
Table 1. 

Overview of material and methods applied in the four papers included in the thesis 

 

 

Ethical considerations 

Studies I-IV were approved by the Ethics Committee at Huddinge University 

Hospital, Huddinge, Sweden, as follows: Paper I (155/01 and amendment 2001-01-14 

to study 430/97); Paper II (430/97); Paper III (2006/380-31/3); and Paper IV 

(2006/380-31/3) which was also approved by the Ethical Committee in Universidade 

Federal of Pernambuco-Recife, Brazil (268/2007). The clinical studies (I and II) were 

conducted according to ICH/GCP regulations.  

 

Paper I  
Part one (occlusal surface) 

Subjects 

The material comprised 30 subjects, 18-42 years of age, with a total of 52 test sites on 

the occlusal surface of the 1st or 2nd molar. All examinations were undertaken  

independently by the two operators, who were calibrated before the start. A third 

person undertook collection of all data including the LF readings, which were 

unavailable to the operators. 
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Documentation, visual inspection and bitewing radiography 

All test sites were documented with a digital camera, Nikon COOLPIX 990, before 

opening, at the end of caries removal/cavity preparation, and after restoration. These 

images provided a permanent record of the appearance of the teeth and the extent of 

the lesions, as well as a guide for repositioning. The images were digitally stored. An 

initial visual inspection, using magnification at 2.6x, with or without the explorer, 

was recorded according to codes adapted from Ekstrand’s visual scoring system 

[Ekstrand et al., 1998], shown in Table 2A. Bitewing radiographs were taken of all 

teeth according to standard clinical protocol, unless the patient had bitewings less 

than 6 months old. The radiographs were then evaluated according to the criteria in 

Table 2B. 

 

2A. Visual inspection criteria 
 
0 

1 

2 

No or slight change in enamel translucency after prolonged air drying  

Opacity or discoloration distinctly visible after air drying  

Localised enamel breakdown in opaque or discoloured enamel 

and/or greyish discolouration from the underlying dentin 

 
2B. Radiographic criteria 
 
0 

1 

2 

3 

No radiolucency visible 

Radiolucency visible in the enamel 

Radiolucency visible in the outer dentin, just beyond DEJ 

Radiolucency visible in the inner dentin, clearly beyond the DEJ 

 
2C. Clinical criteria 
 
0 

1 

2 

3 

No caries 

Caries in the enamel 

Caries in the outer dentin, just beyond DEJ 

Caries in the inner dentin, clearly beyond the DEJ

 

 

Table 2. 

Criteria used in: A) visual inspection; B) radiographic examination; and C) after 

fissure was opened. 
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LF measurements 

Two LF devices (DIAGNOdent 2095™, KaVo, Biberach, Germany), LF 1 and LF 2, 

were tested separately. Before the LF measurement was undertaken, the surface of the 

tooth was cleaned with bicarbonate spray utilising the Prophy Flex 2 device (KaVo, 

Biberach, Germany). The tooth surface was air-dried for 5 s with a compressed air 

syringe prior to measurement. Each test site was measured twice, using the conical 

tip, with water spraying and air-drying in between to standardise the humidity.  The 

devices were calibrated against a ceramic standard before every measurement session 

and the standard value for each tooth was calibrated by measuring at a sound enamel 

reference point [Karlsson et al., 2004]. The highest reading obtained was recorded 

and the site was indicated as a dot on the photograph. 

 

Treatment decisions  

On the basis of visual inspection, bitewing evaluation, and clinical judgement, a 

decision was made as to whether to treat the tooth invasively or not. If the tooth was 

judged to be sound, and not in need of opening, it would be classed as sound 

clinically. However, if the LF reading indicated that the tooth had a hidden lesion (LF 

reading of 15 units or higher), the surface was minimally explored with a fine bur. 

 

Validation of lesion depth 

When the suspicious or definitely carious lesion was opened with the appropriate bur, 

the examiner determined the depth of the lesion according to the criteria in Table 2C. 

Depending on the depth and extent of the cavity after careful caries removal, the area 

was restored with fissure sealant or composite restorative material. 

 

 

Part two (smooth surfaces) 

Subjects 

Thirty patients, 13-15 years of age with a total of 30 test teeth participated in the 

second part of the study, which was conducted in conjunction with an on-going 

clinical trial using QLF for longitudinal caries quantification (Study II). The test teeth 

were standardised to the lower left first molar (tooth no. 36), with active incipient 

enamel lesions on the buccal smooth surface. All examinations were made 

independently by two operators, who were calibrated before study start. 
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Measurements with QLF and LF 

Firstly, images of the test sites were captured using the QLF device. Thereafter the 

test sites were carefully scanned with the LF device, using the flat probe. The 

procedure for device calibration as well as for the standard value for each tooth was 

carried out as described above in part one of the study. The site of highest LF reading 

was recorded. The two operators independently performed the measurement cycle 

twice at each test site, with water spraying in between to standardise the humidity.  

The QLF images were digitally stored until the study was completed 

and then analysed by one operator using special software (Inspector QLF 1.97e, 

Amsterdam, The Netherlands). The QLF data (∆F) were subsequently used as a 

reference standard for validation purposes. 

 

Paper II  
Subjects 

The participants comprised 135 caries-active adolescents, 65 in the test group and 75 

in the placebo group, with two or more white spot lesions on the buccal surfaces of 

the premolars or permanent molars. Four operators, highly experienced in the use of 

QLF, examined the same group of subjects throughout the study period.  

 

Experimental design  

The study period was 12 months from baseline to closed file, with subjects recalled 

every 3rd month (baseline, 3, 6, 9, and 12 months). The participants were issued with 

an amine fluoride dentifrice (1250 ppm F) to be used twice a day, and either a test 

(4000 ppm F) or a placebo gel for brushing 2 min once a week. At each visit, ΔF 

(average change in fluorescence, in %), and lesion area (in mm2) were measured by 

QLF, followed by dietary counselling, oral hygiene instruction, and professional tooth 

cleaning. At baseline, 6 and 12 months, saliva was sampled for mutans streptococcus 

and lactobacillus counts, and gingival bleeding index (GBI) was registered, (Fig. 6). 

The QLF images were digitally stored until the study was completed and then 

analysed by one operator, using special software (Inspector QLF 1.97e, Amsterdam, 

The Netherlands).  
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Figure 6. 

Study design. At each visit, ΔF and lesion area were monitored by QLF and oral 

hygiene instruction (instr), dietary counselling (inf), and Professional Tooth Cleaning 

(PTC) were carried out. A test gel or placebo gel was provided. At baseline, 6 and 12 

months, Gingival Bleeding Index (GBI) was registered and saliva was sampled to 

estimate levels of  mutans streptococci and lactobacilli. 

 

Paper III 
The material comprised 93 extracted teeth, nine with visually intact root surfaces and 

eighty-four with various stages of root surface caries lesions. The teeth were 

photographed to facilitate repositioning at the test site, a reference which was also used 

for the subsequent orientation of the tooth slice for histopathological analysis. 

Calibrated operators assessed lesion colour and surface texture according to Table 3A 

and B.   

  
Surface texture 

Intact 
Soft 

Leathery 
Hard 

 

Table 3A              Table 3B  

A) Visual and B) tactile criteria for determining root caries lesions. 

 
Four operators recorded two measurements on each test site, using two LF devices 

(DIAGNOdent 2095™, KaVo Biberach, Germany) with the flat tip recommended for 

Discolouration 
Intact 

Yellowish 
Yellowish-Brown 
Brownish - Black 

 

Baseline 3 6 9 12 months 

• QLF 
• saliva tests 
• GBI  
• inf / instr 
• PTC  
• gel 

• QLF 
• inf / instr 
• PTC   
• gel 

• QLF 
• inf / instr 
• PTC   
• gel 

• QLF 
• saliva tests 
• GBI  
• inf / instr 
• PTC   
• gel 

• QLF 
• saliva tests 
• GBI  
• inf / instr  
• PTC  
• gel 
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smooth surfaces. Operator one performed all measurements twice with LF device 1 (LF 

1), and immediately afterwards with LF device 2 (LF 2). The same operator repeated 

this procedure one week later, and after a further interval of one week made a third, 

final series of measurements. Operators two, three and four repeated the same series of 

measurements, following the same time schedule. The procedure for device calibration 

as well as for the standard value for each tooth was carried out as previously described.  

 Each tooth was embedded in methyl-methacrylate and sectioned into 

approximately 300 µm thick slices, using a water-cooled diamond saw [Borsboom et 

al., 1987]. Due to saw machine failure, not all the slices could be retrieved. Slices of the 

remaining 64 teeth were examined in a light microscope at x16 magnification. Lesion 

depth was assessed using two references: from the delineated borderline of the original 

exposed root surface (Ref I), or in cases of loss of surface continuity, the absolute 

lesion depth (Ref II) as seen in Figure 7. 

 

 

 

 

 

 

 

 

 

 

Figure 7. 

——— Reference I 

– – – –  Reference II 

· · · · · ·  Histopathological depth 

 
Paper IV 
Two extracted intact human third molars teeth were selected for the study. A 

buccolingual section, approximately 7 mm thick, was sawn perpendicularly to the 

occlusal surface from each tooth using a Low Speed Diamond Wheel Saw (Model 

650, South Bay Technology, USA). The TI system under evaluation (Fig. 5) was 

operated at two wavelengths, 1.28 µm and 1.4 µm. Eight test charts, set by the United 

State Air Force in 1951 (MIL-STD-150A standard) (Fig. 8) and with various values 

Photo by Lena Karlsson 
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of spatial periods, i.e. one dark line and one light space per period, also known as 

LP/mm, were attached to tooth sections.  

 

 

 

 

 

 

 

 

 

 

Figure 8. 

Spatial resolution of test chart used in the experiment. The scale (ruler) gives about 2 

LP/mm, i.e, 250 µm per line. 

 

The tooth section was transilluminated and the transmitted image was captured, using 

both wavelengths. The sections were then consecutively reduced in thickness by a 

Micro Electrical Motor (Beltec, LB 100 Model, São Paulo, Brazil) and a sequence of 

all sizes of the test charts were used for repeated imaging procedures, (Fig. 9). The 

contrast (C) and spatial frequency (LP/mm) of acquired TI images were calculated by 

plotting the profile of intensity values of pixels along a line set on a designated area 

of all images. The modulation (M), i.e. Michelson contrast, was calculated as: M = 

(Imax- Imin) / (Imax+ Imin), with Imax and Imin representing the highest and the lowest 

mean intensities of the peaks.  

In order to investigate the potential of the method to indicate the relative 

position of a simulated approximal enamel caries lesion, a 1-mm deep cavity was 

prepared and filled in a tooth, using a diamond bur (0.9 mm in diameter, no. 1011, 

KG Sorensen, São Paulo, Brazil). A buccolingual section, approximately 6 mm thick, 

was sawn perpendicularly to the occlusal surface. TI images were acquired from both 

sides of the tooth section using uniform illumination at both wavelengths. Each 

sample was then consecutively reduced in thickness to 5, 4, 3 and 1.8 mm sections. 

The image capturing procedure was repeated for each thickness. Here, the modulation 

was calculated from M = (Ienamel – Ilesion)/(Ienamel + Ilesion), where Ilesion is the average 

intensity measured in a lesion and Ienamel is the average intensity measured at 

Photo by Walter Margulis 
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neighboring healthy tissue.  The modulation was determined from both sides of the 

tooth section.  

The illumination sources used were a Raman Fiber Laser (Key Optical 

System, China) and a super luminescent diode (SLD-571, SUPERLUM, Moscow, 

Russia). All images were detected using a Charge Couple Device (CCD) camera 

(MicronViewer 7290A, Electrophysics, Fairfield, NJ, USA), captured with a software 

program, Spiricon Laser Beam Diagnostics (LBA-PC, Version 2.5, Utah, USA) and 

analysed with a downloadable image processing program, ImageJ (NIH, Maryland, 

USA).  

 

 

 
Figure 9. 

Image obtained through a 4 mm section of a molar tooth with 0.4 mm period 

resolution test chart, i.e. 2.5 LP/mm which indicates 200 µm thick features, 

transilluminated with 1.28 µm wavelength radiation. 

 
 
 
 
 
 

 

Photo by Ana Marly Araújo Maia 
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STATISTICAL ANALYSES 
In Paper I, the correlation between LF measurement, visual inspection, bitewing 

radiographs and the clinically assessed lesion depth was evaluated by Spearman’s 

rank correlation coefficient. One-way ANOVA with repeated measures was used to 

determine systematic differences or interactions between devices, operators or 

measurements. Spearman’s rank correlation coefficient was also used to determine 

the inter-device, inter-operator and intra-operator agreement, as well as the agreement 

between LF readings and QLF readings (∆F), the reference standard.  In Paper II, 

repeated measures ANOVA were applied to determine differences between the 

experimental groups, and changes over time in terms of ΔF and lesion area. Inter-

group interactions and differences were determined and evaluated, and finally 

completed with multivariate statistical methods. One-way ANOVA was used in 

Paper III to analyse the correlation between LF measurements, lesion colour, surface 

texture and lesion depth, as well as the influence of lesion colour and surface texture 

on the LF readings. Repeated measurements ANOVA were used to estimate sum of 

squares to calculate the Intraclass Correlation Coefficient (ICC) and inter-device, 

inter-operator, and intra-operator agreement. Two absolute measures of variation - the 

Repeatability Coefficient and the Measurement Error – were also calculated. The 

standard deviation of repeated measurement provided an estimate of measurement 

error. The Repeatability Coefficient as a measure of repeatability, which was adopted 

by the British Standards Institute 1979, was calculated as 2.77 times the standard 

deviation. Repeatability is expected to cover 95% of differences between repeated 

measurements [Bland and Altman, 1999]. The operator reliability for the analytical 

stage in Paper IV was evaluated by ICC.  

 
 

 

All statistical tests were two-sided and the level of significance was set to p < 0.05.  
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RESULTS 
The results are briefly described in this section: detailed descriptions are presented in 

each individual paper. 

 

Validity of LF for detection of coronal and root caries lesions (Papers I 
and III) 
In Paper I (occlusal surfaces), analysis by Spearman’s rank correlation coefficient of 

LF readings for occlusal dentinal caries showed very poor correlation with clinically 

assessed lesion depth (r < 0.15), regardless of the device used. The corresponding 

values for visual inspection were 0.31 to 0.61 and for bitewing radiographs 0.40 to 

0.52, depending on the operator. In the second part of Paper I (smooth surfaces) the 

correlation between LF and QLF (the reference method) was acceptable, with values 

ranging 0.57 to 0.73. In Paper III (root surfaces), analysis by one-way ANOVA of 

the correlation between LF measurements and histopathological depth of the lesions, 

disclosed an extremely low correlation (r < 0.01). As seen in Table 4, a moderately 

significant correlation was found between the depth and colour of the lesion (values 

at best 0.48) and between the depth and surface texture of the lesion (values at best 

0.50). The influence of lesion colour and surface texture on the LF readings ranged 

from 0.33 to 0.36.  

 

n=64   Histological depth      n=93      Clinical examination 
                    
 Reference I Reference II   Colour Surface texture 
 r  p r p  r  p r P 
          
LF 1 0.0027 NS 0.0075 NS  0.35 <0.05 0.36     <0.05 
LF 2 0.0095 NS 0.0006 NS   0.33 NS 0.33  NS 
Colour 0.48  <0.01 0.37 <0.001      
Surface 0.42 <0.01  0.50   <0.05       
 

Table 4. 

Correlation between LF readings and histological depth of lesions, LF readings and 

lesion colour and surface texture and lesion colour and surface texture and 

histological depth of lesions  
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Reliability of the LF method (Papers I and III) 
In Paper I, analysis by repeated measures ANOVA disclosed significant systematic 

inter-device and inter-operator differences (p<0.001 and p=0.008, respectively). 

However, there was no significant systematic difference between the measurements 

in general (p=0.72). No significant systematic interactions between devices, operators 

or measurements were disclosed.  The levels of agreement were 0.67 to 0.89 at inter-

device level and 0.71 to 0.87 and 0.80 to 0.92 at inter-operator and intra-operator 

level respectively. In Paper III, the reliability of LF measurement for root caries 

lesions, expressed as intraclass correlation coefficient, was 0.99 (intra-operator), 0.97 

(inter-operator), and 0.98 (inter-device). There were pronounced differences between 

two consecutive measurements and high measurement errors, indicating considerable 

deviation of individual measurements.  

 

Application of QLF to monitor changes in white spot lesions (Paper II)  
In Paper II, analysis of QLF monitoring by repeated measures ANOVA disclosed no 

enhancement of remineralisation of white spot lesions in those subjects using 

supplementary weekly brushing with amine fluoride gel. Figure 10A.shows that in 

the test group, ΔF values at the 6-month recall (8.09%) were significantly different 

from both the baseline and 9-month recall values (7.63% and 7.48% respectively). In 

the test group, the lesion area recorded at the 3-month visit (1.58 mm2) was 

significantly different from those at baseline (1.78 mm2) and after 9 and 12 months 

(1.75 mm2 and 1.73 mm2 respectively), as shown in Figure 10B. In the placebo group, 

no corresponding significant differences in ΔF and lesion area were disclosed. The 

changes in fluorescence radiance (ΔF and lesion area) observed over time in the test 

group as well as between the experimental groups were relatively minor, and 

although some were statistically significant they were considered of no clinical 

relevance. With respect to salivary counts of mutans streptococci and lactobacilli, 

there were no statistically significant differences between the experimental groups 

after 12 months. However, mutans streptococci increased significantly over time in 

the placebo group (p< 0.05). GBI showed a highly significant improvement over time 

in both groups.  
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Figure 10A. ΔF with -5% threshold, for all teeth over time (n=135). Vertical bars 

denote 0.95 confidence intervals. B. Lesion area with -5% threshold, for all teeth 

over time (n=135). Vertical bars denote 0.95 confidence intervals. 
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Characterisation of TI system performance (Paper IV)  
The TI system evaluated in Paper IV showed that useful images could be obtained at 

1.4 µm wavelength, transmitted through enamel in tooth sections as thick as 6 mm 

and at the 1.28 µm wavelength, through sections as thick as 5 mm. The system is 

capable of detecting spatial frequencies of ~2 LP/mm at approximately 30% 

modulation and about 5 LP/mm at approximately 20% modulation. This indicates that 

features of 250 µm and 100 µm, respectively, can be resolved with relative ease. The 

graph in Figure 11A shows the modulation transfer function and spatial frequency for 

tooth sections of 1, 2, and 3mm thickness illuminated with the shorter wavelength. 

Figure 11B shows the MTF’s at 1.4 µm wavelength for tooth sections of 2, 3 and 

5mm thickness. The simulated approximal enamel caries lesion was clearly detectable 

in all images obtained in the case of the caries lesion near the CCD, regardless of the 

sample thickness or the wavelength used. The modulation was relatively constant (47 

± 6%). The potential for estimating the relative position of a simulated approximal 

enamel caries lesion was demonstrated: when tooth sections of different thicknesses 

were illuminated from both sides in sequences, the resultant image degraded as it 

traversed through thicker layers of enamel and modulation values decreased with 

thickness.  This was reflected in a large ratio (R) between the two modulation values 

obtained from each side of the 6 mm section: R (6 mm) = Mnear(6 mm) / Mfar(6 mm) = 

16. When the thickness of the tooth section was reduced to 3 mm and the lesion was 

2.05 mm and 0.95 mm from the respective faces, the ratio declined to R (3 mm) = 3 

and the modulation values were 0.45 and 0.15 respectively.  
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Figure 11A. Modulation Transfer Function of imaging system for sample 1 at 1.28 

µm wavelength. From top to bottom: results for 1, 2 and 3mm thick sections. B. 

Modulation Transfer Function of TI system for sample 2 at 1.40 µm wavelength. 

From top to bottom: results for 2, 3 and 5 mm thick sections.   
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DISCUSSION 
A caries detection method intended for application in clinical practice should meet the 

following requirements: the new method should be more sensitive than currently 

available methods; should detect early, shallow lesions, differentiate between shallow 

and deep lesions; should give a low proportion of false positive readings, present data 

in a quantitative form so that lesion activity can be monitored, and be precise so that 

measurements can be repeated by several operators. The method must also meet 

safety regulations, be cost-effective and user friendly. 

Although the optical technologies evaluated in this thesis do not fulfil 

all these requirements, they offer distinct advantages over the more subjective 

methods generally relied on today and may be regarded as aids to supplement 

conventional methods of caries detection. 

 The studies on which this thesis is based were designed to evaluate the 

LF method for detection of occlusal dentinal and root caries lesions. The QLF method 

was applied to determine whether longitudinal measurements of enamel 

autofluorescence could detect differences in remineralisation of early enamel caries 

following preventive intervention. One novel method, the TI technique, was 

implemented, characterised and quantified with special reference to optical resolution 

of images captured by the system. 

 Both QLF and the TI method enable imaging detection of enamel caries 

that can be digitally stored and viewed later. The QLF method also includes image 

analysis software which measures the difference in fluorescence between sound and 

demineralised enamel. Changes in fluorescent radiance and lesion area can be 

followed over time, to measure lesion development.  

 Transillumination of enamel with NIR light is a promising technique for 

the detection and imaging of occlusal and approximal lesions [Buhler et al., 2005; 

Jones et al., 2003], i.e. surfaces most susceptible to caries [Hopcraft and Morgan, 

2005; Mejàre et al., 1998]. Application of repeatable, non-ionising radiation of the 

tooth allows the TI method to be used without restriction to monitor the caries 

process. The method overcomes some of the limitations of dental radiography such as 

overlapping. Moreover, the method can indicate the relative position of a lesion on 

approximal surfaces by calculating the ratio of modulation values obtained by 

illuminating tooth from the lingual or buccal surface respectively. The method uses a 

range of wavelengths where low-cost light sources are available and the transmitted 
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image can be detected by an ordinary CCD camera, similar to the one in mobile 

phones. The method can therefore be developed at reasonable cost as a fibre optic 

probe for intra-oral use, connected to an ordinary computer screen.  

 New methods for transilluminating teeth, such as digital imaging fiber-

optic transillumination (DIFOTI) [Schneiderman et al., 1997] have been introduced 

for more accurate and reliable diagnosis of caries lesions. The principle underlying 

the DIFOTI imaging system is similar to the TI system investigated in this thesis: the 

technology involves light, a CCD camera and computer-controlled image acquisition. 

However, the DIFOTI method involves high-intensity white light within the visible 

range of the electromagnetic spectrum and is therefore highly limited by scattering 

[Hall and Girkin, 2004]. The method has demonstrated poor correlation to clinical 

lesion depth [Bin-Shuwaish et al., 2008]. When compared to radiographic film and 

the depth of approximal lesions, it was found that DIFOTI was not able to measure 

the lesion depth at all [Young and Featherstone, 2005]. Methods that use longer 

wavelengths, such as in the NIR spectra (780 to 1550 nm), can penetrate the tissue 

more deeply. This deeper penetration is crucial for TI. 

The LF method, which has been available commercially for some years, 

generates a simple numerical index of de- and remineralisation in enamel and dentin 

that can be recorded in the patient’s file and monitored over time. The instrument is 

easy to handle and can also be purchased at a reasonable price. The in vitro and in 

vivo performance of the instrument (2095™) has been quite extensively investigated. 

A review by Bader and Shugars [2004] disclosed that although several evaluations of 

diagnostic performance have appeared in the literature, the range of the LF device 

performances is extensive. For detection of dentinal caries, sensitivity values ranged 

widely (0.19 to 1.0), although most tended to be high. Specificity values exhibited a 

similar pattern, ranging from 0.52 to 1.0. In comparison with visual assessment 

methods, the LF exhibited a sensitivity value that was almost always higher and a 

specificity value that was almost always lower. The body of evidence was based 

primarily on in vitro studies. Extrapolation to the clinical setting is uncertain.  

In this thesis, the LF method was evaluated under both in vitro and in 

vivo conditions. In Paper I the purpose was to determine whether the high validity 

and reliability for occlusal caries detection that had been reported from previous in 

vitro studies could also be achieved under clinical conditions.  

The present study was unable to confirm the earlier in vitro findings. 

The correlation between LF measurement and clinical lesion depth was very low, r < 
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0.15. The range of readings for enamel as well as dentin lesions was wide: 4-99. 

However, when suggested threshold values for dentinal lesions (20 and 25 reading 

units, respectively) were applied, the overall correct observation was high (85% and 

77%). This finding could indicate that clinical readings on occlusal surfaces from the 

LF method give good qualitative information, i.e. presence / absence of a dentinal 

lesion, rather than quantitative information about lesion depth. This weak correlation 

between LF readings and occlusal lesion depth has since been confirmed in numerous 

studies [Abalos et al., 2009; Akarsu and Koprulu, 2006; Angnes et al., 2005; 

Anttonen et al., 2004; Astvaldsdóttir  et al., 2004; Chu et al., 2009; Heinrich-Weltzien 

et al., 2003a; Khalife et al., 2009; Reis et al., 2006; Rocha et al., 2003].  

The NIR fluorescence is believed to originate from protoporphyrin IX 

and related compounds from oral bacteria [Gostanian et al., 2006; Lussi et al., 2004], 

chiefly responsible for the absorption of red light.  Hence, there is a poor correlation 

between LF readings and the mineral content, but possibly better correlation with the 

presence of infected dentin.  

For the clinician to have confidence in using a caries detection method 

to support clinical treatment decisions, it is important that interpretation of readings is 

based on an understanding of the principles underlying the method and an awareness 

of potential shortcomings. With reference to LF, the question of what the method 

really measures has yet to be resolved. More research is needed to clarify the origin of 

the increased fluorescence caused by the excitation of 655 nm wavelength light. 

The limitations of radiographs and visual inspection for detecting 

occlusal caries are widely acknowledged [Bader et al., 2001, 2002; Lussi, 1991; The 

Swedish Council on Technology Assessment in Health Care, 2008; Tveit et al., 1994; 

Yang and Dutra, 2005]. The results of Paper I are no exception. In many cases, the 

actual lesion depth proved to be deeper than predicted by visual inspection and 

bitewing radiographs.  

 Among LF studies there is a wide variation in specific design features 

(the number of teeth included, the threshold for LF scores, validation methods, the 

outcomes expressed, etc.). This reflects not only the subjective nature of most 

diagnostic methods but also the state of the science of dental diagnostic studies in 

general [Bader and Shugars, 2004].  

A common way to express the diagnostic accuracy of 

detection/quantification methods is to calculate sensitivity and specificity. In Paper I, 

teeth that were considered sound were not included. For ethical reasons, teeth can be 
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validated invasively only where disease is thought to be present. This partial 

validation method of the sample cannot detect false-negative results and therefore 

sensitivity and specificity were not presented. However, a model was constructed in 

which the teeth examined in Paper I were included, with 0 scores for visual 

inspection and bitewing radiography and LF readings <15, i.e. teeth that were not 

validated and either true-negative or false-negative. Despite the authors’ efforts to 

find balanced sensitivity and specificity values, with a specificity >0.80 combined 

with sensitivity >0.80, it was not possible to obtain a suitable threshold value. With a 

specificity >0.80, the sensitivity was as low as 0.14-0.43, which is unacceptable for a 

diagnostic method.  Studies in which sensitivity and specificity scores are reported 

thus include non-validated teeth and/or high threshold values for dentin caries and/or 

a great number of observations.  However, in general, in vivo studies of LF for 

occlusal caries detection indicate moderate to high sensitivity and lower specificity 

[Abalos et al., 2009; Bader and Shugars, 2004; Chu et al., 2009; Reis et al., 2006]. 

Lack of specificity, the increased likelihood of false-positive readings due to stain and 

plaque, and the absence of a single threshold are factors underlying the reluctance 

among authors to recommend the LF method unequivocally for caries detection. 

Therefore, the LF device should be regarded at most as a supplementary aid for 

detection of caries on coronal surfaces. 

Since the introduction of the original LF device tested in this thesis, a new 

device, offering improved intraoral access, has been introduced. The LF-pen (KaVo) 

is based on the same principle as the original LF device, but with sapphire tips. In 

vitro, the new device performed as well as the original on occlusal surfaces [Lussi 

and Hellwig, 2006]. In vitro reproducibility tests on occlusal surfaces by Kuhnisch et 

al., [2007] gave unsatisfactory results for both the new and the original device. To 

date, there is only one published study of the clinical performance of the LF pen on 

occlusal surfaces [Huth et al., 2008]. At a cut-off value of 25 for the threshold 

between enamel and dentinal caries, sensitivity was 0.67 and specificity was 0.79. A 

moderately positive correlation (Spearman’s rank) was demonstrated, and greater 

variation of measurements was recorded with increasing clinically evaluated lesion 

depth. The reliability disclosed a range of very good to good agreement. Thus at 

present the clinical applicability of this new LF device must be regarded as 

unconfirmed, pending the publication of further clinical studies.   

With respect to validation of the LF method for root caries detection 

(Paper III), the results were even more discouraging than for occlusal caries. The 
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correlation between LF readings and histopathological lesion depth was extremely 

low (r<0.01). The present study applied essentially the same methods, except for 

statistical analysis, as Wicht et al., [2002] who reported a moderate correlation for 

Spearman rank correlation (r=0.45). Zhang et al., [2009] recently presented a clinical 

study evaluating the LF method for assessing root caries with reference to visual-

tactile criteria. Lesions assessed as active (yellowish discolouration and soft on light 

probing) yielded a significantly higher LF mean value than those assessed as inactive 

(mean readings 29.0±21.4 and 16.7±14.7, respectively). Sensitivity and specificity 

were both around 0.80 using a considerably low LF threshold value of 5 reading 

units.  For reference, for detecting coronal caries under clinical conditions, a 

threshold value of 20 or even 30-40 is recommended [Anttonen et al., 2003; Bader 

and Shugars, 2004; Bamzahim et al., 2005; Chu et al., 2009; Heinrich-Weltzien et al., 

2003a; Lussi et al., 2001; Rocha et al., 2003].  However, when Zhang et al., [2009] 

applied a threshold value of 20 for root caries, the sensitivity decreased to 0.40, which 

is unacceptable. The selection of a suitable threshold value for root caries detection is 

thus a cause for concern. The standard deviations of LF values in the paper by Zang 

et al., [2009] were large in all dimensions, which implies a wide range of 

measurements and, hence, a considerable weakness. Moreover, areas of dark 

discolouration were assessed as inactive lesions, yielding lower LF values. This is in 

contrast to the results in Paper III, where both LF devices gave higher readings for 

sites with pronounced discolouration and soft surfaces than for sites with intact and 

leathery-dull surfaces respectively. Therefore, the use of these subjective clinical 

signs of unknown accuracy as a validated outcome is questionable.  

Clinical management of root caries is an issue of concern in most 

developed countries which have aging, dentate populations [Hugoson et al., 2005; US 

Department of Health and Human Services, 2000] with heavily restored dentitions at 

relatively high risk for root caries [Avlund et al., 2004; Fure, 1997, 2003, 2004; 

Gilbert et al., 2001; Griffin et al., 2004; Luan et al., 2000; Morse et al., 2002; Shay, 

2004; Thomson, 2004].  A primary goal is early intervention, to avoid the need for 

technically difficult, invasive restorative dentistry. An active root caries lesion can be 

converted to inactive in response to preventive measures [Arneberg et al., 2005; 

Baysan et al., 2001; Johnson and Almqvist, 2003; Nyvad and Fejerskov, 1986; 

Schaeken et al., 1991; Schupbach et al., 1992]. For the clinician, a major advantage 

would be the availability of a caries detection method which would help to determine 

whether a lesion is active, arrested or undergoing remineralisation. 
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However, the detection of root caries lesions relies today on subjective 

observation of clinical signs: visual inspection (colour, cavitations, and location) and 

tactile examination (surface texture). These signs are open to broad clinical 

interpretation and practitioners are left with diagnostic methods for which the 

accuracy is unknown [Banting, 2001; Leake, 2001]. Rosén et al., [1996] demonstrated 

the highly subjective detection of root caries and lack of intra- and inter-operator 

consistency. Different operators found varying numbers of caries lesions within the 

same patient, and also the same operator often recorded different numbers of lesions 

from one occasion to another. 

Clinically, root caries lesions on accessible surfaces are often readily 

detectable by visual examination. However, an indication of the depth of the lesion 

would support the clinician in choosing the appropriate treatment, invasive or non-

invasive. Such treatment decisions should be based on a valid, reliable diagnosis. The 

results of Paper III do not demonstrate that the LF method can provide this 

information. Thus the application of the LF device for root caries detection must be 

considered highly questionable. 

 The LF method has shown good reliability in in vitro studies, but 

somewhat more contradictory results in vivo, both in the primary and permanent 

dentitions [Abalos et al., 2009; Akarsu and Koprulu, 2006; Angnes et al., 2005; 

Anttonen et al., 2004; Astvaldsdóttir  et al., 2004; Bamzahim et al., 2005; Chu et al., 

2009; Khalife et al., 2009; Reis et al., 2006; Rocha et al., 2003]. In Paper I, the 

reliability of the LF method in vivo disclosed a range of good to very good agreement 

at operator level and acceptable to very good agreement at device level. The results of 

the in vitro study (Paper III) disclosed excellent values at operator and device level 

(ICC 0.97 – 0.99).  The relatively poor performance by LF under clinical conditions 

may be attributable to several factors such as the presence of saliva, plaque and stain 

and limited access to the test site.  

An interesting finding from Paper III was the test-retest exercises 

which showed that repeated measurements are relatively stable with respect to lesion, 

instrument, and operator at group level, but agreement at individual level was poor, 

with pronounced scattering of measurements. The Repeatability Coefficient and the 

Measurement Error [Bland and Altman, 1999] were large in all dimensions. Thus the 

instruments lack precision in the single case situation. Kuhnisch et al., [2004] 

confirmed these points in an earlier study assessing the reliability of LF 

measurements on occlusal caries: excellent reproducibility was reported in terms of 
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ICC values (0.74-0.98), but when estimating limits of agreement, the range of 

measurements was broad.  

The second part of Paper I (smooth surfaces) showed satisfactory 

correlation of LF and QLF measurements. However, QLF has demonstrated very high 

correlation with mineral content [al-Khateeb et al., 1997; Gmur et al., 2006; Heinrich-

Weltzien et al., 2003b] and the latter remains the preferred method for research 

purposes. 

 

Conventional methods of caries assessment are obsolete for research requiring 

detection of very early phases of mineral changes. QLF may offer one solution, 

recording the continuum of the early caries process and hence reducing the number of 

subjects required and the duration of clinical trials [Angmar-Månsson, 2001; Chesters 

et al., 2004; Feng et al., 2007; Karlsson and Tranæus, 2008; Pitts and Stamm, 2004; 

Tranæus et al., 2001a; Tranæus et al., 2005].  In the context of clinical trials, 

consecutive measures of lesion behaviour provide sufficient information to establish 

the efficacy of test products [Pitts and Stamm, 2004]. 

  The results of Paper II in this thesis confirm QLF as a sensitive and 

precise method for monitoring white spot lesion behaviour. In this study, caries active 

adolescents, recruited from suburbs of low socio-economic status, were instructed to 

brush daily with amine fluoride (AMF) toothpaste, and to brush for two minutes 

twice a week with either an AMF test gel or a placebo gel. Tests of baseline 

characteristics were performed, confirming that all the recruited subjects had elevated 

salivary counts of mutans streptococci and lactobacilli and bleeding gingivae, 

indicating caries risk. A subjective interpretation of the selected lesions as active 

(located close to the gingival margin, the presence of plaque and the colour and 

surface texture of the lesion) was also made. The results of Paper II showed only 

minor changes in fluorescent radiance of the lesions over time (12 months), 

considered to be of no clinical relevance.  

One possible confounding was that some of the lesions included for 

study had been incorrectly assessed as active. As older lesions may not respond to 

fluoride [Zantner et al., 2006] the possibility that some of the lesions had reached a 

plateau was further investigated. To complement the data in the study, it was decided 

to investigate lesion development within each individual over a 4-year period, by 

collecting data from the subjects’ regular annual dental examinations 2 years and 1 

year before study start, at study start, and 1 year after the end of the study. All clinics 
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had changed from analogue to digital radiographic technique during this period and 

the regular check-ups had been conducted by numerous dentists. The information 

obtained was therefore not considered reliable.  

Another potentially confounding factor was that the duration of the 

study (1 year) was too short. However, earlier studies have shown that QLF can 

disclose remineralisation of white spot lesions at intervals of only 6 weeks [Tranæus 

et al., 2001a] as well as 6 months [Feng et al., 2007]. Even though it must be 

considered trials of much shorter duration and fewer subjects may be under-powered 

without large enough sample sizes and to short duration. Dental caries is a dynamic 

disease process resulting from many cycles of demineralisation and remineralisation. 

A further factor influencing the results could be microabrasion of the 

initial lesions [Artun and Thylstrup, 1986; Backer Dirks, 1966]. The slight acidity of  

AMF, improved tooth brushing and PTC could initially cause an abrasive effect 

[Kielbassa et al., 2005], resulting in the initial significant decrease in lesion 

fluorescence noted in the study. This might result in a more vulnerable lesion, thus 

leading to increased caries susceptibility and subsequently to the increased loss of 

lesion fluorescence noted in the study. 

While in theory the study should have included a negative control 

group, this was not permissible on ethical grounds. The preventive measures 

provided, such as dietary counselling, oral hygiene instruction and professional tooth 

cleaning (PTC), were considered appropriate for the subjects’ level of caries risk. At 

the end of the study, there were no statistically significant differences between the 

groups regarding salivary bacterial counts. However, GBI decreased significantly 

over time in both groups, indicating improved oral hygiene.  

 

The TI system evaluated in Paper IV showed that useful images could be obtained in 

tooth sections as thick as 6 mm. This can be considered equivalent to imaging the 

contact area of approximal surfaces on molar and premolar teeth, convex in shape and 

therefore likely to be thinner than 6 mm. These findings are in accordance with 

similar research by Jones et al., [2003], using an NIR imaging system operating at 

1310 nm to image simulated approximal enamel caries. The authors concluded that 

resolving caries lesions through 5 mm enamel is clinically feasible. In Paper IV 

evaluation of the optical resolution of acquired images disclosed no overall trend 

favoring either of the wavelengths used. This indicates that the lower quantum 

efficiency of the CCD camera at 1.4 µm is compensated for by the higher optical 
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power used at this wavelength. If all other parameters are maintained, the cheaper 

light source should be preferred.  

The TI system was capable of detecting very small lesions. However, it 

should be noted that this study was conducted under strict laboratory conditions, 

using the ‘perfect’ caries lesion, i.e. frequency charts composed of line pairs of a 

perfect absorber and adjacent lucent space, to estimate the optical resolution. While 

contrast is a highly subjective evaluation, [Workman and Brettle, 1997] it is easier to 

detect lines of constant frequency than an irregular object such as a natural caries 

lesion. The fact that the TI system performed well under laboratory conditions 

indicates that it warrants further investigation, e.g. similar studies on teeth with 

natural caries lesions.  

The spatial resolution results in Paper IV cannot be compared with 

those of other TI systems, as there appear to be no previously published studies. The 

literature is, however, more extensive regarding digital oral radiographic systems 

where spatial frequency is one of the parameters used to describe image quality. 

Kashima [1995] reported that for dentistry, the minimum spatial frequency for 

producing diagnostically acceptable intraoral x-ray images was between 2 and 5 

LP/mm, depending on the radiographic details being investigated. There are studies 

assessing the diagnostic accuracy of digital imaging systems for the detection of 

caries lesions using spatial frequency and in general the greater the number of LP/mm 

the better. These reports cannot be considered as a comparison of the effect of 

diagnostic accuracy and the theoretical spatial resolution per se is not related to 

improved detection of caries [Li et al., 2008]. As with all imaging systems, the image 

and consequently, the diagnosis, needs to be consistent.  

Although the in vitro reliability for the analytical stage was excellent, 

further studies are required with several operators analysing TI images on several 

computer screens, evaluating the importance of differences in sample characteristics 

and of variation in image capturing procedure. 

An important advantage of the TI method is that the tooth can be 

illuminated repeatedly without exposure to ionising radiation. A further advantage is 

that the method allows the use of miniature- or fiber-coupled light sources and 

imaging cameras. In vivo this should allow repeated projection onto the tooth to 

estimate the location of the caries lesion on the approximal surface from the ratio 

between the modulations of images captured from opposite sides of the tooth. In the 

in vitro measurements in Paper IV, the estimated error was ± 0.5 mm when the caries 
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image traversed ~4.6 mm of sound enamel, potentially corresponding to a total tooth 

thickness in excess of 9 mm. This compares favorably with the DIFOTI method 

[Schneiderman et al., 1997] which utilizes wavelengths in the visible range (400-700 

nm) and therefore is highly limited by strong light scattering, making it difficult 

image through more than 1or 2 mm of tooth structure [Darling and Fried, 2008]. 

 

CONCLUSIONS 
The studies undertaken in the present thesis to evaluate the application of optical 

techniques for caries detection highlight the importance of rigorous clinical studies to 

confirm promising laboratory results. New methods should be critically appraised 

according to strict criteria. Based on the four studies, it may be concluded that: 

- Clinical evaluation of the LF method could not confirm the high validity 

previously reported in in vitro studies for occlusal caries detection. 

- Validation of the LF method for root caries detection disclosed an extremely 

low correlation between LF readings and histopathological lesion depth, in 

vitro. The instrument is therefore highly questionable for root caries detection.   

- The correlation between readings from the LF device and the reference 

standard, QLF, was acceptable. The QLF with its closer correlation to the 

enamel mineral content remains the preferred method for quantification of 

white spot lesion on smooth surfaces. 

- QLF is appropriate for in vivo monitoring of small changes (ΔF and lesion 

area) in white spot enamel lesions and useful for the evaluation of preventive 

measures in caries-susceptible individuals. 

- When illuminated through dental enamel, the novel TI imaging system 

disclosed extremely small features, clearly detectable in resultant images. 

Reduction of modulation indicated the relative position of a simulated 

approximal caries lesion in thin tooth sections.  

 

In their present form, neither of the two established optical methods evaluated in 

this thesis can be regarded as ideal for clinical application. The initial laboratory 

tests of TI have shown promising results and further development of the method 

is warranted.  
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