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Abstract

Objective Hard tooth tissue demineralisation is an unde-

sirable side effect of orthodontic treatment with fixed

appliances. Whereas both clinically and in digital pho-

tographs (DP), demineralisations appear as white spot

lesions, WSLs appear as dark areas when quantitative light-

induced fluorescence (QLF) imaging is used. This study

aims at comparing the reproducibility of the detection of

decalcified tooth areas in DP and QLF.

Materials and methods DP and QLF pairs were acquired

from 139 teeth of 32 patients after braces removal. Three

raters manually marked the decalcified area on both DP and

QLF images. The markings were repeated after 2 weeks. A

ground truth was estimated for each tooth and modality

using the simultaneous truth and performance level esti-

mation (STAPLE) algorithm. The Dice coefficients (DC)

of each rater marking to the ground truth were calculated

for all teeth and modalities to quantify the spatial agree-

ment. A three-way repeated measures analysis of variance

(ANOVA) was used to compare the means of the DCs for

both modalities (p \ 0:05). Intra-observer and intercycle

variabilities were assessed comparing the means across the

raters and the cycles for both modalities.

Results ANOVA revealed a statistical significant differ-

ence between the modalities [Fð1; 138Þ ¼ 62:89,

p \ 0:001]. The standard deviation of the DC for the

photographs are lower than those for the QLF images.

Intra-observer and intercycle differences are rather small as

compared to the intermodality differences.

Conclusions The results indicate a higher spatial repro-

ducibility in identifying a decalcified area on a tooth sur-

face using visual inspection of DP rather than QLF images.

Keywords Demineralisation � QLF � Digitalphotograph �
Reproducibility � STAPLE algorithm

Zusammenfassung

Ziel Zahnhartsubstanzschäden in Form von Demineralisa-

tionen (WSLs) gelten als unerwünschte Nebenwirkung der

kieferorthopädischen Behandlung mit festsitzenden Appa-

raturen. Sowohl klinisch als auch in digitalen Fotografien

(DF) stellen sich WSLs als weißlich-opake, bei der QLF-

Diagnostik als dunkle Bereiche dar. Ziel der vorliegenden

Studie ist es, die Reproduzierbarkeit von Demineralisati-

onsmarkierungen auf Basis der DF- und QLF-Bildgebung

zu vergleichen.

Material und Methoden DP- und QLF-Aufnahmen wurden

von 139 Zähnen bei 32 Patienten nach Entfernung einer

festsitzenden Apparatur erstellt. Drei Untersucher mar-

kierten manuell die Demineralisationen in beiden Moda-

litäten. Die Markierungen wurden 14 Tage später

wiederholt. Für jeden Zahn und jede Modalität wurde

mithilfe des STAPLE (Simultaneous Truth and
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Performance Level Estimation)-Algorithmus eine Ground

Truth ermittelt. Die örtliche Übereinstimmung der Unter-

suchermarkierungen zur Ground Truth wurde mit dem

Dice-Koeffizient (DC) berechnet. Mittels mehrfaktorieller

Varianzanalyse (ANOVA) wurden die Mittelwerte der DC-

Werte für beide Modalitäten verglichen (p\ 0,05). Die

Intra-Untersucher- und die Inter-Zyklus-Variabilität wur-

den durch Vergleich der DC-Mittelwerte und Varianzen

bewertet.

Ergebnisse ANOVA zeigte einen statistisch signifikanten

Unterschied zwischen den Modalitäten [F (1;

138) = 62,89, p\ 0,001]. Die Standardabweichung des

DC war bei den digitalen Bildern geringer als bei der QLF-

Bildgebung. Die Unterschiede zwischen den Untersuchern

und den Zyklen waren vergleichsweise gering.

Schlussfolgerung Die Ergebnisse zeigen eine größere ört-

liche Reproduzierbarkeit der Demineralisationsmarkierung

auf vestibulären Glattflächen auf den Fotographien als auf

korrespondierenden QLF-Aufnahmen.

Schlüsselwörter Demineralisation � QLF � Digitale
Fotographien � Reproduzierbarkeit � STAPLE-Algorithmus

Introduction

Enamel demineralisation is considered an undesirable,

irreversible iatrogenic side effect of orthodontic treatment

with fixed appliances [11]. Due to insertion of bands,

brackets and wires, the patient’s oral hygiene is compli-

cated considerably [24]. Repeated plaque accumulation

increases the risk of hard tooth tissue degradation or the

incidence of white spot lesions (WSL), the chalky white,

opaque enamel areas [16].

Compared to untreated patients, the risk of WSL for-

mation is two to three times higher in patients with fixed

orthodontic appliances [19]. The prevalence of WSL in

orthodontic patients varies between 4.9 [16] and 84% [23].

In addition to aesthetic impairment [20], WSL is charac-

terized by mineral loss [25] and is regarded as a primary

stage of incipient caries (initial lesion).

In addition to clinical inspection and digital photography

(DP), various optical methods have been developed to

quantify enamel demineralisation. Nondestructive methods

for quantifying progression and/or regression of enamel

lesions offer the opportunity to monitor changes related to

preventive measures over time. With objective quantitative

diagnostic methods, the intra- and interexaminer variations

would likely decrease and it would be possible to monitor

changes of mineral loss or gain and to provide early

feedback to the patient [3].

Noninvasive quantitative light-induced fluorescence

(QLF) measurements offer further information about the

quality of WSL [2], since fluorescence of enamel is directly

proportional to its mineral content [13]. Different fluores-

cence capacities of sound and demineralized enamel allow

the identification of a lesion and the assessment of its

progression. QLF reports also give information about the

demineralization, qualitatively as well as quantitatively [3].

Several publications have focused on WSL diagnosis

using clinical photos [4, 5, 31] and QLF-based evaluation

[6, 12, 18, 21]. Both diagnostic measures showed good

reproducibility in terms of intra- and interexaminer relia-

bility [6, 26, 28].

However, WSL diagnosis is predominantly based on the

visual accessibility of the lesion in the picture, which is

called segmentation. The reliability of humans (or computer

algorithms) performing image segmentation is difficult to

quantify because the true area that needs to be marked, also

referred to as ground truth or gold standard [7], is usually

unknown [29]. In this context, the simultaneous truth and

performance level estimation (STAPLE) algorithm has been

introduced to manage the multi-observer variability and

iteratively determining an estimated ground truth that has

been used already successfully in many applications of

medical image segmentation [1, 9, 15].

The aim of the present study is to compare the spatial

reproducibility of the detection of decalcified enamel based

on digital photographs and QLF. As gold standard, we use

the ground truth delivered from the STAPLE algorithm.

Our hypothesis is that the more appropriate imaging

modality supports a more reliable reading by the human

expert.

Materials and methods

A total of 32 patients (17 female, 15 male) were examined

from November 2013 to November 2014 after orthodontic

treatment with a fixed appliance. All patients exhibited

white spot lesions to various extents and severity at one or

more teeth after debonding. Mean age of the patients was

17 years (range 13–38 years). The average duration of

treatment time was 26 months (range 12–45 months). Due

to their good accessibility, upper and lower incisors and

canines were recorded. DP and QLF images were taken

(Fig. 1). A total of 139 pairs of images were included in the

study.

Debonding

The fixed appliances were debonded using Weingart pliers.

Carbide burs were utilized for adhesive removal. Finally,

the teeth were polished using polishing brush and paste. An

average of 4.9 months (range 0–31.5 months) passed

between the debonding and the acquisition of the images.
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Images acquisition

A digital single lens reflex (DSLR) camera (D7000, Nikon,

Japan) was used to acquire the digital photographs under

standardized conditions. A macro lens (Nikkor 105 mm,

1:2.8, Nikon, Japan) with a ring flash (Sigma EM-140 DG,

Kawasaki, Japan) was used. The camera settings were

manually specified: shutter speed 1/250 s, aperture f/29,

film speed ISO 100, and flash setting 1
4
s. After careful

cleaning with polishing cup and paste (Zircate Prophy,

Dentsply Sirona International, York, PA, USA) and air

drying, the teeth were photographed with the camera at

right angles to its longitudinal axis. A black contraster was

positioned behind the teeth to achieve a better visualization

of the tooth contour.

The QLF images were recorded using the Inspector Pro

system, composed of QLF (WV-KS 152 QLF-clin, Pana-

sonic, Japan) and Inspector Pro Software Version 2.0.0.49

(Inspector Research System BV, The Netherlands). This

system integrates the camera in a toothbrush handle to record

the light reflected from the surface of the tooth that is exposed

to a xenon lamp (13 mW/cm2) of wavelength 370 ± 80 nm.

Furthermore, the system applies a filter to detect the emitted

fluorescence light of wavelength 520 nm.

To avoid additional exposures and to ensure the hygie-

nic conditions on the patient, we applied an auxiliary

attachment to the toothbrush handle (ambient light shield).

Before each measurement, the tooth surface was again

cleaned and dried. The examination room was darkened.

The handle was carefully positioned such that the incident

light meets the tooth surface at a right angle.

Manual marking

All DP/QLF pairs were analyzed in randomized order by

three raters, indicated with E, M, and H, applying manual

markings to identify the decalcified area on the examined

tooth surface (Cycle 1). To assess intrarater reliability in

both modalities, the markings were repeated (Cycle 2). To

eliminate any memory bias, at least 2 weeks were allowed

to pass between both cycles, and the order of Cycle 2 was

randomized again. Thus, for each tooth and each modality,

six markings of the decalcified area are available.

Ground truth estimation

A ground truth marking was constructed by applying the

simultaneous truth and performance level estimation

(STAPLE) algorithm to all six markings for each modality

and each tooth. The STAPLE algorithm is an expectation–

maximization algorithm that computes a probabilistic

estimate of the hidden, implicit ground truth from a set of

manual markings [29]. Figure 2 exemplifies the six mark-

ings and the ground truth obtained from the STAPLE. The

estimated ground truth is then considered as gold standard

of the decalcified area and used to evaluate the perfor-

mance of each rater.

Measurement of agreement

The agreement between the segmentation of a rater and the

ground truth is measured by the Dice coefficient (DC) [10]

that assesses the spatial overlap of two sets A and B

DC ðA;BÞ ¼ 2 A \ Bj j
Aj j þ Bj j

where �j j indicates the number of elements in the sets. The

higher the DC, the more the sets overlap; with DC = 0 and

DC = 1 indicating total separation and complete overlap,

respectively.

For each manual marking of all the 139 teeth, the DC

was calculated as a measure of the rater’s performances

and used to compute the reproducibility of the markings for

both modalities as well as the intrarater and interrater

agreements.

Statistical analysis

The present study aims at comparing the reproducibility of

the demineralisation detection on digital photographs and

QLF images taking into account its spatial location. To this

end, descriptive statistics (mean and standard deviation) of

the Dice coefficients (DC) for both photographs and QLF

was calculated. A three-way repeated measures analysis of

variance (ANOVA) was used to compare the means of the

DCs for the two modalities. The following three within-

subjects factors were taken into consideration: modality

(DP and QLF), rater (E, M and H) and cycle (1 and 2).

Fig. 1 DP/QLF images of a central incisor

Abb. 1 Exemplarisches DP/QLF-Bildpaar eines mittleren

Frontzahnes

Quantitative light-induced fluorescence images and digital photographs 139
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For each modality, the measurement relative to a rater

(R) at a cycle (C) is indicated as tuple (R,C). For example,

(E,1) indicates the marking of rater E at cycle 1.

Intrarater reliability in both digital photographs and QLF

is assessed comparing the means of the DCs. All the tests

are performed using IBM SPSS 24 with significance level

a = 0.05.

Results

Examples of good and poor agreements in the markings for

photographs and QLF are depicted in Figs. 3 and 4,

respectively.

The mean and the standard deviation (SD) of the 139

Dice coefficients are 0.7964 (range 0.7200–0.8311) for DP

and 0.6979 (range 0.6478–0.7390) for QLF (Table 1).

Figure 5 clearly shows the overall superiority of DP-based

dots and intervals (red) as compared to the QLF-based ones

(blue), indicating the better reliability of digital pho-

tographs over QLF. The three-way repeated measures

ANOVA revealed a statistical significant difference

between the modalities (Fð1; 138Þ ¼ 62:890; p\0:001).

The cycle differences between the raters are given in

Table 2. Intrarater and intercycle variability is rather small

as compared to the intermodality variations.

Discussion

Visual inspection and digital photographs are the most

common method used in the diagnosis of caries [14]. QLF

is a modern, noninvasive method that exploits the fluo-

rescence of the tooth structure to qualitatively and

Fig. 2 Markings of the decalcified area from three raters in two

cycles and corresponding ground truth computed with STAPLE for a

QLF image (left) and a digital photo (right) of a tooth

Abb. 2 Demineralisationsmarkierungen von 3 Untersuchern aus 2

Zyklen und die zugehörige Ground Truth, berechnet mit STAPLE, für

ein QLF-Bild (links) und eine digitale Fotografie (rechts) eines Zahns

a

a

b

b

c

c

d

d

e

e

f

f

g

g

h

h

Fig. 3 The second highest (top) and the lowest (bottom) average

Dice coefficients (DC) for digital photographs. From left to right:

a digital photo, b marking by rater E cycle 1, c marking by rater E

cycle 2, d marking by rater M cycle 1, e marking by rater M cycle 2,

f marking by rater H cycle 1, g marking by rater H cycle 2 and

h estimated ground truth. The average DCs in these cases are 0.9483

and 0.5928, respectively

Abb. 3 Zweithöchster (oben) und niedrigster (unten) mittlerer Dice-

Koeffizient (DC) der digitalen Photographien. Von links nach rechts:

a digitale Fotografie, b Markierung von Untersucher E, Zyklus 1,

c Markierung von Untersucher E, Zyklus 2, d Markierung von

Untersucher M, Zyklus 1, e Markierung von Untersucher M, Zyklus

2, f Markierung von Untersucher H, Zyklus 1, g Markierung von

Untersucher H, Zyklus 2 und h geschätzte Ground Truth. Die mittleren

Dice-Koeffizienten in diesen Fällen betragen 0,9483 bzw. 0,5928
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quantitatively assess demineralisation [6]. The fluorescence

of the tooth correlates with the mineral content of the tooth

structure and changes in the course of demineralisation

[17]. Both methods provide accurate diagnostics in terms

of intra- and interexaminer reliability [6, 28, 31].

However, reproducibility of demineralisation detection

as well as the monitoring of its progression and/or

regression plays a crucial role for dentists and orthodon-

tists. This requires accurate and reliable segmentation of

the lesion area.

Aim of the present study is to compare the spatial

reproducibility of demineralisation represented in pho-

tographs and QLF images, where the ground truth was

established using the STAPLE algorithm and considered as

gold standard for quantitative analysis.

In 2004, Warfield et al. [29] introduced STAPLE which

computes the ground truth by estimating an optimal com-

bination of a set of independent manual or automatic seg-

mentations. The obtained ground truth allows to compare

the performance of the raters [29].

Meanwhile STAPLE has been established in various

medical disciplines like radiology, gynecology or neurol-

ogy using image-guided diagnoses on, for instance, posi-

tron emission tomography (PET) [9], digital cervicographic

images (cervigrams) [15] and magnetic resonance (MR)

[1], STAPLE has not been applied in dentistry.

a

a

b

b

c

c

d

d

e

e

f

f

g

g

h

h

Fig. 4 The highest (top) and the second lowest (bottom) average DCs

for quantitative light-induced fluorescence (QLF). From left to right:

a QLF image, b marking by rater E cycle 1, c marking by rater E

cycle 2, d marking by rater M cycle 1, e marking by rater M cycle 2,

f marking by rater H cycle 1, g marking by rater H cycle 2 and

h estimated ground truth. The average DCs in these case are 0.9227

and 0.1753, respectively

Abb. 4 Höchster (oben) und niedrigster (unten) mittlerer Dice-

Koeffizienten der QLF Bilder. Von links nach rechts: a QLF Bild,

b Markierung von Untersucher E, Zyklus 1, c Markierung von

Untersucher E, Zyklus 2, d Markierung von Untersucher M, Zyklus 1,

e Markierung von Untersucher M, Zyklus 2, f Markierung von

Untersucher H, Zyklus 1, g Markierung von Untersucher H, Zyklus 2

und h geschätzte Ground Truth. Die mittleren Dice-Koeffizienten in

diesen Fällen betragen 0,9227 und 0,1753

Tab. 1 Mean and standard deviation (SD) of the 139 Dice coeffi-

cients of each marking and the ground truth for digital photographs

(DP) and quantitative light-induced fluorescence (QLF)

Tab. 1 Mittelwert und Standardabweichung (SD) der 139 Dice-Ko-

effizienten aus jeder Markierung mit der Ground Truth für digitale

Fotografien (DP) und quantitative lichtinduzierte Fluoreszenz (QLF)

(Rater, Cycle) Descriptive statistics

DP QLF

Mean SD Mean SD

(E,1) 0.8206 0.0998 0.6856 0.2293

(E,2) 0.8130 0.0975 0.6981 0.2165

(M,1) 0.8194 0.1087 0.7216 0.2132

(M,2) 0.8311 0.1062 0.6478 0.2422

(H,1) 0.7200 0.1553 0.7390 0.2174

(H,2) 0.7745 0.1311 0.6955 0.2308

Fig. 5 Error-bar plot of the Dice coefficients (DC) for all markings

and both modalities. The dot represents the mean of the DCs, while

the error bars indicate the standard deviation

Abb. 5 Fehlerbalkendiagramm der Dice-Koeffizienten (DC) für alle

Markierungen und beide Modalitäten. Der Punkt zeigt jeweils das

Mittel der Dice-Koeffizienten, während der Fehlerbalken die Stan-

dardabweichung wiedergibt
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123

Author's personal copy



Due to the methodical differences, the presented results

are hardly comparable to previous studies on the topic. In

our study, exclusively affected teeth were recorded, while

Heinrich-Weltzien et al. [18] scored presence or absence of

initial caries lesions using both visual inspection and QLF.

A total of 87.2% of all smooth surfaces were scored as

sound or initially carious when assessed by visual inspec-

tion and QLF in combination: 4.9% were detected by

visual inspection alone and 7.9% by QLF alone. Cochrane

et al. [8] recoded that digital photographs and QLF pro-

vided data that is correlated moderately with transverse

microradiography (TMR) as the gold standard. The authors

concluded that QLF was a preferable technique for

assessing mineral content changes when compared with

photographs due to the absence of glare in the QLF images,

the quantification software and the lower variability.

In previous studies [6, 26, 28], the intra- and interrater

reliability of photographs and QLF was assessed compar-

ing the area (in mm2) of the white spot lesions individuated

by the raters and statistically analyzed e.g. using the intr-

aclass correlation coefficient (ICC) [22, 27]. However,

comparing the area exclusively takes into account the size

of the lesion, but disregards the lesion’s location and shape.

Contrarily, we have compared manual segmentations with

STAPLE-generated ground truth. The performances of the

raters have been assessed quantitatively by the spatial

overlap of the markings and the ground truth using the Dice

coefficient. Taking into account spatial correspondences

makes a vast difference and gains new insights about the

modalities used.

The ICC is affected by data variability. Disregarding

other factors, low values of between-subjects variability

lower the value of the ICC even though the scores of the

subjects present small differences [30]. Therefore, it has

only values when applied to the specific population. Fur-

thermore, the ICC is only applicable to values that are not

inherently quantifying the quality. For instance, the ICC

applied to the lesion volume marked by experts can be used

to assess the interrater reliability in determining the lesion

volume, since the lesion volume itself does not indicate the

reliability. Contrarily, the DC itself quantifies the rater

reliability. Thus, the ICC is inapplicable to the DCs.

The results of the present study based on descriptive

statistics of the DCs indicate that the detection of dem-

ineralised areas in digital photographs is more reproducible

than the detection of damaged areas in QLF images. The

DC means of the three raters for the photographs are higher

than those for the QLF (Table 1), indicating that the raters

performed better in marking a decalcified area in digital

photos of the teeth than in identifying it in QLF images.

The standard deviation of the DC for the photographs are

lower than those for the QLF (Fig. 5), suggesting that the

QLF measurement were more variable than the digital

photographs measurement and that the ratings were then

more consistent for photographs than for QLF.

Demineralisation diagnosed based on digital pho-

tographs and QLF are two valuable methods providing

information for detection, monitoring of its progression

and/or regression. While our study has assessed digital

photographs versus QLF, combining both modalities might

be superior to each of it individually. This will be the focus

of future research.

Conclusions

The assessment of demineralisation in digital photographs

is more accurate than in QLF imaging with respect to the

reproducibility of lesion’s positions and shapes. Hence,

visual diagnosis certainly remains a good practice in white

spot lesion detection, due to its simple and quick applica-

bility for trained clinicians.
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