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Abstract
The aim of this study was to compare the clinical performance of clinical-visual examination using the International Caries
Detection and Assessment System (ICDAS) II, digital bitewing radiography, near-infrared light transillumination (NIR-LT), and
laser fluorescence (LF) for the detection of non-cavitated proximal enamel and dentin caries. The study included 335 patients,
aged 12–18 years, with no cavities in the posterior teeth. Clinical-visual inspections of 335 non-cavitated proximal caries were
performed by two examiners. For enamel caries, clinical validation included a combination of clinical-visual and digital bitewing
radiography assessments. For dentin caries, the clinical validation was opening the cavity. The accuracy rate, sensitivity, spec-
ificity, predictive values, and areas under receiver operating characteristic curves were determined. The agreement between the
examiners’ measurements was calculated using the kappa coefficient. The sensitivity, specificity, and accuracy of the methods
were compared using the McNemar test. The significance level was set at p < 0.05. Digital bitewing radiography had the highest
sensitivity (0.96) and accuracy (0.96), and LF had the lowest sensitivity (0.38) and accuracy (0.39). After separation of the lesions
into enamel and dentin caries, clinical-visual examination had the highest sensitivity (0.98) and accuracy (0.98) for enamel caries,
while digital bitewing radiography had the highest sensitivity (0.97) and accuracy (0.97) for dentin caries. The NIR-LT method
had a higher sensitivity for enamel caries (0.86). Each method also differed significantly from the others (p < 0.001). Digital
bitewing radiography gave the best prediction of proximal enamel and dentin caries. NIR-LTshowed good potential for detection
of proximal caries.
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Introduction

The formation of dental caries is a dynamic and continu-
ous process that simultaneously involves the metabolic
activities of micro-bacteria and mineral loss from the
tooth tissue [1]. Key tasks of clinicians are therefore to

detect caries before they lead to irreversible lesions and to
distinguish between enamel and dentin caries [2]. The
choice of diagnostic technique directly influences the de-
tection of incipient caries lesions and determines the use
of non-invasive and micro-invasive treatments of non-
cavitated caries lesions [3]. Clinical-visual examination
is the traditional and most common examination method
used in daily practice [2, 3]; however, this method only
identifies changes in the tooth surface. Many proximal
caries begin below the proximal contact point; therefore,
non-cavitated caries are difficult to detect by clinical-
visual examination, which shows high specificity but
low sensitivity [4]. The insufficiency of clinical-visual
examination for detecting non-cavitated proximal caries
has consequently prompted a search for different detec-
tion techniques.
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Another traditional diagnosis method, digital bitewing ra-
diography, is better than clinical-visual examination at detect-
ing non-cavitated proximal caries [5], but this method has
potential health risks associated with ionizing radiation. For
this reason, the use of bitewing radiography is not recom-
mended as a routine (every 6 months) procedure for dental
examinations in all patients, and its clinical utilization should
be minimized [5, 6]. Therefore, an important challenge faced
by clinicians is the establishment of appropriate treatment
plans that can overcome the disadvantages of these traditional
methods and particularly the use of X-rays.

One method that does not involve X-rays is laser fluores-
cence (LF), which detects caries based on the physical differ-
ences in fluorescence shown by intact hard tooth tissue versus
decayed tissue. The DIAGNOdent pen® (DIAGNOdent
2190, KaVo, Biberach, Germany) is an LF-based device that
radiates red light at 655 nm wavelength from a fiber optic
beam and captures the fluorescence that spreads from oral
bacterial porphyrins and other chromophores in the
demineralized tooth tissue [7]. The reflected fluorescence
from the tooth surface is converted to a numerical scale from
0 to 99 [7]. Some studies have reported an increased detection
of caries lesions with LF [8, 9], but the results have been
contradictory for the detection of caries progression on
proximal/smooth surfaces [10, 11].

Another device recently developed by the same manu-
facturer is the DIAGNOcam® (Kavo, Biberach, Germany),
a near-infrared light transillumination (NIR-LT) device.
This instrument consists of a near-infrared light source,
two flexible arms that contain an optical fiber to transmit
light into the tooth and a charge-coupled device sensor to
capture the signal. The resulting images or videos are mon-
itored or stored digitally [12]. Recently published clinical
studies [13, 14] have confirmed the efficacy of NIR-LT in
dentistry for the detection of dentin caries on proximal
surfaces. However, few studies have compared the clinical
performance of different diagnostic methods in terms of
detection of non-cavitated proximal caries in either the
enamel or the dentin.

Distinguishing between active enamel and dentin caries is
important since the treatment procedures often differ [13–15].
Clinical-visual examination, together with digital bitewing ra-
diography, has typically been used for classifying proximal
caries lesions, and this combined method is now considered
the best clinical practice [16, 17]. The aim of the present study
was to compare the clinical performance of clinical-visual
examination, digital bitewing radiography, NIR-LT, and LF
against the gold standard for detecting visually non-cavitated
proximal caries lesions in enamel and dentin. The null hypoth-
esis of the study was that no significant difference exists for
the clinical performance of the evaluated methods in detecting
non-cavitated proximal caries in either the enamel or the
dentin.

Subjects and methods

This prospective clinical study was approved by Mersin
University Clinical Researchers Ethical Council. The data
for this clinical study were collected at Mersin University
Faculty of Dentistry. Before the assessments, a power cal-
culation was carried out via GPower software. With a
95% confidence interval, a minimum of 305 proximal
caries lesions was required for inclusion. Patient admis-
sion was carried out in the Dental and Maxillofacial
Radiology Department (N.K) and Department of
Restorative Dentistry (E.C.Y) of Mersin University
Faculty of Dentistry. Only patients whose ASA status
was 1 (healthy patients, according to the American
Anesthesiologists Association) were included. The fol-
lowing selection criteria were used in this research: (1)
completely erupted permanent dentition, (2) no fixed or-
thodontic apparatus or prosthetic restoration, (3) a mini-
mum age of 12 years, (4) at least one or more premolar or
molar teeth, and (5) non-cavitated proximal caries, vali-
dated by both examiners. If clinical indicators suggested a
current caries risk or activity that required additional di-
agnosis, the patients were asked to participate in this ad-
ditional examination. Potential participants were consecu-
tively recruited from December 2016 to November 2018,
and they all provided informed consent for participation
in the study. In total, 335 patients with a mean age of
24.70 years (standard deviation 10.07) agreed to partici-
pate in this study. One tooth of each patient was evaluat-
ed, for a final number of 335 untreated posterior teeth
with non-cavitated but suspected proximal caries. All
335 teeth were evaluated by all four diagnostic methods
(clinical-visual examination, digital bitewing radiography,
NIR-LT, and LF) performed by two specialist dentists
(N.K. and E.C.Y).

Clinical-visual examination (ICDAS II)

The diagnosis examination of each tooth began with a profes-
sional tooth cleaning performed with a brush and low abrasive
polishing paste. The examined tooth was rinsed with water
spray and dried with air spray for 5 s and isolated with cotton
rolls. The dentists (N.K. and E.C.Y), who were specialists in
their field, carefully conducted clinical-visual examination of
each tooth using standard conditions [18]. The lesion severity
was scored according to the International Caries Detection and
Assessment System (ICDAS II) [19]. The criteria were (0)
sound tooth, (1) first visual change in enamel, (2) distinct
visual change in enamel, (3) localized enamel breakdown,
and (4) underlying dark shadow originating from dentin.
Codes of 1, 2, and 3 were used for the diagnosis of enamel
caries, and a code of 4 was used for the diagnosis of dentin
caries.
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Examination with digital bitewing radiography

In this study, if bitewing radiographs of the patients had been
taken previously for the detection of caries within the past
4 months and were available, these radiographs were evaluat-
ed. When the clinical-visual examination indicated a risk of
caries, such as insufficient mouth hygiene or caries lesions on
the proximal/smooth surfaces at an early stage without cavi-
tation, new bitewing radiographs were taken with phosphor
plates and film holders. The X-ray unit (ProX®, Planmeca,
Helsinki, Finland) was adjusted to the irradiation parameters
of 60 kV, 7 mA, and 0.08 s, with a focus-film distance of
20 cm. The images were obtained using a phosphor plate
scanner and the manufacturer’s software (Proscanner®,
Planmeca, Inc., Helsinki, Finland). The presence of proximal
enamel or dentin caries was determined using the criteria sug-
gested by Manji et al. [20], i.e., (0) sound tooth, (1) lesion in
the outer half of the enamel, (2) lesion in the inner half of the
enamel, (3) lesion in the outer third of the dentin, (4) lesion in
the middle third of the dentin, and (5) lesion in the inner third
of the dentin. For enamel caries, codes of 1 or 2 were used; for
dentin caries, codes of 3, 4, and 5 were used in the
classification.

Examination with the NIR-LT method

Examinations with the NIR-LT method were conducted on
air-dried teeth using the DIAGNOcam. The camera was fo-
cused on the tooth of interest, which was placed at the correct
focus-object distance. The image was then captured when the
probe of the camera was centered in parallel with the occlusal
surfaces of the teeth. The most appropriate image appearing
on the computer screen was confirmed by resituating the
intraoral probe with a sensor. The images were stored in
KID® software (KaVo Integrated Desktop/version
2.4.1.6374, KaVo, Biberach, Germany). The stages of proxi-
mal enamel and dentin caries were determined using the
criteria suggested by Söchtig et al. [12], i.e., (0) sound sur-
faces, (1) first visible signs of enamel caries, (2) established
caries lesion, (3) established enamel caries with an isolated
spot reaching the dentino-enamel junction, (4) caries with lin-
ear penetration of the dentino-enamel junction (DEJ), and (5)
deep dentin caries lesion. Diagnosis of enamel caries was
coded as 1, 2, 3, or 4, and diagnosis of dentin caries was coded
as 5. After each examination, the device probe was sterilized,
and other equipment was disinfected according to the manu-
facturers’ instructions.

Examination with the LF method

Each tooth was cleaned with a rotating brush, rinsed with an
air spray, and dried for 5 s before measurements with the
DIAGNOdent Pen. Before the readings, a ceramic standard

test and calibration of the probe were carried out according to
the manufacturer’s instructions. The surrounding area was
kept dry using cotton rolls. The LF measurements of the prox-
imal sites were performed by two dentists (N.K. and E.C.Y.)
who were experts in their fields using a proximal probe tip by
rotating the probe in every direction. The proximal probe tip
was situated into the preselected test site at an interproximal
area. For the evaluated tooth, the values (0–99) were recorded.
Proximal enamel caries were associated with values from 8 to
16, and dentin caries were associated with values ≥ 16 [7].

Calibration

After 1–4 weeks, randomly selected patients were recalled,
and the measurements were repeated independently from the
previous observational results. In order to determine the intra-
examiner and inter-examiner reliability of each diagnostic
method, 60 proximal caries lesions were reevaluated.

Clinical validation

At a separate appointment, each selected site was carefully
reinvestigated clinically, and the bitewing radiographs were
reevaluated before validation. The validation of both enamel
and dentin caries was made only with the consensus of both
the examiners [14]. For enamel caries lesions, the gold stan-
dard was the combined clinical-visual and digital bitewing
radiography assessments [16, 17]. With a consensus about
enamel caries, the cavity was not opened for ethical reasons.
For dentin caries, the gold standard was opening the cavity by
the examiners [14, 16, 17, 21, 22]. Detected dentin caries
lesions were opened with a conical diamond bur and hand
excavator until the soft carious tissue was completely re-
moved, based on assessment of the hardness of the depth via
a periodontal probe [21]. The real result was obtained by scor-
ing each tooth according to the severity of the lesions. After
the cavity was opened, the following criteria were used in
evaluating the cavity: (0) no caries, (1–2) enamel caries, (3)
caries up to half of dentin, and (4) caries beyond half of dentin
[23]. Code 3 was the cut-off point for dentin caries.
Application of a protective treatment to the teeth confirmed
the consensus about the enamel caries. Dentin caries lesions
were restored with a filling material appropriate for the cavity.

The clinical performance of different diagnostic methods in
determining enamel and dentin caries according to the gold
standard was based on the accuracy rate, sensitivity (SE) (pos-
itivity in the disease), specificity (SP) (negativity in health),
negative predictive value (NPV), and positive predictive value
(PPV) for each method. These were calculated with the fol-
lowing formulas: accuracy rate = (TP + TN)/(TP + TN + FP +
FN), where TP is the number of true positives, TN is the
number of true negatives, FP is the number of false positives,

1623Lasers Med Sci (2020) 35:1621–1628



and FN is the number of false negatives; SE=(TP/(TP + FN);
SP=(TN/(FP + TN); PPV= TP/(TP + FP); and NPV= TN/(FN
+ TN). The receiver operating characteristic (ROC) curves
were also calculated to provide a graphical display of true
positives versus false positives across a range of cut-offs and
to show the distinguishing feature of a test [24, 25]. The areas
under the curves (AUCs) were also calculated. The agreement
between the examiners’ measurements was determined using
the kappa coefficient. The methods for paired samples were
compared with the McNemar test. A value of p < 0.05 was
accepted as statistically significant. Data were analyzed using
the SPSS 25.0 software (SPSS Inc., Chicago, IL, USA).

Results

The SE, SP, PPV, NPV, accuracy rates, and areas under the
ROC curve/Az values for the four methods are presented in
Table 1. Digital bitewing radiography had the highest SE and
accuracy for determining caries, while LF had the lowest SE
and accuracy. The NIR-LT and clinical-visual examination
methods had intermediate SE values. Digital bitewing radiog-
raphy also gave the closest diagnostic performance to the gold
standard for prediction of proximal enamel and dentin caries;
the corresponding area under the ROC curve (Az) value of
0.992 indicated excellent accuracy. The ROC curves for the
diagnostic tests for the enamel and dentin caries are shown in
Fig. 1. The McNemar test indicated significant differences
between the results for clinical-visual examination, digital
bitewing radiography, NIR-LT, and LF versus the gold stan-
dard. Thus, each method differed significantly from the others
(p < 0.001).

Of the 335 lesions, 211 lesions were detected as enamel
caries, 115 lesions were diagnosed as dentin caries, and 9
proximal areas were designated as caries-free based on the
gold standard. Separation of the lesions into enamel and den-
tin caries according to the gold standard allowed calculation
only of SE, PPV, and accuracy rates of the diagnostic methods
because of missing negative test results (Table 2). The

findings indicated that clinical-visual examination had the
highest SE and accuracy for detecting enamel caries. By con-
trast, digital bitewing radiography had the highest SE and
accuracy rate for dentin caries. The SE of the NIR-LT method
was higher for enamel caries, whereas the LF method showed
the lowest SE and accuracy rates for detection of either enamel
or dentin caries.

The intra-examiner and inter-examiner reliabilities are
shown in Table 3. The reliability depends on the consistency
between the measurements. Kappa coefficient was used to
calculate for this consistency. Kappa values of 0.93–1 are
perfect, 0.81–0.92 are very good, 0.61–0.80 are good, 0.41–
0.60 are below the average, and 0.01–0.20 indicate poor con-
sistency [22]. The kappa coefficients for this research showed
a consistency of very good and good, indicating a high reli-
ability for the research.

Discussion

This clinical diagnostic study was designed to compare the
clinical performance of different caries detection methods
used when making clinical decisions about proximal caries
lesions on permanent teeth. The new NIR-LTand LF diagnos-
tic technologies were the primary area of interest of the present
study, since the clinical performance of these methods has not
yet been supported by routine clinical experience. Clinical-
visual examination and digital bitewing radiography were in-
cluded in the present study to allow comparison with more
established methods. In the present work, over-treatments
were strictly avoided. Many previous studies [14, 21, 22] have
excluded enamel caries to avoid over-treatment. By contrast,
in the present study, enamel caries lesions were also included
to allow assessment of the clinical performance of the four
diagnostic methods separately for enamel and dentin.

Many different detection systems are available, but
clinical-visual examination supported by digital bitewing ra-
diography is accepted as “the best clinical practice” for detec-
tion of proximal caries lesions [16]. For this reason, the results

Table 1 Sensitivity (SE),
specificity (SP), positive
predictive value (PPV), negative
predictive value (NPV), accuracy
rates, and area under the ROC
curve/Az values for diagnostic
methods used in the detection of
proximal caries

Sensitivity
(%)

Specificity
(%)

Negative
predictive
value (%)

Positive
predictive
value (%)

Accuracy
rate (%)

Area under
the ROC
curve/Az

Clinical-visual
examination

69 0 0 96 67 0.706

Digital
bitewing
radiography

96 77 41 99 96 0.972

NIR-LT 77 33 3 97 78 0.717

LF 38 66 2 97 39 0.613

LF, laser fluorescence; NIR-LT, near-infrared light transillumination; ROC, receiver operating characteristic; Az,
ROC area index
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obtained here from clinical-visual examination and the expan-
sion of caries in the bitewing radiography were used as the
gold standard in the decision-making process of enamel car-
ies. The tendency of digital radiography to have a higher SP
played an important role in this decision [14]. However, using
the combination of clinical-visual examination and bitewing
radiography as the gold standard for enamel caries may be a
limitation of this study. It can also support the results in favor
of these tests. Consequently, what needs to be considered at
this point is the necessity of comparing established methods
with other newmethods. An accurate caries detection method,
as previously stated in the literature, should include measure-
ments of the enamel and dentin in caries areas and

confirmation of the dimensions of these areas [26]. Since this
type of in vivo histological validation is not feasible, clinical
study may be considered a limitation, although adherence to
ethical regulations is regarded as an advantage.

The diagnostic criteria that include caries lesion progres-
sion to the DEJ creates a need for restorative treatment but also
results in each method showing different cut-off values.
Dentin caries can now be managed with non-restorative tech-
nologies, and the decision for treatment is always based on a
well-rounded evaluation of each individual patient [2, 3].With
that in mind, the diagnosis of dentin caries in our study was
made by clinical validation following the decision to open the
cavity with the consensus of the examiners.
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ROC Curve
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Curve
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Fig. 1 Receiver operating
characteristic (ROC) curves for
caries detection performances of
diagnostic methods

Table 2 Sensitivity (SE), positive
predictive value (PPV), and
accuracy rates of diagnostic
methods for detection of enamel
and dentin caries

Sensitivity
(%)

Specificity
(%)

Negative
predictive value
(%)

Positive
predictive
value (%)

Accuracy
rate (%)

Enamel
car-
ies

Clinical-visual
examination

98 0 0 100 98

Digital
bitewing
radiography

96 0 0 100 96

NIR-LT 86 0 0 100 86

LF 37 0 0 100 37

Dentin
car-
ies

Clinical-visual
examination

15 0 0 100 15

Digital
bitewing
radiography

97 0 0 100 97

NIR-LT 57 0 0 100 57

LF 41 0 0 100 41

LF, laser fluorescence; NIR-LT, near-infrared light transillumination
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Despite these limitations, the results of the present study
revealed that proximal caries lesions could be detected per-
fectly with digital bitewing radiography, whereas NIR-LT
gave higher SE, accuracy, and AUC values than clinical-
visual examination. Surprisingly, NIR-LTwas also better than
LF, even though LF generated numerical results. Consistent
with our results, Maia et al. [27] and Abdelaziz et al. [13]
reported that NIR-LT technology is a useful diagnosis method
for detecting early stage caries lesions. Our results were also
supported by a meta-analysis that found high accuracy for
radiography used in the detection of proximal caries lesions
[28]. Based on our findings, our null hypothesis was rejected,
as differences clearly existed in the clinical performance of the
evaluated methods for detection of non-cavitated proximal
caries in enamel and dentin.

The approaches taken for treatment of enamel and dentin
caries differ. Given that the results of the evaluated diagnostic
methods also differed from one another, the ability of each
method to detect enamel versus dentin caries was also evalu-
ated. However, separation of the caries into enamel and dentin
types according to the gold standard did not allow calculation
of SP, NPV, or AUC values because of missing true negatives.
This situation can be associatedwith an absolute SnNout (neg-
ative results from highly sensitive tests can rule out a diagno-
sis), which was observed when the selection criteria resulted
in any spectrum bias [14]. Consequently, only SE, PPV, and
accuracy were calculated for enamel and dentin caries. The
data supported clinical-visual examination as having the
highest SE, which was close to that obtained with digital bite-
wing radiography, whereas LF had the lowest SE for enamel
caries. To the best of our knowledge, only two studies have
attempted to detect enamel caries in vivo [17, 29]. Unlike our
study, this previous study evaluated occlusal areas and con-
cluded that the grooved and rough structure of the occlusal
areas complicated the diagnosis of enamel caries formed in the
fissures using clinical-visual examination and digital bitewing
radiography [17]. In the present study, this issue was avoided
by only examining the smooth proximal surfaces.

Evaluation of the methods in terms of SE and accuracy for
identifying dentin caries revealed that the highest SE and ac-
curacy were obtained with digital bitewing radiography,
followed byNIR-LT, LF, and then clinical-visual examination.
These findings were consistent with the findings of a previous

study [21] that evaluated non-cavitated proximal dentin caries
and also reported clinical-visual examination as method with
the lowest SE and accuracy, and radiography as the method
with the highest SE and accuracy.

A previous study by Lussi et al. [30] on the detection of
occlusal caries mentioned that when dentin caries were ac-
cepted as a cut-off level, LF gave an SE of 92% and an SP
of 86%. When enamel caries were accepted as a cut-off level,
the SE was 96%. Since proximal caries were evaluated in our
study, our cut-off values differed from those used for occlusal
caries, as expected. When the enamel and dentin caries were
accepted as a cut-off level, the SE and SP ranged from 38 to
66% for proximal caries in the present study. Taken together,
these results indicate that LF has lower SE and SP for proxi-
mal caries than for occlusal caries.

In this study, the repeatability of intra-examiner and inter-
examiner measurements was considerably high (i.e., the kap-
pa agreement was very good) for all the methods except for
inter-examiner repeated measurements of NIR-LT and LF (for
these, the kappa agreement was good). These results showed
that the reliability of the research was high. The differences in
the evaluations and measurements obtained with NIR-LT and
LF could reflect differences in the current frequency of use of
these methods, which may suggest that personal experience
could explain the observed inter-examiner differences. Ozkan
et al. [21] found moderate, below moderate, and good values
for the kappa coefficients and considered that the examiners’
inadequate knowledge of the diagnostic criteria could explain
the low consistency between the examiners in terms of their
measurements based on scoring or in terms of the differences
in findings between the studies. The heterogenic values of the
measurements obtained using LF—a method based on numer-
ical parameters—may be explained by the changes in tooth
moisture and the depth and volume of the caries [30].

Conclusion

Within the limitations of this prospective study, the results
indicate that the best method for the detection of non-
cavitated proximal caries was digital bitewing radiography,
while the contributive methods were NIR-LT and clinical-
visual examination. The NIR-LT method, which is a

Table 3 Intra- and inter-examiner
reliabilities of the diagnostic
methods

Examiner 1 Examiner 2 Inter-examiner

Clinical-visual examination 0.85 (0.74–0.96) 0.88 (0.77–0.99) 0.87 (0.76–0.98)

Digital bitewing radiography 0.86 (0.75–0.97) 0.86 (0.75–0.97) 0.91 (0.82–1.00)

NIR-LT 0.84 (0.73–0.95) 0.85 (0.74–0.96) 0.80 (0.68–0.92)

LF 0.92 (0.84–1.00) 0.88 (0.77–0.99) 0.62 (0.46–0.78)

LF, laser fluorescence; NIR-LT, near-infrared light transillumination
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secondary method in terms of SE, can be used for the detec-
tion of non-cavitated proximal caries. Nevertheless, the limits
of the NIR-LTmethodmust be recognized whenmaking treat-
ment decisions. NIR-LT had a high SP, a low FP diagnosis
risk, and a high PPV for diagnosing proximal enamel caries,
although it was not as effective as the combination of clinical-
visual examination and digital bitewing radiography.
Establishing optimal cut-off levels for each diagnostic method
and standardizing those cut-off levels for caries detection will
also be important for enabling comparison of the results ob-
tained with different technologies (for example, by using arti-
ficial intelligence algorithms) [31] developed and studied in
the future.
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